3680 J. Phys. Chem. R008,112,3680-3692

Quantum Chemical and Kinetic Study of Formation of 2-Chlorophenoxy Radical from
2-Chlorophenol: Unimolecular Decomposition and Bimolecular Reactions with H, OH, Cl,
and O,

Mohammednoor Altarawneh, Bogdan Z. Dlugogorski,* Eric M. Kennedy, and
John C. Mackie* '

Process Safety and Eimonment Protection Research Group, School of Engineering, Theddsity of
Newcastle, Callaghan, NSW 2308, Australia

Receied: December 31, 2007; In Final Form: February 3, 2008

This study investigates the kinetic parameters of the formation of the chlorophenoxy radical from the
2-chlorophenol molecule, a key precursor to polychlorinated dib@rdioxins and dibenzofurans (PCCD/

F), in unimolecular and bimolecular reactions in the gas phase. The study develops the reaction potential
energy surface for the unimolecular decomposition of 2-chlorophenol. The migration of the phenolic hydrogen
to the ortho-C bearing the hydrogen atom produces 2-chlorocyclohexa-2,4-dienone through an activation
barrier of 73.6 kcal/mol (0 K). This route holds more importance than the direct fission of Cl or the phenolic
H. Reaction rate constants for the bimolecular reactions, 2-chloropkRedot— X—H + 2-chlorophenoxy

(X =H, OH, CI, G) are calculated and compared with the available experimental kinetics for the analogous
reactions of X with phenol. OH reaction with 2-chlorophenol produces 2-chlorophenoxy by direct abstraction
rather than through addition and subsequent water elimination. The results of the present study will find
applications in the construction of detailed kinetic models describing the formation of PCDD/F in the gas
phase.

Introduction 2-CgH,CIOH — 2-C;H,CIO" + H 1)

Recent analyses of the formation mechanism of polychlori- 2-C,H,CI(OH) — [2-C;H,(OH)]" + Cl 2)
nated dibenzg-dioxins and polychlorinated dibenzofurans

(PCDD/F) in the gas phase from chlorophenol precursors have pjthough several studies of the unimolecular decomposition of
shown that the pathways involving the self-coupling of chlo- phenol itself exist, the present authors are unaware of a
rophenoxy radicals and the coupling of chlorophenoxy radicals comparable study of chlorophenols. By kinetic modeling of a
with chlorophenol molecules are more important than the self- complex mechanism of the pyrolysis of phenol, Lovell etal.
coupling of chlorophenol moleculés® Earlier kinetic models have derived a rate constant kf_phenoy = 2.67 x 10® exp-

of the formation of PCDD/F assumed that the chlorinated (—44 700 KT s—1!, valid between 1070 and 1150 K, for the
phenoxy radicals react rapidly with molecular oxygen, making unimolecular scission of the HO bond in phenol. A recent
phenoxy radicals unavailable for the formation of PCDB/F. theoretical investigation has yielded a somewhat lower rate
However, owing to their significant resonance stabilization, constant for the same reactiéhDirect expulsion of a Cl atom
considerable concentrations of chlorophenoxy radicals can build from chlorobenzene occurs with a rate constamOtniorobenzene)

up in the combustion environment affording their self-condensa- (1070-1280 K)= 3.0 x 10* exp(—48 100 KIT) s™1, between
tion to PCDD/F congeners. Therefore, accurate modeling of 1070 and 1280 K2 which amounts to more than 2 orders of
PCDD/F formation demands the knowledge of the rate param- magnitude lower than the rate constant claimed previously for
eters for the formation of chlorophenoxy radicals from chlo- the H-fission of phenol. Thus, under pyrolytic conditions, it

rophenols. might be expected that the fission of the-& bond constitutes
the sole initiator of the decomposition of 2-chlorophenol.
The present study employs 2-chlorophenol H4CIOH) as In the presence of dioxygen, the decomposition of the

a representative species of all polychlorophenols to model the 2-chlorophenol commences at lower temperatfi®sving to

formation of chlorophenoxy radicals. This selection of the the difference in bond strengths between the O and H in the
chlorophenol molecule follows from the frequent use of hydroxyl group and C and H on the aromatic ring, a triplet
2-chlorophenol in studies on precursors for PCDD/F under oxygen molecule reacts initially with 2-chlorophenol by abstrac-

oxidative and pyrolytic condition%:® Under pyrolytic condi- tion of its hydroxyl H
tions, the thermal decomposition induces the initial decay of a
2-chlorophenol molecufe 2-CgH,CIOH + O, (°%,) — 2-CH,CIO" + HO,  (3)

- - - Following the initiation, the consumption of 2-chlorophenol
* Corresponding author. E-mail: Bogdan.Dlugogorski@newcastle. . . . . .
edu.au; tel: +61 2) 4921 6176; fax: £61 2 4921 6920). proceeds via the reactions involving H and OH radicals, formed
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HO,+M—OH+H+ M (4) Rate constant&(T), for several reactions have been evaluated

using

2-CH,CIOH + H— 2-CH,CIO" + H, 5) K(T) = #(T) x k;er(T)

- TS

2-CH,CIOH + OH— 2-CH,CIO" + H,0 (6) where

However, the presence of H and OH can also engender q"S(m s
displacement reactions liberating Cl radicals. Pseudo-equilibrium krs(T) = ﬁihﬁ -pAaFo

q (N a(m

calculations of Evans and Dellindehave demonstrated that
is the rate constant derived by the conventional transition state

the concentration of Cl radicals exceeds that of OH over a wide |

range of temperaturdsiccording to the available rate constants ! !
theory (TSTY® ¢ is the reaction symmetry numbg@r= (ksT) 2,
ks is Boltzmann’s constant) is the Planck constang™(T) is

for the reaction with phenol, Cl serves as the dominant abstractor
the thermodynamic partition function for the transition structure,

of the phenolic H. Hence, one would expect an analogous
reaction involving chlorophenol to correspond to " - .
g(T) andgB(T) are the partition functions for the reactants,
2-C4H,CIOH + Cl— 2-CH,CIO" + HClI @) Eg° is the classical barrier height, ardT) is the transmission
coefficient that accounts for the quantum tunneling corrections.
Tunneling effects are accounted for using both the Wigner
and Eckar® methods. In the Wigner method, the transmission
coefficient corresponds to

In the present study, we perform quantum chemical investiga-
tions using various density functional theory (DFT) methods
to obtain reliable thermochemical and kinetics quantities for the
above reactions of 2-chlorophenol. We also compare the results 1

of our computations with the analogous rate data for phenol K(T)=1+ ﬂ(hﬁwm)z

because none exist for 2-chlorophenol. Our new results will

facilitate the construction of detailed kinetic models of the \yhere TS denotes the imaginary frequency of the transition

formation of PCDD/F in the gas phase. structure. According to the Eckart methodT) is estimated
by using an approximate adiabatic ground-state potential curve
based on the zero-curvature tunneling methodology (Z&T).

