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ABSTRACT: The formation of new particles through
condensation from the gas phase is an important source of
atmospheric aerosols. The properties of the electrically neutral
clusters formed in the very first steps of the condensation
process are, however, not directly observable by experimental
means. We present here electronic structure calculations on
the hydrates of clusters of three molecules of sulfuric acid and
three molecules of ammonia or dimethylamine. On the basis of
the results of these new calculations together with previously published material we simulate the influence of hydration on the
dynamic processes involved in particle formation. Most strongly affected by hydration and most important as a mediator for the
effect on particle formation rates are the evaporation rates of clusters. The results give an estimate of the sensitivity of the
atmospheric particle formation rate for humidity. The particle formation rate can change approximately two orders of magnitude
in either direction due to hydration; the net effect, however, is highly dependent on the exact conditions.

■ INTRODUCTION

Atmospheric aerosols constitute one of the largest uncertainties
in climate and cloud models.1,2 Also, they can adversely affect
health.3 A large fraction of aerosol particles in the atmosphere is
estimated to originate from gas-to-particle transformation.4

Sulfuric acid has for a long time been accepted to play a
central role in new particle formation under most conditions,
and also water is likely to be involved because its concentration
exceeds those of other condensable gases often by 8−10 orders
of magnitude.5 Observed formation rates are, however, much
higher than would result from binary nucleation of sulfuric acid
and water. More recent studies have suggested different species,
such as amines,6,7 ammonia,8−10 ions,9,11 or oxidized organic
compounds12,13 to be able to significantly contribute to the
particle formation process. In particular, dimethylamine has
been shown to at least partially be able to explain atmospheric
particle formation rates.14

For the description of the very first steps of particle
formation that are, at least for electrically neutral clusters, not
directly observable by any experimental methods, electronic
structure calculations can be utilized. These calculations give
detailed information about the structures and relative stabilities
of the clusters, which can be used in the direct modeling of the
particle formation processes.15,17 For some systems involving
sulfuric acid and amines, a number of studies have been
undertaken that also include water molecules, the sulfuric acid/
water system18−25 and both the sulfuric acid/ammonia/
water26−29 and the sulfuric acid/dimethylamine/water sys-
tems;30−33 however, none of these studies presents a

sufficiently comprehensive set of clusters to reasonably model
particle formation, and the different data sets cannot be
combined as they employ different methodologies for
electronic structure calculations. We now present new
electronic structure calculations on the electrically neutral
sulfuric acid/ammonia/water and sulfuric acid/dimethlyamine/
water system that complement our previously published set of
calculations on these systems.34 On the basis of these new data
we discuss the effects of hydration on both collision and
evaporation processes as well as resulting particle formation
rates.

■ THEORETICAL METHODS

Electronic structure calculations on the hydrates of three
sulfuric acid/three base clusters (with base being either
ammonia or dimethylamine) were performed using the
multistep approach elected by Ortega et al.35 as in our previous
article,34 thus conveniently complementing our existing
thermodynamic database.
While an extensive comparison of the reliability of the

method used here and several others can be found in ref 36, the
error in terms of resulting equilibrium constants can be
expected to be approximately one order of magnitude. Trends
within the data can, however, be expected to be much more
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accurate, as the underlying chemical phenomena are fully
covered by the method.
Cluster geometries of the hydrates of clusters containing

three sulfuric acid and three base molecules were optimized
using a B3LYP functional37 with CBSB7 (6-311G(2d,d,p))
basis set,38 as implemented in the Gaussian 09 program
package.39 This way, up to 309 configurations for each cluster,
covering different hydrogen-bond donor/acceptor arrange-
ments and protonation states, were sampled. Frequency
calculations have been performed on all optimized geometries,
confirming them to exhibit no imaginary frequencies. The
obtained frequencies were used without scaling for the
calculation of Gibbs free energies. On the basis of Gibbs free
energy at B3LYP/CBSB7 level, cluster geometries were chosen
for single-point calculations covering ∼3 kcal/mol from the
lowest energy. Single point energy calculations were performed
using the Turbomole program package40 for the RICC2
method41 with a aug-cc-pV(T+d)Z42,43 basis set for sulfur and
aug-cc-pVTZ44−46 for all other atoms.
The Gibbs free energies of hydration obtained from the

