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Abstract

The kinetics of the reaction OH/OD + S@ave been studied using a laser flash
photolysis / laser induced fluorescence technique. Evidence for two-photon photolysis
of SO at 248 nm is presented and quantified, and which appears to have been evident
to some extent in most previous photolysis studies, potentially leading to values for the
rate coefficient, k that are too large. Thenetics of the reaction OH€0) + SO, (T =

295 K, p=25- 300 Torr) were measured under conditions wherg @0tolysis was

taken into account. These results, together with literature data, were modelled using
master equation analysis. This analysis highlighted problems with the literature data:
the rate coefficients dered from flash photolysis data were genlgrabo high and

from the flow tube data too low. Our best estimate of the high-pressure limiting rate
coefficient, k*, was obtained from selected data and gives a value ot @3 x 10

13 cm® molecule! s, which is lower than that recommended in the literatére.
parameterized form ofifN2],T) is provided. The OD&O) + SO, (T = 295 K, p= 25

— 300 Torr) data are reported for the first time and master equation analysis reinforces

our assignment ofik.



1. Introduction

In our companion paper the limiting high-pressure rate coefficiehtpkthe reaction:

OH + SOz (+ M) — HOSQ: (+ M) R1

was investigated by measuring the removal rate coefficient of vibrationally excited
OH/OD in the presence of S@s a function of temperature. This study revealed that

the removal rate coefficient increased with vibrational level, which implies that the
OH/OD(v = 1) + SQ removal rate coefficient, previously used as an estimate of the
high pressure Iimit,lk’via the proxy methqdis an overestimation. Further analysis

of these data was able to identifiy’ kalbeit with significant error, (7.2 + 3.3) x 10

cm® moleculet st. This value for ¥° is smaller than the recommended literature values

from IUPAC and JPL, (2.37) and (1.6 + 0.4) x T&cn?® moleculét s, respectivelﬂ
4 In this paper we report data on &s a function of pressure, coupled with an

extrapolation to the high pressure limit using a master equation analysis, which

reinforces our lowr value for k™ and highlights the problems in the literature data.

Reaction R1 is pressure dependent and is in its falloff regime at atmospheric
pressure and below. The kinetics of R1 in this pressure regime have been extensively
studien’ﬁfjland Rice-Ramsperger-Kassel-Markus (RRKM) modelling of these data has
been used to recommend the limiting high-pressure rate coefficient: Wine et al.
recommended a value fortbetween 260 and 420 K equal to 1.3 ®4 /300 K)°’
cm® molecule* st and Cobos and Trggrecommendedik= 2.7 x 102 exp(-80K/T)
cm® molecule! st (ki”(300 K) = 2.1 x 102 cm?® molecule! s1). More recently Fulle et
aI.EImeasured kover an extended pressure range up to 96 bar and their estimate of

ki was significantly larger than the above recommendations, and a significant positive



activation energy was observed, contrary to the recommendations. The evaluations by
IUPACand JPrecommeneIdthe values: K(250-300 K) = 2.0 and 1.6 x 13%cm®
molecule! st and k(1 bar N, 298 K) = 8.9 and 9.5 x 8 cm® molecule! s?,

respectively.

In this study the two-photon 248 nm photolysis of; $Oquantified, and it is
suggested that previous studies have overestiméted kletails of this effect (single
or two-photon photolysis) were not taken into accoDht(v =0) + S rate coefficients
were determined under conditions that took two-photop [@©tolysis into account,
and then master equation analysis (using the Master Equation Solver for Multi Energy-
well Reactions (MESMER) coﬁ was used to fit these data and selected literature
data in order to determing”k OD(v =0) + SQ rate coefficients were also determined
and these represent the first such measurements, but no MESMER analysis has been
performed with this data. Both the current and the companion paper retarned
consistent value foriK, which is significantly lower than the currently recommended

value.

