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Abstract 

A theoretical study has been made of the BrO + HO2 reaction, a radical-radical reaction which 

contributes to ozone depletion in the atmosphere via production of HOBr. Reaction enthalpies, 

activation energies and mechanisms have been determined for five reaction channels. Also rate 

coefficients have been calculated, in the atmospherically important temperature range 200-400 K, for 

the two channels with the lowest activation energies, both of which produce HOBr:-            

1(a) HOBr (X1A) + O2(X
3

g) and 1(b) HOBr (X1A) + O2(a
1g). The other channels considered 

are :- (2) BrO + HO2 → HBr + O3 , (3) BrO + HO2 → OBrO + OH and (4) BrO + HO2 → BrOO 

+ OH.  For all channels, geometry optimization and frequency calculations were carried out at the 

M06-2X/AVDZ level, while relative energies of the stationary points on the reaction surface were 

improved at a higher level (BD(TQ)/CBS or CCSD(T)/CBS).  

The computed standard reaction enthalpies (H298K
RX)  for channels 1a,1b, 2, 3 and 4 are -47.5. 

-25.0, -4.3, 14.9 and 5.9 kcal.mol-1, and the corresponding computed activation energies (E) are 

2.53, -3.07, 11.83, 35.0 and 37.81 kcal.mol-1
  These values differ significantly from those obtained 

in earlier work by Kaltsoyannis and Rowley (PCCP  4, 2002, 419-427), particularly for channel 

1(b), and reasons for this are discussed. In particular, the importance of obtaining an open-shell 

singlet wavefunction, rather than a closed-shell singlet wavefunction, for the transition state of this 

channel is emphasized.  

Rate coefficient calculations from computed potential energy surfaces were made for BrO + 

HO2 for the first time. Although channel 1(a) is the most exothermic, channel 1(b) has the lowest 

barrier height, which is negative (at -3.07 kcal.mol-1). Most rate coefficient calculations were 

therefore made for 1(b). A two transition state model has been used, involving an outer and an inner 

transition state. The inner transition state was found to be the major bottleneck of the reaction with 

the outer transition state having essentially no effect on the overall rate coefficient (k) in the 

temperature range considered. Studying the entropy, enthalpy and free energy of activation of this 

channel as a function of temperature shows that the main contributor to the magnitude of lnk at a 

selected temperature is the entropy term (S#/kB) whereas the temperature dependence of lnk is 

determined mainly by the enthalpy term (-H#/kBT). This compares with reactions with positive 

barrier heights where the enthalpy term makes a bigger contribution to lnk. Comparison of the 

computed rate coefficients with available experimental values shows that the computed values have a 

negative temperature dependence, as observed experimentally, but are too low by approximately an 

order of magnitude at any selected temperature in the range 200-400 K.  
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Introduction 

The BrO + HO2 reaction is important in the earth’s atmosphere as it can lead to enhanced 

destruction of ozone. In modelling studies, Yung et al.(1) concluded that the following catalytic cycle, 

which involves both bromine and chlorine atoms, is important in contributing to ozone depletion in 

the stratosphere:- 

Br + O3     BrO + O2 

                            Cl + O3      ClO + O2 

BrO + ClO      Br + Cl + O2 

                              Net   2O3    3O2 

 

However, the BrO + HO2 reaction also contributes to ozone depletion. This occurs through 

production of HOBr, which then undergoes solar photolysis, followed by reactions of the radicals 

produced with ozone:- 

                    BrO + HO2    HOBr + O2 

                               HOBr + h    OH + Br 

                       OH + O3    HO2 + O2 

                        Br + O3    BrO + O2 

                            Net 2O3    3O2 

Important features of this cycle are that the BrO + HO2  HOBr + O2 reaction is the rate 

limiting step, and that the cycle does not require the presence of atomic oxygen, as do the separate 

ozone-removal cycles involving chlorine and bromine atoms. For example, the key steps in the cycle 

involving removal of ozone by chlorine atoms are:- 

                     Cl + O3     ClO + O2 

                     ClO + O    Cl + O2 

                   Net O3 + O    O2 + O2     

Therefore, the BrO + HO2 reaction is particularly relevant to ozone removal during the day in 

the lower stratosphere, where the concentration of atomic oxygen is low compared to higher regions 

of the stratosphere. 

The value of the rate coefficient at 298 K of the BrO + HO2 reaction used by Yung et al.(1) in 

their modelling studies in 1980 was 4x10-12 cm3 molecule-1s-1 . This was taken to be equal to the 

measured value for the ClO + HO2 reaction at that time, and it appeared to be confirmed when in 

1982 Cox and Sheppard (2) measured the BrO + HO2 rate coefficient as 5x10-12 cm3.molecule-1s-1 

using molecular modulation u.v. absorption spectroscopy to monitor both BrO and HO2. However, 

more recent experimental studies (3-12) gave values for this rate coefficient at room temperature 

which are ~6 times higher (the recommended value at 298 K is currently (2.4  0.8)x10-11 cm3 

molecule-1s-1 (3)). This higher value indicates that this reaction is more important than was first 

thought in ozone depletion. Also, measurements over the temperature range 210-360 K show that the 

rate coefficient increases when the temperature decreases (at 210 K the approximate temperature at 
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an altitude of 15 km, the start of the stratosphere, the rate coefficient is 4.87x10-11 cm3 molecule-1s-1) 

(3). This negative temperature dependence of the rate coefficient suggests that the reaction proceeds 

through a reactant complex (10).  

 In the BrO + HO2 reaction, the ground electronic states of the reactants are doublets. The 

reaction can therefore take place on a triplet or a singlet surface {for example with production of 

HOBr (X1A) + O2(X
3

g) or HOBr (X1A) + O2(a
1g)}. For the singlet surface, the reactant complex 

(RC) and transition state (TS) are expected to be open-shell singlet states, while the product complex 

(PC) and products will be closed-shell singlet states. This is similar to the BrO + CH3O2  HOBr + 

CH2O2 reaction, which was studied by us recently (13). It was found in this work (13) that most 

density functionals and the MP2 method were unable to locate the open-shell singlet TS for the 

singlet reaction surface, with the exceptions of the M06-2X and BH&HLYP functionals (13). Our 

previous study (13) shows the inadequacy of most functionals used, and also the inadequacy of the 

underlying UHF wavefunction used in the MP2 calculations, in dealing with the open-shell singlet 

TS {see reference (13) for details}. In an earlier study of the BrO + CH3O2 reaction by Guha and 

Francisco, in which the QCISD method was employed, a TS for the singlet reaction channel could 

not be located, almost certainly also because of the inadequacy of the underlying HF wavefunction 

used (14). Summarizing, based on previous results (13,14), for this type of reaction, simple 

correlation methods based on UHF wavefunctions appear to be inadequate for dealing with 

open-shell singlet TSs, while the M06-2X functional seems to be a more appropriate choice.  

