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Abstract 

 

The kinetics of the reaction OH/OD(v=1,2,3) + SO2 have been studied using a 

photolysis / laser induced fluorescence technique. The rate coefficients 

OH/OD(v=1,2,3) + SO2, k1, over the temperature range 295 – 810 K were used to 

determine the limiting high pressure limit, k1
.  This method is usually applicable if the 

reaction samples the potential well of the adduct, HOSO2, and if intramolecular 

vibrational relaxation is fast. In the present case, however, the rate coefficients showed 

an additional fast removal contribution as evidenced by the increase in k1 with 

vibrational level; this behaviour together with its temperature dependence is consistent 

with the existence of a weakly bound complex on the potential energy surface prior to 

adduct formation. The data were analysed using a composite mechanism that 

incoporates energy transfer mechanisms via both the adduct and the complex, and 

yielded a value of k1(295 K) equal to (7.2 ± 3.3) × 10-13 cm3 molecule-1 s-1, (errors at 

1) a factor of between two to three smaller than the current recommended IUPAC and 

JPL values of (2.0 0.2
0.1


 ) and (1.6 ± 0.4) × 10-12 cm3 molecule-1 s-1 at 298 K, respectively, 

although the error bars do overlap. k1
was observed to only depend weakly on 

temperature. Further evidence for a smaller k1
is presented in the companion paper. 
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1. Introduction 

 

Sulphur dioxide (SO2) is a trace pollutant gas in the Earth’s atmosphere. Measurements 

of atmospheric concentrations of SO2 suggest that its primary sources are 

anthropogenic1 and that it has a relatively short atmospheric lifetime of the order of a 

few days with respect to reaction with OH. Sulphur released from biogenic sources 

tends to be in more reduced forms, notably carbonyl sulphide, dimethyl sulphide (DMS) 

and H2S.2-4 The oxidation and interconversion of these species are linked and, while it 

is estimated that the majority of DMS is converted to SO2, biogenic sources produce 

only 10-25% of the total atmospheric load of SO2.2, 5-7
 The majority of atmospheric SO2 

is directly emitted by human activity and it may have significant environmental impact 

as it is almost entirely converted to sulphuric acid (H2SO4) in the atmosphere, leading 

to the formation of acid rain8 as well as particulate formation.9-10  

 

 

As with most atmospheric pollutants, gas phase oxidation of SO2 by reaction 

with the OH radical is the main route of chemical removal: 

OH + SO2 (+ M) ĺ HOSO2 (+ M)    R1 

with HOSO2 further reacting with O2 11 to form SO3, which then reacts with H2O to 

form H2SO4.12-13 H2SO4 leads to aerosol formation and is the major source of new 

particles in the atmosphere:14 

  HOSO2(g)   OHO 22 /
 H2SO4(g)   sulphate   R2 

Reaction R1 is pressure dependent and is in its falloff regime at atmospheric pressure 

and below. Its kinetics in this pressure regime have been extensively studied,15-18 and 

RRKM modelling of these data have been used to recommend the limiting high-

pressure rate coefficient: Wine et al.18 recommended a value for k1
between 260 and 
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420 K equal to 1.3 × 10-12 (T/300 K)-0.7 cm3 molecule-1 s-1 and Cobos and Troe 19 

recommended k1
∞

 = 2.7 × 10-12 exp(-80K/T) cm3 molecule-1 s-1 (k1
× 10-

12 cm3 molecule-1 s-1).   

 

More recently Fulle et al. 20 measured k1 over an extended pressure range up to 

96 bar and their estimate of k1
∞

 was significantly larger (3.6 × 10-12 cm3 molecule-1 s-1 

at 300 K) than the above recommendations, and a significant positive activation energy 

was observed, contrary to the recommendations. Blitz et al.21 investigated the 

temperature dependence of k1
∞ by monitoring the removal of vibrationally excited 

hydroxyl radical, OH(v=1), in the presence of SO2 – the so-called proxy method to 

measure k1∞ (see below) - and observed a slight negative temperature dependence, 

where the value of k1
∞
2.04 ± 0.10)× 10-12 cm3 molecule-1 s-1) was significantly lower 

than that of Fulle et al., but above the recommendation of Wine et al. IUPAC evaluated 

the OH + SO2 reaction in 2012 recommending k1
∞ = (2.0 0.2

0.1

 ) × 10-12 cm3 molecule-1 s-

1 at room temperature, but with no recommendation on the temperature dependence.22 

The JPL evaluation 23 of this reaction did not consider the Fulle et al. data and assigned 

a value k1∞ = (1.6 ± 0.4) × 10-12 cm3 molecule-1 s-1, slightly lower than the IUPAC value.   