2. Experimental

Photolysis/ Laser Induced Fluorescence

The experimental methods are similar to those described pre shys only the

salient features are highlighted. The apparatus used to perform the OH/OD(v=20) + SO
studywas similar to that used in the vibrationally excited state OH/OD(v =)1,2,3
kinetics study in the companion paper. An excimer laser (Lambda Physik, LBX 210
was used as the photolysis laser, with the pulse energy controlled using a combination

of the high voltage power supply and metal gauze attenuation filters. An energy meter
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(JMAX11, Molectron) was used to measure the output of the excimer laser. The ground
state hydroxyl (OH/OD) radical was monitored by on-resonant laser induced
fluorescence (LIF) at ~ 308 nm using the doubled output from an excimer laser
(Lambda Physik, LPX 100) pumped dye laser (Lambda Physik, FL2002), which
operated with the dye Rhodamine B. The subsequent fluoreq@eiice— X 1) was

passed through a 308 nm interference filter and was detected using a photomultiplier
(Electron Tubes 9813); the resultant signal was integrated and digitized on a LeCroy
(Waverunner LT372) oscilloscope before being transferred for storage on a PC. Over
the region 280-290 nm, the laser excitation wavelength conventionally used for off-
resonant OH detection, fluorescence from other spe@assietected. Hence, ground-

state OH/OD was detected resonantly at 308 nm; although there was significant
scattered probe laser light, did not significantly affect the later time hydroxyl
fluorescence signal. A LabVIEW program controlled the delay generator which
scanned the time delay between the photolysis and probe laser, and recorded the
OH/OD signal via the oscilloscope. Typically, the time delays were scanned over 200
- 400 points, with each point being the average of up to ten samples. The lasers were

fired at a pulse repetition frequency of 5 Hz.

The gases were introduced into the reaction cell through a mixing manifold.
Control of the gas flow was regulated by calibrated mass flow controllers. After the
mixing manifold, the gases entered a ten-way cross stainless steel reaction cell. The
pressure in the cell was regulated by throttling the exit valve of the cell and monitored
via a capacitance manometer. The total flow was greater than 10 sccm per Torr total

pressure, ensuring that the gases were swept through the cell between laser pulses.



SO and CHs)sCOOH (Sigma Aldrich, 99.9% and 70%, respectively) were
purified by first degassing and then diluted in He/ B> (Air Products, 99.999%) and

He (BOC, CP grade 99.999%) were used directly from the cylinder.

Master Equation Analysis

Master equation calculations have been carried out using the program MESMER
(Master Equation Solver for Multi Energy-well Reacti here the required input
parameters for the stationary points were obtained from a recent high level ab initio
calculation on HOSE) | The application of the master equation to reactions in the gas

phase has been extensively discussed elseﬁ% Here, the main points are

summarized and the manipulations required to accommodate second order systems are

discussed.

The system is set up by dividing the energy of HQB®@ grains, and the time

evolution of the system is then obtained by solving the energy grained master equation:

—pP = Mp (E1)

wherep is the population vector containing the population, n(E), of energy grains from
HOSQ andM is the matrix that describes collisalrenergy transfer between grains
and reaction from grains, and also includes a bimolecular source term in order to
describe formation of HOSOvia bimolecular reaction. Eqn (E1) represents a set of

coupled differential equations and was solved to yield:



p = Ue'Up(0) (E2)

wherep(0) contains the initial conditions for each grdihjs an eigenvector matrix
obtained from the diagonalization M, andA is the diagonal matrix of corresponding
eigenvalues, where the smallest eigenvalues are the chemically significant eigenvalues.
Time-dependent concentrations of different species were obtained by summing the
normalized populations from Egn (E2) over the appropriate grains. The

phenomenological rate coefficients were extracted from the chemically significant

eigenvalueﬁ

In the MESMER calculation for the OH + S@ssociation reaction, the
microcanonical rate coefficients for dissociation of the H&fluct, k(E), have been
calculated using the pragmatic approach of taking the Inverse Laplace Transform (ILT)
of the pressure limiting rate coefficient,”kT). This has an exact solution whef(K)

can be represented by the fcﬁw:

k*(T) = A{le expE,/RT) (E3)
0

In the present work,gTwas set to 298 K andaBet to 0 kJ mdl, so the temperature
dependence is wholly controlled via n. A value of n equal to 0.1 was determined over
the temperature range 295800 K in the companion paper. This approach has the
advantage that the parameters defining the high pressure limiting rate coefficient, a
principal target of the present two papers, are determined directly from the MESMER
fit to the experimental data. The vibrational and rotational constants together with the
HOSQ, adduct zero point energy were fixed to the Iiterﬁ&nd systematic Lennard-
Jones parameters were chosen. In the Sl the input parameters for this MESMER

calculation are given.



