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Abstract. We have used the COSMOtherm program to es-
timate activity coefficients and solubilities of mono- and
o,w-dicarboxylic acids and water in binary acid—water sys-
tems. The deviation from ideality was found to be larger
in the systems containing larger acids than in the systems
containing smaller acids. COnductor-like Screening MOdel
for Real Solvents (COSMO-RS) underestimates experimen-
tal monocarboxylic acid activity coefficients by less than
a factor of 2, but experimental water activity coefficients
are underestimated more especially at high acid mole frac-
tions. We found a better agreement between COSMOtherm-
estimated and experimental activity coefficients of monocar-
boxylic acids when the water clustering with a carboxylic
acid and itself was taken into account using the dimerization,
aggregation, and reaction extension (COSMO-RS-DARE) of
COSMOtherm. COSMO-RS-DARE is not fully predictive,
but fit parameters found here for water—water and acid—water
clustering interactions can be used to estimate thermody-
namic properties of monocarboxylic acids in other aqueous
solvents, such as salt solutions. For the dicarboxylic acids,
COSMO-RS is sufficient for predicting aqueous solubility
and activity coefficients, and no fitting to experimental val-
ues is needed. This is highly beneficial for applications to
atmospheric systems, as these data are typically not avail-
able for a wide range of mixing states realized in the atmo-
sphere, due to a lack of either feasibility of the experiments
or sample availability. Based on effective equilibrium con-
stants of different clustering reactions in the binary solutions,
acid dimer formation is more dominant in systems containing

larger dicarboxylic acids (C5—Cg), while for monocarboxylic
acids (C;—Cg) and smaller dicarboxylic acids (C,—Cj4), hy-
drate formation is more favorable, especially in dilute solu-
tions.

1 Introduction

Mono- and dicarboxylic acids (which are
CH3(CHj3),_»COOH and COOH(CH,),,_»COOH, re-
spectively) are common atmospheric compounds that have
been detected in both the gas (Kawamura et al., 2000;
Fisseha et al., 2006) and aerosol phases (Fisseha et al., 2006;
Verma et al., 2017; Guo et al., 2015; Hyder et al., 2012).
Carboxylic acids have been detected in high abundance in
various environments, such as urban (Zhao et al., 2018;
Kawamura et al., 2000; Fisseha et al., 2006; Jung et al.,
2010; Guo et al., 2015), semiurban (Verma et al., 2017),
marine (Kawamura and Sakaguchi, 1999; Mochida et al.,
2003), and Antarctic (Kawamura et al., 1996) measurement
sites. In general, small carboxylic acids (n <3 and m <4)
are more abundant than large acids (n > 3 and m > 4) (Jung
et al., 2010; Fisseha et al., 2006; Tsai and Kuo, 2013; Zhao
et al., 2018; Guo et al., 2015; Kawamura et al., 2000). For
example, Tsai and Kuo (2013) found that 77.2 % of all
carboxylic acids in fine particulate matter (PM,s) were
small carboxylic acids (formic, acetic, and oxalic acids) in a
broadleaved forest in central Taiwan.
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An accurate description of the different aerosol phases is
important for determining parameters used in aerosol mod-
eling, such as gas-to-particle partitioning (in particular wa-
ter uptake) and chemical reactivity. A large number of reac-
tions in the aqueous aerosol phase are strongly pH dependent
(Pye et al., 2020; Weber et al., 2016), but accurate predic-
tions of aerosol acidity are highly challenging. One element
to resolve is the nature and amount of acidic material dis-
solved in the aqueous aerosol phase. The aqueous bulk sol-
ubility of mono- and dicarboxylic acids have been measured
in multiple studies (Saxena and Hildemann, 1996; Apel-
blat and Manzurola, 1987, 1989, 1990; Cornils and Lappe,
2000; Song et al., 2012; Romero and Sudrez, 2009; Omar
and Ulrich, 2006; Brooks et al., 2002). However, acid activ-
ity data of carboxylic acid—water systems are much scarcer.
Jones and Bury (1927) derived the activity coefficients of
formic (n =1), acetic (n =2), propanoic (n =3), and bu-
tanoic (n =4) acids in aqueous solutions at the freezing
points of the binary solutions using freezing-point depres-
sion measurements. Using freezing-point depression mea-
surements, activity coefficients are calculated using Lewis
and Randall’s equation for non-electrolytes. Hansen et al.
(1955) derived activity coefficients of acetic, propanoic, and
butanoic acids in water and the activity coefficients of water
in acetic, propanoic, butanoic, pentanoic (n =35), and hex-
anoic (n = 6) acids, at 298.15 K, using partial pressure mea-
surements. In addition, Hansen et al. (1955) represented the
experimental points using self-consistent activity coefficient
functions. Activity coefficients of malonic, succinic, and glu-
taric acids (m =3, 4, and 5) have been measured by Davies
and Thomas (1956) and Soonsin et al. (2010) in bulk and
particle experiments, respectively.

