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ABSTRACT: Formic acid (FA) is a prominent candidate for organic
enhanced nucleation due to its high abundance and stabilizing effect on
smaller clusters. Its role in new particle formation is studied through the
use of state-of-the-art quantum chemical methods on the cluster systems
(acid)1−2(FA)1(base)1−2 with the acids being sulfuric acid (SA)/
methanesulfonic acid (MSA) and the bases consisting of ammonia (A),
methylamine (MA), dimethylamine (DMA), trimethylamine (TMA),
and ethylenediamine (EDA). A funneling approach is used to determine
the cluster structures with initial configurations generated through the
ABCluster program, followed by semiempirical PM7 and ωB97X-D/6-
31++G(d,p) calculations. The final binding free energy is calculated at
the DLPNO-CCSD(T0)/aug-cc-pVTZ//ωB97X-D/6-31++G(d,p) level
of theory using the quasi-harmonic approximation. Cluster dynamics
simulations show that FA has a minuscule or negligible effect on the MSA−FA−base systems as well as most of the SA−FA−base
systems. The SA−FA−DMA cluster system shows the highest influence from FA with an enhancement of 21%, compared to its non-
FA counterpart.

1. INTRODUCTION
Aerosol particles play a significant role in global climate due to
their direct impact on solar radiation1 and their ability to act as
nuclei for cloud droplet formation.2 The clustering of low
volatile acid molecules with atmospheric base molecules is the
primary factor in the formation of new atmospheric particles
(NPF), which provide the necessary surface for initiating cloud
droplet formation. Studies have shown that NPF accounts for
approximately half of the global concentration of cloud
condensation nuclei (CCN).3 However, the compounds
involved in the formation and growth of atmospheric aerosols
are not well understood, leading to significant uncertainty in
global climate estimates.4 Sulfuric acid (SA) has been
extensively studied through quantum chemical calculations
and its ability to cluster with atmospheric base molecules is
well established as a key factor in NPF.5−21 Methanesulfonic
acid (MSA) has received less attention than SA, but it has been
the subject of significant research recently.22−32 Despite the
potential significance of atmospheric multicomponent clusters
comprising multiple acids and bases, they have received
relatively little attention. Quantum chemical studies have
indicated that the inclusion of MSA in clusters with SA is
capable of enhancing the cluster formation potential.33−35

Organic acids have been proposed to enhance SA-driven
NPF36 and have resulted in great interest in understanding
organic-enhanced NPF. However, with a large number of
organic compounds in the atmosphere, it is difficult to assess
which are of importance in NPF. Currently, no organic
compound has been proven to be a strong nucleator.

Nonetheless, formic acid (FA) is a relevant organic acid to
investigate due to its hydrogen bonding capability37 and its
high abundance in the atmosphere ranging from 2.50 × 109 to
3.75 × 1011 molecules cm−3.38 Similarly to nitric acid,
previously studied,35 this is orders of magnitude higher than
the 105 to 107 molecules cm3 that has been measured for SA
and MSA.39−41 Nadykto and Yu37 were the first to investigate
the interaction between atmospheric nucleation precursors
(sulfuric acid, ammonia, water) and common carboxylic acids
(formic and acetic acid) using quantum chemical methods.
From their calculations, they suggested that FA had a
stabilizing effect similar to that of ammonia (A), indicating
that these organic acids may effectively stabilize small SA−
water clusters. Harold et al.42 examined the possibility that
acids and bases may exhibit different behavior at the nanoscale
than in a bulk solution. Calculations of binding free energies
and steady-state cluster concentrations for various combina-
tions of FA, SA, A, and water (W) were performed. In line with
Nadykto and Yu, they found that formic acid was able to
stabilize clusters containing SA and W to the same extent as A.
Additionally, they concluded that hydrogen bonding topology
played an important role in determining the stability of these
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clusters. They also found that when FA and A concentrations
exceeded 107 cm−3, clusters containing SA, A, and FA were
predicted to form in the upper troposphere at low temper-
atures and may be involved in the process of NPF. Zhang et
al.43 similarly studied the formation of multicomponent
clusters between atmospheric precursors SA, dimethylamine
(DMA), water, and FA. Kinetic simulations with varying FA
concentrations (0.2−20 ppb) showed the effect on the steady-
state concentration of the SA−dimer with higher FA
concentration leading to a reduced SA−dimer concentration.
The interaction of FA and the SA−DMA was stronger than
that of water and the SA−DMA dimer. While the interaction of
FA with the SA−DMA cluster was shown to be rather weak,
the impact of FA was non-negligible on the aerosol nucleation
cluster population due to its high concentration. Zhang et al.44

