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ABSTRACT: We investigate the molecular interaction between sulfuric acid and a C¢H;O,
ketodiperoxy acid compound (a proxy for highly oxidized products of, e.g, monoterpene
autoxidation) in the presence of water, ammonia, or dimethylamine. The molecular geometries are
obtained using density functional theory (M06-2X, PW91, and @B97X-D) with the 6-31++G(d,p)
basis set, and the binding energy is corrected utilizing a high-level DLPNO—CCSD(T)/def2-
QZVPP calculation. The formation free energies were calculated (AG at 298 K and 1 atm), and the
stability of the molecular clusters was evaluated. The presence of bases is found to enhance the
interaction between ketodiperoxy acid compounds and sulfuric acid. The addition of C4HgO,
compounds to (H,SO,)(NH;) or (H,S0,)((CH;),NH) clusters is, however, not able to compete

with the corresponding uptake of another sulfuric acid molecule, even at a high loading of organic

compounds. We furthermore investigate the origin of the weak binding of peroxyacid compounds using atoms in molecules and
natural bonding orbital analysis. The weak binding is caused by an internal hydrogen bond and the lack of a strong hydrogen
bond acceptor in the peroxyacid group. These findings indicate that autoxidation products containing solely or mainly
hydroperoxide and carbonyl functional groups do not participate in the initial step of new particle formation and thereby only

contribute to the growth of atmospheric particles.

1. INTRODUCTION

The formation of new particles in the atmosphere remains a
puzzling phenomenon. Sulfuric acid is known to be a main
contributor in many environments,' but cannot by itself, or
coupled with water, account for new particle formation events
observed in the ambient atmosphere.”” Evidence suggests that
atmospheric bases efficiently stabilize sulfuric acid clusters via
acid—base pairing. The involvement of ammonia, as the most
abundant atmospheric base, also yields low new-particle
formation rates compared to observations.”” Atmospheric
amines such as dimethylamine exhibit a larger stabilization
effect than ammonia.* and even a few parts per trillion of
dimethylamine would be sufficient to account for observed new
particle formation events.” Resolving the direct involvement of
amines in new particle formation is hampered by the sparse
amount of continued measurements of amine concentrations.
Using a newly developed bisulfate cluster-based atmospheric
pressure chemical ionization mass spectrometer for high-
sensitivity, no dimethylamine concetrations above 150 pp
were detected during a campaign in Hyytidld in Spring 2013.
Nonbasic highly oxidized organic compounds formed from
oxidation of monoterpenes have been inferred to participate in
atmospheric new particle formation, though the structures of
the key participating compounds are still unknown.”~” It is also
unknown at which stage these highly oxidized organic
compounds influence the formation of new particles, that is,
whether they are only involved in the initial steps in new
particle formation,'’ the growth,'' or contribute to both

formation and growth.'>"’

-4 ACS Publications  © 2016 American Chemical Society

2240

Highly oxidized organic compounds are likely formed
through autoxidation in the atmosphere."*™"” Following
ozonolysis, organic compounds can be oxidized through a
series of unimolecular peroxyalkyl radical hydrogen shift
reactions and addition of molecular O,. Savee and Papajak
have experimentally directly detected the hydroperoxyalkyl
radical product of the peroxyradical hydrogen shift reaction in
the oxidation of 1,3-cycloheptadiene.'® Uni- or bimolecular
termination steps yield final closed-shell products with a high
oxygen-to-carbon (O/C) ratios of ~1."

The autoxidation process leads to an array of possible
products, mainly containing various carbonyl and hydrogen
peroxide moieties. The broad range of potential products
hinders the analysis of which compounds participate in the
initial steps of the new particle formation. A detailed
autoxidation scheme of even the simplest monoterpene a-
pinene has still not been identified. The first few steps in the
process have recently been elucidated,'”* and highly oxidized
products such as C;gH;4Oy have been suggested to form
through a peroxy—alkoxy radical route involving a ring-opening
reaction.”’ Using the simpler cyclohexene system as a surrogate
for larger monoterpene oxidation, Rissanen et al. uncovered the
complete autoxidation pathways of the system yleldlng highly
oxidized CgHgO,, C¢H Oy, and C4HgOy compounds.™ Using
the identified highly oxidized C4HgO, ketodiperoxy acid
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compound as a proxy for larger monoterpene oxidation
products we recently investigated formation free energies of
(H,S0,);-,(C¢HgO,),_, clusters using computational meth-
ods.”” We found that the hydrogen peroxyacid moiety binds
very weakly to sulfuric acid and that all the formation pathways
involving C¢HgO, were less favorable than forming a sulfuric
acid dimer. This indicates that ketodiperoxy acid autoxidation
products cannot be key species in the initial steps of the new
particle formation involving sulfuric acid alone. Another
stabilizing component such as bases or water might be
necessary to yield stable clusters. In this paper, we investigate
the effect of bases and water on the stabilization of
(H,S0,4)1-,(C¢HgO;),_, clusters. Using density functional
theory (DFT) we obtain the minimum-energy geometries
and apply a domain local pair natural orbital coupled cluster
(DLPNO—CCSD(T)) method to calculate the binding
energies. This study allows for the determination of whether
autoxidation products involving peroxyacid groups are capable
of entering new particles at the earliest stages or whether the
compounds are only involved in the further growth of freshly
formed particles.

