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Abstract

QOOH radicals are key species in autoignition, produced by internal isomerisations raidiv@ls,

and are central to chain branching reactions in low temperature combustion. The kinetics of QOOH
radical decomposition and reaction with i&ave been determined as a function of temperature and
pressure, using observations of OH radical production and decay following H-atom abstraction from
tertiary-butyl hydroperoxide ((CHCOOH) by CI atoms to produce QOO I>(CHz)2.COOH)
radicals. The kinetics of QOOH decomposition have been investigated as a function of temperature
(251 to 298 K), and pressure (10 to 350 Torr), in helium and nitrogen bath gases, and those of the
reaction between QOOH anad @ave been investigated as a function of temperature (251 to 304 K),
and pressure (10 to 100 Torr) in He and Dlecomposition of the QOOH radicalss observed to
display temperature and pressure dependence, with a barrier height for decomposition of (44.7 = 4.0)
kJ mot! determined by master equation fitting to the experimental data. The rate coefficient for the
reaction between QOOH and @as determined to be (561.7) x 10" cm?® st at 298 K, with no
significant dependence on pressure, and can be described by the Arrhenius parameters &8) (7.3

x 10 cm?® stand & = -(5.4 + 2.1) kJ mot in the temperature range 251 to 304 This work
represents the first measurements of any QOOH radical kinetics as a function of temperature and

pressure.

I ntroduction

Fuel chemistry plays a central role in autoignition processes and low temperature combustion

strategies designed to lower NONOx = NO + NQ) emissions and soot formation. This chemistry



is key to the development and efficient use of alternative fuels, and is dominated by reactions

involving QOOH carbon-centred radicals.

Fuel consumption in low temperature combustion and autoignition (summarised in Figure 1) is
initiated through hydrogen-abstraction reactions, resulting in generation of radicals, R, which undergo
association reactions with,Qo produce peroxy radicals, ROsomerisation reactions of RO
radicals, involving internal H-atom shifts, produce carbon-centred hydroperoxy radicals, QOOH,
which dictate the balance between propagation and branching of the radical chain reactions.
Decomposition of QOOH, produciraryclic ether and an OH radical for alkyl hydroperoxy radicals,
propagates the radical chain reactions. In competition with QOOH decomposition, additioto of O

the QOOH radical centre leads to the production )@OH, the decomposition of which generate

a ketohydroperoxide and OH. The subsequent decomposition of the ketohydroperoxide to produce
further OH giwesrise to chain branching. Chain branching is the pivotal process in autoignition, and
QOOH radical chemisy is thus of fundamental importance in fuel combustion. In addition, the
impact of auto-oxidation processes involving gas phase QOOH radicals in atmospheric oxidation
processes on the formation of highly oxygenated molecules (HOMs) and aerosol particles is receiving
increasing recognitiof.

Despite the significance of QOOH radicals, direct measurements of QOOH species and their kinetics
are extremely limited. While there have been several observations of reaction products resuiting fr
QOOH chemistry;® there has been only a single report of direct QOOH observations, in which a
resonance stabilised QOOH species produced from 1,3-cycloheptadiene was detected using
multiplexed photoionisation mass spectrometry (MPIMS) with tunable vacuum ultraviolet (VUV)
synchrotron radiatiohThe challenges associated with direct QOOH detection arise from low steady
state QOOH concentrations owing to stabilisation of Ricals in deep energy minima (typically
—(125- 150) kJ mof with respect to R + £and—(45— 70) kJ mot* with respect to QOOH) at low
temperatures, while at higher temperatures increased QOOH production rates are offset by rapid
removal reaction$Figure 2 shows a typical potential energy surface (PES) for the production of RO
and QOOH following R + @ demonstrating that low QOOH concentrations arise from the relative
thermodynamic stability of ROand the likely rapid removal of any QOOH formed through
decomposition to OH as well as reactions involving Ontil recently, chemical models of
combustion and autoignition have relied on indirect evidence and high-level theoretical calculations
to predict the reactivity and behaviour of QOOH an@OOH radicals.

