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Abstract
The gas phase reaction of pyruvic acid with the OH-radical is studied theoretically using accurate

quantum chemistry and transition state theory. Two chemically distinct H-atom abstraction
reactions and two distinct OH addition reactions have been identified. The rate coefficients for
these four processes were calculated. Quantum tunneling was included in each rate using the small
curvature tunneling method. The influence of the conformational structure of pyruvic acid was
found to be particularly intriguing. While the trans-cis structure was found to dominantly react by
H-atom abstraction from the methyl site, the trans-trans conformer was found to react mostly
through H-atom abstraction from the acid site. A general formalism was developed to model the
kinetics of the reactions that involve multiple conformers, interconverting pre-reactive complexes,
and multiple transition states. Comparison of the results obtained with available experimental rate
observations reveals agreement with the trans-trans conformer of pyruvic acid, but disagreement
with the results obtained for a full statistical mixture of reagents. The role of these reactions in the

atmospheric processing of pyruvic acid is discussed.

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

1. Introduction

The importance of hydroxyl radicals (OH) in atmospheric chemistry on Earth has led to
concerted efforts to study the OH oxidation of organic molecules and extensive data-bases have
been generated over the years.! 2 These reaction rates are central building blocks for combustion

simulations of biofuels and for atmospheric modeling. Nevertheless, multifunctional oxidized
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organics with multiple chemically relevant conformations remain a challenge. The rate coefficients
for such reactions are often difficult to measure in the laboratory, due to the occurrence of multiple
reaction pathways and the rapid proliferation of secondary reactions. Furthermore, there are often
stubborn practical issues in generating well characterized gas phase samples. Therefore, one often
turns to a theoretical ab initio method for the calculation of the rates.> Typically, this approach
combines a high level determination of the potential energy surface using quantum chemistry
coupled with a statistical model for the rate coefficients. These computations can be demanding,
due to the size of the molecules involved, and because of our imperfect intuition about the nature
of the reaction path itself. Indeed, the mechanistic study of complicated reactions often evolves
into global numerical searches for saddlepoints that are quite distinct from our first guess as to the
primary reaction site. This failure of imagination can be compounded by a proliferation of non-
equivalent conformational structures for the reactants and the transition states (TS) which may
lead to very different rates and that require separate optimizations. Furthermore, quantum
tunneling and the formation of pre-reactive complexes may modify the rates and are significantly
more taxing to model than are direct reactions on the classical barrier. Nevertheless, in principle,
a well converged theoretical model will provide a testable prediction for the proposed reaction
mechanism and its rate. Thus, theory can provide an avenue to investigate the mechanism of the

large organic species that difficult to handle experimentally.

Pyruvic acid (CH3(CO)COOHR) provides an informative molecular system whose reactivity
exemplifies the complexity inherent in organic molecules relevant on Earth. It is one of the most

45678910404 is formed as an intermediate species

abundant keto-acids found in the troposphere
in the isoprene oxidation pathway.* Pyruvic acid itself has been found in the troposphere in
different types of climates such as mid-latitude, tropical and marine environments with large gas
phase mixing ratios up to 100 ppt.®” 8?1t has also been found in several different media, including
the gas phase, rainwater, aerosols, and snow.!! 12 13 14 1516 17 By yerimental studies on the reactivity
of this molecule have suggested that direct photolysis is the primary pathway for degradation in
the troposphere rather than that of OH oxidation.’® /% 20 2/ 2223 The oxidation of pyruvic acid by
OH remains of interest however and given the sparsity of information available on a system of this

complexity, theory can provide an avenue to investigate the mechanism of organic species difficult

to handle experimentally.



In this work, we provide a theoretical study of the gas phase reaction rate of pyruvic acid
with OH radicals yielding the rate coefficients and mechanism. In addition to its practical
significance for chemistry of the atmosphere, this work also provides an interesting study of the
influence of complexities such as multi-structural effects, pre-reactive complex formation, and
substantial tunneling on the reaction rate. We have computed the rate coefficients for the
elementary reaction steps using ab initio transition state theory,?* i.e. transition state theory (TST)
in which all the required frequencies and structures are obtained from quantum chemistry
calculations. These elementary rates are combined in a kinetic model to produce an effective rate
coefficient. The pressure dependence was considered but found to be of negligible importance.

There are two nascent product channels of importance that differ by the abstraction site, i.e.
CH3(CO)COOH+OH~>CH3CO+CO2+H0O (Acid site-abstraction)
CH3(CO)COOH+OH—> CH»(CO)COOH+H,0 (Methyl site-abstraction)

We also find two addition reactions which turn out to be of lesser kinetic importance due to their

higher barriers
CH3(CO)COOH+0OH—> CH3COCO(OH): (Acid site addition)
CH3(CO)COOH+OH—-> CH3CO(OH)COOH (Ketone site addition)

