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In the atmosphere, water in all phases is ubiquitous and plays important roles in catalyzing at-
mospheric chemical reactions, participating in cluster formation and affecting the composition of
aerosol particles. Direct measurements of water-containing clusters are limited because water is
likely to evaporate before detection, and therefore, theoretical tools are needed to study hydration
in the atmosphere. We have studied thermodynamics and population dynamics of the hydration of
different atmospherically relevant base monomers as well as sulfuric acid–base pairs. The hydration
ability of a base seems to follow in the order of gas-phase base strength whereas hydration ability of
acid–base pairs, and thus clusters, is related to the number of hydrogen binding sites. Proton transfer
reactions at water–air interfaces are important in many environmental and biological systems, but a
deeper understanding of their mechanisms remain elusive. By studying thermodynamics of proton
transfer reactions in clusters containing up to 20 water molecules and a base molecule, we found that
that the ability of a base to accept a proton in a water cluster is related to the aqueous-phase basicity.
We also studied the second deprotonation reaction of a sulfuric acid in hydrated acid–base clusters
and found that sulfate formation is most favorable in the presence of dimethylamine. Molecular
properties related to the proton transfer ability in water clusters are discussed.

1 Introduction
Atmospheric aerosol particles influence human health and global
climate. Airborne particles act as condensation nuclei for clouds
and can also directly absorb or scatter incoming radiation, form-
ing a significant but highly uncertain effect on Earth’s radiation
balance.1 New-particle formation (NPF) from atmospheric vapors
is a significant source of ultrafine particles, but the participating
vapors as well as the molecular-level mechanisms are not fully re-
solved.2,3 In the present-day atmosphere that contains high lev-
els of sulfur, sulfuric acid is a key precursor vapor and has been
shown to be linked to NPF events in various environments. How-
ever, sulfuric acid-driven NPF requires additional stabilizing com-
pounds in order to yield particle formation rates similar to those
observed in the atmosphere.4 These compounds include atmo-
spheric bases, organic compounds and ions.5–7 In addition, water
can act a stabilizer but, due to its weak binding ability, it cannot
be a main driver of NPF. In the upper troposphere, pure sulfuric
acid–water clustering may occur as the low temperature stabi-
lizes clusters and other compounds are scarce.8 Water can also
participate in particle growth, but it is unlikely to be a major con-
tributor due to its relatively high saturation vapor pressure and
small molecular volume.9

Because water evaporates rapidly from ions under the high-
vacuum conditions in mass spectrometers, its connection to clus-
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ter formation is difficult to observe directly.10,11 The ability of sul-
furic acid–base clusters to absorb water is believed to be depen-
dent on either the basicity of the base compound or the number
of available hydrogen binding sites in the cluster.12–15. Yang et al.
have used tandem mass spectrometry coupled to a temperature-
controlled ion trap to study water uptake of positively charged
sulfuric acid–base clusters.16 They synthesized the hydrated clus-
ters by mass-selecting dry clusters and storing them in an ion trap
held at 180 K with a small partial pressure of water vapor. Based
on the vibrational spectra, they showed that the binding of wa-
ter molecules is most favorable for clusters containing base com-
pounds with more NH groups. Thus the hydration ability of a
cluster correlates much stronger with the number of hydrogen
bond donors than the strength of the base.17 With similar meth-
ods, Kreinbihl et al. showed that hydration of ammonium bisul-
fate clusters has complex temperature dependence and that water
can also insert into a bisulfate–bisulfate hydrogen bond.18 Also
in negative ion photoelectron spectroscopy studies of bisulfate–
oxidized organic compound complex, it has been found that the
hydrated cluster stability is directly connected to the total number
of the hydrogen bonds formed.19,20

Several studies have used ion mobility spectrometry to probe
water uptake by sulfuric acid–dimethylamine (SA–DMA) nan-
oclusters. Ouyang et al. produced SA–DMA clusters using
electrospray ionization (ESI) and investigated their water up-
take through a coupled differential mobility analyzer-atmospheric
pressure drift tube ion mobility spectrometer (DT-IMS).21 They
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observed that as relative humidity (RH) increased, the electri-
cal mobility of the nanoclusters decreased, indicating water up-
take by the clusters. Based on thermal stability measurements,
hydrated clusters are stabilized under ambient conditions by the
presence of water molecules. Similar work by Thomas et al. us-
ing the same differential mobility analyzer-DT-IMS technique to
study charged SA–DMA clusters showed modest water uptake by
both positive and negative polarities.22 For the RH range studied
(3–30%), they estimated that typically fewer than 10, and pos-
sibly fewer than 5, water molecules adsorbed to the nanocluster
surface.