Zador et aP reported the first direct measurements of any QOOH reaction kin€litially, Zador
et al. were able to produce tiaH>(CHs).COOH (2-hydroperoxy-2-methylprop-1-yl) QOOH radical



directly via abstraction of hydrogen from the C-H bonds in t-butyl hydroperoxidg)d©BIOH) by
chlorine atoms (RR2a):

(COCl +hv (A=266nm) — 2 Cl + 2 CO (R1)
Cl + (CHg)sCOOH— CH2(CH3)2COOH + HCI (R2a)

Rates of QOOH radical decomposition (R3) and reaction wi{iR®) were determined using infrared

absorption spectroscopy to monitor the production of OH radicals:
CHaz(CHs)2COOH— OH + (CH;)2C(CH,)O (R3)
CHy(CHs)2COOH + Q — 02CH,(CHz)2COOH (R4)

While production of OH was observed through photolysis of JgEDOH (R5),° the photolyte
production occurred on a much shorter timescale than that thR8ginabling separation of the
timescale of OH production from QOOH loss (R3 and R4) from the photolytic process:

(CH3):COOH + hv (A = 266nm) — OH + (CH)sCO (R5)

Loss of OH from the system occurs through reaction withsJ{CHDOH (R6), which, in contrast to
the H-atom abstraction by Cl, has been indicated by expefimedtheor}’ to occur exclusively at
the O-H bond®

OH + (CHy)sCOOH — (CHg)3COO + HO (R6)

Infrared absorption measurements of OH by Zador &thals enabled determination of the kinetics

of QOOH decomposition (R3) and QOOH + (R4), and the first direct kinetic measurements for
any QOOH species. Moreover, experiments using the MPIMS technique were also able to identify
the cyclic ether ((CE)2C(CH)O, 2,2-dimethyloxirane, DMO) product of the QOOH decomposition
(R3), and daughter ions of the@OOH (O2CH2(CHz)2COOH) product of QOOH + £R4).

The unimolecular decomposition of QOOH (R3) was shown to be pressure dependent over the range

8 — 90 Torr in He at room temperature, with a combination of experimental data and high-level
calculations giving k (298 K) = 5.89 x 183 cn® s, k; (298 K) = 4.80 x 19s! and k = 0.544 in

He, with a dissociation barrier of 48.1 kJ MdlL1.5 kcal mott). The reaction between QOOH and

O2 (R4) was shown to be independent of pressure in the rarg@04Torr He, with the MPIMS
experiments at 4 Torr giving.k 1.1 x 102 cm® s and the OH absorption experiments between 8

and 90 Torr giving k= 8.5 x 10 cm® s. Combination of the results from the two techniques gave
ka= (9.0 +3.0) x 183 cm? st at 298 K. Theoretical investigation of the PES for the system indicated



barrierless production of QOOH in R4, with stabilisation of the;QOOH species resulting in no
further radical production under the experimental conditions as the internal abstraction required
before radical production has a significant energy barrier, makingQ®0OH stable at 300 K, in

agreement with calculations for other similar systéms.

In this work, we report an investigation of the temperature and pressure dependence of the kinetics
of QOOH decomposition (R3) and of the reaction of QOOH with(R%) for the QOOH radical

derived from Cl| + (CH)3COOH (R2), using laser-induced fluorescence (LIF) spectroscopy to
monitor the OH radical production in the system. Results are reported for experiments conducted at
temperatures between 251 and 304 K and pressures in the range 10-350 Torr. Treatment of the
reaction system using the Master Equation Solver for Multi-Energy Well Reactions (MESNKER)

also reported, and is used to place the experimental results in context.

Experimental

Experiments were conducted in a slow-flow reactor described in a number of previous pubfi&ations.

15 Reactions were initiated by laser flash photolysis and monitored using laser-induced fluorescence
(LIF) spectroscopy of OH reaction products. Precursor gas mixtures)¢@BOH/(COCIYHe/ O,

or (CHs)sCOOH/(COCIYN2/O2) were prepared in a gas manifold and passed into a stainless steel
six-way cross reactor at known flow rates regulated by calibrated mass flow controllers. The reactor
was welded into a metal bath, with only the ends of the reactor arms protruding through the walls of
the bath. The total pressure in the reactor, monitored by a capacitance manometer, was controlled by
a needle valve on the exhaust line to the pumps. The bath was filled with methanol which was cooled
to the desired temperature by a refrigerated immersion probe (LabPlant Refrigerated Immersion
Probe, RP-100CD), enabling control of sub-ambient reaction temperatures. Temperatures in the

reactor were measured by K-type thermocouples situated close to the reaction zone.

A known flow of carrier gas (He or INwas passed through a bubbler containing degassed t-
butylhydroperoxide ((Ck)zCOOH) (Sigma Aldrich, 70 % v/v aqueous) to entrain §zEIO0H into

the precursor gas flow. Oxalyl chloride ((COLBigma Aldrich > 99 %) was prepared at a known
concentration in He or Nand stored in a glass bulb. He (BOC, 99.99 %)(BOC, oxygen free,
99.99 %) and @(BOC, 99.999 %) were used as supplied.

