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New-particle formation from condensable acid and base molecules is a ubiquitous phenomenon in the
atmosphere. The role of water in salt particle formation is not fully understood as it can stabilize or
destabilize cluster structures, which leads to non-linear effects on cluster formation dynamics. In the
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studied systems, increased relative humidity can enhance the particle formation for up to four orders of
magnitude in the case of nitric acid, but it can also slightly reduce the particle formation in the cases of
sulfuric acid and methanesulfonic acid. As the effect of relative humidity in salt particle formation varies
many orders of magnitude depending on the acid and base molecules, neglecting hydration or using the
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1 Introduction

Atmospheric salt particles are important in climate control, and
climate models suggest that they cause an overall cooling
effect.”” The ability of different types of aerosol particles to
act as cloud condensation nuclei (CCN) depends on their size
and composition.* Sulfate and sea salt particles have an
ability to absorb water, i.e., they are hygroscopic,”” whereas
soot and mineral particles cannot act as CCN as they may offer
a seed for ice nucleation in colder parts of the atmosphere.® As
different types of chemical compounds may be mixed within
the aerosol particles, the situation is even more complicated,
hampering the efforts in developing reliable and predictive
climate models.’

The properties and amount of CCN affect cloud formation
and properties in two major ways: Twomey and Albrecht
effects."”"" The former refers to the fact that in cloud for-
mation, the water vapor will be distributed among all of the
available CCN. The higher the number of CCN, the smaller the
growth of water droplets as the water molecules will be dis-
tributed among more particles. This leads to more efficient
light scattering, i.e., cooling effect. The latter refers to the fact
that in clouds that form in the presence of many CCN, the water
droplets are smaller and more lightweight, meaning that they
are less likely to fall out of the cloud as rain. This increases the
lifetime of CCN as well as clouds. These indirect effects of
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same value for different systems may introduce remarkable inaccuracies in large-scale models.

aerosol are poorly understood, thus adequate representation of
new-particle formation (NPF) in atmospheric transport models
is essential for accurate estimation of ambient CCN numbers."?

Temperature and relative humidity (RH) are important but
poorly understood parameters in NPF.**** They vary greatly
depending on the altitude, latitude, season, and the time of the
day. Thus, increased understanding of the effects of RH and
temperature on the NPF mechanisms and rates is essential to
accurate estimation of the aerosol indirect effects. In our recent
study, a general parametrization for salt nanoparticle for-
mation under dry conditions and at atmospherically relevant
temperatures has been derived.'® Here the focus is on the effect
of relative humidity on the NPF from acid and base molecules.
This is needed to estimate the aerosol number concentration as
well as how acid-base particles absorb water vapor which
relates their efficiency to act as CCN. Here our model system
contains three different acids: sulfuric acid (SA), methanesul-
fonic acid (MSA), and nitric acid (NA) and one base: guanidine
(GUA). Recently SA-GUA and MSA-GUA systems have been
shown to lead to efficient particle formation,"””*° and here
NA-GUA clusters are also found to be relatively stable. While
the role of hydration in the cases of acids with ammonia or
amines has been previously investigated,”*”>* it has not been
studied in the case of guanidine. This study shows that hydra-
tion effects are highly complicated, but important to under-
stand, in the initial steps of acid-guanidine particle formation.