It has been well established that the most popular hybrid Rate constants for certain reactions are calculated using
density functional theory method of B3LY#“ has a funda- canonical variational transition state theory (C¥T§? where
mental shortcoming in describing the potential energy surface the reaction rate constant is minimized as a function of reaction
(PES) around the transition states for hydrogen transfer reactionscoordinatess) and temperatureTj by
because of its inadequate characterization of the self-interaction
correctiont>~18 To overcome this problem, the meta hybrid DFT kCVT(T) =min kGT(T, S)
method of BB1K?is used throughout this study, and its results °
are compared with those obtained using the B3LYP method. \herekST(T,s) signifies the rate constant from the generalized
In addition to using an HF exchange fraction of 0.42 (compared transition state theory. All of the proposed transition structures
with 0.20 in B3LYP), the BB1K method also abstracts kinetic i3 cvT calculations retain one and only one imaginary
energy density from KohnSham orbitals by deploying the  frequency along the reaction pathway. Reaction rate constant

kinetic-energy-dependent dynamical correlation functional BB95.  giculations have been performed using the TheRate proram.
Although the BB1K method is more effective in obtaining the

barrier heights and geometries for the transition structures, theResults and Discussion

B3LYP method retains its success in extracting the reaction  Unimolecular Decomposition of 2-Chlorophenol.Several
energies, vibrational frequencies, and structures for the mol- decomposition channels have been investigated theoretically in
ecules? All structures have been optimized using the basis set order to describe a detailed mechanism for the pyrolysis of
of 6-31G(d)?? Transition structures (TS) on potential energy phenot!:34

surfaces have been characterized as first-order saddle points by

Computational Details

possessing one and only one imaginary frequency. Transition CeHsOH— CsHg + CO (8a)
structures were confirmed by connecting the related reactants
and products by intrinsic reaction coordinate (IRC) analysis. — C4gH:0 + H (8b)
Energies have been refined by performing single-point energy
calculations using the extended basis set of 6-3&(3df,2p). — C;H,CO+H, (8c)
All optimizations have been executed using the Gaussian (G03)
suite of programg3 — CH, + H,0 (8d)

Internal rotations in the 2-chlorophenol molecule and some
transition structures have been treated as hindered rotors, andirect expulsion of Hor H,O was shown not to be competitive
their thermodynamic partition functions have replaced the with channel 8b (direct expulsion of the hydroxyl H atom) or
partition functions of the corresponding harmonic oscillators. 8a (the phenolic H transfer at tloetho carbon). The latter was
Such treatment is necessary for accurate calculation of rateshowri! to provide the minimum energy pathway for the
constantg# Internal rotation barriers have been calculated by formation of the major experimental products of decomposition,
Gaussian carrying out relaxed scans at varying torsional angles.CO andcyclo-CsHs.
Reduced moments of inertia for these torsional modes have been In this section, we investigate the energetics and kinetics of
calculated using a model of two unsymmetrical tops that rotate the unimolecular formation of the 2-chlorophenoxy radical from
with respect to each other by the means of the MultiWell suite 2-chlorophenol in the reactions analogous to those proposed for
of programs® the decomposition of phen&}:3435>Optimized geometries for
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Figure 1. Optimized geometries for reactants, products, intermediates, and transition structures for the unimolecular decomposition of 2-chlorophenol
calculated by BB1K (in brackets) and B3LYP methods using the basis set of 6-31G(d).

the reactants, products, intermediates, and transition structures Direct H Expulsion from the Hydroxyl Groupmtramolecular

for the unimolecular decomposition of 2-chlorophenol are shown hydrogen bonding in 2-chlorophenol produces two distinguish-
in Figure 1; the reaction potential energy surface (PES) is able conformational isomers, a trans form where the hydroxyl
displayed in Figure 2, with Table 1 listing the Arrhenius hydrogen points away from the chlorine atom and a cis form

parameters for the high-pressure limit.

where the hydrogen is intramolecularly bonded to the chlorine
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Figure 2. Schematic energy diagram predicted at the BB1K/6-3#(38f,2p)//BB1K/6-31G(d) level of theory on the singlet-state potential energy
surface for the unimolecular decomposition of 2-chlorophenol; for species identification, see Figure 1.

TABLE 1: Arrhenius Parameters for the Unimolecular Decomposition Reactions of 2-Chlorophenol and Its Bimolecular
Reactions with H, OH, Cl, and O, (3%), Fitted in the Temperature Region of 306-2000 K

reaction A (st or cn? molecule’ s7Y) n EJ/R (K) method
2-CsH4CIOH — M1 + ClI 1.03x 10 0.453 43 000 B3LYP
CVT
2-CeH4CIOH — M2 9.72x 10° 1.251 42 900 BB1K
TST/Eckart
2-CsH4CIOH — M3 3.88x 10" 0.546 37 200 BB1K
TST/Eckart
2-CsH4CIOH — M4 + HCI 8.27 x 10" 0.958 42 000 BB1K
TST/Eckart
2-CH4CIOH — H + 2-CGeH,CIO® 1.84x 1012 0.69 44 000 BB1K
CVT
2-CsH4CIOH + H — 2-CGH4CIO® + H; 5.79x 10°% 4.781 1620 BB1K
TST/Eckart
2-CsH4CIOH + OH — 2-CGsH4CIO® + H,O 3.41x 10°% 2.681 1070 BB1K
TST/Eckart
2-CeH4CIOH + Cl — 2-CsH4CIO® + HCI 1.86x 10716 1.468 —582 BB1K
CVT
2-CsH4CIOH + O, (3%g) — 2-CeH4CIO* + HO, 3.83x 102 2.432 13 200 B3LYP
CVT

atom as shown in Figure 1. The presence of these two isomersragLE 2: Reaction Energy (kcal mol-2) for the Direct H

has been confirmed experimentally from the differences in their Expulsion from cis and trans Forms of 2-Chlorophenol

hydroxyl group stretching frequencies. Both experimépal (Reaction 1)

and theoreticdf studies have found the presence of an intramo- reaction G3B3 BB1K B3LYP

