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The kinetics of the association reaction GHSO, have been studied using laser flash photolysis at 248 nm

to generate OH radicals and laser-induced fluorescence to monitor their decay under pseudo-first-order
conditions, [OH]< [SO,]. The removal kinetics of OH(= 1) + SO, have been measured over the temperature
range of 295 to 673 K. Master equation calculations were performed to demonstrate that, provided
intramolecular vibrational redistribution is fast, QHE 1) + SO, is a good approximation for the high-
pressure rate coefficient of the OHE 0) + SO, + M reaction, givingk*(T) = (2.04 + 0.10) x 10712

(T/300 K) 9274 0.11 cn? molecule! s%. This temperature dependence of the rate coefficient suggests that
the reaction occurs on a barrierless surface. The kinetics of the reactiarFOB)(+ SO, + M, k;, were also
studied. At room temperature, the kinetic data were in good agreement with literature values. At elevated
temperatures, 523 to 603 K, equilibrium behavior was observed between 8B and HOSQ. This represents

the first direct observation of equilibration, and an analysis of the data, using a Third-Law method, with
A9 = —142 + 10 J mof! K1 gives a reaction enthalpy ok H%gs = —113.34 6 kJ mol?, and
AH%9gHOSO,)) = —373+ 6 kJ mol . These numerical values are significantly lower than literature values.
ki*(T) has been used to generate a consistent set of parameters to degfiviheT) for OH + SO, for use

in atmospheric modeling, amtl;H%gg has been used to assess the role of HRIBGhe oxidation of S@at
elevated temperatures.

Introduction extrapolatec;® from this study is significantly larger than the
IUPAC value, and a positive activation energy of 3 kJ Mol
was observed, which was assigned to a small barrier for the
reaction.

The binding energyAH%gs of the HOSQ adduct was
originally estimated by Bensoff,using a group additivity to
be 1554 10 kJ moft?, but further experiments by Gleason and
Howard assigned an upper limit of 133 kJ mb}’ The most
recent compilation of thermochemical data gives a value of
AH%gg = —127 kJ mot.1® The RRKM fitting of the kinetic
data reinforces this assignment for the binding enéégyut a
recent ab initio study by Li and McKé® has calculated a
Further reactions of HOSQvith 024 and then of S@with H,O Considerab|y lower value for the bmdmg energymH()zgS =
lead to the formation of b80,.5> The formation of the HOSO ~110 kJ mot.
adduct has been demonstrated by IR-matrix isolation stddies. Although reaction 1 is undoubtedly important in the oxidation
Reaction 1 is pressure-dependent and is in its falloff regime at of atmospheric S@ it has also been proposed in the sulfur-

pressures below atmospheric. Its kinetics over this pressure ranggatalyzed recombination of radicals in flarfesia further
have been extensively studigd? RRKM calculations have  reaction of HOS@

been performed, on the basis of these kinetic studies, to obtain
the high-pressure limiting rate constant for reactiokyt, Wine HOSO, + H—H,0 + SG, (2)
et al. recommended a value fey® between 260 and 420 K
equal to 1.3x 10712 (T/300 K)™°7 cm?® molecule’® s71, and
Cobos and Tro® recommended;® = 2.7 x 10712 exp(—80
K/T) cm?® molecule! s™1. These results are the basis for the .

evaluated temperature-independent valuky®f= 2.0 x 1012 HOSQ, + O, HO, + S0, (3)
cm® molecule’? s~ between 200 and 300 K recommended by
IUPAC . Recently, however, Fulle et.& have measureb;
over an extended pressure range of up to 96 atm. The

SO, is the major form of global anthropogenic sulfur
emissions, estimated to be't@/yr.! The oxidation of S@is
believed to be the main route to the formation ofS&@, and
consequently plays a significant role in acid rain formation,
visibility reduction, and climate modificatioh?® The first step
in the gas-phase oxidation of sulfur dioxide is its reaction with
OH:

OH + SO, + M — HOSG, + M 1)

This reaction was favored over

because Bensortsestimate of the binding energy of HO$O
implies that reaction 3 is endothermic by 25 kJ niolt is now
accepted that the binding energy of HOS®considerably less