The rates of reaction from OH + S@to a particular grain of HOSQwere
determined by detailed balafc@An exponential down model, coupled with detailed
balance, was used for the probabilities of collisional energy transfer between the grains,
based on the parameterizatiohE>qown = <AE>gown,290 T/I298K)™, where AE>gown is
the average transferred in a downward direﬁlﬁdl of the available data were fitted

to the master equation model, using the minimizatioy?of

zZ

752 =Z(ki ,exp_ki,modebzlo-i2 (E4)

i=1

as the criterion of best fit. Hergek is the ith experimental rate coefficienfmégel is

the model result under the same conditions of T ansl ig,the standard deviation of

the experimental rate coefficient and N is the total number of experimental
measurements. The analysis was conducted, as were the experiments, under pseudo first
order conditions ([OH] <¢SOz]). The bimolecular forward rate coefficientinkwas

used in the fits and [SPwas given a fixed value of ¥dmolecule cr¥. The variable
parameters in the fitting process wefe n, <AE>jown208 The best available
experimental data (literature values and the values determined here) were all

simultaneously used in a global fit.

3. Results

SO, + 2hv — O(D) + SO
The two photon dissociation of S@P1) involves initial promotion of the S(X)

ground state to the long-lived #ate (t=10-100 ps); the second photon further excites



SO from this B-state to a dissociative state, which rapidly leads to products.
Effenhauser et ﬁstudied this process at 248 nm using photofragment translational
spectroscopy and observed 9 distinct processes:

SO + 2 hasgnm— SO (X3X), (@A), (b'T*) + O (D), CP) Pla)

— O (X3zg) +S éP) (P1b)
— Oz (X3zg) +S (D) (P1c)
— 02 (alAg) + S D) (P1d)

but were unable to quantify the contributions from each channel.

N w
1 L

10™"? [OH] / molecule cm™

¥ I LS 1 ¥ 1 ¥ 1 . I L 1
00 02 04 06 08 10 1.2
10 Intensity / photon cm? s™

Figure 1. OH production from P1 and R2 as a function of excimer laser intensity. The
duration of the excimer laser pulse was 20 ns. The red line is a quadratic function fitted

to the data.

The cross-section for P1a to producél(vas determined by measuring the OH signa
as a function of laser energy:

O@D) + H, — OH (v=0-4) + H R2)
where [H] >> [SO;] to ensure JP) is converted to OH, i.eJ(*D)]o = [OH]E|OH(V

=1,2,3) in the presence of $@pidly cascade down to OH(v = 0), which is slowly lost
9



primarily via reaction with S@at ~25 Torr total pressure. Hence, the total amount of
OH in the system is readily determined from the OH(v = 0) time trace. Figure $ show
that the [OH] concentration increases with a quadratic dependence on laser fluence,
consistent with a two photon process. In our previous paper on two photon dissociation
of benzenﬁwe showed this quadratic dependence can be used to assign the second
photon absorption cross-section, if the first photon absorption cross-section and the
absolute radical concentration are known. The first absorption cross-sectiop & SO
248 nm,c1, is 6 x 107% cn? moleculand allows the concentration of excited state

SO, SO*, to be calculated:
[S0,"]4=[S0,]y 0, F ES)
where F is the laser fluence. The second photon absorption frdaOthestate leads

to OH via, P1a and R2, with a concentration given by:
[OH], =[SO,]y 0, F E6)

whereo: is the second photon absorption cross-section leading to the formation of

O(D), P1la. Equations 5 and 6 lead to the OH concentration given by:
[OH], =[S0O;], 0, 7 F? E7)
The OH concentration (= [éD)]) can be assigned by comparison to a known OH

precursor. In the present study the absolute OH concentration was assigned by

comparison to the OH signal from 248 nm photolysis of known concentrations of t-

(CH3)3COOﬂ

t-(CHz)sCOOH + lv24gnm— OH(v=0) + co-products PD
Fitting equation E7 to the data in Figure 1 giwes (5.5 + 2.0) x 168 cm? molecule'.
This cross-section is smaller than the total absorption cross-section as it is only for the

channel that produces ). As 62> 61, absorption of the second photon occurs much

10



more readily than the first, and consequently a significant fracti@Opfabsorption
results in photodissociation. In fact, probing OH(v = 0) at 282 nm was not possible as
the OH fluorescence signal was overwhelmed by signal from other species, presumably
from SO. In addition, a small signal, ~ 106 lifetime, was observed from photolysis

of SO alone and was assigned to emission from excited SO. This background signal

was accounted for by recording a kinetic trace without the probe.

