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Variational transition state analysis was performed on the barrierless phédyand phenoxyt+ O association
reactions. In addition, we also calculated rate constants for the related vinyl radielg) (€O, and vinoxy

radical (GH30) + O reactions and provided rate constant estimates for analogous reactions in substituted
aromatic systems. Potential energy scans along the dissociatiogpGnd CO-O bonds (with consideration

of C—0QO internal rotation) were obtained at the O3LYP/6-31G(d) density functional theory level. ThR©CO

and C-0O0 bond scission reactions were observed to be barrierless, in both phenyl and vinyl systems. Potential
energy wells were scaled by G3B3 reaction enthalpies to obtain accurate activation enthalpies. Frequency
calculations were performed for all reactants and products and at points along the potential energy surfaces,
allowing us to evaluate thermochemical properties as a function of temperature according to the principles of
statistical mechanics and the rigid rotor harmonic oscillator (RRHO) approximation. The low-frequency
vibrational modes corresponding to-®O0 internal rotation were omitted from the RRHO analysis and replaced
with a hindered internal rotor analysis using O3LYP/6-31G(d) rotor potentials. Rate constants were calculated
as a function of temperature (36@000 K) and position from activation entropies and enthalpies, according

to canonical transition state theory; these rate constants were minimized with respect to position to obtain
variational rate constants as a function of temperature. For the pte@yteaction, we identified the transition

state to be located at a€®O0 bond length of between 2.56 and 2.16 A (3@D00 K), while for the phenoxy

+ O reaction, the transition state was located at a-@0bond length of 2.061.90 A. Variational rate
constants were fit to a three-parameter form of the Arrhenius equation, and for the ph@€ayssociation
reaction, we found(T) = 1.860 x 10%T 9217 exp(0.358T) (with k in cm® mol~! s™1 andT in K); this rate
equation provides good agreement with low-temperature experimental measurements of the-Derate
constant. Preliminary results were presented for a correlation between activation energy (or reaction enthalpy)
and pre-exponential factor for heterolytic-@ bond scission reactions.

Introduction sociation energy (BDE) is 113 kcal m@|' and at high to
Molecul - h ic C6 b . moderate temperatures, the phenyl hydrogen can be abstracted
Molecules containing the aromatic enzene ring are by O,, as well as by active radical species including H and O

ubiquitous in thermal reaction systems. Aromatic hydrocarbons atoms, CH (and RCH), CN, OH, etc. Recently, several low-

s_uchf_as benzene, toluefne, xy:ene, :n(_j eéh%/lbtlenzeng formh atemperature pathways leading to phenyl (and methylphenyl)
s:‘?nl m;]ant Eompodr_]ent Od petro ?jumh_ tzrlvel uels, anf k’_“UC_ radical production via resonance-stabilized benzyl radicals also
effort has been directed toward the development of KInetic 1,6 peen postulatéd.Further reactions of the phenyl radical,
dsi busti dinth h Th Gnd substituted phenyl radicals, in thermal systems therefore
compounds in combustion systems and in the atmosphere. Thergo o (4 pe considered. Especially important is the association
is also great interest in the reactions of polyaromatic hydrocar- of phenyl radicals with @ these reactions result in phenylperoxy

bons (E’f‘sz) 'tr:c therrpal SzStfth' as P,QHS are Frgcu(;gorg 0 adducts with ca. 50 kcal mol of chemical activation energy?
unwanted soot formation. Furthermore, theé SUpertoxic dioxins, 4,4 thjg energy can go into a variety of isomerization and

inhcllm_jing goollyghlorirégte_d dibF()eanD(gurans (P_CDFS) an_d EOka' dissociation reactions, ultimately leading to the destruction of
chlorinated dibenzodioxins ( §), contain aromatic back- e aromatic ring structure (through reactions including ring

pones, and reactiqns at these aromati.c sites are of importanc%pening and C5 cyclizatio®)s As with many radicaH O,

in both th_e formation ano_l the destruction of thege t(_)xms. reactions, it is generally agreed that the phehyd, association
There is a clear requirement for accurate kinetic models yroceeds without a barrier in the forward direction and with

describing the reactions of aromatic molecules, either as fuels gy a thermodynamic barrier (no intrinsic barrier) in the reverse

or as reaction products and intermediates. An important step ingirection. Such reactions are referred to as being barrierless.

the initial reactions of aromatic molecules is the abstraction of <o siation to the phenoxy radicat O atom is another

a phenyl C-H hydrogen atom. The phenyl-G4 bond dis- i 5ortant reaction of the phenylperoxy radical, with a chain-

- - — branching product set. This reaction is often considered to be
. ng;rgs%%%dgsgseéuthor. E-mail: bozzelli@nijit.edu; tel.: (973) 596-3459; parrierless. At moderate to high temperatures, the phenoxy
4 ,\few zerse;, Institute of Technology. radical will undergo unimolecular elimination of CO, yielding

*The University of Melbourne. the GHs cyclopentadienyl radic&l.The phenoxy radical is,
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Figure 1. Potential energy surfaces fo©O bond dissociation in the phenylperoxy radical anddiseandtrans-vinylperoxy radicals (reaction
to phenyl/vinyl+ O,) calculated at the O3LYP/6-31G(d) level, scaled by G3B3 reaction enthalpies.