The first computational study of the BrO + HO2 reaction was carried out by Kaltsoyannis and 

Rowley (15). They investigated three reaction channels, formation of (i) HOBr + O2(X
3

g) ,      

(ii) HOBr + O2(a
1g), and (iii) HBr + O3. They employed CCD/6-311G** calculations for geometry 

optimization and carried out fixed point CCSD(T)/6-311G** calculations at the energy minima and 

transition states obtained. They concluded that the channel with the largest rate coefficient is (i) as it 

had the smallest computed reaction barrier. The barriers and reaction enthalpies for these channels 

were computed as (i) -2.9, -52.6 kcal.mol-1, (ii) 15.8, -37.3 kcal.mol-1 and (iii) 8.1, -10.0 kcal.mol-1. 

However, the results of this work must be treated with caution particularly with respect to the singlet 

pathways (ii) and (iii), as it appears that restricted wavefunctions have been used and hence only 

closed-shell singlet species on the singlet reaction surface were considered (15). No rate coefficients 

were calculated by Kaltsoyannis and Rowley (15) and hence a comparison cannot be made in their 

work with experimental rate coefficients. In related work, Guha and Francisco (16-18) have studied 

possible isomers of HBrO3, obtained from BrO + HO2, investigating their structures, relative 

energies, vibrational spectra, as well as their isomerization and reaction pathways. In these 

calculations, geometry optimization was performed at the QCISD level with fixed point calculations 

carried out at the QCISD(T) level. 

In this present work five reaction channels for BrO + HO2 were investigated:- 

BrO + HO2 → HOBr + O2 (X̃3Σg
-) (1a) 

                       BrO + HO2 → HOBr + O2 (ã1Δg)    (1b) 
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BrO + HO2 → HBr + O3   (2) 

BrO + HO2 → OBrO + OH   (3) 

BrO + HO2 → BrOO + OH   (4) 

Reaction (2) is potentially important as it produces ozone and reactions (3) and (4) were 

included because they both produce OH. They could be atmospherically significant if their rate 

coefficients are comparable or higher than the rate coefficients of reactions 1(a) and 1(b). 

The aim is to use state-of-the-art wavefunction and DFT methods to investigate the reaction 

mechanism of the BrO + HO2 reaction, and to determine, for each channel, the energies of the RC, 

TS, PC and products relative to the reactants. It was also proposed to compute reaction rate 

coefficients (k) for the channel with the largest values of k in the atmospherically relevant 

temperature range, 200-400 K, for comparison with available experimental values. This will be the 

first time that rate coefficients have been calculated for this reaction from potential surfaces derived 

from electronic structure calculations. It is expected that channels 1a and 1b will be the most 

important kinetically as, in a discharge-flow mass spectrometric study (8), HOBr has been observed 

as the main reaction product in the temperature range 300-441 K and no O3 was detected (8). This 

allowed a limit to be placed on the rate coefficient ratio k2/k(1a+1b) of less than 1.5x10-2 (8).   

 

Computational Details 

(a)Electronic structure calculations 

As in our earlier studies of atmospherically important reactions (19-22), the overall strategy 

used for each reaction channel is to obtain the geometries and harmonic vibrational frequencies of 

the stationary points (reactants, RC, TS, PC, products) on the potential energy surface using DFT 

calculations with the M06-2X functional, as well as their energies relative to the reactants. The 

M06-2X functional was chosen because it has been shown to perform well for TS structures and 

reaction barrier heights in a number of benchmark studies (23-27). In addition, it has been found to 

perform well for open-shell singlet TSs for this type of reaction, as discussed above (13). For each 

TS, an IRC search is performed to ensure that the TS connects with the RC and the reactants, and the 

PC and the products. All M06-2X calculations were performed using GAUSSIAN09 (28) with the 

aug-cc-pVDZ basis sets for H, C and O and the aug-cc-pVDZ-PP basis set for Br (these are 

collectively denoted as AVDZ from now on). In addition to M06-2X calculations, some BD/AVDZ 

TS search and harmonic frequency calculations were also carried out (vide infra). 

For the five reaction channels considered, (1a,1b, 2-4), three are triplet channels and two are 

singlet channels. For the triplet channels (1a), (3) and (4), triplet states were considered for the RC, 

the TS and the PC. For singlet channel (2), an open-shell singlet state (unrestricted-spin 

wavefunction with guess=mix; see GAUSSIAN online manual (28)) was considered for the RC, but 

geometry optimization led to a closed-shell intermediate (vide infra). Consequently, for this channel 

closed-shell singlet states were considered for the TS and the PC. For the singlet channel (1b), 

open-shell singlet states were considered for the RC and the TS. However, it was found that all of the 
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UHF based methods used in the present study give very poor computed relative electronic energies 

for O2 (a
1Δg) {with respect to O2 (X

3Σg
-)}. The difficulty of obtaining reliable O2(a

1Δg)  O2(X
3Σg

-) 

separations in electronic structure calculations has been discussed elsewhere (29). Consequently, the 

O2(a
1Δg) energy was estimated by adding the experimental X3Σg

--a1Δg separation of O2 {22.5 

kcal.mol-1 (30)} to the computed electronic energy of O2 (X
3Σg

-) at each level of calculation used. 

The same was applied to the relative energy of the PC of this channel, assuming that the PCs of 

O2(a
1Δg) and O2(X3Σg

-) with HOBr have similar interactions and geometries. 

The relative energies of stationary points obtained were then improved by fixed point 

calculations using high level ab initio methods. Initially, the RHF/UCCSD(T) method as 

implemented in MOLPRO (31) was used with the aug-cc-pVXZ (for H, C and O) and 

aug-cc-pVXZ-PP (for Br) basis sets, where X = T or Q. Extrapolation to the complete basis set (CBS) 

limit of computed relative electronic energies obtained with the AVQZ and AVTZ basis sets was 

carried out employing the 1/X3 formula. However, for the RC and the TS of channel 1(a), although 

the CCSD iterations in the UCCSD(T) calculations converged, the computed T1 diagnostic values 

were rather large (~0.05 and ~0.1, respectively). In order to circumvent this problem, Brueckner 

theory was employed, as with Brueckner doubles (BD) the T1 value is zero. BD(T)/AVQZ and 

BD(TQ)/AVTZ single energy calculations were carried out as implemented in GAUSSIAN09. 