combination of RICC2 single-point energies with thermal
contributions from DFT calculations were converted into
equilibrium constants for the formation of the respective
hydrate, using only the single lowest energy structure for each
cluster composition. The effect of including several config-
urations via Boltzmann averaging on closely related, negatively
charged clusters was recently studied by Tsona et al.47 and
found to be comparatively small in most cases. The obtained
equilibrium constants were converted into (relative) equili-
brium hydrate populations, using the temperature dependency
of the water saturation vapor pressure given by Wexler.48 This
gives the relative population, xn, of the hydrate containing n
water molecules as
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5 xn = 1. p(H2O) is the water partial pressure, p0 is the
reference pressure (1 atm), T is the temperature, and R is the
molar gas constant.
For all collisions between, and evaporation/fission processes

of all clusters within the simulated system (i.e., containing up to
four sulfuric acid molecules, or up to three sulfuric acid
molecules together with up to three base (either ammonia or
diemthylamine) molecules), collision and evaporation rates
were calculated. All studied clusters contain zero to five water
molecules, except for the three acid/three base molecule
clusters, which contain only up to four water molecules. Of the
monomers, only for sulfuric acid was a full set of five hydrates
included. For dimethylamine and ammonia only one and four
hydrates were included, respectively. Both bases, however, have
exclusively positive Gibbs free energies of hydration and thus
remain effectively unhydrated. Collision coefficients were
calculated from kinetic gas theory, assuming unity sticking
factor
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where kB is the Boltzmann constant and mi and Vi are mass and
volume of cluster i, respectively. This simple approach
essentially neglects three types of possible influences on the

collision rates. One of these would be a decrease in effective
collision rate due to an energy barrier for cluster formation,
which would lead to a sticking factor of less than one. The
other influences are deviations in collision rates due to
nonsphericity of clusters and due to interactions between
particles. To the best of our knowledge, there is no indication
of the existence of significant energy barrier for initial particle
formation (as opposed to particle reorganization, as is discussed
later). While the other two influences would certainly affect the
system under study, they are not easily quantifiable. On the
basis of studies on the influence of nonsphericity49 and
interactions50 on collision rates in much simpler systems, it can,
however, be estimated that the total enhancement of collision
coefficients will be less than one order of magnitude. Using this
upper limit of a 10-fold enhancement of the collision coefficient
we have tested our system’s sensitivity for an enhancement of
collision rates. The results (see Supporting Information for
details) show no qualitatively different behavior, only a trend
toward a slightly stronger lowering effect of hydration on
particle formation rates.
Evaporation coefficients were obtained from the correspond-

ing collision rates using equilibrium conditions
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This assumes that the lowest energy structure of each cluster
can be formed within the time scale relevant for the simulation,
that is, without an energy barrier of at least similar magnitude as
the relevant binding energies. While this type of energy barrier
for cluster rearrangement processes has been shown to exist for
some processes,51 we believe it is reasonable to assume that for
processes involving the rearrangement of hydrates the energy
barriers will be of similar magnitude as the corresponding
binding energies of water. This would imply that at least for the
hydrate structures, which are the subject of this study,
rearrangement processes will be fast enough to be neglected
in the calculation of evaporation coefficients (cf. the
corresponding discussion of collision and evaporation processes
involving water molecules later).
The obtained collision and evaporation coefficients were

averaged over the hydrate distribution for each cluster
composition (in terms of number of acid and base molecules)
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where k, l, and u, v are the number of sulfuric acid and base
molecules and n and q are the number of water molecules,
respectively, in the fragment clusters colliding or produced in
the evaporation process. The underlying assumption is that
processes involving collisions with or evaporations of water
molecules are equilibrated within the time scale between
collision or evaporation processes involving acid or base
molecules, which is based on water molecules being commonly
at least eight orders of magnitude more abundant in
atmospheric systems than either of the other involved
components (which means that collisions, and therefore also
close-to-equilibrium evaporations, will happen about eight
orders of magnitude more often than for other species).

