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Abstract

Gas-phase reactions between pyruvic acid (PA) and HO» radicals were examined using ab initio
quantum chemistry and transition state theory. The rate coefficients were determined over a
temperature range of 200 to 400K including tunneling contributions. Six potential reaction
pathways were identified. The two hydrogen abstraction reactions yielding the H>O» product were
found to have high barriers. The HO> radical was also found to have a catalytic effect on the
intramolecular hydrogen transfer reactions occurring by three distinct routes. These hydrogen-
shift reactions are very interesting mechanistically although they are highly endothermic. The only
reaction which contributes significantly to the consumption of PA is a multistep pathway involving
a peroxy-radical intermediate, PA+HO,—=CH3COOH+OH+CO,. This exothermic process has
potential atmospheric relevance because it produces an OH radical as a product. Atmospheric
models currently have difficulty predicting accurate OH concentrations for certain atmospheric
conditions, such as environments free of NOx and the nocturnal boundary layer. Reactions of this
sort, although not necessary with PA, may account for a portion of this deficit. The present study
helps settle the issue of the relative roles of reaction and photolysis in consumption of PA in the
troposphere.

* Corresponding author: rex.skodje(@colorado.edu

1. Introduction

Atmospheric chemistry is largely driven by reactive radical species, notably HOx (OH +
HO»). The hydroxyl radical OH is the strongest oxidizing agent in the Earth’s atmosphere.
Reactions of OH with volatile organic compounds' 23 43 ¢ (VOC) are important and while HO,
is less reactive it is often present in much higher concentrations than is OH. Given the importance
of these radicals in atmospheric chemistry, their sources, sinks and interconversions in different
environments is of utmost interest and is studied by field measurements, laboratory studies and
atmospheric models.® ® It is known that in urban polluted environments with high NOx (NO +
NO3) and VOC content, low ratios of HO2 to OH and therefore high OH mixing ratios maintain a

high oxidative capacity and the ability to remove VOC:s in these polluted environments. However,
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in pristine environments above the tropical forests where large biogenic emissions such as isoprene
are found and also at nighttime in the boundary layer the HO> to OH ratio is high (100:1). In these
environments HO is well modeled however large OH sources are missing.” ® ? 10 11 12 Interestingly,
it has been shown that the autoxidation of peroxy radicals may have important atmospheric
implications.!® 14 1 16 In response to the OH deficit found within certain atmospheric models, da
Silva proposed a new class of reactions focused on the conversion of HO> to OH which involved
the autoxidation of peroxy radicals.” The new mechanisms proposed involve the oxidation of
glyoxal and several other OVOCs by HO; leading to OH as well as carboxylic acids, compounds
currently underrepresented in atmospheric models.!” In this work we consider and compare
different pathways by which HO; oxidizes pyruvic acid including an interesting analog of the da

Silva mechanism.’

We explore the reactions of HO, with the pyruvic acid (PA) molecule, CH3(CO)COOH,
using theoretical methods, noting that experimental rates are not available. The motivation is
twofold: first to assess the question of the importance of chemical processing of atmospheric PA
relative to photolysis, and second to investigate the PA+HO, reactions mechanistically to probe
whether HO> to OH conversion may be possible via this route. Pyruvic acid is a keto-acid
prevalent in the Earth’s atmosphere!® 19 20 2122232425 iy 955 phase, and also is found in atmospheric
aerosol, fogs, clouds and polar ice. In regions with abundant vegetation, it can be emitted directly
by plants, yet its main source is the oxidation of isoprene, ozonolysis of methylvinylketone and
the subsequent hydrolysis of the Criegee intermediate formed. It can also be formed in the
photolysis of methylglyoxal generated from the reaction of biogenic VOCs including
monoterpenes and has been detected in biomass burning plumes. In the atmosphere, it is believed
that the primarily loss mechanism of PA is due to photolysis.?® 27 28 2 The primary photolysis
products are acetaldehyde and CO; and the photolysis rates have been well studied.? 3! 3233343536
3738 3940 41 4243 44 4546 4748 49 30 Iy competition with photochemical loss of PA, are the oxidation
reactions, especially by radical species such as OH and HO». The reaction rate with OH has been
experimentally estimated to be slow, although only one observation has been reported.’! We have
recently constructed a theoretical model of the OH+PA system using ab initio transition state
theory.>? That study revealed the primary reactive process was hydrogen abstraction to form water

and either CH>(CO)COOH or CH3CO+CO; products. While a variety of interesting features were

revealed in that study, it was also concluded that the overall rate of OH+PA was slow for
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atmospheric temperatures. The loss of PA by OH oxidation was not competitive with that of
photolysis and experimental estimates by Reed Harris et al. suggest that loss through OH oxidation
was up to two orders of magnitude slower than that of photolysis.*’ It is reasonable to next consider
the reactions of PA with HO> since no measurements are available at present in the literature and
suggestions that oxidation by HO; in organic compounds could be competitive.

