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ABSTRACT: Electronic structure calculations have been used to investigate possible gas-
phase decomposition pathways of a-hydroxyalkyl hydroperoxides (HHPs), an important source
of tropospheric hydrogen peroxide and carbonyl compounds. The uncatalyzed as well as water-
and acid-catalyzed decomposition of multiple HHPs have been examined at the M06-2X/aug-
cc-pVTZ level of theory. The calculations indicate that, compared to an uncatalyzed or water-
catalyzed reaction, the free-energy barrier of an acid-catalyzed decomposition leading to an
aldehyde or ketone and hydrogen peroxide is dramatically lowered. The calculations also find a
direct correlation between the catalytic effect of an acid and the distance separating its
hydrogen acceptor and donor sites. Interestingly, the catalytic effect of an acid on the HHP
decomposition resulting in the formation of carboxylic acid and water is relatively much
smaller. Moreover, since the free-energy barrier of the acid-catalyzed aldehyde- or ketone-
forming decomposition is ~25% lower than that required to break the O—OH linkage of the
HHP leading to the formation of hydroxyl radical, these results suggest that HHP
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decomposition is likely not an important source of tropospheric hydroxyl radical. Finally, transition state theory estimates
indicate that the effective rate constants for the acid-catalyzed aldehyde- or ketone-forming HHP decomposition pathways are 2—
3 orders of magnitude faster than those for the water-catalyzed reaction, indicating that an acid-catalyzed HHP decomposition is

kinetically favored as well.

1. INTRODUCTION

The gas-phase ozonolysis of olefins constitutes an important
degradation mechanism in tropospheric chemistry. It has
received considerable recent attention because of its role in
the formation of hydroxyl radicals (OH), hydrogen peroxide
(H,0,), organic acids, and aldehydes in the atmosphere.'™""
The olefin ozonolysis usually proceeds with the formation of a
primary ozonide that subsequently decomposes into the
Criegee intermediate (e.g, R;R,COO) and an aldehyde or a
ketone. In the gas-phase, the Criegee intermediate is formed
with excess energy and may undergo either unimolecular
decomposition or, after collisional stabilization,'>™** bimolec-
ular reaction with available reaction partners.'>~>*

A key reaction in atmospheric chemistry is that of water with
the stabilized Criegee intermediate."® >***7>"*%3 1t is known
that this reaction leads to the formation of hydroxyalkyl
hydroperoxide, carboxylic acids, carbonyl compounds, and
H,0,,%*' 73 species with important environmental implica-
tions. In particular, H,O, is a molecule of broad tropospheric
and biological relevance.** Because of its possible role in sulfate
formation in clouds and aqueous aerosols,***® H,0, is tightly
tied to acid rain and global climate chamge.37 Recently, H,O,
has also been detected in the extraterrestrial environments of
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Mars,*® enhancing general interest in a clear and insightful
understanding of its mechanism of formation.

Although H,0, is thought to be primarily produced in the
gas-phase via the photochemical HO, radical recombination
reaction,® *' the reactions of biogenic and anthropogenic
alkenes with ozone also constitute an important non-
photochemical source of tropospheric H,0,.''" In particular,
the decomposition of a-hydroxyalkyl hydroperoxide (HHP),
which is produced in the Criegee intermediate reaction with
water,’>** serves as the principal mechanism for non-
photochemical H,0, formation (Scheme 1).*7%3"3* The
decomposition of HHPs to yield carbonyl compounds or
carboxylic acids also has significant industrial promise.*
Further, there have been reports”*® suggesting that HHP
decomposition can provide an additional source of atmospheric
*OH, although this topic remains controversial. %' 2>#45

Theoretical calculations indicate that HHP decomposition is
kinetically slow because of its extremely high activation barrier
of ~50.0 kcal/mol.”>* However, the presence of a single
water molecule promotes the decomposition by reducing the
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Scheme 1. General Carboxylic Acid- (left) and Aldehyde-Forming (right) Decomposition Pathways of a-Hydroxyalkyl

Hydroperoxides
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free-energy barrier by ~14.0 kcal/mol."”~** Although the
mechanism of HHP decomposition has been extensively
studied over the past few years,*®'72>*7%6 key mechanistic
questions remain: Do molecules other than water catalyze HHP
decomposition in the troposphere? Is the HHP decomposition
a source of *OH in the atmosphere?

In this article, we explore the catalysis of HHP decom-
position by an organic or inorganic acid including the reaction
pathways for different products such as H,O, and *OH. Organic
acids are present in parts per billion concentrations in the
troposphere.””*® While their catalytic ability to promote
unimolecular hydrogen atom (H atom) transfer reactions has
increasingly been recognized,“g_53 the ability of organic acids to
catalyze HHP decomposition has not been explored.