The Journal of Physical Chemistry A Article

DOI: 10.1021/acs.jpca.5b11366
J. Phys. Chem. A 2016, 120, 1886−1896

1887

http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.5b11366/suppl_file/jp5b11366_si_001.pdf
http://dx.doi.org/10.1021/acs.jpca.5b11366


These effective collision and evaporation coefficients were used
to solve the birth−death equation for all involved clusters for
the steady state. This was done using the Atmospheric Cluster
Dynamics Code (ACDC). For details of the ACDC, see refs
15−17. Simulations were performed for the ternary systems
(sulfuric acid, water, and ammonia or dimethylamine) for
temperatures between T = 263 and 303 K; sulfuric acid
concentrations of [H2SO4] = 105 to 109 cm−3, and base
concentrations varying from [NH3] = 10−2 to 105 ppt and
[DMA] = 10−5 to 102 ppt, respectively. For the binary system
(sulfuric acid/water) the temperature range was instead chosen
to be T = 193−243 K. The humidity range was in all cases
RH = 0 − 100%. While extending this range to supersaturated
conditions would be unproblematic for most of the base-
containing clusters, for some of the base-free clusters
calculation of additional hydrate structures would likely be
necessary (cf. ref 34). External sinks were not included in the
simulations. The particle formation rate was obtained as the
rate of formation of clusters outside the modeled system that
(for the base-containing systems) were deemed to have
sufficiently stable composition. For the base-free system, this
includes all clusters containing at least five sulfuric acid
molecules; for the base-containing systems, clusters were
required to contain at least four sulfuric acid and a minimum
of three base molecules. Although the choice of which clusters
to regard as stable is limited by the quantum-chemical data
available; judging from previous studies of the dry systems,17

the choice made here should for the vast majority of the
conditions studied include the critical cluster in the dynamic
simulations and make certain that the stable cluster is on the
main growth pathway of the system. While for the DMA-
containing system, commonly no critical cluster exists (i.e., the
monomers stand for the maximum in free energy), it cannot be
ensured that the critical cluster of the ammonia-containing
system lies within the dynamically simulated system for all
conditions (combinations of high temperature, low sulfuric
acid, and low ammonia concentration might be problematic),
especially as the effect of hydration on the identity of the critical
cluster has not been systematically studied. Studies of the base-
free system were restricted to low temperatures to keep the size
of the critical cluster within the modeled range.

■ RESULTS AND DISCUSSION
The obtained Gibbs free energies of hydration under standard
conditions (i.e., the free energies of addition of n water
molecules to the corresponding dry cluster) are found in Table
1. For the sulfuric acid−ammonia cluster all of these hydration

energies except for the third are negative (a table with the
stepwise hydration free energies is found in the Supporting
Information); however, the obtained energies are in all cases
less negative than the corresponding values for any of the
previously studied ammonia containing (or base free) (i.e.,
(H2SO4)m(NH3)n with m = 0−3, n = 0−2, and n ≤ m, and
(H2SO4)4) systems. The smaller systems with equal number of

sulfuric acid and ammonia molecules were found to be more
strongly hydrated than those with one excess molecule of
sulfuric acid. This is in contrast with the general trend of
hydration becoming more significant with larger numbers of
sulfuric acid molecules. Also, this behavior of these smaller
clusters was in contrast with that derived from bulk
thermodynamics, which in all cases predicted a decrease in
hydration with increasing number of ammonia molecules.34