2. METHODS

2.1. Computational Details. All DFT calculations were
performed in Gaussian09, revision B.01,” and DLPNO-
CCSD(T) calculations were performed in ORCA 3.03.%* The
geometries of the (H,SO,),_,(H,0) and (H,SO,),_; clusters
were extracted from the work by Loukonen et al,” and the
(H,S0,),_,(NH;) and (H,S0,);_,((CH;),NH) clusters were
taken from the work by Ortega et al.”® The geometries of the
(H,80,);,(C¢HgO,),_, clusters are taken by the previous
work by Elm et al.”* The remaining clusters are constructed
using a systematic scanning approach that is guided by several
thousands of semiempirical (PM6) guess structures and
subsequently refined using DFT as previously described.”” ™’

We utilize the DFT functionals M06-2X, PW91, and @B97X-
D, which have previously been identified to perform well in
describing clusters of atmospheric relevance.’®™* All structures
are initially evaluated using MO06-2X/6-31+G(d), and sub-
sequently all conformers within 3 kcal/mol of the lowest
identified structrure are evaluated using M06-2X, PW91, and
®wB97X-D with the 6-31++G(d,p) basis set. We recently
showed that the reduction from a large 6-311++G(3df,3pd)
basis set to the smaller 6-31++G(d,p) basis set had little effect
on the thermal contribution to the Gibbs free energy (less than
1 keal/mol) and did not change the subsequent calculation of
the single-point energy substantially.”* The single-point
energies for each functional are then corrected by a high-level
ab initio DLPNO—CCSD(T)***° method with a large Def2-
QZVPP basis set. The three results are averaged to present the
final Gibbs free energies. The advantage of using this approach
is that potential errors introduced by a single functional are
compensated by the two other calculations. Additionally, the
utilization of three functionals simultaneously allows the
estimation of the error (depicted as one standard deviation
0) in the calculation arising from the choice of DFT functional.
The o-value thereby represents the sensitivity of the cluster
formation reactions to the choice of functional. The DLPNO—
CCSD(T)/Def2-QZVPP method has previously been shown
to systematically underestimate the binding energies,”” and the
results presented here can thereby be considered as a lower
bound. All the thermodynamic parameters were calculated
using rigid rotor-harmonic oscillator approximations, at 298.15
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K and 1 atm, corresponding to the ground level and lowest part
of the troposphere. Note that the results presented here are
slightly different from our previous study,” as only the 6-31+
+G(d,p) basis set is used to obtain the geometries in the
present work. We will thereby recompute all the values of the
(H,80,),,(C¢HgO,),_, clusters herein, to allow a direct
comparison.

In the bonding pattern analysis of Section 3.6 all calculations
were performed using the BP86 functional and a TZVP basis
set. Natural bond orbital (NBO) plots were created using
ChemCraft.”® Evaluation of bond critical points in Bader’s
Quantum Theory of Atoms in Molecules (QTAIM) framework
was performed with Multiwfn.*

3. RESULTS AND DISCUSSION

3.1. (C4Hg0,)(X) Complexes, X = H,0, NH;, (CH;),NH,
and H,S0,. We previously calculated the molecular interaction
between a CsHgO., ketodiperoxy acid compounds and sulfuric
acid.”> The interaction was found to be weak, with a formation
free energy of —02 kcal/mol for the (C4HO,)(H,SO,)
complex. The calculated Gibbs free energies for forming a
complex between the C4HgO, ketodiperoxy acid compound
and the common nucleation precursors H,O, NH;, (CH;),NH,
and H,SO, are shown in Table 1.

Table 1. Average Gibbs Free Energy” (AG, at 298.15 K and
1 atm) for the Formation of the (C¢H30,)(X) Complexes,
with X = H,0, NH,, (CH,),NH, and H,SO,

reaction AG o
C¢H0, + H,0 = (C¢H;0,)(H,0) 5.0 0.7
CeHgO, + NH, = (CgHg0,)(NH,) 2.1 0.7
C¢H;O, + (CH;),NH = (C4H,0,)((CH,),NH) 0.7 0.6
CeHyO, + H,80, 5 (C4H 0,)(H,S0,) —02 0.7

“Calculated using DFT/6-31++G(d,p) optimized geometries and a
DLPNO-CCSD(T)/def2-QZVPP single-point energy correction.
The o-value depicts one standard deviation. All values are presented
in kilocalories per mole.