2. COMPUTATIONAL METHODS

We have investigated the uncatalyzed, water-catalyzed, and
acid-catalyzed decomposition pathways (both aldehyde- and
carboxylic acid-forming) for a variety of HHPs. Specifically, we
considered the simplest HHPs, hydroxymethyl hydroperoxide
(HHP(;,) and hydroxyethyl hydroperoxide (HHP,), as well as
those resulting from the ozonolysis of biogenic isoprene
(HHPyprene; and HHP, e ); see Scheme 2. Isoprene is one
of the most abundant hydrocarbons emitted in the bio-
sphere,>*** and its ozonolysis reaction is not only an important
chemical sink in the atmosphere but also relevant for aerosol
formation. Since an HHP can exist in two conformations
differing in the relative spatial orientation of the perhydroxy
hydrogen and the hydroxyl hydrogen (Scheme 2), we have
considered both conformations for all the HHP investigated
here. Our calculations indicate that the trans-HHP conforma-
tion, in which the perhydroxy hydrogen and hydroxyl hydrogen
are rotated away from each other, is more stable than the cis
conformation and leads to lower energy pathways.

Both density functional theory (DFT) and ab initio
calculations have been carried out to provide a detailed
mechanistic insight into the gas-phase decomposition of HHPs.
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Scheme 2. a-Hydroxyalkyl Hydroperoxides Studied in This
Work
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Methods in the latter category include coupled cluster with
single and double excitations (CCSD), CCSD(T), QCISD, and
local pair natural orbital coupled electron pair approximation
version 1 (LPNO-CEPA/ 1)5 calculations. The LPNO-CEPA/
1 method is gaining reco7gnition because of its accuracy and
computational efficiency.®

As a first step, we performed a detailed DFT investigation of
the gas-phase decomposition of a single HHP; molecule. All
the structures were fully optimized at the MO06-2X/aug-cc-
pVTZ level, and frequencies were calculated to ensure that the
optimized structures are either true minima or first-order saddle
points and to estimate the thermodynamic quantities. Using the
MO06-2X-optimized geometries, the barrier heights were also
estimated using the single-point calculations Y/aug-cc-pVIZ//
MO06-2X/aug-cc-pVTZ (Y = DFT, CCSD, CCSD(T), QCISD,
or LPNO-CEPA/1) as well as full geometry optimizations with
a variety of DFT functionals that include B3LYP, BPS86,
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O3LYP, MPWI1PW91, MPWIK, MO06-L, PBE, TPSSh, and
B97-D. Our results (Tables S1 and S2, Supporting
Information) indicate that the M06-2X/aug-cc-pVTZ-estimated
electronic-energy barrier of 48.6 kcal/mol for the uncatalyzed
formaldehyde-forming decomposition of HHP¢, is only 1.1
kcal/mol higher than the CCSD(T)/aug-cc-pVIZ//M06-2X/
aug-cc-pVTZ-calculated value of 47.5 kcal/mol. Moreover, it is
in very good agreement with the recently reported values of
48.1-52.0 kcal/mol based on CCSD(T) or CBS-QB3 single-
point energies."” > This level of theory, has also been
previously found to provide a fairly accurate description of
atmospherically important H atom transfer processes such as
carbonic acid decomposition, isomerization of methoxy radical,
and tautomerization of vinyl alcohol.*’ Because of this chemical
accuracy and its computational efficiency, we selected the M06-
2X/aug-cc-pVTZ method for studying the HHP decomposition
chemistry.

To understand the catalytic effect of an acid on the gas-phase
decomposition of HHP, we considered water, HCOOH, and
inorganic acids. All the calculated reaction profiles are reported
in terms of Gibbs free energies at 298.15 K and 1 atm to
account for the entropic effects associated with the complex-
ation of the catalyst. In order to establish a relationship between
the catalytic activity of an acid and its acid dissociation constant
(pK,), the experimentally determined pK,s were used.”® The
decomposition of the larger HHPs (HHP(,, HHP;,prener, and
HHPisopreneZ) was only studied in the presence of H,O and
HCOOH catalysts. To examine the possible tropospheric
impact of the acid catalysis on the HHP decompositions
investigated in this study, the rate constants for the uncatalyzed
and catalyzed reactions were estimated using transition state
theory. The NWChem®® software was used for the DFT,
CCSD, CCSD(T), and QCISD calculations, while the LPNO-
CEPA/1 calculations were carried out with the ORCA®
program.

3. RESULTS AND DISCUSSION

3.1. Unimolecular HHP.; Decomposition. The unim-
olecular decomposition of HHP, that produces formaldehyde
and H,0, is a high barrier 1,3-H atom transfer reaction, which
occurs between the hydroxyl and perhydroxy functionalities via
a four-membered transition state (Figure 1). At the M06-2X/
aug-cc-pVTZ level of theory, the zero-point-corrected AE* for
the decomposition of a trans-HHP(; molecule is 44.6 kcal/mol,
AG* is 44.7 kcal/mol, and the reaction is endergonic by 5.2
keal/mol (Figure 1 and Table 1). For the similar uncatalgzed
decomposition of a cis-HHP, molecule, the AE* and AG* are
46.3 and 46.2 kcal/mol, respectively (Table S3, Supporting
Information).

