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Abstract

Using computational methods we study the gas phase hydration of three different

atmospherically relevant organic acids with up to 10 water molecules. We study the di-

carboxylic acid (pinic acid) and a tricarboxylic acid (3-methyl-1,2,3-butanetricarboxylic

acid (mbtca)) that are both identified as products from α-pinene oxidation reactions.

We also study an 2-oxohexanediperoxy acid (ohdpa) that have been identified as a prod-

uct from cyclohexene autoxidation. To sample the cluster structures, we employ our

recently developed systematic hydrate sampling technique and identify a total of 551

hydrate clusters. The cluster structures and thermochemical parameters (at 298.15 K

and 1 atm) are obtained at the ωB97X-D/6-31++G(d,p) level of theory and the single

point energy of the clusters have been refined using a high level DLPNO-CCSD(T)/aug-

cc-pVTZ calculation. We find that all three tested organic acids interact significantly

weaker with water compared to the primary nucleation precursor sulfuric acid. Even at

100% relative humidity (298.15 K and 1 atm), we find that ohdpa remains unhydrated

and only the monohydrate of pinic acid and mbtca are slightly populated (4% and 2%,

respectively). From the obtained molecular structures potential implications for ice

nucleating ability of aerosol particles is discussed.
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1 Introduction

Atmospheric aerosol particles affect Earth’s climate. Sun rays can be scattered by aerosol

particles leading to a cooling of Earth’s surface.1 Aerosol particles of roughly 50 nm or above

can act as cloud condensation nuclei (CCN) enabling the formation of cloud droplets by water

uptake and can change cloud microphysical properties, such as lifetime and precipitation.

The formation and properties of clouds still linger as the largest uncertainty in current global

climate models. Primary emitted particles such as desert dust and sea spray aerosols are

often large enough to directly act as CCN. The formation of new particles around 1-2 nm

sets the upper limit for the total number of particles in the atmosphere and the early growth

determines the number of particles that survive to larger sizes relevant to act as CCN.2

The mechanism for formation of new particles is currently not well understood, but sulfuric

acid,3 bases such as ammonia4 and amines5,6 are believed to be important constituents. The

potential role of large organic molecules in new particle formation and subsequent growth is a

topic of much current interest. Owing their low vapour pressure organic acids are important

atmospheric species, as they presents some of the most likely compounds to be involved in

the initial steps in forming new particles,7 as well as contributing to particle growth.

Formation of large biogenic organic acids in the atmosphere can for example be initiated

by ozonolysis of α-pinene, followed by consecutive reactions of the formed products with

OH radicals. This can lead to dicarboxylic acid oxidation products such as cis-pinic acid

(pa)8–10 and tricarboxylic acid oxidation products such as 3-methyl-1,2,3-butanetricarboxylic

acid (mbtca).11,12 Figure 1 depicts the formed oxidation products pa and mbtca. While the

absolute concentration of pinic acid and mbtca are difficult to assess in the ambient atmo-

sphere, experimental studies have indicated that pinic acid and mbtca contributes ∼3%13

and 0.61%12 of the total secondary organic aerosol mass, respectively. Furthermore, organic

compounds with one or more carboxylic acid groups have been found to constitute on average

28% of secondary organic aerosol mass in the Northern Hemisphere.14

Highly oxygenated organic multifunctional (HOMs) compounds have also been specu-
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lated to be involved in the initial formation mechanism,15–18 but is primarily believed to

be more important in the subsequent growth of the particles up to CCN sizes.19 However,

presently there is very little information about the molecular structure of atmospheric HOMs

originating from oxidation of biogenic volatile organic compounds such α-pinene.20 Using cy-

clohexene21 and methylcyclohexenes22 as a proxy for terpenes (such as α-pinene), Rissanen

et al. showed that HOMs with an oxygen-to-carbon ratio above one could be obtained from

autoxidation. Figure 1 shows the molecular structure of one of the identified C6H8O7 oxida-

tion products 2-oxohexanediperoxy acid (ohdpa). The ohdpa compound contains common

functionalities found in HOMs such as carbonyl groups and peroxy groups. It can thereby

be regarded as a proxy for larger molecular weight HOMs. However, it should be noted that

albeit HOMs have a high oxygen-to-carbon ratio it does not necessarily implies that they

have low vapour pressures.23

mbtcapa ohdpa
Figure 1: Molecular structure of pinic acid (pa), 3-methyl-1,2,3-butanetricarboxylic acid
(mbtca) and 2-oxohexanediperoxy acid (ohdpa) optimized at the ωB97X-D/6-31++G(d,p)
level of theory. Brown = carbon, red = oxygen and grey = hydrogen.