Another reason to investigate PA + HO; is the interesting mechanistic character of HO-
reactions. In previous works it had been discovered that HO> can catalyze intramolecular H-atom
transfer reactions through a concerted double H-atom transfer mechanism. For reactions as simple
as DX+HO,—»HX+DO, (X=F, Cl, Br, )>® > the process is operative. Karton>® studied the HO>
catalyzed tautomerization of vinyl alcohol that operates via a similar mechanism. For the PA case,
we can imagine an H-atom transferred from the acid group to the ketone oxygen (i.e.
CH3(CO)COOH—CH3COH(CO)O which is quickly followed by decarboxylation to yield the
carbene product CH;COH.*® #° 3 This decarboxylation reaction was previously studied by
Takahashi et al.*! as a unimolecular process activated by high overtone excitation. It will be
interesting to see if the reaction barrier can be lowered using the concerted double H-atom
exchange process mediated by HO2. Overall, it is found that PA+HO: can proceed to several
different products. Direct abstraction from the methyl site or acid site can yield the two respective

channels

CH3(CO)COOH + HO>— CH2(CO)COOH+H20, R1
CH3(CO)COOH + HO;— CH3CO+CO2+H20:2 R2

The HO, mediated H-atom transfer mechanism can produce

CH3(CO)COOH + HO>— CH2COH(CO)OH+HO: R3
CH3(CO)COOH + HO,— CH3COH(CO)O+HO; R4
CH3(CO)COOH + HO;— CH3COH+CO>+HO> R5

A final process can produce acetic acid and OH, i.e.

CH3(CO)COOH + HO,— CH3COOH+CO,+OH. R6



This later process is quite interesting in that it converts the relatively stable radical HO», into the
much more reactive species OH. It is also a potential source for the missing OH content in the

atmosphere via a mechanism quite analogous to that suggested by da Silva for methylglyoxyl.”

In Sec. 2, we present the computation methods used in this work. The rate coefficients are
obtained using tunneling corrected transition state theory. The role of conformational structures
of the reactants and of the transition state are explicitly included. The quantum chemistry
calculations are carried out using the M11 density functional for structures and frequencies and
CCSD(T) theory energetics. In Sec. 3.1 the structures and mechanism are presented and discussed.
The rate coefficients are presented in Sec. 3.2 including a discussion of the role of conformations
and of tunneling. Finally, in Sec. 4 a brief conclusion is presented. Furthermore, in the Supporting

Information we present the detailed results of the quantum chemistry calculations.

2. Computational Methods
The rate coefficients were computed using transition state theory (TST) where the
parameters were established using ab initio quantum mechanics (QM). In the conventional form
of TST, bimolecular reactions that proceed along a single reaction pathway from a single well-

defined reactant structure have a rate coefficient as defined as

kyT ot  _25
TST Y _ < B 1
kTST(T) . K(T)QA_QBekT (1)

The transition state which acts as the bottleneck is the highest saddlepoint along the reaction
pathway between reactants and products and AEg denotes the zero-point corrected barrier height
relative to the ground state of the reactants. Quantum mechanical tunneling is incorporated
through the transmission coefficient k(T). The canonical partitions functions per unit volume of
the reactants and saddlepoints, O4, Os, and O/ were calculated using the harmonic oscillator-rigid
rotor (HO-RR) approximation using the parameters at the stationary points of the potential and
AEg is taken as the barrier between the zero-point corrected reactants and transition state.