The PA molecule possesses four stable conformational structures that are shown in Fig. 1. The
lowest energy conformer, the trans-cis (Tc) species, is stabilized by hydrogen bonding between
the acidic H-atom and the ketonic oxygen. The trans-trans (Tt) species differs by the orientation
of the hydroxyl H-atom which now points toward the ketone group. There are two other structures,
the cis-trans (Ct) and cis-cis (Cc) conformers, which are even higher in energy and play little role
in the kinetics except at high temperatures. Based on a theoretical determination of the free
energies (discussed in Sec. 2), the relative equilibrium concentrations these species in a 298K
dilute gas will be 0.98 (Tc) and 0.02 (Tt). We have noted previously? 2 that these conformers
exhibit very different vibrational spectra due to the H-atom chattering between the oxygen atoms
at high overtone excitation. We anticipate that the reaction kinetics will also show a significant
conformational effect, since the acidic H-atom is a primary site for reactions with OH-radicals.
The potential influence of multiple conformers on reaction kinetics has been appreciated for many

years. In organic synthesis, e.g., the well-known Curtin-Hammett principle?’ was developed in



the 1950’s in an attempt to correlate the product distribution of a reaction to the propensity of

conformal isomers of the reagent. More recently, transition state theory has been extended to

incorporate the influence of distinct transition state structures on the overall rate of reaction. %°
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PA Trans-cis (Tc)
(0.00 kcal/mol)

PA Trans-trans (Tt)
(2.64 kcal/mol)

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

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

Figure 1. The four conformational structures of the pyruvic acid molecule. The
energies are the harmonic zero point corrected relative energies computed using
quantum chemistry at the level CCSD(T)/CBS//M11/cc-pVTZ.

The role of hydrogen bonded intermediates in bimolecular reactions of organic molecules
with OH have been discussed.’! 3 3% It is well known that many organic species will exhibit
significant trapping potential wells with OH-radicals due to hydrogen bonding or van der Waals
interactions.>* The formation of such pre-reactive complexes (PRC’s) can yield highly curved
Arrhenius plots and can even lead to apparent negative activation energies, in particular when the
reaction barrier is submerged below the entrance channel threshold. These effects have been
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described extensively in the literature
a general statistical theory for negative activation energies. The pre-reactive complexes, like the
reactants and the TS’s, possess different conformational structures, which may correlate different
transition states via distinct reaction pathways. This occurs for PA+OH and adds an additional

layer of complexity to the rate modeling.

The remainder of this paper is organized as follows. In Sec. 2, the quantum chemical
methods and results are presented. The molecular structures are computed using DFT and the

energies of the stationary points, i.e. the reactants, products, transition states, and intermediate



complexes were determined using a coupled cluster complete basis set method. The minimum
energy pathways were mapped out for a number of the saddlepoints to determine the mechanisms
and to compute tunneling corrections. In Sec. 3, the kinetics of the OH+PA is discussed. A
generalized steady state approximation is introduced to compute the effective reaction rate. In
Sec. 4 the TST formulae used are presented, while the supporting information describes the
adaptation of the formalism to microcanonical ensembles. The quantum tunneling is incorporated
by the small curvature tunneling approximation.** ** Section 5 presents a discussion of the
computed rate expressions and comparison with available experimental results. Section 6 is a
conclusion that suggests possible future work and speculation about the certain discrepancies with

previous works.
2. Quantum Chemistry: Structures and Energetics

The optimized structures for reactants, products and saddlepoints were obtained by DFT

using the Minnesota functional M11%°

and the cc-pVTZ basis set. This functional has been shown
to perform well for a number of related radical reactions.*® The M11/cc-pVTZ calculations were
performed using the GAMESS-US software package*’. The vibrational normal mode frequencies
for each structure were obtained at the same level of theory as the geometry optimizations.
Consistent with convention, we scale the frequencies by a factor 0.967.*® The intrinsic reaction
coordinate, s, was calculated starting from the saddle point using the M11/cc-pVTZ level of theory
with the Gonzalez-Schlegel 2" order (GS2) path following algorithm.** The energy for each
stationary point was determined using ROCCSD(T) and by extrapolation to the complete basis set
(CBS) limit using cc-pVnZ (n=D, T, Q) basis sets. These calculations were performed using the
Gaussian 16 software package *°. The zero point and CBS limit energies were used to calculate
the harmonic zero-point corrected (i.e. adiabatic) barriers as well as the reaction energy for each
reaction, and the results are presented in Table 1. Also shown in Table 1 are some of the results
obtained using the lower level M11/CBS determination of the energies. For the TS-barriers, the
results of the CCSD(T) calculations are generally lower than those for M11, sometimes
substantially so. Additionally, we have located several saddlepoints between conformers of the

PRC’s and the reagents, the energetics for those barriers are given in Table 2.

Table 1. The harmonic zero-point corrected energies (kcal/mol) for the PA+OH reaction
where the threshold energy for PA1.+OH is set to zero. The odd numbered reactions



originate from the PAt. conformer while the even numbered reactions originate from the
PAr: conformer. The results are at the CCSD(T)/CBS//M11/cc-pVTZ level while the
numbers in parentheses are computed using M11/CBS//M11/cc-pVTZ. The AHixn for the
starred reactions are to post reactive complexes.