The presence of organic molecules, such as those in Figure 1, in aerosol particles changes

the interaction with water molecules, influences hygroscopic growth, as well as important

climate relevant particle properties such as light scattering,24 ability to act as CCN25,26

and ice nuclei in the atmosphere.27 However, very little is known about the molecular level

mechanism for water vapour uptake and the effect of hydration on small molecular clusters

consisting of organic compounds remain scarce.28–30 Quantum chemical studies can elucidate
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these hydration processes at the molecular level, but primarily the hydration of clusters

containing oxalic acid have been investigated.31–36 Presently, there are no studies available

on the hydration of atmospherically relevant organic acids of biogenic origin. Water is

usually neglected in computational cluster studies, as each additional molecules in the cluster

structure makes it more difficult to identify the global minimum. Furthermore, only the

hydration of organic compounds with up to six water molecules has been reported.29 We

recently proposed a new hydrate sampling technique that allow efficient addition of water

molecules to molecular clusters.37 Using our newly developed sampling technique we herein

study the interaction between up to ten water molecules and one organic acid (ohdpa, pa

or mbtca). The purpose of this work is to elucidate the potential of these compounds

to chemically bind water as water clusters and in this way influence the uptake of water on

aerosol particles and potentially promote pre-deliquensence behavior as for example observed

by Zardini et al.38 or ice nucleation via formation of six-membered ring structures.

2 Methods

2.1 Computational Details

The optimization of cluster geometries and calculation of vibrational frequencies were per-

formed using the Gaussian0939 program. Configurational sampling of the hydrate cluster

structures were performed using our recently reported systematic hydrate sampling tech-

nique.37 Water molecules are placed around all the exterior atoms in the molecule/cluster in

different orientations, as well as adding interior water molecules to existing hydrogen bonds

in the cluster. This is performed in a sequential manner, where one water molecule is added

in each step. This generates around 1000-2000 initial conformations for each cluster, that

were optimized using the semiempirical PM640 method. In each step of the PM6 calculation

the vibrational frequencies were calculated (opt=calcall). Subsequently, a Boltzmann sorting

was performed based on the Gibbs free energies and conformers with a population below 1%
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at 298.15 K and 1 atm were excluded. We utilized the ωB97X-D41 functional to optimize

the geometry and calculate the vibrational frequencies of the final cluster structures, as it

has shown exceptionally good performance compared to other DFT functionals with the low-

est errors compared to higher level CCSD(T) calculations for calculating binding energies

of atmospheric molecular clusters.42–44 All the DFT calculations were performed using the

6-31++G(d,p) basis set, which has been shown to yield suitable performance compared to

larger 6-311++G(3df,3pd)45 and aug-cc-pV5Z46 basis sets for atmospherically relevant clus-

ters. The single point energy of all the clusters have been calculated using a domain based

pair natural orbital coupled cluster (DLPNO-CCSD(T)47,48) calculation using an aug-cc-

pVTZ basis set in the ORCA program version 4.0.0.49 We used an aug-cc-pVTZ/C auxiliary

basis set for density fitting and employed Coulomb and exchange fitting of the Hartree-Fock

calculation with the auxiliary aug-cc-pVTZ/JK basis set. Calculations at the DLPNO-