For the dimethylamine-containing systems, two (at standard
conditions) endergonic hydration steps are observed. Both of
the free energies of addition of the first and third water
molecule are positive. While this is likely incidental, it is
interesting to note that this pattern of the first and third
hydration energy being positive, while the second and fourth
are negative, is shared with the cluster containing two sulfuric
acid and two DMA molecules. Also, the second and fourth
hydration energies of all previously studied smaller DMA-
containing clusters are negative. In terms of magnitude, the
hydration energies of the dimethylamine containing cluster
studied here lie in all cases between the corresponding
hydration energies of the previously studied smaller clusters
with 1:1 sulfuric acid/dimethylamine composition.
In Figure 1 the structures of the clusters containing three

sulfuric acid and three ammonia molecules are depicted. As can

be seen, in all cases all ammonia molecules are protonated,
whereas all sulfuric acid molecules are singly deprotonated to
form bisulfate ions. This is similar to the previously studied
clusters with equal numbers of sulfuric acid and ammonia
molecules, in which in 11 of 12 clusters one proton is
transferred per acid/base pair (the exception being the dry
clusters consisting of one of both molecules). A striking
structural element is the existence of two sulfuric acid protons
that are not participating in hydrogen bonds. This is found in
all structures except the trihydrate, which has a notably low
stability compared with the other hydrates.
The structures of hydrated clusters containing three sulfuric

acid and three dimethylamine molecules are depicted in Figure
2. Also, in these structures all base molecules are protonated,
and all sulfuric acid molecules singly deprotonated to form
bisulfate ions. In contrast with the ammonia-containing
structures, the DMA-containing structures, except for the
trihydrate, do not exhibit any sulfuric acid protons that are not
involved in hydrogen bonds.

Table 1. Calculated Gibbs Free Energies of Hydration at T =
298.15 K and p0 = 1 atm (ΔhydrG

0) in kcal mol−1

n(H2O)

cluster 1 2 3 4

(H2SO4)3·(NH3)3 −1.47 −3.49 −3.36 −5.84
(H2SO4)3·(DMA)3 0.07 −2.91 −1.57 −3.70

Figure 1. Structures of (H2SO4)3·(NH3)3 hydrates.
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The resulting average hydration of the clusters as a function
of relative humidity at room temperature is depicted in Figure
3. Because of the behavior of the hydration energies previously

discussed, the average hydration of these clusters is generally
lower than that of all clusters previously discussed,34 except for
the two-sulfuric-acid-two-dimethylamine cluster that was
essentially unhydrated under all conditions. Also, for clusters
containing three ammonia or dimethylamine molecules, no
leveling off of the hydration at higher relative humidities is
found. This was previously only observed for clusters
containing two molecules of dimethylamine.
Hydration’s Effect on Collision and Evaporation

Rates. Because the addition of water molecules to a given
cluster increases both its mass and volume, hydration naturally
affects the rates of collisions between cluster (see also eq 2).
This effect is illustrated in Figure 4 using the rate coefficients
for the collisions of the (hydrated) sulfuric acid monomer with
all clusters up to a size of two acid and two base molecules. The
profile of the rate coefficient for collisions between two sulfuric
acid monomers closely resembles the shape of the average
hydration of the sulfuric acid monomer. Profiles of the other
rate coefficients also have a resemblance of the hydration
number profiles of the colliding clusters. In all cases, the shape
of the curves is similar to the corresponding hydration number
curves (cf. ref 34). This illustrates that, in determining the rate
coefficients for hard-sphere collisions, the dominating factor

affected by hydration is the size (collision diameter) of the
clusters; however, changes in electrostatic interactions due to
changes in dipole moments, whose effects are not included in
the hard-sphere approximation used here, might lead to
deviations from this simple relation. Figures illustrating the
dependency of relative collision coefficients on relative
humidity for other possible collisions within the system studied
are shown in the Supporting Information.
Figure 5a−c illustrates three qualitatively different behaviors

