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Abstract

Dicarboxylic acids are ubiquitous products of the photo-oxidation of volatile organic
compounds which are believed to play a significant role in the formation of secondary
organic aerosols in the atmosphere. In this paper, we report high-level quantum in-
vestigations of the clustering properties of sulfuric acid and benzenedicarboxylic acid
molecules. Up to four molecules have been considered in the calculations and the be-
havior of the three isomers of the organic diacid species have been compared. The most
stable geometries have been characterized together with the corresponding thermody-
namic data. From an atmospheric point of view, the results of the DFT calculations
show that the organic diacid molecules may significantly enhance the nucleation of
small atmospheric clusters, at least from an energetic point of view. In this respect, the
phthalic acid isomer seems more efficient than the two other isomers of the benzenedi-
carboxylic acid, in particular because the internal distance between the two carboxyl
groups in the organic diacids appears to play an important role in the stabilization of
the H-bond network inside the corresponding heterocluster formed with sulfuric acid

molecules.

Introduction

Organic aerosols (OAs) comprise an important, but still ill-characterized, fraction of at-
mospheric aerosols.' OAs may strongly impact on climate forcing through their radiative

245 They con-

properties and their propensity to act as cloud condensation nuclei (CCN).
tribute to visibility degradation in strongly polluted areas® where they are also suspected to
have adverse effects on human health, arising from their small size and chemical composi-
tion.”™® OAs can be either directly emitted into the atmosphere as primary particles (e.g.,

)91 or produced in situ by the oxidation

from fossil fuel combustion and biomass burning
of various organic compounds originating both from anthropogenic and natural sources. In

this last case, they form what is called secondary organic aerosols (SOAs).!"1? Unfortu-



nately, despite the recent recognition of OAs as major players of the Earth’s atmosphere,
the huge variety of these SOAs, which may represent up to 40 % of the OA fraction, strongly
limits our knowledge of their properties and environmental impacts.'®1® Thus, SOAs are
the subject of a growing number of research studies, combining field observations, experi-
mental characterization and numerical modeling, aiming at better characterizing not only
their chemical composition but also their atmospheric transformation and fate.'® A focus
is especially made on the atmospheric formation mechanism of SOAs from the clustering
of different gas phase molecules, which appears to be a complex process,® initiated via the
collision of organic species that stay stuck together via intermolecular interactions, including
chemical bonding, hydrogen-bonding, coulombic and/or van de Waals interactions.'” ! The
small clusters formed this way may grow and become stable against evaporation of their
constituents, thus reaching the critical size.?° Additional uptake of gases, again via more or
less strong intermolecular interactions, may then spontaneously lead to subsequent growth
up to detectable sizes.!” Concomitantly, these newly formed clusters may also be scavenged
by various processes including coagulation with pre-existing particles and rain precipitation,
which limits their lifetime in the atmosphere.!®

Thanks to the development of cutting edge experiments, our knowledge on the first
steps of the aerosol nucleation has deeply improved during recent years.'®?! Thus, it is
now well recognized that new-particle formation likely involves sulfuric acid (SA) and that
only very few SA molecules might be involved in the formation of the corresponding critical
nuclei, especially if other species like highly oxidized organic compounds are simultaneously
present. 71822728 Ag 5 consequence, molecular nuclei relevant for atmospheric nucleation may
be very small, '8 allowing a molecular-level characterization of their formation on the basis of
quantum chemistry methods as, for instance, the density functional theory (DFT).? Thus,
various numerical approaches of the corresponding pre-nucleation mechanisms have recently

19,20,29-34

focused on the properties of clusters made of different species, also leading to the

recent publication of a compiled database consisting of more than 630 atmospherically rel-



evant clusters.?® Organic acids have been especially considered in these theoretical studies,
because experimental evidence suggests that they play a key role in the initial nucleation
of particles together with the SA molecules.?? This feature has been associated with the
ability of the carboxyl groups to form strong hydrogen bonds with the surrounding sulfuric
acid molecules.?*3? Among these organic acids, low molecular weight (LMW) dicarboxylic
acids are of special interest because they represent the most abundant class of organic com-
pounds in aerosols,.'® In addition, their high water-solubility and hygroscopic properties may
enhance the ability of the corresponding aerosol particles to act as CCN or ice nuclei. As
a consequence, atmospheric LMW dicarboxylic acids might directly impact on the Earth
radiative balance.?