CCSD(T)/aug-cc-pVTZ level of theory, has shown to yield results in good agreement with

higher level explicitly correlated coupled cluster (CCSD(T)-F12/VDZ-F12) results for both

the total44 and relative37 binding energies of atmospheric molecular clusters. All the ther-

mochemical parameters have been calculated at 298.15 K and 1 atm, which correspond to

ground level and lowest part of the troposphere conditions. We note that in all cases we

will refer to the calculated Gibbs free energy, simply as the free energy. These conditions

were chosen to better allow comparison with other studies. It should be noted that while

we study the structural features in relation to ice formation, due to a relatively consistent

entropy contribution for all the conformers the global minimum was found only to switch for

the (mbtca)1(w)4 cluster over the temperature range of 298.15 K to 273.15 K.
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3 Results and Discussion

3.1 (ohdpa)1(w)1−10 Cluster Structures

Using our systematic hydrate sampling technique we obtained a total of 203 2-oxohexanediperoxy

acid - water cluster structures. Figure 2 presents the ten lowest free energy cluster structures

(298.15 K and 1 atm) at the ωB97X-D/6-31++G(d,p) level of theory.

(ohdpa)1(w)1 (ohdpa)1(w)2 (ohdpa)1(w)3 (ohdpa)1(w)4 (ohdpa)1(w)5

(ohdpa)1(w)6 (ohdpa)1(w)7 (ohdpa)1(w)8 (ohdpa)1(w)9 (ohdpa)1(w)10

Figure 2: 2-oxohexanediperoxy acid clusters: Molecular structure of the identified ten lowest
free energy (ohdpa)1(w)1−10 clusters, at 298.15 K and 1 atm, optimized at the ωB97X-D/6-
31++G(d,p) level of theory.

Due to the flexible backbone of the ohdpa compound the water molecules interact with

both peroxy acid moieties when two or more water molecules are present in the cluster. As

more water molecules are added the hydrogen bond network is increased and it is observed

that the peroxy acid groups participate both as hydrogen bond donors and acceptors in the

cluster. Adding more water molecules to the cluster is seen to relax the carbon backbone of

the ohdpa compound, such that it is almost linear in the (ohdpa)1(w)9−10 clusters, compared

to the bend backbone in the (ohdpa)1(w)2−8 clusters. Only the (ohdpa)1(w)5 cluster is
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observed to form a cube-like orientation of water molecules, involving both the peroxy acid

groups of ohdpa. In the remaining clusters the water molecules are seen to form cage-like

geometries, with no distinct structural features.

3.2 (pa)1(w)1−10 Cluster Structures

A total of 204 pinic acid - water cluster structures were identified. Figure 3 shows the

obtained ten lowest free energy cluster structures (298.15 K and 1 atm), at the ωB97X-

D/6-31++G(d,p) level of theory. The two acid groups in pinic acid have been labelled acid

group 1 and 2. These two groups differ by the carbon chain length, such that acid group

1 is directly attached to the four membered ring on pinic acid, while acid group 2 has an

additional carbon atom linker in between. While these are minor structural differences it has

previously been shown that the interaction between pinic acid and sulfuric acid, preferably

occur at acid group 1.

(pa)1(w)1 (pa)1(w)2 (pa)1(w)3 (pa)1(w)4 (pa)1(w)5

(pa)1(w)6 (pa)1(w)7 (pa)1(w)8 (pa)1(w)9 (pa)1(w)10

acid group 1

acid group 2

Figure 3: Pinic acid clusters: Molecular structure of the identified ten lowest free energy
(pa)1(w)1−10 clusters, at 298.15 K and 1 atm, optimized at the ωB97X-D/6-31++G(d,p)
level of theory.
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Compared to the ohdpa compound pinic acid is more rigid due to the four-membered

ring in the carbon backbone. This implies that the water molecules predominantly will

interact with one of the two available carboxylic acid groups (see Figure 1), as interacting

with both acid groups simultaneously would yield a large strain in the rigid carbon backbone.

In the lowest free energy cluster structures we do not observe any bridging between the two

groups. This implies that more than 10 water molecules would be required to efficiently

bridge between the two groups.

The first two water molecules preferably interact with acid group 1. The conformation

where one water molecule is residing at each carboxylic acid group is found to be 2.0 kcal/mol

higher in free energy. This is consistent with our previous study of pinic acid - sulfuric acid

clusters, where acid group 1 also preferably interacted with sulfuric acid50 compared to acid

group 2. The third water molecule is found to interact with the vacant carboxylic acid group

2, compared to participating in a larger hydrogen bond network at carboxylic acid group 1.