* Corresponding author. E-mail: m.j.piling@chem.leeds.ac.uk. Fax: than Benson's original estimate, which affects the relative
++44 113 343 6401. significance of reactions 2 and 3 in flames.
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In this study, we have investigated the temperature depend-the highest-energy excimer laser wavelength that can be used.
ence ofk;” to assess the validity of the latest findings of Fulle However, there are no established @ 1) precursors at this
et all® The value fork;® was obtained by monitoring the photolysis wavelength; the standard OH precursors kibiGi

removal of the vibrationally excited hydroxyl radical, QH€ H,O, produce only vibrationally “cold” radicals In previous
1), in the presence of SO work,2*we observed OH to be a product of the reaction between

CH and Q, so we investigated whether O#€ 1) is produced

OH(v = 1) + SO, — products (1R) in the reaction between CH and 8k photolyzing the known

CH precursor bromoform (0.4 mTorr) in the presence 05.SO
Smith has discussed the validity of using such a method to Both OH{ = 0, 1) were observed, and their rate constant for
access the value of the high-pressure lithiand we argue in  formation was consistent with 8 1071° molecule’* cm® s72,
the Discussion section that it appears that this method doesthe previously measured rate constant for the reaétion:
indeed yield the high-pressure limit for OHSO,. The binding

energy of the HOS@adduct was determined by monitoring CH+ SQ,— products 4)
OH in the presence of S(at elevated temperatures where the ) ) )
reverse reaction Although we are unable to assign the branching ratio for the

OH channel ks/ka, for this reaction
HOSO,+M —OH+ SO, + M (1)
CH+ SO,— OH((y=0,1) (4a)
competes with the forward reaction, 1, providing a direct ] ) ]
measure of the equilibrium constant and hence, Ai&P, an previous experiment$ have shown that an excimer laser

accurate and reliable measure of the binding energy for HOSO 9enerating 150 mJ pulsé of 248-nm light produces-10'
molecule cm?® of CH from ~10 molecule cm?® of bromoform.

Experimental Section Therefore, in the present experiments, [@Hf 0, 1)] was no

. . greater than 18 molecule cm?3, which is several orders of
The laser flash photolysis/laser-induced fluorescence (LIF) maghnitude less than the added [§O-10' to 101 molecule

system used to _perforr_n the experiments is similar to that uSedcm‘? Therefore, pseudo-first-order conditions were maintained
I previous studies? Briefly, OH(X ZH)_was generated by the o, monitoring the OH time profiles. In addition, contributions
photolysis of CHBj (- SO?) or H:0, using 5(.)_150 MJ PUISES  fom undetermined radical products from reaction 4 will be
of unfocused 248-nm radiation from an excimer laser (Lambda \,imnortant on the experimental time scale. The rate constant
Physik, LPX100). The OH(= 0, 1) radicals were probed via | is aiways at least 100 times faster tHarover the conditions

H + «— Y2TT. = . . . . .
the detection of resonant LIF (A= XL, v =0, Qu(1), investigated, which ensures that, on the experimental time scale

3h07'93 nn; angl A;y —X 2]}_1" v= l’dQ_l(l)’ 313.55nm) using ot o removal, OH formation is essentially instantaneous so
the KDP-doubled output from a Nd:YAG (Spectron, SL803) e oH time profiles are described by a single-exponential
pumped dye laser (Spectron, SL4000, DCM). The quorescenceequaﬁon

passed through an interference filter (Corion, 3200 nm)
and was then detected using a photomultiplier (EMI 9813). The [OH(v = 1)] = [OH(v = 1)], exp(—k,x't) (5)
photomultiplier signal was integrated with a boxcar averager 0 1R

(SRS) and digitized before be_ing passed to a personal compute(NhereklR, = kig[SO,] + K andk is the pseudo-first-order rate
for subgequent data analysis. The delay time between thecoefficient for OH removal other than with $QAlthough it is
photolysis laser and probe laser was controlled by the Compmer'probable that OH( = 1) is initially formed in high rotational

and a kinetic trace consisted of 100 averaged data points, Withgiates the total pressures at which the experiment was conducted
each point averaged over-80 samples. The repetition rate of ¢ 1o rapid relaxation, and QH€ 1) + SO, removal kinetics
the lasers was 2 Hz. adhered strictly to eq 5 over the whole temperature range. This

Mass flow meters (MKS) were used to control the flow of g, co|ient single-exponential behavior implies that any additional
all reagents, bromoform/He,2/He, SQ, and He, the buffer o nisiry that might generate O## 1) is only occurring to

gas. These gases passed into a mixing manifold before introduc-,, insignificant extent.

