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Abstract
We have studied the specific requirements of a given neutral organic molecule to
act as a stabilizer in sulfuric acid induced new particle formation. Based on an analysis of the reaction Gibbs free energies between simple functional groups and sulfuric
acid, carboxylic acid groups are identified to show the strongest hydrogen bonding
interaction with sulfuric acid. The free energy associated with the hydrogen bonding between sulfuric acid and 14 different carboxylic acids of atmospheric relevance
reveal that the binding strength is very dependent on the ability of sulfuric acid to
form an additional hydrogen bond via its vacant S-OH group to a γ-carbonyl group in
the organic molecule. Extending the analysis to monoterpene oxidation products and
further to large dimer esters, we identify the following necessary criteria for a given
organic oxidation product to efficiently stabilize sulfuric acid clustering: 1) weak or no
intramolecular hydrogen bonds in the isolated monomer; 2) more than two carboxylic
acid groups. As a proof of concept we show that these requirements corresponds to
the docking of a sulfuric acid molecule in between two non-interacting carboxylic acid
groups in the organic molecule. These findings suggests that for a given organic oxidation product to participate in the initial steps in new particle formation involving
sulfuric acid, very distinct molecular features are required.
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1

Introduction

Clustering of organic and inorganic acids is an important process in the atmosphere, leading
to the formation of new particles. 1 Newly formed particles can grow to larger sizes, eventually
acting as cloud condensation nuclei (CCN). Atmospheric aerosol particles and especially
their interaction with clouds remain the largest uncertainty in current climate modelling
and estimation. Using global models it has been estimated that up to half the number of
CCN in the atmosphere originates from nucleation. 2
In marine environments iodine species are believed to form new particles. 3 Especially,
iodic acid is believed to be a key component via clustering with itself and water. 4 Over land
sulfuric acid is believed to be one of the main drivers for the formation of new particles
in the atmosphere, 5 by clustering with for instance various bases. 6 Experimental evidence
suggests that organic acids can enhance sulfuric acid new particle formation. 7 Highly oxidized multifunctional compounds (HOMs), has also been inferred to be important species
in the initial steps in new particle formation involving sulfuric acid, 8–10 but the exact interaction at the molecular level and identity of the reacting species still remain unknown.
The molecular structure of HOMs originating from cyclohexene ozonolysis has been resolved
using a combination of experimental and theoretical methods. 11,12 Autoxidation is believed
to be an important source of HOMs, 13–17 however this process often leads to the formation
of peripheral peroxyacid functional groups forming strong intramolecular hydrogen bonds,
and the formed compounds might have high vapour pressures despite having a high oxygento-carbon content. 18 For instance recent computational studies have shown that a C6 H8 O7
autoxidation product from cyclohexene ozonolysis binds very weakly to sulfuric acid. 19,20
The identification of the participating species is complicated by the fact that directly
measuring the initial steps in sulfuric acid cluster formation is very difficult. A promising
technique is the combination of Fourier transform infrared (FT-IR) spectroscopy experiments
and quantum chemical calculations. Using these techniques a wide range of direct hydrogen
bonded interactions has been elucidated, such as O-H ⋯ X and N-H ⋯ X, where X is either
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O, 21–25 N, 26–31 S 21–24 or P, 32,33 by assigning the specific hydrogen bonded interaction to a
red-shift in the vibrational frequency compared to the isolated monomers. However, the
FT-IR method has currently only been utilized on weakly bound complexes, as stronger
interactions, such as in sulfuric acid clustering, will eventually lead to the formation of
various larger clusters, which makes it difficult to assign the observed red-shift to a specific
cluster.
To identify sulfuric acid clustering, Chemical Ionization (CI) with Atmospheric Pressure
interface Time-Of-Flight mass spectrometers (APi-TOF) 34 or chemical ionization mass spectrometers (CIMS) such as the Cluster CIMS 35 can be utilized. The ionization reagent has
usually been nitrate ions, 10,36,37 but recent advances has shown varying selectivity of other
reagent ions such as acetate 38–40 and iodine. 41,42 The charging process will inevitably lead
to a change in the cluster composition, which implies that the detected cluster might not be
the one which was formed initially. The exact involvement and enhancing effect of HOMs in
sulfuric acid new particle formation, thereby remains an unresolved issue.
Using computational methods, we herein explore the requirements of a HOM to form
strong hydrogen bonded molecular clusters with sulfuric acid. Starting from simple functional groups, we stepwise narrow down the exact requirement for forming strong hydrogen
bonded clusters with sulfuric acid. For each step we increase the size of the molecular system, moving towards the interaction between sulfuric acid and large molecular weight dimer
esters.