LMW dicarboxylic acids are rarely produced as primary compounds but rather, result
from complex photochemical oxidation reactions of various organic precursors.'® Oxalic acid
is generally the most abundant dicarboxylic acid in the atmosphere, followed by malonic

15,35—

and succinic acids. 37 Besides these aliphatic acid molecules, benzenedicarboxylic acid

38740 mainly originating from the oxi-

(CgHgOy) is also broadly present in ambient aerosols,
dation of naphthalene, benz[alanthracene and other polycyclic aromatic hydrocarbons that
can be produced in diesel exhaust, coal combustion and biomass burning.®® Benzenedicar-
boxylic acid has been also found in emissions collected in aircraft engine exhaust running

at low thrust.*

Thus, benzenedicarboxylic acid has been proposed as a surrogate for the
contribution of SOA to an ambient sample, arising from naphthalene, methyl-naphthalene,
and possibly other 2-ring, gas-phase PAHs, in a source attribution approach.*? However, this
aromatic diacid may also be emitted from primary sources such as off-gassing of plasticizers
from plastics, which complexifies any source attribution.*? Note that, from a molecular point
of view, the three o-, m-, p-CsHgO, isomers, usually called phthalic (PA), isophthalic (iPA)
and terephthalic (tPA) acid molecules (Fig. 1) have been detected in aerosol samples, with
36,39,40

however different abundances suggesting different origins.

Although the interaction of benzenedicarboxylic acid with SA has been recently inves-



tigated by means of DFT approaches using various functionals and basis sets,303%4 the

corresponding studies have been restricted to either one phthalic acid molecule interacting

32 or twoY SA molecules, or to the characterization of the bimolecular clusters

with one
formed by one SA molecule and one molecule of each of the CgHgO, isomers.** Moreover,
the conclusions concerning the structure and the thermodynamics of the most stable clusters
obtained in these theoretical studies are somehow different, depending on the methodology
used in the quantum approaches. As a consequence, here, we follow a numerical procedure
similar to the one used in our previous study devoted to skatole oxidation products,* to
go one step further by characterizing the pre-nucleation hetero-clusters formed between the
three o-, m-, p-CgHgOy isomers and up to three SA molecules (i.e., up to four molecules are
considered in the optimized clusters). In particular, the most stable clusters are identified
via preliminary optimization at a semi-empirical level, followed by subsequent DFT opti-
mizations performed on selected configurations. The energy, enthalpy and Gibbs free energy
of formation of these clusters are then calculated at the same level of theory. Note that
considering the three CgHgO, isomers simultaneously in the same study allows a careful in-
vestigation of the influence of the carboxyl groups position on the clustering capacity of these
organic acid molecules. In addition, the results obtained for the heteroclusters are compared
to those obtained for homoclusters made of either SA molecules or benzenedicarboxylic acid
molecules, only, in particular because it is known that highly oxidized organic compounds
on their own can form new particles in the atmosphere without sulfuric acid.?”

The present paper is organized as follows. The computational details simulations are pro-
vided in Section 2 and the corresponding results for the cluster configurations are discussed

in Section 3. Finally, the main conclusions of this study are summarized in section 4.
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Figure 1: Snapshots of the (a) phthalic (PA), (b) isophthalic (iPA), and (c) terephthalic (tPA)
isomers of the benzenedicarboxylic acid molecule considered in this work. These geometries
have been optimized at the ®B97X-D/6-31++G(d,p) level of theory. Hydrogen, carbon, and
oxygen atoms are represented in white, dark gray, and red, respectively.