2 Computational details

Acid-base clusters of sulfuric acid, methanesulfonic acid, and
nitric acid with guanidine, up to two acid, two base and four water
(W) molecules have been studied using accurate quantum
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chemical methods. To find the global minimum energy cluster
structures, the potential energy surface of all the acid-base-water
clusters has been explored using a systematic configurational
sampling technique.”® To create the initial cluster structures,
3000 random guesses and 100 exploration loops have been used,
with a scout limit of 4 in the ABCluster program,>*** and for each
building block combination 2000 of the lowest energy structures
has been saved and subsequently optimized by the tight-binding
method GFN2-x TB with a very tight optimization criteria.*® Based
on the electronic energies, radius of gyration, and dipole moments,
different conformers have been separated, which were then opti-
mized using the w B97X-D/6-31+G* level of theory.>”*® Based on the
obtained electronic energies, structures with a maximum of N
kcal mol™! from the lowest electronic energy (where N is the
number of molecules in the cluster) have been identified. For
remaining structures, the w B97X-D/6-31++G** level of theory was
used for final optimization and vibrational frequency calculation
using Gaussian 16 RevA.03.>° Gibbs free energy structures within
0.5 kcal mol ' from global minimum have been selected
(2-5 structures), for which single point energy calculations have
been performed using the highly accurate DLPNO-CCSD(T)/aug-cc-
pVTZ level of theory with tight pair natural orbital criteria and tight
self consistent field criteria as implemented in Orca version
4.2.1.3° For each cluster, the global minimum Gibbs free energy
structure at the DLPNO-CCSD(T)/aug-cc-pVIZ//w B97X-D/
6-31++G** level has been identified.>**** The calculated thermo-
chemical data are further used to study the population dynamics of
water clusters using Atmospheric Cluster Dynamics Code
(ACDC).">"" Thermochemical data, ACDC simulation details, and
xyz coordinates are available in the ESL{

3 Results and discussion
3.1 Dry clusters

Acid-guanidine cluster stabilities up to the dry cluster size of
four acid and four base molecules have been investigated.
Overall evaporation rates at 273 K for guanidine and sulfuric
acid, methanesulfonic acid and nitric acid clusters are given in
Fig. 1.

Interestingly, the clusters with more GUA than NA molecules
have several orders of magnitude lower evaporation rates than
those having more NA than GUA molecules. This might be
related to the higher vapor pressure of NA (0.083 atm in 298 K)
than that of GUA (0.0029 atm in 298 K). However, NA-GUA
clusters are stable only in a diagonal axis (equal number of acid
and base molecules), meaning that the aerosol particles are
likely to be neutral with the NA:GUA ratio of 1:1 under
atmospherically relevant conditions. Recently, equal acid-to-
base ratio has been measured and modeled for nitric acid-
dimethylamine particles under dry and humid conditions.*?
Diagonal NA-GUA clusters have very high symmetry as can be
seen from Fig. 2. In all clusters, NA has donated its proton to
GUA in all clusters and clusters contain a large number of
intermolecular interactions.
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Fig. 2 Molecular structures of diagonal NA-GUA clusters.
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Fig. 1 Total evaporation rates of dry acid—guanidine clusters at 273 K.

As shown earlier, the diagonal SA-GUA clusters do not
evaporate under atmospheric conditions.”” Almost all hetero-
molecular SA-GUA clusters are relatively stable against evapora-
tion; even those where the number of acid and base molecules
differ by two have low evaporation rates. In the case of MSA-
GUA, the diagonal clusters are very stable as the structures
remind those of SA-GUA clusters: high symmetry and strong
ionic bonds between anions and cations. Recently Liu et al.
built a quantitative structure-activity relationship model and
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Table1 Effect of relative humidity on the evaporation rates. Calculated as
an overall evaporation rate of clusters with 0—-4 water molecules at
RH = 50 or 100% divided by a cluster evaporation rate at RH = 0%.
A value <1 implies that water stabilizes the cluster and a value >1 implies
that water destabilizes the cluster

RH = 50% SA MSA NA
1lacid1GUA 1072 5x 107* 0.2
1acid2GUA 2.0 12.5 0.1
2acid1GUA 43 90 1.3
2acid2GUA 10° 2 x 10* 1.3
RH = 100% SA MSA NA
1acid1GUA 2 x 1072 5% 107" 2 x 1072
1acid2GUA 4.0 62.5 0.3
2acid1GUA 114 200 3.8
2acid2GUA 10* 3 x 10° 3.3

predicted GUA to form very strong interactions with MSA, and
thus be possibly the strongest enhancer in the MSA-driven NPF
under atmospheric conditions.'® Clusters where the number of
MSA is greater than GUA molecules are stable, which might be
due to the lower vapor pressure of MSA (5.6 x 10~ atm in
298 K) than that of GUA, and perhaps the volatility of partici-
pating monomers could be used as a predictor for non-neutral
acid-to-base ratio in salt particles. Thus, under acid-rich con-
ditions, MSA-GUA particles are likely to be acidic. A similar
effect has also been observed for MSA particles with methyla-
mine and ammonia.*®