40 t 1

(]
o
T

Energy (kcal mol™)
L]
[=]

10 E
—— phenylperoxy
——— trans-vinylperoxy
0 i 1 i 1 i 1 i
1 2 3 4 5

C-00 Bond Length (A)

Figure 2. Potential energy surfaces for G@ bond dissociation in the phenylperoxy anans-vinylperoxy radicals (reaction to phenoxy/vinoxy
+ O). Calculated at the O3LYP/6-31G(d) level, scaled by G3B3 reaction enthalpies.

however, resonantly stabilized due to hyperconjugation of the those observed in the analogous phenylic reactions. As with
oxyl radical moiety with the aromatic ringand as a result, the  aromatic hydrocarbons, the vinyl radical also is important in
phenoxy radical and its substituted derivatives are relatively PAH formation!® through reactions with species such as
stable, and they often persist at low to moderate temperaturesyinylacetylené32and 1,3-butadient The resonance-stabilized
These persistent free radicals (PFRs) are believed to be importantvinoxy radical can be formed by-€H hydrogen abstraction in
in the formation of dioxin% and particulate mattéin post- acetaldehyde (BDE= 95.5 kcal mofh)4 and O-H hydrogen
combustion and atmospheric environments. abstraction in vinyl alcohol (BDE= 85.2 kcal mot?).12 Both

The vinyl (CH,CH) and vinoxy (CHCHO) radicals also are  acetaldehyde and vinyl alcohol are important intermediates in
important species in atmospheric and combustion chemistry. Thea variety of thermal processes, including the combustion of
reaction of vinyl radicals with @has been studied extensively, ethanol!®> the recent surge of interest in bioethanol as a
both experimentallf and theoretically%91? The reaction renewable fuel places heightened importance on the reactions
predominantly produces GB + HCO, with the chain- of acetaldehyde and vinyl alcohol.
branching path to vinoxy- O important at higher temperatures, Relatively little kinetic information is available on the phenyl
due to the entropy of the vinoxy transition state (i.e., high pre- + O, and phenoxy+ O (and related) reactions, in spite of their
exponential factor). It is well-known that bonds on phenylic importance. This is due in part to the difficulties associated with
and vinylic sites are similar in energy, where it has been studying these reactions at moderate temperatures and above,
suggested that vinylic bonds are ca. 3 kcal mhaleaker than where the phenylperoxy and phenoxy radicals readily decom-
similar phenylic bond$.12 As such, the thermodynamics and pose to further reaction products. There are two measurements
kinetics of vinyl+ O, and vinoxy+ O association should mirror  of the phenyl+ O, rate constant at low temperatures, to our
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Figure 3. Internal rotor potentials in the phenylperoxy radical and in the phe@{ transition state geometries from O3LYP/6-31G(d) calculations.
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Figure 4. Internal rotor potentials in the vinylperoxy radical and in the vin@O transition state geometries from O3LYP/6-31G(d) calculations.
Energies relative térans-vinylperoxy.

knowledge. Yu and Liff measured = 1071106008 exp(+161 treat barrierless reactions, we must consider the variational
+ 66/T) cm® molecule® s1 for T = 297-473 K. The rate of nature of the transition state. At low temperatures, where
reaction was studied at 280 Torr and was reported to be enthalpic considerations dominate, the transition state will be
pressure independent; the results were assumed to be effectivelyoose, with the forward barrier close to the entrance barrier
in the high-pressure limit, on the basis of preliminary RRKM height. At higher temperatures, entropic effects constitute a
calculations. Yu and Lin observed a small negative temperaturelarger contribution to the free energy of activation. Transition

dependence, equivalent to an activation energy-0{32 kcal state entropies become smaller (less favorable) as the cleaving
mol~1. Schaugg et & also measured the rate of pherylO; bond shortens and the moments of inertia reduce, and therefore,
association and foundk = 3.8 x 10 exp(=290T) cm? at higher temperatures, we find a tighter transition state. The

molecule! s71 for T = 418-815 K at around 0.7 mbar. The variational nature of the transition state in barrierless reactions
rate expression of Schaugg et al. is in relatively good agreementis thought to be responsible for their often-observed complex
with that of Yu and Lin but shows a small positive temperature temperature dependerée

dependence, = +0.58 kcal mot?). Schaugg et al. noted that

wall effects were relatively large in reactions of the phenyl ok, T AS —AH¥

radical, especially at lower temperatures, further contributing k(M) = h AR RT (1)

to the uncertainty of the experimental measurements.