In the case of the reaction of HO» with PA, the situation is more complicated since the
reactants have multiple conformational structures resulting from orientations along two relevant
torsional degrees of freedom. Furthermore, there are several saddlepoints corresponding to

different conformations of the {HO---PA} complex and various possible reaction paths going to
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different products. The generalization of the conventional TST formalism to such circumstances
has been object of considerable interest recently. Here we shall employ a simple version of the
multipath TST (MPTST) introduced by Truhlar and coworkers which we briefly describe in the
context of PA+HO,.%¢ This expression is similar to one which has been used by Vereecken and

Peteers for studying rotamers.>’

The PA molecule has four conformational structures shown in Fig. 1, which are annotated
with the zero-point corrected energies. These conformers correspond to cis-trans structures along
the torsions about the alcohol C-OH and C-C bonds, respectively. Of the four structures, however,
only two major conformers are important in the gas-phase chemistry of the molecule under
ambient conditions. These are the Trans-cis (Tc) conformer which contains an intramolecular
hydrogen bond between the carboxylic acid and ketone functional groups and the Trans-trans (Tt)
conformer where the hydrogen of the carboxylic acid is trans relative to the ketone oxygen.

PA Trans-cis (Tc) PA Trans-trans (Tt)
(0.00 kcal/mol) (2.64 kcal/mol)

PA Cis-cis (Cc)
(10.27 kcal/mol)

PA Cis-trans (Ct)
(4.26 kcal/mol)

Figure 1. Stationary point structures for the Trans-cis (Tc), Trans-trans (Tt), Cis-trans(Ct) and Cis-
Cis (Cc) conformers of pyruvic acid, as well as their respective energies relative to Tc calculated
using CCSD(T)/CBS in tandem with structures obtained using M11/cc-pVTZ. Here a blue line
indicates an intramolecular hydrogen bond, which is responsible for the additional stability in the
PA(Tc) conformer.

PA(Tc) is the more thermally abundant conformer of those found in the gas-phase due to the

stabilization provided by the intra-molecular hydrogen bond which lowers the energy by £¢=2.64



kcal/mol when compared to PA(Tt).3! 3° 4! The total partition function of PA is then the weighted
sum of contributions from PA(Tc) and PA(Tt)

Qpa = Q¢ T exp (‘ kBLT) Qre 2

where contributions from each conformer are then computed using the HO-RR approximation for
all modes. This form is simpler than the multi-structural expression of Truhlar and coworkers in

that the torsional anharmonicity is ignored. >°

The various transition state structures (i.e. saddlepoints) can be grouped into sets of
conformational isomers that proceed to the same chemical products, based on knowledge of the
reaction paths. These structures will be discussed in detail in the next section. Each of these
saddlepoints will possess a distinct barrier height and will have a distinct tunneling coefficient.
Hence, the generalization of eq. (1) will involve a summation over the contributions of each barrier.
5859 Thus, a given reaction R; has M; distinct TS-conformational structures, labeled by j, so that

its TS is labeled by the pair (i,j). The rate coefficient for the reaction R; is

M; ¥ AE; ij
e _kBTZJ Ki,j(T) Qi,jexp - kBT (3)
i( ) ~h Qpa- QHO2
¥

In eq. (3), the barrier energy AE is computed relative to the lowest energy conformer of the

0;i,j
reactants, i.e. PA(Tc)+HO,. Each of the terms Qz i is a HO-RR partition function associated with
the saddlepoint (i,j), where one vibrational degree of freedom is eliminated, i.e. the reaction
coordinate. The tunneling coefficients will, in general, be different for each saddlepoint structure.
This formula can be regrouped in various equivalent ways, e.g. by factoring out the lowest barrier
from the exponential term. This expression presumes that the conformers of the TS are in thermal
equilibrium with the reactants and that all the conformers of the reactants are in a thermal
equilibrium with the bath. We assume that this approximation holds in the present problem. The
calculation of the tunneling coefficients is accomplished using the Small Curvature Tunneling
method (SCT).%® The SCT method is an improved technique based on the earlier SC-SAG
concept®! 62 that incorporates corner cutting tunneling dynamics based on a local analysis of the
reaction pathway. The method is known to produce accurate results for a variety of

multidimensional reactive systems.



The geometry optimizations of the reactants and saddlepoints were carried out using the
using the M11 functional with the cc-pVTZ basis. The vibrational frequencies were then scaled
with a factor of 0.967. The stationary point energetics of the transition states were carried out at a
higher level using CCSD(T). The reported values of the energies were obtained by extrapolation
to the CBS limit using ROCCSD(T)/cc-pVXZ(X=D,T,Q) and M11/cc-pVXZ(X=D,T,Q).% ®*The
vibrational frequencies and structures obtained using M11/cc-pVTZ as well as the single point
energetics and the respective CBS extrapolated energy can be found within the supplementary
information. To obtain the minimum energy path (MEP), we employed the GS2 algorithm which
permits a fairly large step size during integration while still yielding accurate results.® 66 67 68 69
The method is also quite good at handling the stiffness problem frequently encountered when
solving for an IRC.® The geometry optimizations, frequency calculations and all subsequent M11

functional calculations were performed using the GAMESS-US computational package’.