The fifth water molecule interacts with acid group 1, extending the hydrogen bonded network

to three water molecules. In the same manner the sixth water molecule extend the water

hydrogen bonded network to three at group 2. The conformation where four water molecules

are residing at acid group 1, is found to be 2.0 kcal/mol higher in free energy. Interestingly,

we find that the (pa)1(w)7 cluster has four water molecules at acid group 2 instead of acid

group 1. The (pa)1(w)7 cluster, where the four water is residing at acid group 1 is found to

be 1.3 kcal/mol higher in free energy than the lowest free energy structure. This difference in

free energy is primarily caused by differences in the thermal contribution to the free energy,

as the two conformations have very similar electronic binding energy, within 0.1 kcal/mol

of each other. The lowest free energy (pa)1(w)8 cluster is seen to have six water molecules

interacting with acid group 1, with two interacting with acid group 2. Similarly, (pa)1(w)9

have seven water molecules interacting with acid group 1, with the remaining two interacting

with acid group 2. Interestingly, it is more favourable to have three water molecules at acid

group 2 in the (pa)1(w)10 cluster compared to increasing the amount of water molecules to
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eight at acid group 1.

For the larger (pa)1(w)8−10 cluster structures cube-like hydrogen bonded networks of 6-7

water molecules is observed. In the (pa)1(w)9 and (pa)1(w)10 clusters, cubes consisting of

7 water molecules interact via hydrogen bonding both to the donor and acceptor of the

carboxylic acid group. However, we do not observe any cyclic six-membered structures,

which is what one would expect to initiate the formation of Ih ice crystal structures.

3.3 (mbtca)1(w)1−10 Cluster Structures

We identified a total of 144 3-methyl-1,2,3-butanetricarboxylic acid - water cluster structures.

Figure 4 shows the obtained ten lowest free energy cluster structures (298.15 K and 1 atm),

at the ωB97X-D/6-31++G(d,p) level of theory.

(mbtca)1(w)1 (mbtca)1(w)2 (mbtca)1(w)3 (mbtca)1(w)4 (mbtca)1(w)5

(mbtca)1(w)6 (mbtca)1(w)7 (mbtca)1(w)8 (mbtca)1(w)9 (mbtca)1(w)10

Figure 4: 3-methyl-1,2,3-butanetricarboxylic acid clusters: Molecular structure of the iden-
tified ten lowest free energy (mbtca)1(w)1−10 clusters, at 298.15 K and 1 atm, optimized at
the ωB97X-D/6-31++G(d,p) level of theory.

Mbtca has an additional carboxylic acid moiety compared to pinic acid, as well as having

a flexible carbon backbone structure. In a similar manner to pinic acid it is found that it is
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more favourable to have two water molecules residing at one carboxylic acid group instead

of distributing them between different groups. This is observed also for the (mbtca)1(w)4

cluster where two water molecules reside at two different carboxylic acid groups. It should be

noted that at lower temperature (293.15 K and below), the (mbtca)1(w)4 conformer shown

in Figure 4 is only the second lowest in free energy. A conformer where four water molecules

are bridging two carboxylic acid groups is found to be the lowest in free energy at 293.15 K.

The relative population (pi) of a given conformer i is given by:

pi =
exp (−∆∆Gi

RT
)

∑j exp (−∆∆Gj

RT )

Here ∆∆Gi is the relative free energy of conformer i and the sum runs over all conformers

j. The relative population of the lowest five (mbtca)1(w)4 conformers are shown in Figure

5.
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Figure 5: Calculated relative populations (pi) of the different (mbtca)1(w)4 cluster confor-
mations as a function of temperature (K).

It is seen that the (mbtca)1(w)4 conformers show different temperature dependence. Con-
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former #1 and #5, both have two water molecules residing at two different acid groups, while

the conformers #2-4 have the four water molecules bridging between two acid groups. It is

seen at lower temperature (258.15 K or below), that the bridged structures have the highest

populations. This clearly indicates that the populations of the clusters yield more ordered

structures at lower temperatures.