Iecula_lr hydrogen bond in the _cis form to make i_t more stable trans2-chlorophenot- 6.8 835 80.9

than its trans counterpart. Using the G3B3 ab initio method, H -+ 2-chlorophenoxy

the cis conformer was found to be more stable by 3.1 kcal/  cis-2-chlorophenot- 89.9 86.7 83.8

mol 38 whereas experimentally, the difference in energy between H + 2-chlorophenoxy

the two isomers is no more than 1.7 kcal/rfoDur value of

3.5 kcal/mol for the energy difference between the two isomers the estimate from G3B3 in Table 2. Because the barrier to

is in accord with previous theoretical estimatiGsIhe dif- rotation of the hydroxyl group amounts to a trivial value under

ference between the theoretical and experimental estimationspyrolysis temperatures, an equilibrium populationc- and

has been attributed to considerable overlapping between the OHrans-2-chlorophenol exists. In order to determine the reaction

vibrational bands in the two isomers that could not be unraveled rate constant for H expulsion frommans-2-chlorophenol, we

adequately under the experimental conditi#ftiEransformation varied the @--H distance manually at intervals of 0.15 A.

between these two isomers is computed using the BB1K methodBecause the fission of ©H bond generates two free radicals,

to involve a barrier of only 2.4 kcal/mol (0 K). we performed the partial optimization using the singlet open
Table 2 lists the ©@H bond energy in 2-chlorophenol shell BB1K with mixing of the frontier orbitals. We found that

obtained by calculating the energy for reaction 1 for both cis at separations of @H of beyond 2.0 A the energies of the

and trans conformers. The unimolecularB fission of cis- transition structures gradually begin to exceed the energies of

2-chlorophenol appears similarly endoergic as that of phenol the separated reactants, presumably because of the system

where the bond energy equals 89.5 kcal/fiadspecially see exhibiting multireference character (MRC). We have further
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tested this case by using several different guesses for the initial

wavefunction when deploying various theoretical methods, and 5+ ——CVT
in each case the transition state energy was found to be above Y —— Experiment
that of the dissociation products beyond a separatior 2D v —o— Experiment

A. To overcome this problem, we represented the energies at 0F
the minimum energy points (MEP) for the bond fission of O

-*H by the Morse functio/(r) = D{1 — exp —[B(r — re)]}?
wherer, is the equilibrium O-H distancey is O—H distance ”Q
in the stretched structur®e is the electronic bond energy of 3
OH andp equals kJ/2D¢)2 whereke is the force constant for =
OH stretch. We have obtaingtl= 2.61 A%, ro = 0.962 A,

andDe = 95.3 kcal/mol at the BB1K/6-31G(3df,2p)//BB1K/
6-31G(d) level. We computed the position of the transition 15
structure (a point on the MEP) to be located at a separation of
2.40 A. Finally, we fitted the high-pressure limit rate constant
obtained for reaction 1 to the modified Arrhenius parameters 20 L)

in the temperature range of 600 to 2000 K to obtain 04 06 08 IOOB;)T(K'I) 12 14 16

k, = 1.84x 102 T 0-69 exp(—44 000 KIT) st Figure 3. Comparison between the calculated rate constant feCIC

fission in 2-chlorophenol using the B3LYP/6-3t6(3df,2p)//6-31G-

. . (d) level of theory and experimental high-pressure limit rate constants
The experimental rate constant for phenol of Lovell et'@l., o fission of the G-CI bond in chlorobenzenea ref 12; (7) ref 42.
derived from the kinetic modeling and the analysis of end

products, exceeds the calculated rate constant by almost 50n Figure 2, the migration of the phenolic hydrogen into the
times. The experimental rate constant of Lovell et al. might vacant ortho carbon affords the phenoxy radical. This reaction
possibly be overestimated owing to the presence of secondaryis exoergic by 25.3 kcal/mol with an activation barrier of 39.5
reactions abstracting H, such as phettoH, and cyclopenta- kcal/mol; see TS_M1 in Figure 1. The calculated strength of
dienyl + phenol. Zhu and Bozzeli have applied their  the C-CI bond may be compared with a value of 97.0 kcal/
thermochemical parameters, obtained from the quantum chemi-mol for the same bond in chlorobenzenegKgCl).*

cal calculations, together with the reverse reaction rate constant To describe the kinetics of the decomposition process, we
for phenoxy+ H — phenol determined by He et d.to arrive constructed the minimum energy path for reaction 2 by varying
at the rate constant for the forward reaction, phengihenoxy manually the separation of-€Cl at an interval of 0.15 A at

+ H, as 7.63x 10" exp(—43 700 K s~%. With our calculated the level of theory of BB1K/6-311+G(3df,2p)//BB1K/6-31G-
values for the forward reaction and the thermochemical param- (d). Then, the rate constant for the direct fission of @
eters of the reactants and the products, our computed ratefollowed from the CVT calculations. All of the input structures
constant for the reverse reaction (in 2-chlorophenol) lags behindfor CVT contained a single imaginary frequency corresponding
their rate constant by a factor of about 5 at around 1000 K. Xu to the stretching of the &Cl bond. We calculated the high-
and Lin'! determined theoretically a reaction rate constant for pressure limit rate constant as a function of temperature and
H expulsion from phenol to obtaikg phenoy = 3.33 x 107 C---Cl bond length. We found that the reaction rate constant is
T05lexp(-46 100 KIT) s™1, in the high-pressure limit and for  the lowest for all temperatures when the-<Cl bond length
temperatures between 800 and 2000 K. This reaction ratecorresponds to 3.410 A, a distance that amounts to almost double
constant trails the experimental rate constant by 1 order of the equilibrium bond length of €Cl in 2-chlorophenol (1.768
magnitude. We would not expect a significant modification of A). In fact, 3.410 A constitutes the largest possible distance

the phenol kinetics because of the chlorine atonrams-2- where the proposed input structure could retain a single
chlorophenol; and from our detailed analysis for this reaction, imaginary vibrational frequency along the reaction coordinate.
their A factor must correspond to an extremely long--®l As shown in Figure 3, the calculated rate constant agrees very

separation in the transition state (i.ez, ~3.5 A). This well with the experimental values of the rate constant for the
interatomic distance seems rather large for a first-order saddleunimolecular decomposition of chlorobenzene into phenyl and
point involving H atom movement toward an O atom, and, chlorine atomg242 The high-pressure limit rate constant
according to our analysis, the resulting structure at such aobtained by CVT for reaction 2, fitted to the modified Arrhenius
distance cannot sustain a single imaginary frequency along theparameters in the temperature range of 600 to 2000 K, results
reaction coordinate. in

It would therefore appear that the experimental rate constant
for O—H fission in phendl® might be too high by a factor of at k, = 1.03x 10" T %**®exp(~43 000 KM s %,
least 10 and does not accord with the reverse reaction rate
constant of He et af9 exceeding this latter value by an order Phenolic H Migration to the Ortho Carbongs illustrated
of magnitude when calculated using the equilibrium constant. in Figure 2, the hydrogen transfer to the ortho carbon atoms
Furthermore, both thé factor and activation energy for the  bearing correspondingly the chlorine and hydrogen atoms affords
fission reaction as calculated by Xu and Yiappear to be larger  the products M2 and M3 (6-chlorocyclohexa-2,4-dienone and
than that predicted by our thermochemistry, but the rate constant2-chlorocyclohexa-2,4-dienone). These are located 28.6 and 23.4
itself appears to be largely in accord with the reverse rate kcal/mol above 2-chlorophenol, respectively. An energy barrier
constant?? of 91.4 kcal/mol (TS_M2) accompanies the formation of M2