of evaporation rates. They show the effect of hydration on the
evaporation of the sulfuric acid tetramer, the cluster containing
three sulfuric acid and two ammonia molecules, and the cluster
containing three sulfuric acid and one dimethylamine molecule,
respectively. In each case, all possible evaporation processes are
shown individually (though averaged over the hydrate
distribution) as well as their sum. It can be seen that under
most conditions some specific route is dominating the
evaporation process of each cluster; however, three basically
different situation can be identified. In the case of the
evaporation processes of the sulfuric acid tetramer (Figure
5a), the dominating process changes at very low relative
humidity: Under nearly dry conditions (RH < 4%) the fission
into two dimers is dominant; at higher relative humidities, the
evaporation of a single sulfuric acid molecule is much more
important. Similarly, in the case of the cluster containing three
sulfuric acid and two ammonia molecules (Figure 5b), the
dominant process changes with relative humidity. At low
relative humidities the major evaporation process is the loss of a
sulfuric acid molecule; at higher humidities (around RH =
30%), evaporation of an ammonia molecule becomes prevalent;
however, under none of the simulated conditions does any
single process fully dominate the total evaporation rate. The
third possible decomposition process, the fission into a cluster
containing two acids together with one ammonia molecule and
a cluster with one acid and one ammonia molecule, however, is
essentially insignificant under all simulated conditions. In the
third depicted case, the evaporation of the three-sulfuric-acid-
one-dimethylamine-cluster (Figure 5c), the evaporation of a
single sulfuric acid molecules is fully dominating the overall
process. Both other decomposition processes remain at least six
orders of magnitude slower under all conditions, even though
they are much more strongly affected by changes in relative
humidity.
It should be noted that in contrast with the effect on collision

coefficients previously described, the effect on evaporation rates
cannot even qualitatively be directly assessed from the average
hydration numbers of the cluster involved in the process. While
collision coefficients uniformly rise with increasing hydration,
evaporation coefficients can both increase and decrease.
Furthermore, they do not necessarily do so monotonously,
but the direction of change can differ depending on the stability
of the hydrates that are predominantly populated at a certain
relative humidity. This can be most clearly observed for the
processes depicted in Figure 5a but can also be seen for the
fission process ((H2SO4)3·(NH3)2 → (H2SO4)2·NH3 + H2SO4·
NH3) in Figure 5b. This implies that while the effect of
hydration on collision processes in principle can be realistically
modeled using classical methods, the effect on evaporation
processes is more complex and requires taking into account
stabilities of individual hydrate structures. Also, it should be
noted that the effect of hydration on evaporation rates is in
nearly all cases much larger than that on collision rates. While
changes of the collision coefficients barely span more than 20%,

Figure 2. Structures of (H2SO4)3·(DMA)3 hydrates.

Figure 3. Average hydration numbers for (H2SO4)3·(base)3 at 298.15
K.
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evaporation coefficients can change by up to three orders of
magnitude. Therefore, it can be expected that the effects of
hydration on particle formation are predominantly caused by
the changes in evaporation rates.
Implications for Particle Formation Rates. For the base-

free system the modeled effect of humidity on particle
formation is exemplified in Figure 6. As can be seen in the
first panel, the presence of water leads in all cases to a higher
particle formation rate as compared with the dry case. In the
shown case, at 208 K, nearly all of the increase in formation
rates happens already at very low relative humidity. In fact, for
the lower sulfuric acid concentrations studied ([H2SO4] ≤ 107

cm−3) the formation rate reaches a maximum, after which a
continuous, though gentle (in the graphical representation
barely noticeable), decline is observed. The position of the
maximum shifts toward higher relative humidities with
increasing sulfuric acid concentration (from 25% RH at
[H2SO4] = 105 cm−3 to 52% RH at [H2SO4] = 107 cm−3)
before disappearing entirely. On the contrary, an increase in
acid concentration generally leads to a significantly smaller
increase in particle formation rate with humidity. The position
and existence of the maximum are also temperature-dependent.
The maximum is only observed at temperatures between 198
and 213 K, existing up to higher acid concentrations with rising
temperature (at T = 213 K up to [H2SO4] = 3 × 107 cm−3).
The maximum is most pronounced in the 208 K case depicted
here.