tion into the reaction cell, based on a six-way cross. Pressures 1o OHp = 1) + SO, removal was studied over the
in the cell were measured using capacitance manometers (MKS)temperature range of 295 to 673 K, with the total pressure

and were adjusted by throttling the exit valves on the cell; ;--aased from 100 Torr at room temperature-@00 Torr at
pressures were adjusted to between 100 and 500 Torr. The totaf73 k  Apove this temperature, the bromoform precursor

flow was~1000 SCCM, ensuring that there was no significant ,qqyced species whose fluorescence obscured the OH fluo-
degradation of the sample between laser shots. A metal block oqcance. [SQ was varied up to ca. 500 mTorr; above this

aroun_d the cen_ter of the cell was heated with cartridge heaters'concentration, fluorescence quenching of OH became a problem.
enabling experiments to be perform.ed between 295 and 673 K.1g jnterference filter used to collect the OH fluorescence
The temperature was measured via two thermocouples (type,oq,ces the fluorescence from $® a negligible amount.

K) probing above and below the reaction zone, ensuring that Figure 1 shows an example of a typical [QHE 1)] trace, while

temperatures were.known to bettgr thad K. 0 L. Figure 2 shows an example of a plotlak' versus [SQ]. The
Bromoform (Aldrich), HO; (Aldrich, 35 wt. % solution in slope of such a plot is equal to the bimolecular rate constant

water), and S© (Air Products, 99.5%) were degassed and ¢, OH(v = 1) + SO A summary of the results is given in
diluted in He, if required, and stored in darkened bulbs. Helium 1546 1. The intercept in Figure 2 is the loss of [@HE 1)]
(BOC, CP grade, 99.999%) was used straight from the cylinder. ¢om the system via processes other than reaction with SO

This loss is mainly due to removal with bromoform,;8H,
and its rate is close to the gas kinetic vaife.

Removal of OH(y = 1) with SO,. SG; is photodissociated Reaction of OH(y = 0) with SO, at Low Temperatures.
to form radicals at wavelengths219 nm? so 248 nm provides ~ The OH@ = 0) + SQ; reaction was studied by tuning the probe

Results
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Figure 1. Time profile for OH@ = 1) in the presence of 174 mTorr
of SG; at 295 K. The solid line represents the best fit to the data using
eq 5.
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Figure 2. Plot of k;r' versus [S@ for [OH(v = 1)] + SO at 573 K.

The slope of this plot yields the bimolecular rate constant given in
Table 2.

TABLE 1: Bimolecular Rate Constant, kir, for the Removal
of [OH(v = 1)] + SO2

temperature/K kir [SO;)/mTorr
295 1.97+0.13 55-260
373 1.98+ 0.10 12-388
473 1.88+ 0.12 31522
573 1.65+ 0.10 25-517
673 1.64+ 0.17 35-388

2 Units fork,r are 10*? molecule’ cn® s7%, and errors are estimated
by propagating the random errors from the data analysis with a 5%
general estimate for other sources of uncertainties.

laser to the OH({ = 0) transition. The data did not strictly adhere
to a single exponential but exhibited a long-time tail that is
adequately described by a constant background parameter

(6)

wherekops = ki[SO,] + k' andk is the pseudo-first-order rate
coefficient for OH removal other than with SCFulle et al'®
observed such behavior and ascribed the feature to either th
reaction of their precursor, ozone, with the adduct

HOSQ, + 0,— HO + SO, + O,

[OH(v = 0)] = [OH(v = 0)]p exp(—kpd) + C

@)
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TABLE 2: Bimolecular Rate Constant, k;, for the Reaction
of [OH(» = 0)] + SO2

temperature/
K our data Wine et
295 1.57+ 0.08 (104 Torr He) 1.0% 0.09 (61 Torr He)

1.21+ 0.06 (61 Torr Ar)
1.44+ 0.01 (123 Torr He)
1.58+ 0.13 (123 Torr Ar)

360 0.62+ 0.03 (61 Torr Ar)
0.96+ 0.09 (123 Torr Ar)

373 0.86+ 0.09 (103 Torr He)

420 0.494+0.04 (61 Torr Ar)
0.724+ 0.05 (123 Torr Ar)

473 0.98+ 0.08 (200 Torr He)

a Units fork; are 103 molecule® cn?® s72, and errors represent2

to eq 6 enabledk; to be determined, but because of this
additional complication, the error Iq is probably significantly
greater than the error in theps versus [SQ| plot. The results
for ky are given in Table 2, together with the previously
measured values of Wine et%l.