CCSD(T) calculations were carried out using the GAUSSIAN 16 software package.’!

3. Results and Discussion

3.1 Structures and Mechanisms

The stationary points for the PA + HO: system were located using the quadratic
approximation search algorithm found within GAMESS-US. Many of the structures were
conformational isomers of one another or mirror image structures that we combine in the kinetic
analysis. We located four stable points, that we classify as pre-reactive complexes of PA-HO», 16
separate saddlepoints for the reactive steps, and 10 intermediates corresponding to various
metastable structures along various reaction pathways. We first discuss the pre-reactive complexes

and then move on to analyze the reaction mechanism via the saddles and reactive intermediates.

Four hydrogen bound pre-reactive complex structures involving HO; and pyruvic acid

were found and are presented in Fig. 2.



PRC1 PRC2
-8.20 VN -5.85

Figure 2. Hydrogen bound pre-reactive complex (PRC) structures optimized using M11/cc-pVTZ
for the PA + HOz reaction. Additionally, the M11/CBS energetics relative to the PA(Tc)+HO; are
given in kcal/mol. Blue lines indicate hydrogen bonds formed during complex formation.

The first and third pre-reactive complex structures (PRC1 and PRC3) are formed through hydrogen
bond interactions between the carboxylic acid of pyruvic acid and the ketone oxygen. The second
and fourth complexes (PRC2 and PRC4) are formed through hydrogen bond interactions with the
methyl functional group and ketone oxygen and are conformers of each other. The M11/CBS zero-
point corrected internal energies for these complexes relative to asymptotic reactants of PA(Tc)
and HO» are presented in Table 1 (since these energies do not affect the rate calculations, we do
not improve them to the CCSD(T) level). The complexes formed through interactions with the
acid functional group (PRC1 and PRC3) were found to be more energetically favorable than those
formed through interactions with the methyl group due to the double hydrogen bonds. PRC3 is
more stable than PRC1 due to the decreased ring strain in the structure. On the other hand, PRC4
was found to be less stable than PRC2 because of the missing additional intramolecular hydrogen
bond found in the Tc conformation of the complex. While the PRC’s are interesting, they do not
play a role in the kinetic rates in the high-pressure limit due to being in thermal equilibrium with
the bimolecular reactants. However, the PRC’s help characterize the geometries and energetics
associated with hydrogen bonding within the PA-HO; collision complex. The intermolecular
hydrogen bond between HO; and PA is roughly 4-5 kcal/mol/bond compared with 2.64 kcal/mol
for the intramolecular hydrogen bonding. It will be interesting to compare the strength of the

analogous hydrogen bonding in the transition state region.
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Table 1. Zero-point energy corrected energies for the pre-reactive complexes (PRC), reaction
intermediates (INT) and reaction products (P1-P6 for reactions R1-R6) of the various PA+HO»
pathways relative to PA(Tc)+HO: expressed as kcal/mol. The energies were calculated using
M11/CBS singlepoint energies and the frequencies determined with M11/cc-pVTZ. Because the
rate coefficients are calculated at the high-pressure limit, these structures do not play a role in the
rate constants and were therefore not improved to the CCSD(T) level.

AEM!
PRC1 -8.20
PRC2 -5.85
PRC3 -9.47
PRC4 -4.18
INT1+HO:; 10.69
INT2+HO; 16.22
INT3 29.04
INT4 21.76
INTS 16.82
INT6 -9.22
INT7 -6.67
INTS -7.60
INTO9 -15.91
INT10 -12.88
P1+H20> 9.35
P2+H>02+CO2 -6.54
P3/P4+HO,+CO; 41.54
P5+HO; 28.38
P6+OH+CO; -64.61

The overall heats of reaction determined using M11/CBS for the products of reactions R1-
R6 are listed in Table 1 as PX(X=1-6). It is seen that the reaction is exothermic only for reactions
R2 and R6. The isomerization reactions R3, R4, and RS as well as the abstraction process R1 were
all found to be endothermic. Presumably, the reactions R2 and R6 would be the only available
avenues for reaction under ambient conditions.