Computed relative BD(T) energies obtained using the AVQZ and AVTZ basis sets were extrapolated 

to the CBS limit employing the 1/X3 formula (unless otherwise stated; vide infra). The highest level 

of relative electronic energies obtained in the present study is BD(TQ)/CBS, which combines the 

BD(T)/CBS value with the (Q) contribution from the {BD(TQ) – BD(T)} relative energies.     

The ground electronic state of BrO is a 2 state, which is split into two spin–orbit 

components, 23/2 and 21/2, separated by 975.4 cm-1 (32) with the 23/2 state lying lower. The 23/2 

state lies lower than the position of the un-split 2 state by 487.7 cm-1 (1.394 kcal.mol-1). This value 

was used as a spin-orbit correction in the evaluation of all relative energies (vide infra), and the two 

spin-orbit BrO states were included in all rate coefficient calculations.   

 

(b) Rate coefficient calculations 

As will be discussed, of the five channels considered, 1(b) has a negative activation energy 

whereas 1(a), (2), (3) and (4) have positive activation energies (vide infra; see also Tables 1-5). 

Channel 1(b) was expected, therefore, to have the largest rate coefficients in the temperature range 

considered, 200-400K. Most rate coefficient calculations were made on this channel with some being 

carried out on channel 1(a). In order to give the correct orientations at the optimized stationary points 

for the subsequent rate coefficient calculations, the geometrical optimizations of the stationary points 

were re-done with the no-symmetry constraint (‘nosym’ keyword) in GAUSSIAN 09 (28). Cartesian 

coordinates were employed in all geometries for all ab initio and DFT calculations. The rate 

coefficients, which are high pressure limit values, were calculated using POLYRATE 2010-A (33) 

and VARIFLEX 1.0 (34).  



7 
 

For a reaction with a negative barrier there are in general two bottlenecks. The first bottleneck 

occurs on association of the two reactants, in which they need to overcome a centrifugal barrier, to 

form the RC. The second bottleneck is at the TS which separates the RC from the PC (35-37). 

Klippenstein and coworkers have introduced a two-transition state theory (38,39) which emphasized 

the importance of treating the two barriers at the energy (E) and angular momentum (J) resolved 

levels in order to obtain reliable rate coefficients for a reaction with a negative barrier. In the 

language of this two-transition state theory, the TS between the reactants and the RC is known as the 

outer transition state and the TS between the RC and the PC is known as the inner transition state. In 

general, both the outer transition state and the inner transition state will contribute to the overall 

reactive flux of the reaction. The overall rate coefficient (koverall) for a reaction channel can be 

expressed in terms of the inner (kinner) and outer (kouter) rate coefficients associated with the inner and 

outer transition states as (38-43):-  

1/koverall   = 1/kinner + 1/kouter      ------------ (1) 

koverall for a reaction channel was determined from  

(i)  kouter and kinner calculated with VARIFLEX (34) (the koverall value obtained is labelled koverall(i)) 

and  

(ii)  kouter calculated with VARIFLEX and kinner calculated with POLYRATE (33) (the koverall value 

obtained is labeled koverall(ii)). 

For (i), kouter values were evaluated using long-range transition state theory (TST) as used in 

phase-space-theory (PST). The long-range interaction potential used in these calculations was 

approximated by the potential V(r) = -C6/r
6 where C6 =1.512E1E2/(E1+E2) in which i are the 

isotropic polarizabilities and Ei are the ionization energies of the two reactants (i=1,2). For these 

calculations, the isotropic polarizability of the two reactants were computed at the M06-2X/AVDZ 

level and the ionization energies of BrO and HO2 were taken from studies by u.v. photoelectron 

spectroscopy {10.46 eV for BrO (44) and 11.35 eV for HO2
 (45)}. For calculations of kinner, energy 

and angular momentum resolved TST (E,J-TST) was used, with the BD(TQ)/CBS//M06-2X/AVDZ 

barrier height (corrected for spin-orbit splitting in BrO X2) (vide infra). The zero-point energy 

(ZPE) corrected barrier was used in VARIFLEX. 

For (ii), kinner values were calculated with POLYRATE (33) at different TST levels, namely, 

conventional transition state theory (TST), canonical variational transition state theory (CVT) and 

improved canonical variational transition state theory (ICVT), with different tunneling methods, 

including Wigner tunneling (W), zero-curvature tunneling (ZCT) and small-curvature tunneling 

(SCT) corrections. In TST calculations with POLYRATE, the classical electronic energy barrier was 

used with no ZPE correction. 

For channel 1(b), the BD(TQ)/CBS//M06-2X/AVDZ minimum energy path (MEP) needed for  

POLYRATE was obtained by scaling the MEP curve at M06-2X/AVDZ level according to the 

equation utilised in our previous work (21). 
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------------------- 

Tables 1 and 2 

-------------------- 

Results and discussion 

Ab initio/DFT results 

The optimized structures of the stationary points of channels (1a), (1b), (2), (3) and (4) obtained 

in the present study are given in the Supplementary Material (Figures S1 to S7). Their relative 

electronic energies computed at various levels are listed in Tables 1, 2, 3, 4, and 5 respectively. 

Available heats of formation (Hf ,298K) of the reactants and products, which were used to evaluate 

the reaction enthalpy (Hf,298K
RX) of each channel, are given in the Supplementary Material (Table 

S1). The reaction enthalpies of all five channels obtained in different ways are summarized in Table 

6. The computed results for each channel obtained from the present work are discussed first, 

followed by a summary and comparison with results of other work. 

 

Channel (1a): BrO + HO2 → HOBr + O2 (X̃3Σg
-) 

The optimized M06-2X structures of the RC, TS and PC are shown in Figure S1, while the 

optimized structures of the TS obtained by the M06-2X and BD methods are compared in Figure S2. 

The TS of this channel located at the M06-2X/AVDZ level, had a small imaginary vibrational 

frequency of 162i cm-1, which involves bending motions in both the BrO and HO2 moieties. When 

UCCSD(T) calculations were used to improve the electronic energy of this TS obtained at the 

M06-2X/AVDZ geometry, a large T1 value (~0.1) was obtained which suggested non-negligible 

multi-reference (MR) character. As mentioned above, in order to circumvent this problem, the BD 

method was employed. In this connection, BD/AVDZ geometry optimization and harmonic 

frequency calculations were performed on the TS to obtain its relative energy and geometry. A TS 

was located which had an imaginary frequency of 399i cm-1 corresponding to the O-H stretching 

mode in the BrO---HO2 unit. However, BD/AVDZ geometry optimization (and subsequent 

frequency) calculations were not carried out on the RC and PC, which are expected to have shallow 

minima, as their calculations would be very demanding computationally. Consequently, for the RC 

and PC, the best computed relative energies are at the CCSD(T)/CBS//M06-2X/AVDZ level, while 

for the TS, the best computed relative energy is at the BD(TQ)/CBS//BD/AVDZ level (see Table 1). 