showed that FA have the highest stabilizing effect on MSA−
MA clusters out of 12 common atmospheric organic acids.
They attributed the high atmospheric abundance, acidity, H-
bond capacity, absence of no intramolecular interaction, and
little/no structural deformation during clustering to properties
of FA that made it a suitable candidate for NPF. Further
simulations using the atmospheric cluster dynamics code
(ACDC) found FA to exert a catalytic effect in the formation
of small binary MSA−MA clusters, i.e., a single formic acid
participates in the cluster formation but not in cluster growth,
as the formic acid tends to evaporate.
The clusteromics series34,35,45,46 has focused on the

investigation of atmospheric clusters and their properties.
The current paper, the fifth in the series, continues this line of
research by examining multicomponent clusters comprising a
combination of FA, SA, and MSA along with different
nitrogen-containing bases. The bases considered are consisting
of ammonia (A), methylamine (MA), dimethylamine (DMA),

trimethylamine (TMA), and ethylenediamine (EDA). FA was
chosen based on its high abundance in the atmosphere and
previous studies indicating its role in NPF.37,42−44 As well as
FA being the simplest carboxylic acid allowing to probe the
direct interactions between cluster and organic acids. The
placement of FA could highlight ideal contact points for larger
polyfunctional organic acids in the cluster. Thermodynamics
and kinetics of the initial stages of potential cluster formation
for the cluster types (acid)1−2(base)1−2 and (acid)3(base)2 in
which at least one of the acids is FA and the remaining is SA or
MSA will be examined in this paper.

2. COMPUTATIONAL DETAILS
Geometry optimizations and vibrational frequency calculations
for density functional theory and semiempirical PM747 were
performed using Gaussian 16.48 The default convergence
criteria of Gaussian 0949 were employed in order to facilitate
comparison with data in the Atmospheric Cluster DataBase
(ACDB).50 The ORCA 4.2.1 program51,52 was utilized to
calculated the domain-based local pair natural orbital DLPNO-
CCSD(T0)

53,54 single-point energies using a TightSCF
convergence criteria55 with the aug-cc-pVTZ basis set. The
ωB97X-D functional56 and the 6-31++G(d,p) basis set57,58

were used for obtaining the cluster structures and vibrational
frequencies, based on multiple benchmarks.59−61 Vibrational
frequencies below 100 cm−1 were treated with Grimme’s quasi-
harmonic approximation62 using the GoodVibes63 code. The
funneling workflow used in this work is similar to the previous
clusteromics papers and for a more in-depth description, the
reader is referred to these34,35,45,46 and our recent review.64 We
applied the following workflow to sample the cluster
configurations:

Figure 1. (a−j) Calculated lowest free energy (298.15 K, 1 atm) cluster structures at the DLPNO−CCSD(T0)/aug-cc-pVTZ//ωB97X-D/6-31+
+G(d,p) level of theory using the quasi-harmonic approximation.
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ABCluster PM7 sort DFT restart sort
inspection DLPNO (1)

We used ABCluster65,66 to perform initial calculations with the
recommended settings from Kubecǩa et al.,67 which included a
population size of 3000 (SN = 3000), a maximum of 200
generations (gmax = 200), and 4 scout bees (glimit = 4). For each
cluster protonation state, we saved a total of 1000 local
minima. These minima structures were then geometry
optimized using the PM7 method and the ArbAlign68 program
was subsequently used to sort the cluster configurations and
remove duplicates based on root-mean-square deviations
(RMSD) between atomic positions. An RMSD cutoff of 0.38
was used as suggested by previous studies.69,70 Energy
calculations and geometry optimization of the remaining
structures were then performed and rerun until convergence at
the DFT level, which was then followed by a secondary sorting
with the ArbAlign program to further reduce the number of
redundant structures. The binding energies of the five cluster
structures with the lowest free energy at the DFT level were
then evaluated at the DLPNO-CCSD(T0)/aug-cc-pVTZ level
of theory.
2.1. Atmospheric Cluster Dynamics Code. The

ACDC71,72 was utilized to simulate the cluster formation
potential (Jpotential) using the calculated thermochemical
parameters ΔH and ΔS as inputs. The software was
downloaded and modified from the ACDC repository72−74

and was employed in line with our previous research.34,35,45,46

In the simulations, clusters with a composition of
(acid)3(base)2−3 were included and allowed to contribute to
the cluster formation potential by leaving the simulation box.
However, clusters with the composition of (acid)2(base)3 were
excluded as contributors to Jpotential due to their instability in
electrically neutral acid−base clusters.19,72 Default values for
coagulation losses typical of the boundary layer (cs_exp = −1.6
and cs_ref = 1 × 10−3) were also used. The simulation was run
at a temperature of 278.15 K. Additional runs at 298.15 K are
shown in the Supporting Information. We emphasize that the

calculated flux out of the system is purely a “potential” to form
larger clusters and should not be used as a measure for the
actual cluster formation rate J. Besel et al.75 recently showed
that the simulated cluster formation rate increased as the
simulation system was decreased. Hence, the presented Jpotential
values might be artificially larger than the actual J.