PA + OH AEPRC AETS Aern

R1 (Methyl Abstraction, Tc) ~ 0.00 (0.00) -3.04 (-2.23) 4.27 (4.71)  -23.11 (-24.37)
R2 (Methyl Abstraction, Tt) ~ 2.64 (2.87) -0.87 (-0.21) 6.24 (6.91)  -20.43 (-21.26)

R3 (Acid Abstraction, Tc) 0.00 (0.00) -3.44 (-4.52) 697 (5.11)  -36.14 (-40.26)
R4 (Acid Abstraction, Tt) 2.64(2.87) -3.01(-3.79) 4.64(5.93) -36.14(-40.26)
RS (Acid Addition, Tc) 0.00 (0.00) i 701 (11.04)  -5.29 (-3.24)*

R6 (Acid Addition, Tt) 2.64 (2.87) - 11.79 (13.07) -29.78 (-32.96)
R7 (Ketone Addition, Tc) 0.00 (2.87) - 5.75(10.14)  -27.89 (-30.46)
RS (Ketone Addition, Tt) 2.64 (2.87) i 6.29 (10.63) -16.17 (-15.14)*

Table 2. Isomerization energetics in kcal/mol. The results were computed at the
CCSD(T)/CBS//M11/cc-pVTZ level while the numbers in parentheses are computed
using M11/cc-pVTZ //M11/CBS.

AETS Aern
PA(Tc—Tt) 12.42 (12.48)  2.64 (2.87)
PA(Tc—Ct) - 4.26 (4.58)
PA(Tc—>Cc) - 10.27 (10.68)

PRC1—PRC3 3.04(223)  -0.40(-2.29)
PRC2—PRC4 3.51 (3.08)  -2.14(-3.58)
PRC3—>PRC4 539(5.52)  0.43(0.73)

The Tc conformer is lower in energy than the Tt conformer by 2.64 kcal/mol at the CCSD(T)/CBS
level. The energy difference is primarily due to intramolecular hydrogen bonding between the
hydrogen atom of the hydroxyl group and ketonic oxygen atom that occurs only for the Tc
conformer. The theoretical splitting of 2.64 kcal/mol is somewhat larger than that inferred from
experiment, i.e. Reva et al. reported a value of 2.08 (£0.31) kcal/mol®! while Schellenberger et al.
obtained 2.34 (+£0.32) kcal/mol.>?> These results provide calibration of the accuracy of the present
QM calculations. We note that the isomerization of the Tc and Tt forms of PA is hindered by a

high barrier of 12.42 kcal/mol that separates the two conformers as shown in Table 2.

We have identified and characterized the eight energetically lowest saddlepoints for the

PA+OH reaction which correspond to eight distinct reaction pathways. The optimized transition



state structures are shown in Fig. 2. The TS’s can be classified by the conformational structure
and the reaction type, i.e. there are two important TS conformers per type of reaction, the Tt and
Tc. The reaction pathways and TS’s are labeled as R1-R8, and TS1-TS8, respectively. Here, R1
and R2 are abstraction reactions of a methyl H-atom of the Tc and Tt conformer of PA,
respectively. Likewise, R3 and R4 are abstraction reactions of the acidic H-atom from Tc¢ and Tt
conformers. The two addition reactions are similarly paired with Tc and Tt for R5-R8 and TS5-
TS8. Following the reaction pathways forward from the TS, we find that the reaction R, naturally

correlates with the following product distributions P, given by
Pl: CH2(CO)COOH(Tc¢)+H20
P2: CH2(CO)COOH(Tt)+H20
P3: CH3CO+CO2+H20
P4: CH3;CO+CO2+H-0
P5: CO(OH)+CH3CO
P6:  CO(OH)+CH3;CO
P7:  COOH+CH;COOH
P§8:  COOH+CH;COOH

We have found the existence of hydrogen bonded post-reactive complexes for reactions R5 and
R7. For the RS reaction which correlates to the reagent PA1.+OH, a complex is produced due to
the hydrogen bonding between the acid and carbonyl functional groups. For the PAr+OH
correlated R6 reaction, on other hand, the reaction path in the exit channel shows no complex well
and the products fall apart directly to carbonic acid and an acetyl radical. Likewise, for the addition
reaction to the ketone carbon, the PA1.+OH R7 process yields COOH+CH3COOH directly while
R8 yields a complex weakly bound by hydrogen bonding.



TS1 TS2

TS5 TS6

Figure 2. Transition state structures obtained using MI11/cc-pVTZ for the OH+PA
reactions. TS1, TS3, TS5, and TS7 originate from the trans-cis conformer of pyruvic acid
and TS2, TS4, TS6, and TSS originate from the trans-trans conformer of pyruvic acid.

The reaction pathways for R1-R4 were found to exhibit clear pre-reactive complex wells.

Those structures were obtained at the M11/cc-pVTZ level and are shown in Fig. 4.
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Figure 3. Pre-reactive complex structures obtained using M11/cc-pVTZ for the OH+PA
reactions. PRC1 and PRC3 originate from the trans-cis conformer of pyruvic acid and PRC2
and PRC4 originate from the trans-trans conformer of pyruvic acid.

The pre-reactive complexes, PRC1 and PRC2, show a hydrogen bond forming between the H-
atom of the attacking OH-radical and the carbonyl O-atom. These two PRC’s clearly correspond
to the Tc and Tt forms of the reagent PA molecule. Comparison to the structures shown in Fig. 2
for the transition states suggests that an H-atom abstraction reaction from the methyl group can
easily occur between PRC1 and TS1 and between PRC2 and TS2. For the complexes PRC3 and
PRC4, the hydroxyl radical forms a planar ring type structure between the carboxylic acid H-atom
and a carbonyl O-atom. In the PRC3 complex the OH radical is hydrogen bonding to the ketonic
oxygen and the acid OH. On the other hand, in the PRC4 complex the OH radical shows hydrogen

bonding only within the acid functional group. These complexes correlate to TS3 and TS4.