Group contribution methods, such as UNIFAC (Fre-
denslund et al., 1975) and AIOMFAC (Zuend et al., 2008),
are often used to estimate activity coefficients of atmo-
spherically relevant compounds. More recently, a quantum-
chemistry-based COnductor-like Screening MOdel for Real
Solvents (COSMO-RS; Klamt, 1995; Klamt et al., 1998;
Eckert and Klamt, 2002) has been used to predict ther-
modynamic properties of multifunctional compounds. Sol-
ubilities and activity coefficients of carboxylic acids have
also been estimated using the COSMO-RS theory im-
plemented in the COSMOtherm program (COSMOtherm,
2019). For instance, Schroder et al. (2010) estimated the
aqueous solubilities of various polycarboxylic acids using
the BP_TZVP_C21_0025 parametrization of COSMOtherm
and found that COSMOtherm was able to predict the
temperature dependence of the solubilities of dicarboxylic
acids (m = 2-8) well, while the absolute solubility estimates
were not in good agreement with experiments. Additionally,
Michailoudi et al. (2020) estimated the activity coefficients
of monocarboxylic acids with even numbers of carbon atoms
(n=2,4,6,8, 10, 12) at infinite dilution. In addition, they
estimated the solubility of the same acids in pure water and
different aqueous electrolyte solutions. They found a good
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agreement between experimental and estimated aqueous sol-
ubilities of the acids with the exception of butanoic acid,
which in experiments has been seen to be fully soluble (Sax-
ena and Hildemann, 1996), while COSMOtherm predicted a
finite solubility.

Recent work has shown that the absolute COSMOtherm
solubility and activity coefficient estimates can be improved
by excluding conformers containing intramolecular hydro-
gen bonds from the COSMOtherm calculation (Hyttinen and
Prisle, 2020). However, based on the hydrogen bonding def-
inition of COSMOtherm, monocarboxylic acids are not able
to form intramolecular hydrogen bonds. Therefore, other
methods are needed to improve COSMOtherm estimates
of monocarboxylic acids. On the other hand, carboxylic
acids are able to form hydrogen-bonded dimers where two
molecules are bound by two simultaneous intermolecular hy-
drogen bonds. These concerted multiple contacts, such as is
seen in carboxylic acid dimer formation, are not captured by
COSMO-RS. A dimerization, aggregation, and reaction ex-
tension to the COSMO-RS theory (COSMO-RS-DARE) was
developed to account for these interactions (Sachsenhauser
et al., 2014). For example, Cysewski (2019) was able to
improve the agreement between experimental and estimated
solubilities of ethenzamide in various organic solvents using
COSMO-RS-DARE.

Most atmospherically relevant multifunctional compounds
are not readily available for experimental determination of
thermodynamic properties. Accurate theoretical estimates
are therefore essential for advancing current aerosol process
modeling to include more complex compounds and mix-
tures. Here, we demonstrate the applicability of COSMO-
RS theory in calculating condensed-phase properties of at-
mospherically relevant organic compounds. Carboxylic acids
are among the most abundant and well-characterized or-
ganic compounds in the troposphere and are, therefore, a
good compound class to use to validate the use of COSMO-
RS in atmospheric research. We use the newly developed
COSMO-RS-DARE, as well as COSMO-RS, to estimate ac-
tivity coefficients of monocarboxylic acids (n =1-6) and
o,w-dicarboxylic acids (m = 2-8) with water in binary acid—
water mixtures. In addition, we estimate aqueous solubilities
and effective equilibrium constants of cluster formation of
the acids.

2 COSMOtherm calculations

We use the COSMOtherm software (release 19 and
parametrization BP_TZVPD_FINE_19) (COSMOtherm,
2019) to estimate the solubilities and activity coefficient
of linear mono- and dicarboxylic acids in binary aqueous
solutions. In addition, we compute the effective equilibrium
constants of water and acid dimerization (formation of a
hydrogen-bonded cluster containing two water molecules
or two acid molecules, respectively) and acid hydration
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(formation of a hydrogen-bonded cluster containing one acid
and one water molecule).

2.1 Activity coefficients

COSMOtherm calculates the activity coefficient (y) of com-
pound i with mole fraction x; using the pseudo-chemical
potentials at composition {x;} (1] (x;)) and at the reference
state (u;°(x°, T, P)). By default, the reference state used in
COSMOtherm is the pure compound (labeled as convention
I; Levine, 2009):

W) — (0, T, P) o
RT

In Vil (x;) =

at P = 10° Pa reference pressure. T is the temperature (K),
and R is the gas constant (kI K~ mol~!, when p* is given in
kJmol™1).

Pseudo-chemical potential (Ben-Naim, 1987) is an auxil-
iary quantity defined using the chemical potential at the ref-
erence state u°:

wi(xi) = w;°x°, T, P)+ RT Iny; (x;). 2

Pseudo-chemical potential has recently been used in molec-
ular level solvation thermodynamics instead of chemical po-
tential (Sordo, 2015). The benefit of pseudo-chemical poten-
tial is that it is valid for any concentration and fluid mixture,
while the conventional chemical potential cannot necessar-
ily be used to describe infinite dilution (x; — 0) (Ben-Naim,
1978). By definition, the activity coefficient of a compound
at the reference state is unity (yil(xi =1) = 1), which leads
to equal chemical and pseudo-chemical potential at the ref-
erence state. At other states (x; < 1), the relation between
chemical and pseudo-chemical potentials (u and ©*, respec-
tively) can be expressed as

wyi () = i (x;) = RT Inx;. 3)

Unless otherwise mentioned, the mole fractions x; corre-
spond to mole fractions of undissociated acid or neutral non-
protonated water.

