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The kinetics of the reaction C® HO,» — CO, + «OH was studied using a combination of ab initio electronic
structure theory, transition state theory, and master equation modeling. The potential energy surface was
examined with the CCSD(T) and CASPT2 methods. The classical energy barriers were found to be about 18
and 19 kcal/mol for CO- HO,e addition following the trans and cis paths, respectively. For the cis path, rate
constant calculations were carried out with canonical transition state theory. For the trans path, master equation
modeling was also employed to examine the pressure dependence. Special attention was paid to the hindered
internal rotations of the HOOO adduct and transition states. The theoretical analysis shows that the overall
rate coefficient is independent of pressure up to 500 atm for temperature ranging from 300 to 2500 K. On the
basis of this analysis, we recommend the following rate expression for reacti&tciRImol-s) = 1.57 x

10 T 218790307 for 300 < T < 2500 K with the uncertainty factor equal to 8, 2, and 1.7 at temperatures of
300, 1000, and 2000 K, respectively.

Introduction in a static reactor. They obtaind:(@i/\/k_2 = 13.44+ 0.05 (cnd/
Recent interest in the reaction kinetics of mol-s)2, and based on an obsolétevalue, they recommended
ki = 1.9 x 10 cm¥mol-s at 773 K6 Mueller et al!
CO 4+ HO.e — CO., + «OH R1 reinterpreted the rate data by takikg from Hippler et aF®
2 2 (R1) and obtained; = 1 x 10’ cm?¥/mol-s. On the basis of this rate

o L value, Mueller et af! recommended
stems from its influence on the oxidation rate of CO and H

. . 3 ; X -
mixtures at high pressuréss 3Although extensive expt_arlmental kl(cms/mol-s) — 3 x 103115757
studies have been reporttd? large discrepancies exist among for 750 < T < 1100 K
literature rate values over the temperature range of interest to or = =

combustion kinetics, as seen in Figure 1. Above the temperaturetne rate expression has been used extensively in subsequent

of 500 K, all measurements are either indirect or the rate compustion kinetics studies. Other rate expressions that have
coefficient values were inferred from kinetic measurements on paen used include that of Tsang and Hamp%on

reaction processes in which reaction R1 is of secondary
importance. Below 500 K, a few direct measurements are k,(cm*mol-s)= 1.5 x 10t 11000m

available; all of them yield only an upper limit for the rate
coefficient. Hence, these studies provide little to no quantitative for 700= T < 1000 K
guidance for the rate coefficient above 500 K. The above rate expression is based on a wider range of

Among measurements made above 500 K, Baldwin and co- experimental data and is about a factor of 3 larger than that of
workers-®1¢studiedk; relative to the reaction Mueller et al. The discrepancies of the two rate expressions

given above are, however, well within the uncertainties of each
HOz + HOp — H,0, + O, (R2) other.
Very recently, Mittal et ak carried out an autoignition study
T Part of the special issue “James A. Miller Festschrift’. of H,/CO mixtures in the temperature range of 93000 K
* Corresponding authors. E-mail: haiw@usc.edu; sjik@anl.gov. and pressures from 15 to 50 bar in a rapid compression machine
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Figure 1. Arrhenius plot ofk;. Symbols: experimental data (left-
pointing triangle): Baldwin et af based orki/y/k measurements
relative to HQe + HOze = H,0, + O, (R2) (ks taken from Kappel et
al?% and HQe + H, = H,O, + He (ker taken from Baulch et &F);

<& Hoare and Patélpased on measurements relative 616G+ HOpe

— CyHse + H,0; (ket based on Baldwin et &f.and also from Kappel
et al?¥) and to GH4 + HOze — products ks taken from Baulch et
al®); A: Baldwin et al based orky/,/k . measurements relative to
reaction 2 ker taken from Kappel et &) —: Azatyan? (open right
triangle): Volman and Gorsebased on measurements relative to CO
+ OHe — CO, + He (ke taken from Joshi and Wabgy;, m@:
Khachatrian et al?~: Davis et al ! based orki/4/k. . measurements
relative to reaction 2k taken from Atkinson et &9); ®I: Simonaitis
and Heicklen?2 based orkl/x/k,_ef measurements relative to reaction 2
(keer taken from Atkinson et &); O: Wyrsch et al3 v: Hastiel
based on measurements relative to €@He — CO, + He (ks taken
from Joshi and Wartg); v: Vardanyan et al®> ®@: Atri et al.'® based

on ki//kimeasurements relative to reactiorkzstaken from Kappel

et al?’) m: Colket et al}” (open cross): Graham et &b.:-: Burrow

et al.2® (solid right triangle): Howard? O: Arustamyan et &’ re-
evaluated in the present work, using the rate coefficient values ef OH
+ Hz — H,O + He and CO+ OHe — CO, + He from Baulch et aP®
and Joshi and Wardj,respectively#: Vandooren et ak? v: Bohn
and Zetsch®a: Mittal et al! Lines: selected compilations and
theoretical studies. Arrows indicate that the rate values are upper limits.

(RCM). They noted that the reproduction of their experimental
data requiresk; values that are notably smaller than those
previously understood. On the basis of the prediction of onset
of ignition and sensitivity analyses, Mittal et'alecommended
that

k,(cm*/mol-s) = 7.5 x 10% 11575"

At 1000 K, the above expression givies= 7 x 10’ cm¥/mol:

s, as much as a factor of 4 smaller than that of Mueller &t al.
The rate coefficient given in ref 1 is also outside of the
uncertainties of previously reported values (see Figure 1). A
follow-up study by Mittal et af used “Morris-one-at-a-time”

You et al.

Colket et al*” estimated the value df; from the rate of CQ@
formation in acetaldehyde oxidation for temperatures between
1030 and 1150 K, obtainingla value that is over an order of
magnitude larger than that of Mittal et ‘allhese experiments
might have been influenced by impurities present in the
acetaldehydé!-3*Vardanyan et at> measured the C{produc-

tion in a CHO flame in the temperature range of 87852 K.