3. RESULTS AND DISCUSSION
3.1. Cluster Structures. Applying the above-mentioned

funne l ing approach , a to ta l o f 27 995 un ique
(acid)1−2(base)1−2 and (acid)3(base)2 cluster structures were
identified. All cluster structures and their thermochemical data
have been added to the ACDC database.50 Figure 1 displays
the 10 (acid)1−2(base)1−2 cluster systems with the lowest
binding free energy at the DLPNO-CCSD(T1)/aug-cc-
pVTZ//ωB97X-D/6-31++G(d,p) level of theory. As demon-
strated in Figure 1, the most stable clusters exhibit a network of
hydrogen bonds between acids and bases with SA forming the
most stable clusters, with 8 out of the 10 clusters in Figure 1
containing SA rather than MSA. A general trend observed
among the (SA)1(FA)1(base)2 clusters is the triangular
interaction between SA, FA, and the base for which the most
favorable hydrogen bond to FA and SA can be made, while the
other base is oriented away from the core of the cluster via a
hydrogen bond to SA. The selection of the base for interaction
with SA and FA is based on the base strength and steric effects.
For example, in the (SA)1(FA)1(DMA)1(TMA)1 and
(SA)1(FA)1(TMA)1(EDA)1 clusters, the more crowded
TMA is directed away from the core of the cluster via SA
being positioned in the middle. This is not possible for MSA to
the same extent and attributes to the lower stability of the MSA
clusters. However, common for all of the studied clusters is the
trend of guiding the large methyl groups away from the cluster
core, resulting in the exterior of the cluster being comprised of
organic side chains, which is consistent with previous
findings.34,45,46 This could imply that additional collisions
toward the cluster might be less favorable due to the limited
number of available H-bonding sites. However, molecular

Table 1. Calculated Binding Free Energies at the DLPNO-CCSD(T0)/aug-cc-pVTZ//ωB97X-D/6-31++G(d,p) Level of
Theory with the Quasi-harmonic Approximation at 298.15 K, 1 atm (Units Are kcal/mol)

classification (SA)1(FA)1 (MSA)1(FA)1 (FA)1 (FA)2
(A)1 w −14.4 −8.1 −1.1 −1.7
(MA)1 m −15.5 −12.7 −1.3 −3.7
(DMA)1 s −19.8 −15.9 −1.9 −3.5
(TMA)1 s −17.6 −14.0 −3.1 −2.2
(EDA)1 s −18.4 −14.9 −2.8 −2.7
(A)2 w, w −13.2 −10.9 1.6 1.0
(MA)2 m, m −17.8 −15.3 1.7 −0.75
(DMA)2 s, s −25.0 −21.7 1.8 −7.0
(TMA)2 s, s −21.0 −9.6 2.6 1.9
(EDA)2 s, s −20.7 −20.0 1.4 −2.7
(A)1(MA)1 w, m −17.9 −14.3 1.9 −0.4
(A)1(DMA)1 w, s −20.4 −15.7 1.6 −2.0
(A)1(TMA)1 w, s −18.0 −11.6 2.2 0.7
(A)1(EDA)1 w, s −18.7 −16.1 1.1 −1.2
(MA)1(DMA)1 m, s −20.8 −18.8 0.6 −2.2
(MA)1(TMA)1 m, s −19.4 −14.8 2.1 −1.3
(MA)1(EDA)1 m, s −19.8 −18.1 1.6 −2.0
(DMA)1(TMA)1 s, s −23.2 −15.3 1.3 −0.5
(DMA)1(EDA)1 s, s −23.4 −19.3 0.2 −5.3
(TMA)1(EDA)1 s, s −20.7 −13.8 1.5 −1.2
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dynamics simulations are required to study this effect in details.
Also in accordance with our previous studies is the observed
lack of acid−acid interaction in clusters containing MSA.
Specifically, we do not see any interaction between FA and
MSA, while we commonly observe an interaction between SA
and FA. In certain clusters, we observe that the FA molecule is
only interacting with sulfuric acid via a pair of donor−acceptor
hydrogen bonded interactions and is not interacting with any
o f t h e b a s e mo l e c u l e . Th i s i s s e e n i n t h e
(SA)1(FA)1(DMA)1(EDA)1 and (SA)1(FA)1(EDA)2 clusters,
where base−base interactions are also observed. These types of
interactions were not observed in our previous study on the
role of nitric acid (NA) in cluster formation.35 It should noted
that, unlike in the previous study of NA, FA is usually not
found to be deprotonated in the clusters, except in cases where
it is interacting with two strong bases, such as DMA, in which
proton transfer was observed.
3.2. Thermochemistry. Table 1 shows the calculated