The barrierless phenytt O, and phenoxy+ O reactions are  We studied the pheny# O, and phenoxy+ O reactions
excellent candidates for a theoretical study, due to difficulties according to variational transition state theory, using density
associated with studying these reactions experimentally. Theo-functional theory (DFT) and ab initio methods. The results of
retically, high-pressure limit rate constants can be calculated this study will be useful in modeling the combustion kinetics
as a function of temperature from the enthalpy of activation of aromatic fuels such as benzene, toluene, xylene, and
(AH¥(T)) and entropy of activationAS *(T)), according to ethylbenzene and also for modeling the formation and destruc-
canonical transition state theory (eq 1). However, to rigorously tion of PAHs and dioxins in thermal systems. Additionally, we
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Figure 5. Internal rotor potentials in the phenox® transition state geometries from O3LYP/6-31G(d) calculations.
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Figure 6. Internal rotor potentials in the vinoxyO transition state geometries from O3LYP/6-31G(d) calculations. Energies relativente
vinylperoxy.

present rate constants for the analogous vinyd, and vinoxy corresponding to €00 or CO-0O bond cleavage. All DFT
+ O reactions, which, for example, will be important in the and ab initio calculations were performed using the Gaussian
combustion of the important biofuel ethanol and also in PAH 03 progrant? Relative energies and scaled enthalpies as a

formation. function of the CG-O0O and CG-O distances for all systems
are provided as Supporting Information.
Materials and Methods Thermochemical properties (including, Cp, AfH°, and

Potential energy surfaces (PES) were obtained for dissociationAfG°) were calculated as a function of temperature from 300
of the C-00 and CO-O bonds in the phenylperoxy and 0 2000 K for all species and transition states, from statistical

vinylperoxy radicals from ab initio and DFT calculations. Mechanical principles. All thermochemical and kinetic param-
Relaxed potential energy scans were performed along the€ters were calculated using the ChemRate progfaribrational
dissociating bond lengths at 0.1 A intervals using the hybrid and translational frequencies were modeled using the rigid rotor

DFT method O3LYP? with the 6-31G(d) basis set. The O3LYP  harmonic oscillator (RRHO) approximation. Low-frequency
DFT method gives a comparable or better performance thanVibrations corresponding to €00 internal rotation were
the popular B3LYP method for barrier heights and atomization omitted from the RRHO analysis and treated as hindered internal
energies in organic reaction systefAdhe resultant O3LYP/  rotations. In this treatment, internal rotor potentials were
6-31G(d) PES were then scaled to provide a more accurate well-calculated at the O3LYP/6-31G(d) level, to determine the barrier
depth, using reaction enthalpies calculated with the G3B3 to rotation, the rotational symmetry, and the number of rotational
composite theoretical methdd;scaling factors were between minima. ChemRate determines moments of inertia for internal
0.88 and 1.13. Frequency calculations were performed onrotors based upon molecular structure and connectiity;
optimized geometries along the-©O and CG-O PES. All moments of inertia are subsequently employed in evaluating
transition state structures utilized in our VTST calculations the contribution of the internal rotor to the molecule’s partition
returned a single imaginary frequency with the mode of vibration function2® For comparative purposes, variational rate constants
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TABLE 1: Rate Constants (k, cm® mol~! s™1) as a Function of Temperature and Position for Barrierless Phenyh- O,
Association Reactio

CsHs—0O distance (A)

temp (K) 2.06 216 2.26 236 2.46 256 2.66
300 3.23x 108 1.08x 101 3.73x 104 6.88x 1013 2.91x 104 1.87 x 10 2.09x 1013
400 4.69x 106 7.67x 10 7.32x 103 2.47x 1013 1.49x 10%3 1.17 x 108 1.47 x 10%3
500 3.97x 101 1.68x 10% 2.94x 104 1.42x 103 1.05x 103 9.35x 1012 1.26x 1043
600 8.06x 1014 6.42 x 104 1.67x 1018 1.02x 10 8.64 x 102 8.33x 102 1.17 x 10
700 2.67x 104 3.33x 103 1.15x 10 8.25x 1012 7.71x 1012 7.87 x 1012 1.14x 1083
800 1.19x 10+ 2.08 x 104 8.86 x 10%2 7.19x 10+ 7.22x 1042 7.67 x 102 1.14 x 10
900 6.52x 1013 1.47 x 1083 7.36x 102 6.57 x 1012 6.96 x 102 7.64x 102 1.16x 10%3

1000 4.07x 104 1.13x 10 6.42 x 1012 6.18 x 1012 6.84 x 1012 7.70 x 10*2 1.18x 10%
1100 2.80x 10%3 9.19x 102 5.80x 102 5.94 x 1012 6.81x 102 7.82 x 102 1.22x 10%3
1200 2.07x 103 7.81x 1012 5.38x 10%2 5.79x 1012 6.83 x 1012 7.98 x 10%2 1.25x 10%3
1300 1.62x 1018 6.86 x 102 5.08 x 102 5.70x 1012 6.90 x 102 8.18x 1012 1.29x 10%3
1400 1.31x 10w 6.17 x 1012 4.86x 1012 5.66x 1012 7.00x 1012 8.40x 1012 1.34x 10%
1500 1.11x 108 5.66 x 102 4.71x 1012 5.66 x 1012 7.12x 102 8.63x 1012 1.38x 10%3
1600 9.54x 103 5.27 x 1012 4.60x 1012 5.68x 1012 7.26 x 102 8.88 x 1012 1.43x 103
1700 8.42x 10'2 4,97 x 1012 452 % 1012 5.72x 1012 7.41x 102 9.14x 10'2 1.48x 10%3
1800 7.56x 102 4.74x 1012 4.46x 1012 5.77x 1012 7.57 x 1012 9.41x 1012 1.53x 1043
1900 6.88x 10'2 4.55x 1012 4.43x 1012 5.84x 1012 7.74x 1012 9.68 x 10'2 1.58x 10%3
2000 6.35x 10%2 4.40x 1012 4.41x 1012 5.91x 1012 7.92 x 102 9.96 x 102 1.63x 1043