2
2.1

Methods
Computational Details

All density functional theory geometry optimizations and vibrational frequency calculations
were carried out in Gaussian09 rev B.01. 43 A tight convergence criteria was employed for
the calculations performed in section 3.1, as imaginary frequencies emerged in the methyl
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group rotation. All other calculations employed default convergence criteria. Explicitly
correlated coupled cluster calculations (CCSD(T)-F12a 44–46 with VXZ-F12, 47 X= D,T) were
calculated using the Molpro 2012 program. 48 Domain based local pair natural orbital coupled
cluster calculations – DLPNO-CCSD(T) – were run with ORCA 3.0.3. 49 Thermochemical
parameters are calculated using rigid rotor and harmonic oscillator approximations and all
values are reported at 298.15 K and 1 atm.
We utilize the DFT functionals M06-2X, PW91 and ωB97X-D, as they have shown good
performance in benchmark studies for obtaining the structures, 50 electronic energies 51–53
and Gibbs free energies 50,54,55 of atmospheric molecular clusters involving sulfuric acid. For
all DFT calculations the 6-31++G(d,p) basis set was used. The mean absolute error in
the thermal contribution for using the 6-31++G(d,p) basis set compared to a large aug-ccpV5Z basis set has recently been shown to be below 0.5 kcal/mol for a test set of 6 small
cluster reactions involving sulfuric acid. 56 Furthermore, it has been demonstrated that the
reduction from the larger 6-311++G(3df,3pd) basis set to 6-31++G(d,p) have little effect on
the thermal contribution to the Gibbs free energy using a large test set of 107 atmospherically
relevant clusters. 57
To identify the lowest free energy structure of the organic compounds, each monomer
was initially scanned using a systematic rotor approach with a MMFF94 force field as implemented in Avogadro. 58 Subsequently, the amount of conformers were narrowed down
using M06-2X/6-31++G(d,p) yielding 1-6 conformations depending on the compound. To
identify the sulfuric acid - organic compound cluster structures all the identified organic
monomer conformations were subjected to a sampling of the configurational space using a
semi-empirically guided technique. For each conformation 300 randomly oriented H2 SO4
molecules are distributed around the target organic compound and optimized with the semiempirical PM6 method. All the converged structures were ranked by the electronic energy
and dipole moment based on a M06-2X/6-31++G(d,p) single point energy calculation. All
identified conformations were subsequently optimized and vibrational frequencies are calcu-
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lated at the M06-2X/6-31++G(d,p) level of theory. All the conformations within 6 kcal/mol
are subsequently also calculated using PW91/6-31++G(d,p) and ωB97X-D/6-31++G(d,p).
We use DFT for obtaining the geometry and frequencies (i.e. the ∆GThermal contribution)
and then use a higher level of theory for obtaining the binding energy (∆Ebind ), calculated on
CCSD(T)-F12a*

top of the DFT geometry. The approximate ∆Gbind
CCSD(T)-F12a*

∆Gbind

CCSD(T)-F12a

= ∆Ebind

-value is calculated as follows:

+ ∆GDFT
Thermal

(1)

This calculation is performed for each of the functionals (M06-2X, PW91 and ωB97X-D) and
the final Gibbs free energy is presented as the average of the three results. To estimate the
sensitivity of the calculated free energy on the functional used to obtain the geometry and
vibrational frequencies, we report the scatter in the free energy as one standard deviation
(σ).

3
3.1

Results and Discussion
Interaction between H2 SO4 and Common Functional Groups

To get an indication of the binding strength between sulfuric acid and HOMs, we initially study a range of common organic functional groups: alcohol (methanol), carbonyl
(propanone), ether (dimethylether), ester (methylformate), peroxide (methylhydroperoxide),
carboxylic acid (acetic acid) and peroxy acid (formic peroxy acid). Table 1 presents the calculated average reaction free energies for the cluster formation between sulfuric acid and the
different functional groups. The geometries and frequencies were obtained using DFT/631++G(d,p) with a tight convergence criteria and all three functionals identified the same
cluster as the lowest free energy minimum. The single point energies were calculated at the
CCSD(T)-F12a/VTZ-F12 level of theory.
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Table 1: Average free energy for the cluster formation between sulfuric acid and common
functional groups. +/- refers to whether the functional group is participating as an acceptor/donor or both. Calculations were performed at 298.15 K and 1 atm. ∆E and ∆G are
reported in kcal/mol and ∆S in Cal/mol⋅K.
Functional Group ∆GF12/VTZ-F12

∆EF12/VTZ-F12

∆S

Acceptor

Donor

Alcohol

-2.9 (0.2)

-13.9 (0.1)

-32.1 (1.1)

+

+

Peroxide

-1.8 (0.3)

-14.6 (0.0)

-38.2 (1.2)

+

+

Carbonyl

-1.7 (0.3)

-13.9 (0.2)

-36.9 (1.1)

+

-

Ester

-1.9 (0.2)

-14.0 (0.2)

-36.5 (0.3)

+

-

Ether

-3.0 (0.4)

-14.5 (0.2)

-33.6 (1.2)

+

-

Peroxy acid

-1.4 (0.2)

-13.5 (0.1)