Nevertheless, it is pleasing to see that for the relative reaction energy, ΔERX, the CCSD(T)/CBS and 

BD(TQ)/CBS values agree very well. This good agreement suggests that the CCSD(T)/CBS level 

should also perform well for the RC and PC.   

There are significant differences in the optimized geometries of the TSs obtained at the two 

levels. The BrO--HO2 bond in the M06-2X/AVDZ geometry is 1.77 Å, slightly shorter than the 

equivalent bond length in the RC of 1.87 Å, whereas in the BD/AVDZ TS it is 1.48 Å. Also, the 
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BD/AVDZ geometry has a dihedral angle (Br-O-O-O) of 0.2 (the TS is virtually planar) whereas 

the M06-2X/AVDZ structure has a dihedral angle of 24.0. Nevertheless, the difference between the 

computed ΔE(0K) values obtained at the M06-2X/AVDZ and BD/AVDZ levels is  small (2.23 

kcal.mol-1; see Table 1). The energy of the TS relative to the reactants is negative at the BD/AVDZ 

level (-1.78 kcal.mol-1) but it is positive at the BD/AVTZ and BD/AVQZ levels (4.19 and 4.42 

kcal.mol-1 respectively). Because of the large change in relative energy on going from BD/AVDZ to 

BD/AVTZ, the AVDZ basis set is probably too small for a reliable TS relative energy. Much better 

agreement was obtained between the BD(T)/AVTZ//BD/AVDZ and BD(T)/AVQZ//BD/AVDZ 

relative energies (2.06 and 2.20 kcal.mol-1). Regarding the computed relative reaction energy, ΔE(RX), 

it increases from the BD/AVDZ level to the BD/AVTZ level, but decreases from the BD/AVTZ level 

to the BD/AVQZ level (Table 1). Because the changes in the computed relative energies with the two 

sets of basis sets are in opposite directions, a CBS extrapolation technique seems inappropriate. 

Consequently, the average between the BD(T)/AVTZ and BD(T)/AVQZ values is taken as the CBS 

value. The closeness of the BD(T)/AVTZ and BD(T)/AVQZ values also suggests that these values 

are close to the result at basis set saturation. In addition, the computed BD(TQ)/CBS ΔE(RX) value 

obtained in this way agrees very well with the corresponding CCSD(T)/CBS value. Summarizing, 

this channel is exothermic with a recommended barrier height of 2.53 kcal.mol-1 {ΔE(0K) value} and 

reaction enthalpy (H298K
RX) of -47.5 kcal.mol-1 {BD(TQ)/CBS + SO(BrO) values; see Table 1}. 

 

Channel (1b): BrO + HO2 → HOBr + O2 (ã1Δg) 

The optimized M06-2X structures of the RC, TS and PC for this channel are shown in Figure S3, 

while the M06-2X/AVDZ and BD/AVDZ structures of the TS are compared in Figure S4. For the RC 

and TS, unrestricted wavefunctions were used together with guess=mix in order to obtain the 

open-shell singlet states, as mentioned above (for the TS structures, the computed spin density values 

at each atomic centre are given in Table S2). The distance between Br[O]…[H]O2 in the RC was 

1.87Å and this decreased to 1.58Å and 1.36Å in the TSs optimized at the M06-2X/AVDZ (with 

imaginary frequency of 229i cm-1) and BD/AVDZ (with imaginary frequency of 1391i cm-1) levels 

respectively. The dihedral angle (Br-O-O-O) of these TSs are 2.76 and 0.02 respectively. The 

computed ΔE(0K) values of the TSs obtained by the M06-2X/AVDZ and BD/AVDZ methods differ 

by 0.05 kcal.mol-1. The TS structures obtained by the two methods may be considered as 

qualitatively similar. In terms of the difference between the TSs for channels 1(b) and 1(a), the 

Br-O-O-O dihedral angle of 1(b) is smaller than that of 1(a) and the distance between 

Br[O]…[H]O2 is smaller in 1(b) than 1(a).  

Computed relative energies obtained at different levels of calculation are summarized in Table 2. 

For the TS, the BD/AVDZ calculations gave an open-shell singlet wavefunction as shown by the 

computed spin densities on the atomic centres. However, when the AVTZ and AVQZ basis sets were 

used in the BD(TQ)/AVTZ//BD/AVDZ and BD(T)/AVQZ//BD/AVDZ single energy calculations, the 

Brueckner wavefunctions converged to closed-shell singlet wavefunctions. These closed-shell singlet 
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states have significantly higher relative energies (see Table 2). Consequently, it was decided to use 

the M06-2X geometry of the TS for higher level BD calculations. With the M06-2X/AVDZ 

optimized TS geometry, the spin densities of the Brueckner wavefunctions computed with the AVTZ 

and AVQZ basis sets indicate open-shell singlet states (see Table S2).  

In summary, this channel is exothermic with a recommended barrier height {ΔE(0K)} of -3.07 

kcal.mol-1 and reaction enthalpy (H298K
RX

 ) of -25.0 kcal.mol-1 {BD(TQ)/CBS +SO(BrO) values}. 

Also, the multireference (MR) character of each of the TSs of channels 1(a) and 1(b) has been 

investigated by CASSCF and/or CASSCF/NEVPT2 calculations. The details of these MR 

calculations and their results are given in the Supplementary Material. The conclusion from these 

extra MR calculations is that the BD(TQ)/CBS results, summarised in Tables 1 and 2, are reliable.    

 

Channel (2): BrO + HO2 → HBr + O3 

For this channel, the optimized structures of the RC, TS and PC are shown in Figure S5. The 

RC is actually an intermediate, HOOOBr (labeled as IM2 in Figure 1). The barrier height, ΔE(0K), 

was computed as 10.93 kcal.mol-1 at the BD(TQ)/CBS//M06-2X/AVDZ level (with BrO spin-orbit 

correction) , significantly higher than the barrier heights of the reactions (1a) and (1b) respectively. 

The results obtained for this channel are similar to those obtained by Kaltsoyannis and Rowley (15). 