The energetics of the stationary points of reactions R1-R5 are shown in Fig. 3 and that of
reaction R6 is given in Fig. 4. The numerical results from both CCSD(T)/CBS and M11/CBS are
tabulated in Table 2 for the transition states. The optimized TS structures of R1-R5 are shown in
Fig. 5 and those of R6 in Fig. 6. The structures of the intermediates along the pathways are given

in Fig. 7 and 8, respectively. The abstraction and exchange reactions (R1-R5) were found to have



extremely high adiabatic (zero point corrected) barriers ranging from 15.05 kcal/mol to 32.81
kcal/mol at the CCSD(T)/CBS level of theory. In contrast, the primary bottleneck of R6 has a
much lower barrier, 7.29 kcal/mol, which motivates singling it out from the other processes. We

next describe some of the mechanistic aspects of these six reaction motifs.

Table 2. Zero-point corrected energetics for the reactions of PA+HO> calculated using both

CCSD(T)/CBS and M11/CBS in kcal/mol relative PA(Tc) + HO,. Here AETC,SCSD(T) corresponds
to the CCSD(T)/CBS adiabatic barrier determined using M11/cc-pVTZ structures and

frequencies, and AEY! corresponds to the barriers determined using the same structure and

frequencies with M11/CBS. Also presented are the barrier frequencies of each saddlepoint in cm”
1

AEESSPM g1l Vi
TSI 19.17 20.98 2334.24i
TS2 30.20 27.91 4896.87i
TS3 25.81 22.76 1556.98i
TS4 32.81 25.98 1110.95i
TS5 31.95 30.62 210.40i
TS6 15.05 16.93 174.68i
TS7 -0.09 2.32 832.42i
TS8 1,01 1.88 925.78
TS9 1.97 1.89 804.85i
TS10 6.01 8.95 85332
TS11 8.54 620 114.68i
TS12 1.26 2.95 600.42i
TS13 7.29 7.39 1375.96i
TS14 13.26 12.25 2245.75i
TS15 12.69 12.94 583.06i
TS16 8.68 -8.84 326.75i
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Figure 3. Schematic for the zero-point corrected single point energies for the reactions originating
from PA(Tc) and PA(Tt) with HO». The energies presented are relative to PA(Tc). The energetics
of both the minima and saddlepoints structures were calculated using M11/CBS (Black) in
kcal/mol with the M11/cc-pVTZ structures and frequencies. Additionally, the transition state
(TSx) energetics were also calculated using CCSD(T)/CBS (Red) using the DFT structures and
frequencies. Numerical values outside of parentheses correspond to DFT energetics and inside
correspond to CCSD(T) energetics. The values of several unimolecular barriers calculated using
M11/CBS are presented in blue (TS3*, TS4*, TS5* and TS6*) in order to demonstrate the catalytic
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Figure 4. Lowest energy structures for the R6 reaction pathway of PA+HO>. M11/CBS energies
corresponding to the PA(Tc) are in black, and those corresponding to PA(Tt) are in blue. The
energies presented are relative to PA(Tc). CCSD(T)/CBS (Red) was also used to calculate the
adiabatic barriers of each transition state (TSx) for both the Tc and Tt conformer pathways using
the structures and frequencies calculated using M11/cc-pVTZ.

TS2 TS3
(30.20) '»1 (25.81)
L%

TS1
(19.17)

TS4 TS5 TS6
i (31.95) .‘. (15.05)

¢

Figure 5. Transition state structures for reactions R1-R5 optimized using M11/cc-pVTZ for the
PA + HO; reactions. TS1, TS2, TS5, and TS6 resemble PA(Tc) and TS3, TS4, resemble PA(Tt).
CCSD(T)/CBS energetics relative to PA(Tc)+HO: are presented in parenthesis. Here black lines
indicate bonds breaking and forming and blue lines indicate hydrogen bonds.
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TS7 TS8
(-0.09) (-1.01)
TS9 TS10
(1.97) (6.01)

TS14 TS15
(13.26) (-12.69)

Figure 6. Transition state structures involved in the reaction pathway R6 optimized using M11/cc-
pVTZ. CCSD(T)/CBS energetics relative to PA(Tc)+HO, are presented in parenthesis. Here black
lines indicate bonds breaking and forming and blue lines indicate hydrogen bonds. The
saddlepoints TS7 and TS8 lead to a peroxy formation through the ketone carbon from the PA(Tc¢)
and PA(Tt) conformers respectively and TS9 and TS10 structures lead to a peroxy radical formed
from an addition to the carboxylic acid carbon. The conformational pairs for TS7/TS8, TS13/14,
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and TS15/TS16 involve the orientation of the OH-group and thus affect the degree of hydrogen
bonding.