-36.7 (0.3)

+

+

Carboxylic acid

-6.7 (0.1)

-18.4 (0.1)

-36.4 (0.3)

+

+

There is a negligible difference (0.15 kcal/mol or less) depending on whether a VDZ-F12
or VTZ-F12 basis set was employed in the calculation of the binding energy (see Supporting
Information Table S1). The values obtained using the VTZ-F12 basis set are in all cases
slightly more negative than the corresponding VDZ-F12 values. This shows that the VDZF12 basis set can be utilized without introducing any significant errors in the binding energies.
Excluding the carboxylic acid (∆E up to -18.4 kcal/mol ), the CCSD(T)-F12a/VTZ-F12
binding energies only varies between -13.5 kcal/mol and -14.6 kcal/mol, in the case of the
peroxy acid and peroxide, respectively. The thermal contribution to the Gibbs free energy
of the studied functional groups is found to vary from 11.0 kcal/mol to 12.8 kcal/mol for
the alcohol and peroxide, respectively. This illustrates that the binding free energy for these
weakly bound clusters is very depend on both the binding energy, but also the entropy
contribution contained in the thermal contribution.
The alcohol and peroxide predominantly bind to sulfuric acid by acting as a hydrogen
bond donor (-OH ⋯ O=S- and OOH ⋯ O=S), but secondary interactions are also seen
from S-OH to an oxygen atom in -OH and -OOH bonds. The interaction between sulfuric
acid and the alcohol is 1.1 kcal/mol stronger than the peroxide (-2.9 kcal/mol and -1.8
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kcal/mol, respectively). The carbonyl, ester and ether functional groups, exclusively act as
hydrogen bond acceptors. The carbonyl group and the ester show similar binding, with a
reaction free energy of -1.7 kcal/mol and -1.8 kcal/mol, respectively. The ether interacts
slightly stronger with sulfuric acid, with a reaction free energy of -3.0 kcal/mol. The peroxy
acid has both a donor and an acceptor group, but the interaction with sulfuric acid is very
weak, with a reaction free energy of -1.4 kcal/mol. We have previously identified that the
weak binding between sulfuric acid and peroxy acids are caused by the internal hydrogen
bond in the peroxy acid monomer (i.e. from the -OOH group to the O=C). This internal
hydrogen bond needs to be broken to form a new hydrogen bond with sulfuric acid 19 and
causes the interaction of the peroxy acid to be significantly weaker (by 2.1 kcal/mol) than
the individual contributions from an peroxide (-1.8 kcal/mol) and a carbonyl group (-1.7
kcal/mol). The carboxylic acid interacts strongest with sulfuric acid, with a reaction free
energy of -6.7 kcal/mol. This is a consequence of an almost co-planar hydrogen bond donoracceptor pair between the sulfuric acid and carboxylic acid. Furthermore, the sulfuric acid carboxylic acid interaction is found to be -2.1 kcal/mol more favourable than the individual
contributions from an alcohol (-2.9 kcal/mol) and a carbonyl group (-1.7 kcal/mol). This
effect is caused by the fact that the binding energy and thermal contributions contribute
to the free energy in opposite directions. The binding energy of the carboxylic acid is 9.4
kcal/mol lower than the sum of the contributions from the alcohol and a carbonyl group
(both -13.9 kcal/mol). However, the non-additivity is caused by the carboxylic acid having
a similar thermal contribution (11.7 kcal/mol) as each of the individual functional groups
(11.0 kcal for the alcohol and 12.2 kcal/mol for the carbonyl group). Hence the carboxylic
acid group only suffers the entropy penalty once, where the sum of the two groups suffers it
twice. As seen from Table 1, , clustering of a HOM with sulfuric acid will inevitably yield an
entropic penalty of about 12 kcal/mol to the Gibbs free energy via the thermal contribution.
Based on mass balance relations a given HOM (at ppt-ppb level mixing ratios) would require
a reaction free energy of around -12 kcal/mol to form stable clusters with sulfuric acid. 59
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Hence at least a reaction electronic binding energy of -24 kcal/mol is required.
The sulfuric acid molecule has the possibility to form two hydrogen bonds as an acceptor
and two hydrogen bonds as a donor. From the data presented in Table 1 it is clear that
the interaction with carboxylic acids is significantly more favourable than all other interactions. Hence we will in the following section focus mainly on the ability of various common
atmospheric carboxylic acids to bind to sulfuric acid.

3.2

Interaction between H2 SO4 and Atmospheric Carboxylic Acids

As shown in the previous section, carboxylic acids are the most promising candidate functional group to be involved in cluster formation with sulfuric acid. To further investigate
what governs the binding strength between different carboxylic acids and sulfuric acid, we
have chosen a range of acids (acetic, benzoic, ethylperoxy, formic, maleic, malic, malonic, methylperoxy, oxalic, phenylacetic, phthalic, pyruvic, succinic and tartaric). These
compounds represent some of the most abundant carboxylic acids identified in ambient
aerosols 60–69 and their structures can be seen in Figure 1. This test set thereby comprise
of carboxylic acids with varied moieties such as mono/di-carboxylic acids, as well as peroxy
acids to also reflect the molecular structure of products formed via autoxidation.
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Figure 1: Model compounds.