 

 

In this study, the value for k1
∞ and its temperature dependence has been 

investigated by monitoring the removal of vibrationally excited hydroxyl radical, 

OH/OD(v=1,2,3), in the presence of SO2. In our previous study,21 where only OH(v=1) 

in the presence of SO2 was monitored, it was argued that the excited HOSO2 adduct 

was solely responsible for the removal of OH(v=1), hence giving an estimate of k1
. 
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Assigning the vibrational relaxation rate coefficient as the limiting high-pressure rate 

coefficient, k, of a reaction was first proposed by Jaffer and Smith,24 and it appears to 

be valid for reactions that form a reaction collision complex on a long-range attractive 

surface, i.e. the reaction rate coefficient is independent of vibrational energy. This 

approach is known as the proxy method and is depicted in Scheme 1 for the reaction 

R1: 

 

OH (v= 1) + SO2       1
k

  HOSO2
**     

          IVRk  

OH (v= 0) + SO2      



1

1

k

k
   HOSO2*    ][

M
Mk HOSO2 

Scheme 1 

where HOSO2** represents the adduct prior to intramolecular vibrational relaxation 

(IVR) and HOSO2* the adduct following IVR. Ergodicity is a central tenet of 

unimolecular reaction rate theory and appears to be valid for almost all thermal 

reactions. Re-dissociation of HOSO2**, k -1, occurs mostly to OH (v=0) via HOSO2* so 

that the removal rate coefficient derived from measurements of OH (v=1), k1, is a good 

approximation of the limiting high-pressure rate coefficient, k1
∞. Current understanding 

indicates occurs via a collision complex on a long-range attractive surface, therefore 

there is no kinetic isotope effect and k1
∞ should be reasonably approximated by:  

OD + SO2 (+ M) ĺ DOSO2 (+ M)    R1,D 

Hence the determination of k1,D
∞ provides additional information on R1. Throughout 

this paper it is assumed that k1,D
∞ is equal to k1∞, even though it is not identical. This 

method of directly determining the high pressure limiting rate coefficient appears to be 



6 

 

valid for a number of systems, for example OH + NO,24 and OH + NO2.25 In general, 

as the size of the system increases, the rate of re-dissociation, k-1, decreases26 and the 

ergodicity assumption is more readily satisfied. This present study shows that the 

removal of OH/OD(v=1,2,3) is not solely via the proxy mechanism and there is an 

additional non-reactive vibrational relaxation contribution via collisions that access a 

shallower, long range van der Waals well. We show that both contributions can be 

modelled, and hence are able to assign a more reliable value for k1
 that is lower than 

current recommendations. A detailed consideration of rate coefficient for the reaction 

of vibrational ground state OH with SO2, the possible influence of SO2 photolysis on 

the kinetics and a comparison of previous literature is presented in the companion 

paper. 

 

 

2. Experimental 

Laser Flash Photolysis / Laser Induced Fluorescence 

The apparatus used to measure the vibrationally excited state OH/OD(v=1,2,3) kinetics 

is similar to that described previously,21,27 thus only the salient features are highlighted. 

An excimer laser (Lambda Physik, LPX 105) was used as the photolysis laser (~ 100 

mJ / pulse) for OH/OD (v=1,2,3) generation. The output from an excimer laser (Lambda 

Physik, LPX 105) pumped dye laser (Lambda Physik, FL2002), was used to monitor 

OH(v=1,2,3) by off-resonance fluorescence using the dye mixture PTP / DMQ to 

produce ~ 3 mJ per pulse over the range 345 – 360 nm. OD(v=1,2,3) was probed using 

the doubled output from a Nd:YAG (Continuum Powerlite 8010) pumped dye laser 

(Sirah, PrecisionScan, Pyridine 1) system. The laser-excitation scheme used to probe 
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OH/OD(v) are given in Table 1. The subsequent fluorescence (A2+ s 2i) passed 

through a 308 nm interference filter (Barr Associates), detected using a photomultiplier 

(Electron Tubes 9813) and the subsequent signal was integrated and digitized on a 

LeCroy (Waverunner LT372) oscilloscope before being transferred for storage on a PC. 

Little laser scattered light was observed when detecting species using off-resonant, blue 

shifted fluorescence schemes. A LabVIEW program controlled the delay generator 

which scanned the time delay between the photolysis and probe laser, and recorded via 

the oscilloscope the OH/OD signal. Typically, the time delays were scanned over 200 

- 400 points, with each point being the average of up to ten samples. The pulse repetition 

frequency of the lasers was 5 Hz such that a fresh gas mix was exposed for each 

photolysis pulse. 

 

 

 

The gases were introduced into the reaction cell through a mixing manifold. 