2.2 Solubility

Solubilities are calculated by finding the liquid-liquid equi-
librium (LLE) or the solid-liquid equilibrium (SLE) of the
binary liquid—water or solid—water systems, respectively. In
LLE, the chemical potential (1) of a compound is equal in
both of the liquid phases (¢ and B):

e =, )

Combining Egs. (2) and (3) gives the relation between chem-
ical potential and pseudo-chemical potential at the reference
state:

wi(x;) = pu;°(x°, T, P) + RT Inx; + RT Iny; (x;). (%)
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Equation (5) can be substituted for chemical potential in
Eq. (4), giving

w;°x°,T,P)+ RT Inaj = u;°(x°, T, P)+ RTlnalﬁ, (6)
where af* and af are the activities (a = xy) of compound i in
phases o and g, respectively. The liquid-liquid equilibrium

condition between the solvent-rich phase («) and the solute-
rich phase (8) becomes

a®=al. 7)

The SLE is solved from the solid-liquid equilibrium con-
dition (Eckert and Klamt, 2019):

1w (0, T, P) — ¥ (xsor.i) — AGrs(T)
RT In(10)

10g10(XSOL,i) =

’

®)

where xsor.,; is the mole fraction solubility (SOL) of com-
pound i in the solvent. The free energy of fusion of the so-
lute (AGys(T)) is calculated from the experimentally deter-
mined heat of fusion (A Hpys) and melting point (T ppnere) us-
ing the Schroder—van Laar equation (Prigogine and Defay,
1954):

T
AG1us(T) = AHpus <1 - ) — ACp tus(Timett — T)

melt

Tinelt

+AC) T In == ®

Here the heat capacity of fusion (AC) fus) is estimated from
the melting point and the heat of fusion:

AI_Ifus

AC) fus = .
p.fus
Tinelt

(10)

Table 1 shows experimental melting points and heats of fu-
sion of the dicarboxylic acids of this study. Melting points
and heats of fusion of the monocarboxylic acids are not used,
since all of the monocarboxylic acids studied here are in lig-
uid phase at 298.15 K.

2.3 Effective equilibrium constants

COSMOtherm estimates effective equilibrium constants of
condensed-phase reactions from the free energy of the reac-
tion (AG):
AGP

Kegf=e RT. (11
The reaction free energy is calculated from the free energies
of the pure reactants (G2, ) and products (Gg;od):
AGP =36k  — %Gl

prod — react"

(12)

The free energy of compound i is the sum of the energy of
the solvated compound (Ecosmo), the averaged correction
for the dielectric energy (dE; Klamt et al., 1998), and the
pseudo-chemical potential of the pure compound:

G}° = Ecosmo.i +dE; + M?’Io(xo, T,P). (13)
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Table 1. List of the studied «,w-dicarboxylic acids and their experimentally determined melting points and heats of fusion. The values were
measured using anhydrous acids (crystalline at 298.15 K). The melting point of oxalic acid reported by Booth et al. (2010) (370K) is likely
the temperature of the phase transition from dihydrate to anhydrous crystal polymorph. Similar transition was seen by Omar and Ulrich

(2006) at 378.35 K in their differential scanning calorimetry experiment.

Acid Chemical formula Melting point (K)  Heat of fusion (kJ mol_l)
Oxalic  C,H,04 462.65%; 465.26P 58.158°
Malonic  C3H404 406°; 408.15 18.739¢
Succinic  C4HgO4 455.24; 458¢; 461.152 31.259¢; 34.04
Glutaric ~ CsHgOy 363.99; 369¢; 372.152 18.89; 22.043¢
Adipic  CgHjgOy4 419.09; 423¢; 426.152 33.74; 35.891¢
Pimelic ~ C7H;,04 368.24; 379.152 23,74
Suberic ~ CgHj404 413.24; 417.152 30.74

2 Cornils and Lappe (2000). b Omar and Ulrich (2006). € Booth et al. (2010). d Roux et al. (2005).
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Figure 1. The o surfaces of succinic acid and water conform-
ers used in COSMO-RS and COSMO-RS-DARE calculations. The
conformer distributions in COSMO-RS-DARE include parts of
cluster o surfaces (in this example a hydrate cluster). Color cod-
ing of o surfaces: red is negative partial charge, blue is positive
partial charge, green is neutral partial charge, and grey is omitted o
surface.
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2.4 Concentration-dependent reactions
(COSMO-RS-DARE)

In COSMO-RS, the surface of a molecule is divided into
surface segments that represent the surface charges of the
molecule. The surface is considered an interface between a
virtual conductor around the molecule and the cavity formed
by the molecule (Klamt and Schiitirmann, 1993). Each sur-
face segment has an area (A=2) and a screening charge
density (o, given in units of eA=2, where e represents the
charge on an electron). Interactions between molecules are
described through the interaction between surface segments
of the different molecules. Examples of o surfaces used in
COSMOtherm calculations are shown in Fig. 1. The red color
of a o surface signifies a positive screening charge density
(negative partial charge) and the blue color a negative screen-
ing charge density (positive partial charge).

Concerted multiple contacts, such as carboxylic acid
dimer formation, are not captured by COSMO-RS.

Atmos. Chem. Phys., 20, 13131-13143, 2020

COSMOtherm is able to consider these hydrogen-bonded
clusters using the dimerization, aggregation, and reaction ex-
tension (COSMO-RS-DARE; Sachsenhauser et al., 2014).
We use the COSMO-RS-DARE method in our activity co-
efficient and solubility calculations. In our equilibrium con-
stant calculations, the clusters in the system are included as
the product of the clustering reactions. The method is de-
scribed below and the full COSMO-RS-DARE derivation
can be found in Sachsenhauser et al. (2014).

A clustering reaction between molecules A and B can be
described by the equilibrium:

A+B=A.B. (R1)

In acid—water systems, A and B can be either a carboxylic
acid or a water molecule. In COSMO-RS-DARE, the product
clusters are included in COSMOtherm calculations by using
the o surfaces of molecule A in the cluster and omitting the
part of the o surface that is assigned to the molecule clustered
with A (i.e., molecule B). Similarly, the clustering product
of molecule B is included in the calculation by omitting the
o surface assigned to molecule A from the o surface of A-B.
Examples of these partial o surfaces are shown on the right-
hand side of Fig. 1.