Due to the larger size of the clusters compared to previous section, we utilize CCSD(T)F12a/VDZ-F12 to calculate the binding energies. By applying the semi-empirically guided
sampling technique, outlined in section 2.1, several conformations were identified for each
(H2 SO4 )(acid) cluster. We identified up to 33 different conformations in case of the (H2 SO4 )(succinic
acid) cluster, within 6 kcal/mol of the lowest free energy structure. In case of malonic acid,
oxalic acid, and succinic acid, the three functionals did not unambiguously identify the same
cluster as the lowest in Gibbs free energy and all the different minima were subsequently
used when evaluating the CCSD(T)-F12a/VDZ-F12 coupled cluster binding energy. The
identified lowest Gibbs free energy molecular structures of the sulfuric acid - organic acid
clusters are presented in Figure 2.
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(sa)(formic)

(sa)(fa-per-acid)

(sa)(acetic)

(sa)(benzoic)

(sa)(aa-per-acid)

(sa)(oxalic)

(sa)(phenylacetic)

(sa)(pyruvic)

(sa)(malonic)

(sa)(maleic)

(sa)(malic)

(sa)(tartaric)

(sa)(phthalic)

(sa)(succinic)

Figure 2: Lowest Gibbs free energy molecular structures of the sulfuric acid - organic acid
clusters. The clusters shown are based on the M06-2X/6-31++G(d,p) calculations. Green
= carbon, red = oxygen, yellow = sulfur and white = hydrogen.

The calculated average reaction free energies are shown in Table 2. The corresponding
reaction free energies calculated using the individual functionals with a 6-31++G(d,p) basis
set are shown in the supporting information. For each functional the lowest Gibbs free
energy structure is used, i.e. the values might originate from slightly different conformations
in the case of malonic acid, oxalic acid, and succinic acid. ∆G3-H-bond refers to the lowest free
energy structure obtained, where three hydrogen bonds are present. ∆G2-H-bond refers to the
lowest free energy structure where sulfuric acid only interacts with the carboxylic acid group
via two hydrogen bonds and does not make any additional hydrogen bonds via its remaining
S-OH group. The standard deviation (σ) is reported in the parenthesis. The reaction free
energies for forming the (H2 SO4 )2 , (H2 SO4 )(NH3 ) and (H2 SO4 )((CH3 )2 NH) clusters have
previously been reported at the same level of theory 70 and are also shown as a comparison.
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Table 2: Calculated average reaction free energies for forming sulfuric acid - organic acid
clusters. The binding energy is calculated at the CCSD(T)-F12a/VDZ-F12 level of theory on
top of each of the DFT/6-31++G(d,p) structures. ∆G2-H-bond and ∆G3-H-bond refers to the
lowest free energy structures, where sulfuric acid forms either two or three hydrogen bonds
to the organic acid. The standard deviation (σ) is reported in the parenthesis. Calculations
were performed at 298.15 K and 1 atm and all values are presented in kcal/mol.
Method

∆G2-H-bond

∆G3-H-bond

Phthalic acid

-4.9 (0.2)

-8.8 (0.1)

Malic acid

-6.2 (0.1)

-8.1 (0.2)

Tartaric acid

-6.0 (0.3)

-7.7 (0.6)

Succinic acid

-6.8 (0.2)

-6.8 (0.9)

Maleic acid

-6.6 (0.6)

-6.7 (0.1)

Malonic acid

-6.0 (0.3)

-5.4 (0.1)

Oxalic acid

-1.6 (0.1)

-

Pyruvic acid

-2.3 (0.2)

-

Formic peroxy acid

-1.2 (0.2)

-

Acetic peroxy acid

-1.9 (0.4)

-

Benzoic acid

-6.9 (0.1)

-

Phenylacetic acid

-6.1 (0.3)

-

Formic acid

-5.4 (0.1)

-

Acetic acid

-6.6 (0.4)

-

Dicarboxylic acids

α-keto acids

Peroxy acids

Monocarboxylic acids

(H2 SO4 )2

-6.0 (0.2) 70

(H2 SO4 )(NH3 )

-5.2 (0.2) 70

(H2 SO4 )((CH3 )2 NH)