Reactions were initiated by pulsed excimer laser (Lambda Physik Compex) photolysis ok @OCI)
193 nm (typical fluence < 1 mJ cnor 248 nm (typical fluence 10-30 mJ énAt a wavelength of
193 nm, photolysis of (COCIproduces 2 Cl + 2 CO directly (R1), while at 248 nm the photolysis
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produces Cl + CO + COCI (R1a), which is followed by decomposition of the COCI fragment to
produce CO + ClI (R10f

(COClp+hv(A=193nm) - 2CI+2 CO (R1)
(COClI) + hv (A= 248 nm) — Cl + CO + COCI (R1a)
COCI+M—CI+CO+M (R1b)

The photolysis laser beam was introduced into the reactor through one of the side arms, with the
majority of the experiments performath pulse repetition frequency of 10 Hz, although experiments
were conducted at lower repetition frequencies to ensure that there were no interferences from

photolysis of reaction products.

QOOH (CH2(CHz3)2COOH) radicals were generated by the reaction of Cl atoms witk){CBIOH
(R2a), with production of R@radicals ((CH)3sCO,, R2b) through abstraction of the peroxide H-atom

not contributing to observed kinetics in this work.
Cl + (CH)s:COOH — QOOH + HCI (R2a)
Cl + (CHz)3COOH — (CH3)3CO;, + HCI (R2b)

OH radicals, produced in the system by decomposition of QOOH radicals (R3) and photolysis of
(CH3)3COOH (R5), were monitored by off-resonance laser-induced fluorescence (LIF) following
excitation at 282 nm (& (v'=1) « X2II (v"=0), Qu(1)).

QOOH — OH + DMO (R3)
(CH3)sCOOH +hv — (CH3)3CO + OH (R5)

Laser light at 282 nm was generated using the 532 nm output of an Nd:YAG (Continuum Powerlite
8010) to pump a dye laser (Spectra Physics PDL-3) operating on Rhodamine-6-Ghelyaf-
resonanOH fluorescence at ~308 nm, passed through an interference filter (Barr Associates, 308 +
5 nm), was detected by a photomultiplier (Electron tube 9813 QB) mounted perpendicular to the plane
of the photolysis and probe laser beams. The photomultiplier signal was digitized and integrated by
an oscilloscope (LeCroy LT262), and passed to a computer for data analysis. The time dely betw
photolysis and probe laser pulses was controlled by a homebuilt digital delay generator based on
National Instruments hardware and varied to enable monitoring of the OH profile as a function of
time following photolysis of the gas mixture. Kinetic traces, examples of which are shown in Figure

3, typically consisted of 200 time points, with each time point averaged 5-10 times.



Experiments were performed at each temperature over a range of pressure350L0orr) and
concentrations of £(3.9 x 13°— 1.7 x 18" cm®). Precursor concentrations were also vainethe
ranges 9.0 x 18— 4.0 x 10° cm3for (CHs)sCOOH and 4.5 x 18— 5.0 x 16° cm3for (COCl).

Analysis

The temporal profiles of OH in the system are governed by rea®bBRE and can be described by

the analytical expression given by Equation 1:

Sou(t) = So exp(—k;p[M]t) + Sy exp(—k';t) + S, exp(—(k3 + k'4) t) + S3 exp(—k'6t)

(Equation 1)

where SH(t) is the observed OH signal and coefficientsSy S and S are linked to the production

of OH through R1b, R2, R3 and R5, respectively. The coefficigistefjual to zero for photolysis at
experiments at 193 nm. The rate coefficientik that for the decomposition of COCI, which is
constrained in the analysis to previous measureméktsis the pseudo-first-order rate coefficient

for R2 (i.e. k = ko[(CH3)sCOOH)), ks is the rate coefficient for QOOH decomposition (R3)iskthe
pseudo-first-order rate coefficient for R44(&'ks[O2]) since Q is in large excess over QOOH, and

Ks is the pseudo-first-order rate coefficient describing the loss of OH from the system, which,
although strictly includes any loss of OH through diffusion, is approximated here as being dominated
by R6 (such that &= ke[(CH3)sCOOH]).

The kinetic parameters land l were determined by global fitting Equation 1 to the observed OH
LIF signals. Typically, five or more temporal profiles obtained at similar temperatureK)#2d
pressures (x 2 Torr) with different concentrations of {@EO0H (and thus different values fos k'

and ks but equal values forzkand k) were fitted globally to find a single common value fer k
(obtained in the absence of)@r ki (in the presence of Dconstraining kto values determined in

the absence of o Experiments were performed to measureuging both 193 nm and 248 nm
photolysis under otherwise identical conditions, with no significant differences observed between the

results.