The C¢HgO, compound interacts very weakly with H,O,
NHj;, and (CH;),NH, with positive formation free energies in
all cases. Water shows the weakest interaction with a Gibbs free
energy of formation of 5.0 kcal/mol. The formation free energy
is slightly lower for ammonia with AG = 2.1 kcal/mol and is
found to be most favorable for dimethylamine with AG = 0.7
kcal/mol. To calculate the corresponding concentrations of the
formed complexes the following general reaction can be
considered:

C¢H 0, + X = (CH0,)(X)

Assuming mass-balance relations this leads to the following
complex concentration at equilibrium:
-AG

[(CH,0,)00] = [0, x]exp( =57 )
At atmospheric conditions, [NH;], [(CH;),NH], and [H,SO,]
are normally in the parts per trillion range (~1 X 10’
molecules/cm?), and [H,0] is roughly ~1 X 10'7 molecules
per cubic centimeter. This would imply that all these complexes
have concentrations below 1 molecule per cubic centimeter,
illustrating that the concentrations of these two-molecule
complexes will be negligible in the ambient atmosphere.

DOI: 10.1021/acs.jpca.6b00677
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(CeHg0,)(H,S0,)(H,0)

(CeHgO7)(H,S0,)(NHy)

(CeHgO7)(H,S0,)((CHy),NH)

(CGH807)(H2SO4)2

Figure 1. Lowest Gibbs free energy molecular structure of (CsHgO,)(H,SO,)(X) clusters, with X = H,0, NH;, (CH;),NH, and H,SO, calculated at

the M06-2X/6-31++G(d,p) level of theory.

Table 2. Average Gibbs Free Energy” (AG, at 298.15 K and 1 atm) for the Formation of the (C¢4HO,)(H,S0,)(X) Clusters,

with X = H,0, NH,, (CH,),NH, and H,SO,

reaction
(1a) (C¢H;s0,)(H,80,) + Hy0 = (CgH;0,)(H,S0,)(H,0)
(1b) (CeH;s0,7)(H,80,) + NH; = (CH;0;)(H,SO,) (NH;)

(1) (CeHgO,)(H,80,) + (CH3),NH = (CsHyO,)(H,S0,)((CH;),NH)

(1d) (CH30,)(H,80,) + H,80, = (CeHgO7)(H,S0,),

(1e) (H,80,)(H,0) + C¢H;0, = (CqH;O,)(H,S0,)(H,0)
(1f) (H,80,)(NH;) + C(H;O; = (CgH;0;)(H,SO,) (NH;)

(1g) (H,80,)((CH;),NH) + C¢HyO; = (CHgO,) (H,S0,)((CH;),NH)

(1h) (H,80,), + CeHsO; = (CqH;0,)(H,S0,),

(H,S0,) + H,0 = (H,80,)(H,0)

(H,S0,) + NH; = (H,80,)(NH;)

(H,80,) + (CH;),NH = (H,S0,)((CH;),NH)
(H,S0,) + Hy80, = (H,S0,),

AG o
-2.5 0.3
—8.4 0.3
—-18.5 0.8
—4.8 0.4
-1.3 1.0
—4.0 0.8
—8.0 0.8
0.1 0.8
—-14 0.1
—4.6 0.1
-10.6 0.9
=52 0.1

“Calculated using DFT/6-31++G(d,p) optimized geometries and a DLPNO—CCSD(T)/def2-QZVPP single-point energy correction. The o-value
depicts one standard deviation. H,SO, + X results are shown for comparison. All values are in kilocalories per mole.

Clusters consisting of three components must be considered to
further investigate the potential participation of ketodiperoxy
acid compounds in the early stages of new particle formation.
In the following (Sections 3.2—3.4) we will rely solely on the
AG values to estimate the cluster stabilities and will look
further into the atmospheric implications by taking the
concentrations into account in Section 3.5.

3.2. (CgHg0,)(H,SO,)(X) Clusters, X = H,0, NHj,
(CH3),NH, and H,SO,. The identified lowest Gibbs free
energy (CsHgO,)(H,S0,)(X) molecular clusters can be seen in
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Figure 1, calculated at the M06-2X/6-31++G(d,p) level of
theory.

The H,0, NH;, and (CH,;),NH molecules form hydrogen
bonds to a vacant carbonyl group in the C{HgO, compound. In
the (C¢H;O,)(H,SO,)(H,0) cluster the S—OH group of
sulfuric acid is found to prefer hydrogen bonding to the water
molecule rather than to the peroxyacid group of the C;H;O,
compound. The (C4HgO,)(H,SO,)(NH;) and (C(HgO,)-
(H,SO,4)((CH;),NH) clusters exhibit a proton transfer from
sulfuric acid to the bases. The bases form hydrogen bonds both

DOI: 10.1021/acs.jpca.6b00677
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(CGH807)2(H2SO4)(H2O)

(CaHsO7)2(stO4)(NH3)

(C4HgO7)2(H,S0,)((CH;),NH)

(C6H807)2(sto4)2

Figure 2. Lowest Gibbs free energy molecular structure of (C4HgO;),(H,SO,)(X) clusters, with X = H,0, NH;, (CH;),NH, and H,SO, calculated

at the M06-2X/6-31++G(d,p) level of theory.