The chemical energetics that is presented in Table 1 can be used to anticipate reaction
pathways that may contribute to the overall PA+OH kinetics. Pursuant to this, the relevant
energies for the reactions R1-R8 are organized graphically in Figs. 4 and 5. In Fig. 4, the OH+PAT.
reagent is joined to the pre-reactive complexes, transition states, and products of similar

conformational structure, i.e. TS1, TS3, TS5, TS7 and PRC1, PRC3, respectively. In Fig. 6 the



OH+PAT reagent is likewise joined with the structurally similar TS2, TS4, TS6, TS8 and PRC2,
PRC4. The lowest adiabatic reaction barrier for PA1.+OH for the methyl H-atom abstraction, i.e.
TS1, lies 4.27 kcal/mol above the entrance asymptote. The acid abstraction reaction barrier lies
considerable higher, 6.97 kcal/mol. The addition reactions also occur with higher barriers of 7.02
and 5.75 kcal/mol for RS and R7, respectively. The reactions of OH+PAT, depicted in Fig. 5,
which are offset in energy by 2.64 kcal/mol from the absolute scale in Table 1, reveal that the acid
site H-atom abstraction reaction has the lowest adiabatic barrier of 1.99 kcal/mol (TS4) while the
methyl site abstraction (TS2) lies somewhat higher at 3.04 kcal/mol. The addition reactions yield
higher barriers of 11.79 and 6.29 kcal/mol for TS6 and TS8. The transition state energies predicted
by CCSD(T) calculations are generally lower than those of M11. The addition reactions, in
particular, are significantly lower. The pre-reactive complexes, PRC3 and PRC4 were found to
have deeper wells than those for PRC1 and PRC2. The increased well depths can be ascribed to
the greater stabilizing effect of ring formation with the acid functional group. The complexes
PRC1 and PRC2 have very similar well depths, which is understandable due to the similarity
between the two structures. The pre-reactive complexes PRC3 and PRC4, on the other hand, were
found to have relatively large energetic differences. The distinct ring structure for PRC4 in the R4
reaction clearly has greater stabilizing effect than that for the PRC3 complex with CCSD(T)/CBS
predicting a difference of 2.22 kcal/mol.

The reaction energetics suggests an interesting potential distinction between reactivity of
the PAr. and PAT conformers. Specifically, Tc conformer favors the methyl site H-abstraction
reaction while the Tt conformer favors the acid site H-abstraction reaction. In full treatment of the
reaction kinetics, however, we must bear in mind that the entropy of activation, tunneling
correction, and relative thermal PAt./PAT: abundances must also be considered. Furthermore, the
reactions that proceed through pre-reactive complex formation may favor the acid site abstraction
since those wells are deeper. In the next section we shall explore these effects using a statistical

model for the reaction.
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Figure 4. The harmonic zero point energies of the stationary points that most +closely
correlate with the reaction of the Tc conformer of pyruvic acid with an OH radical. The
results were computed using the CCSD(T)/CBS//M11/cc-pVTZ method. The pre-reactive

complexes for reactions R1 and R3 are indicate as is the post-reactive complex for R5.
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Figure 5. The harmonic zero point energies of the stationary points that most closely
correlate with the reaction of the Tt conformer of pyruvic acid with an OH radical. The
results were computed using the CCSD(T)/CBS//M11/cc-pVTZ method. The pre-reactive
complexes for reactions R2 and R4 are indicate as is the post-reactive complex for RS.



3. Kinetic Model

The goal of the present work is to determine the phenomenological rate coefficient k. for

disappearance of PA, i.e.

d[PA
[dt ] = —keff[PA][OH] (3.1)
where
[PA] = [PA7¢] + [PAr] (3.2)

We shall assume that [PAr¢] and [PAr.] always lie in thermal equilibrium. The temperature and
pressure are taken to be comparable with atmospheric values. The expression for ke may vary
depending on whether we adopt the canonical or microcanonical formulation of the rate, how the
PRC’s interconvert, and how the magnitudes of the decay rates of the PRC’s in the forward and
reverse directions compare with one another. In principle there are eight distinct reactions that
may contribute, R1-R8, however we will simplify the discussion from the start by noting the rates
for the addition reactions are negligible under our conditions so only the four abstraction reactions

R1-R4 contribute to the effective rate constant.