The unimolecular decomposition of HHP(; can follow an
alternate mechanistic route that involves a 1,2-H atom transfer
between the —CH group and the hydroperoxy oxygen and
leads to the formation of a formic acid and a water molecule
(Figure 1). Previous calculations'®™** and the current results
predict that this alternate pathway involves a much larger
barrier (AGi = 57.9 kcal/mol for trans-HHP;; 58.6 kcal/mol
for cis-HHP(;, at the M06-2X level) due to the cleavage of the
strong C—H bond and is thus expected to be a minor
decomposition channel (Figure 1 and Table 2). Despite being a
high barrier process, this decomposition channel is strongly
exergonic with AG,, = —81.9 kcal/mol (trans-HHP(,) and
—81.2 kcal/mol (cis-HHP;), in contrast to the endergonic
formaldehyde-forming reaction.
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Figure 1. M06-2X/aug-cc-pVTZ-calculated free-energy profile (298.15
K, 1 atm) for the uncatalyzed formaldehyde-(left; green lines) and
formic acid-forming (right; red lines) gas-phase decomposition of a
trans-HHP; molecule.

3.2. Water-Catalyzed HHP.; Decomposition. Since
H,O is the dominant trace component in the troposphere, it
is important to examine its influence on the decomposition
reaction. Although Anglada et al. have previously studied the
role of H,O catalysis on the gas-phase HHP(, decomposition
using electronic structure methods,"® we have recalculated the
potential energy surface including a single H,O molecule to
facilitate the comparison between acid-assisted and H,O-
assisted decomposition on an equal theoretical footing. Our
calculated mechanism of water catalysis is the same as the
previously proposed one,'” i.e,, the reaction occurs in a stepwise
manner, involving the formation of a prereaction complex,
HHP(,---H,0 (Int,), transition state (TS), and postreaction
complex (Int,), respectively (Figures 2 and SI, Supporting
Information). The zero-point-corrected AE* for the H,O-
catalyzed decomposition of a trans-HHP:; molecule is 21.0
kcal/mol, which is reduced by more than half compared to the
uncatalyzed reaction. However, it is important to include
entropic effects in the calculations, which disfavor both the
prereaction complex, Int;, and transition state (Table 1). The
calculated AG* for the H,O-assisted decomposition is 30.6
kcal/mol, which is only 14.1 kcal/mol lower than the
uncatalyzed reaction. This is consistent with the previous
study by Anglada et al,, who predicted a AG* lowering of 14.0
kcal/mol for the H,O-assisted decomposition.19 The calcu-
lations also indicate that water has similar catalytic effect on the
cis-HHP; decomposition (Figure S1 and Table S3, Supporting
Information). The catalytic effect of a water molecule in the
formaldehyde-forming reaction is due to its ability to act as a
shuttle for a 1,3-H atom transfer, with the water oxygen
abstracting the H atom from the a-hydroxy site of HHP; and
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Table 1. M06-2X/aug-cc-pVTZ-Calculated Energies (298.15 K, 1 atm, kcal/mol) of Various Species Involved in the Uncatalyzed
and Catalyzed Aldehyde- or Ketone-Forming Gas-Phase Decomposition of trans-HHPs Studied in the Present Work”

Int,
substrate catalyst AE AG
HHP(, none
H,0 -9.1 —0.6
HCOOH -12.2 -1.6
HNO, -8.1 22
HNO, —11.5 -0.7
H,SO; -16.7 —4.9
H,SO, —14.5 =37
HCIO, -15.0 —4.0
H;AsO, —16.6 =54
HHP, none
H,0 -7.0 1.5
HCOOH —12.3 -1.6
HHPjgprenel none
H,0 -7.3 1.5
HCOOH -12.7 -19
HHPjoprenea none
H,0 -72 1.5
HCOOH —12.6 =22

AE

44.6
21.0
54
134
6.8
13
—0.2
0.6
-1.6
42.5
19.0
2.8
38.7
17.0
0.4
41.0
17.3
13

TS Int, P
AG AE AG AE AG
447 10.1 8.5 15.6 52
30.6 39 10.8 15.6 52
16.9 -08 8.3 15.6 52
24.7 37 122 156 52
18.0 0.0 9.7 15.6 52
13.1 2.9 7.1 15.6 52
109 -3.1 6.7 15.6 52
124 —4.6 5.5 15.6 52
10.0 -7.1 35 15.6 52
422 6.7 44 13.1 17
28.5 -02 69 13.1 1.7
14.3 -59 31 13.1 1.7
384 12 -11 8.6 34
26.5 -5.1 0.7 8.6 34
12.0 -10.5 2.0 8.6 34
40.6 34 1.0 10.0 -1
269 -33 2.8 10.0 -1
127 -8.1 —02 10.0 -15

“All energies are relative to the separated HHP and catalyst. For the uncatalyzed reactions, Int, refers to Int. See Table S3, Supporting Information,

for the data corresponding to the decomposition of cis-HHPs.