The concentration of Hg radicals was estimated by freezing
out the free radicals and analyzing them with electron spin
resonance. On the basis of these measuremeikisyaue of

7 x 10° cm®/mol-s was reported fof = 952 K. Using a similar
approach, Arustamyan et #studied the slow oxidation of CO

in the presence of Hn a flow system for temperatures of 803
843 K and pressures of 36630 Torr. By following the CQ@
production rate, d&; value of 1.1x 18 cm¥mol-s may be
obtained from the modeling of the overall reaction process. The
only experiment that produced a rate value close to that of Mittal
et all was that of Hoare and Pafelyho measured; relative

to

C,Hg + HO — C,Hee + H,0, (R3)

C,H, + HO,e — products (R4)
at temperatures between 734 and 773 K. Unfortunately, neither
ks nor ks is accurately known, and the resultikgvalue is still
highly uncertain.

Reaction R1 has also been the subject of a few theoretical
studies. Allen et at® carried out single-point CISD calculations
at geometries optimized at the HF/6-31G(d) level of theory. On
the basis of the potential energy surface, they proposed that the
reaction proceeds through a chemically activated path via the
transHOOGO adduct:

CO+ HO,e — [transHOOGO] — CO, + «OH
(RY)

The ground state of the adduct was predicted to be a shallow
well, lying 11.6 kcal/mol above the entrance channel, and with
critical energies of only 11 and 7 kcal/mol for dissociation into
CO + HOze and CQ + OHe, respectively. The shallowness of
the well suggests that the discrepancykijrbetween Mittal et
all and earlier measurements cannot be attributed to its pressure
dependency because collisional stabilization of the adduct is
expected to be inefficient for pressures up to several hundred
atmospheres. Very recently, Sun et¥akcomputedk; using
canonical transition state theory based on G3MP2 energies and
optimized MP2(full)/6-31G(d,p) geometries. They considered
only the trans conformer pathway, as did Hsu et@lnd
presented a theoretical expression Kpiof

k,(cm®/mol-s) = 1.15 x 10°T #2% 88307
for300< T < 2500 K

Within the temperature range of 950100 K, this theoretical
rate coefficient is well within a factor of 2 of the rate coefficient
obtained from the RCM experiment. Unfortunately, these prior
theoretical efforts are insufficient to ensure an accurate rate

and Monte Carlo uncertainty analyses. The results again pointedcoefficient. In all cases, the hindered internal rotations in the

to a much lower value fork; than those from previous
experimental studies and evaluations.

HOOGO adduct and the critical geometries were treated
inadequately; and the complexity of the potential energy surface

Around 1000 K, there have been several experimental studiesdue to the trans and cis conformers and their mutual isomer-

reported for reaction R1, all of which were based on indirect
measurements. In all cases, thevalues reported are substan-
tially larger than what was needed to explain the RCM data.

ization was not considered. In addition, the calculations of the
potential energy barriers may not be sufficiently reliable to
obtain accuraté; values.
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The purpose of the present study is to provide an improved tions were also carried out, with the goal of delineating the
theoretical treatment of reaction R1. This treatment includes a uncertainty of the energy barriers for such cases. These
more detailed analysis of the potential energy surface of reactioncalculations focused on TS1 because similar results are expected
R1 using several high-level quantum chemistry methods. Our for the closely related TS3. For these calculations, the geometry
best estimates for the saddle point energies are then incorporatesvas optimized with a five electron five orbital (5e,50) CASPT2
in transition state theory simulations that consider the full calculation employing Dunning’s correlation-consistent aug-cc-
complexity of the hindered rotational motions. Furthermore, the pVTZ basis set. The five active orbitals in this calculation
possibility of collisional stabilization and the dissociation of the correlate with ther ands* orbitals of CO and the radical orbital
adduct back to C&- HO,e along the trans pathway is examined of HOge (i.e., the Q x* orbital). Single-point calculations at

via master equation simulations. these geometries were performed with 9 electron 8 orbital
(9€,80), and 11 electron 10 orbital active spaces (11e,100). The
Computational Details (9e,80) active space included the & po, andpo* orbitals of

Potential Energy Surface.The geometries and vibrational thi HC; component. The (11e,100) space added thep@@nd
frequencies for all of the stationary points considered here were P? orbitals to the (9e,80) active space. These CASPT2 and
obtained from coupled cluster theory with single and double MRCI calsculatlons were performed with the MOLPRO software
excitations, including perturbational estimates of the effects packagé_‘. - -
of the connected triple excitations, CCSD(T), and employ- _Reactlon Rate CoefficientsRate coefflments were calculateq
ing Dunning’s correlation-consistent cc-pVTZ basis $éts. USinga Monte Carlo code for the solution of the master equation
Additional single-point calculations were performed at the of the CO”'S'O_n energy transfer, as reported previoésgriefly,
CCSD(T)/cc-pVQZ level of theory and the CCSD(T)/cc-pvTz  foF the reaction path through theansHOOGO adduct, the
geometries. The results of G3B3 calculations are also reportedt'me evolution of a roylbrgtlorjally excited molecule is described
here for comparison. All of the CCSD(T) and G3B3 ab initio Y the master equation in discrete form
calculations were carried out using the Gaussian 03 program 4o (g
package?” dABN _ MI[A(E)] — Sk [M][A( E)] —

Basis set extrapolation was carried out following the method 4 IZ'%[ JIACE)] iji[ JIACE)]

of Halkier et al3°
zkm(Ei)[A( E)l (4)
EccsomX) & Eccsprf®) +aX: : 1) m
whereEccspr(X) and Eccsp(rf) are the CCSD(T) energies
with the cc-p\KZ basis set and at the CBS limit, respectively.