OH/OD(v=0) + SO»
Some OH (v =D + SO experiments were carried out using the precursor t-
(CH3)3COO}-E|The OH from this precursor was observed to depend linearly on laser
photolysis energy, and via its 248 nm absorption cross-section, was used to calibrate
the OH concentration in the S@vo photon photolysis experiments. To counteract the
problem of reaction between OH and photoproducts from @lidtolysis while
studying OH(v=0) + S@)it was arranged that the photolysis laser energy was adjusted,
via wire mesh attenuators, so that the amount afffdOtolysis products were constant
as the S®@ concentration was varied. Hencéhe reaction between OH and
photoproducts was present in the intercept of the bimolecular plots and not in the slope.
A few OH(v=0) experiments and all the OD=®) were carried out using ¢h
same methods used to generate the vibrationally excited state, i.e. photolysis of
SO/HJ/D2, where the photolysis energy was again suitably adjusted to ensure that the
photolysis products were constant as the» SfOncentration was varied. It is
acknowledged that this photolysis laser adjustment, see Figure 1, was only crudely
achieved by mesh filters. It is estimated the contribution from OHzp8GI0-products

was kept constant to within 30 %.
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Figure2. OH(w=0) + S& (2.35 x 16° molecule cr#) at 50 Torr total pressure, helium.
t-(CHz)sCOOH was used to generate ground-state hydroxyl radical. Analysis of these
data (E$ yields ks = (3643 + 63) 3, where the error is statistical at the level. The

red line is the best fit to the data.

The pressure and temperature dependence of the reaction OH/OD(v=0) + SO
was studied via experiments using helium buffer gas. Photolysi€éf:)sCOOH only
produced OH in its ground vibrational state, so that the decay of [OH(v=0)] in the

presence of SOwas observed to obey single exponential behaviour (see Figure 2):

[OH@ = 0)]=[OHE = 0)], exp Ckopd) + B (E)

where kpsis the pseudo-first-order rate coefficient and is equal 8] + Kothe; K'other
should be reasonably constant for all experiments as the photolysis energy was suitably

adjusted to ensure that the amount of $kbtolysis products were constant. Bis
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Figure 3. OD(w=0) from the photolysis of S£X6.05 x 16°cm®) / D, at a total pressure

of 100 Torr, helium buffer. At early times there is growth due to relaxation from higher
vibrational states, OD(®0). Soon after the maximum in the OD signal the decay is
described by a single exponential (blue curve), which via Eqn (E8) ghseqR107+

60) st. The red line is a biexponential fit to the data and gives K2232 + 69) 8.

parameter that accounts for the small amount of background fluorescence from non-
OH species, see Figure 2. The reaction OD(v=0) +#3 studied using the photolysis

of SOy/D2 as the radical source. While this method produced vibraljoaatited OD
radicals, the analysis of OD(v=0) data was straightforward as the vibrationally excited
radicals relax much faster than OD(v=0) is removed, see companion paper. This can be
seen in Figure 3, where, after only a short time, relaxation is complete and then the data
are described by a single exponential, (E8), yieldyg k Figure 3, a biexponential

fit is also shown- see companion paper for this equation and how it accounts for

vibrational relaxation- in order to show that soon after the maximum in the OD signal

13



the biexponential and exponential fits converge. A few experiments on OH(v=0) were
also carried out using photolysis of 28 as the radical source, and produced similar
results to using t-butylhydroperoxide photolysis. Plotseefuersus $G;] were fitted

to a straight-line where the slope is equal to the bimolecular rate coefficieA) k
example of such a plot is given in Figure 4. The bimolecular rate coefficients were then
determined over a range of pressures: 25 - 400 Torr and 295 K, see Figure 5. All the

results are summarized in Tables 1 (OH) and 2 (OD).