binding free energies for the (acid)1−2 (base)1−2 clusters at the
DLPNO-CCSD(T0)/aug-cc-pVTZ//ωB97X-D/6-31++G-
(d,p) level of theory with the quasi-harmonic approximation at
298.15 K, 1 atm. The classification column refers to the
basicity of the bases in the gas phase,76 with w indicating a
weak base, m is medium, and s is strong. A similar trend in
b ind ing f ree energy for the (SA)1(FA)1(base) 1
(MSA)1(FA)1(base)1 clusters are observed with the following
order of stability: (A)1 < (MA)1 < (TMA)1 < (EDA)1 <
(DMA)1. This could indicate that steric effects already take
palce in these smaller clusters, with the binding free energy of
the three strong bases following the order of bulkiness. This
effect is not pronounced in the smaller (FA)1(base)1 clusters
where TMA and EDA form the most stable interactions, as
expected based on their gas-phase basicity. However, for the
(FA)2(base)1 clusters the limited number of hydrogen bond
donors from FA results in clusters containing the bulky TMA
and EDA to become less stable than those of (FA)2(MA)1 and
(FA)2(DMA)1. The (FA)1−2(base)2 clusters in general show
high binding free energies with many of the clusters exhibiting
a positive value. This lies in contrast to our previous work on
the role of NA in cluster stability, in which NA showed to
stabilize all studied (NA)1−2(base)1−2 clusters except those
were bases only consisted of ammonia.35 The lower stability of
the FA-containing clusters compared to those in our previous
study with NA, is generally observed through all the clusters in
Table 1. This is likely a result of NA being a stronger acid than
FA. Bready et al.77 recently studied multicomponent clusters
containing both SA, FA and NA and found that at certain
conditions NA can participate as efficiently as SA in cluster
formation. The results implied that cluster formation in the
atmosphere is a multicomponent process that involves
numerous different acid and base molecules. Recently Zhang
et al.44 have shown FA to enhance the NPF for MSA−MA
clusters through a catalytic effect on small binary MSA−MA
clusters in which it initially stabilizes the cluster and then
evaporates off as the cluster grows. In fact, the
(SA)1(FA)1(base)1 trimer clusters show relatively high stability
for the cases of the base being either A, MA or DMA (−14.4,
−15.5, −19.8 kcal mol−1, respectively), related to the
corresponding clusters in our previous study with NA (−5.4,
−13.7, 17.3 kcal mol−1, respectively). This could support the
claim of Zhang et al.44 for which FA is able to stabilize smaller
clusters allowing for further growth.

For the (SA)1(FA)1(A)1(base)1 clusters, the stability follows
the pattern (MA)1 < (TMA) < 1 < (EDA)1 < (DMA)1. For the
(MSA)1(A)1(base)1 clusters, the limited hydrogen bonding
capacity of MSA compared to SA is revealed as ranking of the
binding free energy switches between the two lowest and two
highest clusters: (TMA)1< (MA)1< (DMA)1< (EDA)1. As
EDA contains an extra amino group it is able to compensate
for MSA’s reduced hydrogen bond capacity while TMA is only
able to contribute with one hydrogen bond and an unfavorable
interaction between MSA and TMA is observed. This is
especially pronounced for the (MSA)1(FA)1(TMA)2 cluster
which binding free energy is only −9.6 kcal mol−1. The
(acid)2(MA)1(base)1 clusters follow: (TMA)1 < (EDA)1 <
(DMA)1. An aversion for TMA is still observed for these
clusters and this trend continues for the rest of the clusters. For
instance, for the cluster system (acid)1(FA)1(DMA)1(base)1,
where acid is either SA, MSA or FA, having TMA in the cluster
results in a higher binding free energy compared to having
either DMA or EDA. The general trend of Table 2 is that for

smaller clusters the decisive factor is the strength of the acid−
base interaction while the effect of steric hindrance becomes
more important as the size of the system increases. This is in
line with previous findings34,35,45,46 along with the observed
preference for DMA and EDA at larger cluster sizes and an
aversion for TMA.
Table 2 shows the free energy gain upon adding another acid

to the following clusters: (SA)1(base)1−2, (MSA)1(base)1−2
and (FA)1(base)1−2. The results show that it is generally
preferred to add the same type of acid to a given cluster rather
than FA. For instance, for SA clusters it is more favorable to
add another SA molecule compared to adding FA. Positive