Table 2. M06-2X/aug-cc-pVTZ-Calculated Energies (298.15 K, 1 atm, kcal/mol) of Various Species Involved in the Uncatalyzed
and Acid-Catalyzed Formic Acid- and Acetic Acid-Forming Gas-Phase Decomposition of HHP, and HHP,; All Energies Are

Relative to the Separated HHP and Catalyst

Int,
substrate conformer catalyst AE AG
HHP(, cis none
H,0 =7.0 2.1
HCOOH —6.7 33
trans none
H,0 —6.3 2.0
HCOOH -7.3 2.6
HHP, cis none
H,0 =7.1 1.8
HCOOH =7.1 3.1
trans none
H,0 —5.3 2.8
HCOOH =7.5 2.7

TS Int, P

AE AG AE AG AE AG

58.6 58.6 —80.9 —81.5 —72.1 —812
421 517 —-90.3 —82.4 —72.1 -812
36.1 472 -883 —792 —72.1 —812
58.0 57.9 —81.5 822 —-72.8 -819
40.4 49.8 —-90.9 -83.1 —-72.8 -81.9
34.5 45.8 —88.9 —79.9 -72.8 -819
59.8 59.6 -833 —84.38 —743 —84.0
435 52.8 —92.4 -85.3 —743 —84.0
385 49.5 —90.6 -82.9 —743 —84.0
59.5 592 —83.6 —85.2 —74.6 —84.4
432 524 —92.8 -85.8 —74.6 —84.4
372 483 —-91.0 -833 —74.6 —84.4

the hydroperoxy functionality of HHP., simultaneously
accepting an H atom from H,O.

We have also calculated the catalytic effect of a water
molecule on the alternate HHP(; decomposition pathway that
leads to the formation of HCOOH and H,O (Figures 3 and S2,
Supporting Information, and Table 2). The calculated AG* for
the H,O-catalyzed decomposition of a trans-HHP; molecule is
49.8 kcal/mol, which is only 8.1 kcal/mol lower than the
uncatalyzed reaction. Moreover, the binding free energy of Int,
is 2.7 kcal/mol less than that of the Int, involved in the
formaldehyde-forming decomposition. The cleavage of two
strong bonds (O—OH and C—H) accounts for the relatively
smaller catalytic effect of H,O on this decomposition reaction.

3.3. Formic Acid-Catalyzed HHP., Decomposition. For
HCOOH-catalyzed decomposition of HHP(,, the general
mechanism of catalysis is similar to that of the H,O-catalyzed
reaction, but the catalytic effect is dramatically higher. The
calculated AG* for the HCOOH-catalyzed decomposition of a
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trans-HHP; molecule is only 16.9, 27.8, and 13.7 kcal/mol
lower than for the uncatalyzed and H,O-catalyzed reactions,
respectively (Table 1 and Figure 2). A similar catalytic effect is
observed for the HCOOH-catalyzed cis-HHP; decomposition
for which AG* = 18.4 kcal/mol; this is slightly higher than that
for the HCOOH-catalyzed trans-HHP; decomposition and is
27.8 and 13.7 kcal/mol lower than the corresponding
uncatalyzed and H,O-catalyzed reactions, respectively (Table
S3 and Figure S1, Supporting Information). The greater
catalytic effect of HCOOH is due to the presence of oxygen
functionalities that provide two separate sites for conducting an
H atom exchange reaction, i.e., the carbonyl oxygen acts as an
acceptor for the H atom from the a-hydroxyl group of HHP(,
while the hydroxyl oxygen donates the acidic H atom to the
hydroperoxy oxygen of HHP(,. Because of the separate donor
and acceptor sites, HCOOH forms a substantially tighter two-
point hydrogen bonding interaction with HHP, and results in
a strongly bound prereaction complex, Int;; the calculated

dx.doi.org/10.1021/jp505100x | J. Phys. Chem. A 2014, 118, 9701-9711
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Figure 2. M06-2X/aug-cc-pVTZ-calculated free-energy profile (298.15
K, 1 atm) of the formic acid- (left; green lines) and water-catalyzed
(right; red lines) formaldehyde-forming gas-phase decomposition of a
trans-HHP, molecule. All energies are relative to the separated HHP
and catalyst. The horizontal blue and black lines refer to the free-
energy barrier for the uncatalyzed reaction and the reaction free energy
of the hydroxyl radical-generating pathway, respectively. See Figure S1,
Supporting Information for the free-energy profile of the formic acid-
and water-catalyzed formaldehyde-forming gas-phase decomposition
of a ciss-HHP; molecule.

binding free energy of Int; (—1.6 kcal/mol) is almost three
times higher than that for the H,O-catalyzed reaction (—0.6
kcal/mol). Moreover, the separate donor and acceptor sites in
HCOOH allow the HCOOH-catalyzed reaction to proceed
through an eight-membered transition state that is less strained
than the six-membered transition state of the water-catalyzed
reaction. This leads to a drastic lowering of the free-energy
barrier, by 62% and 45% for the rate-limiting step of the
HCOOH-catalyzed trans-HHP, decomposition relative to the
uncatalyzed and H,O-catalyzed decomposition, respectively.
The postreaction complex, Int,, involved in the HCOOH-
catalyzed decomposition is better stabilized (by 2.5 kcal/mol)
than that in the H,O-catalyzed reaction due to stronger
hydrogen bonding between HCOOH and formaldehyde.