5000

4000 -+

%, 3000 - "

obs

X
2000 H

1000

0 T T T T T T T 1
0 10 20 30 40

[SO,] /10" molecule cm™

Figure 4 Bimolecular plot of ksvs [SQ] for OH(v=0) + SQ at 50 Torr total
pressure, helium buffeks = (1.28 + 0.03) x 18 cm® molecule!s™.
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Figure 5. Literature rate coefficients,ikfor the reaction OH + SO at room
temperature, where helium is the bath gas. Our results for 8 #re also included.
The solid line is a master equation simulation for OH + 8€ing helium and the
parameters from the fib the l[M] data in Figure 7, the most reliable data set, see text
for details.

In general our values fox lare within a factor of ~2 of Wine ef4l.but as can
be seen from Figure 5 (note that this is log-log plot), the low pressure flow tube data
from Lee et al., Leu and Martin etﬁm are in serious disagreement based on

extrapolation from the high-pressure flash photolysis data. It is noted that all the low-

pressure flow tube data are in good internal agregffertt|This discrepancy between

the low and high pressure results is further discussed below when full master equation
calculations are applied to the data to determine the best estimat&TrAlso from

Figure 5, it can be seen that the rate coefficients from Fullg giralrease almost
linearly all the way up to 96 bar and from these davalue k™= 3.6 x 102 cm?
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molecule! s was assigned. This result is wholly incompatible with the master equation
analysis - see below - where a much lok&ris determined from the experimental
data. It is possible that Fulle et al. had not consid8f@dohotolysis - see above - and
hence did not account for additional OH removal by radical-radical reactions and

therefore overestimated.k

5. Discussion

I nterpretation of the resultsfor OH(v=0) via master equation analysis

As discussed in the introduction, there is an incongigtenthe experimental values

for k. for OH(v=0) + SQ as a function of pressure and temperature, which means there
is a substantial uncertainty in the value pfised to model gas-phase SRidation in

the atmosphere. The analysis of the v =1, 2, 3 kinetics in the companion paper indicate

a lower value for K(ki*=(7.2 + 3.3) x 10° cm® molecule' s?) than is currently

recommended in the literature, ((Zfbor (1.6 + O.Aﬂx 10%2cm?® moleculet s1). To

examine kin more detail, the measured rate coefficient for OH(v=0)  f&n this
study, together with those from the literature, have been used in a master equation
analysis to determine the most consistent values for the system, which should, in turn,

be consistent with the vibrationally excited state data reported in the companion paper.

Using the in-built Marquardt algorithm in MESMER, data fitting to the present
dataset and the literature has been performed, where the adjustable parameters are A,/ n

(Ea = 0) and the collisical energy transfer parameterA\Eiowr>. MESMER can fit to

16



multiple gases, with differing values oAEjow> SO that kinetic data with different
buffer gases (helium, argon, nitrogen and)3f&ve been simultaneously fitted. Figur

5 shows a master equation simulation for helium using the parameters from the fit to
the k[M] data in Figure 7, the most reliable data, see below. This simulation indicates
the experimental data are within a factor of two of each other, except for the high
pressure values from Fulle etﬁ.and the low-pressure flow tube data. From this
analysis alone it is evident that the low-pressure flow tube data and the high-pressure
flash photolysis data are incompatible with the master equation modgVhf\Karious
subsets of kinetic data have been analysed using MBEESM order to check for
consistency and to quantify the discrepancy between the data subsets. In the Sl the
MESMER input file, which contains all the kinetic data considered in this analysis, is

provided.

The high-pressure flash photolysis experiments can, potentially, result in
photolysis ofSG; to form radicals- see above which are reactive towards OH and
hence enhance the measured rate coefficients. The low-pressure flow tube experiments
do not have any S{photolysis problems, but do generate OH from titration reagtions
either H + NQ/Og, so that there is the possibility that NOO; can re-generate OH,

which leads to lower rate coefficients.

To examine potential problems with the higher pressure {60 Torr) flash
photolysis data, the literature and the present results were analysed and a plot of the
measured and calculatedi& shown in Figure 6. From this figure it is evident that the
fit to the data is scattered (a good example of such analysis, where from many studies

the slope is close to 1.0, i.e. good agreement between measured and calculated, can be

17



found in reference 30 especially the Sfdata from Wine et gl.that indicate the
measured rate coefficients are significantly larger than the calculated. In this calculation
A n and AE>q4wn Were floated freely, where each buffer gas had its own independent
<AE>gown. Theresult from this fitting indicates that over this pressure rangeisk
defined but fits for each buffer gas lead to different values:forience the different
slopes for each gas in Figure 6. {flwere not defined thenAE>qown for each gas
could be adjusted to obtain a near perfect fit, btitskdefined and no better fit to the

data in Figure 6 is possible.
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Figure 6. A plot of k(calculated) from the master equation analysis of flash photolysis
data versusikexperimental). It can be seen that the literatuexgerimental data are
generally higher than the calculated value, i.e. below the line with a slope equal to one.