In contrast to the pinic acid - water clusters, the flexible backbone allows for bridging

between two of the carboxylic acid groups with five or more water molecules in the cluster.

The (mbtca)1(w)6 cluster forms a network of six water molecules shared between two car-

boxylic acid groups. A ring of four water molecules is formed via interaction between one of

the acid groups of mbtca, as well as interacting with the C=O group at another acid group.

The remaining OH group forms a hydrogen bonded network with the remaining two water

molecules, that further stabilize the ring consisting of four water molecules via secondary in-

teractions. This orientation of water molecules is found to be particularly stable, as it exists

in the (mbtca)1(w)8 and (mbtca)1(w)9 cluster structures as well. In the (mbtca)1(w)9 cluster

it is even found that it is more favourable to form a network of four hydrogen bonds at the

third acid group, compared to breaking up interaction between the six water molecules and

the two other acid groups. In the (mbtca)1(w)10 cluster a large cage-like structure consisting

of two layers of pseudo 5-membered rings is found. The ring structure is stabilized by one

additional water molecule at the periphery. This indicates that flexible organic compounds

containing multiple carboxylic acid groups are capable of promoting layered water structures.

However, in no cases are six-membered ring structures formed.

3.4 Thermochemistry

The previous three sections outlined the structural features of the identified acid - water

clusters. To assess whether a given cluster hydrate is formed under ambient conditions, we
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calculate the step-wise reaction free energies for adding the n′th water molecule:

∆Gwater,add =∆Gn −∆Gn−1

The stepwise reaction free energy (∆Gwater,add) for the studied clusters are presented in

Table 1 at the DLPNO-CCSD(T)/aug-cc-pVTZ//ωB97X-D/6-31++G(d,p) level of theory,

at 298.15 K and 1 atm. The data for sulfuric acid is taken from ref.37

Table 1: Stepwise reaction free energy (∆Gwater,add in kcal/mol) for adding water molecules
to the clusters. Calculated at 298.15 K and 1 atm.

n sa ohdpa pa mbtca water

1 -1.7 4.2 -0.2 0.4 -

2 -1.0 0.4 -0.2 -0.1 4.5

3 -1.1 0.1 1.2 0.5 2.3

4 -1.1 1.2 0.3 -0.3 0.0

5 1.6 0.9 0.8 1.7 1.5

6 0.2 0.7 -0.2 0.4 5.5

7 -0.1 2.2 3.4 0.7 0.7

8 0.3 0.0 2.3 -1.0 0.0

9 0.1 2.1 0.0 1.5 0.9

10 -0.4 0.5 0.3 1.6 1.7

The reaction free energy for the first addition of a water molecule to the organic acids is

seen to be 4.2, -0.2 and 0.4 kcal/mol for ohdpa, pa and mbtca, respectively. The reaction

free energy for adding a water molecule to sulfuric acid is more favourable with a value of

-1.7 kcal/mol. In comparison, the formation free energy of the water dimer is higher than

all the studied acids, with a ∆Gwater,add-value of 4.5 kcal/mol.

The extent that the clusters are hydrated under atmospheric conditions can be investi-

gated using simple equilibrium calculations. The relative population xn of a given hydrate
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n, can be calculated as:51

xn =
⎛
⎝
p(H2O)
pref

⎞
⎠

n

x0 exp(−∆Gn

RT
)

Here ∆Gn is the binding free energy of the cluster, pref is the reference pressure (1 atm).

The population of the dry cluster x0 is chosen such that all the populations sum up to

unity. p(H2O) = 0.0316 atm is the saturation water vapour pressure, at 298.15 K. Figure 6

presents the calculated hydrate distributions (xn) at 20%, 40%, 60%, 80% and 100% relative

humidity.
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Figure 6: Calculated hydrate distributions (xn) of the (acid)1(w)1−10 clusters, with acid = sa,
ohdpa, pa and mbtca at relative humidity of 20%, 40%, 60%, 80% and 100%. Calculations
are performed at 298.15 K and 1 atm. Note the logarithmic scale on the y-axis.
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It is seen that sulfuric acid is predominantly unhydrated at low relative humidity, with