Control of the gas flows was regulated by mass flow controllers. After the mixing 

manifold, the gases entered a ten-way cross, stainless steel reaction cell designed for 

high temperature experiments with a surrounding ceramic fiber heater (Watlow). The 

pressure in the cell was controlled by throttling the exit valve of the cell and monitored 

via a capacitance manometer. The total flow was > 10 sccm per Torr total pressure, 

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

temperature was measured inside the cell by type K thermocouples probing close to the 

reaction region ensuring temperatures were known to ±5 K. The OH/OD (v=1,2,3) 

experiments were conducted at a total pressure between 20 - 50 Torr and the 

temperature was varied over the range 295 – 800 K. 
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SO2 was purified by first degassing and then diluted in He. H2 (Air Products, 

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

 

OH/OD (v=0,1,2,3) precursors  

As in our previous paper 27 vibrationally excited hydroxyl radicals were generated from 

two photon dissociation of SO2 at 248 nm to form O(1D): 

SO2 + 2 hv 248 nm s O(1D) + SO           P1 

followed by the reaction: 

O(1D) + H2 s OH(v=0-4) + H     R3 

Reaction 3 has been widely studied both experimentally and theoretically28-30 and is 

known to produce the following ratios of vibrationally excited OH: v= 1:2:3:4; 0.29: 

0.32: 0.25: 0.13.28 By substituting D2 for H2 vibrationally excited OD was produced: 

O(1D) + D2 s OD(v=0-3) + D     R4 

Typically, the concentration of SO2 added to the system was ≤ 5 × 1016 molecule cm-3 

and to ensure that the majority of the O(1D) reacts with hydrogen/deuterium, high 

concentrations of  H2 or D2 (~ 1 × 1017 molecule cm-3) was added to the system. The 

reaction:  

OH (v= 1) + H2/D2 ĺ OH(v=0) + H2/D2 < 1×10-14 cm3 molecule-1 s-1 31       R5 

is relatively slow and is a constant removal process as the H2/D2 concentration was kept 

constant when [SO2] was varied to determine bimolecular rate coefficients. The 

reaction H/D + SO2 to give vibrationally excited hydroxyl does not occur to any 

significant extent at the temperatures studied here 32 and hence does not affect the 

removal kinetics of OH/OD(v). 
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3. Results 

OH/OD(v=1,2, 3) + SO2 

Laser excitation spectra of both OH/OD (=1, 2 and 3) were taken at room temperature 

and simulated spectra calculated using the LIFBASE33 program. The experimental 

values were observed to be in excellent agreement with the calculated line positions. 

The actual lines used in the experiment are given in Table 1, and were usually the most 

intense. 

 

The reaction O(1D) + H2, R3, forms OH in vibrational levels up to OH (v = 4). 

28 These high vibrational levels may form sufficiently long-lived collision adducts with 

SO2, which result in efficient formation of the ground vibrational state as depicted in 

Scheme 1: 

OH (v=x) + SO2 s OH (v=0) + SO2  (k1
∞)                R1,PROXY 

or undergo VET via a single step cascade mechanism: 

OH (v=x) + SO2 s OH (v=(x-1)) + SO2 (kVET i)                R1,SSH 

Theory indicates that VET via a multiple step is much less probable.34 Provided VET 

is not close to resonant, this type of cascade mechanism is sufficiently described by the 

Shin variation of Schwartz, Slawsky and Herzfeld (SSH) theory which incorporates a 

more realistic form for the intermolecular potential than was used in the original 

theory.34-38 In the recent trajectory study by Glowacki et al.39 the fate of the HO-SO2 

collision adduct was investigated and it was found that the lifetime of the collision 

adduct was too short to efficiently form the OH ground vibrational state, the statistical 

limit , as depicted in Scheme 1. However, the dissociation of the adduct resulted mainly 

in loss of vibrational energy, especially so the higher the initial vibrational level. 

Therefore the proxy method to determine the limiting high pressure rate coefficient, 
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k1
∞, should be valid, even though the vibrational levels have not reached the statistical 

limit, as depicted in Scheme 1.      

 

For the present system both adduct formation and non-reactive vibrational 

energy transfer (VET), collisions may result in a single step cascade mechanism, hence 

the OH/OD (v=1,2,3) concentration versus time traces may have significant growth 

from the higher vibrational levels, and the overall reaction scheme governing the 

concentration of OH/OD (v=1,2,3) is thus: 

OH(v=i) + SO2 s OH(v=i-1) + SO2         k1,i  (k1
∞+kVET i) 

OH(v=i+1) + SO2 s OH (v=i) + SO2       k1,i+1 (k1
∞+kVET i+1)  

where k1,i and k1,i+1 are the rate coefficients for both adduct formation and non-reactive 

VET in OH(v=i) and (v=i+1), respectively, i = 1,2,3. How each component is identified 

is given in the discussion below, and hence leads to a determination of k1
∞. Glowacki 

et al.39 did observe trajectories corresponding to two vibrational quanta jumps via 

adduct formation but these events were much less significant than single quantum 

jumps. Therefore the change in concentration of OH/OD (v=1,2,3) is given by the 

general differential equation: 

ii kivk
dt

ivd
)](OH][SO[

)](OH[
2,1 


)]1(OH][SO[ 21   ivki   E1 

Solution of Equation 1 yields a multi-exponential time dependence for OH/OD(v= 

1,2,3),40 and such behaviour was observed in the present system, see Figure 1. 
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Figure 1. Typical OH(ち=1) decay in the presence of SO2 (1.07 × 1016 molecule cm-3) 
at 295 K, where filled squares are the measured fluorescence intensities. The total 
pressure is equal to 37.3 Torr and the added H2 (6.84 × 1016 molecule cm-3) ensures that 
the O(1D) is titrated to OH(). The lines are a biexponential (red) and (from t=50 s) 
exponential (blue) fit to the data, where the decay rate coefficients are (2.69 ± 0.39) and 
(2.29 ± 0.02) ×104 s-1, respectively. Note that the red and blue lines converge and this 
is the point where the culled exponential analysis is carried out (see text for details). 
 