Water uptake by larger sulfuric acid–base particles has also
been studied. Using a hygroscopicity tandem differential mobility
analyzer (HTDMA), Hu et al. investigated the hygroscopic growth
of several alkylaminium sulfate salts.23 Unlike ammonium sul-
fate, ethylammonium, diethylammonium, and triethylammonium
sulfate particles do not show deliquescence but instead exhibit
a monotonic diameter increase with relative humidity. Notably,
all particle sizes studied (diameters 40, 100, and 150 nm) for
all salts showed increased hygroscopic growth compared to am-
monium sulfate, and the hygroscopicity of the particles was not
affected by the number of ethyl groups. Ambient measurements
suggest that ammonium sulfate is the major form of sulfate in
atmospheric particles, but reactions of gaseous amines on parti-
cle surfaces can lead to displacement of ammonia. Calculations of
hygroscopic growth of triethylammonium sulfate–ammonium sul-
fate mixed particles using the Zdanovskii-Stokes-Robinson (ZSR)
mixing rule suggest that growth occurs at low RH and is mono-
tonic like triethylammonium sulfate. These results indicate that
the displacement of ammonia by amines in atmospheric particles
will greatly enhance their hygroscopicity.

Here we investigate the molecular properties that impact the
hydration ability of a base molecule or an acid–base heterodimer.
Using a relatively large number of water molecules in a cluster
(up to 20), we have studied the protonation of a base molecule
as well as sulfate formation in a water cluster. We have estimated
how different stable acid–base particles hydrate in atmospheric
conditions. To gain insights into how varying molecular prop-
erties affect to the role of water, we have studied sulfuric acid
together with ammonia, dimethylamine, guanidine and trimethy-
lamine oxide, which cover a wide range of structural properties
(e.g. number of available hydrogen-bonds, volatilities, dipole mo-
ments, gas-phase basicities, and aqueous-phase basicities).24–27

2 Computational Details
We studied heterodimers of sulfuric acid (SA) with ammonia
(AMM), dimethylamine (DMA), guanidine (GUA) and trimethy-
lamine oxide (TMAO), where heterodimers were hydrated with
0–20 water molecules. Monomer hydration was also studied. To
find the global minimum energy cluster structures, we explored
the potential energy surface of all the acid–base–water clusters
using a systematic configurational sampling technique.28 To cre-
ate the initial cluster structures, we used 3000 random guesses
and 100 exploration loops, with a scout limit of 4 in the ABCluster
program,29,30 and for each building block combination we saved
2000 of the lowest energy structures that were subsequently op-

timized by the tight-binding method GFN2-xTB with a very tight
optimization criteria.31 Based on the electronic energies, radius
of gyration, and dipole moments, we separated different conform-
ers, which were then optimized using the ωB97X-D/6-31+G*
level of theory.32,33 Based on the obtained electronic energies,
we selected structures with a maximum of N kcal/mol from the
lowest electronic energy (where N is the number of molecules in
the cluster). For remaining structures, the ωB97X-D/6-31++G**
level of theory was used for final optimization and vibrational fre-
quency calculation using Gaussian 16 RevA.03.34,35 We selected
2–5 of the lowest Gibbs free energy structures, for which we
performed single point energy calculations using the highly ac-
curate DLPNO–CCSD(T)/aug-cc-pVTZ level of theory with tight
pair natural orbital criteria, tight self consistent field criteria, and
integration grid 4 as implemented in Orca version 4.2.1.36–41

For each clusters we identified the global minimum Gibbs free
energy structure at the DLPNO–CCSD(T)/aug-cc-pVTZ//ωB97X-
D/6-31++G** level.42 Calculated thermochemical data are fur-
ther used to study population dynamics of water clusters by At-
mospheric Cluster Dynamics Code (ACDC).43 Enthalpies and en-
tropies for the minimum energy clusters are available in the sup-
porting information. The ACDC code is available from the authors
upon request.