Computational Details

The optimization of the different clusters considered in this study has followed a proce-
dure previously used in a similar context.?® First, a set of initial conformers has been
semi-randomly generated by placing one SA molecule around one benzenedicarboxylic acid
molecule or one previously formed small cluster, in preferential regions selected because of
their strong electrostatic charge, as identified by generating electrostatic potential maps us-
ing the NPA method.* Indeed, proceeding this way has ensured that only the regions of the
configuration space that most likely lead to strong binding have been sampled. Between 30
and 240 configurations have been generated this way for each system under consideration,
which have then been pre-optimized, first, at the semi-empirical PM6 and, afterwards, at
the PW91/6-31G(d,p) levels of theory.

Once this pre-optimization has been completed, the resulting conformers have been sorted
by their electronic energy and the lowest energy configurations, within 8 kcalmol™!, have
been selected for further optimization at the ©wB97X-D/6-314++G(d,p) level of theory. The

»wB97X-D exchange-correlation functional used in these calculations is a long-range corrected



hybrid functional which includes dispersion corrections.*” It has been selected on the basis of
previous studies showing that wB97X-D has performed slightly better than other functionals
to estimate the energies of a set of 11 small atmospheric relevant clusters, when compared
to calculations performed with CCSD(T) complete basis set.*®

The corresponding calculations have been performed with a dense integration grid (ultra-
fine) and tight convergence criteria, together with a vibrational frequency analysis. The
latter has allowed us, first, to ensure that the obtained geometry has a proper energy min-
imum and, second, to compute the thermodynamic quantities at standard conditions (i.e.,
T =298.15K and P = 1atm) using the rigid-rotor harmonic oscillator approximation, with
a quasi-harmonic treatment for the low-lying frequency modes. 45 The optimized configura-
tions have been carefully analyzed to discard highest energy conformers, within 6 kcal mol=!,
and redundant configurations. Finally, to obtain a better evaluation of the electronic energy,
a single-point calculation at the wB97X-D/def2-TZVPPD level of theory has been carried
out on top of the most stable geometries optimized at the ®B97X-D/6-31++G(d,p) level of
theory. The Gaussian 09 quantum chemistry software®! has been used for all calculations.

Computed thermodynamic quantities have been the binding energy, AFE, corrected by
the zero-point vibration energy, the enthalpy of formation, AH, and the Gibbs energy of

formation, AG. In these calculations, the following definition has been used:

AO = O[nxPA +mSA| — nO[zPA] — mO[SA] (1)

where © denotes either the energy, E, the enthalpy, H, or the Gibbs energy, G, and xPA
refers to the various isomers of the benzenedicarboxylic acid (i.e., PA, iPA and tPA). In
addition, when considering the formation of clusters made of n benzenedicarboxylic acid

molecules and more than one SA molecule (m > 1), three alternative definitions for the



calculation of these thermodynamic quantities have been considered, namely:

AO* = O[nxPA + mSA] — ©[nxPA + (m—1) SA] — ©[SA4] (2)
ABO" = O[nxPA + mSA] — O[nxPA + (m—2) SA] — O[2SA] (3)
AO' = O[nxPA + mSA] — O[nxPA + (m—3) SA] — O[3 SA] (4)

which correspond to different pathways for the cluster formation (i.e., the direct addition of
one, two or three SA molecules, respectively) to an already preformed cluster made of xPA
and SA molecules.