the emergence of the mono- and di-hydrates with populations of 32% and 6%, respectively,

at 100% relative humidity. Due to the very weak interaction between peroxy acid groups

and water, ohdpa is in all cases found not to be hydrated. It is to be expected that ohdpa

interacts weakly with water, as the peroxy acid groups form intramolecular hydrogen bonds,

that need to be broken before the compound can interact with water. This is consistent with

our previous study of ohdpa - sulfuric acid clusters.52,53 This could indicate that HOMs that

mainly consist of peroxy acid groups are not significantly contributing to the hygroscopicity

of atmospheric aerosols. At low relative humidity pa and mbtca is also found not to be

hydrated to any significant extent. At 100% relative humidity the populations of the pa

and mbtca monohydrate reach 4% and 2%, respectively. These findings suggests, that the

studied organic acids are not significantly hydrated in the ambient atmosphere.

3.5 Comparison between DFT and DLPNO Binding Energies

Density functional theory calculations, especially with a small basis set, is known to overes-

timate the binding free energy compared to higher level methods.43 The calculated bind-

ing free energies of the studied clusters at the ωB97X-D/6-31++G(d,p) level of theory

are shown in the Supporting Information. Figure 7 presents the electronic binding energy

of the (ohdpa)1(H2O)1−10 clusters calculated using ωB97X-D/6-31++G(d,p) and DLPNO-

CCSD(T)/aug-cc-pVTZ. We previously identified that a simple scaling of the ωB97X-D/6-

31++G(d,p) electronic binding energy by a factor of 0.84544 significantly improved the

agreement with the DLPNO results for (H2SO4)1(H2O)1−15 clusters.37 Similar figures for the

(pa)1(H2O)1−10 and (mbtca)1(H2O)1−10 clusters are presented in the Supporting Information.
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Figure 7: Calculated electronic binding energies in kcal/mol of the (ohdpa)1(w)1−10 clus-
ters using ωB97X-D/6-31++G(d,p) (⋯ ●⋯), DLPNO-CCSD(T)/aug-cc-pVTZ (⋯ ●⋯) and
ωB97X-D/6-31++G(d,p) scaled by a factor of 0.84544 (⋯ ●⋯).

In accordance with our previous study of (H2SO4)1(H2O)1−15 clusters, the ωB97X-D/6-

31++G(d,p) level of theory, yield severely overestimated binding energies compared to

DLPNO. However, it should be noted that even though the values are overestimated, the

correct trend is obtained. Applying the simple scaling factor of 0.84544 obtained for the

(H2SO4)1(H2O)1−15 clusters, significantly improves the calculated binding energies compared

to the DLPNO results. It should be noted that the application of the scaling factor is

only valid for the electronic energies and not for the Gibbs free energies. This is consistent

with the calculations performed on the (pa)1(H2O)1−10 and (mbtca)1(H2O)1−10 clusters (see

Supporting Information). This finding indicates that the obtained scaling factor can be

used both for hydrated systems containing organic acids, as well as sulfuric acid, and yield

an efficient approach to improve the binding energies in cases where DLPNO-CCCSD(T)
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calculations are not possible.

4 - Conclusions

We have studied the gas phase hydration of three organic acids of atmospheric relevance.

We demonstrate that our recently published hydrate sampling technique can be utilized for

complicated systems containing multiple functional groups. As the organic acids do not aid

in the formation of cyclic six membered water cluster structures, which is what one would

expect to initiate the formation of Ih ice crystal structures, it is unlikely that a single acids

can facilitate ice nucleation at the interface of particles. A larger network of functional

groups is most likely important.

We find that the organic acids are not hydrated to any significant extent at ambient

atmospheric conditions. For sulfuric acid both the mono- and di-hydrate are slightly popu-

lated at atmospheric conditions. To fully understand whether there is any synergetic effect

between sulfuric acid and organic acid in promoting water uptake on clusters, larger clusters

consisting of all three components should be studied in further detail.
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Ortega, I. K.; Clegg, S. L.; Kurtén, T.; Riipinen, I.; Vehkamäki, H. Hydration of At-
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