aVariational rate constant at each temperature is in bold.

TABLE 2: Rate Constants (k, cm® mol~* s™%) as a Function symmetry in phenyl and phenoxy WS; symmetry in the
Zf Temp‘?ratge and Position for Barrierless Phenoxy+ O substituted equivalents). This has the effect of doubling the
ssociation Reaction forward (association) rate constants.

CsHsO—O distance (A)
temp (K) 1.8 1.9 2.0 2.1
300 8.03x 106 8.47x 10 2.37x 10" 2.66x 10"

Results and Discussion
PES. Scaled O3LYP/6-31G(d) PES are presented in Figure

400  5091x 105 2.05x 104 952x 102 1.30x 104 1 for the phenyl and viny#- O, reactions and in Figure 2 for
500 1.25x 105 8.87x 10® 5.65x 103 8.66x 103 the phenoxy and vinoxy+ O reactions. For the vinyl- O,
600 4.52x 104 5.15x 108 4.07x 10"® 6.67x 108 reaction, we illustrated minimum energy pathways for the
700 221x10% 3.54x 10° 3.26x 10° 5.58x10° addition of Q in both cis and trans conformations. The phenyl
888 é:?gi 18113 %:ggi 18113 %:Zgi igs j:igi 1&3 + Oz and phenoxy and vinoxyt O reactions feature two
1000 6.35¢ 10° 1.88x 10° 2.29x 10° 4.09x 104 degenerate pathways, and this is accounted for in our rate
1100  4.93x 10° 1.66x 108 2.14x 108 3.85x 103 constant calculations.
1200 4.00x 108  1.51x 10 2.04x 108 3.65x 108 In Figure 1, we find that the three-€00 bond dissociation
1300  3.36x 10** 1.40x 10'* 1.95x 10" 3.50x 10 processes follow very similar PES. The shallowest potential
1‘5‘88 gg%ﬁ igz 1241& igz 1-gZi igi gg;i 18112 energy well is provided bgis-vinylperoxy (44.0 kcal mal?),
1600 230x 108 1.19x 10 1.80x 102 3.18x 10 which is ca. 1 kcal mof! less stable thatransvinylperoxy
1700 208x 10 1.14x 10 1.75x 10°° 3.08x 10 (44.9 kcal mot?). The phenyh- O, reaction exhibits the deepest
1800 1.93x 10" 1.11x 10 1.73x 108 3.04x 108 energy well (48.6 kcal mof). All three bond dissociation
1900 1.79x 10" 1.08x 108 1.71x 10" 2.98x 101 processes are essentially barrierless but demonstrate an almost
2000  1.68<10° 1.06x 10 1.69x 10 2.93x 10% imperceptible potential energy minima at around-33% A,
aVariational rate constant at each temperature is in bold. corresponding to the formation of a weak van der Waals
complex (the van der Waals well).
also were determined where-©O internal rotation was treated PES for dissociation of the phenox® and vinoxy-O bonds
as (i) a vibrational frequency and (ii) a free internal rotor. are provided in Figure 2. Here, we only consider the low-energy

Calculated thermochemical properties were used to determinetrans-vinylperoxy— vinoxy + O reaction (this is justified next).
high-pressure limit rate constants as a function of temperature Again, the bond dissociation processes in the phenyl and vinyl
(T) and position %), k(T,2), for the reverse dissociation reactions. systems are relatively similar, with a well depth of 40.3 kcal
Rate constants for the forward association reactions then weremol~! for phenoxy+ O and 37.2 kcal mott for vinoxy + O.
obtained according to the principle of microscopic reversibility, We now find significantly tighter transition states (as compared
using calculated equilibrium constants. Forward and reverse rateto C—OO bond dissociation), with maxima occurring at around
constants were minimized at each temperature to obtain the2.0 A versus 2.5 A; this should yield less-favorable pre-
variational rate constant. VariationgIT) values were fit to an exponential factors. Furthermore, we detect significantly deeper
empirical three-parameter form of the Arrhenius equation (eq van der Waals wells, especially for the vinokyO association
2) to obtain the rate parametdgg A', andn reaction. The vinoxy+ O reaction also exhibits a relatively

well-defined transition state structure; however, the transition
e —E, state energy is still below that of the entrance channel, due to
k(M) =AT ex;{ RT) &) the formation of the van der Waals complex (ca. 2 kcalTHol
We note that in the COO bond dissociation systems, formation
For the analogous reactions in substituted aromatic systemsof the van der Waals complex may become the rate-limiting
(including the methylphenyl and methylphenoxy radicals), rate process at lower temperatures (ca. 300 K and beléw).
constants were estimated using the phenyl and phenoxy systems Internal Rotor Potentials. Internal rotor potentials were
but were adjusted for loss of symmetrZ,( point group calculated at the O3LYP/6-31G(d) level for the phenylperoxy
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Figure 7. Free energy of activation for the barrierless phefyD, — phenylperoxy association reaction vs temperature for the five contributing
transition state structures.