Note that additional optimizations have also been performed at the ®B97X-D /aug-pcseg-
1 and wB97X-D/def2-SVPD levels of theory, for comparison with the results obtained at
the ©BI7X-D/6-31++G(d,p) level of theory. As in our previous study,?® the geometries
optimized with these three methods have been found to be very similar, with a mean bond
length deviation, including hydrogen bonds, equal or lower than 2x10~2 A. However, energy
differences have been found to be more pronounced than geometry differences, even if it
has not resulted in a dramatic change of the ordering of the configurations. Additionally,
some geometries optimized at the wB97X-D/aug-pcseg-1 and ©wB97X-D/def2-SVPD levels
of theory have been subjected to wB97X-D/def2-TZVPPD single-point calculations. Due to
the small geometry differences between the three double-C basis set optimizations, the energy
deviation has been found to be quite small, with a maximum of 2x 107! kcal mol~* difference.
Moreover, zero-point vibration energy, enthalpy and entropy corrections, also calculated at
the ®B97X-D/aug-pcseg-1 and wB97X-D/def2-SVPD levels of theory, have been found to be
quite similar to those obtained at the ®B97X-D/6-31++G(d,p) level of theory, with a mean
energy deviation of about 3x 107! kcal mol~!. This has confirmed that a full optimization at
the ®B97X-D/6-31++G(d,p) level of theory with an additional single-point calculation using
a triple-{ basis set can be considered sufficiently accurate for the systems under investigation

here. As a consequence, only the results obtained with this approach will be discussed in



detail below.

Results and Discussion

Dimers of Benzenedicarboxylic and Sulfuric Acid Molecules

The structures of the lowest energy dimers made of one SA molecule and one molecule of
each of the benzenedicarboxylic acid isomers (i.e., PA, iPA and tPA) are shown in Fig. 2

and the corresponding thermodynamic data are given in Table 1.

(a) PA+SA (1) (b) PA + SA (2)
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Figure 2: Snapshots of the most stable configuration obtained for a dimer made of one sul-
furic acid and one (a,b) phthalic, or one (c¢) isophthalic, or one (d) terephthalic molecule, as
obtained from DFT calculations at the ®B97X-D/6-31++G(d,p) level of theory. Hydrogen,
carbon, oxygen and sulfur atoms are represented in white, dark gray, red and yellow, respec-
tively.

Let us first comment the most stable structures which have been optimized when consid-
ering the iPA and tPA molecules (Figs. 2c and d), because they are very similar and, thus,
correspond to almost equivalent thermodynamic results (Table 1). Indeed, in both cases, the
SA molecule form a pair of one donor and one acceptor hydrogen bonds with one of the

two carboxyl groups of the benzenedicarboxylic acid molecule which, in these isomers, are



Table 1: Energetic data obtained from single-point calculations at the «&wB97X-
D/def2-TZVPPD level of theory, on top of a geometry optimized at the »B97X-
D/6-314++4G(d,p) level of theory. Thermal contributions and zero-point vibration
energy were evaluated at the ®«B97X-D/6-314++G(d,p) level of theory. All values
are given in kcal mol™1.

Configurations AFE AH AG AG* AGH AGH

PA+SA (1) —21.1 —21.9  —88 — — —
PA+SA (2) —153 —162  —3.7 — — —
iPA 4 SA —17.9 —189  —6.1 — — —
tPA + SA 175 —186  —538 — — —
(PA), 139 —149  —18 — — —
PA + iPA 162 —17.3  —40 — — —
PA + tPA ~159 =169  —3.7 — — —
(iPA)s 175 —185  —5.1 — — —
iPA + tPA —17.2 —182  —48 — — —
(tPA), ~16.9 —180  —45 — — —
PA+2SA (1) —39.0 —410 —134  —45  —82 —
PA+2SA (2) —349 —369  —93  —04  —41 —
iPA + 2SA 353 —374 —116 —55  —64 —
tPA 4+ 2SA 349  —370 —114 —56  —62 —
PA+3SA (1) —581 —612 —195 —62  —55 —10.1
PA+3SA (2) —550 —581 —164 —31  —24  —6.9
iPA+3SA (1) —527 —559 —163  —46  —49  —6.8
iPA4+3SA (2) —539 —57.1 —158  —42  —45  —6.3
tPA + 3SA 521 =553 —155  —41  —45  —6.1
2PA + SA —42.0  —437 —154 —135 — —
2iPA + SA 355 —376 —111  —6.0 — —
2tPA + SA —350 —371 —112  —6.7 — —
(SA), ~164 —175  —52 — — —
(SA)s 324 =345  —95  —43 — —
(SA), 502 —534 —130 —35  —26 —
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located sufficiently far apart for not being simultaneously involved in the bonding with SA.
The corresponding Gibbs free energy calculated following the procedure described above
(Eq. (1)) are equal to —6.1 and —5.8kcalmol™" for the iPA + SA and tPA + SA dimers,
respectively. Note that because of the separation between the two carboxyl groups in these
iPA and tPA isomers, their corresponding dimers with SA have been quite easily optimized
and, thus, no other conformer has been found in our investigations. These structures are
very similar to those recently obtained with the PW91 and the M06-2X functionals and the
6-3114++4G(d,p) basis set, although in this case, the corresponding Gibbs free energies are
slightly lower, ranging from —7.9 to —7.3 kcalmol~!, depending on the method used.**