Table 2. Addition Free Energies at the DLPNO-CCSD(T0)/
aug-cc-pVTZ//ωB97X-D/6-31++G(d,p) Level of Theory
with the Quasi-harmonic Approximation at 298.15 K, 1 atm
(Units Are kcal/mol)a

initial cluster: (SA)1 (MSA)1 (FA)1

added acid: (SA)45 (FA) (MSA)46 (FA) (FA)

(A)1 −13.8 −8.8 −9.0 −4.7 −0.6
(MA)1 −17.2 −8.3 −13.9 −8.8 −2.4
(DMA)1 −17.9 −8.3 −14.5 −8.8 −1.6
(TMA)1 −15.3 −5.0 −10.4 −5.3 0.9
(EDA)1 −17.7 −8.0 −15.7 −7.8 0.1
(A)2 −17.3 −3.5 −17.9 −8.3 −0.6
(MA)2 −25.9 −7.1 −24.1 −7.9 −2.5
(DMA)2 −29.1 −10.1 −24.6 −9.7 −8.8
(TMA)2 −26.2 −5.7 −19.6 −3.6 −0.7
(EDA)2 −25.5 −4.4 −21.5 −7.1 −4.1
(A)1(MA)1 −22.4 −7.9 −19.4 −7.6 −2.3
(A)1(DMA)1 −21.3 −7.9 −23.6 −10.4 −3.6
(A)1(TMA)1 −18.7 −4.4 −15.5 −4.0 −1.5
(A)1(EDA)1 −20.9 −5.9 −18.2 −7.0 −2.3
(MA)1(DMA)1 −26.4 −6.6 −23.1 −8.1 −2.8
(MA)1(TMA)1 −24.7 −6.0 −20.7 −7.4 −3.4
(MA)1(EDA)1 −25.7 −6.4 −22.5 −8.4 −3.6
(DMA)1(TMA)1 −27.5 −8.4 −20.7 −5.3 −1.8
(DMA)1(EDA)1 −26.0 −6.0 −24.7 −8.6 −5.5
(TMA)1(EDA)1 −27.6 −5.6 −21.3 −5.5 −2.7

aCalculated as the initial cluster binding free energy subtracted from
the binding free energy of the cluster with the added acid. Data from
clusters without FA is from our previous studies.45,46.
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addition free energies are only observed for the addition of FA
to (FA)1(TMA)1 and (FA)1(EDA)1. Noteworthy is the value
of the addition free energies of FA to the SA and MSA
containing dimers with A, MA, or DMA as a base. These
indicate that FA is able to greatly stabilize these smaller
clusters. The addition of FA is still not stabilizing to the same
extent as adding SA or MSA, however taking into account the
high vapor concentration of FA, it may support the idea of FA
being able to enhance these clusters.
Similarly to our previous study on NA we have expanded

our systems to include (acid)3(base)2 with at least one of the
acids being FA. The binding free energies are shown in Table 3
with the following order for stability: (MSA)2(FA)1(base)2 <
(SA)1(MSA)1(FA)1(base)2 < (SA)2(FA)1(base)2. The binding
free energy of the clusters are all very low and with the same
trend as for the smaller clusters in which clusters containing
EDA and DMA form the most stable clusters. Steric effects are
still present as TMA-containing clusters are shown to be higher
in binding free energy compared to those clusters without
TMA but comparable basicity.
The free energy of acid addition for larger systems is

presented in Table 4. Similarly, for the case of NA, the addition
of FA to these larger clusters are still thermodynamically
preferable and for some of the clusters exhibit a stabilizing
effect comparable to those presented in Table 2. The same
stabilizing effect is not seen to the same extend with no general
trend observed for the addition free energy for these larger
clusters. Some systems exhibit a large stabilizing effect such as
( S A ) 1 ( M S A ) 1 ( F A ) 1 ( A ) 1 ( T M A ) 1 a n d
(SA)1(MSA)1(FA)1(TMA)1(EDA)1 with addition free ener-
gies of −12.1 and −10.9 kcal mol−1, respectively. However,
similar systems such as (SA)1(MSA)1(FA)1(DMA)1(TMA)1
only measure an addition free energy of −4.2 kcal mol−1.
3.3. Cluster Formation Potential. While the thermo-