-11.9 (0.9) 70
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Oxalic acid shows a very weak interaction with sulfuric acid (∆G= -1.6 kcal/mol). A similarly
weak binding is observed for pyruvic acid with a ∆G-value of -2.3 kcal/mol. These low
values can be understood from the increased stability of the isolated oxalic acid and pyruvic
acid molecules, where it is possible to form an intramolecular hydrogen bond from the acid
group to the adjacent α-carbonyl group (see supporting information for structures). The
reaction free energy is significantly enhanced by increasing the number of carbon atoms
between the two acid moieties, as seen in malonic acid (∆G= -6.0 kcal/mol) and succinic
acid (∆G= -6.8 kcal/mol) compared to oxalic acid (∆G= -1.6 kcal/mol). Peroxy formic
acid and peroxy acetic acid both yield weak formation free energies of -1.2 kcal/mol and
-1.9 kcal/mol, respectively. As discussed in section 3.1 this weak interaction also originates
from the intramolecular hydrogen bond from the peroxy acids -OOH group to its own C=O
group. For formic acid we obtain a reaction free energy value of -5.4 kcal/mol. This is
slightly less favourable than the formation of the sulfuric acid dimer (∆G = -6.0 kcal/mol),
but of similar magnitude as the sulfuric acid - ammonia cluster with a reaction free energy of
∆G = -5.2 kcal/mol. A slightly more favourable value (∆G = -6.6 kcal/mol) is obtained for
acetic acid. The fact that formic acid forms a weaker interaction with sulfuric acid compared
to acetic acid, despite having a lower pKa -value, suggests that the carboxylic acid strength
does not directly correlate with its ability to form clusters with sulfuric acid. This difference
is both a consequence of a difference in the thermal contribution and the binding energy.
Formic acid has an average binding energy of -17.5 kcal/mol, with a thermal contribution of
12.1 kcal/mol. For acetic acid both the binding energy and thermal contributions are both
slightly lower with ∆E = -18.3 kcal/mol, and ∆GThermal = 11.7 kcal/mol.
The most favourable reaction free energies are found in the clusters where it is possible
to form an additional hydrogen bond from the S-OH group in sulfuric acid to an available
γ-carbonyl group in the carboxylic acid (phthalic -, malic -, maleic -, tartaric -, and succinic
acid).
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In β-carbonyl acids, such as malonic acid, the formation of the third hydrogen bond leads
to a slight destabilization compared to the conformation which only form two hydrogen
bonds, caused by the higher strain in the molecular backbone. The stabilizing effect of
forming the third hydrogen bond is reflected by the ∆G2-H-bond -value. A stabilization of up
to 3.9 kcal/mol is observed for forming the additional hydrogen bond in case of phthalic
acid. This clearly indicates that the strength of the interaction between sulfuric acid and
a carboxylic acid is directly related to the ability of sulfuric acid to form the additional
hydrogen bond. Furthermore, having a hydroxyl group (-OH) attached at the α-carbon
is able to stabilize the complex formation with sulfuric acid as reflected by the favourable
reaction free energies of malic acid (∆G = -8.1 kcal/mol) and tartaric acid (∆G = -7.7
kcal/mol) compared to succinic acid (∆G = -6.8 kcal/mol).
The extra formed hydrogen bond will lead to a more favourable binding energy, but
also a higher thermal contribution, as the cluster is being more constrained. Phthalic,
malic, tartaric, succinic and maleic acid have thermal contributions in the range of 13.415.2 kcal/mol (maleic- and phthalic acid, respectively). This is slightly higher than the
remaining acids which lies in the range of 11.1-12.5 kcal/mol (oxalic- and phenylacetic acid,
respectively). We find that tartaric-, phthalic- and malic acid has the lowest average binding
energies of -22.9, -22.7 and -21.9 kcal/mol, respectively. This is significantly more favourable
than the monocarboxylic acids, where the average binding energies are in the range of -17.5
to -18.7 kcal/mol for formic acid and benzoic acid, respectively.
In the following we will extend the analysis to the interaction between sulfuric acid and
carboxylic acids originating from α-pinene oxidation to identify whether these trends apply
for larger systems as well.

3.3

Clustering of H2 SO4 and Monoterpene Markers

To study larger clusters than those studied in previous section the CCSD(T)-F12a/VDZ-F12
method is out of reach and we will employ the DLPNO-CCSD(T) method instead. Using
14