The situation is a bit different when considering the phthalic acid isomer in which the
two carboxyl groups are sufficiently close together to form a strong intramolecular hydrogen
bond. Indeed, in this case, two stable conformers have been evidenced. In the first one,
SA is tied to the PA molecule by two H-bonds formed with only one of the two carboxyl
groups of the PA molecule (Fig. 2b), thus keeping intact its intramolecular hydrogen bond.
The corresponding geometry is in fact very similar to those optimized when considering
the iPA and tPA isomers of benzenedicarboxylic acid (Figs. 2c and d). Note that only this
configuration has been found in previous studies using the PW91 and the M06-2X functionals
together with the 6-3114++4G(d,p) basis set, with Gibbs free energy being equal to —4.47
and —5.26 kcal mol ™, respectively.* The calculations performed here at the ©B97X-D /def2-
TZVPPD level of theory has led to a slightly higher value of —3.7kcal mol~!. Anyway, this
configuration can be viewed as a local minimum only, because a much more stable structure
has been found when allowing the breaking of the intramolecular hydrogen bond of the PA
molecule. Indeed, this has led to the formation of three hydrogen bonds with the SA molecule,
two of them being donor H-bonds, while the third one corresponds to the formation of an
acceptor H-bond between one oxygen atom and one —OH group of the SA and PA molecules,
respectively (Fig. 2a). The Gibbs free energy of this structure is equal to —8.8 kcal mol™,

the energy loss (in absolute value) resulting from the breaking of the intramolecular H-bond

11



of the PA molecule being more than compensated by the corresponding energy gain due to
the formation of the third intermolecular H-bond with the SA molecule. This configuration
is very similar to the one previously optimized at the M06-2X/6-31++G(d,p) level of theory
and the Gibbs free energy value obtained in the present work is exactly the same as previously
obtained by performing high-level CCSD(T)-F12a/VDZ-F12 calculations. *?

It is worth mentioning that, from a thermodynamic point of view, the present results
indicate that the formation of an heterodimer made of one xPA acid and one SA molecules
always appears favored with respect to the formation of the SA dimer (the free energy values
for the formation of these dimers are equal to —8.8, —6.1, and —5.8 kcalmol™!, for PA + SA,
iPA + SA and tPA + SA, respectively, vs —5.2kcal mol™ for (SA),, see Table 1). It is also
energetically favored when compared to the formation of any benzenedicarboxylic acid dimer,
irrespective of the isomer considered (see Fig. 3 and Table 1 for the optimized geometries
and the corresponding free energies of these acid dimers, respectively). Indeed, among all
the possibilities, the lowest Gibbs free energy value (—5.1 kcal mol™!), which is calculated for
the formation of the (iPA), dimer, still remains 1.0 kcal mol™! higher than the corresponding
value for the iPA 4+ SA dimer (Table 1). Of course, such a conclusion does not take into
account any kinetic arguments nor any probability of occurrence, which may depend on the

relative atmospheric concentrations of these various species.*4

Beyond the Dimers

Heteroclusters made of one xPA and two or three SA molecules have been optimized at
the level of theory detailed above. The corresponding thermodynamic results are given in
Table 1 while the most stable configurations which have been optimized with our approach
are shown in Figs. 4 and 5. First, when considering the optimized structures for the various
xPA 4 2 SA trimers, it can be easily seen that the two SA molecules are attached to the two
carboxyl group of the iPA and tPA molecules, without evidence for any bonding between the