INT1 INT2
10.69 16.22
v

INT4

INTS

Figure 7. Intermediate (INT) metastable structures found along the R1 to RS reaction pathways
calculated using M11/cc-pVTZ. M11/CBS energetics relative to PA(Tc)+HO; are presented.
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INT6
-9.22

INTS
-7.60

INT9 INT10
-15.91

Figure 8. Intermediate metastable structures for the R6 reaction leading to the formation of
CH;COOH+OH+CO2 computed with M11/cc-pVTZ. The intermediates INT6, INT7 and INT8 are
associated with changes in the orientation of the two OH-groups.
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Consider first the reactions R1 and R2 which are abstraction type processes yielding an
H>0; product. In R1, the H-atom is abstracted from the methyl group while in R2 the acid group
H-atom is abstracted. The R1 abstraction takes place through TS1 with a barrier of 19.17 kcal/mol
at the CCSD(T)/CBS level. The product is then simply the methyl site radical species
CH2(CO)COOH. The acid group H-atom abstraction, via TS2, has an even higher barrier of 30.20
kcal/mol. Since the resulting CH3(CO)(CO)O complex is unstable it immediately decarboxylates
to form an acetyl radical along with CO; and H>O». These reactions are simple single atom transfer
processes, but even the reactions with large transmission coefficients yield small rate constants at

each temperature studied because of their high reaction barriers.

Reaction R3-R5 are HO, mediated H-transfer reactions where the H-atom migrates to a
new site on the PA molecule via a double exchange process with HO2. The HO; catalyst is known
to significantly lower the barrier for these sorts of unimolecular reactions.’* > In R3 the H-atom
is transferred from the methyl group to the ketone oxygen. Reaction R3 proceeds via a two-step
isomerization process which ultimately lead to methylhydroxycarbene, which is the same product
produced from the direct gas-phase photolysis of the pyruvic acid molecule.*! 3° 3 In R3, a
transient radical CHCOHCOOH is formed as an intermediate product species. If we allow this
radical to further decompose it forms the products CH3;COH+CO,. These reactions proceed
through ring shaped TS’s as shown in Fig. 5. However, the overall reaction energetics is highly
endothermic, AHxn=41.54 kcal/mol indicating that none of these structures is the rate limiting
bottleneck. Nevertheless, it is interesting to note that HO> dramatically lowers the saddlepoint
energies compared to the uncatalyzed reactions which are relevant to the overtone induced reaction
of the bare PA molecule. The comparison is shown on Fig. 3 where the analogous unimolecular
energy, TS3*, is indicated. Inreaction R4 and RS, the HO» species catalyzes the H-atom migration
from the acid group to the ketone. The unstable CH;COHCOO transient, either forms a lactone
product in RS, or dissociates to the CH3;COH+CO: product. Again, the overall reactions are highly

endothermic and unimportant in the kinetics at ambient temperatures.

Table 3. Energies (kcal/mol) of the transition state relative to reagents for the PA+HO: catalyzed
reaction versus uncatalyzed unimolecular reaction. The zero point corrected single surface results
of da Silva** (a) and Takahashi (b) et a/*' are shown along with the heat of reaction. Note the
catalyzed barriers are all submerged relative to the final products.
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AEFE"  AEFY  AHpy

R3® 32.81 60.00 43.00
R4° 31.95 38.28 40.63
R5? 15.05 35.60 28.70

The lowest energy reaction pathway for PA+HO: is found to be reaction R6. This highly
exothermic reaction consists of two sequential H-atom transfer reactions. It is analogous to the
reactions of HO» with methylglyoxal studied by da Silva which acts as a pathway for OH radical

formation.’

The structures arranged along the pathway are depicted in Fig. 9 where we have
distinguished PA(Tc) and PA(Tt) for clarity. In the first step, the HO; attacks the central carbon
and transfers an H-atom to the ketone oxygen passing over the transition states TS7 or TS8. As
seen in Fig. 9, these two transition states are conformational isomers associated with the orientation
of the OH-group on the carboxylic acid with TS7 similar to PA(Tc) and TS8 similar to PA(Tt).
TS7 is slightly lower in energy compared with TS8 due to additional intramolecular hydrogen
bonding. The intermediate structures INT6 and INTS are the products of these two reaction steps,
and correspond to conformations of the OH-orientation. It is possible for the intermediates INT6
and INTS to interconvert by passing over either of two low lying transition state, TS11 and TS12,
that link the two pathways. Both of these additional saddlepoint structures, TS11 and TS12,
connecting INT6 and INTS8 correspond to conformational changes of the acid and central alcohol
hydrogen respectively. We note that INT6 and INTS are relatively stable intermediates, lying 7.60

and 9.22 kcal/mol below the entrance channel asymptote for PA(Tc)+HO,.We assume, consistent

with eq. 3, that INT6 and INTS are populated in thermal equilibrium.