the CCSD(T)-F12a/VDZ-F12 binding energy calculations of the organic acids (Figure 1)
as a benchmark set we assess the performance DLPNO-CCSD(T) using the cc-pVXZ (X=
D,T,Q), aug-cc-pVXZ (X= D,T) and Def2-QZVPP basis sets as shown in Table S5 in the
Supporting Information. The Def2-QZVPP basis set, which we have previously used in
connection with the DLPNO method for studying the interaction between sulfuric acid and
highly oxidized organic compounds, 19,20,71 yield a large MAE of 1.1 kcal/mol, with a MaxE of
1.8 kcal/mol. This discrepancy is caused due to a large underestimation of the binding energy
(i.e. less negative). Using the Def2-QZVPP basis set practically yield the same performance
as the smaller aug-cc-pVDZ. We find that DLPNO-CCSD(T)/aug-cc-pVTZ yield a good
agreement with the CCSD(T)-F12a/VDZ-F12 results, with a mean absolute error (MAE)
of 0.2 kcal/mol and a maximum error of 0.8 kcal/mol. This is in good agreement with
previous benchmark calculations on atmospheric mono/diamines 70 as well as a test set of
11 atmospheric cluster reactions. 53 Hence we will use DLPNO-CCSD(T)/aug-cc-pVTZ for
calculations on larger sulfuric acid - carboxylic acid clusters.
We calculate the reaction free energy of sulfuric acid clustering with the common monoterpene markers: pinic acid, 72–76 3-methyl-1,2,3-butanetricarboxylic acid (MBTCA), 77,78 terebic acid, 79–81 3-hydroxy glutaric acid 79,82 and terpenylic acid. 79–81,83 The pinic acid and
MBTCA cluster structures have been taken from previous studies. 59,84 It should be noted
that we use the monomer of pinic acid as identified in reference, 85 as it is 1.0 kcal/mol more
stable than the identified global minimum energy conformer in our original paper. 59 The 3hydroxy-glutaric acid, terebic acid and terpenylic acid cluster structures have been identified
using the same semi-empirically guided sampling technique as outlined in section 2.1. The
identified molecular structures which were found to be lowest in free energy are presented in
Figure 3 and the corresponding reaction free energies are presented in Table 3.
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(sa)(MBTCA)

(sa)(3-OH-glutaric)

(sa)(pinic)

(sa)(terebic)

(sa)(terpenylic)

Figure 3: Lowest free energy molecular structure of sulfuric acid (sa) clustering with
MBTCA, pinic-, 3-hydroxy glutaric-, terebic- and terpenylic acid. The clusters shown are
based on the M06-2X/6-31++G(d,p) calculations

The (H2 SO4 )(pinic) and (H2 SO4 )(terebic) clusters are only able to form two hydrogen
bonds with sulfuric acid, where the remaining clusters are able to also form an additional
bond via the vacant S-OH group in sulfuric acid to a carbonyl group in the carboxylic acid.
Interestingly, 3-hydroxy-glutaric acid shows a very weak interaction (∆G = -6.0 kcal/mol)
with sulfuric acid, despite forming additional hydrogen bonds. This is most likely a consequence of the OH group residing on the β-carbon instead of the α-carbon in case of malicand tartaric acid. Additionally, the high strain in the carbon backbone required to form
the additional hydrogen bonds could also contribute to the higher reaction free energy. The
reaction free energy for forming the terebic acid - sulfuric acid cluster is found to be -6.1
kcal/mol. MBTCA and pinic acid show a slightly stronger interaction, with reaction free
16

energies of -7.5 kcal/mol and -6.4 kcal/mol, respectively. Terpenylic acid shows the strongest
interaction with sulfuric acid, with a reaction free energy of -9.1 kcal/mol. The reaction free
energy of the monoterpene markers only varies from -6.0 kcal/mol to -9.1 kcal/mol, which,
similarly to section 3.2, suggests that the interaction between sulfuric acid and carboxylic
acids is not very dependent on the backbone of the carboxylic acid. To further look into
this aspect, we calculated the lowest free energy structure where sulfuric acid only interacts
with the carboxylic acid group (∆G2-H-bond ) and do not form any additional hydrogen bonds
via its remaining S-OH group. In Table 3 it is seen that the direct interactions do not vary
significantly from each other with ∆G2-H-bond -values in the range of -6.4 kcal/mol to -5.5
kcal/mol. By looking into the individual contributions to the free energy we find that pinic
acid and terebic acid, which only form two hydrogen bonds to sulfuric acid, have the lowest
thermal contributions with a value of 12.0 kcal/mol in both cases. MBTCA, terpenylic-, and
3-OH-glutaric acid all form an additional hydrogen bond, leading to a higher thermal contribution of 14.7, 15.6 and 16.5 kcal/mol. These values are slightly higher than the smaller
dicarboxylic acids in section 3.2, where values in the range 13.4-15.2 kcal/mol was identified.
Table 3: Calculated average reaction free energies for sulfuric acid clustering with monoterpene markers. The binding energy is calculated at the DLPNO-CCSD(T)/aug-cc-pVTZ level
of theory on top of each of the DFT/6-31++G(d,p) structures. The standard deviation (σ)
is reported in the parenthesis. The calculations are performed at 298.15 K and 1 atm and
all values are presented in kcal/mol.
Method

∆G3-H-bond

∆G2-H-bond

Pinic acid

-

-6.4 (0.2)

Terebic acid

-

-6.1 (0.1)

Terpenylic acid

-9.1 (0.4)

-5.5 (0.4)

MBTCA

-7.5 (0.2)

-6.3 (0.3)

3-hydroxy-glutaric acid

-6.0 (0.3)

-5.7 (0.2)

This finding clearly illustrates that the cluster reaction free energy only depends on the
carboxylic acids ability to form additional hydrogen bonds.
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3.4