The time constant for chemical production of OH gives information on the pseudo-first-order loss
process of QOOH gk+ ka[O2]), but in addition, the ratio of prompt to reactive OH obtained through
the coefficients Sand S provides information onzks. As additional oxygen is added, a smaller
fraction of QOOH decomposes and the OH production associated with R3, and helsmeeases.
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The additional decrease in the overall fluorescence signal owing to fluorescence quenching associated
with Oz collisions can be accounted for by the change in the prompt OH signal, which is given by S
with [O2]. The analysis presented in this work using the analytical expression (Equation 1) considers
not only the time dependence of the OH fluorescence signal as a functios], dftalso the ratio

of prompt and reactive OH signal. Further details are given in the Supporting Information.

In order to optimise the sensitivity of the fits todnd k4, conditions were employed such that the
formation of QOOH through reaction R2 was rapid compared to its subsequent decay through
reactions R3 and R4, requiring high concentrations offCHDOH. Owing to the use of aqueous
(CHz)3sCOOH in this study and the similarity in vapour pressures between water agddOBH?

the peroxide concentrations were approximated from the vapour pressure and flow rates in the system,
assuming that the peroxide contributed 55 % of the totak)¢CB®OH/HO vapour pressure in
keeping with the work of Baasandorj efahdependent experiments were performed in the absence

of (COCI) and Q (i.e. using (CH):COOH/He or (CH)sCOOH/Ne gas mixtures) to determine the
pseudo-first-order loss rate coefficients K's = ks[(CH3)sCOOH]) for a range of (CksCOOH
concentrations at a given temperature and pressure and to verify that the resulting bimolecular rate
coefficients k determined were in agreement with those reported by Baasandotj et al.

Fits to the experimental observations gave uncertainties in individual rate coefficients on the order of
5 %. While it was possible to minimise the effects of correlations between fit parameters by
employing conditions to optimise the sensitivity to the kinetic parameters of interest, it was not
possible to avoid correlations entirely. Uncertainties quotedfaeke thus determined from fits in
which other kinetic parameters were fixed to £ 50 % of their values determined from global fits in
which all relevant kinetic parameters were treated as variables, and are on the order.of 30 %
Uncertainties reported fors kvere determined in a similar manner and include the uncertainties

associated withak

Results and Discussion

QOOH (CH2(CH3)2COOH) Decomposition Kinetics

Figure 3 shows typical OH fluorescence signals following initiation of chemistry within the system.
Photolysis of (CH)3COOH results in the instantaneous OH production observed at t = 0, with the
subsequent growth in OH, in the absence gfa3sociated solely with QOOH decomposition. The
initial abstraction reaction generating QOOH (R2a) is close to thermoneutral (~ -4 R¥¥niance

it is expected that the decomposition of QOOH is entirely thermal, with no contribution from
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chemical activation. No evidence was observed in the fits to OH to suggest any influence from
chemically activated processes. QOOH decomposition kinetjos€ke thus determined from global

fits of data obtained in experiments performed in the absencgtofEguation 1. Figure 4 shows k

as a function of temperature and pressure, with the experimental data given in Table 1. The results at
298 K in He bath gas ane general agreement with the behaviour observed by Zador et al., although
the results obtained in this work are systematically lower than those reported previously by ~30-40
%. Results at 298 K in Nbath gas show faster decomposition kinetics as expected for a pressure
dependent reaction, owing to the greater efficiency of collisional energy transfecomgared to

He.

The fits to Equation 1 also give the pseudo-first-order rate coefficientashich describes the
kinetics of QOOH formation from CI + (CH)3:COOH (R2), and k which describes the kinetics of
OH loss through OH + (CHCOOH (R6). Although the concentration of (§4COOH is only
approximated from the vapour pressure and flow rates in the system, resultaridrk’'can be used
with the approximate (CHCOOH concentrations to approximate the bimolecular rate coefficients
k2 and k.