The basis sets cc-pVDZ, cc-pVTZ, and cc-pVQZ have 2,
3, and 4, respectively. The resulting CCSD(T)/CBS energy is

where [AE)] denotes the concentration of species A at the
energy staté;; [M] is the concentration of bath-gas molecules;
kj is the rate constant for the collision energy transfer from
energy statg to statei, andky(E;) is the microcanonical rate
constant for themth channel, which also accounts for the
27 dissociation of the adduct back to C&® HOye. In this
Eccspmyces™ Eccspmyeepvoz T 37 % formulation, the bimolecular rate coefficient of GOHO,s is
handled by the equilibrium constant of CO HO,e addition.
The collisional energy transfer probability was described by the
where Eccspmyeepvoz IS the single-point energy at the exponential down moqlel, WittAEgown 1= 260 crr_T_l. B_ecause
CCSD(T)/cc-pVTZ geometry. In addition to basis set extrapola- ©f the shallow potential energy well, the stabilization of the
tion, we also made an approximate correction for the Cl adduct is minimal and the computd;glvalge was insensitive
truncation error using the somewhat empirical scaling method © the[AEdowi value. Monte Carlo simulations used an energy
proposed by He et 4P The same method was adopted by Yu 9"&in size equal to 10 cm, as in a previous study.
et al*! in their study of CO+ «OH = CO, + He. Let For the cis pathway., it will be shown thatapotentlal energy
Ecanme prz be the perturbation energy of the connected (BT LR T 2l BDE8 e et e ventional
triple excitations at the CCSD(T)/cc-pVTZ level of theory. The o
CI truncation error may be estimated to be-25% of transition state theory

[ECCSD(T)/ce—pVQZ - ECCSD(T)/ce—pVTZ] (2)

EECSD(T)/ce—pVTZ = Eccspmycepviz — Eccspicepvrz#® There- kT Q
fore, the full coupled cluster/complete basis set (FCC/CBS) k=—2_ =TS g EoRT (5)
energy may be estimated as h Qeac
N 27 wherekg is Boltzmann'’s constant is Planck’s constan@ is
Ercoices™ ECCSD(T)/CHVQZ + 37 X the total partition functionEy is the energy barrier, an, is
1t the universal gas constant.
[Eccspmycepvaz — Eccspmyce pyvrzl T £Ecesnmyce pvTz 3 Hindered Internal Rotation. There are two hindered rotors

in the HOOGO adduct and in the transition states associated
During the course of the study, it was found that the T1 with the adduct: about the HOEC«O bond and the HOOC.O

diagnostic of our CCSD(T) calculation is modestly larger than bond. The HOG-C.O internal rotation is responsible for the
0.02 for the two key transition states (TS1 following the trans mutual isomerization of the trans and cis conformers along the
pathway and TS3 following the cis pathway of COHOze reaction path. Both hindered rotors are expected to influence
addition, as described below). This finding casts some doubt the partition functions of the internal degrees of freedom. Here
on the reliability of single-reference-based CCSD(T) correlation the energy barriers for these hindered internal rotors were
treatments for these transition staté4® For this reason, examined at the B3LYP/6-31G(d) and CCSD(T)/cc-pVTZ levels
internally contracted multireference CASP1and configuration of theory. Moments of inertia were estimated using several
interaction (MRCI) calculations with single and double excita- approaches, following East and RadéimHere the various
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approximations are denoted B for moment of inertia or
BMn for the rotational constant, wheredenotes the level of
approximation for a rotor attached to a fixed frame due to
coupling with external or other internal rotation amdndicates
the level of approximation of the coupling reduction. At a lower
level of approximation, the moment of inertia may be given as

I L(lyn)l R(lvn)

100 = ——— (6)
1, 1,

IL( W IR( n)

where subscript L and R indicate the “left” and “right” rotating
group of the twisting bond, respectively. Fo+= 1, the moment

of inertia is calculated by assuming the rotational axis to be the
twisting bond; and fon = 2, the axis is assumed to be parallel
to the twisting bond but passing through the center of mass of
the rotating group. Fan = 3, the axis passes through the centers
of mass of both the rotating groups and the remainder of the

molecule. These approximations have been used extensively in

previous theoretical rate studies (see, e.g., ref 47).

During the course of our study, we found that the theoretical
ki value was quite sensitive to the approximations made for
the moments of inertia of the hindered internal rotors. For this
reason, they were treated with some care by considering fully
the coupling with external rotatiof®:*® In this approach, we
define two coordinate systems. The firgty(2) is attached to

one of the two rotating moieties; and the second is associated

with the principal axes of external rotation (1,2,3). It may be
shown that the moment of inertia is independent of the choice
of the moiety (“left” or “right”) selected for the Xy,2)
coordinated? The z axis is the twisting bond, and theaxis

passes through the center of mass of a rotating moiety. The

axes of the rotating moietyxfy,2) and the axes of the parent
molecule are both right-handed with, aiy, andai; being the
direction cosines between the two sets of coordinates, where
=1, 2, and 3 for principal axes 1, 2, and 3, respectively. The
moment of inertia is given by

3 ) 2
(G @1 _ Z (0~|yU)
S1|m + mg

wherel @1 js the moment of inertia about theaxis

D = ( .2+y‘2)
J_E;Rm Xty

B
a

(@)

€

m is the mass of thigh atom, andx andy; are the position of
the jth atom in the X,y,2) coordinates. In eq A) is the off-
balance factor, given by

U mx 9)

jeLorR

Bi is given by

Bi =, |0 — @, C — o4y D + U(a4_1y Mgy — ai+1,yri71)(1o)

where the subscripts— 1 andi + 1 refer to cyclic shifts of
axessothat—1=3ifi=1,andi+1=1ifi =3,r;is the
distance along thgh coordinate from the center of mass of the
parent molecule to the origin of coordinates of the rotating
moiety; andC andD are the cross products, which are given,
respectively, by

You et al.