For any given vibrational level, the full solution involves growth from more 

than one higher vibrational level; hence the analytical solution is complicated. In 

addition, if there is growth from multiple quanta jumps – Glowacki et al. showed that 

this occurs 39 – then the solution becomes intractable even when the initial vibrational 

populations are known. An approximate solution is to treat it as a two level system: 

growth from above is lumped together and loss from the probed vibrational level. This 

leads to an analytical biexponential solution, and an example of fitting this to the data 

is shown in Figure 1.  While this equation provides a good fit to the data, the returned 
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loss rate coefficient from the probed level often had large errors, especially when its 

values were close to the growth rate coefficient from the higher vibrational levels. 

Although constraints could be applied to improve the errors on the returned rate 

coefficient, a more systematic and easier approach is to fit the OH/OD(=1,2,3) data to 

a single exponential decay given by:   

tk
t evv obs

0)]3,2,1(OH/D[)]3,2,1(OH/D[      E2 

where kobs= ki [SO2] + kother, ki = (k1
∞

 + kVET i) and kother is the pseudo first order rate 

coefficient for loss of these states by other routes. Contributions from growth in 

OH/OD(v=1,2,3) are revealed as a decrease in the observed pseudo-first-order rate 

coefficient, kobs.40 To minimise this contribution, individual points were sequentially 

culled starting from t = 0, the decay trace recalculated and this procedure repeated until 

there was no increase in the fitted rate coefficient, see Figure 1. In our previous paper 

on OH + C2H2
27 we carried out simulations and determined that the error in the observed 

rate coefficient from using equation E2 was ~ 10 - 15% of the actual rate coefficient 

entered into the numerical model. This is in agreement with the cascade analysis carried 

out by Silvente et al.40 In Figure 2 the returned ki[SO2] parameters versus [SO2] are 

plotted from analysis of the  OH(v=1) + SO2 at 295 K data using the biexponential 

equation and a single exponential, E2. 

 

Both biexponential analysis (E1) and culled exponential (E2) analysis returned 

rate coefficients in close agreement, but both analyses are potentially prone to 

systematic errors, so it is difficult to indicate which returns the most accurate rate 

coefficients. As culled exponential analysis is more straightforward to apply, we have 

used this for the majority of the data analysis. Therefore, while it is acknowledged that 
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the returned values for ki are potentially skewed, it is reasonable to expect that these 

values are affected in a similar way. It is estimated that this skewing of the data is no 

greater than 15%, hence a 15% error was added to ki. Analysis of the OH(v=1) + SO2 

at 295 K data using equation E1 is shown in Figure 1.  

 

From analysis of all the vibrational levels (see Table 2) it was evident that ki 

increased strongly with i, which has been previously observed in OH(v=1,2) + C2H2 27 

and indicates that non-reactive VET is the major component of the removal process. 

Therefore the growth rate coefficient is faster than the loss rate coefficient, hence the 

OH(v=i) trace better approximates a single exponential with a pseudo-first rate 

coefficient ki[SO2] at later times. In Figure 1 it can be seen that after ca. one half-life 

the data are a good approximation to a single exponential (blue line).  
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Figure 2. Typical bimolecular plot for OH(v=1) at 295 K, ~ 40 Torr total pressure of 
He, where the squares and circles are obtained from equations E1 (ki[SO2] = kobs) and 
E2, respectively, and linear regression gives bimolecular rate coefficient of (2.24 ± 
0.16) and (2.04 ± 0.01) × 10-12 cm3 molecule-1 s-1, respectively. 
 

 

The fitted rate coefficient, kobs, was measured over a range of sulphur dioxide 

concentrations. The concentration of added H2/D2 was always greater than the highest 

SO2 concentration, ~5×1016 molecule cm-3, and the total pressure was typically ~40 

Torr. The gradient of kobs vs. [SO2] graph is the bimolecular rate coefficient ki. Typical 

plots of kobs against [SO2] are shown in Figure 2 along with the best straight-line fit to 

the data, via linear regression. Bimolecular rate coefficients were measured at 

temperatures between 295 K and 810 K and the results are shown in Tables 2 and 3.  