136 ' ' ' ' T for cis/trans isomerization in thiansvinylperoxy radical is
o O C-00=216A calculated to be 7.0 kcal mdl (or 5.9 kcal mot?! in cis-
134 |® . " . g:gg:g:;gﬁ | vinylperoxy), in relative agreement with the rotational barrier
o . gzggzg.ggﬁ _for the phenylperoxy r_ad|cal. The C|s/trans_ isomerization process
. Variatonal TS in the vinylperoxy radical has been considered several times in

- the scientific literature. Yang et #1¢found the trans conformer

of the vinylperoxy radical to be more stable than the cis
conformer by 1.3 kcal mof, from B3LYP calculations, with a
rotational barrier of 5.8 kcal mol. Mebel et al*¢also studied
cis/trans isomerization in the vinylperoxy radical using com-
putational methods. They found the trans conformer to be more
stable than the cis conformer by 1.2 kcal molwith the barrier

for rotational isomerization being 6.1 kcal mél

200 600 900 1200 1500 1800 2100 In Figure 5, we present rotor potentials for the pheneéx®
transition states. Here, we find that the barrier to phei®O

. . o 5 internal rotation peaks at a CaD bond of around 1.9 A. We
Figure 8. Calculated high-pressure limit rate constaiigscr? mol * also find that the phenoxy O transition states exhibit local
s 1) vs temperature for the barrierless pherylO, — phenylperoxy o . P ¥ ) )
association reaction. Solid line indicates the minimum variational rate MiNIMa In the gauche Conformzl;ltllon, while the phenylperoxy
constant. radical and the phenyt O, transition state geometries are all

. N ) ] planar Cs). Rotor potentials in the vinoxyt O association

radical and for the transition state geometries corresponding toprocess are shown in Figure 6, and very similar results to the
C—00 and CG-O bond cleavage. The effect of treating-OO phenoxy+ O system were obtained.

and CO-0 internal rotation as a hindered rotor, or as a free L
rotor or vibrational frequency, is examined later in the manu- Vanatlor_]al Rate Constants.Rate con*_s;ants were calculated
script ' as a function of temperature and position along the PES for
Thé phenylperoxy radical rotor potential is depicted in Figure _each Of. the ass_ociation reactions, and the results are presented
3, along with the rotor potentials in the phenlylO, transition in matrix form |n.TabIes 1 ar)d 2 for the phenyl O, and
phenoxy+ O reactions, respectively. Rate constants for the other

states. Figure 3 demonstrates that the phe@® internal rotor . - . -
has a two-fold barrier and decreases uniformly with increasing reactions are presented in the Supporting Information. In Tables
1 and 2, the minimum rate constant (which denotes the location

C—0O0 bond length. In the fully optimized phenylperoxy radical, . S
the barrier to internal rotation is 5.1 kcal mal Similar of the transition state) at each temperature is highlighted.

calculations were performed for the vinyl system, with the ~ For the phenyh O, association reaction, we find that the
results displayed in Figure 4 (relativetransvinylperoxy). The ~ transition state occurs at a-@O bond length of 2.56 A at
barrier to rotation is of a similar magnitude, and again, we find 300 K, decreasing to 2.16 A at 2000 K. For phenexyD, we

that this barrier decreases with increasing@O bond length. find a tighter and less variable transition state, where the-OO

In the equilibrium vinylperoxy structures, we identifyans bond length is 2.00 A at 300 K and 1.90 A at 2000 K. Similar
vinylperoxy as being the most stable conformer (by 0.9 kcal results were obtained for the vinyl systems, in terms of transition
mol~! at the G3B3 level). However, as the-OO bond length state structure as a function of temperature. Association rate
is stretched, the cis conformer becomes the most stable. Thisconstants are, however, considerably larger for the ving,
results in the cis channel for viny+ O, association being  reaction, as compared to phenlylO,. Transition states for the
kinetically more favorable, as we later demonstrate. The barrier reverse (dissociation) reactions occur at the same position

132

logk

130

128

Temperature (K)
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TABLE 3: Empirical Rate Parameters (A', n, E,) for Forward and Reverse R + O, and RO* + O Reactions, Determined via
VTST?