C= > mx3 (11)
jeLorR

D= > my3 (12)
jeLorR

For the current calculation, we consider the nonsymmetric
nature of the hindered internal rotations in HO@Cand its
transition states. Specifically, the two potential energy wells
following a full internal rotation are assumed to be asymmetric
about the minima (see, Figure 2). We express the potential
energy in four separate parts:

(%“)[1 — cos(@)] 0=¢=al2

(V_Oz)[l — Cos(@)] + (Vor = Vop) T2 <7

Vo) =( \2

(703)[1 — cos(@)] + (Vor — Vo) 7 = ¢ < 37/2

(\%04)[1 — cos(2)] 2= ¢ <2m
(13)

where ¢ is the rotation angle. Obviously, the four potential
energy barriers are bound by the relatds = Vo4 — (Vo1 —

Voo). The classical partition function of a one-dimensional
hindered rotor for the above potential function may be written

1 [k T\2 2 _
(0 = Z(?) ;ﬁi*l)HIZ dge et
B Qr(T) 4 Vai +20/(Vo1 — Vo)

lo

Vo )
(14)
2k T 2UT

whered; =0 fori =1 and 4, and); = 1 fori = 2 and 3B is
the rotational constant); is the partition function in the
limit of a free rotor, andlio( ) is the modified Bessel func-
tion. The density of energy states for a fult ihternal rotation

is a sum of contributions from the four parts of the potential
function

e

Pr(E) = Pra(E) + pro(E) + prg(E) + ppa(E) (15)

where

;
‘%
e '

Vo) for0<E <Vy

y

Pra(E) =

8<

for E > Vg,

¥
m Sl

E’<

for0 < E <V,

¥
5

Pra(E) =

SZ<

for E > Vg,

¥
@) m
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Pro(E) =

’ K( E— (Vor— Vo)
Vo2 for0 < E— (Vor — Vo) < Voo
27/BV,,
K( Vo2
E— (Vo1 — Vo] for E— (Vo — Vo)) > Vi

27\/B[E — (Vo1 — Vool

Pra(E) =

K E- (V01 - Voz)
Vos forO<E— (V01 - Voz) < Vg3

Relative Energy (kcal/imol)

27 /BVy,
K( Vos
E— (Vor = Vo)) for E— (Vo — Vi) > Vo3

Figure 3. Relaxed potential energy scan for (GOHOz) — TS1—
ZnJB[E — (Vo1 — Vo2l transHOOGO — TS2— (CO; + «OH) at the B3LYP/6-31G(d) level
of theory without zero-point correction.

where E is the energy relative to the lower one of the two
potential energy wells anid( ) is the complete elliptic integral

of the first kind. In eq 15, the four terms correspond to rotations
with0 < ¢ < a2, 7/2 < ¢ <, m < ¢ < 3n/2, and 3r/2 <

¢ < 2m, respectively.

Because of the unique potential energy surface to be discussec.
later, there is a need to treat the trans and cis conformersg
separately along the reaction coordinates. Because each of thig
two potential energy wells illustrated in Figure 2 corresponds £
to a particular conformer, eq 15 may be reduced to only two
terms to give the hindered rotation contribution from a particular
conformer, as will be discussed later.

The total density of states can be obtained by the convolution
proceduré? 50

Relative Energy (k

p(E) = [ pn(E)om(E — e)de (16)

1.8

C..I 1.7
wherepnn is the density of states for degrees of freedom other o i

', 1.5
than the hindered rotors. The sum of states is calculated by d(‘T) k
integratingp(E)

13

Figure 4. Relaxed potential energy scan at the B3LYP/6-31G(d) level
of theory without zero-point correction, showing the reaction (€O
_ (E HOgze) — TS3— CO;, + «OH. cisHOOGO is represented by a local
W(E) ﬁ) p(e)de ) inflection point without a pronounced energy well.

The integration employed an energy spacing value equal to 1
cm~1, which is sufficiently small to accurately computéE)
andW(E) around the singularity point d& = V(.4°

A Results and Discussion

3 The potential energy surface (PES) of reaction R1 is

somewhat complicated by the existence of trans and cis

I Vo Vos conformers. At the B3LYP/6-31G(d) level of theory, a relaxed

potential energy scan shows thaansHOOGO is a local

minimum with two exit channels, one leading to CGOHOe

I v (TS1) and the other leading to GG@ «OH (TS2), as seen in

Figure 3. ForcisHOOGO, a local minimum either does not

X s Y exist or the potential energy well is too shallow to be of any
0 2 4 372 2z importance. Figure 4 presents the companion potential energy

Rotation Angle, ¢ scan for the cis configuration. Here the only saddle point
Figure 2. Schematic illustration of the potential energy function for ~ corresponds to the direct C® HOze — CO; + «OH reaction
the asymmetric, hindered internal rotation. through TS3. The qualitative PES feature observed at the

Potential Energy
A
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TS635.1 1S735.7
HC-0+0, ~

32.8

TS1 (trans) Internal rotation
17.9 (trans—cis)

15.8
’\ TS2 (trans)
trans-HOOC+O, N 12.7
6.5

TS3 (cis) TS4
18.9

cis-HOOC+0
0 (no stationery
-1.1 geometry found
CO,+*0OH
-61.8

Figure 5. Potential energy diagram for C® HO. — products. For COt+ HO, — CO, + «OH, the energy values are determined using the
CCSD(T)/CBS method, and include zero-point energy corrections. Fof-G@D;e — HCeO + O, the energy values are taken from Maeiz-
Avila et al®? at QCISD(T)/6-311G(2df,2p)//QCISD/6-311G(d,p) level of theory.

trans-HOOC-0

1.150

H 1.184 1.190 _ 752
1742 u.gssg ‘- : v .“6 ) .0.971
967 ant®
51 1.615
1.391 w
8(05C0,)=118.2, 6{C0,0,)=112.0 8(05C0,)=124.6, #(CO,0,)=108.1 #(0,C0,)=137.4, #(C0,0,)=106.0
6(0,0,H)=102.0, 1(0,€0,0,)=172.7 8(0,0,H)=99.1, 1(0,C0,0,)=177.2 #(0,0,H)=95.3, 1(0,C0,0,)=180.0
£(HO,0,C)=92.3 #(HO,0,C)=113.9 £(HO,0,C)=180.0
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#({0,C0,)=122.5, §(C0,0,)=108.1 8(0,C0,)=127.9, §(C0,0,)=103.9
8(0,0,H}=102.2, 7(0,C0,0,)=—4.7 8(0,0,H)=99.6, 7(0;C0,0,)=89.6
7(HO,0,C)=90.9 r(HD,0,C)=107.2

Figure 6. Geometry parameters determined at the CCSD(T)/cc-pVTZ level of theory. The bond lengths are in angstroms; and the bond and
dihedral angles are in degrees.