Direct Cl Expulsion.The expulsion of the chlorine atom forms ~ from 2-chlorophenol, higher by 17.8 kcal/mol than the energy
the 2-hydroxyphenyl radical (reaction 2). The fission of the of activation required for the formation of M3 (TS-M3).
C—Cl bond requires 92.5 and 98.5 kcal/mol (0 K) calculated Hydrogen transfer between the two ortho carbons takes place
from the B3LYP and BB1K methods, respectively. As shown via the transition structure TS_(M2V3), 33.8 kcal/mol above
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10 TABLE 3: Reaction and Activation Energies for the
Abstraction of Phenolic Hydrogen by H Atom from Phenol
; —s— M4+HC1 and Various Chlorinated Phenols (Reaction 5)
- —M
L M; method reactant AE AEq*
—v—MI+Cl BB1K phenol —16.0 10.3

——2-C(H,CIO+H 2-chlorophenol —-14.1 13.1

3-chlorophenol —-14.9 10.8

sl 4-chlorophenol —-17.2 9.8
= 2,5-dichlorophenol —-13.2 131
g 2,3,5-trichlorophenol —-13.0 13.4
10 | pentachlorophenol —14.8 12.6
B3LYP phenol —21.5 3.5

2-chlorophenol —21.4 5.4

-15

activation energies. Table 3 reports the reaction and activation
energies for the direct abstraction of H from the hydroxyl group
T T T T T T of phenol and various chlorophenol congeners by the H radical.
0.4 0.6 038 1.0 11-2 14 16 1.8 The barrier heights XEy*) for the abstraction process from

1000/7 (K™) phenol, 2-chlorophenol, 3-chlorophenol, and 4-chlorophenol
Figure 4. Arrhenius plot for the reaction rate constants in the high- obtained by the BB1K method amount to 10.3, 13.1, 10.8, and
pressure limit for the unimolecular decomposition of 2-chlorophenol 9.8 kcal/mol, respectively. It has been shown that an introduction
into various reaction channels calculated at the BB1K/6433(3df,- of a chlorine atom in the phenol molecule does have a slight
2p)//BB1K/6-31G(d) level of theory. effect on the molecular properties of the chlorophenol in
comparison with the phenol molecufe** The most prominent
source of this effect arises from intermolecular hydrogen
bonding between the hydroxyl hydrogen and the chlorine atom.
Finally, M4 can be formed through a direct elimination of HCI ;-hciIg]:(frrr:]grlli(l:urlr?(;lnglr:%grrlh%()m;rllr&gislsrrTJOcit ;‘ggﬁg: :2 mg
in a concerted process via the transition structure TS_M4 P

3-chlorophenol (meta) and the 4-chlorophenol (para) molecules.

affording the closed-shell structure of M4, which requires F le. the h ic vibrational f f the stretch
surmounting a sizable barrier of 82.4 kcal/mol. However, this . or example, the harmonic vibrational frequency of the stretc

barrier is about 20 kcal/mol lower than the barrier calculated the hydroxyl group/(O—H) in the 2-ch|or_opheno| molecule
previously for direct H elimination from phenotl43 was calculated to be reduced by 90 @nwith respect to the

We have applied the conventional transition state theory phenol molecule, whereas th¢O—H) value in 3-chlorophenol

(TST) to calculate the rate constants in the high-pressure limit, and 4-chlorophenol, where hydrogen bonding is abse’?" is the
as reported in Figure 4 and Table 1S in the Supporting same as that for the phenol molecule. Because of the intermo-

Information. Tunneling effects for all reactions appear negligible lecular hydrogen bonding, the barrier height for the phenolic H

over the studied temperature range. The reactigiHsCIOH abstraction by the H radical in the 2-chlorophenol molgcule is
— M3 dominates other channels up to 1100 K. At temperatures calculated to be 2.8 kcal/mol higher than the corresponding value
higher than 1100 K, direct elimination of HCI to form M4 for the phenol molecule, whereas the barriers for 3-ch|qropheno|
becomes competitive with the formation of M3. This finding 2nd 4-chlorophenol are very close to the corresponding value

agrees with the importance of 2,4-cyclohexadienone (the non-i" the phenol molecule. .
chlorinated M3) as the major initial intermediate in phenol ~ Another source for the effect of the chlorine atom on the

M2. M2 can eliminate the out-of-plane Cl to produce the non-
chlorinated phenoxy without intrinsic barrier; similarly M3 can
eliminate H from C6 to produce 2-chlorophenoxyanH atom.

pyrolysis4344 phenol ring with respect to the phenol molecule comes from
The unimolecular formation of 2-chlorophenoxy from M3 the interaction between the hydroxyl group and the chlorine

has been investigated by performing a Multiwell anaRpsisr atom through the phenol rinf§.As an electron-withdrawing

the reactions (H+- 2-chlorophenoxy~ M3 — 2-chlorophenol). group, the chlorine atom pulls the electron density from the

We find this reaction process to be significantly pressure- negatively charged hydroxyl group through the phenol ring.
dependent between 10 and 0.1 atm and between 500 and 1608Vhen introducing multiple chlorine atoms to the phenol ring,
K. At 1 atm and above and at a temperature of 1000 K, most the electron density captured from the hydroxyl group as well
of the reaction flux proceeds to 2-chlorophenol. At 1000 K, as the phenolic ring is shared between the chlorine atoms. As
the rate of the formation of 2-chlorophenol equates tox.1  aresult, the calculated barrier heights for the abstraction process
10712 cm® molecule! s71, slower by more than 2 orders of from other ortho substituents, that is, 2,5-dichlorophenol (13.1
magnitude than the formation of 2-chlorophenol via the direct kcal/mol), 2,3,5-trichlorophenol (13.4 kcal/mol), and pentachlo-
H recombination with 2-chlorophenoxy, the latter characterized rophenol (12.6 kcal/mol), are close to the calculated value for
by the experimental rate constant of %3.071° cm® molecule® the abstraction process from the 2-chlorophenol molecule (13.1
s 140 Thus, the formation of 2-chlorophenoxy from M3 kcal/mol). Generally, it has been shown that molecular properties
constitutes only a minor channel for its formation compared of multiply chlorinated phenols are systematically changed with
with the direct H expulsion from the hydroxyl group. The most the number and position of chlorine atoms; for example, bond

likely exit channel for M3 leads the formation oyclo-CsHsCl distances in the 19 chlorophenol congeners have been measured
and CO, analogously with the proposed pyrolysis mechanismto be different by 0.0040.006 A from the parent phenol’s
for phenol!! counterpart$? while the hydroxyl bond energies have been