A (cm®molts?) n E. (kcal moi?)
phenyl+ O, — phenylperoxy 1.86 102 -0.217 -0.711
phenylperoxy— phenyl+ O, 6.360x 10% —-1.372 48.740
phenoxy+ O — phenylperoxy 2.81x 103 —0.197 —1.935
phenylperoxy— phenoxy+ O 1.270x 10% —0.246 38.536
R-phenyl+ O, — R-phenylperoxy 3.720x 10 —0.217 —0.711
R-phenylperoxy— R-phenyl+ O,° 6.360x 10% —-1.372 48.740
R-phenoxy+ O — R-phenylperoxy 5.620x 10%3 —0.197 —1.935
R-phenylperoxy— R-phenoxy+ O° 1.270x 10% —0.246 38.536
vinyl + O, — cis-vinylperoxy 2.340x 102 —0.072 —0.985
cis-vinylperoxy— vinyl + O, 2.710x 108 —0.993 43.890
vinyl + O, — trans-vinylperoxy 2.180x 102 —0.012 —0.686
trans-vinylperoxy— vinyl + O, 7.900x 10Y -0.834 44,995
vinyl + O, — vinylperoxy (total) 3.850x 102 —0.020 —0.860
vinylperoxy— vinyl + O, (total) 9.300x 10 -0.777 43.925
vinoxy + O — trans-vinylperoxy (306-800 K) 2.070x 10% 0.344 —0.956
trans-vinylperoxy— vinoxy + O 1.380x 10 0.236 36.516

ak = A'T" exp(—E/RT). High-pressure limit rate parametePfRepresentative of substituted aromatics, including alkyl benzenes (toluene, xylene,
etc.) and polyaromatic hydrocarbons.

(vsT) as the forward (association) reactions, in accord with the mol~1), and the hindered rotor treatment provides a rate constant
principle of microscopic reversibility. somewhere between the free rotor and the vibrational values.
The variational nature of the phenyl O, transition state is With the phenoxy+ O reaction, the transition state is less

further illustrated in Figures 7 and 8. In Figure 7, the free energy variational and exhibits a large barrier for internal rotatior (5
of activation for this reaction is plotted as a function of 10 kcal mofl). We therefore found more classical behavior,
temperature for each of the contributing transition state struc- where the hindered rotor rate constants approach the RRHO
tures, while in Figure 8, th&(T) values obtained with each  values at low temperatures and the free rotor values at high
transition state are presented, along with the limiting variational temperatures. We also noticed that the RRHO and free rotor
rate constant. In Figure 7, we readily observe that the maximumrate constants converge at low temperatures.
free energy barrier moves to the looser transition state structures Three-Dimensional PESIn this study, we focused on a two-
at lower temperatures, segueing to the tighter transition statesdimensional treatment of the PES for the accurate determination
at higher temperatures. This results in the variational behavior of barrierless rate constants, with one spatial dimension describ-
observed in Figure 8. ing bond dissociation and the other describing internal rotation.
Empirical rate parameterd'( n, E3), as defined in eq 2, were ~ We constructed three-dimensional PES (two spatial dimensions
fit to calculated rate constants for each of the studied reactions,and one energetic dimension) for the virylO, and vinoxy+
according to a least-squares minimization in kgg). The results O reaction processes, and these are presented here as Figures
are presented in Table 3. From Table 3, we observe that thell and 12, respectively. These figures illustrate the effect of
activation energies for the 600 and CG-O dissociation both bond dissociation and internal rotation on molecular energy
reactions are close to the reaction enthalpies for these reactionsand help to illuminate the minimum energy pathway relative to
For the barrierless association reactions, we find small negativethe local and global minima.
activation energies, in the range ofL.9 to —0.7 kcal mot™. For the vinyl+ O, association (Figure 11), we observed two
Figure 9 shows a plot of the calculated variational rate constantsdiscrete reaction channetsne for cis addition and one for trans
for the barrierless phenyl and vint O, and phenoxy and  addition. While thdransvinylperoxy radical is more stable than
vinoxy + O association reactions. cis-vinylperoxy, the cis transition states become more stable
Internal Rotor Treatment. Our calculations treat internal  for C—OO bond lengths of around 1.65 A and greater. This
rotation about € OO0 bonds as hindered rotations. To examine results in the cis addition channel being more rapid than the
the effect of this internal rotational mode, variational rate trans channel at all but low temperatures. Given the low barrier
constants also have been calculated where th®Q internal for internal rotation in the vinylperoxy radical, this species
rotor is treated as a vibrational frequency and as a free internalshould achieve thermal equilibrium on the time scales required
rotation. In Figure 10, we present variational rate constants for for further reaction of the activated adduct, and the total vinyl
the phenyH O, and phenoxyt O reactions obtained with each  + O, reaction rate is reported as the sum of the two separate
of the three internal rotor treatments. In both cases, we find channels.
that treatment of the internal rotor as a vibration and as a free In the vinoxy + O association reaction, depicted in Figure
rotor seems to provide the limiting cases to the hindered internal 12, we observed only one unique reaction channel. This is a
rotor analysis, as one would expect. For the phehylO, result of the vinylperoxy minima moving from a planar to a
reaction, we find that at low temperatures the hindered rotor gauche geometry as the €@ bond is stretched, as we saw in
rate constants approach the free rotor values, while at higherFigure 6. The vinoxyt O association therefore proceeds with
temperatures, they approach the RRHO rate constants. This ighe oxygen atom approaching gauche to the radical, via two
somewhat counterintuitive but is a result of the variational nature degenerate pathways. The minimum energy pathway then takes
of the transition state. At low temperatures, the transition state the vinylperoxy complex toward only the more stable trans
is loose, with a low barrier for internal rotation (ca. 85 kcal conformation. The vinoxy+ O — cis-vinylperoxy reaction
mol~1), and the internal rotor is approximated as a free rotor. demonstrates a higher energy second-order reaction pathway
At higher temperatures, the transition state moves to a tighterand is not expected to be important relative to thens
geometry, with a larger barrier to internal rotation (ca. 2 kcal vinylperoxy channels.
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Figure 9. Calculated high-pressure rate constakfc(r® mol= s%)
vs temperature for the barrierless phenyl and viiyD, and phenoxy
and vinoxy+ O association reactions. Solid lines indicate empirical Bony,, 7 0w O
three-parameter Arrhenius fits of the calculated rate constants. fA) L)