The key bottleneck step in the reaction of PA with HO; is the second H-atom transfer
process that proceeds through either of the conformational pair TS13 or TS14. This step consists
of a concerted hydrogen transfer from the acid OH to the peroxy simultaneously with the
decarboxylation of the CO» group. This rate limiting step is then followed by OH removal through
either TS12? or TS12°. The barriers for TS13 and TS14, of 7.29 and 13.26 kcal/mol are the highest
along the pathway, and thus we can assume that everything on the reactant side of these barriers
are in thermal equilibrium. The difference in energy between these two saddlepoint structures is

large enough such that it is unlikely that TS14 will contribute in the TST computation of the rate.
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It is worth noting that the energy of TS13 is much lower that limiting barriers for any of the

competing reaction R1-R5, suggesting that R6 should dominate the kinetics.

TS7
2.32
(-0.09)

PA(Tt)+HO, =——>
(2.64 kcal/mol)

PA(Tc)+HO, —>
(0.00 kcal/mol)

Figure 9. The scheme for reaction R6, PA+HO,—CH3(CO)OH+CO>+OH. The interconversion
between conformers INT7 and INTS is shown. The TS13 is rate determining. The blue arrows
provide a sense of atomic movement in given reaction steps. M11/CBS energetics relative to the
PA(Tc)+HO are presented and CCSD(T)/CBS energetics are presented for saddlepoints in
parenthesis.

3.2 Determination of the Rate Coefficient

Having characterized the transition states for the reactions of HO, with PA, we can now
compute the rate coefficients. Since reactions R3, R4, and R5 are dominated by extremely high
reaction endothermicity, we shall omit computation of those very small rates. For the remaining
reactions R1, R2, and R6 studied we apply eq. (3) in the range 200-400K. The structures and
frequencies were obtained with the M11 functional while the energetics employed CCSD(T)/CBS
for the stationary points. The reaction path degeneracy and transition state chirality for each
reaction was also incorporation into the partition functions. The inequivalent transition states were
explicitly included in the sum in the numerator of eq. (3). The SCT tunneling coefficients, x; ¢ ,

were computed along the reaction pathway that was computed at the M11 level. The values of

kT (T = 298K) are shown in Table 4.
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Table 4. Factors for the reaction path degeneracy (n), transition state chirality (m) and small-
curvature tunneling coefficient for HO> with PA(Tc) and PA(Tt) at T=298K which were used
when determining the rate coefficients. R6* and R6P correspond to passing over different
standpoints leading to the final products of CH3(CO)OH+CO>+OH. Here R6? corresponds to
TS13 and R6°to TS14.

T=298K n m KS¢T

R1 3 2 5111
R2 1 2 12603.35
R6? 1 2 2790
RGP 1 2 148.79

The reactions R1, R2, and R6 were all found to have significant transmission coefficients at
T=298K. The reactions proceed through very narrow barriers, i.e. the barrier frequencies were
2334.2i cm! 4896.9i cm’!, and 1369.9i cm!(2245.8i cm™) for TS1, TS2, and TS13(TS14). It is
interesting that the barrier TS14 is significantly narrower than its conformational partner TS13.
Although the transmission through TS14 is higher than that through TS13, the difference in the
barrier heights still strongly favors the TS13 route. The values for the rate coefficients are
presented in Table 5 and a graph showing the effective rate constant with and without tunneling

(NT) are presented in Figure 10.

Table 5. Rate coefficient for reactions R1, R2, and R6 as well as the effective rate constant of
PA+HO: studied calculated with the CCSD(T)/CBS energetics at T=200K, 250K, 298K and
350K in cm® molecule™ s7.