Figure 6b shows the absolute values of the particle formation
rate as a function of relative humidity at constant sulfuric acid
concentration but different temperatures. The acid concen-
tration is constant at [H2SO4] = 3 × 106 cm−3. A prominent
feature is that the formation rate approaches similar values for
all simulated temperatures and levels off at high relative
humidities (although at the highest modeled temperatures,
formation rates do not level off within the studied humidity
range); however, the system does not fully reach the kinetic
limit. The existence of maxima in formation rate previously
discussed indicates clearly that evaporation processes are still of
significance and even have increasing effect at high relative
humidities (while collision rates in all cases increase with
humidity as previously discussed).
Reflecting the more complex nature of the base-containing

systems, with several different possible growth pathways, the
humidity dependence of the particle formation rate is more
complex for these systems. An overview over the observed
qualitative humidity-dependent behaviors of the base-contain-
ing systems is given in Table 2. Figure 7 shows the behavior of
the base-containing systems for the lowest studied temperature
(T = 263 K) for both very low ([H2SO4] = 105 cm−3) and high
([H2SO4] = 109 cm−3) sulfuric acid concentration. Figure 7a
especially illustrates well the multitude of observed changes in
the formation rate. Under the conditions depicted here
(T = 263 K and [H2SO4] = 105 cm−3) at comparatively low
ammonia concentrations (NH3 < 103 ppt) the particle
formation rate initially increases with relative humidity, to

Figure 4. Relative collision coefficients of (hydrated) sulfuric acid molecules as a function of relative humidity at 298.15 K. Coefficients are relative to
the collision coefficients of the corresponding dry clusters.
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reach a maximum that can be nearly two orders of magnitude
above the dry particle formation rate. The existence of this
maximum can be attributed to the rise in evaporation
coefficients of the (H2SO4)2·NH3, (H2SO4)3·(NH3)2, and
(H2SO4)3·(NH3)3 clusters, which all display similar absolute
values and changes with humidity. As previously described,
changes in evaporation rates due to hydration are commonly
much larger than in collision rates, so that the increasing
evaporation rates can become determining above a threshold,
which depends on the conditions. The relative humidity at
which this maximum is reached increases with increasing

ammonia concentration, the height of the maximum, however,
peaks at NH3 = 10 ppt. For the lowest simulated ammonia
concentrations, the formation rates subsequently decrease, even
below the value under dry conditions. While at low ammonia
concentrations (NH3 ≤ 10 ppt) the initial slope of the
formation rate increases with ammonia concentration, it
decreases at higher concentrations to give a very flat curve,
indicating a small but continuous increase in particle formation
rate with relative humidity for the highest ammonia
concentrations.

Figure 5. Relative evaporation coefficients of clusters as a function of relative humidity. Coefficients for individual processes are relative to the sum of
all individual coefficients for the dry cluster. Here shown for 298.15 K. The humidity dependence is qualitatively similar at all studied temperatures;
absolute values are, however, strongly temperature-dependent.

Figure 6. Modeled (relative) particle formation rate in the base-free system as a function of relative humidity.
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At higher sulfuric acid concentration ([H2SO4] = 109 cm−3,
Figure 7b) the behavior of the ammonia-containing system is
generally shifted toward the behavior previously observed for
high ammonia concentration. Only at the lowest modeled
ammonia concentration is a maximum observed at fairly high
relative humidities. At all higher ammonia concentrations the
curve becomes less steep but monotonously rising. Interest-
ingly, at high acid concentration combined with low ammonia
concentrations the maximum increase in the particle formation
rate due to hydration is significantly higher than in the low
sulfuric acid concentration case. At high ammonia concen-
trations, however, the increase due to hydration is smaller at
high than at low sulfuric acid concentrations.