Figure 11. Three-dimensional potential energy surface for the barri-
erless vinyl+ O, — vinylperoxy reaction. Reaction channels to both
cis- andtransvinylperoxy are depicted.
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Figure 10. Calculated high-pressure limit rate constakt(® mol—*

s 1) vs temperature for the barrierless pheftyD, and phenoxy+ O
association reactions, with treatment of the @O internal rotational
mode as a hindered rotor (hindered), as a vibrational frequency (RRHO),
and as a free rotor (free). Solid lines indicate empirical three-parameter
Arrhenius fit of the calculated rate constants.

1.7
00080nd 15
f4)
Figure 12. Three-dimensional potential energy surface for the barri-
Comparison to Experimental Data. As noted in the erless vinoxyt Q.—>vinylperoxy rgaction. Reaction proceeds through
Introduction, there exist two measurements (to our knowledge) a gauche transition state tansvinylperoxy.
of the phenyH O, association rate constant, those of Yu and calculated rate constants do not include reverse dissociation of
Lin16 and those of Schaugg et*&lOur calculated rate constant  the energized adducts. Figure 14 shows a comparison between
for the phenyH- O, reaction is compared to these experimental the calculated and the experimental values of the viRyD,
results in Figure 13. We found that our calculated rate expressionrate constant, and we find that our calculations provide an upper
is in good agreement with the measurements of both Schaugglimit to the experimental measurements. Disagreement is greatest
et al. and Yu and Lin, in both cases being within an order of at lower temperatures, where the calculated rate constants
magnitude. Our results exhibit a small negative temperature experience less falloff. This may indicate that formation of the
dependence, similar to the findings of Yu and Lin. The results van der Waals well is becoming the rate-limiting process, with
of Yu and Lin are considered to be at or near the high-pressureour results overestimating the reaction rate constant. We stress,
limit and should therefore provide a direct comparison to our however, that we are generally interested in these reactions at
calculations, assuming no reverse reaction to pheng,. temperatures relevant to combustion and ignition systems, where
A number of experimental results exist for the vinyl radical agreement between calculated and experimental values is very
+ O reaction, with which to make a comparison to our satisfactory.
calculated rate constant. These experimental results are at low Fewer results, either experimental or theoretical, are available
pressures and will therefore suffer from falloff effects, decreas- for the phenoxy and vinoxy- O association reactions. The
ing the rate of reaction. Falloff effects increase with decreasing phenoxy+ O association can occur at the oxyl radical site, as
pressure and increasing temperature. The experimental resultstudied here, or at an ortho or para site on the ring; these later
also include the unobservable reverse reaction to vinyd,, reactions yield th@-semiquinone ang-semiquinone radicals,
potentially further decreasing the observed reaction rate; ourrespectively. Oxygen atom addition at the oxyl site is expected
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Figure 14. Comparison between calculated (high-pressure limit) and
experimental rate constantk, (cm® mol= s%) for the vinyl + O,

mol~! s~ for the oxyl addition mechanism (this assumes that
CsHs and CQ are the only major products of the oxyl O addition
reaction). Rate constants for the latter pathway agree well with
our calculated phenoxy O rate constant (9.% 102 cm? mol~1

s 1 at 300 K), but there is arodna 3 orders of magnitude
difference to the ring addition rate constant of Lin and Mebel
(300 K, ortho only), and further work is obviously required to
better identify this rate constant.