3 Results and Discussion

3.1 Hydration of monomers

Acid and base molecules may exist in the atmosphere as isolated
monomers or they may be clustered with water molecules. The
hydration ability is dependent on the molecular properties of a
monomeric compound as well as the environment (RH and T ).
Possible monomeric properties affecting hydration ability can be
studied by calculating thermochemistry of clusters and the envi-
ronmental effects can be accounted by cluster dynamics simula-
tions.

3.1.1 Thermodynamics of monomer hydration

Figure 1 shows the Gibbs free binding energies of a base monomer
with 1–20 water molecules at 298 K. The first addition of a wa-
ter molecule to monomeric AMM, DMA and GUA is slightly en-
dergonic, with Gibbs free reaction energy of 1.6, 1.1 and 0.1
kcal/mol respectively, whereas the interaction between water and
TMAO is thermodynamically favorable by −3.5 kcal/mol. The fa-
vorable interaction between TMAO and water is due the zwitte-
rionic structure of TMAO, which allows the polar water molecule
to stabilize the partial charges of TMAO by forming hydrogen
bonds. Also the addition of a second water to TMAO is favorable
by −1.5 kcal/mol, but the third addition is slightly unfavorable by
0.1 kcal/mol. The hydration ability of monomers follows an order
of TMAO > GUA > DMA ≥ AMM, which is the same as the order
of gas phase basicities.

The majority of water addition reactions to any of the base
monomers are endergonic, as shown by the increased ∆G value
as a function of water molecule number in Figure 1. There are
a few exceptions where the addition free energy is favorable, for
instance, the formation of 1GUA9W and 1GUA18W clusters. This
can be either a result of an additional stabilization effect in cluster
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Fig. 1 Gibbs free binding energies of hydrated base monomers up to 20
water molecules at 298 K.

structure such as increased number of hydrogen bonds (see Fig-
ure 2) or an artifact caused by locating a wrong global minimum
structure.

Fig. 2 Molecular structures of 1GUA8W and 1GUA9W. 1GUA9W is
more stable than 1GUA8W because it is able to form a multiple ring
structures, which results from a large number of hydrogen bonds and
cluster symmetry.

3.1.2 Proton transfer in water clusters

Proton transfer reactions taking place in water interfaces rather
than in bulk liquid are participating in many important phenom-
ena such as acidification of the ocean, energy transduction across
biomembranes, and aerosol chemistry.44–47 However, the inter-
facial proton transferring mechanisms are not completely under-
stood.48,49 Base molecules have an ability to accept a proton from
water and form protonated base cation (BH+) and hydroxide an-
ion in water clusters. We studied whether the proton transfer
reaction is thermodynamically favorable in clusters containing 1–
20 water molecules. For AMM, DMA, and TMAO, we were able to
locate the structures containing BH+ starting from clusters con-
taining 9, 3, and 2 water molecules, respectively. However, even
20 water molecules was not enough to make the proton transfer
reaction favorable. In the case of GUA the proton transfer reac-
tion is favorable for clusters having six or more water molecules
(see Figure 3).

Our results indicate that the ability of a base to accept a proton
in a small water cluster has a stronger connection to the aque-
ous phase than gas-phase basicity as GUA is the strongest base in
aqueous phase but TMAO is the strongest one in gas phase. How-

Fig. 3 Molecular structures of 1GUA5W and 1GUA6W with and without
proton transfer reaction with their Gibbs free binding energies at 298 K.
For 1GUA6W the global minimum structure is the one with proton trans-
fer whereas for 1GUA5W that structure is a local minimum.

ever, the total hydration ability is likely to be connected to the
gas-phase base strength.