chemistry describes the stability of a given cluster, the gas-
phase concentration is a cofactor in determining the formation
potential of said cluster. FA is one of the most abundant
organic acids in the atmosphere and is therefore expected to
enhance the formation potential of clusters. Therefore we have
simulated the cluster formation potential (Jpotential) of the
studied systems using ACDC. The concentration of SA and
MSA were kept at 1 × 106 molecules cm−3, while that of FA is
set to 2.46 × 1011 (10 ppb). The base concentrations are set to

atmospheric relevant concentrations: A (10 ppt−10 ppb), MA
(1−100 ppt), DMA (1−10 ppt), TMA (1−10 ppt), and EDA
(1−10 ppt). The results are presented in Table 5.
Likewise in our previous studies, the cluster formation

potential for the MSA-containing clusters is very low for both
the lower and upper limits for base concentration. As outlined
in the thermochemistry section these clusters suffer from low
stability due to a lack of sufficient accommodation of steric
effects and weaker hydrogen bonding compared to their cluster
counterpart with SA. This results in the studied clusters
containing MSA being less likely to form clusters compared to
SA. Additionally, the cluster formation potential for SA−FA−A
and FA−SA−MA clusters is also found to be relatively low at
both lower and upper concentration limits. This is despite the
fact that the concentrations of A and MA are orders of
magnitude higher than the other bases. Among the studied
clusters, TMA has the highest cluster formation potential, with

Table 3. Calculated Binding Free Energies at the DLPNO−CCSD(T0)/aug-cc-pVTZ//ωB97X-D/6-31++G(d,p) Level of
Theory with the Quasi-harmonic Approximation at 298.15 K, 1 atm (Units Are kcal/mol)

classification (SA)2(FA)1 (MSA)2(FA)1 (SA)1(MSA)1(FA)1
(A)2 w, w −32.1 −25.2 −30.1
(MA)2 m, m −42.7 −34.5 −40.5
(DMA)2 s, s −47.7 −38.6 −45.1
(TMA)2 s, s −42.7 −26.9 −36.9
(EDA)2 s, s −45.3 −38.6 −42.9
(A)1(MA)1 w, m −37.4 −30.5 −36.2
(A)1(DMA)1 w, s −42.7 −34.6 −39.8
(A)1(TMA)1 w, s −38.5 −28.8 −41.7
(A)1(EDA)1 w, s −40.5 −32.3 −36.7
(MA)1(DMA)1 m, s −47.3 −39.0 −42.5
(MA)1(TMA)1 m, s −44.2 −34.3 −39.3
(MA)1(EDA)1 m, s −45.7 −37.7 −42.1
(DMA)1(TMA)1 s, s −46.7 −35.3 −42.7
(DMA)1(EDA)1 s, s −47.3 −39.3 −44.2
(TMA)1(EDA)1 s, s −44.7 −34.1 −46.5

Table 4. Addition Free Energies at the DLPNO−
CCSD(T0)/aug-cc-pVTZ//ωB97X-D/6-31++G(d,p) Level
of Theory with the Quasi-harmonic Approximation at
298.15 K, 1 atm (Units Are kcal/mol)a

initial cluster: (SA)2
45 (MSA)2

46 (SA)1(MSA)1
34

added acid: (FA) (FA) (FA)

(A)2 −5.1 −4.7 −6.5
(MA)2 −6.1 −3.0 −6.7
(DMA)2 −3.7 −2.0 −3.3
(TMA)2 −1.2 −1.3 −5.0
(EDA)2 −3.5 −4.2 −7.1
(A)1(MA)1 −5.0 −4.4 −3.8
(A)1(DMA)1 −8.0 −5.7 −6.8
(A)1(TMA)1 −6.2 −5.7 −12.1
(A)1(EDA)1 −6.8 −5.0 −4.5
(MA)1(DMA)1 −6.7 −5.2 −4.1
(MA)1(TMA)1 −6.1 −6.2 −3.7
(MA)1(EDA)1 −6.6 −5.5 −5.4
(DMA)1(TMA)1 −4.4 −4.6 −4.2
(DMA)1(EDA)1 −3.9 −3.9 −3.5
(TMA)1(EDA)1 −2.0 −4.5 −10.9