The fitted energy transfer parametefraE>qown, are given in brackets after the bath
gas.

Removal of theSFs, N> and He data from Wine et[atogether with the data from
Paraskevopoulos et jglyields a good fit as evidenced in Figure 7. The reason why the

o

SFs data from Wine et returns kthat are significantly larger might be related to the

18



fact thatSFe has small, but significant, absorption cross-sections in the VUV (égion
where HO was photolysed to produce OH, which leads to additional OH chemistry.
However, the reason why only the Ar data from Wine glan be fitted well is
unclear. Also included in Figure 7 are the data from here k was determined

from the continuous lamp photolysis of HN@ the presence of SOThe low intensity

of the lamp ensures that there isS@ photolysis in the system, which is not the case

in all the laser flash photolysis experiments. The fit to the data in Figure 7 retufned k
(295 K)= (7.8 = 2.2) x 183 cm?® molecule! s?, where the temperature dependence was
fixed and equal to (T/298%; this value of n is from our OH/OD(v=1,2,3)+50@ata,

see the companion paper, and is required as most of the temperature-dependent data

have been removed from the analysis. This is our best determinatigh of k

The OD + SQ@data, see Figure 5 and Table 2, were also fitted using MESMER.
The input parameters are similar to OH +,%Rcept for three vibrations and the zero
point energy adjustment of the well-depth; input parameters are given in the SI. An
excellent fit was obtained, similar to Figure 7, and yielded the paramatgt&%5 K)
= (8.7 + 2.6) x 13° cm® molecule! s'and AE>gown= 197 + 48 crit. As the kinetic
isotope in reaction R1 is reasonably expected to be close to zefaard k™ should
be the same. Within error, this is the case and hence provides further evidence of our

assignment of K.
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Figure 7. A plot of ki(calculated) versusifexperimental) from the MESMER fit to
selected flash photolysis data, see text. The slope is equal to 0.97 and the returned value
ki*(295 K) = (7.8 = 2.2) x 162 cm® molecule! s!, 2c. The fitted energy transfer
parameters, AE>qown, are given in brackets after the bath gas.

The low-pressure flow tube data have been examined by combining our dataset from

Figure 7, with the flow tube data (helium bath gas) from Leu and Lejg|é{anhd fitted

by MESMER, where ® was fixed to (7.8 + 2.2) x 18 cm® molecule' s* and the

helium energy transfer parameter is also fixetEsws> = 165 cnt.
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buffer gas and its AE>gown parameter is fixed to 165 ¢in The black line is a slope of
1.0.

The quality of the fit is seen in Figure 8 via a log-log plot, where it can be seen
that the low pressure data are poorly fitted with experimental values up to a factor of 3
below the calculated values. A possible explanation of this observation is that the
products of the reaction recycle back to OH and hence lower the obsenairie
evidence to support this explanation is the observation by Leef al.factor two
lower rate coefficient whenQvas the buffer gas compared to nitrogen. In general, the
buffer gas efficiency of @and N are similar. In the study by Lﬁattempts to observe
products, HOSg SG and BSQy, via mass spectrometry were unsuccessful, and it
was suggested thdtthese molecules may condense and/or react with H>O on the

surface of the flow tubé&.

Overall, it is concluded that the data shown in Figure 7 yield the best kinetic
parameters on the OH + S@action and K(295 K) = (7.8 + 2.2) x 18 cm?® molecule

151, In general, kfrom the flash photolysis studies are too large becausel8@olysis
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has not been taken into account and the flow tube data yieltisitkare too small,
possibly arising from OH recycling. Therefore only a limited dataset has been used to
determine Kp,T). k*(295 K) is reasonably determined but its temperature dependence
is much more uncertain. Hence the temperature dependence has been fixed '(T/298)
determined from our OH(v=1,2,3)+S@ata, which was studied between 29510 K,

see companion paper. The current IUPAC and JPL recommended valugs dog k

(2.0723) and (1.6 + 0.4) x I cn® moleculé* s, which are over a factor two larger

than the current determination. But this recommendation is influenced by data that are
affected by S@photolysis, see above, and our previous rate coefficient determination
for OH(v=1)+S(Q, which was assumed to be a proxy faf but is actuallyan

overestimation as it did not account for direct energy transfer, see the companion paper.