Bimolecular Reaction of 2-Chlorophenol with H.We have calculated to vary by 2:03.3 kcal/mol with respect to the
used this reaction as a case to compare between phenol systenpghenol moleculé® In a nutshell, we have shown that the
and chlorophenol systems as well as to study the effect of the 2-chlorophenol molecule could be effectively used to model all
position and the number of chlorine atoms on reaction and chlorinated congeners of phenol, especially ortho substituents,
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of phenolic oxygen by H atom from (a) phenol and (b) 2-chlorophenol.
Figure 6. Arrhenius plot for the reaction rate constant faHaCIOH

which are more relevant to the formation of PCDD/Fs than para ** H — CeHiCIO" + H, calculated at the BB1K/6-31G(3df,2p)//
and meta substituents. BB1K/6-31G(d) level of theory; M) ref 40.

The BBl.K barrier h?ight for the reaction with phenol Iegds (SCT). The calculated reaction rate constants are shown in
to an experimental activation energy of 12.5 kcal/mol, obtained Figure 6 and Table 2S along with the available experimental
from the fitted Arrhenius formula of the reaction rate constant y..- tor the non-chlorinated phenol

as a function of temperature. Figure 5 illustrates the transition Significant values of imaginary frequencies® of 2265.4

structures for the H abstraction reactions for phenol and .. 1551 Bcalculated respectively, by means of BB1K and
2-chlorophenol. The slight difference in geometries displayed B3LYP methods cha{racterize the7 transition vector for the
in this figure for the transition structures for reactions with abstraction procéss. Thus quantum tunneling is expected to
phenol and 2-chlorophenol expresses the effect caused by orthq,rease the calculated rate constants considerably, especially
chlorine discussed above. According to the BB1K method, the 5 |,y temperatures. The calculated transmission coeffigient
interatomic distance of HO in the TS for 2-chlorophenol (T) at 600 K evaluates to 3.82 from the Eckart method
elongates_by 18% from the equilibrium position of 0.962 A. decreasing to 1.75 and 1.25 at 1000 and 2000 K, respectivel’y.
The reaction energyA(Eo*, 0 K) corresponds t°_1_4'1 and Reaction rate constants obtained from the BB1K method with
—21.4 keal/mol, using BB1K and B3LYP, respectively, COM-  1g1/Eck and TST/W corrections differ from the available
pare_d with a value of-25.0 kcal_/mol_r_eported prewously_, experimental measurements for phenol by factors of 1.2 and
obtained by means of the semiempirical molecular orbital ; g *regpectively. The following equation describes the rate

8
method of AML: . . . constant with Eckart correction fitted to an Arrhenius expression
Rate Constant Calculationsn this section, we report the

rate constant for phenolic H abstraction from 2-chlorophenol ks =
and compare its numerical value with available experimental 574779 3 1 1
measurements for phenol. Internal rotor barriers have been ~ 9:8% 10 ° T ™"“exp(~1620 KT) cm” molecule " s
calculated for the rotation of the hydroxyl group in 2-chlo-
rophenol about the ©C bond and for the rotation of HH
group around the ©C bond in the transition structure; as
displayed in Figure 5. Figures 1S and 2S in the Supporting
Information depict the rotor potential energy for 2-chlorophenol
and the transition structure, respectively. The potential energy
profile for the internal rotor in the transition structure has been
constructed as a function of the dihedral angle by scanning the
torsional angles from Oto 360 at an interval of 30, while

Treating the internal rotations as harmonic oscillators, rather
than hindered rotors, reduces the calculated rate constant almost
by a factor of 3. The reaction rate constants obtained from
B3LYP-based calculations overestimate the BB1K-derived rate
constants as well as the experimental values by about 1 order
of magnitude.

For the CVT/SCT calculation of rate constants for reaction
5, the minimum energy points (MEP) of the potential energy
keeping frozen the distances corresponding to forming or surface have been obtained at the BBlK/6-_80313df,2p)// .
breaking bonds (H-H and H--0) and allowing the remaining BBlK_/6-31(3(d) I_evel of theory in the mass-we|ghtgd Cartesian
structural parameters to relax. We have calculated the barrierscoordmatesi) with a step of 0.05 ami b, according to the

. D ' GonzalezSchlegel steepest descent path. We have calculated

for the internal rotation in 2-chlorophenol to be 6.7 and 7.0 the vibrational frequencies at 12 selected points (6 points on
kcal/mol, by means of the BB1K/6-31G(d) and B3LYP/6-31G-

(d) methods, respectively. The internal rotor potential displayed the reactants side and 6 points on the products side f0r8
A, : FESPe y. 1 PC Played 5 3 amy”2 b) to generate the required energetic information for
in Figure 1S exhibits a minimum corresponding to trens

T . the potential energy surface. Figure 7 depicts the classical energy
2-chlorophenol form, necessitating its treatment as a hmder.edbarriers Vo), the vibrational zero point energies (ZPE), and the
rotor, rather than a harmonic oscillator, in the ensuing analysis.

We employed various theoretical approaches to calculate thewbratpnal ground-state adlabqtlc barrlebg)(along the MEP
rate constant of reaction 5. These include the use of conventionalpme_n_t'al' The C.VT/ SCT re_achon rate constant, fitted to the
transition state theory (TST) with tunneling effect based on the modified Arrhenius expression, yields
Wigner method (W) and Miller's one-dimensional Eckart ks =
tunneling model using energetics and canonical variational

transition state theory (CVT) with small curvature tunneling 6.0 x 107 0T *%"exp(~6290 KIT) cm® molecule ' s
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80 (d)), respectively. We note that Xu and Lirhad discovered

g prereactive complexes between OH and phenol previously. PR1
70 - ﬂ contains one very small vibrational imaginary frequencyi (23
cm1) corresponding to the motion of the hydroxyl group toward
S the chlorine atom. The vibrational frequeney (145 cnt?)
reflects the reaction coordinate of the abstraction process. PR2
contains no imaginary frequency, and the vibrational frequency
— v4 (144 cn1l) signifies the reaction coordinate.