TABLE 1: Energies (hartrees) Computed at Selected Levels of Theory

ccsD(T)/ CCSD(TY
G3B3 CCSD(T)/cc-pVTZ cc-pVQZ CBY FCCICBS
species Eo Eo T1 diag. ZPE E™ Eo Eo Eo
O, —150.25273 —150.12904 0.00380 —0.01796 —150.17386 —150.20658 —150.21017
«OH —75.69637 —75.63772 0.00853 —0.00510 —75.66163 —75.67908 —75.68010
CO —113.26997 —113.15558 0.00491 -—0.01714 —113.18787 —113.21143 —113.21485
CO; —188.50435 —188.32722 0.01183 —0.02875 —188.38452 —188.42633 —188.43208
HO5e —150.82995 —150.71272 0.01423 —0.01715 —150.75988 —150.79429 —150.79773
HCeO —113.79409 —113.68411 0.01300 —0.01712 —113.71782 —113.74242 —113.74584
HOOGO —264.08981 —263.86006 0.020 0.02373 —0.03862 —263.94091 —263.99991 —264.00764
TS1 —264.07072 —263.84072 0.028 0.02147 —0.03904 —263.92096 —263.97951 —263.98732
TS2 —264.08075 —263.84751 0.02131 —0.04115 —263.92858 —263.98773 —263.99596
TS3 —264.06920 —263.83881 0.028 0.02129 —0.03984 —263.91913 —263.97774 —263.98571
TS4 —264.07527 —263.84451 0.02281 —0.03857 —263.92525 —263.98416 —263.99187

a Zero-point energy using the vibrational frequencies as calculated. For C& a@@OH the average deviation of the vibrational frequencies
from the experimental values is1%, whereas for H@ the deviation is 4.5% The triple excitatiorE(T:CSD(T),prTz. ¢ Single-point calculation at
CCSD(T)/cc-pVTZ geometry! See the text and eq 2See the text and eq 3.

B3LYP/6-31G(d) level of theory is consistent with calcu- along the trans and cis reaction pathways is provided in Figure
lations carried out using the CCSD(T)/cc-pVTZ method, 5. The corresponding CCSD(T)/cc-pVTZ geometry parameters
though in the latter case only a limited PES scan was are provided in Figure 6. These geometries are qualitatively
performed. similar to those obtained previously at the HF/6-31G(d) level
A schematic diagram illustrating the various stationary points of theory® for the trans conformer and its transition states.
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TABLE 2: Energies (kcal/mol) at 0 K Relative to CO + HOye

J. Phys. Chem. A, Vol. 111, No. 19, 2004037

products/ CCSD(T)/ CCSD(T)/ CCsSD(T)/

transition state G3B3 cc-pVTZ cc-pVQZA CBS FCC/CBS literature value
CO,+ «OH —63.3 —59.9 —61.0 —61.8 —61.7 —61.6+0.1
transHOOGO 6.3 8.1 7.2 6.5 6.0

TS1 18.3 18.8 18.3 17.9 17.3

TS2 12.0 14.4 13.4 12.7 11.8

TS3 19.3 19.9 19.3 18.9 18.2

TS4 155 17.2 16.4 15.8 15.3

HCeO + O, 333 33.1 33.7 34.1 34.0 3360.1

aWith CCSD(T)/cc-pVTZ zero-point energies.

TABLE 3: Literature Values of Enthalpy of Formation
(kcal/mol)

species ArHazog AsfHo ref/comments
«OH 8.9+ 0.07 8.85 53
HOze 29+0.1 3.6 54

CO —26.4+ 0.04 —27.2 56

CO, —94.1+ 0.003 —94.0 56
HCeO 10.1+ 0.07 10.0 57

@ At Ho values are obtained fromy; Hagg and the sensible enthalpy
values taken from ref 55.

Quantitatively, however, there are significant differences, with

the CCSD(T)/cc-pVTZ GO and O-C bond lengths being

larger than the HF/6-31G(d) ones by as much as 0.1 A.
Table 1 lists the absolute energies for the stationary points

along these reaction pathways as computed using the semiem

pirical G3B3 method and for selected levels of single-

reference theories. Here the CCSD(T)/cc-pVTZ energies were
obtained from geometries optimized using the same method.
The CCSD(T)/cc-pVQZ energies are the results of single-point
calculations at the CCSD(T)/cc-pVTZ geometries. Energies
extrapolated to the complete basis set (eq 2) are denoted a
CCSD(T)/CBS, and those including the correction for the CI

truncation error (eq 3) are denoted as FCC/CBS. The reaction
enthalpies and energy barriers are presented in Table 2, where

the literature values for the enthalpy of reaction are based on
the heats of formation given in Table 3. Notably, both the
CCSD(T)/CBS and FCC/CBS methods yield calculated reaction
enthalpies within 0.5 kcal/mol of the literature value.

The CCSD(T)/CBS and FCC/CBS energy barriers are 17
18 kcal/mol for the addition of CO and Hefollowing the trans
path (TS1) and around 18L9 kcal/mol following the cis path

(TS3). Without basis-set extrapolation, these energy barriers are

generally 0.5-1 kcal/mol larger than those with basis-set
extrapolation. Interestingly, energy barriers predicted by the
G3B3 method are within-1 kcal/mol of the CCSD(T)/CBS
results, but this agreement may be fortuitous because the G3B
enthalpy of reaction R1 is’2 kcal/mol lower than the literature
value (see, Table 2). There are two pathwaysremissHOOGO
dissociation into C@ and «OH, as shown in Figure 5. The
first path is a single ©0 fission (TS2), and it requires only

TABLE 4: Multireference Energies

6.2 kcal/mol of energy barrier. The second path involves
trans— cis isomerization or internal rotation about HSO
CeO bond. BecauseisHOOGO does not have a pronounced
local energy minimum, the reaction path upon this isomerization
collapses onto the cis pathway, as shown in Figure 5.