3.1.3 Hydration distribution of monomers

In order to study whether hydration occurs under atmospheri-
cally relevant conditions, we have simulated the hydration dis-
tributions using Atmospheric Cluster Dynamics Code.43 Figure
4 shows that at 273 K when relative humidity is 100%, AMM,
DMA, and GUA mainly exist as dry monomers and the concen-
trations of hydrated monomers are at least two orders of mag-
nitude lower than the dry monomer. In the case of TMAO, the
1TMAO1W and 1TMAO2W complexes have higher steady-state
concentrations compared to the dry monomer. Water molecules
are capable of stabilizing the the zwitterionic bond in TMAO’s
structure, and therefore, TMAO is more likely to be found from
water complexes in the atmosphere rather than as an isolated dry
monomer.

Fig. 4 Hydration distributions of ammonia, dimethylamine, trimethy-
lamine oxide, and guanidine monomers at 273 K at [base]=107 cm−3

and RH=100%.
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3.2 Water and self stabilization

Ions can have a remarkable role in stabilizing atmospheric par-
ticle formation but, unlike neutral compounds, they are unlikely
to exist as isolated monomers in the gas phase. Here we have
investigated whether a water cluster or a homomolecular base
cluster offers a better stabilizing environment for a protonated
base. This has been done by studying the strength of cation–base
and cation–water interactions, and comparing the ability of a sur-
rounding base or water cluster to stabilize the protonated base.
Additionally, we have compared the interactions between a neu-
tral base with a surrounding base cluster or a water cluster and
discussed properties related those results.

3.2.1 Interaction strength

As Table 1 shows, the protonated base BH+ is more stabilized in
the base environment BH+Bn than in water environment BH+Wn,
when n is 2–6. The reason is likely to be related to the higher
polarizabilities of base compounds compared to water, which al-
lows them to distribute the charge of proton for a wider area.
The difference between the stabilizing effect of a base and wa-
ter environment is most significant for TMAO for which Gibbs
free binding energies for 1TMAOH+nTMAO are from 26.4 to
47.6 kcal/mol more negative than for 1TMAOH+nW. For GUA,
the self-stabilization of the protonated base compared to water is
11.5–28.1 kcal/mol larger. For protonated AMM and DMA, the
larger stabilization base environment decreases compared to wa-
ter environment and in the case of DMA, the 1DMAH+6W cluster
is thermodynamically slightly more stable than 1DMAH+6DMA.
This is because the interactions between DMA molecules (or AMM
molecules) are weaker than between water molecules, and when
the number of those interactions increases when n increases, they
impact the stability more than the strength of direct interactions
between protonated base and base or water. It should be noted
that even though protonated TMAO and GUA are thermodynam-
ically more stable in a base environment, the abundance of wa-
ter vapor in the atmosphere is many orders of magnitude higher
than that of bases, which ultimately affects to the concentrations
of cationic clusters.

The comparison of base–base and base–water interactions in
Table 1 shows that neutral AMM and DMA interact stronger
with water than themselves. For ammonia the AMM–W inter-
action is 2.1 kcal/mol more favorable than AMM–AMM and for
dimethylamine the interaction with water is 2.8 kcal/mol more
favorable than with itself. TMAO and GUA interact stronger
with themselves than with water, with Gibbs free energy differ-
ence of 0.1 and 2.3 kcal/mol in 2-component clusters, respec-
tively. The difference in base–base and base–water interaction
strengths might be related to the fact that AMM and DMA have
smaller dipole moments than water, whereas TMAO and GUA
have larger dipole moments, making them capable of forming
stronger dipole–dipole interactions with themselves than with
water.