Rate constants for ©O bond dissociation in the vinylperoxy
and phenylperoxy radicals, when fit to a simple two-parameter
Arrhenius equation, yield pre-exponential factofg 6f 9 x
10" and 2 x 10% s™1, with activation energiesgy) of 32.1
and 32.9 kcal matt, respectively. This shows a small increase
in A with increasing reaction endothermicity. This is not
unexpected, as the Hammond postulate suggests that the
transition state should become more product-like (i.e., looser)
with increasing reaction barrier. Comparing our results teGD
bond dissociation in the ethylperoxy radical (§HH,00)28

association reaction. Solid line indicates empirical three-parameter we find that this trend continues. Here, a two-parameter

Arrhenius fit of the calculated rate constants.

to yield the products phenyt O,, stabilized phenylperoxy

Arrhenius fit yieldsA = 1 x 10" s ! andE, = 61.5 kcal mot™.
The near-doubling of the reaction barrier is seen to result in an
order of magnitude increase & There is a second explanation

radical, and a series of unsaturated (oxy-)hydrocarbon ring for this change in the pre-exponential factor with the different

compounds and ring opening products. Lin and M&stlidied
the ortho site phenoxy- O addition mechanism using ab initio
techniques and reportekl [cm® molecule! s71] = 5.52 x
10177138 exp(148T) for T = 300— 3000 K (the oxyl addition
mechanism was deemed to be unimportant). Buth &t al.
measured the total rate of the phenokyO reaction, using a
discharge flow reactor. The major reaction products were
benzoquinoner H, with smaller amounts of &5 + CO,. We
assume that benzoquinoAe H was formed from theo>- and
p-semiquinone radicals and is the sunoe&ndp-benzoquinone.
CsHs + CO, are assumed to be the product of oxyl O addition,
followed by O insertion into the £ring, followed by ring
contraction and C@elimination. Using the gHs + O reaction

as a reference, a rate constant of 1680 cm® mol~* st
was deduced for the total phenoxyO reaction at 295 K. With

a branching ratio of less than 15% to theHg + CO, channel,
this gives a rate constant of at least 1,430 cm® mol~1s71

for the ring addition pathways and less than 2:620'3 cm?®

reaction energies of the alkyl versus phenyl or vinyl radical
systems. The lower pre-exponential factors in the vinyl and
phenyl systems can be explained by reactions bgiagission
reactions, where in the alkyl systems there is no carbanyl
bond that can be formed. The reaction is more like a simple
dissociation in the alkyl-peroxy dissociations to the alkoxy plus
oxygen atom.

These results may be useful in estimating rate constants for
O—0 dissociation in other hydrocarbons, as we observe an
almost linear increase iA with E; (or AHn), according toA
= 5.63 x 108E, — 1.98 x 10'5. We caution that interpolation,
and especially extrapolation, based upon this relationship may
lead to very large errors, due to the minimal number of data
points used in its derivation. This is especially pertinent at low
reaction enthalpies, where a discrete (i.e., non-variational)
transition state structure might be reasonably expected. However,
further work developing correlations such as this certainly is
warranted.
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Conclusion

The barrierless phenyl and vinyt O, and phenoxy and
vinoxy + O reactions were studied using variational transition
state theory, with O3LYP/6-31G(d) potentials scaled by G3B3

J. Phys. Chem. A, Vol. 112, No. 16, 2008575

(9) (a) Dellinger, B.; Pryor, W. A,; Cueto, R.; Squadrito, G. L.; Hegde,
V.; Deutsch, W. A.Chem. Res. ToxicoR001 14, 1371. (b) Dellinger, B.;
Lomnicki, S.; Khachatryan, L.; Maskos, Z.; Hall, R. W.; Adounkpe, J.;
McFerrin, C.; Truong, HProc. Combust. Ins2007, 31, 521.
(10) (a) Slagle, I. R.; Park, J.-Y.; Heaven, M. C.; Gutman,JDAm.
Chem. Soc1984 106, 4356. (b) Park, J.-Y.; Heaven, M. C.; Gutman, D.

reaction enthalpies. Full hindered internal rotor analysis Was chem. Phys. Letf.984 104, 469. (c) Krueger, H.: Weitz, El. Chem. Phys.

provided for rotation about the-ROO bond in all systems. Both

of the @ addition reactions show loose transition state structures,

1988 88, 1608. (d) Fahr, A.; Laufer, A. HI. Phys. Chenil988 92, 7229.
(e) Knyazev, V. D.; Slagle, I. Rl. Phys. Chenml995 99, 2247. (f) Eskola,
A. J.; Timonen, R. SPhys. Chem. Chem. Phy&03 5, 2557. (g) Yang,

and calculated rate constants for association are in relativelyg vy, | Jin, X.; Zhou, M.; Carpenter, B. Ki. Chem. Phys2005 122
good agreement with experimental values. In the phenyl system,14511.

treatment of the ROO internal rotor as a hindered rotation,
free rotation, or vibrational frequency also was provided. The

O atom addition reactions demonstrate tighter transition states

with less variation in the structure with temperature. Additional
research is required on the phenokyO association process,

to assay the relative importance of the oxyl addition mechanism
(studied here) and the ortho and para ring additions. Three-

dimensional PES analysis illustrates that the vifyD, reaction

occurs via two discrete channels, onecis-vinylperoxy and

one totransvinylperoxy. The vinoxy+ O reaction, however,
exhibits two degenerate pathways to ttransvinylperoxy

radical only.
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