Using our optimum parameterisation gf{) of (7.8 + 2.2) x 163 (T/298f1cm®
molecule! s!, MESMER has been ad to generate a dataset that has been
parameterised using a Troe formaljsfusing the same representation in a previous
paper on CkEO, + NOZE| This dataset has been produced using an estimated energy
transfer parameter for nitrogen {Nand Q are usually similar) equal to
<AEgowr>(N2)/cmt = 600 x (T/298}3 the value from data fitting to Figure 7 is based
only on one nitrogen data point from Cox, so has a very large error bar. These
MESMER simulations have been carried out over the temperature range6R0K
and Table 3 gives the derived Troe parameters for nitrogen. The results are shown in

Figure 9.
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Figure 9. Troe fit (cros} to the dataset (symbglgenerated from the MESMER

simulation ofK," (T) = (7.8 £ 2.2) x 183 (T/298f1cm? molecule! s and <AEdow>(N2)

/ et = 600 x (T/298)30ver the temperature and pressure range-B8D K and 18
- 10??molecule crrt.

From Figure 9t can be seen that these Troe fits are an adequate description of
the master equation output. Currently, the IUFﬁ@nd JPL* recommended rate
coefficient at 298 K and 1 bar/dre 8.9 and 9.5 x ¥8cm?® molecule! st , respectively,
while the present study recommends a rate coefficient of 5.8'%ch® molecule! s
1 This difference translates itself in both the low and high-pressure limiting rate
coefficients: k* = 7.8 x 10"3cm® molecule! s* (present) versusk= 2.0 and 1.6 x 10
12 cm?® molecule! st (IUPAC and JPL); #(N2,T) = 1.10x1¢° x (T/298)352 cmP
molecul€? s? (present) versus¥N2, T) = 2.5x (T/300%° and 3.3 x 18 x (T/298)*3
cm® moleculée? st (IUPAC and JP). Both k” and k%N_) from the current study are
markedly different to the recommended IUPAC and JPL values. The temperature

dependence ofiNy) is distinctly negative and while the present value, (T/360)

23



based on a tuned master equation model the IUPAC and JPL values are based on fits to

the literature.

6. Conclusions and summary

(i)

(ii)

(iii)

(iv)

The rate coefficients for the removal OHQY by SO, ki, has been studied using
laser flash photolysis coupled with laser induced fluorescence. It is evident that
the 248 nm excimer laser fluences used induced two photon dissociation of SO
to O(D). The second photon absorption to givé(, o2, has been determined
(o2= (5.5 + 2.0) x 13® cm? molecule!). Other photoproducts from this two
photon photolysis contributed to the decay of OH; this interference was
minimised by reducing the laser energy as jSfas increased to generate a
constant photolysis yield of all species.

Experiments were carried out where the photolysis energy of the laser was
adjusted to keep the amount of Sghotolysis constant and hence determine a
more accurate value of.k

Master equation analysis using MESMER has been used to fit the current dataset
and that from the literature. From this it is apparent that much of the flash
photolysis data are contaminated fromp$@otolysis, and results in Kalues that

are too large. A much reduced dataset was used in the determin@atiohi& k™

value was reinforced from the MESMER analysis of the OD & a.

The master equation model afjx T) was used to fit to the low pressure flow tube

data and a poor fit was observed. At low pressures the experimental data were
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(V)

(vi)

much smaller than the predicted. It is speculated that this results from an
uncharacterised OH recycling mechanism.

Comparison of kfrom this study and the curréyptrecommended values from
IUPAC and JPL shows poor agreement: our value forskover a factor of two
smaller and our value foikis over a factor of three larger.