Base–base interactions are thermodynamically unfavorable for
ammonia and dimethylamine, meaning that the Gibbs free bind-
ing energies are increasingly positive for nAMM (from 3.7 to 21.1
kcal/mol) and nDMA clusters (from 3.9 to 16.9 kcal/mol), when

Table 1 Calculated Gibbs free binding energies at 298 K for 2–
6-components neutral and protonated clusters containing only base
molecules (left) or one base and 1–5 water molecules (right).

n Base environment Water environment
AMM AMM(+) AMM AMM(+)

2 3.7 −19.1 1.6 −13.4
3 8.0 −31.8 4.4 −22.7
4 11.9 −38.1 5.3 −27.7
5 16.2 −41.2 6.4 −32.5
6 21.1 −40.3 8.1 −33.5

DMA DMA(+) DMA DMA(+)
2 3.9 −15.7 1.1 −9.5
3 5.5 −24.6 2.5 −16.2
4 5.8 −23.0 3.9 −18.1
5 12.8 −21.5 5.1 −20.5
6 16.9 −18.5 8.8 −22.0

TMAO TMAO(+) TMAO TMAO(+)
2 −3.6 −33.9 −3.5 −7.5
3 −4.1 −46.4 −5.0 −10.5
4 −6.1 −46.1 −4.8 −13.5
5 −7.1 −53.6 −2.7 −14.0
6 −16.2 −60.4 −1.6 −12.8

GUA GUA(+) GUA GUA(+)
2 −2.2 −19.5 0.1 −8.0
3 −3.1 −31.9 0.6 −12.8
4 −10.5 −39.2 1.7 −16.6
5 −10.9 −46.8 1.5 −18.7
6 −13.2 −48.4 2.9 −20.6

the number of base molecules n increases from 2 to 6 (see Ta-
ble 1). For trimethylamine oxide and guanidine, the Gibbs free
binding energy is increasingly negative for nTMAO (from −3.6
to −16.2 kcal/mol) and nGUA (from −2.2 to −13.2 kcal/mol)
clusters, when the number of base molecules n increases from 2
to 6, meaning that the intermolecular interactions between base
molecules are favorable. It should be noted that even though the
Gibbs free energies for the formation of TMAO or GUA homo-
clusters are slightly negative, it does not mean that they would
have meaningful concentrations under atmospheric conditions.
Favorable interactions in TMAO and GUA homoclusters might be
correlated with their low vapor pressures and high dipole mo-
ments, whereas positive free energies of AMM and DMA homo-
clusters could be related their high volatility and low dipole mo-
ments. Water–water interactions are stronger than those for AMM
or DMA but weaker than those for TMAO or GUA, and water is
moderately volatile with a medium dipole moment.

3.3 Cluster hydration

The hydration ability of clusters has shown to be related to the
number of available hydrogen binding sites. As can be seen in Fig-
ure 5, if a base molecule can form at least two hydrogen bonds,
a water molecule can bridge the acid and base molecules while
the acid and base still have one direct interaction. In the case
of TMAO, which can form only one hydrogen bond, water is hy-
drogen bonded just with SA, and the direct SA–TMAO interaction
remains.
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Fig. 5 Heterodimers of sulfuric acid with ammonia, dimethylamine,
guanidine and trimethylamine oxide (top, left to right) and hydrated
structures of sulfuric acid with ammonia, dimethylamine, guanidine and
trimethylamine oxide complexes (bottom, left to right).

3.3.1 Thermodynamics of cluster hydration

Figure 6 shows the Gibbs free binding energies of sulfuric acid–
base heterodimers with 1–20 water molecules at 298 K. From
non-hydrated acid–base pairs, the SA–TMAO complex is thermo-
dynamically the most stable with ∆G of −21.8 kcal/mol and the
SA–GUA complex is next with a ∆G value of −20.4 kcal/mol.
The SA–DMA complex has moderate stability with a ∆G of −13.2
kcal/mol and SA–AMM is the least stable with a ∆G of −6.4
kcal/mol. When hydration occurs, the Gibbs free binding en-
ergy of hydrated SA–GUA complexes becomes 5 kcal/mol lower
than that of hydrated SA–TMAO complexes. Also the difference
between the stabilities of hydrated SA–DMA and SA–AMM com-
plexes is significantly lower than that of dry complexes. This in-
dicates that clusters containing GUA and AMM are more likely to
be hydrated than clusters containing TMAO or DMA.
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Fig. 6 Hydration free energies of sulfuric acid–base complexes at 298 K.