3.2 Hydration affects the cluster stability

The effect of increased relative humidity to the overall stability
of acid-guanidine clusters has been evaluated. As previous
studies have found that clusters consisting of sulfuric acid
and amines or ammonia are mainly hydrated by a maximum
of three water molecules,?****> four water molecules used in
this study can safely be assumed to be more than enough to
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describe the hydration effect. Additionally, as the clusters
consisting of two acid and two guanidine molecules are very
stable, to save computational resources, only smallest clusters
(up to two acid and two base molecules) are included in the
system to investigate the hydration.

The effect of relative humidity on the overall evaporation
rates of acid-guanidine clusters has been computed as a ratio
of overall evaporation rate of clusters with 0-4 water molecules
and evaporation rate of a dry cluster (see Table 1).

Heterodimer stability is known to be a key factor which
affects the ability of a cluster to grow to a large aerosol
particle."®*® Therefore, how water molecules affect the hetero-
dimer stability may have a large impact on the NPF rates.”’
Table 1 shows that acid-guanidine heterodimers are more
stable against evaporation at increased relative humidity. How-
ever, as dry SA-GUA and MSA-GUA heterodimers have very low
evaporation rates (6 x 107° and 2 x 10~* s™', respectively),
additional stabilization for these clusters is likely to have
negligible effect on the NPF rates. Earlier studies have shown
that for stable acid-base clusters where the role of evaporation
is minor, the effect of hydration is usually small.>' As NA-GUA
heterodimers have just medium-low evaporation rate, 7 s,
the increased relative humidity may intensify the NA-GUA
particle formation remarkably. Clusters containing one NA
and two GUA molecules are also stabilized under humid con-
ditions, but 1SA2GUA and 1MSA2GUA clusters are slightly less
stable at increased relative humidity. Other studied clusters
containing two acid and one or two guanidine molecules are
destabilized by water molecules. The effect is significant in the
case of SA and MSA clusters for up to five orders of magnitude,
whereas for NA containing clusters the effect is very small.

3.3 Water may intensify or inhibit clustering

The temperature has a straightforward effect on the NPF rates
under atmospheric relevant conditions: the lower the temperature,

Table 2 Computed humidity factors to the particle formation rates, HF gy, at RH = 10, 50, and 100%. NPF rate at RH = 0% is given as Jgy, [em™3s7Y, and
the humidity factor is calculated as Jnumig divided by Jgry,. The larger the HFgy the higher the enhancement of relative humidity. HFry < 1 implies that

water inhibits the particle formation

T = 248 K and [GUA] = 10° cm ™

T =273 K and [GUA] = 10* cm*®

T =298 K and [GUA] = 10° cm ™

[Acid] em™ Jary HF;o HF5, HF100 Jary HF40 HF5, HF100 Jary HF; HF5, HF100
[SA]

10° 6 x10°° 1.5 1.8 1.9 7 x107* 1.3 1.5 1.3 4 %1071 1.1 0.9 0.9
10’ 7 x 107" 1.2 1.5 1.6 7 x 107" 1.2 1.4 1.5 5 x 10" 1.1 1 1

108 6 x 10" 1.2 1.4 1.5 4 x 10" 1.1 1.3 1.3 10° 1 1.1 1.1
10° 4 x 10" 1.1 1.3 1.3 10° 1 1.1 1.2 2 x 10* 1 1.1 1.1
10 10° 1 1.1 1.1 10* 1 1.1 1.1 2 x 10° 1 1 1.1
[MSA]