The formation of hydrogen bonds (in hydrates or dimers)
is taken into account using the interaction energy of the two
reacting compounds. The formation free energy of the cluster
(G(A,A-B)) is calculated using fit parameters cg and cgs (en-
thalpic and entropic contributions, respectively) to describe
the interaction between the monomers A and B in the cluster
(A-B):

GA,A-B)=cy —csT, (14)

The fit parameters are used because COSMOtherm is un-
able to calculate the energy of a monomer in a cluster. In-
stead, the energy of a monomer in a cluster is assumed to
be equal to the energy of the lowest-energy conformer of the
same compound, and the favorability of the cluster formation

https://doi.org/10.5194/acp-20-13131-2020
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is estimated using the fit parameters. Without temperature-
dependent experimental data, it is not possible to fit both fit
parameters. We therefore consider the enthalpic parameter
cy as the total formation free energy parameter at 298.15 K,
setting the entropic parameter cg to zero.

COSMO-RS-DARE was originally developed for systems
containing carboxylic acids in nonpolar solvents (Sachsen-
hauser et al., 2014). In a carboxylic acid—water system, both
the carboxylic acid and water are able to form strongly bound
clusters. In addition, hydrated acids can be formed. We are
thus including the interactions of the clustering reactions for
both A and B, even when A =B.

2.5 Input file generation

The “.cosmo” files of water and the monocarboxylic acids
with a low number of conformers (< 10) are taken from the
COSMObase (COSMObase, 2011) database. For the dicar-
boxylic acids, acid and water dimers, and the hydrates of
pimelic (m =7) and suberic (m = 8) acids, we use the fol-
lowing systematic conformer search approach detailed by
Kurtén et al. (2018) as it has been shown to give more consis-
tent results than other conformer sampling approaches. The
conformers are found using the systematic conformer search
in the Spartan program (Wavefunction Inc., 2014, 2016). The
conformer set is then used as input to the COSMOconf pro-
gram (COSMOconf, 2013) (using the TURBOMOLE pro-
gram; TURBOMOLE, 2010), which runs initial single-point
COSMO calculations at the BP/def-SV(P) level of theory to
compare the pseudo-chemical potentials of the conformers
and remove similar structures. Initial geometry optimizations
are calculated at the BP/def-SV(P) level of theory, and dupli-
cate structures are removed by comparing the new geome-
tries and pseudo-chemical potentials. Final geometries are
optimized at the BP/def-TZVP level of theory, and after a
second duplicate removal step, final single-point energies are
calculated at the BP/def2-TZVPD-FINE level of theory.

For acid dimers, we use the lowest gas-phase energy struc-
tures found by Elm et al. (2019) as a starting structure for
systematic conformer search. For hydrated monocarboxylic
acids and smaller dicarboxylic acids (m < 6), the clusters are
built by adding a water molecule to each conformer of the
free acids. For monocarboxylic acids, the water molecule
is placed on the carboxylic acid group forming two inter-
molecular hydrogen bonds between the molecules. For di-
carboxylic acids, a water molecule is added to either end
of the acid, forming two hydrate conformers from a single
acid conformer. For the dicarboxylic acid conformers with
the two acid groups close to each other, additional conform-
ers are created for cases where the water molecule is interact-
ing with both acid groups. Figure 2 illustrates the formation
of two different adipic acid hydrate conformers from a single
monomer conformer. A cluster conformer where the water
molecule is attached to one carboxylic acid group is shown
on the top right corner, and in the bottom right corner con-
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Figure 2. The formation of dicarboxylic acid hydrate conformers.
Color coding: green is C, white is H, and red is O.

former, the water molecule is bound to both acid groups. Due
to the large number of conformers of nonhydrated pimelic
(m =7) and suberic (m = 8) acids (75 and 132, respectively),
the monohydrate conformers of those two acids are sampled
separately using Spartan.

We use only clusters of two molecules in our calcula-
tions. In carboxylic acid dimers, the hydrogen bond donors
and acceptors are saturated, which means that carboxylic
acids are unlikely to form larger clusters than dimers (Vaw-
drey et al., 2004; Elm et al., 2014, 2019). Computational
studies (Aloisio et al., 2002; Weber et al., 2012; Kildgaard
et al., 2018) have shown that, in the gas phase, the ener-
getically most favorable dihydrate is formed by two wa-
ter molecules attaching to the same carboxylic acid group.
Therefore, adding a second water molecule to the cluster
does not significantly change the probability distribution of
the screening charge density (o profile) of the acid in the
cluster compared to the acid in a monohydrate or dimer.

Conformers containing no intramolecular hydrogen bonds
(Kurtén et al., 2018; Hyttinen and Prisle, 2020) are used in
the COSMO-RS solubility and activity coefficient calcula-
tions. Due to the intermolecular hydrogen bonding in the hy-
drate and dimer clusters, all conformers (up to 40 conform-
ers) of monomers and clusters are used in the effective equi-
librium constant calculations. In COSMO-RS-DARE calcu-
lations, we use all conformers of the monomers and only the
lowest solvated energy conformers of the clusters.

3 Results and discussion

3.1 Effective equilibrium constants of clustering
reactions

We estimated the effective equilibrium constants of the dif-
ferent clustering reactions (i.e., hydration and dimerization)
of the binary acid—water systems. A comparison between the
hydration and acid dimerization equilibrium constants in the
aqueous phase is given in Fig. 3 and Table 2. The equilibrium

Atmos. Chem. Phys., 20, 13131-13143, 2020
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Figure 3. Dimensionless effective equilibrium constants of acid

dimer and hydrate formation (K dfi;nerization and K

hydration

off , respec-

tively) in condensed phase, at 298.15 K. See Table 2 for the values.