The abstraction reaction of PA with OH can be viewed as either a direct abstraction process
or an indirect complex forming process. In the latter scheme, the reaction occurs by first forming
a PRC, occurring with a loose transition state, which then can react to form products over a tight
transition state or return to reactants. For the case of a single conformational structure, it is well

known that these scenarios lead to two potential forms of the reaction rate R,

PA+OH — Product R = kq[PA] [OH] (3.3)
d
and
kek,
PA + OH <> PRC - Product R =——[PA][OH] (3.4)
if kr kg +k;

where the latter rate is obtained assuming a steady state value for the concentration of the

intermediate

k
[PRC] ~ ﬁ [PA][OH] (3.5)



The indirect mechanism reduces to the direct mechanism form when the backward breakup rate

(k) 1s much larger than the forward rate (), i.e

_ _krkr krkp
kerr = e S T kyKeq (3.6)

Similar expressions can be written in the microcanonical formalism that is appropriate for cases
where E and J are conserved and are presented in the supporting information.*® 3 40 42 Assuming
a single TS and employing the usual TST expression, ke obtained in this fashion is identical to the
expression obtained for direct bimolecular reaction, k. Hence, we adopt the indirect mechanism

as the general mechanism and regard direct reaction as a special limiting case valid for k/=>> k.

Multiconformational TST has been discussed previously although, here, we formulate the
problem in a somewhat different way to obtain an expression for ke that incorporates all reactions
and PRC’s within the SSA. The basis of our model is the following physical picture. A given
reactant conformer (Tt or Tc) of PA will combine with OH to form an intermediate of similar
structure to the reactant. This is reasonable since the barrier to conformational isomerization of
free PA is high, i.e. 12.4 kcal/mol (see Table 2). Thus, OH+PAt.>PRC1 (or PRC3) and
OH+PA1=>PRC2 (or PRC4). These processes are modeled as rapid barrierless association
reactions. The pre-reactive complexes can have several possible fates. They may return to
reagents over a loose TS, react over the tight TS with similar structure, or they may isomerize
among themselves. The latter possibility is considered since we have found that some of the
isomerization barriers of the PRC’s are much lower than those of the “free” PA. We distinguish
between two possible classes of isomerization: conformational isomerization, e.g. PRC1->PRC2
or PRC3->PRC(C4, and roaming isomerization, PRC1>PRC3 or PRC2->PRC4. In the latter case,
the abstraction site itself changes when the OH-radical migrates. Since we distinguish between
conformers at every stage of process, the rate coefficients must be indexed to label the initial and

final species of each elementary reaction. As depicted in Fig. 6, the formation rates coefficients

k}'i are organized as a 2x4 matrix
PA; - PRC;, rate = k;’ [PA;] (3.7)

In our convention, PA=PAr., PA2=PAr, and the PRC; are defined consistent with numbering

scheme in Fig. 3. As we noted above, k}f’j = 0 when (i,))=(1,2), (1,4), (2,1), and (2,3) since the



model requires the conformation structure to be preserved during complex formation. The breakup

rate coefficients are found from micro-reversibility

AEL (¢
QPRC]' - i,j(©)

K2 =Kok with K = Lo RaT (3.8)

ed QPAL'QOH

where AE i‘? ;(c) is the zero point energy difference between PAi+OH and PRC;, while Orrcj, Opai,

and Qop are the canonical partition functions per unit volume for the indicated species, including

electronic. In order to achieve notational consistency, in eq. (3.8) we set PA=PAr. for i=1,3 and

PAi=PAr for i=2,4. Hence, k}’j = k]?’j and klf'j = k}l‘j . The reaction rates for PRC;>products

, . ij . . i,j
are represented as a diagonal 4x4 matrix k,’ . The isomerization rate constants, kisjo and
kbt

roaming’

are sparse 4x4 matrices for PRC;>PRC;. The kY s only non-zero for (i,j)=(1,2)=(2,1)

iso
and (i,))=(3,4)=(4,3), which are conformational changes on the same site. The roaming type

isomerizations k%
roaming

(1,))=(1,3)=(3,1) and (i,))=(2,4)=(4,2). A schematic of the reaction mechanism and the obvious

are non-zero only for like conformers between different binding sites, i.e.

rate equations are shown in Fig. 6. The matrix K, ’ in the equations is the net isomerization rate

iso roaming) - (kiso roaming

between PRC; and PRC;j i.e. Kli’jzé'l-,jzi(k ) . The

kiJ, and k;?

. oy e ij
ino roaming Satisfy reversibility as does K;” .

As diagrammed in Fig. 6, a steady state approximation for the ‘“vector” of PRC

concentrations [PRC]ss can be obtained in matrix analogy to eq. (3.5)
-1
[PRC]ss = [k_; + K; + k.| - k- [OH][PA] (3.9)

The 4x4 inverse matrix [k_ K+ kr] s diagonal only when K7 is zero. If the PA conformers
lie in an equilibrium distribution with weights p1 (Tc) and p2 (Tt) where pi1+p2=1, then the effective

rate of PA reaction is
Rate = Tr ( ke [k_p+ K +k] k- AB) [OH][PA] = kesr[OH][PA] (3.10)

where we define A =0ijp; as the diagonal matrix of equilibrium statistical weights for the PA

conformers with [PA]= As[PA]. For notational consistency, we add the redundant definitions



p3=p1 and ps=p>. If in eq. (3.9), the k.r term dominates over Kj and k; then we obtain the

equilibrium approximation

[PRC].; = K., - Ag[OH][PA] (3.11)
then

kerr =Tr(k, - Keq-Ap) (3.12)

In this scenario, the relative concentrations of the PRC’s form an equilibrium distribution with the

PA+OH reagents, i.e.