10° 8 x10°° 1.4 1 0.8 3 x10°* 1.2 1.1 1.1 104 22 272 297
107 8 x107* 1.3 1.3 1.2 6 x 10" 1.2 1.1 1.1 2x 10" 20 164 174
108 7 x 10! 1.2 1.3 1.3 5 x 10" 1.1 1.1 1.1 4 % 10" 10 29 30
10° 4 x 10" 1.1 1.2 1.2 10° 1 1.1 1.1 9 x 10° 1.5 1.8 1.9
10 10° 1 1.1 1.1 2 x 10* 1 1 1 2 x 10° 1 1 1
[NA]

10° 6 x 107 1.2 219 8284 4 x 10 1.1 31 1910 9 x 1072 1 6.6 239
107 1077 1.2 207 7752 7 x107° 1.1 30 1790 2 x10°° 1 6.3 224
108 10°° 1.2 205 7568 8 x 107 1.1 29 1767 2 x 1077 1 6.2 222
10° 10~* 1.2 204 6840 8x10°° 1.1 29 1764 2x107° 1 6.2 221
10" 10! 1.2 197 3723 8 x10* 1.1 29 1760 2 x10°* 1 6.2 221
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the higher the NPF rate.*>*® The effect of hydration on the NPF is
more complex. This is because the overall evaporation rate con-
stants can either increase or decrease due to hydration as shown in
Table 1, which leads to nonlinear effects on the NPF. For instance,
in the case of acid-dimethylamine systems: for SA-DMA particle
formation, the effect of RH is negligible,>* for MSA-DMA particle
formation, water is essential,® and NA-DMA particle formation
rates are only weakly impacted by the increased relative
humidity.*>

The effect of hydration on the NPF rates under various
atmospheric conditions has been modeled. Table 2 shows the
effect of relative humidity on the acid-guanidine particle
formation rate under various atmospherically relevant condi-
tions. Typical concentrations of atmospheric gas phase SA and
MSA are in the range of 10°-10” cm *,>*°" and NA has been
detected in concentrations around 10" cm™3.%>° It should be
noted that /4, might not correspond to the actual NPF rate but
the highest limit. This is because the used system size (up to
two acid and two base molecules) is not large enough to
account for cluster evaporation leading to the overestimation
of the particle formation.>® Therefore, one should focus on the

Jhumid

humidity factor, HF = , rather than absolute J values.

dry

Sulfuric acid and methanesulfonic acid drive the salt parti-
cle formation almost at equal rates at 248 and 273 K. The
particle formation occurs at the kinetic limit as previously
shown for SA-GUA patrticle formation.'® Therefore, water vapor
cannot intensify NPF. Interestingly, in the case of MSA-GUA at
248 K and RH = 100%, water vapor lowers the NPF rate ca. 20%
compared to the dry NPF. The possible reason for this is the
destabilisation of water molecules of the 2MSA1GUA cluster,
which inhibits the cluster formation via that cluster. The overall
evaporation rate of the hydrated 2MSA1GUA cluster at 248 K is
300 times higher than that of a dry one. At 298 K water vapor
can increase MSA-GUA particle formation for up to 300 times,
but under the same conditions, it has a small decreasing effect
to the SA-GUA particle formation. At 298 K, the 2SA1GUA
cluster is 50 times less stable at RH = 100% than at RH = 0%,
which may cause a small reduction in the NPF process.

Nitric acid—guanidine particle formation has several orders
of magnitude lower formation rate which is due to the fact that
the small NA-GUA clusters may evaporate under simulation
conditions. Thus, the stabilisation effect of the NA-GUA hetero-
dimer by water molecules has a significant role in the initial
steps of nitric acid NPF. The high relative humidity increases
the NPF rate by up to 8000 times. As nitric acid is ubiquitous
throughout the atmosphere, typically present in low ppby
concentrations, significantly enhanced NPF rates at high RH
may affect the properties and concentration of cloud condensa-
tion nuclei in the atmosphere, thus the Earth’s radiation
balance.>>°

3.4 Salt particle hydration

Atmospheric aerosol particles may absorb water vapor, which
affects their structure and properties. Salt particle hydration has
been simulated and Fig. 3 shows the hydration distributions of
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Fig. 3 Hydration distribution of acid—guanidine clusters at 248 K,
RH = 10%, [acid] = [guanidine] = 10" cm~>. Dry clusters are marked by stars.

acid-guanidine clusters up to the size of two acid, two base and
four water molecules at 248 K at RH = 10%.