SA molecules themselves. This is confirmed by the fact that the corresponding AFE values

12



(a) (PA), (b) PA + iPA
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(c) PA + tPA (d) (iPA),
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(c) iPA + tPA (d) (tPA),

Figure 3: Geometries of the xPA dimers optimized at the ®B97X-D/6-31++G(d,p) level of

theory. Hydrogen, carbon, oxygen and sulfur atoms are represented in white, dark gray, red,
and yellow, respectively.
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are roughly twice those calculated for the iPA + SA and tPA + SA dimers. Moreover, for
both systems, the addition of the second SA molecule corresponds to the similar free energy
change of about —5.5kcalmol™, as indicated by the corresponding values of AG*. The
situation is, again, a bit different when looking at the behavior of the PA molecule. Indeed,
in this case, two stable configurations are evidenced in the calculations, with free energy
values equal to —13.4 and —9.3kcal mol™!, corresponding to the breaking (Fig. 4a) and the
preservation (Fig. 4b) of the intramolecular hydrogen bond in the PA molecule, respectively.
It is interesting to note that the trimer which has the lowest free energy of formation appears
strongly stabilized by the formation of two H-bonds between the SA molecules, whereas only
one is formed in the other configuration. Thus, the energy change related to the breaking of
the intramolecular H-bond of the PA molecule appears compensated by the formation of a
second H-bond between the two attached SA molecules. For the most stable configuration
of the PA 4 2SA trimer, the addition of one SA molecule corresponds to a net free energy
change (AG*) of —4.5kcal mol™! with respect to the most stable PA + SA dimer.

(a) PA + 2SA (1) (b) PA + 25A (2)

Zh dx

(c) iPA + 2SA (d) tPA + 2SA

?£Vé9

' o
e “o% ;&.
Figure 4: Geometries of the xPA + 2SA clusters optimized at the ®B97X-D/6-31++G(d,p)

level of theory. Hydrogen, carbon, oxygen and sulfur atoms are represented in white, dark
gray, red, and yellow, respectively.
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The stable configurations obtained when three SA molecules interact with one xPA
molecule are shown in Fig. 5. For these tetramers, two different situations are evidenced, de-
pending on the distance between the two carboxyl groups in the xPA molecules. Indeed, two
of the three attached SA molecules optimize their H-bonding with the two distant carboxyl
groups of the tPA molecule, while the third SA molecule is directly tied to one of the two oth-
ers (Fig. be). Such a configuration is also found on the iPA molecule (Fig. 5¢), although a sec-
ond, slightly less stable, minimum is also found, in which the three SA molecules rather tend
to optimize their intermolecular H-bonding (Fig. 5d). It is interesting to note that although
the latter has a lower energy of formation than the former (—53.9 vs. —52.7kcalmol™'),
the reverse situation prevails with regards to the Gibbs free energy of formation (—15.8 wvs.
—16.3kcal mol™!) due to entropic effects. Moreover, when considering the PA molecule for
which the two carboxyl groups are close together, the three attached SA molecules tend to op-
timize their H-bonding both with the PA molecule and between themselves. In this situation,
two energy minima are evidenced, the most stable configuration (Fig. 5a) being related to the
breaking of the intramolecular H-bond of the PA molecule (AG = —19.5kcal mol™"), whereas
in the second, less stable, configuration (Fig. 5b), this intramolecular H-bond remains almost
preserved (AG = —16.4kcalmol ). As already observed for the smaller clusters, the break-
ing of the intramolecular H-bond in the PA molecule allows the formation of one additional
intermolecular H-bond with the SA molecules, the energy gain (in absolute value) associ-
ated with the formation of the latter compensating for the energy loss corresponding to the
breaking of the former. Also, it is worth mentioning that although proton transfer has been
sometimes observed during the optimization procedure, the Gibbs free energy of formation
of the corresponding structures has always been found higher than the one of the stable
structures detailed above. This indicates that the clustering of the molecules considered here
remains likely a process involving non-dissociated molecular species, only.