 

All the results are summarized in Table 2 and 3 (OH/OD(v=1,2,3)) and plotted 

in Figures 3 and 4. From Table 2 and Figure 3, it is clear that the value k1
 = 3.6 × 10-12 

cm3 molecule-1 s-1 determined from the measurements of Fulle et al.20 at 295 K is too 

high. This most likely arises from SO2 photolysis, see the companion paper.  
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Figure 3. OH(v=1,2,3) + SO2 data fitted to composite function that accounts for 
complex formation and non-reactive VET, SSH-type. The symbols are the data, which 
includes Blitz et al.,21 and the red crosses are the best fit (Equation 4, see Table 4 for 
the fitting parameters). These fitting parameters predict k1

= (7.1 ± 3.3) 
××cm3 molecule-1 s-1, the blue line.  
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Figure 4. OD(v=1,2,3) + SO2 data fitted to composite function that accounts for 
complex formation and non-reactive VET, SSH-type. The symbols are the data and the 
red crosses are the best fit (Equation 4, see Table 4 for the fitting parameters). These 
fitting parameters predict k1

= (10.4 ± 2.5) ××cm3 molecule-1 s-1, the 
blue line.  

 

4. Discussion 

 

Interpretation of the results for OH/OD(v=1,2,3) 

The results from these experiments show that the rate coefficients, ki, for the removal 

of OH/OD(v=1,2,3) by SO2 (Figures 3 and 4) increase with increasing vibrational level, 

i. This means that the system is more complicated than removal by adduct formation, 

i.e. the proxy method as depicted in Scheme 1. In our previous study on reaction R1, 21 

only OH(v=1) + SO2 was studied and it was assumed that only the proxy method was 

operating and k1 = 2.0 × 10-12 cm3 molecule-1 s-1 was assigned. The present findings 
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indicate that this value is an overestimate of k1
 as the increase in ki with vibrational 

level means that there is a contribution from non-reactive VET. This increase of ki on 

vibrational level was previously observed in our study on OH(v =1,2) + C2H2,27 where 

it was concluded that a weakly bound, van der Waals, vdW, complex  facilitates an 

additional route for loss of vibrational energy. This weakly bound complex is too short 

lived at the temperatures of these experiments for efficient intramolecular energy 

redistribution and VET is better described by an extended form of SSH theory 

developed by Shin.34-38 The weakly bound adduct between OH + C2H2 is ~ 10 kJ mol-1 

41-42 but no such adduct has been observed or predicted between OH + SO2. To explain 

the present results a weakly bound complex needs to be invoked, and its presence also 

provides explanation of why k1
 is so small, something that is hard to rationalise if HO-

SO2 is formed on a simple barrierless potential energy surface, PES. The trajectory 

calculations by Glowacki et al.39 were carried on a simple, barrierless, analytical PES 

that started with a vibrationally excited HO-SO2 chemically bound adduct and followed 

its progression to OH + SO2; no vdW complex was included on this PES. Therefore the 

results from this calculation are only applicable for vibrational energy transfer from the 

HO-SO2 adduct and not from the vdW complex, which is the major loss route in the 

system.    

 

The OH/OD(=1,2,3) + SO2 data in Figures 3 and 4, respectively, show that 

each increase in the vibrational level results in a significant increase in ki, but this 

increase is less than if VET were assumed to conform to SSH theory: 34 

1
1 2  i

VETiVET kk       E3 
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This indicates that vibrational energy removal via the proxy mechanism is making a 

significant contribution to ki. Over the range 300 - 500 K, ki shows a small but 

discernible decrease, and the OD data, which appears to be of higher quality than the 

OH data – the SO2 photolysis products produced a background signal that was 

subtracted away – above 500 K increases to a small extent. This temperature 

dependence is subtle compared to OH(v=1,2) + C2H2 where a distinct minimum was 

observed at ~ 300 K, with ki increasing much more strongly with temperature. This 

higher temperature minimum for OH(D)/SO2 implies that its vdW complex is slightly 

more strongly bound than that between OH/C2H2, ~ 10  kJ mol-1, 41-42 based on the 

observation that the probability for VET in HCl and HF was seen to go through a 

minimum at ca. 350 and 1000 K, respectively, where the heats of dimerization are 9 

and 25 kJ mol-1, respectively.34
 

 

The theory of non-reactive vibrational energy transfer is based on the original 

theoretical work by Schwartz, Slawsky and Herzfeld (SSH) who developed a model for 

vibration to translation energy transfer on a repulsive potential and demonstrated that 

the rate coefficient increases with temperature according to the relationship ln k  

1/T1/3.34 The model was further developed by Shin to include an attractive component 

to the potential and demonstrated that an inverse temperature dependence of the rate 

coefficient occurs at low temperature, where ln k  1/T2. 34-37 Shin constructed his 

analysis on dipole - dipole or dipole – quadrupole interactions and used this model to 

explain the irregular temperature dependence of vibrational energy transfer for HF with 

several other encounter molecules (e.g. DF, HF and CO2). In our previous paper on OH 

+ C2H2, the data were analysed by using an expression that accommodates removal of 
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vibrational energy via both the vdW complex, extended SHH, and the HO-SO2 adduct, 

the proxy method, and the rate coefficient is given by:    

EiT

D

T

C

i TAnBk )295/(exp 1
)(

VET

23/1 











 


      E4 

where kVETv i  is the overall bimolecular rate coefficient for loss of OH/OD in (i=1,2,3), 

B, C, D are the SSH parameters and A and E are the parameters describing the high 

pressure limit for reaction R1, k1
. The parameter n describes the enhancement of the 

rate coefficient for non-reactive VET with increasing vibrational quantum number and 

n was explored during the analysis; for a harmonic oscillator, n = 2.  