Reaction 6 takes place in two steps, the first involving the
formation of the prereactive complexes PR1 and PR2, and the
second occurring via the abstraction of phenolic H leading to
the formation of the 2-chlorophenoxy radical and a water
molecule.

of — 2-C,H,CI(OH) + OH < PR (6a)

PR2

N
(=4
T

Energy (kcal/mol)
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Reaction coordinate (amu ~ bohr) PR 2-C6H 4C|(O') + HZO (6b)
Figure 7. Potential energy surface for the reactiogH@CI(OH) + H
— 2-GH4CIO" + H; calculated at the BB1K/6-31G(3df,2p)//BB1K/ Considering the non-chlorinated phenol as a benchmark for
gstt(é‘(‘i)lalg‘s’sa?fatzg’ggﬂ'g thﬁ)l‘ﬁlcén'g’a(t’; th?)tgstri]:l:tlgz Nségll‘g“t‘:i comparison, the barrier height calculated for reaction 6 (without
vibrationally adiabatic groung state potentiaﬁ)curve, and ZPé is the total ConS'd?nng th‘? very shallow PRl/PRZ) corresponds to 3.0 kcal/
vibrational zero point energy. mol, slightly h|gher than the experlmgntal valye of 2.6 kcal/
mol5* The reaction energy for reaction 6 using BB1K and
At 1000 K, the CVT/SCT underestimates the (phenol) experi- B3LYP amounts to—27.1 and—33.7 kcal/mol, respectively.
mental value by a factor of 5.5. THETST/Eck)k(CVT/SCT) OH Addition to the RingWe have considered OH addition
ratios correspond to 2.0, 4.4, 6.9, and 15 at 600, 1000, 1500,to the ortho carbon atoms bearing hydrogen and chlorine as
and 2000 K, respectively. These values indicate that the well as ipso addition to the carbon bearing the hydroxyl group.
variational effect for this reaction becomes prominent as Figure 9 displays the corresponding transition structures, and
temperature increases. the energetics are given in Table 4. We were unable to find
Bimolecular Reaction of 2-Chlorophenol with OH. Ex- optimized prereactive complexes for the addition reactions at
perimental studies have been performed for the reaction betweerthe two ortho positions or the ipso additions despite significant
the OH radical and phenol in agueous métigl as well as in efforts using BB1K and B3LYP methods. All initial structures
gaseous environmefft554 ysually under atmospheric condi-  were eventually optimized to one of the PR1-3 structures shown
tions, where OH reaction with phenol proceeds through fast previously in Figure 8. The presence of two pairs of lone
addition to the ring to form ar adduct, rather than through electrons on the oxygen atom of the hydroxyl group enables
abstraction to form water. This initial adduct either dissociates  the formation of an intramolecular bond with the phenolic
back into OH and phenol or dioxygen adds to the radical sites hydrogen, which may hinder the formation of a direct prereactive
of the adduct. For phenol, OH addition takes place preferentially complex for OH addition in the vicinity of the hydroxyl group
at the ortho (48%) and the para (36%) positions to produce (the two ortho sites). This postulate is supported by us locating
dihydroxy—cyclohexadienyl radicals. ipso addition could not a genuine prereactive complex for OH addition on the para
be distinguished from direct H abstraction to give phenol, and carbon, distant from the phenolic hydroxyl. In the transition
both have been postulated to contribute around 8% of the total structures for OH addition, the hydroxyl group approaches
reaction rate at room temperatdpeit high temperatures, direct  perpendicular to the ring where the oxygen atom points
abstraction of the phenolic hydrogen becomes the dominantdownward toward the ring at a distance-e2.100 and 1.980
channef?* A using B3LYP and BB1K methods, respectively, and the
Direct Abstraction.Lundqvist and Erikssdt postulated a hydrogen, the chlorine, and the hydroxyl group at each
direct abstraction of the phenolic hydrogen by the hydroxyl corresponding addition site distort slightly backward to accom-
radical, without a transition structub&.However, we have modate the approaching OH radical.
located a transition state for the direct abstractioncfer and We have obtained negative energy barriers of 1.6 kcal/mol
trans-2-chlorophenol as shown in Figure 8, using both B3LYP for the addition reaction using the B3LYP functional, in accord
and BB1K methods. Though, the transition structures calculatedwith findings of other researchers investigating aromatic
by means of B3LYP exhibit negative barriers. In TS_@is) compounds with the same methtd® Employing the BB1K
computed at the BB1K/6-31G(d) level of theory, the phenolic functional, we have calculated the energy barriers of 2.3, 3.1,
O—H bond elongates by 10% from the equilibrium intermo- and 4.5 kcal/mol, respectively, for OH addition to the ortho
lecular distance of 0.962 A and the abstraction takes place nearlycarbon bearing the hydrogen atom, the carbon bearing the
linearly, as shown by the geometry of TS_@#4 in Figure 8. hydroxyl group, and the ortho carbon bearing the chlorine atom.
Concerning the more stable cis conformer, we have found As we aim to investigate thermodynamics and kinetics of the
that the OH radical forms three prereactive complexes (PR) in chlorophenoxy formation, detailed studies of addition reactions,
the vicinity of the phenolic hydroxyl group. Figure 8 displays which do not lead to the formation of chlorophenoxy radical,
the structures of these prereactive complexes. PR1 and PRZall beyond the scope of this article. In brief, the addition of
occur for geometries intermediate between the transition stateOH at the ortho carbon bearing the chlorine atom eliminates
for the direct abstraction process and the separated reactantthe chlorine atom in one step affording catechol and a chlorine
(OH and 2-chlorophenol), falling 2.5 and 2.0 kcal/mol below atom, without the formation of @ adduct as a first step. The
the separated reactants (BB1K/6-313(3df,2p)//BB1K/6-31G- addition of OH at the ortho carbon bearing the hydrogen atom
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Figure 8. Transition structures and prereactive complexes for the abstraction of phenolic oxygen from 2-chlorophenol by the hydroxyl group,
optimized by means of the B3LYP and BB1K (in brackets) methods using the basis set of 6-31G(d).