Table 3. Average Gibbs Free Energy” (AG, at 298.15 K and 1 atm) for the Formation of the (C¢HO-),(H,S0,)(X) Clusters,

with X = H,0, NH,, (CH,),NH, and H,S0,

reaction
(2a) (CH;0,),(H,80,) + H,0 = (C4H;0;),(H,S0,)(H,0)
(2b) (CeHs0,7),(H,80,) + NH; = (C4HgO,),(H,SO,)(NHs,)

(2¢) (C4H;0,),(H,80,) + (CH;),NH = (C¢H;0,),(H,80,)((CH;),NH)

(Zd) (C6H807)2(HZSO4) + HZSO4 = (C6H807)2(HZSO4)2

(2¢) (CH430,)(H,80,)(H,0) + CiHO, = (CeHy0,),(H,$0,) (H,0)
(2f) (CsHgO7)(H,80,)(NH,) + CeHyO; = (CoHgO;),(H,80,) (NH;)

(2g) (CsH30,)(H,80,)((CH3),NH)+ C4ts0; = (C4HyO;),(H,S0,)((CH;),NH)

(Zh) (C6H807)(HZSO4)2 + C6HSO7 = (C6H807)2(HZSO4)2

AG o
-0.5 0.9
—6.8 1.3
-17.9 1.1
—4.0 0.8
2.2 2.4
1.9 0.6
0.8 1.7
1.0 1.8

“Calculated using DFT/6-31++G(d,p) optimized geometries and a DLPNO—CCSD(T)/def2-QZVPP single-point energy correction. The o-value

depicts one standard deviation. All values are in kilocalories per mole.

to the sulfuric acid and the vacant carbonyl group at the
peroxyacid group in the C4HgO, compound. In the case of
ammonia this indicates that the presence of the CiH;O,
compound promotes the proton transfer, which is normally
not observed in the (H,SO,)(NH;) complex.‘m‘41

The formation of the (C¢HgO-,)(H,SO,)(X) clusters can
occur through either a (C4HgO,)(H,S0O,) + X or a (H,SO,)-
(X) + C¢H3O, mechanism. Table 2 presents the formation free
energies for the different cluster-formation pathways.

There is a favorable interaction between the (CcHgO-)-
(H,SO,) complex and the particle precursors H,O, NH,,
(CH;),NH, and H,SO,, as shown by reactions (1a—d) in Table
2. This interaction is predominately due to the instability of the
(C¢HgO0,)(H,SO,) complex. It is very unlikely that the
(C4¢Hg0,)(H,S0,)(X) clusters can be formed from the
(C¢H0,)(H,SO,) complex, as its formation free energy was
found to be —0.2 kcal/mol. It is more likely that the
(C¢HgO,)(H,S0,)(X) clusters form through the addition of
the C,HgO, compound to the (H,SO,)(X) complexes. The
addition of CHgO; to (H,SO,)(H,0) is slightly favorable with
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a Gibbs free energy of formation of —1.3 kcal/mol as shown in
reaction (le). As the formation free energy of the (CsHgO,)-
(H,SO,) complex is —0.2 kcal/mol, this indicates that water is
capable of stabilizing the clustering of CcHgO,, in this case by
1.1 kecal/mol, for a single water molecule. The value is very
similar to the formation of sulfuric acid monohydrate, for which
the corresponding value is —1.4 kcal/mol. The addition of
C¢HO; to (H,SO,) (NHj,) in reaction (1f) is more favorable
with a AG value of —4.0 kcal/mol. The formation reaction
involving dimethylamine (1g) has a favorable free energy of
—8.0 kcal/mol. This indicates that the presence of bases
significantly enhances the interaction between ketodiperoxy
acid compounds and sulfuric acid. For reaction (1f) the free
energy is slightly less favorable than the formation of the
sulfuric acid dimer (AG = —5.2 kcal/mol). Reaction (1g) is
more favorable than the formation of the sulfuric acid dimer,
which indicates that C4HgO, compounds could potentially
interact thermodynamically favorably with (H,SO,)-
((CH;),NH) complexes. The reaction free energies are,

DOI: 10.1021/acs.jpca.6b00677
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(CeHgO,)(H,80,),(NHy)

(CGH807) (H2504)2((CH3)2NH)

Figure 3. Lowest Gibbs free energy molecular structure of (C¢HgO,)(H,SO,),(X) clusters, with X = H,0, NH;, and (CH,),NH calculated at the

MO06-2X/6-31++G(d,p) level of theory.

however, relatively low, and the C4HgO, compound could
readily re-evaporate.

3.3. (C¢HgO,),(H,S0,)(X) Clusters, X = H,O, NHj,
(CH3);NH, and H,SO,. In Section 3.2 the free energy of
reaction forming (C¢HgO,)(H,SO,)(X) clusters were exam-
ined. The inclusion of an additional C;HgO, compound might
change the formation pathways, and we here examine clusters
with two CgHgO, present, that is, (CeHgO,),(H,SO,)(X)
clusters. The lowest identified Gibbs free energy
(C¢H50-),(H,S0,)(X) molecular clusters can be seen in
Figure 2, calculated at the M06-2X/6-31++G(d,p) level of
theory.