The system containing dimethylamine at T = 263 K (Figure
7c,d) generally resembles the high base concentration case of
the ammonia-containing system. Over the whole humidity
range the formation rates increase monotonously, with higher
base concentration, leading to a smaller increase, and the largest
observed increase being of a factor ∼2. In principle this can be
rationalized by dimethylamine both being a much stronger base
and affecting the hygroscopicity of clusters much more strongly
than ammonia, therefore giving already at low dimethylamine
concentrations an effect that is observed at very high ammonia
concentrations; however, at the lower sulfuric acid concen-
tration (Figure 7c) nearly all variation of the humidity
dependence takes place over an intermediate range
o f d ime thy l am ine concen t r a t i on s . Bo th up to

Table 2. Qualitative Overview over Humidity Dependency of the Particle Formation Rates in the Base Containing Systemsa

[NH3] [DMA]

temperature [H2SO4] low intermediate high low intermediate high

low low +− +− + + + +
high +− + + + + +

intermediate intermediate − +− + +− + +
high low − − +− +− +− −

high − +− + − +− +
a+, monotonous increase; −, monotonous decrease; +−, increase that is followed by a maximum and decrease. It should be noted that the changes in
the dimethylamine-containing system are generally much smaller than in the ammonia-containing system.

Figure 7. Modeled relative particle formation rate as a function of relative humidity at 263 K.
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[DMA] = 10−3 ppt and again from [DMA] = 10 ppt the curves
change only minimally with varying dimethylamine concen-
tration; the largest part of the total variation takes place from
[DMA] = 10−2 to 1 ppt. At the higher sulfuric acid
concentration, the change happens over the whole span of
dimethylamine concentrations and is actually largest in the
extreme ends of the concentration range.
Figure 8 shows the humidity dependence of the relative

particle formation rate in both base-containing systems at an
intermediate sulfuric acid concentration and two different
elevated temperatures to illustrate the variation of the humidity
dependence with temperature. For the ammonia-containing
system it becomes clear that at these higher temperatures the
maximum in particle formation rates is shifted toward lower
relative humidities, even so far that at low ammonia
concentration it disappears entirely, and the formation rate
decreases over the whole humidity range. At T = 278 K (Figure
8a) no maximum is observed at concentrations below [NH3] =
1 ppt, and at T = 293 K even [NH3] = 103 ppt is required to
give a maximum. Similarly, the upper limit of the ammonia
concentration, at which a maximum is still observed within the
studied humidity range, is shifted toward higher RH values. At
T = 278 K the maximum disappears only at the highest
simulated ammonia concentration (at [NH3] = 104 ppt a
maximum is still reached at RH = 95%); at T = 293 K, even the
highest ammonia concentration gives a maximum for the
formation rate. Also, in agreement with the decreasing trend in

the formation rate with increasing humidity, the maximum
increase that is observed becomes smaller at these temperatures
and is below 1 order of magnitude. Furthermore, at high
temperatures, significant changes in the humidity dependence
of the formation rate with increasing ammonia concentration
are only observed above a certain threshold. At T = 278 K, a
change is first noticed at [NH3] = 1 ppt; at T = 293 K, a change
is first noticed at [NH3] = 102 ppt.
The behavior of the dimethylamine-containing system at

these elevated temperatures becomes more similar to that of
the low-temperature ammonia-containing system; the max-
imum increase in formation rate is larger than that at
T = 263 K. Also, for the lowest dimethylamine concentrations
at T = 293 K a maximum in the humidity-dependent change of
the particle formation rate is observed. A similarity with the
ammonia-containing system at the same temperatures,
however, is that close to the lowest modeled base
concentrations the curves are barely affected by a chang in
the base concentration.
At the highest modeled temperature at low acid concen-

tration (T = 303 K, [H2SO4] = 105 cm−3, Figure 9a), for the
ammonia-containing system, the trend previously ascribed to
the temperature rise, continues. Only at the lowest ammonia
concentration ([NH3] = 10−2 ppt) is a maximum in the
humidity-dependent particle formation rate observed. At all
higher ammonia concentrations the formation rate decreases
monotonically. Also, the relative formation rates are generally