Table 2. Dimensionless effective equilibrium constants (Kgff) of

cluster formation in condensed phase at 298.15 K.

Acid Carbon no. Kgfyfdration Kgfimeriza‘ion
Formic 1 6.67x10° 2.64x 1010
Acetic 2 436x10° 230x 10!!
Propanoic 3 1.12x100 431 x 10!
Butanoic 4 297x10° 3.36x 101!
Pentanoic 5 211x10°  7.08 x 101!
Hexanoic 6 233x10°  6.30x 101!
Oxalic 2 121x108 1.35 x 10°
Malonic 3 3.14x 107 6.38 x 10°
Succinic 4 3.69%x10° 251x10!!
Glutaric 5 291x10°  6.56 x 1010
Adipic 6 274x10° 7.58x 10
Pimelic 7 564x108  3.57x10!7
Suberic 8 677x107  2.02x101
Water - - 571x10°

constants for both the dimerization and hydration reactions
are similar between all of the monocarboxylic acids (not la-
beled in Fig. 3). For the dicarboxylic acid, we can see larger
variation in both the hydration and dimerization reactions.
Note that the COSMO-RS-DARE method is not used in the
effective equilibrium constant calculations, because the clus-
ters are already included in the calculation as products.

For all of the acids, the effective equilibrium constant
of dimerization is higher than that of the hydrate forma-
tion of the corresponding acid, meaning that acid dimer for-
mation is energetically more favorable than hydrate forma-
tion. However, in dilute conditions, water is more abundant,
shifting the equilibrium from acid dimerization to hydra-

Atmos. Chem. Phys., 20, 13131-13143, 2020

tion. The dimerization-to-hydration ratio is the lowest for
oxalic (m =2) and malonic (m = 3) acids, while monocar-
boxylic acids and succinic acid (m =4) have similar (inter-
mediate) ratios, and the larger dicarboxylic acids (m =5-
8) have higher ratios. This means that, in dilute solutions,
oxalic, malonic, and succinic acids will most likely interact
with water instead of other acid molecules.

Vawdrey et al. (2004) calculated the dimerization en-
thalpies (at the B3LYP/6-31++G(2d,p) level of theory) of
monocarboxylic acids (n =2-6) and found a notable even—
odd variation (dimerization of the acids with odd numbers
of carbon atoms is more favorable than of acids with even
numbers of carbon atoms). The same is seen here in the con-
densed phase, where the effective equilibrium constants of
butanoic and hexanoic acids are lower than of propanoic and
pentanoic acids, respectively. Otherwise, there is a slightly
increasing trend in the effective equilibrium constants with
increasing number of carbon atoms in the monocarboxylic
acids. For larger dicarboxylic acids (m > 4), Elm et al. (2019)
found an even—odd alternation in the dimer-to-monomer ratio
in the gas phase, calculated at the DLPNO-CCSD(T)/aug-cc-
pVTZ//wB97X-D/6-31++G(d,p) level of theory. We observe
a similar increase in the effective equilibrium constants with
the increasing carbon chain length in the smaller dicarboxylic
acids (m =2-5) and an even—odd alternation in the larger di-
carboxylic acids (m =4-8) in any condensed phase.

3.2 Activity coefficients

3.2.1 Monocarboxylic acids

We calculated the activity coefficient of the monocarboxylic
acids and water in the binary acid—water mixtures using
the COSMO-RS-DARE method. Hansen et al. (1955) de-
rived the activity coefficients of acetic (n =2), propanoic
(n =3), and butanoic (n =4) acids in mixtures with wa-
ter from partial pressure measurements. In addition, they
determined activity coefficients of water in aqueous acetic,
propanoic, butanoic, pentanoic (n = 5), and hexanoic (n = 6)
acid mixtures. We used these experimental activity coeffi-
cients to fit the enthalpic parameters (cy) for each of the
acids in the COSMO-RS-DARE calculations. Figure 4 shows
a comparison between the estimated and experimentally de-
termined activity coefficients of these monocarboxylic acids,
and formic acid (n = 1), for which no experimental activity
coefficient data are available.

The reactions included in the calculations are water dimer
(H>,0-H,0) and acid hydrate (RCOOH - H,0O) formation.
A comparison between COSMO-RS-estimated activity co-
efficients and COSMO-RS-DARE-estimated activity coeffi-
cients, with different clusters included in the calculation, is
shown for acetic acid in Fig. S1 of the Supplement. For acetic
acid, we found the best fit between experimental and esti-
mated activity coefficients using ¢y = 0kJmol~! for both
the water dimerization and acid hydration reactions. Decreas-
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Figure 4. Activity coefficients (1) of (a) monocarboxylic acids and
(b) water in all mixing states of the binary aqueous solutions, at
298.15 K. The solid lines represent activity coefficient estimates us-
ing COSMO-RS-DARE, dotted lines are calculated from the equa-
tions fitted to experiments by Hansen et al. (1955), and the mark-
ers are the experimental points from the same study. For the stud-
ied acids with finite aqueous solubilities at 298.15K (pentanoic
and hexanoic acid), water activity coefficients were measured using
acid-rich solutions (Hansen et al., 1955). The water activity coeffi-
cients at high x,¢jq are not shown in the figure, because COSMO-
RS-DARE overpredicts the experiments by several orders of mag-
nitude. All activity coefficient values are given in Tables S3 and S4
of the Supplement.