Similarly to the (CsHgO,)(H,S0,)(X) clusters, the water,
ammonia, and dimethylamine molecules are seen to form
hydrogen bonds from the carbonyl group in the peroxyacid
moiety to sulfuric acid. Both the (C4HgO,),(H,SO,)(NH;)
and (C4H30,),(H,S80,)((CH;),NH) clusters exhibit a proton
transfer. Formation of (C¢HgO,),(H,SO,)(X) clusters can also
occur through two different pathways, that is, either though
(CeHs07),(H,80,) + X or (C4H0,)(H,S0,)(X) + CeH;O,.
Table 3 presents the free energies associated with each reaction
pathway.

In the same manner as the clusters containing only a single
C¢HgO, compound, the interaction of (C4H30,),(H,SO,)
clusters with water, ammonia, and dimethylamine is seen to be
favorable. This is again due to the instability of the reactant
cluster, which indicates that these clusters will not form through
this pathway at atmospherically relevant conditions.

Adding a second C4HgO, compound to the (C4H;O,)-
(H,S0,)(X) clusters is significantly less favorable than the first
addition as shown in reaction (2e—h) compared to (le—h),
with free energies in the range of 0.8—2.2 kcal/mol. This is
similar in magnitude to the addition of a C;HgO, compound to
the (C¢HO,)(H,SO,) complex with a value of 0.2 kcal/mol,
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and it indicates that the enhancing effect of one base/water
molecule can only stabilize the addition of a single C¢HgO,
compound. This is caused by the fact that H,0, NH;, and
(CH;),NH predominantly interact with a single C4HgO,
compound and sulfuric acid, which impairs the beneficial effect
of adding a second C4Hz0O.

Having an additional water/base molecule present could
potentially stabilize an additional CgHgO, compound. Possible
routes for forming a (2—2—2) clusters could be

(a)AB - OAB — OA,B — OA,B, —» 0,A,B,
(b)AB — A,B — A,B, > OA,B, — 0,A,B,

where A, B, and O refer to sulfuric acid, bases, and organic
C¢HgO, compounds, respectively. Formation route (a) can
easily be excluded, as the initial OAB clusters would not be
formed to any significant extent, and the further addition of
acid and bases is hindered by the presence of the organic
compound (as seen from Table 2 in previous section). In route
(b) the organic compounds enter at the later stages, but even
the presence of a second base is most likely not sufficient to
stabilize (2—2—2) clusters, as it is far more thermodynamically
favorable to grow by addition of more sulfuric acid and base
molecules.

3.4. (C4HgO,)(H,S0,),(X) Clusters, X = H,0, NH;, and
(CH3),NH. In this section we examine clusters containing of
only a single C;HgO, compound, but with two sulfuric acid
molecules present. The lowest Gibbs free energy of the
(C¢H0,)(H,S0,),(X) clusters are presented in Figure 3,
calculated at the M06-2X/6-31++G(d,p) level of theory.

The molecular interaction between H,O, NH;, and
(CH;),NH and the (C¢HgO,)(H,S0,), clusters is seen to
involve hydrogen bonds between sulfuric acid and the C¢HgO,
compound. Formation of (C¢HgO,)(H,S0,),(X) clusters can
occur through three different pathways: (C¢HgO,)(H,SO,), +

DOI: 10.1021/acs.jpca.6b00677
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Table 4. Average Gibbs Free Energy” (AG, at 298.15 K and 1 atm) for the Formation of the (C;H;O,)(H,S0,),(X) Clusters,

with X = H,0, NH;, (CH,),NH, and H,SO,

reaction
(3a) (CeHs0,)(H,80,), + H,0 = (C4HO,)(H,S0,),(H,0)
(3b) (C4H30;)(H,80,), + NH; = (CgHgO,)(H,S0,),(NH,)

(3¢) (CHgO7)(H,80,), + (CHy),NH = (CeHgO;)(H,S0,),((CH;),NH)

(36) (HZSO4)2(HZO) + C6H807 = (C6H807)(HZSO4)2(H20)
(3f) (H,80,),(NH;) + CiHgO; = (CeHyO,) (H,SO0,),(NH;)

(3g) (H,80,),((CH,),NH) + CaHyO; = (CoHgO;)(H,80,),((CH,),NH)

(31)(CeHyO7) (H,80,) (H,0) + H,S0, = (CeHy0,)(H,S0,),(H,0)
(3j) (CsHO,)(H,80,)(NH;) + Hy80, = (CeHyO7) (H,S0,),(NH;)

(3k) (C6H807)(HZSO4)((CHS)ZNH) + HZSO4 = (C6H807)(HZSO4)2((CH3)2NH)

(H,80,)(H,0) + H,80, = (H,S0,),(H,0)
(H,S0,)(NH;) + H,S0, =(H,S0,),(NH,)
(H,80,)((CH;),NH) + H,80, = (H,S0,),((CH;),NH)

AG c
0.7 0.3
—13.1 0.4
—25.5 0.3
1.9 0.6
-0.9 0.9
-3.6 0.4
-1.7 0.5
-9.5 0.2
—11.8 0.4
—4.9 0.6
—12.7 0.2
—16.3 0.8

“Calculated using DFT/6-31++G(d,p) optimized geometries and a DLPNO—CCSD(T)/def2-QZVPP single-point energy correction. The o-value
depicts one standard deviation. (H,SO,)(X) + H,SO, is shown for comparison. All values are in kilocalories per mole.