The more favorable reaction energies of an addition of a water
molecule to the SA–GUA and SA–AMM clusters compared to SA–
TMAO or SA–DMA clusters can be assumed to be related to the
availability of hydrogen binding sites. For instance, in acid–base
clusters having six water molecules, we found that there are 25

hydrogen bonds in SA–GUA and 23 in SA–AMM clusters whereas
SA–DMA has 21 and SA–TMAO 20 hydrogen bonds. In clusters
containing 12 water molecules, there are 25, 23, 21 and 20 hy-
drogen bonds in SA clusters with GUA, AMM, DMA and TMAO,
respectively. For H-bond definition we have used default settings
in Molden, i.e., H-bond length can be from 1.50 to 3.15 Å and
H-bond angle can be from 145 to 215◦. It should be noted that
the same H-bond parameters for different systems might not an
appropriate choice in some cases, but rather they should be sep-
arately defined for each system.50 Thus, we additionally viewed
the structures to make sure that the results make sense chem-
ically. Global minimum structures of acid–base clusters with 6
and 12 water molecules are shown in Figure 7.

Fig. 7 Molecular structures of SA clusters with AMM, DMA, TMAO
and GUA, respectively, with 6 (top) and 12 (bottom) water molecules.

While it is thought that water can participate in aerosol parti-
cle formation, particle formation rates from acid–base chemistry
have been shown to have a minimal dependence on relative hu-
midity.51,52 Olenius et al. showed that hydration has maximum
of an order of magnitude effect on the particle formation rates of
sulfuric acid with ammonia or methylamine and negligible effect
in the case of dimethylamine or trimethylamine.14 As the particle
formation of SA with GUA or TMAO is at the kinetic limit, hydra-
tion cannot increase the particle formation rates notably. How-
ever it is also possible that particle formation under high relative
humidity is suppressed and that option cannot be excluded in this
study but further studies are needed.

3.3.2 Sulfate formation in water clusters

It is known that the isolated sulfate SO 2 –
4 dianion is unstable and

three water molecules are required for its stabilization,53 and 12
water molecules is needed to form the first solvation shell.54,55

Here the second deprotonation of a sulfuric acid molecule in hy-
drated acid–base clusters has been investigated. In the case of
DMA, sulfate formation seems to be thermodynamically favored
when the cluster has at least 13 water molecules. In SA–GUA clus-
ters, the second protonation becomes favorable when the number
of water molecules is 15 and in SA–AMM and SA–TMAO clusters
when the number of water molecules is 16. Interestingly DMA
makes the sulfate formation reaction occur with the lowest num-
ber of water molecules. As the free energy differences between
minimum energy clusters containing bisulfate or sulfate are in
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many cases less than 1 kcal/mol, and the potential energy surface
of a large cluster is very complicated, meaning that there might be
lower energy configurations, it is possible that this observation is
just a computational artefact. However, the OH group of bisulfate
interacts with water molecules in small SA–DMA clusters, which
is required for a second proton transfer to occur, whereas that is
not a case in AMM, TMAO or GUA containing clusters (see Figure
8).

Fig. 8 Molecular structures of SA clusters with AMM, DMA, TMAO and
GUA, respectively, with 4 water molecules. Notable is the interaction
between water and OH group of a bisulfate in DMA cluster.

Figure 9 shows the molecular structures of acid–base pairs in a
cluster with 20 water molecules, where the second proton trans-
fer reaction from bisulfate to water has occurred and SO 2 –

4 has
formed. Sulfate is one of the most kosmotropic Hofmeister ions,
having an order-making effect on water structure.56–58 Indeed it
can be seen that in all cluster structures, SO 2 –

4 locates on the
center of the cluster, maximising the number of hydrogen bonds.
Similar results have found experimentally in photoelectron stud-
ies by Wang et al.59 It is notable that there is no direct interaction
between the sulfate and the protonated base in a hydrated clus-
ter structure, but one or more water molecules bridge them. Also,
the protonated base cation seems to prefer to be located on the
surface of a cluster. These kinds of structural effects are likely to
stabilize the hydrated cluster in which the proton transfer reac-
tions have occurred.

Fig. 9 Molecular structures of SA clusters with AMM, DMA, TMAO
and GUA, respectively, with 20 water molecules, where SO 2–

4 ion has
been formed.