 

Equation E4 was used to fit the OH and OD(v=1,2,3) + SO2 rate coefficient 

data, where T and v were the two independent variables and the data were weighted to 

the uncertainty in kVET, I, weight  1/2. A non-linear least-square fitting routine was 

used to locate the best-fit parameters, and the resulting fit is shown in Figures 3 and 4, 

and the returned parameters and uncertainties are given in Table 4. From Figures 3 and 

4 it can be seen that Equation E4 is a good fit to both the OH and OD (v=1, 2 and 3) + 

SO2 data. There are no vibrations or combinations in SO2 that lie within 30 cm-1 of the 

OH stretch, so energy transfer is expected to be non-resonant and adequately described 

by the left hand terms of equation E4. However, the interpretation of the non-reactive 

VET B, C and D parameters is beyond the scope of this analysis.  

 

In the analysis the value of n was constrained such that n ≥ 2.0, the harmonic 

limit. It is noted that in this analysis the uncertainties in the non-reactive VET 

parameters (Table 4) are considerably larger than k1
∞(T). Table 4 gives the values for 

k1
∞ for both OH and OD + SO2, where k1∞ is observed to only have a weak, slightly 
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positive dependence on temperature. As noted above, the OD data were of better quality 

than the OH data and all the fitting parameters were allowed to float, see Table 4. For 

the OH data the temperature dependence of k1
∞ - E in Table 4 - was fixed to the same 

value as OD and the value of D was not allowed to be negative; this ensures that non-

reactive VET increases at low T, as is the case for OD and OH + C2H2.27 The OD(v)/SO2 

data points to a similar value for the limiting high-pressure rate coefficient,  k1(D)
∞, for   

OD + SO2 (+M) ĺ DOSO2 (+ M)         R1(D) 

which reinforces the current assignment, but it is not clear if they should be the same 

due the uncertain impact of the pre-reaction complex. 

 
 
 
General Discussion 

From Figure 3, the OH(v=1,2,3) + SO2 data show a distinct dependence on the 

vibrational level, vtherefore the value of k1
∞ in our previous work,21 where we assigned 

k1
∞ equal to k(OH(v=1) + SO2), is an overestimate (n.b. the absolute rate coefficient for 

OH(v=1) removal we previously determined is in excellent agreement with the present 

work, see Figure 3). Figure 3 indicates that OH(v) removal by SO2 is mainly by energy 

transfer in collisions that do not sample the deep HOSO2 well (SSH-type behaviour), 

in contrast to vibrational relaxation via the proxy mechanism where relaxation occurs 

following IVR in the deep well. In the present case, the latter is minor but is being 

identified in our analysis in order to assign k1
∞. Analysis via equation E4 reinforced this 

observation and assigned a value k1
∞ = (7.2 ± 3.3) × 10-13 cm3 molecule-1 s-1. Therefore 

the OH(v=1,2,3) + SO2 data indicate that the value of k1
∞(T) is smaller than both the 

IUPAC and JPL recommendations: (2.0 0.2
0.1


 ) and (1.6 ± 0.4) × 10-12 cm3 molecule-1 s-1, 

respectively.22-23 This low value for k1∞ is supported in the companion paper where all 
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the literature values for OH(v=0) + SO2 measurements, together with some new 

measurements, are analysed using a master equation. However, it is noted that if the D 

parameter, which increases the rate coefficient as temperature is lowered, is floated with 

a lower bound equal to 1.5 × 105, the value obtained for OD(v=1,2,3) + SO2, this returns 

a value  k1
∞ = (11.5 ± 3.6) × 10-13 cm3 molecule-1 s-1, see Table 4. This value represents 

an upper limit to k1∞ and is obtained when the fit to the data is ~ 3 times worse, see 

Table 4.   

 

The implication from the OH(v) + SO2 rate coefficient data is that a pre-reaction, 

weakly bound complex is the main channel for OH(v) removal, hence the use of  

equation, E4, in assigning the limit high-pressure rate coefficient, k1
∞. To date, no ab 

initio calculation has observed such a weakly bound complex, OH—OSO.43-44 This 

suggestion links to the reaction between OH + NO2 where the weakly bound HOONO 

complex was only identified in the last decade because of the inconsistencies in the rate 

coefficients if OH + NO2 was just forming HONO2.45-50 The HOONO intermediate is 

bound by ~100 kJ mol-1 49 and affects the OH + NO2 kinetics at room temperature. But 

this OH—OSO complex is estimated – see above – to be bound by < 20 kJ mol-1, which 

is too weakly bound to influence the kinetics at room temperature. The binding energy 

of the adduct between OH and CH3OH is ~ 20 kJ mol-1 51 and in recent work at Leeds 

it has been demonstrated that it is only below 170 K that the adduct significantly 

influences the observed kinetics.52 Therefore it is mainly the OH(v) + SO2 kinetics that 

points to the presence of OH—OSO but it does provide explanation of why k1
∞ is so 

small and exhibits little temperature dependence. If the reaction were on a barrierless 

potential energy surface, k1
∞ would be expected to be fast and if there was a significant 

barrier (to explain the low value of k1
∞), then a positive temperature dependence should 
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be observed; OH + SO2 exhibits neither of these properties. This contradiction is 

removed if the reaction occurs via a pre-reaction complex as depicted in Figure 5. 