AE(;(c)
[PRC] _ Pi Qprei -~ (3.13)
[PRCj] pj Qprcj

where i and je(1-4). The limit described by eq. (3.12) assumes the reverse reaction (k.rf) dominates
the PRC kinetics and the computation of ke(7T) becomes straightforward as the rates for each
reaction R1-R8 can be calculated independently and summed. The net reaction rate is then the

thermally weighted average,

8 4
Kers (1) = ) piki = ) pik (3.14)
i=1 i=1

where the approximate sum reflects the negligible contribution of the addition reactions and k; =

(kr-Keq)ii = ki’iKei};. These ki’s are simply the direct reaction rate coefficients for the
elementary processes PAi+OH->TS;=> Product;.

On the other hand, it is clear that if the reverse rates, kr do not dominate in

[k_ K+ kr]_1 then deviations from the simple form eq. (3.14) are possible in some cases.
Consider the following scenarios. When the PRC interconversion rates, Kj are large or comparable
to k.1, but yet k; remains small, then the assumption of micro-reversibility for K, Ii'j guarantees that
the PRC concentrations remain in overall equilibrium with the reagents and hence eq.(3.14) is still
useful. Conversely, if the isomerization rates K are small but the forward rates k; are large, then
eq. (3.14) is replaced by the generalized steady state expression but the reactions are still

independent
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Finally, if rates Ki and k; are both large with respect to k., then the PRC’s can interconvert and
the effective rate is no longer the weighted sum of independent rate expressions but becomes

coupled. Our calculations imply eq. (3.14) is appropriate for the present case.

kz kZ
PAr, + OH < — PRC2 (Tt,M) —> T52 (Tt, M)=——> CH,COCOOH(Tt) + H,0
\ e | \ki
ki
ks PRC4(Tt,A) — TS4 (Tt,A) — CH;CO + H,0 + CO,
kl
ik PRC1 (Tc, M) — TS1(Tc,M)—— CH,COCOOH(Tc) + H,0
k3 Kk}
PAr. + OH —_—— PRC3 (Tc,A) — TS53 (Tc,A) ——> CH3CO + H,0 + CO,
k
-f
—d[P’;]t[OH] = —k; - [PA][OH] + k_, - [PRC]
d[PRC] — — -
[dt ] = ks - [PA][OH] — (k_; + k, + K;) - [PRC]
d[Prod] —
TR k, - [PRC]

Figure 6. A schematic diagram showing the reaction mechanism involving two conformers
of PA, four PRC'’s, and four reactive transition states. The kinetic equations in matrix form
is also indicated.

4. Transition State Theory Computations

The elementary rate coefficients for single steps were explicitly computed using transition
state theory (TST) assuming a harmonic oscillator-rigid rotor model for the reagents and transition
states based on stationary point single geometries. Each conformer and TS were taken as
independent consistent with the harmonic approximation to the torsional modes. To model the

direct reaction of PA through a TS “B” the TST expression is

$ AEE(d)
i
PR (4.1)
h QouQpacs)

kb () =



In the present scheme, a given TS “B” is paired with the structurally similar PA conformer,

PA(B), and so AE[}lE (d) is taken as the zero-point corrected barrier between the B transition state

and the reagent pair of PA(B)+OH. In this scheme, we have PA(B)= PAtc when =1,3 and PAT¢
when =2,4. The «p is the quantum transmission coefficient for the TSp which is computed using
the SCT method.** * We note that each methyl abstraction reaction has a reaction path degeneracy
of three and every transition state structure studied for the OH reactions had a non-superimposable
mirror image. These numerical factors then multiply the rate coefficients as np. The electronic

contribution to Qon is explicitly included. The canonical unimolecular rate coefficients at

temperature T for reaction of PRC; across TS; is given by (since here ki‘j (T) = 0if i#)

¥
kBT Q;i: _AEi,i(C)

k' (1) = i =p=or—e o (4.2)
PRC

where AE;{E ; (c) 1s the zero-point corrected barrier between PRCiand TSi. Thus, AEE‘E ;(c) 1s larger

than AE li (d) by the zero-point corrected well depth of PRC;, AE &- (c). The reverse reaction occurs

across a loose transition state,

. kT OF  4E(©
ey = T 0t (4:3)
h QPRC

The barrierless complex formation rates are, consistent with reversibility eq. (3.8), given by

i ksT QL
ke'(T) = . (4.4)
4 h QouQpac)
In analogy to eq. (4.2) the conformational isomerization coefficients kf’S{) (T) are
fiso  AEFISO(c)
L. kT Q . I 1
ki (T) = Ky ———= kg T (4.5)

—e
h Qppc
The Qf ; expressions can be approximated by the free rotor approximation. The roaming rates

coefficients k-’ (T) are less well understood and may need to be similarly approximated.