Figure 8. Modeled relative particle formation rate as a function of relative humidity at intermediate temperatures and sulfuric acid concentrations.
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lower than at lower temperatures, leading to a maximum
increase of less than a factor of three and a maximum decline of
nearly two orders of magnitude. Furthermore, the ammonia
concentration required to achieve a significant change in the
humidity-dependent behavior of the system, below [NH3] =
104 ppt, characteristics of the curves changes only marginally.
At high sulfuric acid concentration on the contrary (Figure 9b),
the variation with ammonia concentration is increased. While at
the highest ammonia concentration the behavior is similar to
that at much lower temperatures, giving a steady minor increase
in the particle formation rate with humidity, it resembles at low
ammonia concentration that of the low sulfuric acid system at
the same temperature. Also, here it can be noted that a certain
threshold ammonia concentration of [NH3] = 10 ppt needs to
be overcome to observe a significant effect. From
[NH3] = 102 ppt to [NH3] = 104 ppt a maximum in the
relative humidity is observed within the humidity range studied.
Also, for this highest temperature modeled, the dimethyl-

amine-containing system behaves similar to the ammonia-
containing system at a lower temperature. At the lowest sulfuric
acid concentration the formation rate initially increases at all
base concentrations to go through a maximum, as shown in
Figure 9c. The relative humidity at which this maximum is
reached increases with dimethylamine concentration up to
[DMA] = 1 ppt. At concentrations higher than this the curves
become generally more flat, and the maximum shifts toward
lower relative humidity values. This combination of effects

results in the particle formation rate decreasing at high relative
humidities compared with the dry case at both ends of the
dimethylamine concentration range studied. The largest
changes are observed at intermediate base concentrations. At
high sulfuric acid concentration (Figure 9d), barely any increase
with relative humidity is observed for the dimethylamine-
containing system. Although the formation rates (very gently)
increase at all modeled base concentrations initially with
increasing humidity, the largest increase is ∼20% at [DMA] =
10−1 ppt. At higher dimethylamine concentrations even under
these conditions the curves become more flat, and at lower
concentrations the formation rates reach a maximum, after
which they decrease often more sharply than the initial increase.
Consequently, the largest total change in the formation rate (a
factor of ∼2.5 close to 100% RH) is observed for the lowest
dimethylamine concentration.

■ CONCLUSIONS

We have presented a set of new calculations on the stability of
clusters containing three sulfuric acid, three base molecules
(either ammonia or dimethylamine), and up to four water
molecules. These new data complement our previous studies
on hydrated sulfuric acid/ammonia and sulfuric acid/diemthyl-
amine clusters. With the completed set of data we were able to
model the effect of hydration of the clusters on the processes
involved in the first steps of particle formation.

Figure 9. Modeled relative particle formation rate as a function of relative humidity at 303 K.
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Collision rates are invariably enhanced by hydration of the
clusters, corresponding to the increase in size due to the water
uptake of the clusters. Therefore, the effect is strongest for
base-free clusters and smallest for DMA-containing clusters. In
total, the effect of hydration on collision rates is, however,
small, ranging up to ∼20%. The effect of hydration on
evaporation rates, on the contrary, is not possible to predict
straightforwardly from the average hydration numbers of the
clusters. Also, it is in many cases much larger than the effect on
collision rates, sometimes ranging several orders of magnitude
in either direction. Moreover, in some cases hydration of a
cluster can lead to the main route of evaporation changing.
The importance of the change in evaporation rates becomes

evident in the simulations of particle formation in the sulfuric
acid/ammonia system. Strongly dependent on the exact set of
conditions the particle formation rate can change approximately
two orders of magnitude in either direction compared with the
dry case. For the sulfuric acid/dimethylamine system the
resulting changes are generally much smaller and follow in most
cases the small increase with rising humidity determined by the
change in collision rates. Only at elevated temperatures can
evaporations in this system become sufficiently relevant to
dominate the overall process, leading to declining particle
formation rates only under a few specific sets of conditions.
Also, for this system, the total change compared with the dry
case is limited to approximately one order of magnitude.
The hydration-dependent behavior of the systems containing

the two different bases is similar in the sense that situations
with very high ammonia concentrations resemble systems
containing dimethylamine. On the basis of this, the two bases
can be assumed to be representative of other substances with
varying hydrophobicity, able to stabilize sulfuric acid clusters to
different degrees, thus providing a more general estimate of the
sensitivity of atmospheric particle formation rates to changes in
relative humidity.
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