Observation of Equilibration for OH( v = 0) + SO,. At
523 K, the [OH¢ = 0)] data exhibited equilibrium behavior,
providing an opportunity to determine the adduct binding
energy. However, using bromoform as the precursor requires
an independent determination of b&th and the rate coefficient
for reaction with the precursor. These two processes are
correlated, and an accurate determinationkof would be
difficult. As only OH(v = 0) is required, HO, was used as a
clean OH precursc® The photolysis of HO, in the presence
of SO, generated [OH(= 0)] traces that strictly obeyed eq 5
at temperatures below 473 K. Therefore, it was concluded that
at temperatures where equilibrium behavior was observed only
k-1 was contributing to longer-time OH formation, so the
kinetics are well described by reactions 1 antl plus a slow
loss of OH from the system

HO — loss 9)
which is adequately described by a pseudo-first-order rate
constant; the actual mechanism of this loss is speculated upon
in the Discussion. From the known 248-nm cross section of
H,0O,27 at the photolysis energies used, it is readily shown that
for initial concentrations of kD, of 10** molecule cm? the
initial OH concentration produced will be10 molecule cm?,

so OH+ OH can be dismissed as the loss mechanism from the
system. Equilibrium OH{= 0) kinetic traces were recorded at
various [SQ], up to 1500 mTorr, at a total pressure of ca. 500
Torr; the high total pressure was to counteract reaction 1 moving
further into the falloff region at elevated temperatures and thus
allowed the observation of equilibrium on a faster time scale,
hence allowing a more accurate analysis. An example of such

@ kinetic trace, exhibiting equilibrium behavior, is show in

Figure 3. Data were collected at 523, 543, 563, 583, and 603
K.

Analysis of the Equilibrium Data. The analytic solution for
the kinetic scheme that is described by reactions 1, and 9

or to simultaneous photolysis and probing by the probe laser is a biexponential:

HOSQ, + hv — HO + SQ, ®)

[OH(v = 0)] = Aexp(4,t) + Bexp(=4,t)  (10)

The reformation of OH via either reaction 7 or 8 leads to the Fitting individual traces to this generic biexponential equation
long-time tail in the decay trace. We favor the explanation returned consistent parameters. However, the analysis of the
provided by a reaction with the precursor, similar to reaction system was extended using the technique of global an#lysis
7, to explain our data because when the precursor was changedor the simultaneous fitting of multiple [Ok(= 0)] kinetic

to H,O, the data adhered to eq 5. Fitting our [QH€ 0)] data traces. A global analysis results in increased model sensitivity
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045 TABLE 3: Global Fitting of the Equilibrium Data 2

temperature/K ke AH% /kJ mol xpts

0351 523 9.43+ 0.55 —110.4+ 0.4 1.202
543 8.224+ 0.57 —113.3+ 0.6 1.398

025 4 563 4.99+ 0.49 -112.3+ 0.4 1.078
583 5.58+ 0.38 -115.9+ 0.4 1.159

603 4.79+ 0.43 -118.6+1.2 1.128

0151 a[SO;] was varied up to 1500 mTorr at a total pressure of ca. 500

Torr. Units fork; are 104 molecule* cm® s™1. Errors represent®

0.05 4

[OH(v=0)]/ arbitrary units

TABLE 4: Global Parameters from Fitting to All of the

v T N T v T Equilibrium Data 2
-1 .01_-36%35 1.0E-03 3.0E-03 5.0E-03 7.0E-03 9.0E-03 1.1E-02
) number of traces ki B AH%5/kJ mol
time /
mers 55 140+ 010 -7.04+£092 —1131+04

Figure 3. Equilibrium behavior observed in [OkH(= 0)] + SO, at ] )
543 K using 471 mTorr of SO The solid line represents the best fit to 2 ky(T) was expressed as(T/500 KY’ with units equal to 10 cm®
the data using eq 10. molecule® s™1. Errors representd

and more accurate parameter recovery. The idea behind thephotolysis energy. It is known that $S@bsorption at 248 nm
simultaneous analysis of multiple kinetic traces is that it exploits produces excited triplet states, §0*), that are long-lived?’
relationships between individual traces. Initially, global analysis therefore, we suggest that part of the OH loss is via

of the data was performed using the [@Hf 0)] kinetic traces

at each temperature. This enabled the mechanism of reactions HO + SO,(T*) — products (15)
1,—1, and 9 to be thoroughly tested. The final analysis involved
using the kinetic trace from all temperatures. Although it is recognized that reaction 15 may lead to