yields thesr adduct of 2-GH4CI(OH), trapped in a potential  the internal rotations in all species and transition structures as
well of 18.6 kcal/mol in depth with respect to the separated hindered rotors and correct the partition functions accordingly.
reactants. The potential energy profile for the internal rotor in the transition
Direct elimination of water to produce phenoxy from the structure has been built as a function of the dihedral angle by
analogous non-chlorinated adduct has been investigated theoretiscanning the torsional angles, while allowing all structural
cally®® and experimentall§®>*According to these studies, water parameters to relax, except for the distances corresponding to
elimination requires an activation energy of 19.1 kcal/mol forming or breaking bonds @#tO(hydroxyl) and H--
(PMP2 method§® This compares with our finding, from the  O(phenolic)). On the basis of the computational results involving
BB1K method, of a barrier for the removal of water of 26.2 the BB1K functional with the Eckart tunneling correction TST/
kcal/mol with respect to the adduct ZHCI(OH), and 9.2 kcal/ Eck, the rate constant for reaction 6 fitted to the modified
mol with respect to the separated reactants. We have locatedArrhenius relation leads to
no similar transition structures for water elimination from the
ipso-2-CsH4CI(OH), adduct. ks =
Rate Constant Calculation®Ve report reaction rate constants —21 - 2.681 = 3 11
for the two channels of 2-chlorophenol consumption by OH 3.4x 1077 exp(~1070 KIT) em” molecule "
Figure 10 and Table 3S provide the reaction rate constants,
2-CH,CIOH + OH — 2-G;H,CIO" + H,0 (6) together with a comparison with available, but limited, experi-
mental measurement for an analogues reaction of phenol with
2-C4H,CIOH + OH — 2-C,H,CI(CH), (6¢) OH.
The reported experimental values of the reaction rate constants
As for calculation of the rate constant for reaction 5, we treat for phenol at lo®* (T = 300 K) and high® (T ~ 1000 K)
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Figure 9. Transition structures for the addition of the OH radical to the 2-chlorophenol molecule and the subsequent elimination of water, optimized
using the B3LYP and BB1K (in brackets) methods with the basis set of 6-31G(d).

-10.5 TABLE 4: Energetics of the Reactions Involving the
3 v N Hydroxyl Group (OH) and the 2-Chlorophenol Molecule
A0 TST/Eckart reaction AE  AEf
s | 4 Experiment 2-CgH4CI(OH) + OH— 2-CgH,CIO* + H,O BB1K —27.1 3.0
| v Experiment B3LYP —33.7 —6.4
~ 120k A 2-CH4CI(OH) + OH — 2-CH,4CI(OH), BB1IK -16.7 23
o I B3LYP —15.8 -1.6
'L; 125 L 2-CsH4CI(OH), — 2-CGsH4CIO* + H0 BB1K —10.1 26.2
3 B3LYP —15.0 17.3
g 2-CsH4CIOH + OH — ipso-2-CsH4CI(OH), BB1K 3.1 —17.0

B3LYP —0.1 —18.7

+ H and measured the consequent increase in the concentration
of C¢Hes. However, very large quantities of CO were needed to

produce only slight increases in benzene concentrations. As a
L consequence, He et al. have concluded that their value for the

05 1.0 1.5 2.0 25 3.0 35 phenolic H abstraction by OH could include a significant error
1000/T (K™ owing to the great difference in the reactivity between phenol
Figure 10. Arrhenius plots for the reaction rate constant faH@ and the CO reference material with respect to the reaction with
CIOH + OH — CgH4CIO" + H,0 calculated at the BB1K/6-3#1G- OH.
(3df,2p)//BB1K/6-31G(d) level of theory;a) ref 54; () ref 40. Knispel et aPk* performed a low-temperature study (300

400 K) to determine the reaction rate for the abstraction channel
temperatures exceed those obtained from our calculations almosby measuring the exponential decay of OH radicals, presumably
by a factor of 50. He et &P reported a value fdks at the single because of their direct phenolic H abstraction. The authors did
temperature of 1032 K. In their study, they measured the rate not measure the reaction products. Exponential decay of OH
constant for the reaction H C¢HsOH — H, + CeHsO by a could not be limited to its consumption via the abstraction
comparative rate technigue in which the decomposition of channel but could also involve the formation of prereactive
hexamethylethane to-butyl radicals and then to isobutene complexes, such as PR1 and PR2 which should be stable at
engendered H atoms. He et al. compared the rate of the H around 300 K. This may explain the very large difference
CeHsOH reactions (to B+ CgHsO and to GHg + OH) with between the calculated and experimental values at low temper-
the known rate of H+ CH; — H, + CHa. To study the rate of  ature for reaction 6.

OH + CgHsOH, these researchers replaced the methane with  The calculated BB1K rate constant for the addition channel
CO to remove the displaced OH radicals via @HCO — CO; (at the ortho carbon bearing hydrogen) at 298 K amounts to
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Figure 12. Transition structure for the reactiorst4CIOH + Cl —
CeH4CIO* + HCI optimized at the B3LYP and BB1K (in brackets)
methods using the basis set of 6-31G(d).

1 " 1 L 1 L 1 L 1 " 1 L 1 L 1 " 1 n 1
le 18 20 22 24 26 28 30 32 34 formation through reaction with OH takes place predominantly

1000/T (K™) by direct abstraction, rather than through addition to the ortho
Figure 11. Rate constants in the high-pressure limit for the unimo- position of the ring and subsequent elimination of water, even
lecular decomposition of 24E1,CI(OH)y; (V) ref 54. at low temperatures.

Bimolecular Reaction with Cl. Gaseous Cl plays a major
role in the formation of PCDD/F. Cl atom concentration can
contribute up to 18% of the total chlorine content in the
combustion environment of chlorinated hydrocarb@r@xidiz-
ing radicals (O and OH) promote the formation of Cl from the
most abundant chlorine species, HCI, in a series of exothermic
reactions’ Significant populations of Cl atoms exist in practical
combustion systems, such as incineration of chlorinated wastes.

In this section, we study the formation of chlorophenoxy
radical via reaction of chlorophenol with a Cl radical. We locate
a transition structure for the direct abstraction of the phenolic
H by CI radical by a means of B3LYP and BB1K methods
(Figure 12). The transition structure lies 2.3 and 10.5 kcal/mol
below the separated reactants, respectively, from BB1K and

to Irr?eitg\t]v gﬁhleztrar? deig(t:?é n;iisut::t\r;\]/ggfiour computed results B3LYP, whereas the reaction exoergicity corresponds, in that
9 pancy P order, to 15.2 and 20.2 kcal/mol. To calculate the reaction rate

5 and 6o, i ImppropraLe o calculate the branching rata for COTSIAT We generate the MEP curve employing the same
these two channels with respect to temperature. Neverthelessprocedu.re as that fpr calculating the CVT rate constant _for
we can report computed kinetic parameters for the exit channeIsabStraCtIon of phenolic hydrogen by.the hydroggn ragllcal. Fitting
of the chemically activated 2481,CI(OH), adduct produced of the CVT to the modified Arrhenius expression yields
from OH + 2-C¢H4CIOH.