Clustering of H2 SO4 with a Large Dimer Ester

None of the investigated carboxylic acids binds nearly as strong to sulfuric acid as dimethylamine (∆G ≈ -12 kcal/mol). It appears that all the ∆G2-H-bond -values are more or less
independent of the backbone of the carboxylic acid (excluding the peroxy- and α-keto acids)
with values of ∆G ≈ -6 kcal/mol in all cases. The sulfuric acid molecule has two hydrogen bond donors and two hydrogen bond acceptors, hence assuming no synergetic effects,
implying that the available hydrogen bonded interactions can simply be added, the highest
possible free energy would then arise from two carboxylic acids in the same molecule interacting with sulfuric acid, for a total of ∆G ≈ -12 kcal/mol. Currently, the only molecular
species possibly present in the atmosphere which could fulfill the requirement of simultaneously interacting with sulfuric acid via two carboxylic acid groups, are large molecular weight
dimers with two or more carboxylic acids moieties. One of the simplest dimer compounds
proposed in the literature is the dimer ester formed from two pinic acid subunits in the form
of the pinonyl-pinyl ester. 86,87
Large dimer esters present a significant computational challenge, as it is difficult to systematically sample the configurational space of even the monomers. A slightly different
approach was thereby utilized to identify the global minimum structure of the pinonylpinyl ester. Initially 30 guess structures were generated using a series of weighted rotor
searches in Avogadro. Hence each subsequent search used the best estimate from the previous search. The weighted rotor approach is to some extend similar to Monte Carlo sampling.
We also included several manually sampled structures, based on chemical intuition, to further evaluate the configurational space. All the structures were then geometry optimized
and frequencies were calculated at the M06-2X/6-31++G(d,p) level of theory. The two
best candidate structures (lowest in free energy) were then used as a starting point for a
Born-Oppenheimer Molecular Dynamics (BOMD) simulation using the semiempirical PM6
method. For both starting conformations a trajectory of 3.5 ps was computed at 298.15
K using 10000 timesteps and otherwise default criteria in Gaussian. Along each trajectory
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20 structures were extracted in even intervals and subsequently also optimized at the M062X/6-31++G(d,p) level of theory. The cluster between pinonyl-pinyl ester and sulfuric acid
was only manually sampled. The identified structures lowest in free energy can be seen in
Figure 4, calculated at the M06-2X/6-31++G(d,p) level of theory.

pinonyl-pinyl ester (ppe)

(sa)(ppe)

Figure 4: Lowest free energy molecular structure of a pinonyl-pinyl ester (ppe) (left) and
its clustering with sulfuric acid (right). The shown structures are based on the M06-2X/631++G(d,p) calculation.

The lowest free energy structure of the pinonyl-pinyl ester is seen to have intramolecular
hydrogen bonded interactions between its two peripheral carboxylic acid groups. Similarly,
to the previous studied compounds in section 3.2-3.3, this leads to a stabilization of the
monomer. However, as the hydrogen bonds are not able to reach the most favourable coplaner orientation, the stabilization should be significantly lower than that of a direct carboxylic acid - carboxylic acid interaction. The cluster formation with sulfuric acid, thereby
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needs to break the intramolecular hydrogen bonds to form the cluster. The resulting interaction between sulfuric acid is seen to yield almost co-planar hydrogen bonds, leading to a
favourable interaction. At the DLPNO-CCSD(T)/aug-cc-pVTZ//DFT/6-31++G(d,p) level
of theory, we obtain an average cluster reaction free energy of -9.1 kcal/mol, with σ = 0.4
kcal/mol. The large pinonyl-pinyl dimer ester thereby has the same magnitude in reaction
free energy as the interaction between sulfuric acid and terpenylic acid. This further illustrates that intramolecular hydrogen bonding can significantly hinder the ability of a given
organic oxidation product to form stable clusters with sulfuric acid. As we have only manually constructed the sulfuric acid - pinonyl-pinyl ester cluster, we cannot exclude that a
lower free energy conformation exists. Furthermore, as the pinic acid molecule has two different acid groups, three different pinonyl-pinyl ester structures could exist and we have only
taken one of them into account here. The thermal contribution to the free energy for the
pinonyl-pinyl ester is found to be 12.4 kcal/mol, with σ = 0.6 kcal/mol. This value is very
similar to the values found for the small systems investigated in section 3.1. This shows that
even these large dimer esters do not show a significantly higher thermal contribution than
the smaller molecules and the free energy value is hence limited by a weak binding energy,
as well as the stabilization of the monomer via intramolecular hydrogen bonds.
Combined our finding presented herein suggests that in order for a HOM to participate in
the initial steps in new particle formation, several specific molecular traits should be present
in the reacting monomer:
• Either weak or no intramolecular hydrogen bonds.
• At least two direct sulfuric acid - carboxylic acid interactions.
These requirements represents the ”docking” of the sulfuric acid molecule in-between the two
carboxylic acid groups in a large dicarboxylic acid. This type of interaction will allow for the
sulfuric acid molecule to form nearly co-planar hydrogen bonds to the two carboxylic acid
groups, leading to a favourable interaction. Under ideal circumstances, these two require20

ments would then allow for the formation of a stable (sulfuric acid)(HOM) cluster. Figure 5
show an example of how the cluster structure could look like fulfilling these requirements.