Both studies showed that BrO and HO2 form a HOOOBr intermediate, which then proceeds to a TS 

to form the products. The M06-2X/AVDZ TS geometry obtained in the present work is very similar 

to that of the TS in ref.(15) (labeled ts5 in that work), which had been optimized at the 

CCD/6-311G** level. There was a slight difference in the geometry of this RC between our work 

and the work of ref.(15) in that the H and Br atoms in our RC are cis to each other (see Figure S5) 

whereas the H and Br atoms are trans to each other in the RC of ref.(15) . The relative electronic 

energies of the RC, TS and separate products were calculated in ref.(15) as -17.21, 8.13 and -9.09 

kcal.mol-1 respectively at the CCSD(T)/6-311G**//CCD/6-311G** level, compared to the values 

obtained in this work of -19.57, 11.83 and -3.00 kcal.mol-1 at the BD(TQ)/CBS//M06-2X/AVDZ 

level (with BrO spin-orbit correction). The significant difference between the computed reaction 

energies of the two studies ( > 6 kcal.mol-1) is probably due to the considerably smaller basis sets 

used by Kaltsoyannis and Rowley when compared with those used in the present study. In addition, 

although ozone is a closed-shell singlet, it has significant multireference (MR) character (46). In this 

connection, the BD(TQ) method is expected to perform better than the CCSD(T) method.  

In summary, this channel is exothermic with a recommended barrier height {ΔE(0K)} of 10.93 

kcal.mol-1 and reaction enthalpy (H298K
RX

 ) of -4.3 kcal.mol-1 {BD(TQ)/CBS +SO(BrO) values}. 

The barrier is significantly higher than that of channels 1a and 1b, and therefore the rate coefficient 

of this channel will be significantly lower than those of 1a and 1b in the temperature range 

considered (200-400 K). This is consistent with the experimental result that HOBr has been observed 

as a major product of the BrO + HO2 reaction. No O3 has been detected experimentally from this 

reaction. Although small amounts of HBr have been observed, it was not possible to ascribe this to 
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channel (2) as it may arise from wall reactions or secondary reactions of HOBr (5,7,8). 

For this channel, an equilibrium is assumed between the reactants and the intermediate, IM2, 

and as TS2 is high, at 10.93 kcal.mol-1,  this channel will not affect the overall rate coefficient (vide 

infra).  

 

Channel (3): BrO + HO2 → OBrO + OH 

As far as we are aware, this is the first theoretical study of this channel, a reaction, which 

proceeds on a triplet potential energy surface. The optimized structure of the TS is shown in Figure 

S7. The reaction enthalpy {ΔH298K
RX} computed at the BD(TQ)/CBS level is 14.9 kcal.mol-1 (Tables 

4 and 6) whereas that obtained at the M06-2X/AVDZ level is 29.9 kcal.mol-1 (see Table 4). This large 

discrepancy in reaction enthalpy between the BD(TQ)/CBS and M06-2X/AVDZ methods probably 

arises from the inadequacy of the M06-2X method to account for the ground state of OBrO, which 

has MR character (47). Again, this shows the value of using BD theory in carrying out calculations 

on molecules, which have MR character. It is also pleasing that the H298K
RX value for this reaction 

calculated using available heats of formation (15.3  2.8 kcal.mol-1; see Tables 6 and S1) agrees very 

well with the BD(TQ)/CBS value reported in the present study. The computed barrier height 

{ΔE(0K)} for this reaction is very high (34.98 kcal.mol-1, see Table 4). As a result, rate coefficients 

for this channel will be very much smaller than those of channels 1a,1b and 2 and are not expected to 

contribute to the overall reaction rate coefficient at temperatures of atmospheric importance. 

In summary, this channel is endothermic with a recommended barrier height {ΔE(0K)} of 35.0 

kcal.mol-1 and reaction enthalpy (H298K
RX) of 14.9 kcal.mol-1 {BD(TQ)/CBS + SO(BrO) values}. 

 

Channel (4): BrO + HO2 →BrOO + OH 

As with channel (3), this is the first theoretical study of this channel. The results obtained are 

very similar to those obtained for channel (3) and channel (4) is not expected to contribute to the 

overall BrO + HO2 rate coefficient at temperatures of atmospheric importance. The optimized 

structure of the TS is shown in Figure S6. The computed reaction enthalpy (H298K
RX

 ) obtained at 

the BD(TQ)/CBS level (with BrO spin-orbit correction) is 5.9 kcal.mol-1, in agreement with the 

reaction enthalpy calculated using available heats of formation (2.9  3.5) kcal.mol-1 (Table 6) . 

However, the value calculated with the M06-2X/AVDZ functional is -4.9 kcal.mol-1 . The source of 

this difference is the M06-2X electronic energy of BrOO. As BrOO has some MR character (47), BD 

theory gives a more reliable electronic energy for BrOO than the M06-2X functional. The barrier 

height {ΔE(0K)} for this reaction is large, 37.8 kcal.mol-1 calculated at the BD(T)/CBS level. In 

summary, this channel is endothermic with a recommended barrier height of 37.8 kcal.mol-1 and 

reaction enthalpy (H298K
RX) of 5.9 kcal.mol-1 {BD(TQ)/CBS + SO(BrO) values}. 
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Summary and comparison with other work 

To provide reference values for our computed values, the reaction enthalpy (Hf,298K
RX) of each 

channel was calculated using available heats of formation (Hf ,298K) of the reactants and products. 

The results (average literature values in Table 6) obtained are (1a) (-47.5  2.1), (1b) (-25.0  2.1), (2) 

(-7.1  3.3), (4) (15.3 2.8) and (3) (2.9  3.5) kcal.mol-1, which agree very well with the computed 

values of -47.5, -25.0, -4.3, 14.9 and 5.9 kcal.mol-1 obtained at the BD(TQ)/CBS + SO(BrO) level 

from the present study (see Table 6). The reaction enthalpies (Hf,298K
RX) for reaction channels 1a, 

1b and 2 computed by Kaltsoyannis and Rowley (15) with CCSD(T)/6-311G** calculations are in 

good agreement with the reference values for reactions 1a and 2, but their CCSD(T)/6-311G** value 

for reaction 1b is too negative by 12.3 kcal.mol-1 compared to the reference value of (-25.0  2.1) 

kcal.mol-1. The recommended TS relative energies {E(0K)} (including zero-point energy 

corrections) for these channels are (1a) 2.53, (1b) -3.07 , (2) 10.93, (3) 35.0, (4) 37.81 kcal.mol-1 (see 

Tables 1-5). Barrier heights computed in ref.(15) with CCSD(T)/6-311G** calculations for (1a), (1b) 

and (2) are -2.9, 15.8 and 8.1 kcal.mol-1 respectively. It is notable that the barrier height of channel 

1(a) in ref.(15) is negative whereas it is positive in the present work (the difference is 5.43 

kcal.mol-1). Overall, for channels (1a) and (2) the agreement of the barrier heights in ref.(15) with 

our values is moderate but for (1b) it is very poor (difference 18.9 kcal.mol-1) probably for the 

reasons outlined in the Introduction.  