Many acid-guanidine clusters seem to exist in higher equili-
brium concentration in hydrated than bare form. In particular,
in the case of 1IMSA1GUA, the extent of dry cluster is less than
1% of the total 1IMSA1GUAn W concentration. SA-GUA and
MSA-GUA clusters have quite similar hydration distributions. It
is notable, however, that MSA-GUA clusters have the highest
water vapor absorption ability, even though SA can form more
hydrogen bonds than MSA. Guanidine and the studied acids
form clusters with high water absorption ability, and the order
to absorb water vapor is MSA > SA > NA. The result is quite
surprising as generally it is believed that the hydration ability is
directly linked to the number of hydrogen binding sites.>”"®°
Molecular figures showing the hydrogen bond formation for
two acid and two guanidine clusters with one to four water
molecules are presented in the ESL ¥
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Fig. 4 Molecular structures of 1SA2GUA (left), IMSA2GUA (middle), and
INA2GUA clusters in their dry (top) and mono-hydrated (bottom) forms.

Interestingly, even at low relative humidity, 1SA2GUA,
1MSA2GUA, and 1NA2GUA clusters appear slightly more in
hydrated than dry form. Fig. 4 shows the molecular structures
of 1 acid-2 guanidine clusters without water and with one water
molecule. In all clusters, the water molecule is located between
the guanidine molecules, increasing the hydrogen bond angles,
thus making the structure more relaxed. This structural relaxa-
tion is likely to explain the observed high hydration ability of
those clusters, and perhaps this relaxation affects more the
MSA than SA clusters which could explain the observed higher
water absorption ability of MSA-GUA than SA-GUA clusters.
Indeed, the Gibbs free energy of adding a water molecule to the
1MSA2GUA cluster is —5.2 kcal mol™, whereas for corres-
ponding SA and NA, the reaction free energy is —4.1 and

—4.2 keal mol ™, respectively.

4 Conclusions

The explicit role of relative humidity in NPF was explored by
quantum chemical investigations and cluster dynamics simula-
tions under atmospherically relevant conditions. Salt particles
containing different acid molecules with guanidine were stu-
died and it was found that SA-GUA and MSA-GUA clusters
become hydrated with increasing RH which affects the cluster
stabilities by up to five orders of magnitude. However, the effect
on the NPF rates is very minor and the humidity factor varies
mainly between 0.8 and 1.5. This is due to the high stability of
the main cluster growth pathway (with or without water), and
as the cluster evaporation is negligible, NPF can be said to
occur at the kinetic limit.”"*° In the case of MSA-GUA particle
formation at high temperature, the humidity factor can be up
to 300.

Nitric acid-guanidine clusters may uptake less water com-
pared to SA and MSA clusters. The smallest hydrated clusters
become stabilized against evaporation with increasing humid-
ity, which enhances the formation of NA-GUA particles. Under
ambient conditions relevant to the lower troposphere, the
humidity factor in NA-GUA particle formation can be close to
10". Understanding the enhancing effect of water in nitric acid
NPF is important to assess the impacts of nitrate aerosols on
regulating the climate of the Earth. Nitric acid might be more
important to the atmospheric NPF than previously thought,

7398 | Phys. Chem. Chem. Phys., 2023, 25, 7394-7400
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especially in the case of multi-compound NPF and high relative
humidity.>®¢*~%3

As shown in this study and in numerous previous studies,
relative humidity has non-straightforward effects on the formation
and evaporation rates of different acid-base clusters, and these
effects might have complex temperature-dependence.>'*”%* As it is
not possible to compute hydration factors for all different acid-
base combinations, further studies should focus to derive compu-
tationally cheap but accurate parametrization to compute
hydration factors. Hydration parametrization for atmospheric
NPF is essential to include the molecular-level effects of water in
NPF in global climate modeling.
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