Using parameters from fitting to our refined dataset, the output from a master
equation simulation for nitrogen buffer gas has been parameterized using a Troe-
formalism to provide an analytical description gbker the range T = 200600

K and[Nz] = 10"° - 10** molecule cr¥. At 298 K our current estimate and the
recommended values from IUPAC and JPL fdf lBar N) is equal to 5.8 and

(8.9 and 9.5) x 1 cm® molecule! s, respectively.
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Table 1. Rate coefficients for OHW= 0) + SO at various pressures in He. The
uncertainties aredlstandard deviations.

T/K [He] / Torr 103 ky / (cm® molecule! st)
295 24.9 0.83+£0.08
295 52.2 1.71+£0.17
295 52.5 1.28 £0.13
295 100.3 1.68 £ 0.17
295 104 2.11 £0.23
295 154 2.31+£0.21
295 202.2 2.77 £0.28
295 209.9 3.13+0.31
295 301.2 3.22 £0.63

Table 2. Rate coefficients for OD\(= 0) +SGC; at various pressures in He. The
uncertainties aredlstandard deviations.

T/K [He] / Torr 102 ke / (c® molecule! s?)
295 27.7 1.17+£0.12
295 49.7 1.80+0.18
295 103.1 2.36 £0.24
295 154.9 3.13+0.31
295 200.3 3.15+£0.32
295 303.4 4.07 £0.41

Table 3.

Table3. OH + SQ Troe parameteﬁfor nitrogen buffer gas.

ki(p,T):

K°(T) = 7.55x10" x (T/298¥-°**cm® molecule! s?

ko (T) =1.10x10°° x (T/298)%62cmP® moleculé? st

xo= 0.30

b=1.30

Feent= 0.125 x exp(0.000224T)
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Figure Captions

Figure 1. OH production from P1 and R2 as a function of excimer laser intensity. The
duration of the excimer laser pulse was 20 ns. The red line is a quadratic function fitted
to the data.

Figure2. OH(\=0) + SG (2.35 x 18° molecule cri? ) at 50 Torr total pressure, helium.
t-(CHs)3COOH was used to generate ground-state hydroxyl radical. Analysis of these
data (E8) yieldsds = (3643 + 63) 3, where the error is statistical at the level. The

red line is the best fit to the data.

Figure 3. OD(v=0) from the photolysis of S{6.05 x 16°cni®) / D, at a total pressure

of 100 Torr, helium buffer. At early times there is growth due to relaxation from higher
vibrational states, O@&0). Soon after the maximum in the OD signal the decay is
described by a single exponential (blue curve), which via Eqn (E8) giyes?2h 07+

60 s. The red line is a biexponential fit to the data and yieJgs R232 + 69 3.

Figure 4 Bimolecular plot of ksvs [SQ] for OH(v=0) + SQ at 50 Torr total
pressure, helium buffeks = (1.28 + 0.03) x 1&* cm® molecule's?.

Figure 5. Literature rate coefficients,ikfor the reaction OH + SO at room
temperature, where helium is the bath gas. Our results for OD ar8@lso included.
The solid line is a master equation simulation for OH + 86€Ing helium and the
parameters from the fit to the[lk] data in Figure 7, the most reliable data set, see text
for details.

Figure6. A plot of k(calculated) from the master equation analysis of flash photolysis
data versusikexperimental). It can be seen that the literatuexgperimental data are
generally lower than the calculated value, i.e. below the line with a slope equal to one.
The fitted energy transfer parameteraE=qown, are given in brackets after the bath
gas.

Figure 7. A plot of ki(calculated) versusifexperimental) from the MESMER fit to
selected flash photolysis data, see text. The slope is equal to 0.97 and the returned value
ki*(295 K) = (7.8 + 2.2) x 1® cm® molecule! s!, 2c. The fitted energy transfer
parameters, AE>yown, are given in brackets after the bath gas.
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Figure 8. A log-log plot of k(calculated) versusi¢experimental) from the MESMER
analysis of the data in Figure 7 and the flow tube data[f[g8°|where helium is the
buffer gas and its AE>gown parameter is fixed to 165 ¢in The black line is a slope of
1.0.

Figure 9. Troe fit(cross) to the dataset(symbols) generated from the MESMER
simulation of k*(T) = 7.8 + 2.2 x 183 (172981 cm® molecule! s* and AEdows>(N2)

/ cnt = 600 x (T/298)3over the temperature and pressure range-BD K and 16

- 10°?molecule crtt.
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