The T1 diagnostic computed for TS1 and TS3 casts some
minor doubt on the reliability of the single-reference-based
CCSD(T) correlation energies. For this reason, we have also
explored the energetics of TS1 with CASPT2 and MRCI
calculations, as reported in Table 4. The CASPT2 predictions
of 18.2 and 18.4 kcal/mol for the TS1 barrier with the (9¢e,80)
and (11e,100) active spaces are in good agreement with the
CCSD(T)/CBS barrier of 17.9 kcal/mol, but are larger than the
FCCI/CBS barrier by about 1 kcal/mol. The somewhat lower
value of 17.1 for the (5e,50) active space is likely due to the
importance of including the ©0 x orbital in the active space.
We have found it to be of similar importance in other related
studies of radicat- O, reactions. The MRCI calculations yield
a much higher TS1 barrier of about 26 kcal/mol. The Davidson-
corrected (C+QC) TS1 barrier of about 21 kcal/mol is much
closer to the CCSD(T) and CASPT2 values. It appears that the

%)avidson correction is qualitatively correct, but not quantita-
i

vely so. In related calculations for,84 + OH and for radicat
radical abstraction reactions, we have similarly found that
CASPT2 appears to provide a more consistent set of b&¥riers
and that the Davidson correction is not quite as large as it needs
to be. Thus, it appears reasonable to assume that the TS1 barrier
is 17.9 kcal/mol, that is, an average among the barrier values
from CCSD(T)/CBS, FCC/CBS, and CASPT2 with the (9e,80)
and (11e,100) active spaces. The error bar on the energy barrier
is expected to betl kcal/mol, which corresponds to our
experience for the typical uncertainty in CCSD(T) calculations
of transition state energies and is also supported by the CASPT2
results. The Cl and GtQC calculations suggest that the upper
error bar may be larger, but, importantly, there is no indication
that the lower error bar should be any larger.

3 For comparison, the potential energies for the reaction

CO+ HOp — HCsO + O, (R5)

are also presented in Figure 5, based on QCISD(T)/6-311G

electronic energy (hartree)

critical energy (kcal/mol)

geom. opt.

(active space) species PT2/CBS Cl/ICBS +QIC/CBS PT2/CBS Cl/ICBS* CI+QC/CBS
PT2(5e,50) COt HO2 —263.95871 —263.86127 —263.96559

TS1 —263.93363 —263.82223 —263.93379 17.1 25.9 21.3
PT2(9e,80) COt HO2e —263.96020 —263.88270 —263.97633

TS1 —263.93333 —263.84389 —263.94445 18.2 25.7 21.4
PT2(11e,100) CG HOz —263.96211

TS1 —263.93497 18.4

aWith 1.38 kcal/mol zero-point energy correction from PT2(5e,50)/atz.
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Figure 7. Energy scans for internal rotation in HO@C (top panels) and TS1 (bottom panels), computed at the CCSD(T)/cc-pVTZ (symbols and
solid lines) and B3LYP/6-31G(d) (dotted lines) levels of theory. Except for the dihedral angle, geometries are frozen attthos¢1GfOGO
and TS1, respectively. Species/critical geometry given in quotes designates structures close to the respective optimized geometries.

(2df,2p)//QCISD/6-311G(d,p) results of Maréz-Avila et al52 0.6 and 3 kcal/mol. For the HOGC.O torsion, the energy
The formation of the HC@ adduct has an energy barrier around barrier is notably higher, being about 12 kcal/mol. In TS1, the
23 kcal/mol, and the exit HO + O, channel has energy HO—OGC.O rotational barrier increases to about 9 kcal/mol,
barriers around 35 kcal/mol. These barrier heights essentially while the rotation about the HOGCO bond decreases to about
rule out any importance of reaction R5 toward the total rate 4 kcal/mol. The barrier heights calculated for TS3 are of a
constant of CO+ HOy — products. similar magnitude, as illustrated in Figure 8.

The treatment of hindered internal rotation requires special The absence of a potential minimum along the cis pathway
consideration. The two rotors in question are those for rotating suggests that it is best to treat the cis and trans reaction pathways
about the G-O and O-C bonds. The rotation about the-@ separately. This separation is accomplished by excluding the
bond is responsible for the key trans-to-cis mutual isomerization. contribution of the cis configuration to the partition function of
Figure 7 presents the potential energies for these two hinderedthe HOO-CeO hindered rotor for the trans pathway and vice
internal rotations in HOO&D and TS1. These potential energies versa for the trans configuration in the cis pathway. Specifically,
were computed at the B3LYP/6-31G(d) and CCSD(T)/cc-pVTZ the partition functions of HO©CeO and TS1 were obtained
levels of theory. Except for the dihedral angle, the geometries by integrating over a rotation angle ¢f = —x/2 to 7/2, or
are frozen during potential energy scans. Thus, the relative equivalently 0< ¢ < /2 and 31/2 < ¢ < 2. In other words,
energies are expected to be somewhat larger than the true valuegor these species the partition function given by eq 15 is
For example, the CCSD(T)/cc-pVTZ energy difference between truncated to only two terms
TS3 and TS1 is 1.3 kcal/mol, whereas the rotation scan based
on frozen geometries gives 1.8 kcal/mol (see the lower-right Pr(E) = ppa(E) + ppa(E) (18)
panel of Figure 7). These differences are considered in our
assessment of the accuracy of the theoretical rate coefficient,Likewise, TS3, the transition state of C® HO»e on the cis
as will be discussed later. pathway is treated by neglecting contributions from the trans

In the adduct, the rotational energy barrier for the-HOC.O part of the partition function. For the internal rotation about
torsion is highly asymmetric, with barrier heights of roughly the HO-OGCsO bond, the partition function is given by eq 15,
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Figure 8. Energy scans for internal rotation in TS3, computed at the CCSD(T)/cc-pVTZ (symbols and solid lines) and B3LYP/6-31G(d) (dotted
lines) levels of theory. Except for the dihedral angle, geometries are frozen at those of TS3. Critical geometry given in quotes designates a structur
close to the optimized geometry.