-R-

Figure 5: (Left) Schematic of the ideal situation for forming a strong (sa)(HOM) complex.
The - R - group represents any type of backbone which connect the two carboxylic acid
groups. (Right) structure in the case where naphthalene is chosen as the linker
Here the - R - group represents any potential linker which connects the two carboxylic
acid groups. As a model system we tested naphthalene as the linker group (see Figure
5) and obtained an average reaction free energy of -15.1 kcal/mol, with σ = 0.8 kcal/mol
at the DLPNO-CCSD(T)/aug-cc-pVTZ//DFT/6-31++G(d,p) level of theory. Partitioning
this value into its energy and thermal contribution to the free energy, we find an average
binding energy of -34.3 kcal/mol, with σ = 0.5 kcal/mol and the average thermal contribution
is 19.3 kcal/mol, with σ = 1.2 kcal/mol. The ∆G-value of -15.1 kcal/mol represents the best
case scenario obtainable, as atmospherically relevant systems originating from monoterpene
oxidation most likely will not have an ideal linker between the two carboxylic acid groups.

4

Conclusions

We have studied the molecular interaction between sulfuric acid and oxidized organic compounds to elucidate the requirements for a given molecule to efficiently stabilize sulfuric acid
clustering. Starting from simple functional groups we find that carboxylic acid groups show
21

the strongest interaction with sulfuric acid and narrow the potential molecular features of
the given organic compound to the following two distinct properties:
• Weak or no intramolecular hydrogen bonds in the monomer.
• At least two direct sulfuric acid - carboxylic acid interactions.
Additionally, more than two carboxylic acid groups might be required to enable further
growth. We test these two specific requirements using a proxy compound and estimates
a lower limit for this type of interaction to be -15.1 kcal/mol. This interaction is more
favourable than the corresponding interaction between sulfuric acid and dimethylamine,
suggesting that highly oxidized organic compounds fulfilling all the three criteria might be
able to efficiently stabilize sulfuric acid clusters. Whether such compounds actually exist in
the atmosphere remains unknown. Based on our results, the most promising candidates are
likely to be high-molecular weight compounds formed in oligomerization reactions of two or
more terpene oxidation products.
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(14) Jokinen, T.; Sipilä, M.; Richters, S.; Kerminen, V.; Paasonen, P.; Stratmann, F.;
Worsnop, D.; Kulmala, M.; Ehn, M.; Herrmann, H. et al. Rapid Autoxidation Forms
24

Highly Oxidized RO2 Radicals in the Atmosphere. Angew. Chem. Int. Ed. 2014, 53,
14596–14600.
(15) Jokinen, T.; Berndt, T.; Makkonen, R.; Kerminen, V.-M.; Junninen, H.; Paasonen, P.;
Stratmann, F.; Herrmann, H.; Guenther, A. B.; Worsnop, D. R. et al. Production of
Extremely Low Volatile Organic Compounds from Biogenic Emissions: Measured Yields
and Atmospheric Implications. Proc. Natl. Acad. Sci. U.S.A. 2015, 112, 7123–7128.
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(37) Hyttinen, N.; Kupiainen-Määttä, O.; Rissanen, M. P.; Muuronen, M.; Ehn, M.;
Kurtén, T. Modeling the Charging of Highly Oxidized Cyclohexene Ozonolysis Products
Using Nitrate-Based Chemical Ionization. J. Phys. Chem. A. 2015, 119, 6339–6345.
27

(38) Berndt, T.; Richters, S.; Jokinen, T.; Hyttinen, N.; Kurtén, T.; Otkjær, R. V.; Kjaergaard, H. G.; Stratmann, F.; Herrmann, H.; Sipilä, M. et al. Hydroxyl Radical-Induced
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J., Knizia G., Manby F. R., Schütz M., Celani P., Korona T., Lindh R., Mitrushenkov
A., Rauhut G. et al. , see http://www.molpro.net.
(49) Neese F., WIREs Comput Mol Sci 2012, 2: 73-78 doi: 10.1002/wcms.81.
(50) Elm, J.; Bilde, M.; Mikkelsen, K. V. Assessment of Density Functional Theory in Predicting Structures and Free Energies of Reaction of Atmospheric Prenucleation Clusters.
J. Chem. Theory Comput. 2012, 8, 2071–2077.
(51) Elm, J.; Bilde, M.; Mikkelsen, K. V. Assessment of Binding Energies of Atmopsheric
Clusters. Phys. Chem. Chem. Phys 2013, 15, 16442–16445.
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