aCalculated as the initial cluster binding free energy subtracted from
the binding free energy of the cluster with the added acid. Data from
clusters without FA are from our previous studies.34,45,46.
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formation rates of 9.67 and 81.8 cm−3 s−1 at the lower and
upper limits, respectively. DMA and EDA have lower cluster
formation potentials but still exhibited non-negligible values.
The formation rates of DMA, TMA, and EDA all increased by
a factor of approximately 10 when going from the lower to the
upper limit.
Despite the relatively high cluster formation potential,

almost all the observed collisions in the simulations involve
(SA)2(base)2 + (FA)1 and (MSA)2(base)2 + (FA)1 as seen in
Table S1 in the Supporting Information. This is due to the
high concentration of FA in the simulation. When a stable
(SA)2(base)2 or (MSA)2(base)2 cluster is formed, it is likely to
collide with the abundant FA. However, none of the clusters
that collide with FA initially contain FA, indicating that FA
evaporates quickly from the cluster in the simulation due to
weak interactions within the cluster. The inability to stabilize
these smaller clusters in the simulation suggests that clusters of
the type (acid)2(FA)1(base)2, that is the main types of clusters
coming out of the simulation, are unlikely to exist in that
composition as FA will likely evaporate as the cluster is formed.
This is supported by the addition free energies of FA to the
(acid)2(base)2 clusters (shown in Table 4), which indicates
that FA contributes only a small lowering in the cluster’s
binding free energy.
3.4. Enhancement in Jpotential. The cluster formation

potentials (Jpotential) of the FA−SA/MSA−base clusters can be
compared to those of the SA/MSA−base clusters to assess the
effect of including FA in the cluster formation. The
enhancement factor is calculated as

=R
J

J

(FA SA/MSA base)

(SA/MSA base)FA
potential

potential (2)

The enhancement factor for the studied clusters is shown in
Table 6. Some systems have very high enhancement factors
due to dividing two formation potentials that are essentially
zero. These systems have been marked as ”not applicable” (n/
a) in the table and the numbers can be found in the Supporting
Information. As a consequence, the enhancement rate is shown
to be orders of magnitude for the systems FA−SA/MSA−A at
both low and high concentration limit and for FA−SA−MA at
the lower limit. FA−MSA−TMA and FA−MSA−EDA also
show unrealistic enhancements at both lower and upper

concentration limit, caused by the instability of MSA−TMA/
EDA clusters. Their cluster formation potentials are still
essentially zero and the formation of these clusters is negligible.
Instead, the focus is directed toward those FA−SA−base

systems which showed high non-negligible cluster formation
potentials in Table 5, namely, FA−SA−DMA, FA−SA−TMA,
and FA−SA−EDA. As mentioned in the previous section, the
outgrowing clusters mainly consisted of (SA)2(base)2 + (FA)1,
indicating FA does not significantly stabilize the initial cluster
formation. To test this, the main collision pathway
(SA)2(base)2 + (FA)1 out of the simulation is disabled to
see how the cluster formation potential changed. For the SA−
FA−DMA system, the cluster formation potential changed to
0.583 and 8.09 cm−3 s−1 for the lower and upper limits,
respectively. This corresponds to an enhancement factor of
1.16 and 1.21 for the lower and upper limits, respectively.
Reducing the enhancement factor that FA initially showed by
around a factor of 2. Considering 298.15 K, the enhancement
factor in the lower and upper limits drop to 1.01 and 1.01,
respectively. The opposite is observed when lowering the
temperature to 258.15 K, where the enhancement factor in the
lower and upper limits highly increases to 4.28 and 70,
respectively. For the SA−FA−EDA system, the cluster
formation potential is reduced to 0.046 and 1.15 cm−3 s−1

for the lower and upper limits, respectively. Corresponding to
an enhancement factor of 1.08 for both the lower and upper
limits. Lastly, the SA−FA−TMA system which initially showed
the greatest cluster formation potential had a reduction to
0.503 and 21.9 cm−3 s−1 for lower and upper limits,
respectively. This is an enhancement factor equal to 1,
indicating that FA has no enhancing effect on the cluster
formation between SA and TMA. FA only showed a very slight
enhancement of the cluster formation potential of the FA−
SA−DMA and FA−SA−EDA systems. Assuming then, that FA
in the larger clusters is not stable enough to withstand
evaporation, the large enhancement factors in Table 6 are
mostly a result of the increased acid vapor in the simulations,
as opposed to FA being able to form stable interactions within
the studied systems. Only SA−FA−DMA of the three systems
showed a considerable enhancement in cluster formation
potential as well as 5% of the collisions being attributed to