3.4 Estimation of a stable particle hydration
We have simulated population dynamics of acid–base particle hy-
dration, with an assumption that acid–base system does not evap-
orate. This was done to estimate abilities of “stable particles” to
hydrate. Hydration free energies of non-evaporating acid–base
clusters are given in Figure 10.

We have simulated the hydration distributions of stable acid–
base particles with conditions where the total particle concentra-
tion is 105 cm−3, temperature is 273 K, and relative humidity is
100%. Steady-state concentrations for dry and hydrated acid–
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Fig. 10 Hydration free energies of “stable particles” containing sulfuric
acid and base at 298 K.

base particles are given in Figure 11. In the case of SA–AMM and
SA–DMA particles, hydrated particles (2–3 water molecules in the
case of AMM and 1–3 in the case of DMA) have slightly higher
concentrations than dry particles. This implies that SA–AMM and
SA–DMA particles could slightly grow via water additions, which
could possibly affect particle composition.60 In the case of SA–
TMAO particles, dry particles have the highest steady-state con-
centration and those with one water molecule have almost an
order of magnitude lower concentration. The concentrations of
more hydrated particles decrease gradually. This indicates that
SA–TMAO particles are unlikely to absorb water in atmospheric
conditions and their hygroscopic growth factor is very low. For
SA–GUA particles, the concentrations of hydrated particles are
significantly higher than that of dry particles. Particles having 2–
4 water molecules have up to three orders of magnitude higher
concentrations than dry particles. Also particles with 5–6 water
molecules have concentrations similar than dry particles. This im-
plies that atmospheric SA–GUA particles are highly hydrated and
their hygroscopic growth factor is high. This is most likely related
to the large number of possible hydrogen binding sites in SA–GUA
structure and to the absence of sterical blocks such as bulky alkyl
groups.

4 Conclusions
In this paper we have studied the hydration of monomers and het-
erodimers up to 20 water molecules. Previous quantum chemical
studies have often modeled up to 4 or 5 water molecules,13–15,61

which limit the study of proton transfer reactions. Here we have
discussed connections of aqueous-phase base strength and proton
transfer reactions as well as sulfate formation from heterodimer
bisulfate ion in water clusters. Our results indicate that the abil-
ity of a base to accept a proton in a water cluster is related to the
aqueous-phase basicity whereas the ability of a base molecule to
hydrate is connected to the gas-phase base strength. Especially
TMAO is very likely to be hydrated due to its zwitterionic charac-
ter.

The ability of a cluster to be hydrated is related to the num-
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Fig. 11 Hydration distributions of stable sulfuric acid particles with am-
monia, dimethylamine, trimethylamine oxide, and guanidine at 273 K at
[particle]=105 cm−3 and RH=100%.

ber of possible hydrogen binding sites, meaning that SA–GUA
clusters are likely to be strongly hydrated. However, although
the effective evaporation rates might vary as a function of rela-
tive humidity, we do not think high RH can increase the SA–GUA
particle formation rates as that occur at the kinetic limit even at
room temperature and low monomer concentrations.62 However,
it would be interesting to see what the effect of relative humid-
ity is to SA–TMAO particle formation as the TMAO monomer is
likely to be highly hydrated but SA–TMAO cluster does not need
water molecules to stabilize it. In that case, it is possible that the
presence of high relative humidity would decrease the particle
formation rates from SA and TMAO.

By uptake of water vapor, aerosol particles can act as cloud
condensation nuclei and thus impact cloud properties. As clouds
have an overriding global relevance by regulating Earth’s radia-
tive balance, it is clear that understanding how different acid–
base particles have different abilities to absorb water is essential.
In addition of hygroscopic growth, the absorption of water might
lead an aerosol particle to change its chemical composition, mor-
phology, phase or reactivity. Thus it is important to understand
what molecular properties have impacts on the hydration abil-
ity. While highly accurate quantum chemical calculations are lim-
ited to studies of relatively small systems, further studies such
as molecular dynamics simulations could assist in understanding
how properties of aerosol particles change when particle is hy-
drated. In addition, laboratory studies are needed to supplement
theoretical findings.
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