ing the cy of either clustering reaction leads to stronger devi-
ation from ideality, which in our case leads to a worse fit for
water activity coefficient, and positive parameter values can-
not be used to lower the interaction enthalpy. The effective
equilibrium constant for water dimer formation (5.71 x 105)
is below that of acetic acid hydration (4.36 x 10%), which ex-
plains why the fit parameter of the water dimer hydration
should be higher (or equal, since positive values are not pos-
sible) than the parameter for acid hydrate formation. Addi-
tionally, we calculated UNIFAC predictions of acid and wa-
ter activity coefficients using AIOMFAC-web (AIOMFAC-
web, 2020; Zuend et al., 2008, 2011). These calculations
(without inorganic ions) correspond to modified UNIFAC
calculations by Peng et al. (2001). From Fig. S1 we see that,
for acetic acid, the UNIFAC model underestimates the exper-
imental activity coefficients more than even the COSMO-RS
estimate. Similar to COSMO-RS, UNIFAC is not able to pre-
dict the increasing trend of water activity coefficients with
the increasing acid mole fraction.

For the other monocarboxylic acids studied here, we used
the same cy value for water dimerization that was found
for the acetic acid—water system, and we fitted the cy of
acid hydrate formation to the experimental activity coeffi-
cients of water and the acids in the corresponding acid—water
systems (Hansen et al., 1955). The enthalpic parameter val-
ues of acid hydration used to estimate the activity coeffi-
cients shown in Fig. 4 are 0.0, 0.0, —10.5, —14.6, —9.2, and
—8.4kImol™! for formic (n = 1), acetic (n =2), propanoic
(n =3), butanoic (n =4), pentanoic (n =5), and hexanoic
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(n = 6) acid, respectively. For formic acid, we used the same
cy parameter as for acetic acid due to lack of experimental
activity coefficients. If the enthalpic parameters in COSMO-
RS-DARE calculations are not fitted to experimental activity
coefficients and instead are set to zero, the activity coeffi-
cients of both acid and water underestimate the experimen-
tal activity coefficients of Hansen et al. (1955) (see Fig. S2
of the Supplement). If no experimental activity coefficients
are available for fitting the COSMO-RS-DARE parameters,
COSMO-RS estimates agree with experiments and are over-
all better than COSMO-RS-DARE or UNIFAC. COSMO-
RS-estimated acid activity coefficients are close to the mea-
sured values in all mixing states, and for water activity coeffi-
cients, the agreement between COSMO-RS and experiments
is good in mixing states with xuciqg < 0.75.

Sachsenhauser et al. (2014) used the COSMO-RS-DARE
method for binary systems containing either acetic (n =2) or
propanoic (n = 3) acid and a nonpolar organic solvent. Their
calculations show that the dimerization parameter (equiva-
lent to cy in our calculations) is higher for propanoic acid
than for acetic acid. This is opposite to what we observed for
the hydration parameters, where cy was found to be higher
for acetic acid than for propanoic acid. This indicates that the
fit parameters of one clustering reaction cannot be used to es-
timate the corresponding fit parameters of another clustering
reactions of the same compound.

While COSMO-RS is fully predictive, COSMO-RS-
DARE requires parameter fitting using experimental data.
Fitted COSMO-RS-DARE parameters from one system can
be used in other systems where the same clustering reactions
are relevant. For instance, Sachsenhauser et al. (2014) found
that the same interaction parameters of acid dimers can be
used in systems containing other similar (nonpolar) solvents.
This indicates that our interaction enthalpies can be applied
to other aqueous systems, e.g., ternary systems containing an
inorganic salt, in addition to the carboxylic acid and water.
This would allow for extending the findings of this study to
atmospherically relevant aerosol solutions.

The increasing length of the acid carbon backbone leads
to larger deviation from ideality (y = 1) for both the acid
and water. In convention I, this means the acid and water ac-
tivity coefficient values are higher in mixtures containing the
longer acids than the shorter acids. We observe that COSMO-
RS-DARE estimated activity coefficients agree well with the
experiments once the cy parameter is fitted. However, when
the hydrate and water dimer reactions are included, COSMO-
RS-DARE is not able to predict realistic activity coefficients
for water at high mole fractions (x,ciq > 0.9) of the acids.
This is likely due to the low concentration of water in the bi-
nary solution, leading to errors in the description of the inter-
actions between water molecules. Still, COSMO-RS-DARE
estimates agree well with the experiments at least up to 0.9
mole fraction of the monocarboxylic acids. This is an im-
provement compared to the UNIFAC model, which fails to
reproduce experimental water activity coefficients already at
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Figure 5. Activity coefficients of (a, b) malonic acid and (c, d) water in the binary mixtures at 298.15 K calculated using different clustering
reactions in the COSMO-RS-DARE calculation. As a comparison are activity coefficients of malonic acid by Davies and Thomas (1956)
(at 298.15 K given in convention III) and Soonsin et al. (2010) (particle measurements at various temperatures given in convention I) and of
water by Maffia and Meirelles (2001), Choi and Chan (2002), Wise et al. (2003), Peng et al. (2001), Marsh et al. (2017), Braban et al. (2003),

and AIOMFAC-web (2020).

acid mole fractions above 0.25. At very high acid mole frac-
tions (xacid > 0.95), COSMO-RS-DARE predicts several or-
ders of magnitude higher activity coefficients than what was
seen in experiments.