Table 5. Simulated Cluster Formation Potential (Jpotential,
cm−3 s−1)

cluster system lower limit upper limit

ammonia (A) 10 ppt 10 ppb
FA−SA−A 4.10 × 10−5 9.14 × 10−1

FA−MSA−A 4.80 × 10−10 4.78 × 10−4

methylamine (MA) 1 ppt 100 ppt
FA−SA−MA 7.76 × 10−4 8.06 × 10−2

FA−MSA−MA 1.30 × 10−6 4.13 × 10−3

dimethylamine (DMA) 1 ppt 10 ppt
FA−SA−DMA 1.57 15.8
FA−MSA−DMA 6.49 × 10−4 1.05 × 10−2

triethylamine (TMA) 1 ppt 10 ppt
FA−SA−TMA 9.67 81.8
FA−MSA−TMA 8.85 × 10−8 8.85 × 10−6

ethylenediamine (EDA) 1 ppt 10 ppt
FA−SA−EDA 2.61 × 10−1 2.67
FA−MSA−EDA 8.21 × 10−4 8.97 × 10−3

Table 6. Enhancement (RFA) in the Simulated Cluster
Formation Potential by Having FA Presenta

cluster system lower limit upper limit

ammonia (A) 10 ppt 10 ppb
FA−SA−A n/a n/a
FA−MSA−A n/a n/a
methylamine (MA) 1 ppt 100 ppt
FA−SA−MA n/a 3.82
FA−MSA−MA n/a 1.47
dimethylamine (DMA) 1 ppt 10 ppt
FA−SA−DMA 2.72 2.08
FA−MSA−DMA 10.0 4.66
triethylamine (TMA) 1 ppt 10 ppt
FA−SA−TMA 17.9 3.74
FA−MSA−TMA n/a n/a
ethylenediamine (EDA) 1 ppt 10 ppt
FA−SA−EDA 6.05 2.49
FA−MSA−EDA n/a n/a

aNon-FA data were taken from Clusteromic III.34 The simulations are
performed at 278.15 K.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c00251
ACS Omega 2023, 8, 9621−9629

9626

https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c00251/suppl_file/ao3c00251_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c00251/suppl_file/ao3c00251_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c00251/suppl_file/ao3c00251_si_001.pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c00251?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(SA)1(FA)1(DMA)2 + (FA)1 when the major (SA)2(DMA)2 +
(FA)1 pathway is turned off.

4. CONCLUSIONS
Computational methods have been used to study the
thermodynamics and cluster formation properties of various
acid−base clusters using the DLPNO-CCSD(T0)/aug-cc-
pVTZ//ωB97X-D/6-31++G(d,p) method and the quasi-
harmonic approximation at 298.15 K, 1 atm, and a vibrational
frequency cutoff of 100 cm−1. The acid components
considered included formic acid (FA), sulfuric acid (SA),
and methanesulfonic acid (MSA), while the base components
included ammonia (A), methylamine (MA), dimethylamine
(DMA), trimethylamine (TMA), and ethylenediamine (EDA).
The thermochemical results were shown to be in line with
previous studies, showing that the most stable clusters
contained SA and a combination of the strong bases DMA,
TMA, and EDA. Sterical effects were shown to be present in
the smaller clusters, however to a lesser extent when compared
to the larger clusters. Likewise, an aversion for TMA in the
clusters was observed, especially for the MSA clusters. The
addition free energy of FA was shown to be less than that of
adding SA or MSA to their respective clusters. Furthermore, as
the clusters became larger the addition free energy of FA
decreased, as well. Cluster dynamics simulations initially
showed that the cluster formation potential of FA−SA−base
and FA−MSA−base clusters was significantly enhanced
compared to the non-FA counterparts. However, this effect
was largely due to collisions between stable SA/MSA−base
clusters with FA. As these SA/MSA−FA−base clusters would
most likely subsequently lose formic acid through evaporation,
the cluster configurations coming out of the simulation are too
unstable to exist in the atmosphere. Of the studied systems
with a significant cluster formation potential, only the FA−
SA−DMA and FA−SA−EDA systems present a significant
enhancement of cluster formation by FA, with the FA−SA−
DMA system showing the largest enhancement at around 21%.
For the studied systems FA is therefore only expected to
enhance the SA−DMA cluster formation at the studied
conditions. While this study has only examined the role of
FA in systems consisting of SA, MSA, and bases, it is likely that
the cumulative effects of organic acids in the atmosphere will
lead to the enhancement of cluster formation greater than what
has been demonstrated in this study.
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