The coupled ordinary differential equations of schemes 1, nonexponential kinetics, it should be emphasized that the loss
—1, and 9 were numerically integrated, generating a trace thatof OH from the system is slow compared to the equilibration
was compared with the experimental data, as in single-trace processes. Therefore, because our measurements focus on the
analysis. Each trace has one local parameter {GHQ)]o and approach to equilibrium, a first-order process can adequately
three global rate coefficients, k-1, andke. Both global analysis describe reaction 9. In the global analysis, the rate constant for
and single-trace analysis employ nonlinear least-squares fittingthe loss of OH from the systenkg, was assigned as a local
procedures; therefore, both require the construction of the parameter (i.e., each trace had its own OH loss rate constant)
associated matrices. In global analysis, the global information that varied somewhat from trace to trace because of differing
is allocated to positions within the matrix to which all traces contributions from reactions 14 and 15. Tables 3 and 4 show
contribute, but local information is allocated to positions to the returned global analysis parameters of the system when
which only an individual trace contributes. The parameter fitting individual temperatures and all temperatures, respectively.
minimization was performed using the Marquardt prescriptfon.  Values forkg are not listedkg was typically at least an order of
The initial analysis of data for individual temperatures described magnitude smaller than the rate constant for the relaxation

reaction 1 as toward equilibriumk;’ + k—1. An examination of the correlation
, coefficients in the statistical analysis shows thgt° has only
k' = kSO, (11) a weak dependence de.
and for all temperatures Discussion
k/'(T) = { k,(T/500 K)ﬂ} [SO)] (12) [OH(» = 0)] + SO,. From Table 2, it can be seen that there

is reasonable agreement between our measured rate constants

Equation 12 is flexible and is able to accommodate reaction 1 for reaction 1 and thosE of Wine et‘ahs discussed in the
moving further into the falloff region with increased temperature. "€SUlts section, the OkI(= 0) profiles with a BECH precursor

Through detailed balancé, 1 is related tok; exactly via the ~ €xhibited a long-time tail and the data were fitted to an
equilibrium constant exponential plus background, eq 6. Uncertainty in the origin of

the tail means systematic errorskincould significantly add to
Kk, Kk, k, 13) the errors quoted in Table 1, which include random errors from
w = 13 fitting the data and contributions from other experimental
0
Keg  KRT RT(exp(ArS)/R) exp(-AHY/RT) factors, e.g. concentration measurements. It is concluded that,

. . ) within error, our results are in agreement with those of Wine et
whereK; is a function of T, A;S, and A;HC. SinceA,S can al® 9

readily be calc_:ulated using statistical mechanics to v_vithin seven .[OH(y = 1)] + SO; High-Pressure Limit. Table 1 shows

percent, a Third-Law method was %mployed WAl f'X'?d at the rate constants for the removal of QH{ 1) with SO, kir.

the calculated value; 142 J mof* K™, andk—, was adjusted  tpe ope = 1) time profiles adhered strictly to single-

by varying AH®. As will be discussed below, bothH® and exponential behavior. The errors in the rate constants in Table

AS vary little with templerature. The_ !OSS of QH from the ;1 are reasonably estimated by propagating the random errors

system was slow;-150 s, and was initially assigned b from the data analysis with a 5% general estimate for other
HO + H,0,— products (14) fsl,?l’lljgggﬁ of uncertainties. The data in Table 1 were fitted to the

k,=

However, it was observed that OH loss (reaction 9) had a - n
dependence on [S)) which itself was dependent on the laser ky"(T) = A(T/300 K) (16)
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Figure 4. Plot of p vs T. This plot shows that the even at our highest

experimental temperature the formation of @HE 1) from the
dissociation of the adduct is ca. 2%.

250 350

giving A= (2.044 0.10) x 10" 2 molecule cm®standn =
0.27 + 0.11 (errors aret20). The data were weighted in the
fitting using the error associated with each rate constant.
The removal of vibrational energy from a diatomic via a
chemically inert collision partner can occur via transfer of the
vibrational energy into the translational, rotational, and vibra-
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Ni is the number of rovibrational states in grajm3 = L/kgT,
andR” = k;*[OH(v = 1)][SO;]. Note that the assumption has
been made that the high-pressure rate coefficients are identical
for v =0 and 1.

The ratio,p, of the rates of formation af = 1 and 0 on the
dissociation of the adduct at zero pressure is

i k'
i kn,

1,2

p= (20)

0

AR

01

=] K.