Results for kindicate a value of (2.4 0.7) x 10! cn® s? at 298 K and a temperature dependence
described by k= (2.3+ 2.1) x 10'2 exp[(690+ 250)/T] cm?® s! over the conditions investigated in

this work. The value for kdetermined in this work using the approximate concentration of
(CH3)sCOOH is significantly lower than the value of 7.7 x'46m?® s* used in the analysis performed

by Zéador et al®, which was based on the kinetics and branching ratio for the reaction between Cl and
(CHs)sCH?®. A lower value for k, as determined in this work, is supported by the similar measured
value of (3.15 + 0.24) x 18 cn?® st for Cl + (CHs)sCOH.2° The ratio of k to k determined in this

work, which is independent of the absolute concentration of}{CEDOH, was (10.7 + 4.8) at 298

K. Using k = (3.58 + 0.54) x 18 cm® s* at 296 K as reported by Baasandorj ef &g observed

ko:ke ratio indicaesa value for kof (3.8 + 1.7) x 18! cm?® s?, whichis also significantly lower than

that adopted in the analysis performed by Zador et al. Fits to Equation 1 in whiels kixed to a

value of 7.7 x 18! cm® s? gave values forskthat were 5-10 % higher than those in whigtwis
allowed to float, which may explain some of the difference in results between this work and that of

Zador et al. shown in Figure 3.

At 298 K, this work indicatessk= (2.2+ 0.7) x 10*2cm?® s?, with a temperature dependence described
by ks = (1.0% 0.7) x 10" exp[(890+ 210/T] cn?® st. The results of Baasandorj et al. gaye K7.0

+ 1.0) x 10" exp[(485 + 20)/Tlcm® st obtained in experiments using pulsed laser photolysis of
(CH3)3COOH at 248 nm coupled to OH detection via LIF. Reaction R6 has the potential to interfere
with the chemistry, as abstraction from the methyl groups inz)dCI®@OH would lead to the
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generation of QOOH and hence OH regeneration, with the results that the growth and decay of OH
could then no longer be simply associated with reactions R3, R4, R6 and diffusional OH loss. While
the standard experiments performed by Baasandorj et al. would be insensitive to fast OH regeneration
from R3, in several experiments Baasandorj et al. added high concentratior{2e4)0< 10° cm®)

to intercept any QOOH formed before decomposition to OH, and observed no change in the measured
bimolecular rate coefficient, concluding that H-atom abstraction from the methyl groups of the
molecule was insignificant. Our analysis is based onzJ§tHD, being the sole product of R6,
consistent with theoM and with the experimental evidence which does not indicate any growth of
OH from the photolysis of (CHCOOH. In this scenario the observed decay of OH following
production from the decomposition of QOOH is associated with R6 and diffusional loss and should
not vary with the concentration obQNo significant change in the rate coefficient describing the OH

loss in the system gx'as a function of the £zoncentration was observed in this work (see Supporting
Information for further details), indicating that the loss of OH is independent,cdn@® that
(CH3)3CQO; is the sole product of R6. Further details and results fdkskand the effects of the
concentration of @on ks are provided in the Supporting Information.

Master Equation Analysis

Statistical rate theory calculations were performed to describe the decomposition kinetics of QOOH
using the master equation simulation package Master Equation Solver for Multi-Energy well
Reactions (MESMER), which has been described in detail in previous‘tvork.

The geometries, vibrational frequencies and rotational constants for the QOOH species and its
transition state to decomposition were calculated at the M06-2X/cc-pVTZ level of theory using the
Gaussian 09 suite of prograthsising the geometries reported by Zador étad.inputs. Hindered
rotation potentials were obtained from M06-2X/6-31+G** relaxed scans along the various dihedral
co-ordinates in both the well and the transition state. Hindered rotor state densities were obtained
using the methodology within MESMER which has been described previdisigssure dependent

rate coefficients were calculated using MESMER utilising a rigid rotor-harmonic oscillator
approximation for all apart from the hindered modes, which were assumed to be separable. Collisional
energy transfer within the system was described by an exponential down model with the average
energy transferred in a downward direction on collision with the bath gas representef>aynr~

All Lennard Jones parameters used to describe collisions with the bath gas were obtained from the
Joback method as implemented in the Reaction Mechanism Generator (RMG) described by Gao et

al.?* An input file for the MESMER calculations is provided in the Supporting Information.



Given the extensive experimental dataset bat>gown and the barrier height to decomposition were
varied in order to fit the master equation to the experimental rate coefficients. To this end, a
Levenburg-Marqaurdt algorithm, as implemented in MESMER, was used to minimise the merit

function:

0;

2 Z (kexp(pi' Ti) - kmod(pi' Tl))
X = ) 2
i

(Equation 2)

wherek.,, (p;, T;) andk,,.q(p;, T;) are the experimental and modelled rate coefficients at pressure p
and temperatureTrespectively, witho? representing the appropriate experimental uncertainty,

which is based on the measured uncertainties and is assumed to scale linearly with the magnitude of
the rate coefficient.