It is well established that OH addition to aromatics to form
asr adduct predominates over the direct abstraction channel for .
temperatures as high as 450 K. In atmospheric studies, formationTc_) the best of our knowledge, the only experimental value for
of this adduct initiates the decomposition of an aromatic via this ratle CO”S;?‘“‘ has been rleportﬁd by P'?‘tz et ?t’Z% K.
oxygen addition and subsequent decomposition reactions. In theg);zvgrggraéft r%satge:ilzzej?tlljtrih?nislolt beee;(ggﬂﬁgzrrgjgslgggnEnt

case of phenol, this adduct either eliminates water to form the . )
phenoxy radical or dissociates back to the hydroxyl radical and the (gxperlmental) rate constant for hydro_gen abstraction by
phenol chlqnne exceeds 125. tlme§ the H abstraction by OH
Bimolecular Reaction with O,. The decomposition of
2-chlorophenol in the presence of oxygen commences at around
873 K, a temperature 150 K lower than the observed onset
temperature for decomposition of 2-chlorophenol under purely
pyrolytic conditions” Because the addition of triplet oxygen
High-pressure limit rate constants ferg. and keq have been 02 (3%g) to the 2-chlorophenol moiety is spin-forbidden,
calculated and fitted to modified Arrhenius parameters in the 2-chlorophenol consumption by ;Chas been attributed to
temperature range of 36®00 K and presented in Figure 11  phenolic H abstraction to form HCand the 2-chlorophenoxy
and Table 4S. Dissociation back to the initial reactants proceedsradical (reaction 3). No experimental rate constant for reaction
rapidly compared with the rate of formation of 2-chlorophenoxy 3 exists even for phenol itself. In a kinetic model for phenol
radical via water elimination at all temperatures, in accord with oxidation, Brezinsky et & have estimated the rate constant
the observed rapid reversibility for OH-addition reactions of for this reaction by substituting the corresponding value for H

6.65 x 10715 cnm?® molecule® s1, in contrast to the well-
established rate constants for OH addition to the aromatics
including benzene and phenol, which lie in the range of 1 to 50
x 10712 cm® molecule’® s715254 The BB1K barrier for OH
addition at this site is 2.3 kcal/mol compared to an experimen-
tally determined negative activation energy for phenot-af3
kcal/mol>* Incidentally, we note our B3LYP barrier of1.6
kcal/mol. These findings reminisce those of Chen and BoZZelli,
who have investigated the addition reaction of OH to benzene
and have obtained positive barriers from G3 and negative
barriers for DFT methods for the addition process. In particular,
the G3 barriers required downward adjustment of 1.2 kcal/mol

k,=1.9x 10 *° T **5exp(582 KI) cm® molecule* s *

2-C,H,CIOH +
Ko s
OH—= 2-C4H,CI(OH), — 2-CH,CIO" + H,0

aromatics including phenol and benzene in the gas phase.
depicted in Figure 11 and Table 4S, our results kogc
(dissociation of OH from the adduct) agree well with the
experimental values of Knispel et #l.Thus, chlorophenoxy

abstraction from the methyl group in toluene by oxygen
molecule because the benzyl-H bond energy in toluene (87.5
kcal/molf4is approximately the same as the-8& bond energy

in phenol.
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(SN p— | - Figure 14. Arrhenius plots for the rate constant for the reactions2k€
Al O1-H CIOH + O; (3%g) — 2-CeH4CIO* + HO; calculated at the B3LYP/
i P 6311+G(3df,2p)//B3LYP/6-31G(d) level of theory along with the
——02-03 experimentally determined rate constants for the related reaction of

CeHsCH3; — CgHsCHy® + HO; (A) ref 68; (V) ref 69.

the changes in the most important bond lengths in relaxed
structures along the MEP pathway. We have fitted the CVT
rate constant to the modified Arrhenius expression and have
obtained

L25 |-

1.20 =

Bond length (A)

LI5S |-
LI10

ks=
3.8 x 107 T 2%32exp(—13200 KIT) cm® molecule* s™*

1.05 -

0 L L 1 L 1 i L L 1 . .
no 0.6 04 -02 0.0 02 In Figure 14, we compare the calculated rate constant with the

Reaction ceoediniate (ami ™2 bohs) rate constant of the analogous reactioghl§CHz + O, — CgHs-
CH; + HO,, where the energy requirements are quite simi-
lar 58:89The CVT rate constant agrees reasonably well with the
(b) experimental rate constant for this analogous reaction, especially
at elevated temperatures.

Figure 13. (a) Geometry of the transition structure for the reaction
2-CsH4CIOH + O; (3%g) — 2-CeH4CIO® + HO, optimized using B3LYP

and BB1K (in brackets) with the basis set of 6-31G(d). (b) Bond length Conclusions
changes along the reaction coordinates using the B3LYP method with

a single-point energy calculated with the 6-313(3df,2p) basis set. This contribution reports the reaction rate constants for the

unimolecular decomposition of 2-chlorophenol as well as for
Figure 13a shows the transition structure for triplet oxygen its bimolecular reactions with H, OH, Cl radicals, angl(€x).

abstracting the phenolic H. Calculations using BB1K and Reactants, products, and transition structures have been opti-
B3LYP methods estimate the location of this transition structure mized with the DFT method of B3LYP and also with the more
to lie, respectively, 33.3 and 27.2 kcal/mol above the separatedrecently developed meta hybrid DFT functional BB1K; the latter
reactants, that is, oxygen and 2-chlorophenol. These values fallhas been shown to give more accurate energy barriers. Reaction
below the energy of the reaction products (2-chlorophenoxy and rate constants have been computed using conventional transition
HO,) by 7.3 and 9.2 kcal/mol, as computed from BB1K and state theory (TST) with corrections for the quantum tunneling
B3LYP methods, respectively. This indicates a barrierless effects and by using the canonical variational transition state
reaction, with the reactants transformed into the products without theory (CVT) for barrierless reactions. The low-frequency
passing over an intrinsic energy barrier. Such behavior is vibrational modes present in the transition structures for the
expected because several theoretical studies have determineghenolic H abstraction by H and OH radicals have been omitted
the transition structures for oxygen abstracting hydrogen from from the rigid rotor harmonic oscillator and treated as hindered
alkanes and other molecules to be located below the prdfuéts.  rotors. Rate constants for phenolic H abstraction by H, Cl, and
We have also observed similar behavior for the abstraction of O, accord with the experimental values for the analogous
H from benzene by © In order to derive the rate constant for reactions involving phenol (for H and CI) and toluene (fa).O
the reaction, we have generated the MEP pathway from the Large discrepancies between theoretical and sparse experimental
relaxed structures along the reaction coordinate centered by thedata for the reaction between OH and (chloro-)phenols have
transition structure, finding that only the structures in the region been observed and warrant further studies. Results from the
of —0.5-0.2 amid’? b retained a single imaginary frequency present investigation should provide useful data on the kinetics
along the reaction coordinate. Because of this consideration,of conversion of the 2-chlorophenol molecule into the 2-chlo-
these structures have been used as candidate transition configu-ophenoxy radical, a core component in detailed kinetic models
rations for the CVT rate constant calculations. Figure 13 plots for the formation of PCDD/F in the gas phase.
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