------------------------ 

Tables 3,4, 5 and 6 

    ------------------------- 

Rate coefficient results 

(a)Schematic pathways for all channels and VMEP, ZPE and VaG curves for channel 1(b) 

Figure 1 shows a schematic diagram of the five channels considered in this work, based on the 

computed relative energies obtained for the stationary points. As can be seen from this diagram, 

channel 1(a) is the most exothermic while 1(b) has the lowest barrier height. Channel 1(b), therefore, 

has the highest rate coefficients of the pathways considered and rate coefficients were calculated for 

this channel for temperatures in the range 200-400 K. The minimum energy path (MEP) computed at 

the BD(TQ)/CBS//M06-2X/AVDZ level (with BrO spin-orbit correction) was used for these 

calculations. 1(a) is the channel with the next lowest barrier height and some rate coefficient 

calculations were also carried out for this reaction using the MEP associated with the stationary 

points (best-estimate values) given in Table 1. 

------------------- 

Figure 1  

-------------------- 

For channel 1(b), as described earlier, the higher level VMEP curve was obtained from the lower 

level curve, at the M06-2X/AVDZ level, utilizing the scaling expression we have used previously 

(21), with relative energies obtained from fixed point calculations at the BD(TQ)/CBS level . The 
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VMEP, ZPE and VaG curves obtained at the BD(TQ)/CBS//M06-2X/AVDZ level (with BrO 

spin-orbit correction) are shown in Figure 2. As can be seen, there is a dip in the ZPE curve near s = 

+0.5 Å. The change in the O-H stretching frequency contributes significantly to this change. At the 

M06-2X level, the O-H stretching frequency was computed as 3680 cm-1 in HO2, 2661 cm-1 in the 

TS and 3839 cm-1 in HOBr. The maximum of the VaG curve is not at s = 0, the maximum of the VMEP  

curve, because of the ZPE contribution (VaG = VMEP + ZPE ). It occurs at s = -0.509 Å. 

------------------- 

Figure 2  

-------------------- 

 

(b) Computed rate coefficients 

For channel 1(b), equation (1) was used to calculate koverall(i) from kinner and kouter using 

VARIFLEX (34). In these calculations, kouter was calculated using PST and kinner was calculated using 

energy (E) and angular momentum (J) resolved TST (E,J-TST). The results are shown in Figure S8. 

It was found that kouter does not contribute significantly to the overall rate coefficient, koverall(i), even 

at low temperatures (see Figure S8 and Table S3). The major bottleneck is at the inner TS throughout 

the temperature range considered. The variational effect on kinner was explored by evaluating this rate 

coefficient with variational transition state theory (VTST) using POLYRATE (33). kouter was again 

evaluated using PST with VARIFLEX and koverall(ii) was evaluated using equation (1). Before this was 

done, however, values of kinner computed at the E,J-TST level with VARIFLEX were checked against 

kinner values computed with conventional TST with POLYRATE. The E,J-TST VARIFLEX values are 

slightly greater than the conventional TST POLYRATE values (see Figure S9 and Table S4). This 

was because the energy distribution in the reactants and TS are treated in a different way in E,J-TST 

compared to conventional TST, and the zero-point corrected barrier height (-3.07 kcal.mol-1) is used 

in the E,J-TST calculation whereas the classical electronic barrier height (-3.05 kcal.mol-1) is used in 

the conventional TST calculations (see footnote to Table S4). The results of kinner obtained with 

POLYRATE at the TST, CVT and ICVT levels with different tunneling methods are shown in Figure 

3 and Tables S5 and S6. 

Since kICVT/SCT is the highest level of variational transition state theory used in his work, these 

values were used in equation (1) for kinner , with kouter obtained from PST to obtain koverall(ii). The 

values used are given in Table S3 (for kouter) and Table S6 (for kinner), and the plots of kinner, kouter and 

koverall(ii) versus temperature are shown in Figure S10. Since the kinner values are about two orders of 

magnitude smaller than the kouter values, the inner TS is the major reaction bottleneck. Hence at a 

given temperature koverall(ii) is very close to kinner and these two curves are virtually superimposed (see 

Figure S10). 

Regarding the different variational transition state theory (VTST) calculations carried out in 

POLYRATE, as already indicated, the maxima of the VMEP and VaG curves vs reaction coordinate, s, 

will in general not be the same.They will also in general be different from the maximum of the G vs 
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s curve. The classical adiabatic ground state (CAG) correction, κTST/CAG, accounts for the fact that the 

conventional TS (at s = 0, the maximum of the VMEP curve) is not at the maximum of the 

vibrationally adiabatic ground-state potential curve, s*( VaG) (48,49). A computed k at the TST (or 

CVT) level including a CAG and a multidimensional tunneling correction (MT; e.g. ZCT or SCT) 

can be related to kTST ( or kCVT) via the equation:  

k(with tunnelling) = κCAG x κ(tunneling) x k(without tunnelling),  

i.e. k(TST or CVT)/MT = κ(TST or CVT)/CAG x κMT x k(TST or CVT).  

At the TST level, κTST/CAG = exp {β[Va
G(s=0) - Va

G(s*)]}, where β = 1/RT. Generally, because Va
G(s*) 

≥ Va
G(s=0), κTST/CAG is always ≤ 1.  

κ CVT/CAG  is needed because the maximum of the G curve and the VaG curves are not the same. 

At the CVT level, κ CVT/CAG = exp {β[Va
G(s*CVT(T)) - Va

G(s*)]} (48,49). 

Computed values of k, CAG and tunneling correction factors for channel 1(b) are listed in Table S8. 

This table shows that (Va
G(s=0) - Va

G(s*)) is  -0.856 kcal.mol-1, and the corresponding values of 

κTST/CAG range from 0.112 at 200 K to 0.335 at 400 K. (Va
G(s*CVT(T)) - Va

G(s*)) is smaller in 

magnitude than (Va
G(s=0) - Va

G(s*) and, as a result, κCVT/CAG values are closer to 1.00 than κTST/CAG, 

with values ranging from 0.974 at 200 K to 0.9114 at 400 K. For ICVT, since the generalized 

transition state (GTS) dividing surface is at s*(VaG), there is no CAG correction and kICVT/MT can be 

related to kICVT as follows:-  

kICVT/MT  = κMT x kICVT.  