roaming

Using approximate RRK-expressions developed by Truhlar and co-workers,”* we have found that

k“.(T) are orders of magnitude larger than ki‘i(T) which suggests that eq. (3.14) is likely
f g



sufficient for the PA+OH application. Pressure effects were estimated using the master equation

approach and were found to be very small in the present case.>*
V. Results

In Table 3 we show the values of ; for i=1-8 calculated for several values of temperature.
Also listed are the thermally weighted values, piki, and the tunneling coefficients x;. It is seen that
the addition reactions R5-R8 are smaller by over two orders of magnitude compared to the
abstraction reactions R1-R4. Indeed, it is found that reactions R5-R8 have a negligible impact on
the overall rate regardless of the modeling scenario chosen. Some significant differences are
observed between the various abstraction reactions. The H-abstraction from the acid group (R3
and R4) occurs with lower barriers than abstraction from the methyl group, R1 and R2. However,
the conformational ordering is reversed between the two abstraction sites, i.e AE7s(R3)>AE7rs(R1)
while AE7s(R2)>AE7s(R4). The tunneling coefficients favor the acid abstraction since the reaction
barriers are narrower, as shown in parentheses in Table 3. In Fig. 7 we show the rate coefficients
for R1-R4 plotted as functions of temperature. We note that the rate coefficient for the acid
abstraction reaction from the Tt conformer, i.e. R4, shows a clear negative temperature dependence
while the other processes display a positive activation energy albeit with very curved Arrhenius
plots. Before the application of thermal weighting factors to the rate coefficients we observe the
PAT+OH reactions dominating over the PAr:+OH reactions, with R4>R2>R1>R3.
Table 3. Rate coefficients in molec cm? s™! for reactions R1 - R8 calculated at T=200K, 250K,

298K and 350K. The first entry is the ki, the second piki and the third is the tunneling
coefficient. The final column is the weighted sum Y%, p;k;, i.e. kefr.

T(K) kq k, ks ks
2.47x1071°  1.53x10"°  4.92x10'% 1.61x107"
200 2.46x101%  3.12x10'% 4.91x10'8 3.28x10°!6
(7.12) (7.29) (1102.60)  (147.40)
9.34x1071%  4.25x10"° 1.42x107"7 7.08x10°'*
250  9.27x10'  3.39x10'7 1.41x10""7 5.65x10-16
(3.19) (3.37) (101.66)  (26.47)
208 2.64x10°  9.64x10"°  3.60x107'° 5.09x107'4
2.59x10-'5 1.85x10-'® 3.53x10"'7 9.78x10-'
(2.18) (2.30) (27.08) (10.40)



6.57 x10°"°

2.00x1071

8.83x107"

4.48x10°'0

-15
350 6.33x10"5  7.56x106  8.50x10""7 1‘2"517‘;
(1.73) (181)  (11.13) '
8
T ks ke ks ke ) pik
i=1
107x10%  136x102 1.88x10™ 2.99x10°"
200 1.07x102° 2.78x10%5 1.87x10"° 6.10x102° 5.83x10
(591)  (12.56)  (464)  (4.93)
L59x10 494x107 L61x107 B4SXIOT
250 1.58x10° 3.94x10% 1.60x10"% 6.75x10"° 1
(2.87) (4.69) 250)  (2.60)
1.06x10°°  6.06x10%0 7.36x10" 1.88x1016
208 1.04x108  1.16x102' 7.21x10"® 3.61x10”® 3.80x10°'5
(2.02) 2.87) (186)  (1.91)
5.04x107°  4.76x10"°  2.57x10°7 3.78x107'6
350 4.85x10"8  1.79x102° 2.48x10"7 1.42x10°7 8.90x10°'5
(1.64) (2.10) (154)  (1.57)

The phenomenological rate coefficient ker must include the effect of the thermal weighting
factors which strongly favors the PAt. conformer. The weighted partial rates, pik;, for R1-R4 are
plotted versus temperature in Fig. 8 along with the sum key=2piki. It is seen that the influence of
the acid hydrogen abstraction reaction R4 is greatly diminished by the Boltzmann averaging and
the effective rate is now dominated the methyl abstraction reaction R1 except at temperatures
below 225K. The effective rate coefficient has been fit to the generalized Arrhenius form

475.97
kepr = 1.50 x 10732 T%7% ¢7 7 in units of molecule, cm’, sec and K. Consequently, the

predicted activation energy is positive. One recalls that the experimentally inferred PAtc/PAr:
energetic splitting was 2.08 kcal/mol, or about 0.6 kcal/mol lower than our theoretical result. Even
if the smaller experimentally inferred value is adopted, however, the apparent activation energy

remains clearly positive although smaller by about 0.6 kcal/mol.

It 1s of interest to compare our theoretical calculation of ke4(7) to the experimental results
kobs(T) of Mellouki and Mu.?® A comparison of those results is plotted in Fig. 9. There are clearly

some significant differences. The experimental results for kops are larger than theory by over an



order of magnitude and exhibit a negative activation energy. At 298K they report a rate constant
of 1.2(20.4)X10™"3 cm? s! that was inferred from the pseudo-first-order depletion rate of OH

following HONO photolysis. The present theoretical results are instead closer to an older
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experimental value by Grosjean et al.>> who reported a single estimated value of < 5.0X10'* cm
s at 298K. It is interesting to note that the theoretical prediction for R4 alone lies much closer
to the experiments of Mellouki and Mu. As illustrated in the figure, ks and koss are close in
magnitude and show a similar negative activation energy. The R4 reaction is greatly de-

emphasized in the full simulation due to the low thermal weighting of the PAt: conformer.