In the formic acid-forming decomposition pathway of trans-
HHP,, the formation of Int; (AG = 2.6 kcal/mol) is 4.2 kcal/
mol less favorable than in the formaldehyde-forming pathway
because the —CH moiety, rather than —OH, interacts with
HCOOH. Moreover, the AG* for the HCOOH-catalyzed
reaction is 45.8 kcal/mol, which is only 12.1 kcal/mol lower
than the uncatalyzed version (Figure 3 and Table 2). The
calculated AG* of 47.2 kcal/mol for the HCOOH-catalyzed cis-
HHP(, decomposition is 11.4 kcal/mol lower than the
uncatalyzed reaction (Figure S2, Supporting Information, and
Table 2).

3.4. Key Determinants of Acid Catalysis. Because other
acids, in addition to HCOOH, are present in significant
concentration in the troposphere and have the required
functionality to catalyze an H atom transfer reaction,™ it is
important to evaluate their catalytic impact on HHP
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Figure 3. M06-2X/aug-cc-pVTZ-calculated free-energy profile (298.15
K, 1 atm) for the formic acid- (left; green lines) and water-catalyzed
(right; red lines) formic acid-forming gas-phase decomposition of a
trans-HHP ¢, molecule. All energies are relative to the separated HHP
and catalyst. The horizontal blue line refers to the free-energy barrier
for the uncatalyzed reaction.

decomposition as well. In addition, we recently showed that
all organic acids do not necessarily exert a similar catalytic effect
on a given H atom transfer reaction.*” Thus, as the next step,
we studied the HHP., decomposition in the presence of
various acids to gain insight into the reactivity principles of an
acid-catalyzed H atom transfer reaction.

The results indicate a correlation between the effectiveness of
an acid to promote HHP; decomposition and the distance, d,
between the acceptor and donor sites of an acid (Figures 4 and
S3, Supporting Information; Tables 1 and S3, Supporting
Information). Acids with larger d values form expanded cyclic
transition states that sterically favor the reaction. Thus, arsinic
acid, with d = 2.84 A, is the most potent, while H,O with d =
1.63 A is the least effective catalyst for HHP(, decomposition.
Since H,O has single oxygen functionality, d in the H,O-
catalyzed reaction is assumed to be the distance between its two
hydrogens. Our viewpoint is also supported by recent
studies,**®" in which sulfuric acid or sulfonic acid with larger
d (~2.46 A) was found to be more efficient than a carboxylic
acid with smaller d (~2.24 A) in catalyzing H atom transfer.

Note that if the acid pK, were the dominant factor, nitrous
acid (pK, = 2.1) would be a better catalyst than HCOOH (pK,
= 3.7), which is not the case. For inorganic acids with a
constant d, the catalytic activity noticeably improves with the
number of oxygens or decreasing pK, (Tables 1 and S3,
Supporting Information). For example, nitric acid and sulfuric
acid are better decomposition catalysts than nitrous acid and
sulfurous acid, respectively. The analysis of calculated Mulliken
atomic charges indicates that the presence of an additional
oxygen atom increases the nucleophilicity of the H atom

dx.doi.org/10.1021/jp505100x | J. Phys. Chem. A 2014, 118, 9701-9711
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Figure 4. General transition state structure for an acid-catalyzed HHP decomposition (left), and M06-2X/aug-cc-pVTZ-calculated reaction free-
energy barriers in the acid-catalyzed formaldehyde-forming HHP(, decomposition versus d, the O—O separation between the H atom donor and
acceptor sites (right). For water catalysis, d is taken to be the distance between its two hydrogens.

accepting oxygen of the acid and thus enhances the
decomposition of HHP(,. The present results provide detailed
insight into the structure—activity relationship and electronic
tuning of acid catalysis in the context of gas-phase H atom
transfer chemistry. Specifically, the optimum activity of a
catalyst can be achieved by selecting an acid with two oxygen
functionalities that are connected through a common center
(e.g, S, N, or C) and are as far apart as possible.

3.5. HHP., Decomposition. We next examined the acid-
catalyzed decomposition of HHP, to see if the structure of the
HHP strongly affects its decomposition. In this case, the
catalysts considered are H,O and HCOOH. The AG* for the
uncatalyzed decompositions of cis- and trans-HHP, are 44.0
and 42.2 kcal/mol, respectively, consistent with the prior
CCSD(T)/6-311+G(2d,2p)//B3LYP/6-311+G(2d,2p) esti-
mate”® of 43.9 kcal/mol for trans-HHP.,. The HHP,
decomposition is found to have lower free-energy barriers
and reaction endergonicities (for the uncatalyzed and catalyzed
reactions) by ~2.0—4.0 kcal/mol compared to the HHP, case
(Figure S; Tables 1 and S3, Supporting Information), implying
that the structure of an HHP plays only a modest role in its
decomposition energetics. The calculated catalytic effect of
either HCOOH or H,O on the HHP., decomposition is
similar to what is estimated for the HHP; decomposition. The
presence of HCOOH causes a AG* reduction of 27.8—29.2
kcal/mol, which is only 0.1—1.2 kcal/mol greater than for the
HHPg, case. The presence of H,O causes a AG* lowering of
~14.0 kcal/mol in both cases. For the alternate decomposition
pathway of HHP(, that produces acetic acid rather than
acetaldehyde as the product, the calculated catalytic effect of
H,O and HCOOH is 6.8 and 10.1—-10.9 kcal/mol AG*
lowering, respectively (Table 2), which is again similar to the
results for the analogous HHP(, reaction.