X, (Hy804),(X) + CgHgO; and (CqHgO;)(H,S0,)(X) +
H,SO,. The associated Gibbs free energies are presented in
Table 4. The free energies of (H,SO,)(X) + H,SO, reactions
are shown for comparison.

The free energy of reaction (3a) is seen to be unfavorable
with a Gibbs free energy of 0.7 kcal/mol. The addition of either
ammonia or dimethylamine in reaction (3b,c) is once again
seen highly favorable due to the instability of the reactant
cluster. The addition of a C4HgO, compound to (H,SO,),(X)
clusters in reaction (3e—g) is seen to be unfavorable for the
(H,S0,),(H,0) cluster, with a AG value of 1.9 kcal/mol, but
favorable for (H,SO,),(NH;) and (H,SO,),((CH;),NH)
clusters with AG values of —0.9 and —3.6 kcal/mol,
respectively. These values are slightly lower than the
corresponding reactions (le—g), where only a single sulfuric
acid is present in the reactant cluster. This indicates that as the
clusters grow larger the affinity for adding a C4HzO, compound
decreases. This is due to the high stability of the (H,SO,),(X)
reactant cluster. Another formation pathway is the collision of a
sulfuric acid molecule with the (CsHO,)(H,SO,)(X) cluster.
Here all the formation pathways are seen favorable. The
addition of H,SO, to the (C4HgO,)(H,SO,)(H,0) cluster has
a slightly negative free energy of —1.7 kcal/mol as seen in
reaction (3i). The addition of H,SO, in reaction (3j) is seen to
be favorable with a free energy of —9.5 kcal/mol. The
corresponding reaction involving dimethylamine is also highly
favorable with a free energy of —11.8 kcal/mol. These reaction
free energies are however slightly less negative than those of the
corresponding reactions without the C4HgO, compound
present. This indicates that the presence of a CsHgO,
compound in sulfuric acid—base/water clusters would inhibit
the further addition of sulfuric acid by up to 4.5 kcal/mol. We
also calculated the formation free energies of
(CeH;0,),(H,S0,),(X) clusters, with X = H,0, NH;, and
(CH;),NH. The formation paths show similar trends as the
above-mentioned cluster formations and will therefore not be
further discussed. The reaction free energies of these large
clusters are available in the Supporting Information (Table $4).

3.5. Atmospheric Implications. From the previous
sections it was found that the interaction of C4HgO,
compounds with sulfuric acid is slightly enhanced when a
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water or base molecule is present. The formation of small
(C¢HO,)(H,SO0,)(X) clusters are observed to be thermody-
namically favorable. For these clusters to be relevant under
atmospheric conditions the uptake of C¢HgO, compound on
the (H,SO,)(X) complex must compete with the correspond-
ing uptake of another sulfuric acid molecule. We thereby need
to consider and compare the following two types of reactions:

(H,50)(X) + CeH,0, = (CHO,)(H,S0)(X) (1)

@)

Assuming mass-balance this leads to the following two
equilibrium conditions (K; and K,) for reactions (1) and (2),
respectively:

(H,80,)(X) + H,S0, = (H,80,),(X)

_ [(CH;0,)(H,80,) (X)]

' [(sto4) (X)] [C6H807] 3)
__ [(1,50),()]

27 [(H,80,)(X)][H,S0,] 4)

To find the ratio between the concentrations [(CzHgO-)-
(H,80,)(X)] and [(H,S0,),(X)], we divide K; with K, and
rearrange:
[(CH{O,)(H,80,)(X)] _ K, [CH,O;]
[(HZSO4)2(X)] K, [HZSOJ

_ [CHO,] o (_ AAG]
T H,s0,] T RT
(8
Here AAG corresponds to the difference in Gibbs free energy
between reactions (1) and (2). As seen from Table 2 and Table
3 the AAG value for water, ammonia, and dimethylamine is
—3.6, =87, and —8.3 kcal/mol, respectively. Taking the
exponential exp( —%) for these values yields 2.3 X 1073,
4.2 x 1077, and 8.2 X 1077 at 298 K, respectively. In Table 5 the
ratio between (C¢HgO,)(H,S0,)(X) and (H,SO,),(X)
clusters can be seen at various [C¢HgO,]/[H,SO,] ratios.
The concentration of sulfuric acid is normally in the range
from 1 X 10° to 1 X 10’cm™>. Assuming a lower limit of the
sulfuric acid concentration of 1 X 10° cm™ the ratio between
the concentrations [C4HgO,]/[H,SO,] in eq S would at most
be roughly 2 to 3 orders of magnitude during a high loading of
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Table S. Concentration Ratio between
(C4H;0,)(H,80,)(X) and (H,S0,),(X) Clusters, with X =
H,0, NH,, and (CH,),NH