From a thermodynamic point of view, the present results show that the formation of an

heterocluster made of one xPA and two or three SA molecules always appears favored with
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Figure 5: Geometries of the xPA + 3 SA clusters optimized at the ®B97X-D/6-31++G(d,p)
level of theory. Hydrogen, carbon, oxygen and sulfur atoms are represented in white, dark
gray, red, and yellow, respectively.
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respect to the formation of the SA trimer or the SA tetramer (see the corresponding AG
values in Table 1). This clearly shows that the presence of the organic diacid may strongly
favor the nucleation of the sulfuric acid molecules.

In addition, it appears that the 2PA + SA trimer has a lower Gibbs free energy of
formation than any of the stable PA + 2SA clusters (the smallest energy difference being
equal to 2kcalmol™!, see Table 1). This may be explained by a better optimization of the
H-bonds network between the three molecules in the former case, although the same total
number of 6 H-bonds is observed in the two situations (Fig. 6a). For the two other xPA
isomers (iPA and tPA), the most stable 2xPA 4+ SA and xPA + 2SA clusters (Figs. 6b,c)
have very similar Gibbs free energy of formation (Table 1) and, from a thermodynamic point
of view, their formation may thus appear equally likely. Again, these conclusions do not
account for any kinetic arguments nor any relative atmospheric abundances of these various
species, which may however control both their collision and sticking probabilities.

Finally, note that we did not try to optimize other molecular combinations for these
heteroclusters (for instance, clusters made of more than two dicarboxylic acid molecules, or
made of two xPA and two SA molecules) due to the increasing number of different possibilities
and the numerical resources that would thus be required to find the absolute minimum for

the corresponding structures.

Calculations of evaporation rates

Beside thermodynamical results, additional information on the cluster stability has been
obtained from the calculation of the evaporation rates for the most stable clusters optimized
above, following the procedure detailed by Ortega et al.?® These evaporation rates have been
determined at 298.15 K and 101 325 Pa. For each cluster we have considered all potential
evaporation pathways, keeping then the one with the highest evaporation rate, only. For
example, for the sulfuric acid tetramer, we have considered the evaporation of one monomer

leading to the trimer and the evaporation of a dimer leading to a dimer. The corresponding
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(a) 2PA + SA (b) 2iPA + SA
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Figure 6: Geometries of the 2xPA + SA clusters optimized at the ®B97X-D/6-31++G(d,p)
level of theory. Hydrogen, carbon, oxygen and sulfur atoms are represented in white, dark
gray, red, and yellow, respectively.

(c) 2tPA + SA



results are given in Table 2.

From the evaporation rate point of view, we can see that the xPA + SA clusters have
an evaporation rate significantly lower that the one calculated for the sulfuric acid dimer
(this is especially true for the PA + SA dimer) and that those of the carboxylic acid dimers.
Moreover, the addition of a second PA molecule to these clusters (i.e., 2xPA + SA) seems
more favorable than the addition of a second molecule of sulfuric acid (i.e., xPA + 2SA),
at least for PA and tPA acids. All the 2xPA + SA trimers also appear more stable than
the sulfuric acid trimer. In addition, when considering tetramers, the evaporation rates show
that adding a xPA molecule to the sulfuric acid trimer may strongly stabilize it, with respect
to the addition of a fourth SA molecule. Thus, the analysis of these evaporation rates infers
conclusions that are in line with those issued from the thermodynamic results. Of course,
the precise pathways for clustering will as well depend on the concentration of both xPa and
SA molecules. Further studies are thus necessary to confirm the exact role of xPA in new
particle formation.