It is also interesting to compare with previous studies of an analog system, the OH+acetic
acid (i.e. AA+OH) reaction.’® >’ The AA molecule is structurally similar to PA, and exhibits
abstraction reactions with OH from both the methyl and acid sites. However, since AA does not
possess the ketone group there is no direct analog of the internally hydrogen bonded Tc conformer
that dominates the PA distribution. Instead the AA reaction is most similar to OH+PAT. As
shown in Fig. , the rate coefficient for OH+AA shows a negative activation energy similar to the
experimental results for PA+OH, and detailed modeling of AA reveals the mechanism is
dominated by the acid site abstraction. It is tempting to speculate that for some reason the PAry
reagent conformer may have an enhanced contribution in the experiment, as is apparently the case

in the condensed phase.
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Figure 7. The elementary rate coefficients for reactions of PAr.+OH (RI and R3) and
PA7r+OH (R2 and R4) obtained using eq. (4.1) with SCT tunneling. The rates are not
thermally weighted in this figure.
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Figure 8. Thermally weighted rate constants of PA+OH at the CCSD(T)/CBS level of
theory as well as the effective rate constant key=2piki.
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Figure 9. The PA+OH rate coefficient key=2piki.and ks computed for 200-400K along
with the experimental values of Mellouki and Mu.>> Also shown is the fit to
experimental results for acetic acid+OH.>¢



V. Conclusions

The rate coefficients for the reactions of OH with pyruvic acid were calculated using ab
initio TST including quantum tunneling. We identified four reaction classes, two chemically
distinct H-atom abstraction reactions, at the methyl and acid sites, and two distinct OH-addition
reactions. The two reagent conformers, Tc and Tt, were found to exhibit very different chemical
behavior. The Tc conformer was shown to favor methyl abstraction while the Tt conformer
favored the acid site abstraction. Previous work has shown*® that in carboxylic acids the acidic
H atom is preferentially abstracted by OH in spite of the higher energy of the O-H compared with
the C-H bond.>® The present study finds that tunneling significantly modifies the PA rates at room

temperature, especially for the acidic H atom abstraction reaction.

The addition reactions were found to be only of minor importance in the overall rate. The
formation and interconversion of pre-reactive complexes, including roaming and conformational
isomerization, was found not to significantly modify the rates since the backward rates, i.e. k-,
were significantly larger than the reactive rates, i.e k.. However, a kinetic theory that incorporates

these effects was developed which may be applicable to other more suitable problems.

Comparison of the computed rate coefficients to the experiments of Mellouki and Mu??
gave somewhat puzzling results. While experimental results agreed with the theoretical rate
computed for PAt+OH, it was in substantial disagreement with the predictions based on a thermal
distribution of PAtc and PAt.. The experimental results exhibited a clear negative activation
energy while the theory (statistically dominated by PAr.) showed a slower reaction with a positive
activation energy. One might posit either experimental and theoretical sources for the discrepancy.
It is conceivable that the experiment may have misestimated the actual gas phase concentration of
PA present in the chamber. Pyruvic acid is a highly oxidized molecule which has a tendency to
adsorb on the walls of reaction chambers.®® This may result in the actual concentrations in the gas
phase being different from the estimates used to compute kobs. In principle the actual concentration
could be directly measured using an FTIR probe.®! Because of its high reactivity, OH radical loss

to byproducts or walls is another potential source of error in the experimental rate constant.®?

Contaminants such as water and acidic acid recorded in the experiment®

are able to hydrogen
bond with PA and weaken the intramolecular hydrogen bond of the PAt. conformer changing the

relative abundances of PAt¢/PAt: . On the theoretical side, errors in the quantum chemistry are



potential source of error. We find that bringing down the TS barrier by about 2 kcal/mol for the
OH+PAT. abstraction reaction would bring theory into agreement with experiment. We are also
cognizant of the relatively high level of uncertainty of the barrier to OH-insertion. We note that
the addition reaction barriers showed large differences between the M11 and CCSD(T) levels of
theory. Further calculations may be warranted. Dynamically, it is possible that the tunneling
coefficient has been underestimated. While the small curvature method is generally accurate,
PA+OH is a heavy-light-heavy type reaction for which it may underestimate the tunneling effect.
We also speculate that there might be a process operating we have not considered that accentuates
the role of PA1: conformer in the reaction, which, as we noted, reacts at a rate similar to that
observed in experiment. We note that a careful analysis of the reaction products may be revealing
since the methyl site abstraction, favored by Tc, yields different nascent products than does acid

site abstraction, favored by Tt.

Finally, we note in the context of atmospheric processing of pyruvic acid molecules, the
present results seem to confirm the conclusion of Reed-Harris et al ®?° that sunlight induced
photolysis is the dominate loss channel. Indeed, under the conditions provided by normal
tropospheric temperatures and pressures the rate coefficient of OH+PA is two orders of magnitude

smaller than the photolysis rate, even if the PA is assumed to be entirely in the Tt state.
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e Energetic structural, and frequency parameters obtained for the stationary point computions

from DFT and CCDS(T) calculations.

e The product structures for reactions R1-R8 displayed as a figure.



e A mathematical appendix presenting a microcanonical formulation of the multiconformational

kinetic model presented in canonical form in Sec. 3 of the paper.
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