3.2.2 Dicarboxylic acids

We tested the effect of including different clusters in the
activity coefficient calculation of malonic acid (m =3). A
comparison between the experimental, UNIFAC-modeled,
and COSMOtherm-estimated activity coefficients is shown
in Fig. 5. The malonic acid activity coefficients are compared
in convention III (Fig. 5a) and in convention I (Fig. 5b). In
convention III, acid activity coefficients are given with re-
spect to a 1 molkg ™! solution reference state (see the Supple-
ment for more information). The COSMOtherm-estimated
water activity coefficients are compared with experimental
bulk (Fig. 5¢) and particle (Fig. 5d) phase activity coeffi-
cients and UNIFAC-estimated activity coefficients.

For malonic acid (and other studied dicarboxylic acids;
see Figs. S3-S5 of the Supplement), COSMO-RS-DARE is
not able to improve the agreement between experiments and
COSMOtherm estimates; the best overall fit is found using
COSMO-RS. The water activity coefficients estimated using
COSMO-RS are close to ones estimated using the UNIFAC
model (modified UNIFAC; Peng et al., 2001). Similarly to
what has been seen with the UNIFAC model, COSMO-RS is
able to predict water activity coefficients obtained from bulk
and evaporation (supersaturated) measurements.

Atmos. Chem. Phys., 20, 13131-13143, 2020

Figure S4 of the Supplement shows comparisons between
experimental and COSMOtherm-estimated water activity co-
efficients in oxalic, adipic, and pimelic acids. For these three
acids, only water activities have been determined experimen-
tally (Braban et al., 2003; Maffia and Meirelles, 2001; Marsh
et al., 2017; Peng et al., 2001). In addition, water activi-
ties in adipic and pimelic acid solutions were only measured
in particle solutions (Marsh et al., 2017). We found a good
agreement between the particle measurements and COSMO-
RS-estimated water activity coefficients, with COSMO-RS
slightly overestimating the experiments. This result is in line
with previous comparisons of hydroxy carboxylic acids (Hyt-
tinen and Prisle, 2020).

The COSMO-RS-estimated activity coefficients of the
studied dicarboxylic acids are shown in Fig. 6. We can
see that, using convention I, the activity coefficients of the
smaller dicarboxylic acids are lower than of the larger di-
carboxylic acids. Comparing COSMO-RS (solid lines) and
UNIFAC estimates (dotted lines), there is less variation be-
tween the UNIFAC-estimated activity coefficients for the dif-
ferent acids studied than between the COSMO-RS estimates.
This indicates that, in COSMO-RS, the number of carbon
atoms has a larger effect on activity coefficients than esti-
mated by UNIFAC.

Additionally, we computed activity coefficients with con-
sideration of the first dissociation step for oxalic acid (the
most acidic dicarboxylic acid of this study) with dissociation
of oxalic acid included in the COSMO-RS calculation. In this
case, the system contains neutral oxalic acid (HyA) and wa-
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Figure 6. COSMO-RS- (solid lines) and UNIFAC-estimated (dot-
ted lines; AIOMFAC-web, 2020) activity coefficients (yl) of (a) di-
carboxylic acids and (b) water in the binary acid—water mixtures at
298.15 K. All COSMOtherm-estimated activity coefficient values
are given in Tables S5 and S6 of the Supplement.

ter (H,0), as well as singly or doubly deprotonated oxalic
acid (HA™ or A>~, respectively) and hydronium ion (H307T)
according to the dissociation equilibrium.

HyA+2H,0 = HA™+H30T+H,0 = A2~ 4+2H;01 (R2)

While both acid groups of oxalic acid can dissociate, here
we consider only the first deprotonation, because the second
dissociation constant of oxalic acid in water is higher (3.81;
Rumble, 2018) than the first one (1.25; Rumble, 2018) and
has a smaller effect on the equilibrium. Figure S6 of the Sup-
plement shows the difference between activity coefficients in
a system where dissociation of oxalic acid is included and
the binary system containing only neutral compounds. The
calculation procedure is explained in more detail in the Sup-
plement. There is no large difference in water activity co-
efficients when the ions are added to the system. A small
change is seen in the acid activity coefficients, especially in
the concentrated solutions where the estimated mole fraction
of dissociated acid and hydronium ion is high. For the other
carboxylic acids studied here, the effect of including disso-
ciation is likely to be smaller than for oxalic acid, due to the
lower mole fractions of ions present in solutions of less acidic
compounds.

3.3 Aqueous solubility

We estimated the aqueous solubility of the monocarboxylic
acids (n = 1-6) using the COSMO-RS-DARE method. Since
activity coefficients are used in the equilibrium conditions of
the LLE calculations, we used the same cy parameters that
were fitted in the activity coefficient calculations to deter-
mine whether the same parameter value can be used in LLE
calculations. As a comparison, we computed the same solu-
bilities using COSMO-RS. Based on previous COSMOtherm
calculations, Michailoudi et al. (2020) found a good agree-
ment with experimental aqueous solubilities of fatty acids
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Figure 7. COSMOtherm-estimated aqueous solubility of mono-
carboxylic acids calculated using COSMO-RS and COSMO-RS-
DARE, at 298.15 K. Experimental solubilities by Saxena and Hilde-
mann (1996) (n = 1-6) and Romero and Sudrez (2009) (n = 5-6).

with even numbers of carbon atoms (n =2, 4, 6,..., 12).
A comparison between experimentally determined aqueous
solubilities and the COSMOtherm estimates of monocar-
boxylic acids are shown in Fig. 7.

We see that when using COSMO-RS-DARE,
COSMOtherm is able to predict the miscibility of the
smaller monocarboxylic acids (n =1-4), but the exper-
imental solubilities of pentanoic (rn =35) and hexanoic
(n =6) acids are overestimated to a greater degree than
when using COSMO-RS. On the other hand, COSMO-RS
underestimates the experimental solubility of butanoic acid
by a factor of 18, while COSMO-RS-DARE overestimates
the experimental solubilities (upper limit) of pentanoic and
hexanoic acids only by factors of 3.4 and 4.1, respectively.