On the other hand, by definition, the values of the evaporation rates depend on the free
energy values calculated for the formation of the clusters under investigation. Unfortunately,
for large clusters, no method can ensure that the global minimum free-energy has actually
been found in the calculations. However, the present results represent at least a lower limit for
the cluster stability, because discovering better structures (i.e., structures corresponding to
a lower free energy value) would only lead to lower evaporation rates, thus even more stable
clusters. As the pure sulfuric acid clusters have been extensively explored in the literature,
preventing thus better structures to be found, any benzenedicarboxylic acid cluster more
stable than those found here, would then reinforce our conclusions on the stabilization effect

of these molecules when compared to the pure SA clusters.
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Table 2: Evaporation rates (s~ ') for different clusters included in this work. The

corresponding free energy of formation (kcal mol™'), calculated at the wB97X-
D/def2-TZVPPD level of theory, is recalled.

Configurations AG evaporation rate

Dimers

PA + SA —8.8 3.40x 103
iPA + SA —6.1 3.24x10°
tPA 4+ SA —5.8 5.38x10°
(PA), —1.8 4.98x108
PA +iPA —4.0 1.19%107
PA + tPA —3.7 1.98x107
(iPA), —5.1 1.86x10°
iPA + tPA —4.8 3.09x10°
(tPA)y —4.5 5.13x10°
(SA), —5.2 1.31x10°
Trimers

PA +2SA —13.4 4.48x106
iPA +2SA —11.6 9.80x10°
tPA + 2SA —11.4 8.28x10°
2 PA + SA —15.4 1.53x10°
2iPA + SA —11.1 2.28 %106
2tPA + SA —11.2 5.91x10°
(SA)3 —9.5 6.63x 108
Tetramers

PA + 3SA —19.5 9.40x10°
iPA + 3SA —16.3 4.76x106
tPA + 3SA —15.5 5.09% 106
(SA), —13.0 1.19x108
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Conclusions

DFT calculations have been applied to investigate the interaction of the three benzenedicar-
boxylic acid isomers (PA, iPA, and tPA) with sulfuric acid, which is a common atmospheric
aerosol nucleation precursor. Heteroclusters of up to four molecules have been considered and
their most stables geometries have been characterized together with the corresponding ther-
modynamic data. When considering the Gibbs free energy of formation, our results show that
the clusters optimized when considering interaction of sulfuric acid molecules with the iPA
or tPA isomers are characterized by roughly the same values, and are always less stable than
those formed with the phthalic acid isomer, provided that the intramolecular H-bond in this
PA isomer is broken. This conclusion is obtained irrespective of the number of SA molecules
considered in the calculations and it can be related to the internal distance between the two
carboxyl groups in the organic acid molecules. Indeed, when the —COOH groups are in the
ortho position (PA), their proximity allows for the formation of additional H-bonds between
the attached sulfuric acid molecules, thus reinforcing the H-bond network inside the corre-
sponding heterocluster. These results nicely complement previous conclusions drawn from
the examination of the interaction between various organic acid molecules and one sulfuric

45,52 They also confirm that the intramolecular hydrogen bond in the phthalic

acid molecule.
acid isomer has to be broken to enhance the interaction with sulfuric acid molecule,?? a
feature which seems however not obtained in some other studies using a different quantum
chemistry level of theory.*4

More important from an atmospheric point of view, the present results show that the
formation of an heterocluster made of benzenedicarboxylic and sulfuric acid molecules is
always energetically favored with respect to the clustering of sulfuric acid molecules alone.
When compared with the available results in the literature obtained with similar DFT ap-
proaches, it appears that the heterocluster based on benzenedicarboxylic acid molecules are

also energetically more stable than those formed with other diacid molecules.3%** Besides,

the calculated evaporation rates also confirm that the addition of a benzenedicarboxylic acid
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molecule may stabilize sulfuric acid clusters. These features thus infer that benzenedicar-
boxylic acid molecules may enhance the nucleation of small atmospheric clusters, as already
discussed for other organic diacid molecules,®® although they are certainly less efficient than

bases which are known to strongly bind to sulfuric acid molecules.?*
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