T(K) le kRZ kR6 keff
200 1.82x10%%  3.64x10%° 1.20x102° 1.20x102°
250 2.87x102%°  1.35x10%°  1.69x10%°  1.69x10%°
298 4.11x107%7  1.43x1073%2 2.88x102° 2.88x10%
350 2.26x102%°  3.73x1073° 5.65x10%° 5.65x10%°
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It is apparent that kre is totally dominant in the reaction process. A non-linear least squares fit was
generated from the effective rate constant and is presented in Table 6.
Table 6. Exponential Ahrenius fit of the effective rate coefficient for PA+HO; using

B
CCSD(T)/CBS. These are fit with the form k = A; T™ e~ T . Units for this fit are molecule cm’
s and Kelvin.

Aq nq By
1.318x10% 10.65 -2051.812

A graph showing the effective rate constant calculated with and without the small-curvature

tunneling correction (NT) is presented in Fig. 10.

2_18 T T T T

= SCT k(!ff _

\ = NT kg

LN
©

log(keff (cm® molecule ™ s™1

2% 3.0 35 4.0 45 5.0
1000/ T(K)

Figure 10. Effective rate constant, including R1, R2, and R6, for the reaction PA+HO; calculated
over the range of 200 to 400 K. This figure includes both the small-curvature tunneling corrected
rate constant (Orange), as well as rate constants neglecting any tunneling (Blue) to show the
importance of tunneling at low temperatures.
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Despite the catalytic effect that HO, plays on the reaction barriers with pyruvic acid, the
effective overall rate constant is primarily determined by the lowest energy bottleneck of the
sequential H-atom transfer reaction R6, via the bottleneck TS13. The reactions of R1 through RS,
which involve hydrogen transfer isomerization or hydrogen abstraction by HO», do not contribute
significantly to the overall rate constant. It is quite interesting to note that internal barriers to the
concerted hydrogen exchange processes of R3-R5 are significantly lower than the previously
observed unimolecular overtone induced isomerization reactions of PA.*! ¥ The R6 reaction was
found to be approximately six orders of magnitude larger than the upper limit rate constants of the
R1 or R2 reactions at room temperature. As shown in Figure 10, the tunneling contribution
calculated with the SCT method is quite significant even at room temperature with a SCT

correction factor of 27.90 at 298K.
4. Conclusions

In this work the reaction of pyruvic acid with HO> was mechanistically and kinetically
studied using ab initio quantum chemistry and TST. The reaction mechanisms were found to
follow six distinct routes: abstraction (R1 and R2), exchange (R3-R5) or peroxy radical formation
and isomerization (R6). It was found that HO; was able to mediate the hydrogen isomerization
reactions and had a barrier lowering effect ranging from 7 to 25 kcal/mol. This provides a further
example of the barrier lowering characteristics of double hydrogen exchange mechanism catalyzed
by the HO, molecule. Despite this catalytic effect, these exchange reactions were very endothermic
and unimportant in the consumption of PA, although they are interesting as examples of a chemical
principle. We find reaction route R6 is kinetically dominant under ambient conditions. This multi-
step pathway involves the formation of a peroxy species through hydrogen transfer process from
the HO, moiety, followed by a second hydrogen transfer from the acid group. For this process to
occur, the intermediate is required to undergo conformational change. Since the barrier for this
isomerization process is low, we assume that the intermediates lie in an equilibrium distribution

39 38 can be

and the multiconformational adaptation of TST developed by Truhlar and coworkers
applied. We note that a mechanism similar to reaction R6 was previously proposed by da Silva.’
The TST rate coefficient for R6 was found to be orders of magnitude larger than that for all other

reactions at room temperature. The tunneling coefficient for R6 was quite important and was
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found to increase the rate coefficient by a factor of 27.9 at room temperature. It is highly possible

that other similar reactions may proceed by the da Silva mechanism.

In light of the results presented, it seems unlikely that the PA+HO> reaction has a major
impact on the chemical consumption of PA in the atmosphere. The much faster rate for the
PA+OH reaction would seem to more than compensate for the lower relative concentration of
atmospheric OH versus HO>. Thus, reactions with OH should dominate in the troposphere.
Furthermore, as a sink for atmospheric PA, HOx reactions with PA are collectively much slower
than the consumption of PA via solar photolysis during daytime. The reaction of pyruvic acid with
HO> may still play some role as a potential source for OH radicals under certain atmospheric
conditions, such as environments free of NOx or at nighttime when direct photolysis would not be
operative. Under such conditions there are large HO2/OH mixing ratios. This suggests that the
potential conversion of HO; to OH via various atmospheric VOC’s would seem to be worthy of

further investigation.
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