 

 

Figure 5. A qualitative potential energy surface for the reaction between OH + SO2 
based on the findings from this study, where a weakly bound complex, OH-OSO, is 
initially formed before proceeding to product, HO-SO2.
 

 

This type of potential energy surface has been discussed in our recent paper on 

OH + CH3OH 52 and it implies that the measured rate coefficient is a mixture of 

complex formation and further reaction to products. The PES predicts a fast removal at 

low temperatures, TSouter
# controlled, and at high temperatures it is controlled by the 

barrier associated with HO—SO2
#. If at room temperature the rate coefficient was 

controlled exclusively by HO—SO2
# then it would be reasonable to expect that OH + 

SO2 (k1,H
∞ = (7.2 ± 3.3) × 10-13 cm3 molecule-1 s-1) and OD + SO2 (k1,D

∞ = (10.4 ± 2.5) 
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× 10-13 cm3 molecule-1 s-1) to be similar, and this appears to be the case. But it is noted 

at room temperature, if TSouter
# is still influencing the rate coefficient then the higher 

density of states of OD—OSO compared to OH—OSO will increase k1∞. By analogy 

to OH + CH3OH, at room temperature the inner TS is controlling the rate coefficient, 

but not exclusively.  

 

 

6. Conclusions and summary 

(i)  The rate coefficients for the removal OH/OD(v=1,2,3) by SO2 have been studied 

as a function of temperature (295 – 810 K) using laser flash photolysis coupled 

with laser induced fluorescence. The dependence of the rate coefficients on 

temperature and on vibrational quantum number demonstrate that there is a 

significant contribution from what has been termed non-reactive vibrational 

relaxation, which is attributed to the van der Waals complex OH—OSO. This is 

the first speculation on the existence of OH—OSO, which is too weakly bound to 

allow significant energy redistribution, leading to incomplete IVR.  

(ii)  OH—OSO is mainly responsible for the observed temperature behaviour, which 

is typical of cascade (v=-1) vibrational relaxation influenced by the attractive 

van der Waals interaction and by the repulsive wall of the interaction potential.  

(iii)  Analysis of the data using a mechanism that includes both incomplete IVR, OH—

OSO, and complete IVR involving the formation of the chemically bound HO-

SO2 adduct allows k1∞
, the high pressure limiting rate coefficient for formation of 

the adduct, to be determined.  

(iv) The data show systematically lower values for k1
∞ (k1,H

∞ = (7.2 ± 3.3) × 10-13 and 

k1,D
∞ = (10.4 ± 2.5) × 10-13 cm3 molecule-1 s-1) than is currently recommended by 
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both IUPAC and JPL, (2.00.2
0.1


 ) and (1.6 ± 0.4) × 10-12 cm3 molecule-1 s-1, and in 

even larger disagreement with the values for k1
∞ reported by Fulle et al. using 

high pressure techniques, which could be biased by not accounting for SO2 

photolysis.  

(v) In the companion paper, further evidence for a significantly smaller k1
∞ is 

explored by characterising SO2 photolysis, determining k1(p) and master equation 

analysis. 
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Table 1. Laser induced fluorescence excitation schemes for the detection of OH(v=1-
3) and OD(v=1-3). 
 

Species Probe  / 

nm 

Transition Details for 
Generation of  

OH(v=1) 
346.1 

Q1(1) A(v=0) Ћ X2(v=1) Excimer / 
Dye (PTP/DMQ) 

OH(v=2) 
350.9 

Q1(1) A2(v=1) Ћ X2(v=2) Excimer / 
Dye (PTP/DMQ) 

OH(v=3) 
356.7 

Q1(1) A2(v=2) Ћ X2(v=3) Excimer / 
Dye (PTP/DMQ) 

OD(v=1) 334.2 Q1(1) A2(v=0) Ћ X2(v=1) 
Nd:YAG / 

Dye (pyridine) + 
Doubling 

OD(v=2) 338.2 Q1(1) A2(v=1) Ћ X2(v=2) 
Nd:YAG / 

Dye (pyridine) + 
Doubling 

OD(v=3) 342.1 Q1(1) A2(v=2) Ћ X2(v=3) 
Nd:YAG / 

Dye (pyridine) + 
Doubling 
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Table 2. Overall bimolecular rate coefficients (kR1total) for OH(v=1,2,3) + SO2 between 
295 K and 806 K. The uncertainties are two standard deviations obtained from the linear 
fits of the bimolecular plots.  