3.6. HHP;s55rene Decomposition. We next investigated the
impact of conjugation by examining the HHP;,.,. decom-
position reaction. We considered two conformers, HHP, o ene1
and HHPj, eper in the present work (Scheme 2). The
estimated free-energy barriers of 38.4—39.6 and 40.6—41.7
kecal/mol for the uncatalyzed HHPprenes and HHPjprenes
decompositions (Tables 1 and S3, Supporting Information)
match well with the previously reported values of 41.0 and 42.6
kcal/mol at the G2M-RCCS5//B3LYP-6-311+G(2d,2p) level of
theory.”> Though the presence of a vinyl group adjacent to the
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hydroperoxy carbon in HHPj e generally lowers the AGH,
the effect is slightly more pronounced in the case of
HHP;iprene1 Where the carbon-bearing hydroperoxy and
hydroxyl moieties are more substituted. Moreover, the
calculated barriers for the trans-HHPj,.,. decompositions
are found to be ~2.0 kcal/mol lower than those for the cis
decompositions.

The presence of a single H,O molecule reduces the zero-
point-corrected AE* for the cis- and trans- HHP;soprenet
decompositions by 21.4 and 21.7 kcal/mol, respectively
(Figures 6 and S4, Supporting Information). However, the
catalytic influence of an H,O molecule is significantly reduced
upon inclusion of entropic effects, i.e., the AG* for the cis- and
trans-HHP; yp ene) decompositions are only lowered by 11.4 and
11.9 kcal/mol, respectively. This agrees well with the value of
12.5 kcal/mol, previously reported by Anglada et al.>* The
analogous catalytic effect of a H,O molecule upon the
decompositions of cis- and trans-HHPjpenep is found to be
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isoprene2*

13.6 and 13.7 kcal/mol (Figures 7 and SS, Supporting
Information). However, for the HCOOH-catalyzed
HHPjgoprene; and HHPjiqprene;  dissociations, a dramatic AG#
lowering of ~26.0—28.0 kcal/mol is found. Moreover, the Int,
and Int, involved in the HCOOH-catalyzed decompositions of
HHP,oprenet and HHP ., are found to be 2.0—3.0 kcal/mol
more stable than those involved in the H,O-catalyzed
decompositions.

3.7. Hydroxy Radical Generation via HHP Decom-
position. In addition to the aldehyde- or ketone- and
carboxylic acid-forming pathways, the uncatalyzed unimolecular
decomposition of an HHP can lead to the formation of ‘OH
and hydroxyalkyl alkoxy radical via the barrierless homolytic
cleavage of the perhydroxy, O—OH, linkage (Scheme 3). This
mechanism has been previously explored using theoretical
methods. Anglada et al. have studied the ‘OH generating
decomposition pathway of HHP(, and compared its energetics
to that of the H,O-catalyzed reaction.'” They found that the
‘OH generation reaction has AG,,, = 27.8 kcal/mol, 8.9 kcal/
mol lower than the AG* for the water-catalyzed decomposition.
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Scheme 3. General Hydroxyl Radical-Producing
Decomposition Pathway of an HHP
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In a subsequent study, they studied the uncatalyzed and water-
catalyzed decomposition of the HHP(,.* Again, the ‘OH
generation pathway (AG,, = 27.5 kcal/mol) was found to be
favored over the water-catalyzed acetaldehyde-forming decom-
position (AG* = 33.3 kcal/mol). They thus suggested that the
HHP decomposition could be a source of tropospheric *OH.
Hasson et al. have also studied the uncatalyzed decomposition
of HHP, and HHP_, and arrived at similar conclusions.*®
However, the uncatalyzed and H,O-catalyzed decomposition of
isoprene-derived HHPs has been theoretically studied using
several ab initio and DFT methods and was found to exclusively
result in the formation of methyl vinyl ketone or methacrolein
and hydrogen peroxide.”” The *OH generating pathway, being
~20.0 kcal/mol higher in reaction enthalpy than the enthalpic
barrier of the H,O-catalyzed reaction, was ruled out as the
possible mode of decomposition. The presence of conjugation
in the HHP;;ep structure, which stabilizes the end products
through resonance, accounts for the preferential formation of
carbonyl compounds.