Figure 4 shows the fit to the experimental data, which gave a barrier height to decomposition of 44.7
kJ mol?, <AE>jown = 89 cmit in He, and AE>gown = 147 cmt in N2. The barrier height reported in

this work is lower than the value of 52.3 kJ m¢12.5 kcal mol) value determined from the high

level calculations (QCISD(T)/CBS//M06-2X/6-311++G(d,p)) reported Zador et al. Typical
uncertainties in the high level calculations are approximately + 4 kJ ¢hddcal mot),® but Zador

et al. also required a reduction in the barrier height to 48.1 k3 hbl5 kcal mol) to give a better

fit with their experimental data at 298 K when usingE=¢own = 250 cm™. In addition, Zador et al

noted that the value foE>yown Was poorly constrained, with a lower value correlating with a lower
barrier height. While there is a slight inconsistency between the fitted and calculated barrier heights,
there are potentially several contributing factors, and the difference reported here is significantly less

than in our recent study on @BICHOOH decompositior

Simulations in MESMER constrained to the barrier height axtebgown reported by Zador et al. tend

to underestimate the observed values forefported in this work and those by Zador et al. (see
Supporting Information for further details). However, fitting the results of Zador et al. using
MESMER gave poorly defined results when both the barrier height ABtiswn Were varied
together owing to correlations between the parameters which are difficult to characterisatesing
obtained at a single temperature. Fits to the results of Zador et al. in which the barrier height was
constrained to 48.1 kJ mbiequired a value forAE>gownin excess of 650 ciy while fits constrained

to the barrier of 44.7 kJ méldetermined in this work gave an optimumBE>gown Of 94 cnil.
Conversely, fits constrained taAE>goun = 250 cm' used in the work of Zador et al. gave an optimum

barrier height of 47.1 kJ mid] while fits constrained to AE>gown = 89 cnl, as determined in this
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work, gave an optimum barrier height of 44.8 kJ fndtesults are summarised in the Supporting
Information. Results reported in this work are constrained to both the pressure and temperature
dependence of the decomposition and thus provide greater opportunity to define both the barrier to
decomposition, which was determined to be 44.7 kJ'mahd the collisional energy transfer

parameter AE>gown, Which was determined to be 88! in He and 14Zmt in Na.

The optimised values for the barrier height amdExjown were used in MESMER simulations to
determine kat temperatures between 200 and 800 K and pressures between 4 Bowd ih0He and

N2. The calculated rate coefficients were parameterised using the Troe expression for broad falloff
curveg® (Equations 3-6) for use in kinetic models to assess the competition between chain

propagation and chain branching reactions:

 ko[Mlke
" ko[M]+k.,

(Equation 3)

(Equation 4)

In(2) ko[M], \?
———(a=b)+b /
in(/r,) ( ()

(Equation 5)

_ (FE-1
=—F
(Equation 6)

where ko(T) is the low-pressure and.{T) is the high-pressure limiting rate coefficient for QOOH
decomposition, M is the total number density, anrdis~the broadening factor. The fits to the
MESMER output for & (shown in the Supporting Information) giveoks 3.27 x 10/ (T/298)6:67°
exp(-4746/T) cris?, k. = 1.57 x 103 (T/298Y**exp(-5457/T) §, Fc = 0.212 and k& 0.213 in He
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bath gas andsl = 6.06 x 1 (T/298)¢54° exp(-4762/T) cris?, k. = 1.54 x 102 (T/298f35° exp(-
5452/T) &', Fc = 0.206 and I 0.215 in N.

QOOH (CH2(CH3)2COOH) + Oz Kinetics

Figure 3 shows temporal profiles for OH recorded in the presence of varying amountsdroth@
presence of & the yield of OH produced via QOOH decomposition is reduced owing to competition
between the decomposition process and QOOH>H{Ra), and the rate of the non-photolytic
production of OH is increased owing to the increased rate of QOOH consumption. Measurements
were made at pressures betw&0 and 100 Torr at temperatures between 251 ani 8@determine

ks, the rate coefficient for £addition to QOOH. Fits to Equation 1 were performed with kinetics for
R1-3constrained to the values reported above for each temperature and pressuredetémiined

from the pseudo-first-order rate coefficient (s = ka[O2]). Values for k determined from fits in

which k was treated as a global parameterach temperature, with the €bncentration constrained

for each experiment, were typically within 10 % of those obtained from fits in whigityk ki[O2])

was treated as a local parameter for each experiment, with results at one temperature (282 K) within

25 % and associated with larger uncertainties (see Supporting Information for further details).