 The computed rate coefficients at the same temperature show the expected trend of        

kTST  kCVT  kICVT  (see Figure 3 and Table S5)  and the kCVT values are almost identical to the 

kICVT values at temperatures in the region 200 K to 400 K. Since the computed tunneling factors 

(ZCT and SCT) are exactly 1.0 from 200 K to 400 K, the remaining correction factors are then the 

classical transmission coefficients (TST/CAG and CVT/CAG). TST/CAG is   0.1 while CVT/CAG is  0.9 

so TST/CAG leads to a large reduction of kTST whereas CVT/CAG leads to a small reduction of kCVT. 

The results obtained are shown in Figure 3 and Tables S5 and S6. The variational effect on the rate 

coefficients can be measured by the ratio kCVT/kTST. The closer this ratio is to unity, the smaller the 

variational effect. For channel 1(b), the kCVT/kTST ratios are 0.127 and 0.352 at 200 K and 400 K 

respectively, indicating a significant variational effect. Figure 3 clearly shows that the computed rate 

coefficients occur in two groups. The larger set of rate coefficients consisting of kTST and kTST/W  

and the lower set of consisting of the VTST rate coefficients (with and without tunneling 

corrections). 

------------------- 

Figure 3  

    -------------------- 

(c) Enthalpy of activation (H#) and entropy of activation (S#) contributions to the TST rate 

coefficient (kinner) of channel 1(b). 

All of the rate coefficients shown in Tables S5 and S6 of channel 1(b) (kinner values calculated 
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with POLYRATE) show a negative temperature dependence (the values increase when the 

temperature decreases). This inverse temperature dependence is present in all the computed rate 

coefficients (e.g. TST, CVT, ICVT and CVT/SCT). In order to investigate this effect, the 

contributions of the activation entropy and enthalpy at different temperatures to the activation free 

energy are examined, and to simplify the discussion, only the corresponding rate coefficient values at 

the TST level are considered. 

In TST, a bimolecular reaction rate coefficient can be written as:-  

k = (kBT/hc0)exp(-G#) = (kBT/h)exp(S#/kB)exp(-H#/kBT)     --------(2)  

where c0 is the gas-phase concentration under standard-state conditions, H# is the standard-state 

enthalpy of activation and S# is the standard state entropy of activation. G# is the standard-state 

free energy of activation. For channel 1(b), H# and S# are negative in the temperature range 

considered (200-400 K). Taking the natural logarithm of the above equation gives:- 

lnk = ln(kBT/hc0) + S#/kB   -  H#/(kBT)                       ---------(3) 

The term ln(kBT/hc0) increases with temperature. Also, as can be seen from Table 7, S#/kB decreases 

slightly with temperature whereas -H#/(kBT) shows a more significant decrease. As a result, lnk 

decreases with temperature because the -H#/(kBT) term dominates over the ln(kBT/hc0) term. In 

Figure 4, changes in the terms in equation (3) relative to their values at 400K are plotted against 

1000/T . As shown in Table 7, the main contributor to the magnitude of -G#/(kBT) (and hence lnk) 

is the entropy term S#/kB (lowering H# by 1.0 kcal.mol-1 gave only a small increase in k at 298 K, 

of < 2 %), but the main term which determines the temperature dependence of lnk is the enthalpy 

term -H#/(kBT) (see Table 7). This is one of the main conclusions of the study of this radical-radical 

reaction.The behaviour shown in Figure 4, of a decrease of lnk with temperature and a lnk vs 1000/T 

plot with a positive slope, compares with that of a reaction which has a negative S# and a positive 

H# which determines the temperature dependence of k. This shows an increase of lnk with 

temperature and a lnk vs 1000/T curve with negative slope. 

-------------------------- 

Figure 4 and Table 7  

    ------------------------ 

(d) Effect of channel (2)   BrO+HO2  HBr + O3 

As noted earlier, channel (2) proceeds via low-lying intermediate IM2 (HOOOBr) , at -19.57 

kcal.mol-1, before passing over a TS, TS2 at 10.93 kcal.mol-1, to form the products HBr + O3. 

Experimentally, the overall reaction rate coefficient is the same as that of channel 1 (BrO + HO2  

HOBr + O2) in the temperature and pressure ranges 200-400 K and 1-760 torr. Also no HBr has been 

detected and there is no experimental evidence for formation of IM2 via, for example, mass 

spectrometric studies (5,7,8,12 ). It is expected that at high pressure some IM2 will be stabilised and 

this would enhance the overall BrO + HO2  rate coefficient. However, so far all available 

experimental rate coefficients show no pressure dependence, suggesting that the formation of IM2 is 

insignificant in the pressure range studied. It appears that pressures required to achieve this may be 
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higher than have so far been used experimentally, and the formation of IM2 is probably not relevant 

from the perspective of atmospheric chemistry. Neverthless , it would be valuable to study the 

intermediate IM2 (HOOOBr) , for example by infrared matrix isolation spectroscopy experiments or 

spectroscopic studies of this intermediate formed in a molecular beam.  

 

(e) Comparison of computed koverall values with experimental rate coefficients 

Atkinson et al (3) have reviewed the available experimentally determined rate coefficients for 

the BrO + HO2 reaction. Disregarding the early studies of Cox and Sheppard (2) which have a very 

low value, the reported rate coefficients at 298 K cover a range of just over a factor of two. The 

recommended value at 298 K, (2.4  0.8)x10-11 cm3 molecule-1s-1 , is the mean of the values from 

references (4-8,11,12). The experimental temperature dependence of k in reference (3) has been 

obtained by taking the mean of the values of references (5,7,8,12), but adjusting the pre-exponential 

factor in an Arrhenius fit to give the recommended value at 298 K. These recommended values (3) in 

the temperature range 210-360 K are shown in Table 8. To compare our computed rate coefficients 

with these experimentally derived values, the computed koverall(ii) values for channel 1(b) shown in 

Table S7 were used. As can be seen from this table, the koverall(ii) values are very close to the kICVT/SCT 

(kinner) values because the inner TS is the main reaction bottleneck. Comparison of the koverall(ii) 

values obtained in this way with available experimental values is shown in Figure 5, and with the 

recommended experimental values of Atkinson et al. (3) in Table 8 and Figure 6. As can be seen 

from Table 8, the computed koverall(ii) values are too low (by a factor of ~8 at 210 K) and by an order 

of magnitude at higher temperatures. Also, although the koverall(ii) values do show a negative 

temperature dependence, this is not as pronounced as the temperature dependence of the 

experimental values. The TST rate coefficients agree better with the experimental k values 

particularly in the lower temperature region (200-300 K) and show a greater temperature dependence.  