[C¢H0,]/ ratio: X =
[H,S0,] ratio: X = H,O ratio: X = NH, (CH;),NH
1:1 23X 10731 42 % 107:1 82 x 1077:1
10:1 23 % 10721 42X 107%1 82 % 107%1
100:1 2.3 x 10741 42 x 10751 82 x 107%:1
1000:1 23x10%1 42 x107%1 82 x 107%1
10 000:1 23 x 1041 42 x 10731 82 x 10731

organic compounds. Using generous values for the concen-
tration of the highly oxidized organic compounds, this implies
that (C4HgO,)(H,SO,) (NH;) and (CsHgO,)(H,SO,)-
((CH;),NH) clusters will be present in less than a 1:1000
ratio in the atmosphere compared to (H,SO,),(NH,;) and
(H,S0,),((CH;),NH) clusters. Even in a high loading of
highly oxidized organic compounds and low concentration of
sulfuric acid, C¢HgO, compounds will not be present in small
clusters consisting of sulfuric acid and bases. Note that
(H,SO,4),(NH;) and (H,SO,),((CH;),NH) clusters will
most likely be short-lived as they will probably grow into
larger sizes. The ratio between (CsHgO,)(H,SO,)(H,0) and
(H,S0,),(H,0) clusters is seen to be significantly smaller
compared to the base consisting counterparts. This implies that
at a high loading of highly oxidized organic compounds
compared to the sulfuric acid concentration, the formation of
small (CqH0,)(H,S0,)(H,0) clusters might compete with
the formation of the hydrated sulfuric acid dimer. As the
sulfuric acid dimer has been shown to be an important step in
new particle formation,* the formation of (C4H;O,)(H,SO,)-
(H,O) clusters might potentially hinder the further growth of
the clusters. Note that the formation of these (C¢HgO,)-
(H,S0,)(H,0) clusters is also competing with the formation
of the sulfuric acid dihydrate cluster (H,SO,)(H,0), and
water is many orders of magnitude more abundant than organic
autoxidation products at atmospheric conditions.

3.6. Bonding Pattern Analysis. We previously suggested
that the weak cluster formation potential of peroxyacid
compounds originates from the fact that these compounds
have an internal hydrogen bond.”> Furthermore, from the
bonding pattern of the (C¢HgO,)(H,SO,) complex we
identified that part of the weak binding originated from the
lack of a strong hydrogen bond acceptor in the peroxyacid
group. To further quantify the weak bonding of the peroxyacid
moiety we compare the simpler formic/acetic peroxyacid to
formic/acetic acid. By analyzing the NBOs, we can obtain an
indication of the hydrogen bond strength. Figure 4 shows the
bonding (bottom orbital of the structures) and antibonding

orbitals (top orbital of the structures) involved in the hydrogen
bond formation of the acetic acid dimer and peroxy acetic acid
dimer. Table 6 shows the corresponding occupation number of
the antibonding orbitals.

Table 6. Occupation Number of the Antibonding OH
Orbital for Formic/Acetic Acid and Peroxy Formic/Acetic
Acid

antibond occ

FA 0.0145
FA dimer 0.0957
AA 0.0121
AA dimer 0.0964
PFA 0.0364
PFA dimer 0.0327
PAA 0.0441
PAA dimer 0.0357

A good indicator for the dimer formation energy is the
occupation of the antibonding OH orbital. It indicates how
much electron density is transferred to the opposing oxygen
atom and into the hydrogen bond. When the carboxylic acids
form dimers the antibonding orbitals exhibits a significant
increase in occupation from 0.0145 to 0.0957 and from 0.0121
to 0.0964 for formic acid and acetic acid, respectively. This
strengthens the hydrogen bonds and favors dimer formation. In
the peroxyacids there is already a comparatively high
occupation of the antibonding orbital originating from the
formation of an intramolecular hydrogen bond in the
monomers. Upon forming the dimer the occupation is lowered
indicating a weaker hydrogen bond. It is evident that the
intramolecular hydrogen bond present in the peroxyacid moiety
reduces the molecule’s ability to form dimers or clusters.

To further illustrate the difference in binding strength
between the peroxyacids and carboxylic acids, we evaluate the
bond critical points at the OH bond, which act as a hydrogen
bond donor, and at the hydrogen bond using Bader’s QTAIM
analysis. Table 7 shows the electron density (p(r)), Laplacian of
the electron density (V?p(r)), and the local energy density
H(r) for the formation of formic/acetic acid and peroxy
formic/acetic acid dimers.