We recalculated the energetics for the *‘OH generating
decomposition pathway of HHPs in order to facilitate the
comparison with the acid-catalyzed aldehyde or ketone-forming
reaction using the same theoretical method. Note that such a
homolytlc O—OH bond cleavage could involve a substantial
barrier.”> However, we have not explored that possibility in the
present study and have only calculated the reaction energy for
the O—OH cleavage reaction. According to our calculations,
‘OH generation via HHP:, and HHP., decomposition is
27.6—28.1 and 29.2—29.6 kcal/mol endergonic (Table 3),

Table 3. M06-2X/aug-cc-pVTZ-Calculated O—OH Bond
Zero-Point Energy-Corrected Dissociation Energies, AE,
and Free Energies, AG, (in kcal/mol) for All the HHPs
Studied in This Work

O—OH bond dissociation energy

AE AG
substrate trans cis trans cis
HHP(, 37.6 37.1 28.1 27.6
HHP, 39.3 39.0 29.6 29.2
HHPjgyprene1 42.1 40.4 32.0 30.6
HHP, 41.6 39.9 31.5 30.3

isoprene2

consistent with earlier studies.'*”>* However, although the AG*
for the H,O-catalyzed cis- and trans-HHP; decompositions is
4.5 and 2.5 kcal/mol higher than the endergonicity of the *OH
generation pathway, the AG* for the HCOOH-catalyzed cis-
and trans-decompositions are 9.2 and 11.2 kcal/mol lower. This
suggests that the HHP decomposition pathway is not likely to
contribute to the atmospheric formation of *OH. Our ﬁndmgs
are consistent w1th the studies of Neeb and Moortgat® and
Johnson et al,** which found that the *OH vyield in olefin
ozonolysis experiments is not impacted by the presence of
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H, 0, which is known to react with the Criegee intermediate to
form HHP.

3.8. Rate Constant Estimates. The ability of an acid to
significantly lower the free-energy barrier for HHP decom-
position suggests that it can potentially play an important role
in the formation of atmospheric H,O,. Therefore, we next
evaluated the possible tropospheric impact of the HCOOH-
assisted HHPCD HHPCZ) HHPisoprenel) and HHPisopreneZ
decompositions by comparing their bimolecular rate constants
to those for the uncatalyzed and H,O-catalyzed reactions. We
have only considered trans-HHPs for kinetic analysis because
their decompositions are found to be relatively faster. We have
used transition state theory to calculate the rate constants for
the reaction

k
HHP + M = M + aldehyde or ketone + H,0,

where M represents the catalyst. The rate constant is then given
by

kM(T) = KM(T)kM,TST( T)

Q;t
QirQu

k T _ +
k(1) = r(T)= = At

kit (T) = ky(T)[M]

where kg is Boltzmann’s constant, T is temperature, ff = 1/kT,
h is Planck’s constant, AE* is the zero point-corrected barrier
height relative to the separated reactants, [M] is the catalyst
concentration in troposphere, kii(T) is the effective reaction
rate constant for the HHP decomposition due to the reactions
with a catalyst M, and Q, Quup, and Qy are the partition
functions for the transition state, HHP, and catalyst,
respectively, evaluated within the rigid rotor-harmonic
approximation. Tunneling effects have been included based
on the Boltzmann-averaged one-dimensional Eckart barrier
transmission factor, ky(T). All the calculations have been
performed at the M06-2X/aug-cc-pVTZ level of theory using
the unscaled vibrational frequencies, and the estimated rate
constants are shown in Table 4.

Table 4. M06-2X/aug-cc-pVTZ-Calculated Effective Rate
Constants (in s™!) for the Uncatalyzed and Water- and
Formic Acid-Catalyzed Aldehyde- or Ketone-Forming Gas-
Phase Decomposition of Various trans-HHPs Studied at
298 K and 1 atm

k(T)
M
substrate none H,0 HCOOH
trans-HHP, 7.9 x 107" 1.8 x 107 8.4 x 1077
trans-HHP ¢, 1.3 x 10716 1.0 x 1077 6.8 X 1077
trans-HHPgopene1 2.5 x 1078 69 x 107% 22 x 107°
trans-HHP, 5.4 x 1071 1.8 x 107* 9.6 x 107¢

isoprene2

Since we are primarily interested in the relative effect of
water and formic acid on the HHP decomposition, we
calculated and compared the k{f(T) for the HHP decom-
position due to reactions with H,O and HCOOH. Our
calculations indicate that, though tunneling is significant for the
uncatalyzed reactions (ky & 72—530), it plays a smaller role in
the water or formic acid-catalyzed reactions (ky(H,0) = 6.1—
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22.2; ky(HCOOH) = 1.0—1.5). For the concentration [M], we
have used [H,0] = 6.1 X 10" molecules/cm? and [HCOOH]
~ 5 X 10" molecules/cm®. These values have been taken from
a recent study by Vereecken et al,'® in which they have
summarized concentrations of various species in different
environments based on previous literature estimates.