N, exp(-fE)
n:;lqo + k!

tional energy of the collision partner, but all of these processes whereE,—; is the threshold energy for dissociation to form

are comparatively slow for nonresonant transfer involving
nonhydrides?® The vibrational frequencies for OH and s&re
3570 and 1362, 1157, and 517 chrespectively, so that VV

= 1, hence for the formation of HOS@rom OH(y = 1).
k° and k! were calculated fronk;*(T) using an inverse
Laplace transformatioff. Both our value ofky(T) = (2.04 &+

bimolecular transfer is far from resonant. The assignment of 0.10) x 10712 (T/300 K)~2-2%0-11 cm? molecule! s7* and the

the rate coefficient for the removal of OHE 1) with SG; to
the high-pressure limiting rate constant for reactionki’,

value of Fulle et al> were used as the expression kgf(T) in
the inverse Laplace transformatigrywas found to be insensitive

assumes that energy transfer via mechanisms other than thdéo the choice ok;(T). Figure 4 shows a plot gf versusT

formation of HOSQ s slow. If this assumption is invalid, then
the measurement provides an upper limit kgf. Smith and
co-workerg! have extensively used the rate coefficients for the
reaction of vibrationally excited radicals with species that form

over the experimental temperature range. As expected,
increases withT but even at 700 K is only 0.02, well within
experimental error. At experimental pressures of-1800 Torr,

the production of OH{ = 1) will be reduced still further, and

association adducts as a way of determining the high-pressurewe may conclude that its regeneration by the dissociation of

limiting rate coefficient,k®.

HOSG following formation from OH¢ = 1) + SO is not

It is also assumed that rapid intramoleuclar vibrational energy significant in our experiments. This calculation also implies that
redistribution ensures that the dissociation of the adduct leadsOH(v = 2) + SO, predominantly produces OHE 0), hence

to the formation of the radical in its ground vibrational state. If
OH(v = 1) is regenerated at a significant rate, ttkghwill be

underestimated. The extent of underestimation will be greatest

OH(v = 2) will not interfere with the OH{ = 1) + SO, removal
kinetics.
This analysis implicitly assumes that a statistical treatment

at the lowest pressure because increasing [M] will lead to more of association/dissociation is appropriate. If intramoleuclar
stabilization of the adduct and a decrease in the rate of forming vibrational redistribution (IVR) were incomplete in the adduct

OH(v = 1). The worst-case scenario is at the limit of zero

formed from OH¢ = 1), then some regeneration of vibrationally

pressure; at this limit, the energy-grained master equation (ME) excited OH might occur, reducing the measured rate constant.

for the system is

dn, — 0 1
H_gi_(ki + k), (17)
wheren; is the population of thé&h energy grain of HOS® g;

is the rate of formation from OHi(= 1) + SO, andk® andk;*

are the microcanonical rate coefficients for dissociation from
graini to form OH{ = 0) and OH{ = 1), respectively. Since
the grains are not collisionally coupled, the ME is readily solved
in the steady state to give

(18)

where
_ RN, exp(-E)
3N exp(-BE)

g (19)

Smith! has discussed the likelihood of IVR being incomplete
before dissociation, and it may be gauged by considering the
lifetime of the association complex, HOZ@ our case. A
reasonable estimate of the lifetime of the complaxso, is
given by?!
oA (21)
T =_ 1
HOSG, ﬁczokloo

wherep. is a parameter that allows for the failure of the strong
collision hypothesi® and Z° is the gas kinetic frequency for
collision between OH and SOValues fork,%(T) and k;“(T)
are given later in the Application to Atmospheric Chemistry
section of the Discussio, = 0.2 is a reasonable estimate for
N2, andZ® ~ 3 x 10719 cm?® molecule! s1. Therefore, it may
be estimated thatosg,, the average lifetime of the energized
HOSQ, varies from 3 ns at 300 K to 0.1 ns at 700 K. These

lifetimes represent thousands of periods of vibration for the
complex, which make it extremely unlikely that IVR is
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Figure 5. High-pressure limiting rate constarkg: O, this work; ¢, Figure 6. Global analysis fit to [OH{ = 0)] + SG; at 543 K. The 11
Fulle et al.}* O, Wine et al$ A, Paraskevopoulos et 8l.and - - -, separately determined experimental traces at this temperature are
Cobos et af® The error bars in our data refer only to the statistical displayed by aligning the traces next to one another in ti@e.
errors returned from the bimolecular plotss. 2 Experimental data:—, fit to the data. The end of one trace and the

beginning of the next is shown by the sharp rise in the solid line.