A negative Laplacian (V?p(r)) is associated with covalent
bonds, while a positive Laplacian indicates a hydrogen bond.
The electron density at the bond critical point of the OH bond
in formic and acetic acid is seen to decrease from ~0.34 to
~0.29 upon dimer formation. For the peroxyacid compounds
there is seen very little change in the electron density at the
bond critical point of the O—OH bond when forming the

p—oi8
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é'\“
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Figure 4. Bonding (bottom) and antibonding (top) orbitals involved in the hydrogen bonds of the acetic acid dimer (left) and the peroxy acetic acid

dimer (right).
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Table 7. QTAIM Analysis of the Electron Density (p(r)),
Laplacian of the Electron Density (V?p(r)), and the Local
Energy Density H(r) for the Formation of Formic/Acetic
Acid and Peroxy Formic/Acetic Acid Dimers

p(r) Vip(r) H(r)
FA 0.342 —2.24 —0.624
FA dimer 0.291 —1.76 —0.507
FA dimer 0.0588 0.114 —0.0159
AA 0.344 —-2.25 —-0.629
AA dimer 0.290 -1.75 —0.505
AA dimer 0.0611 0.117 —0.0171
PFA 0.331 -2.12 —0.597
PFA 0.0345 0.118 —0.000 692
PFA dimer 0.329 -2.16 —0.603
PFA dimer 0.0331 0.109 —0.001 20
PAA 0.327 —2.08 —0.588
PAA 0.0398 0.125 —0.003 04
PAA dimer 0.328 -2.15 —0.600
PAA dimer 0.0345 0.112 —0.001 75

dimer. Similarly, there is seen no change in p(r) at the bond
critical points, which corresponds to the hydrogen bonds in the
peroxyacid compounds. This indicates that the formation free
energy for forming the hydrogen bond for the acids should be
favorable as electron density is transferred, while there should
be no net gain in forming hydrogen bonds for the peroxyacid
compounds. This is consistent with the near zero AG value
obtained for the formation of the (C¢HgO,)(H,SO,) complex
with a value of —0.2 kcal/mol, with a o-value of 0.7 kcal/mol.
This is also reflected in the total local energy (H(r)), where the
energy of the OH bond increases when a dimer is formed in
formic and acetic acid. Contrarily, the energy decreases for the
peroxyacids.

Another indicator for the strength of intramolecular
hydrogen bonds is the ability of the molecule to donate or
accept protons. This can be illustrated by adding either CI™ for
probing the hydrogen bond donor strength or HCI to probe
the hydrogen bond acceptor strength and calculating the
formation electronic energies (AE) of the complexes. Table 8
shows the proton donor and acceptor strengths for formic acid
and peroxy formic acid.

Table 8. Hydrogen Bond Donor and Acceptor Strengths®

AE
FA
H-donor —274
H-acceptor —6.7
PFA
H-donor —274
H-acceptor -17

“Values are presented in kilocalories per mole.

Formic acid and peroxy formic acid have identical hydrogen
bond donor strengths with a value of ca. —27.4 kcal/mol. The
hydrogen bond acceptor strength is, however, 4 times lower in
the case of peroxy formic acid. This further illustrates that the
weak clustering ability of the peroxyacid compounds is due to
the lack of strong hydrogen bond acceptors as well as the
formation of internal hydrogen bonds, as indicated by the NBO
and QTAIM analysis.
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4. CONCLUSIONS

We have investigated the effect of water, ammonia, and
dimethylamine on the clustering between sulfuric acid and a
highly oxidized C4HgO, product formed from cyclohexene
autoxidation. The free energy for forming a complex between
C¢H0, and H,0, NH;, (CH;),NH, and H,SO, is found to be
unfavorable, indicating that only cluster reactions where
Cg¢HgO; is added to an existing (H,SO,)(X) cluster can have
an impact in the atmosphere. We find that the presence of
water and bases enhances the interaction between a single
ketodiperoxyacid compound and sulfuric acid. Adding another
ketodiperoxyacid compound to the cluster is found to be
unfavorable in all cases. The addition of sulfuric acid to
(C¢H0,)(H,S0,)(X) clusters is found to be thermodynami-
cally favorable, but in all cases it is less favorable than the
corresponding reaction without the C4HgO, compound
present. Assuming equilibrium conditions, it is seen that the
addition of C4HgO, compounds to existing clusters is not able
to compete with the corresponding uptake of another sulfuric
acid molecule, even at a high loading of organic compounds.
We find that the origin of the weak clustering of the peroxyacid
compound is due to the formation of an internal hydrogen
bond and the lack of a strong hydrogen bond acceptor. Note
that larger autoxidation products originating from a-pinene
oxidation potentially contain additional carbonyl and hydro-
peroxide groups. The existence of additional functional groups
could aid in stabilizing the cluster formation with sulfuric acid
by allowing more hydrogen bonds to be formed. The results
presented herein should thereby also apply to larger
autoxidation products, as highly stabilized clusters should not
form unless a strong hydrogen bond acceptor is introduced.
These findings lead to the conclusion that autoxidation
products containing only peroxyacid, hydroperoxide, and
carbonyl groups likely cannot be important species in the
initial steps in new-particle formation and thereby can only
contribute to aerosol mass in the subsequent growth of freshly
nucleated particles. This is further supported by the study by
Hao et al,** where ozonolysis products are found to be more
involved in the growth of the particles, and OH radical
oxidation products are predominantly involved in the initial
steps. Most likely oxidation products with several carboxylic
acid groups are required to obtain stable clusters and should be
further investigated to identify potential key organic species in
atmospheric new-particle formation.
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