At 298 K, results from this work indicate k (5.6 + 1.7) x 10% cm® s, compared to the previous
measuremefiof (9.0 + 3.0) x 182 cn?® st and the calculated value of 12.5 x*3@m® s*.8 Owing

to the complexity of the mechanism controlling OH in the system, the sensitivity of the fitwas k
investigated by performing fits to the data in whighwias fixed to a range of values whileand

were allowed to float. The variation ¥ for fits performed with different fixed values of for
temperatures between 251 and 298 K indicate that, at each temperature, the minimy#a ihilch
indicaiesthe best fit to the data, corresponds to the value détermined by the unconstrained fits

to Equation 1, giving confidence in the results fpHowever, it can also be observed thaslbetter

defined at low temperatures than at 298 K, with fits at lower temperatures displaying a steeper change

in %2 around the minimum value than the fit at 298 K.

No significant dependence of &n pressure was observed, consistent with the results of Zador et al.
over the range of 4 90 Torr He at room temperature, and with other measurements of R + O
reactions, where, for >Calkyl radicals, the reactions appear to be at their high pressure limits at
similar pressures at room temperattir&ffects of pressure were investigated in the range 10-100
Torr at 298 K, with fits to individual pressures giving=(4.9 + 1.5) x 183 cn?® st at 10 Torr, k=

(6.4 +2.2) x 163 cm® st at 60 Torr, andk= (5.5 + 2.1) x 1083 cn?® st at 100 Torr. Experiments
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were also performed at 298 K using photolysis wavelengths of 193 nm and 248 nm, under otherwise
identical conditions, to assess the impact of the production and subsequent decomposition of COCI
(R1a and R1b) on the observed kinetics. For experiments at 193 nmteira B Equation 1 is equal

to zero, while for those experiments performed at 248 nmpttezr8 is included, withi constrained

to the previous measurements of Ghosh ét b significant differences were observed between
values for k determined from experiments using 193 nm photolysis (6.3+ 1.7) x 103 cm?® s?)
compared to those using 248 nm £(5.5+ 2.1) x 10" cm?® s1). The result given forof (5.6

1.7) x 10" cn?® st at 298 K is the average of all experiments at this temperature.

Figure 5 shows the temperature dependencesofvkich can be described by the Arrhenius
parameters A= (7.8 6.8) x 10 cm® s and &= -(5.4+ 2.1) kJ mof. Results are summaggin

Table 2. The observed behaviour is consistent with that that expected for a barrierless potential energy
surface for the reaction betwe€ix(CHz)>COOH and @ as predicted by the calculations of Zador

et al.

The rate coefficient for the reaction of the QOOH species investigated in this work ati2€8 K

is significantly larger than the value of (2.9 + 1.0) x*46m® s* observed at 10 Torr and 400 K for

the resonance stabilised QOOH species produced in the oxidation of 1,3-cyclohepgt&liehe.
differences have been attributed to the stability of the QOOH species derived from 1,3-
cycloheptadiene, which is enhanced by allylic resonance stabilisation, and highlight that GOH +
kinetics may vary significantly from one QOOH species to another. Rate coefficients for QOOH +
O reactions used in models of combustion chemistry are often estimated from FReactbns on

the basis that both reaction types involve addition.ab@ carbon-centred radical For the QOOH
species investigated in this work, the rate coefficient for QOOHis Bss than that for the analogou

R + Oz reaction by a factor of ~1453° In contrast, the rate coefficient for QOOH % for the QOOH
species derived from 1,3-cycloheptadiene was shown to be greater than that for the analogpus R + O
by a factor of ~13.The use of R + gkinetics to estimate QOOH +;@eaction rates may therefore
require greater consideration of the effects of any resonance stabilisation and more detailed

examination of the relevant potential energy surfaces.
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Conclusions

Observations of OH radical production and decay following H-atom abstraction frogls QCHOH

by Cl atoms to produce QOOH (@€ Hz).COOH) radicals have been used to determine the kinetics

of QOOH decomposition and the reaction between QOOH aras @ function of temperature and
pressure. The decomposition of QOOH radicals observed to display pressure dependence
between 10 and 350 Torr. Master equation analysis, using MESMER, was used to investigate the
decomposition reaction and to fit the barrier height for decomposition to the experimental data,
yielding a barrier height of (44.7 + 4.RJ mol!, compared to a value of 52.3 kJ rhaletermined
previously by high level calculatioffsand collisional energy transfer parameters A 3own = 89

cmt in He bath gas andAE>4own = 147cm? in N2 bath gas. The rate coefficient for the reaction
between QOOH andQvas determined to be (5.6 + 0.5) x}¥@m? s* at 298 K, and was shown to

be independent of pressure in the range 10 to 100 Torr. Kinetics of QOQteréalso investigated

as a function of temperature between 251 and 304 K, and can be described by the Arrhenius
parameters A= (7.3 £ 6.8) x #cm® st and B =-(5.4+ 2.1) kJ mot..