 

Temperature / 

K 

kR1total (v=1) / 

10-12 cm3 molecule-1 s-1 

kR1total (v=2) / 

10-12 cm3 molecule-1 s-1 

kR1total (v=3) / 

10-12 cm3 molecule-1 s-1 

298 1.9  0.3 3.0  0.4 5.1  0.5 

434  2.7  0.3  

435   4.9  0.5 

436 1.6  0.2   

536 1.6  0.2 2.7  0.3  

541   4.4  0.8 

619  2.5  0.3  

621 1.7  0.2   

673  2.5  0.3  

676 1.6  0.2   

755 1.4  0.4   

759  2.2  0.3  

806 1.3  0.5   
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Table 3. Overall bimolecular rate coefficients (kR1total) for OD(v=1,2,3) + SO2 between 
295 K and 810 K. The uncertainties are two standard deviations obtained from the linear 
fits of the bimolecular plots.  

 

Temperature / 

K 

kR1total (v=1) / 

10-12 cm3 molecule-1 s-1 

kR1total (v=2) / 

10-12 cm3 molecule-1 s-1 

kR1total (v=3) / 

10-12 cm3 molecule-1 s-1 

298 1.9  0.3 2.7  0.4 4.1  0.6 

433   3.8  0.5 

435  2.4  0.3  

437 1.6  0.3   

542  2.2  0.3  

543   3.6  0.5 

547 1.7  0.3   

616   3.6  0.5 

620  2.4  0.3  

625 1.6  0.3   

668  2.4  0.3  

669   4.0  0.6 

675 1.7  0.3   

754   4.5  0.8 

756  2.7  0.5  

761 1.9  0.4   

810 2.0  0.4   
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Table 4. Returned parameters from fitting the OH and OD + SO2 data to equation 4. 

Errors quoted are 1 

 OH(v) + SO2 (a) OH(v) + SO2 
(b) OD(v) + SO2 OH(v) + C2H2 

27 

B / 10-12 (c) 0.28 ± 0.34  8.2 ± 7.1 35 ± 34 4 ± 6 

C / K1/3 9.6 ± 9.7 -27.7± 4.7 -36.4 ± 10.4 -14.6 ± 14.2 

10-4 D / K2 0 ± 3.7  15 ± 104  15.1 ± 4.0 7.6 ± 3.0 

n (d) 2.0 ± 0.26 2.6 ± 0.8 2.0 ± 0.24 2.79 ±0.43 

k1


× (T/295)m 

A/10-12 0.72 ± 0.33 1.15 ± 0.36 1.04± 0.27  

E 0.06 fixed 0.06 fixed 0.06 ± 0.19  

CHISQ/Degrees of 

Freedom 

2.17 7.60 1.17  

 
(a) In this analysis, boundary condition ensured that D did not go below 0. 
(b) In this analysis, boundary condition ensured that D did not go below 1.5×105. 
(c) Units are cm3 molecule-1 s-1. 
(d) Boundary condition ensured that n did not go below 2, the harmonic oscillator limit. 
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Figure Captions 
 

Figures 

 

Figure 1. Typical OH(ち=1) decay in the presence of SO2 (1.07 × 1016 molecule cm-3) 
at 295 K, where filled squares are the measured fluorescence intensities. The total 
pressure is equal to 37.3 Torr and the added H2 (6.84 × 1016 molecule cm-3) ensures that 
the O(1D) is titrated to OH(). The lines are a biexponential (red) and (from t=50 s) 
exponential (blue) fit to the data, where the decay rate coefficients are (2.69 ± 0.39) and 
(2.29 ± 0.02) ×104 s-1, respectively. Note that the red and blue lines converge and this 
is the point where the culled exponential analysis is carried out (see text for details). 
 
 
Figure 2. Typical bimolecular plot for OH(v=1) at 295 K, ~ 40 Torr total pressure of 
He, where the squares and circles are obtained from equations E1 (ki[SO2] = kobs) and 
E2, respectively, and linear regression gives bimolecular rate coefficient of (2.24 ± 
0.16) and (2.04 ± 0.01) × 10-12 cm3 molecule-1 s-1, respectively. 
 
 
Figure 3. OH(v=1,2,3) + SO2 data fitted to composite function that accounts for 
complex formation and non-reactive VET, SSH-type. The symbols are the data, which 
includes Blitz et al.,21 and the red crosses are the best fit (Equation 4, see Table 4 for 
the fitting parameters). These fitting parameters predict k1

= (7.1 ± 3.3) 
××cm3 molecule-1 s-1, the blue line.  
 
 
Figure 4. OD(v=1,2,3) + SO2 data fitted to composite function that accounts for 
complex formation and non-reactive VET, SSH-type. The symbols are the data and the 
red crosses are the best fit (Equation 4, see Table 4 for the fitting parameters). These 
fitting parameters predict k1

= (10.4 ± 2.5) ××cm3 molecule-1 s-1, the 
blue line.  

 

Figure 5. A qualitative potential energy surface for the reaction between OH + SO2 
based on the findings from this study, where a weakly bound complex, OH-OSO, is 
initially formed before proceeding to product, HO-SO2.
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