Using these data, the estimated effective rate constant for the
water-catalyzed decomposition of trans-HHP, is then k?ﬁo(T)

= 18 x 1071 s7, representing an enhancement in the
decomposition rate constant by a factor of 2.3 X 107 as
compared to the uncatalyzed decomposition (k(T) = 7.9 X
107" s7'). For the formic acid-catalyzed trans-HHP(,
decomposition, kfi-oon(T) = 8.4 X 107 s7), an increase of a
factor of ~10' over the uncatalyzed reaction, and more
importantly, ~10> over the water-catalyzed reaction. The
calculated effective reaction rate constants for the uncatalyzed
and water- and formic acid-catalyzed trans-HHP, decom-
position also imply that the formic acid-catalyzed reaction is
faster than a water-catalyzed reaction (Table 4). Interestingly,
the unimolecular rate constant for the H,O-catalyzed
decomposition of HHPj;ene; has been previously reported
using classical TST, wherein the B3LYP/6-31G(d,p)-calculated
partition functions and G2M-RRCS-calculated energies were
used.” Our calculated value of 1.5 X 107 s™" is in reasonable
agreement with this prior estimate of 1.0 X 1077 s™'. Similar
rate constant estimates for the HHP;.,.; decomposition
predict that the formic acid-catalyzed reaction is ~10° faster
than the water-catalyzed one, which represents an order of
magnitude additional enhancement compared to the other
formic acid-catalyzed decompositions studied here. Overall,
these results suggest that organic acids in the troposphere
should play a larger role than water in HHP decomposition.
Recent satellite measurements over boreal and tropical
forests,”> which indicate that the actual atmospheric HCOOH
levels are two to three times higher than those that have been
commonly perceived, further support such a possibility. The
catalytic effect of incorporating organic acids into sulfuric acid
aeros0164mode1s has been verified through laboratory experi-
ments.

4. CONCLUSIONS

In this article, a computational investigation of the uni-
molecular, H,O-catalyzed, and acid-catalyzed decomposition of
the a-hydroxyalkyl hydroperoxides HHP.;,, HHP,,
HHP;soprenery and HHPjiprene has been reported. The
unimolecular decomposition of HHPs involves high free-
energy barriers (AG* ~ 39—59 kcal/mol); the pathway yielding
an aldehyde or ketone and H,0, is favored over that leading to
a carboxylic acid and H,O. Because of its lower free-energy
barrier, the former pathway is expected to play an important
role in the tropospheric decomposition of HHPs.

In the atmosphere, these HHPs can react with an H,O
molecule, which acts as a catalyst, to produce the same products
as those found for the unimolecular decomposition. The
presence of H,O causes an appreciable lowering of ~8.0 and
14.0 kcal/mol in the free-energy barrier for the carboxylic acid-
forming and aldehyde- or ketone-forming decomposition
pathways, respectively. For HHP; decomposition, the free-
energy barrier for H,O-catalyzed formaldehyde-forming path-
way is, however, 2.5—4.5 kcal/mol higher than the reaction free
energy for forming *OH and hydroxymethyl methoxy radicals,
whereas for HHP., decomposition these two pathways,
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because of their similar energetics, are both possible. Because of
this, earlier theoretical studies®>>® suggested that decomposi-
tion of these simpler HHPs could be a source of tropospheric
‘OH. However, the free-energy barrier for the H,O-catalyzed
methyl vinyl ketone- or methacrolein-forming decomposition
pathway of HHP; i ene; OF HHPjjoprener is ~4.6—5.5 keal/mol
lower than the reaction free energy for the ‘OH generating
pathway, implying that this decomposition should produce a
carbonyl compound and H,0, under atmospheric conditions.

The present DFT calculations on the acid-catalyzed
decomposition of HHPs indicate that the effect of an acid
molecule on the free-energy barrier for the aldehyde- or ketone-
forming pathway is dramatically greater than that of a water
molecule. The free-energy barrier for an acid-catalyzed reaction
is ~13—15 kcal/mol lower than that for the water-catalyzed
one, suggesting that acid catalysis might offer a more favorable
mechanism for HHP decomposition than that involving water
catalysis. Although the H,O concentration in the lower
atmosphere is ~5 orders of magnitude higher than that of
organic acids, the estimated effective rate constants for formic
acid-catalyzed reactions are ~2—3 orders of magnitude higher
than those for the water-catalyzed reactions, favoring an acid-
catalyzed reaction. This new mechanism should not only
improve our understanding of atmospheric H,O, formation,
but provides insight into potential routes for producing
industrially relevant carbonyl compounds.

The calculations reveal that the catalytic effect of an acid
directly correlates with the distance between the H-donor and
H-acceptor sites and can be further tuned by making judicious
substitutions at its carbonyl carbon. Since the free-energy
barrier for the acid-catalyzed decomposition is significantly
lower (by >10 kcal/mol) than the free energy required for
cleaving the O—OH bond of the HHP to form *OH, the
calculations suggest that HHP decomposition may not be an
important source of atmospheric *OH. The present results not
only furnish important mechanistic information about the
nonphotochemical source of gas-phase H,O, but also provide
valuable guidelines for designing novel catalysts for promoting
other industrially and environmentally important H atom
transfer reactions such as dehydration of alcohols and

dehydrohalogenation of halogenated hydrocarbons.
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