TABLE 5: Molecular Properties Used for Computing the Rate Coefficient of CO+ HOz — CO, + «OH

B(cm™) hindered internal rotofs
a Voe
species (kcal/mol)  inactivé actives mode (cm™Y) range (kcal/mol) v (cm™1)9
CcO 1.91 2154
HOge 20.5&1.1(2) 1135 1437 3674
transHOOGO 6.5 0.155 2.24 HOBO0GCO 205 0< ¢ < al2 0.6 189 249 352 592 931 1047 1414 1861 3781

32 < ¢ <21 3.0
nl2<¢=<a 05
T<¢=3m2 29
HOO—-C«O 4.1 O<g¢p=<ml2 114
32 < ¢ <21 12.0
TS1 17.9 0.133 189 HOO0GCO 208 O0O<¢p=<xa2 88 661.1 130 265 417 446 972 1429 2016 3748
32 < ¢ <2r 9.0
nl2<¢=<m 8.6
T<¢=3m2 88
HOO—CeO 3.6 O<¢p=ml2 31
32 <¢ <2 3.8
TS2 12.7 0.149 2.02 HOO0GCO 19.6 O0<¢ <27 21 153% 77 322 343 784 928 1233 1916 3749
TS4 15.8 0.179 1.04 HOO0GCO 196 O<¢p=<a2 23 290 290 325 617 852 877 1380 1894 3776
M2<¢p<2n 7.4
al2<¢=<mx 20
T<¢p=3m2 7.1
TS3 18.9 0.172 0.77 HOO0GCO 195 O<¢p=al2 9.6 70% 103 224 467 473 929 1400 2013 3736
3n2<¢p<2 100
al2<¢<m 9.7
T<¢=<3n/2 10.1
HOO-CeO 6.5 a2<¢<ax 21
T<¢=<3m2 28

aRelative to the energy of C@ HOye at 0 K. P With the exception of H®, these are two-dimensional external inactive rotors (symmetry
numberc = 1). ¢ One-dimensional external rotors (symmetry numder 1). ¢ One-dimensional hindered rotors (symmetry number 1). ¢ The
energy barriers of hindered rotug (kcal/mol) are estimated from CCSD(T)/cc-pVTZ potential energy stdifrational mode replaced by hindered
internal rotation? From CCSD(T)/cc-pVTZ calculation (fully optimized geometry and numerical second derivatives).

where the asymmetric nature of the potential function is closely pVTZ frequency value of 249 cm and the potential energy
accounted for. shown in the upper-right panel of Figure 7, we obtBir 3.8
The internal rotational constants vary widely, depending on cm~1, which is in reasonably good agreement with &%

the level of approximation. For example, tlBe values for value. Furthermore, thB@4 value is the fundamentally most

rotation about the HOSC«O bond oftransHOOGO are 1.6, appropriate value and was thus adopted for all hindered internal

14, and 4.1 cm! for B2, B@3), and BG4, respectively. It is rotations.

worth noting that the rotational constant is expected to be related  Table 5 lists the molecular parameters used in the rate

to the force constant through the relation calculation. Master equation modeling shows that, due to the
shallow transHOOGO potential energy well, there is no

(19) appreciable collisional stabilization of the rovibrationally excited
transHOOGO adduct for pressures up to 500 atm. Hence, for
combustion applications the overall rate constant may be

wherev is the vibrational frequency. Using the CCSD(T)/cc- modeled as being independent of pressure.tidressHOOGO

2
14

B - - @@
2(d?Vidg?)
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101 TABLE 6: Effect of Internal Rotor Treatments on kj

(cm®/mol-s)

b

o hindered rotor
Upperlimit (this work)

harmonic free rotor
- T(K) oscillator with 1G4 |@1) 1@3) |G4R

500 21x 10 3.8x10* 29x 10 15x 10 1.7x 10
Tsang and Hampson® 1000 5.6x 107 6.1x1C 1.1x1® 6.3x 10 6.5x 10
1500 2.6x 10° 2.1x 10 55x 10° 34x10° 3.2x 10
T 2000 2.2x 109 1.4x 10" 4.7x 109 2.9x 100 2.7 x 10
Mueller et al 3! 2500 8.8x 10 46x 10" 19x 104 1.2x 104 1.1x 104

a Theory with which the final theoretical rate constant was computed.

1010

109F

This work
108

k, (cm3/mol-s)

R careful treatment of internal rotations clearly supports the notion
Lowerlimit (this work) ) ) advanced in these RCM studies that the literature rate values
N for k; are too large.
To illustrate the need to properly treat the hindered internal
rotors and their reduced moments of inertia, we present in Table
e T S RS AR 6 k; values obtained at several levels of theoretical approxima-
0.6 0.8 1.0 1.2 14 tion. As expected, the limiting case of the free-rotor treatment
1000K/T (with | G4)) yields k; values substantially larger than those of
the harmonic oscillator treatment, by approximately a factor of
Eifurseez-thixzzgg]oennﬁ‘l E_”d :gefrfitjcti'eraf ?ggfg?ig]”et feorpreerarﬁg(r)l?al 10. The different treatments for the reduced moment inertia can
. | 1gu Sou X | : :
data. The thick, dashed lines indicate the uncertainty bound of the lead to an uncezrgalnty of a factor of2. In particular, rate
current theoretical expression (see the text). constants from @1 are a factor of~2 larger than those from
| B4), Thus, the combined uncertainty is expected to be a factor
adduct has a finite, albeit short lifetime. At high temperatures, of 20, which underscores the need for an accurate treatment of
the overall rate constant through the trans pathway is influencedthe hindered internal rotor.

107F

by the back dissociation to C& HOe. The contribution of The hindered rotor approach givksvalues much closer to
the trans pathway to the total rate coefficient is calculated to the harmonic oscillator than to free rotor, but the close agreement
be between hindered rotor and harmonic oscillator treatments is
fortuitous at best because the relevant vibrational frequencies
Ky yandCMY/mol-s) = 6.8 x 10°T-&7e 895" are generally<150 cnm, and thus the harmonic approximation
for these otherwise anharmonic oscillators are dubious at best.
over the temperature range of 302500 K. An important point here is that without a careful treatment of
Conventional transition state theory calculations yield a cis the hindered rotors the uncertainty in the theoretical rate constant
pathway contribution to the total rate coefficient of is as large as the scatter in the experimental data shown in Figure
1, and even more importantly the true uncertainty in the
klycis(cm3/mol-s) = 2.2 x 10'7%*3% 926" theoreticalk; cannot be quantified.