incomplete. Incomplete IVR could lead to the regeneration of
OH(v=1) (i.e., top values significantly greater than zero) and  ap initio methods by Li and McKe¥. It was found that the
to an underestimate &*(T). The foregoing discussion suggests cajculated entropy change is essentially unchanged when
that this is improbable unless IVR in HOg0ehaves pathologi-  converted to 563 K, the average temperature of the experiments.
cally. The global analysis parameters that were returned at each
The high-pressure rate constant for reactiokiy, determined  temperature are given in Table 3. Each kinetic trace was
from previous studi€s%13has been determined by extrapola- assigned its own OH-loss rate constant, reaction 9; these are
tions of experimental data using RRKM rate thedty? Fulle not listed in Table 3 but were typically ca. 150'sAn example
et al., by contrast, approached the limit more closely using very of the quality of the fit from the global analysis is shown in
high pressuré> These values fok,” are plotted in Figure 5,  Figure 6. From Table 3, it can be seen that the middle
together with our data from Table 1. From Figure 5 at 295 K, temperatures yield a consistent value fqH%, the enthalpy
it can be seen that our data are in good agreement with thosechange for reaction 1. There are, however, larger differences at
of Cobos et at? and are~35% larger than those of Wine etal.  the two extreme temperatures. This is not too surprising because
and Paraskevopoulos et &k these studies were the basis for  at the temperature extremes the equilibrium behavior is difficult
the IUPAC recommendation of 2.9 10712 cm® molecule'? to discern: at low temperatures, there is almost no reverse
s 1, independent of temperature between 200 and 300 K. reaction, and at high temperatures, the reverse reaction is rapid.
However, our value at 295 K is about a factor of 2 smaller than To minimize these problems, the global analysis was extended
that of Fulle et at> From Figure 5, it can be seen that our values  to fit the data at all temperatures simultaneously, and the results
for k;» show a small negative temperature dependence, inare shown in Table 4. This fit gavg¥pts = 1.410, which
agreement with the data from Wine et%hnd although Cobos  represents only a slight loss in “goodness of fit" compared to
et al® derived a small positive temperature dependence, thethe individual temperature analysis. The returned value for
overall discrepancy is not too large; these investigations togetherA H%g; = —113.1+ 0.4 kJ mol? is close to the average from
suggest a barrierless potential energy surface. However, thisthe individual temperature analysis. To estimate the uncertainty
weak dependence ik*(T) is in contrast to the larger, positive  in A;H%, the global analysis was repeated wi}® varied over
dependence found in the study by Fulle et'alhere it was a range of values using,;S9s = —142+ 10 J molt K~ to
argued that this observation together with the magnitudedf  represent the 95% confidence level; all other uncertainties are
provides evidence for a small barriere8 kJ mol* alongthe  smaller and should be contained within this range. The global
surface of reaction 1. Although the magnitudekgf is low for analysis givesA{H%gz; = —113.14+ 6 kJ mol?, in excellent
a reaction on a barrierless surface, there are good examples ohgreement with the ab initio value 6§H%gz = —110 kJ mot?
low A factors for reactions where significant electronic re- that was recently calculated by Li and McK¥eSince the early
arrangement occurs. For example,£2HO; has a high-pressure  value of Bensotf of 155 kJ motl?, estimates of the binding

limiting rate coefficient at 300 K of 1.& 107*2cm® molecule™* energy of HOS@have decreased; Gleason and Howard placed
st with a slight positiveT dependence and provides an an upper limit of 138 kJ molt in their study on reaction 3, and
interesting comparatd#. IUPAC in 19978 recommended a value of 128 kJ mbfrom

OH + SO, = OHSOy; Binding Energy of HOSO,. The an evaluation of the literature. However, the present measure-
entropy of reaction 1 was fixed in the global analysis because ments represent the first direct observation of equilibration in
it can readily be calculated to within 7% and hence leads to a the reaction between HO and $énd provide the most reliable
more accurate determination of the enthalpy of reaction 1, the and accurate value for the binding energy of the H@&dical.
binding enthalpy of HOS® From the study by Nagase et &l.,  The conversion of the enthalpy to 298 K produces almost no
a combination of matrix isolation and ab initio calculations was change in the value and givesH%gg = —113.34 6 kJ mol 2.
used to characterize the HOg@ndical. We assigned these Taking AfH%gg(OH) = 37.2 kJ mot? 35 and A{HO,g(SO2) =
constants in this paper, using the experimental values when—296.8 kJ mot? 36 gives AiH%gg(HOSQ,) = —373 & 6 kJ
possible, to calculate the entropy of HOS@hese molecular  mol™?!
parameters together with the parameters for OH ang 8© Application to Atmospheric Chemistry. Atmospheric mod-
listed in the Appendix. The entropy change calculated for els require parametrized forms of rate constants for pressure-
reaction 1 isA;S9g = —142 J mot! K~1, which is in good dependent reactions. The OHSGQ; reaction is a bimolecular
agreement with the value 6140 J mof! K~ calculated by addition reaction, and for atmospheric modeling, its rate constant