For dicarboxylic acids, we estimated aqueous solubilities
using COSMO-RS. The COSMOtherm-estimated and exper-
imental solubilities are shown in Fig. 8. Different experimen-
tal heat of fusion and melting point values have been reported
for some of the studied dicarboxylic acids. We calculated the
lower and upper limit free energies of fusion by combin-
ing the different experimental values, and the aqueous sol-
ubilities were estimated using the two different free energy
of fusion values. The higher AGg,s estimate gives a lower
aqueous solubility. The variability in the COSMOtherm-
estimated solubilities is smaller than in the experimental sol-
ubilities.

The COSMO-RS solubility estimates of most of the di-
carboxylic acids (m =3-7) are within the range of exper-
imentally determined solubilities. Using all lowest-energy
conformers (up to 40 conformers), instead of only conform-
ers containing no intramolecular hydrogen bonds, lowers
the solubility estimates of all acids by a factor of 1.2 on
average. The same effect of including conformers contain-
ing intramolecular hydrogen bonds has been previously seen
in aqueous solubilities of citric, tartaric, malic, and maleic
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Figure 8. Estimated solubilities of the dicarboxylic acids compared
to their experimental solubilities by Apelblat and Manzurola (1987)
(m =24, 6), Apelblat and Manzurola (1989) (m =5), Apelblat and
Manzurola (1990) (m = 7-8), Saxena and Hildemann (1996) (m =
2-6), Omar and Ulrich (2006) (m =2), Zhang et al. (2013) (m =2—
8), Brooks et al. (2002) (m =4), Song et al. (2012) (m =5), and
O’Neil (2013) (m =5), at 298.15 K. The lower and upper limit sol-
ubility estimates are obtained using the highest and lowest free ener-
gies of fusion (estimated from experimental melting point and heat
of fusion values in Table 1), respectively.

acids, as well as multifunctional organosulfates (Hyttinen
and Prisle, 2020).

4 Conclusions

We compared COSMOtherm-estimated activity coefficients
and aqueous solubilities of simple carboxylic acids with ex-
perimental values and a commonly used UNIFAC model, and
we generally found a good agreement between experiments
and COSMO-RS estimates. Using COSMO-RS-DARE, we
were able to further improve the agreement between esti-
mated and experimental water activity coefficients in binary
monocarboxylic acid—water systems significantly compared
to using COSMO-RS or UNIFAC. The COSMO-RS esti-
mates of monocarboxylic acid activity coefficient in aque-
ous solutions agree with the experiments quite well, and
they were further improved by COSMO-RS-DARE when
the enthalpic fitting parameters were fitted using experi-
mental activity coefficients. We were also able to estimate
activity coefficients of pentanoic and hexanoic acids using
only experimental water activity coefficients in the fitting
of the COSMO-RS-DARE enthalpic parameters. In addition,
COSMO-RS-DARE was able to predict the miscibility of bu-
tanoic acid in water (using the fitting parameters of activity
coefficient calculations), while COSMO-RS predicted a fi-
nite solubility. However, in aqueous solubility calculations
of pentanoic and hexanoic acids, COSMO-RS led to a better
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agreement between the experiments and estimates compared
to COSMO-RS-DARE.

For dicarboxylic acid—water systems, COSMO-RS pro-
duced better agreement with experiments than COSMO-RS-
DARE. The experimental water activity coefficients from
different sources have large variations and COSMO-RS-
estimated water activity coefficients fit within the range of
experimental water activity coefficients obtained from bulk
and evaporation measurements. We also found a good agree-
ment between COSMO-RS-estimated coefficients and exper-
imental acid activity coefficients at all acid mole fractions.

COSMO-RS was able to reproduce the same even—odd be-
havior of the dicarboxylic acid properties that has previously
been seen experimentally in vapor pressures (Bilde et al.,
2003) and solubilities (Zhang et al., 2013), as well as com-
putationally in gas-phase dimer formation (Elm et al., 2019).
The calculated even—odd behavior observed here in aqueous
solubilities is likely partially due to the even—odd variation
of the melting points and heats of fusion. There is also no
visible even—odd behavior in the COSMO-RS-estimated ac-
tivity coefficients of the dicarboxylic acids. However, even—
odd variation is seen in the effective equilibrium constants of
dimerization of the larger dicarboxylic acids (m > 4), which
do not rely on experimental properties.

Mono- and dicarboxylic acids are very common in the
atmosphere and often used as model compounds for oxy-
genated functionalities in a range of applications from vapor
pressure, condensation—evaporation, cloud condensation nu-
clei activity, and hygroscopicity but also aerosol-phase and
heterogeneous reactivity (Prenni et al., 2001; McNeill et al.,
2008; Schwier et al., 2012; Rossignol et al., 2016). Solu-
bilities and activity coefficients of these secondary organic
aerosol (SOA) constituents are needed to accurately predict
their activities and to determine central properties such as
composition, phase state, and chemical reactivity. Accurate
computational tools are critical to provide this information
for systems where experimental data are not readily accessi-
ble in literature or by experimental design. We showed that
COSMOtherm provides a good solution to estimating ther-
modynamic properties of atmospherically relevant organic
compounds that are not commercially available for measure-
ments. In addition to simple binary systems studied here,
COSMOtherm can be used to predict liquid-phase properties,
such as activity coefficients, in complex, atmospherically rel-
evant systems.
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