Our earlier discussion placed an uncertainty bat-afkcal/
over the same temperature range. The trans pathway contributesnol on the reaction energy barriers. Sensitivity tests showed
83, 55, and 42% of the total rate constant To= 300, 1000, thatk; is the most sensitive to the energy values of TS1 and
and 2000 K, respectively. As mentioned before, the decreaseTS3, and the energy barriers of internal rotation between TS1
of the trans contribution with an increase in temperature is and TS3. Assuming that all of these barrier values are accurate
caused by the increasingly competitive dissociation of the to within +£1 kcal/mol, plus an additional, temperature-

rovibrationally excitedransHOOGO back to CO+ HOze at independent uncertainty of 50% in state counting, we obtained
higher temperatures. the theoretical upper and lower limits f&, as shown by the
The total pressure-independent rate coefficient, given as thethick, dashed lines in Figure 9. The corresponding uncertainty
sum of those for the two “channels”, is factors are about 8, 2, and 1.7 for temperatures of 300, 1000,
and 2000 K.
k,(cm¥mol-s) = 1.57 x 10°T* 8% 90307 Almost all earlier experimental rate values may now be

for 300< T < 2500 K (20) rejected in light of the current analysis. An inspection of Figure
9 shows that the measurements reported by Baldwin and co-
where the fitting error is less than 5% over the entire range of workerg-5-16fall above the upper bound of the current theoretical
temperature. results. In addition, thie; expression of Mueller et &Lis close,
Figure 1 shows a comparison of the current theoretical but above our upper limit, whereas the rate values of Sun et
predictions for the rate coefficient with previous studies and al3?are within our uncertainty bounds, despite the fact that only
evaluations. The same Arrhenius plot is shown over a narrower the trans configuration was considered in their analysis.
temperature region in Figure 9. Clearly the current analysis It is worth noting that the rate coefficient for the second
supports the lowek; values based on the RCM analysis of channel (reaction R5) is substantially smaller than the current
Mittal et al1? Quantitatively, ouik; expression is within 10%  theoreticalk; value.ks values may be estimated from the rate
of the expression of Mittal et al. over the temperature range of coefficient of the back reactidhto be 3x 10° and 2x 1(°
950-1100 K. Although this close agreement may be fortuitous, cmé/mol-s at 1000 and 2000 K, respectively, which are no larger
the current results, obtained from very high-level quantum than 10% ok,, as expected from the potential energy differences
chemistry calculation and master equation modeling with a of reactions R1 and R5, as seen in Figure 5.
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methods (CBS/QB3, CCSD(T)/6-3+5G(d,p)//B3LYP/6-311G
(d,p), and CBS-APNO) and focused on only the trans pathway.
The resulting predictions for the energy barrier for the €O

HO, addition ranged from 15.4 to 19 kcal/mol. Furthermore,
the QRRK approach employed in their kinetic analysis is
perhaps not the best choice to obtain accurate rate coefficients.
The net result is that the predictdd value of ref 59 is
substantially larger, by an order of magnitude, thankihealue
reported here. This difference is attributable, to a small extent,
to the difference in the energy barrier of the two studies. A
larger part of the difference likely arises from the QRRK
treatments of vibrational frequencies from the B3LYP basis of
_ that vibrational frequeny analysis and a lack of the treatment
I P.= 30 Bar of hindered internal rotation. The above discussion applies
2r T,=10105K : equally to the theoretical studies of Sun et?and Hsu et a$®

: In both cases, these authors considered only the trans pathway
and employed considerably lower-level quantum chemical and
reaction rate theory methods than the present study.

Last, we note that despite the arguments made above the
validity of our theoretical results are yet to be proved by well-
defined kinetic measurement. In comparison to other theoretical
studies, however, the unique contribution of the present work
is that it provides a test case for the highest levels of quantum
chemistry methods and rate theory suitable for this type of
reaction.

Ignition Delay Time (ms)

Ignition Delay Time (ms)

Conclusions

The reaction kinetics of C&- HOz — CO, + «OH (R1)
was studied using the single-reference CCSD(T) method with
Dunning’s cc-pVTZ and cc-pVQZ basis sets and multireference
CASPT2 methods. It was found that the classical energy barriers
are about 18 and 19 kcal/mol for COHO,e addition following
the trans and cis paths. The HO@radduct has a well-defined
local energy minimum in the trans configuration, but the cis
conformer is either a very shallow minimum or an inflection
point on the potential energy surface. This observation led us
Figure 10. Predictions of RCM ignition delay times at compressed to treat the cis pathway with conventional transition state theory

pressures®, = 15, 30 and 50 bar, and compressed temperatges and the t_rans pathway with a master equgtlo_n analysis. The
around 1020 K. Molar composition: ¢gH CO)/OJ/N/Ar = 12.5/6.25/ computation shows that the overall rate is independent of
18.125/63.125. RCO is defined as the molar concentration ratio [CO]/ Pressure up to 500 atm. Upon a careful treatment of the hindered
([H2] + [COY)). Solid lines, updated model of Davis et%&l(see the internal rotations in the HOOO adduct and relevant transition
text); dashed line, original model. states, we obtain a rate coefficient expressigom¥mol-s) =

1.57 x 10°PT 21879030T for 300 < T < 2500 K. This rate

Ignition Delay Time (ms)

RCO

We examined the accuracy of a previously propose(CB expression is within 10% of that of Mittal et &lgbtained on
oxidation mode¥ by updating only three rate coefficient&; the basis of an analysis of RCM experiments afGO oxidation
based on the current study, the rate coefficient of €@OH in the temperature range of 950100 K. Considering the

— CO; + He from Joshi and Wang’, and k; evaluated in  underlying uncertainties in the theoretical energy barriers, we
Sivaramakrishnan et &lFigure 10 shows the comparison of carried out a parameter sensitivity analysiskpand estimated
experimental and computed ignition delays for RCM experi- the uncertainty factor for the theoretical expression to be 8, 2,
ments at 15, 30, and 50 atm, before and after these updatesand 1.7 at temperatures of 300, 1000, and 2000 K, respectively.
Here, RCO is defined as the mole fraction of CO in the These error bars reject almost all of the rate values reported in
combined H/CO fuel mixture. In simulating RCM experiments, earlier studies, with the exception of Mittal et'd.

effects of compression stroke and heat loss are inclédedll )
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