Rate Coefficient and\(H for OH + SG,

is generally parametrized by the following expressitn:
ky(IM], T) = k,"(T) Fu(IM], T) F (22)

Fun is the LindemanaHinshelwood expression, arkdis the
broadening factor given by

B log F,
1 + [log(k,”Ik;)]?

log F (23)

where F; characterizes the broadening. Tlke pressure-

dependence measurements in this study reinforce the values

previously determined by Wine et.&ln addition, this study
has also determinel;*(T); therefore, it is now possible to
combine the literature data with™(T) to obtain a better set of
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(a)

10°

fitting parameters. From above, the temperature dependence for

ki® is given by

k,°(T) = 2.04 x 10 *4(T/300 K) **"cm® mo|ecu|e‘1s,(‘16)
1

The unknown parameters in eq 22 &&T) and F¢. k,%(T)
is described by
k(T) = k,(T/300 Ky ™ (24)
andF. is described by
F.=expT/T*) (25)

whereT* is the fitting parameter. For atmospheric modeling
purposes, the data used in the fitting should be for=N\, or

air (O, is typically indistinguishable from Nas a third body).
The falloff data set with M= N, is limited to room temperature,
but there is a much more extensive falloff data set fo=Mr.
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Figure 7. (a) Arrhenius plots fok_; and forks[O;] (—) vs 1/T. k4
was calculated frorky([M], T) coupled with either the thermodynamic
data derived above\H%gs = —113.3 kJ mot?, (- - -) or the previously
recommended value\;H%gg = —127 kJ mof?* 18 (--+). (b) Arrhenius

N -
A=
0 -

To circumvent this problem, we have calculated the temperatureP!0t for ker. Note the dramatic fall ik after the onset of equilibrium

dependence ik,° (i.e., min eq 24) using a master equation

in OH + SG; and HOSG.

approach. This calculation of the temperature dependence is|ypaC evaluatioh?

probably more reliable than the extrapolated experimental value.
First, ki° for Ar at room temperature was matched to the
experimental value by adjustindEldown (= 160 cntl). Then,
k.® for Ar was generated over the temperature range of-260
360 K, with good agreement between the calculated and
experimental temperature dependencekifr Then, AELown
was adjusted to matdh® for N, at room temperaturggiving
[AE[down = 313 cntl. Finally, ki for N, was generated over
the temperature range of 25870 K, which was then fitted to
eq 24 to yieldm = 4.09.

The literature data for OH SO, + M (= Ny) of Wine et
al® and Paraskevopoulos et'8lwere fitted to eq 24k,%(T)
andk;*(T) were fixed to the expressions determined above. The
following parameters were obtained (errors represeh):

F.=exp(T/(412+ 30))
k(T) = (3.44 0.21) x 10 3(T/300 K) **°

cm’molecule®s™?

k,”(T) = (2.04+ 0.10) x 10 *4(T/300 K) *#=01
cm® molecule®s™

These fitting parameters are comparable with those of the

k(T) = (4.0+ 1.0) x 10~ °(T/300 K) 11
cm’molecule?s ™t

k,” =2 x 10 % cm® molecule*s™*

overT = 200-300 K andF. = 0.45 near 300 K. Our derived

fitting parameters represent an improvement over their accuracy

because our measurements on @H(1) + SO, have allowed

ki*(T) to be reliably fixed. As noted above, there is a discrepancy

between our data fdu=(T) and that of Fulle et & Since the
fitting parameters are strongly correlated wikk°(T), their

recommended fitting parameters will reflect this inconsistency.

Implications for the Oxidation of SO, in Combustion

Systems.As previously noted, the primary mechanism for the
oxidation of SQ proceeds through reactions 1 and 3, viz., the

formation of HOSQ@ followed by its reaction with @ If a steady
state is assumed for the adduct, HQS@en the rate of
formation of SQ is kef[OH][SO,], where

— klks[oz]
T k., + kO]

Figure 7a shows Arrhenius plots flar; at 1 bar total pressure
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: o ! . .
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temperatures significantly reduce the effectiveness of this 10q 19911.
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