Supporting Information

Further details regarding the determination of kinetics parameters from fits to the observed OH time
profiles, and sensitivity of the fits, are provided in the supporting information. The MESMER input
file used in the analysis is also provided. This material is available free of charge via the Internet at
http://pubs.acs.org.
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Figure 1: Summary of QOOH chemistry involved in autoignition processes.
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Figure 2: Schematic potential energy surface showing the relationship betwgandRQOOH.

16



I " I " I " I
o 0
0.04 | 16 ) -
o 3.15x 10" moleculecm
o 6.68 x 10" molecule cm?® |
2 0,03 o 9.07 x 10" molecule cm?®
5" o 1.64 x 10" molecule cm?®
>
T
b=
2 0.02
3
~~
I
O
%)
0.01 ¢
0.00 _ . — e
0 200 400 600 800
Time / us

Figure 3 Typical OH fluorescence signalsotf (10 Torr N, 298 K) for a range of £concentrations
(0 cm® (black); 3.15 x 18 cm® (blue); 6.68 x 1& cm? (brown); 9.07 x 18 cm® (green); 1.64«
10'® cm® (red)) The inset shows the first 100 ps in greater detail.
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Figure 4: Temperature and pressure dependencdrohk251- 298 K in a) He bath gas and b) N

bath gas. The solid lines are the MESMER fits which give a barrier height to decomposition of 44.7
kJ mol?, with AEgown = 89cmit in Heand AEgown = 147cmit in N. Data reported by Zador et%for
experiments at (298 * 2) ik He bath gasre also shown (open circles).
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Figure 5 Experimental results foulas a function of temperature (black points) with Arrhenius fit to
data (red solid line), giving A= (7.3 + 6.8) x1m® s and & = -(5.4+ 2.1) kJ mot. Confidence
intervals (95 %) for the Arrhenius fit are given by the red broken lines. Also shown are the measured
(blue filled circle) and calculated (blue open circle) results fatkoom temperature reported by
Zador et af
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Tables

T/K p/Torr Bath gas  Photolysiswavelength / nm ks/s?

298 10 N2 248 30200 + 9100
298 20 N2 248 34600 = 10400
298 30 N2 248 43800 £ 13200
298 40 N2 248 45600 + 13800
298 60 N2 248 54300 + 16400
298 80 N2 248 64400 = 19500
298 100 N2 248 54900 + 16600
298 100 N2 248 79300 = 24000
298 50 He 193 20100 £ 6200
298 100 He 193 53900 = 16200
293 350 He 193 52900 + 15900
283 40 He 193 22600 = 6900
283 60 He 193 22100 + 6600
283 110 He 193 34800 + 10400
283 200 He 193 44000 £ 13200
277 10 N2 193 11200 £ 3400
277 20 N2 193 21700 £ 6500
277 50 N> 193 12900 £ 3900
277 50 N2 193 39400 £ 11900
277 110 N> 193 15000 £ 4500
277 190 N2 193 16200 = 4900
273 25 He 193 11000 £ 3300
273 25 He 193 6400 = 2300
273 40 He 193 14400 £ 4400
273 40 He 193 9600 = 3200
273 80 He 193 23500 = 7100
273 100 He 193 10900 = 3300
273 160 He 193 32800 = 9900
273 340 He 193 15000 = 4500
268 170 He 193 16800 £ 5300
255 10 He 193 3000 = 900
255 35 He 193 4500 £ 1400
255 50 He 193 4700 = 1400
255 70 He 193 3600 + 1100
255 185 He 193 7400 £ 2200
251 35 He 193 4200 + 1300
251 40 He 193 5900 £ 1800
251 200 He 193 6900 = 2100

Table 1: Summary of results fos. k
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T/K ka/ 103 cm3 st
304 7.2+25
298 56+1.7
289 59+2.1
282 9.6+3.0
277 6.8+2.2
274 7.1+2.4
262 8.7+27
251 99+35

Table 2 Summary of results forzk
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