Although it is difficult to identify the reason for these differences in experimental and computed 

values, they probably originate from the low level MEP, geometry and frequencies, which in this 

case are obtained at the M06-2X/AVDZ level. Previous work from our group (50) has shown that 

calculated k values obtained with different low levels (MEP, geometries and frequencies) with the 

same high level barrier height can give k values with a spead of an order of magnitude. This indicates 

that the ZPE and entropy contributions from different low levels, which are used in the higher level 

calculations, are very important in determining the rate coefficient k. Inaccuracies in H# and the 

detailed shape of the higher level potential energy curve obtained at the 

BD(TQ)/CBS//M06-2X/AVDZ level (with BrO spin-orbit correction) used in the variational TST 

calculations also need to be considered. 

Some VTST rate coefficient calculations were also made for channel 1(a) using the MEP  

derived from the relative energies of the stationary points (reactants, RC,TS,PC and products) 

obtained from the calculations described earlier (see Table 1 for best-estimate relative energies). The 

rate coefficients obtained for this channel in the temperature range 200-400 K are at least four orders 
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of magnitude lower than those for channel 1(b). 

  ----------------------- 

Table 8  

    -------------------------- 

This work has led to a greater understanding of the energetics and mechanism of the BrO + HO2 

reaction and shown that HOBr (X1A) + O2(a
1g), rather than HOBr (X1A) + O2(X

3
g), is the 

dominant reaction pathway with the higher rate coefficient. A similar investigation is needed for the 

ClO + HO2 reaction to see if HOCl (X1A) + O2(a
1g) , rather than HOCl (X1A) + O2(X

3
g), is the 

kinetically most important channel. However, the experimental rate coefficient of the ClO + HO2 

reaction, which also shows a negative temperature dependence, is lower than that of BrO + HO2 in 

the temperature range 200-400 K by a factor of ~5 (3). Therefore ClO + HO2 is probably less 

important than BrO + HO2 in contributing to ozone depletion in the atmosphere.  

------------------------ 

Figures 5 and 6  

  -------------------------- 

Concluding remarks 

 The energetics and mechanism of the BrO + HO2 reaction have been investigated by carrying 

out ab initio/DFT calculations. Of the five reaction channels considered, channel 1(a), HOBr (X1A) 

+ O2(X
3

g), is the most exothermic while channel 1(b), HOBr (X1A) + O2(a
1g), has the lowest 

activation energy and therefore the highest rate coefficient. This result contrasts with that obtained in 

ref.(15) where channel 1(a) was computed to be the most exothermic and to have the lowest 

activation energy. This arose because it appears that in ref.(15) restricted calculations were 

performed and the wavefunctions obtained for the TSs were closed-shell rather than open-shell 

singlets. In this present work unrestricted calculations were carried out and Brueckner theory was 

used. For channel 1(b), for the converged wavefunction for each TS, spin-densities on each centre 

were investigated to check that the wavefunction corresponds to an open-shell rather than a 

closed-shell singlet. 

 Rate coefficients were calculated for  channels 1(a) and 1(b) for BrO + HO2 for the first time. 

These calculations were performed on channel 1(b), HOBr (X1A) + O2(a
1g), with two-state 

transition state theory in which values of kinner and kouter are calculated and used to determine the 

overall rate coefficient (koverall). The inner transition state was identified as the major bottleneck of 

the reaction with the outer transition state having very little effect on the overall rate coefficient in 

the temperature range considered, 200 – 400 K. Studying the entropy, enthalpy and free energy of 

activation as a function of temperature shows that the main contributor to the magnitude of 

-G#/(kBT) (and hence lnk) is the entropy term S#/kB , but the main term which determines the 

temperature dependence of lnk is the enthalpy term -H#/(kBT). Some rate coefficient calculations 

were also performed for channel 1(a) which show that is it much slower than channel 1(b) in the 
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temperature range considered. On comparing the computed rate coefficients (koverall) with the 

experimental rate coefficients, the computed values at the highest level (kinner at the ICVT/SCT level) 

show a negative temperature dependence as is observed experimentally but are approximately an 

order of magnitude lower than the experimental values. In studies by Klippenstein et al.(38,40,42) on 

some reactions with negative or small positive barriers, employing the two-state TS model, it has 

been found that both TSs contribute to the overall rate coefficient with the outer TS dominating at 

lower temperatures and the inner TS dominating at higher temperatures. Channel 1(b) of BrO + HO2 

is different in that the inner TS bottleneck controls the rate coefficient, k, at all temperatures studied. 

The value of k at any temperature is determined mainly by the entropy of activation, S#, whereas 

the temperature dependence of k is determined mainly by the enthalpy of activation, H# . In the 

dual-level approach used in this work to calculate rate coefficients for channels 1(a) and 1(b), while 

the higher level IRC/VMEP energies are at the BD(TQ)/CBS//M06-2X/AVDZ or 

CCSD(T)/CBS//M06-2X/AVDZ level (M06-2X/AVDZ curves scaled with higher level fixed point 

relative energies), S# is calculated from vibrational and rotational constants in the TS and the 

reactants evaluated at the lower level, M06-2X/AVDZ. Errors in these vibrational and rotational 

constants, and hence S# values, are thought to be the main source of the differences between the 

computed and experimental values of k. 

The theoretical basis of the dual level approach used in computing rate coefficients (as utilized 

in POLYRATE) is, in a way, similar to the computational strategy commonly adopted in composite 

electronic structure methods (e.g. G1, G2, etc.) for relative energies or thermodynamic quantities, e.g. 

enthalpy, where relative energies are computed with a high level correlation method and a large basis 

set, while geometries and vibrational frequencies are computed with a relatively low level method 

and a smaller basis set. The relative energies of fixed points on the IRC/VMEP at the higher level of 

the dual level approach have been computed at a near state-of-the-art level in the present study, and 

are expected to be within the commonly accepted chemical accuracy of 1 kcal.mol-1. Generally, 

systematic improvements for single geometry energies at their level of calculation can be carried out 

and the associated uncertainties can be estimated, based on stepwise improvements in the correlation 

methods and/or basis sets employed. However, for the lower level calculations on geometries and 

vibrational frequencies of a medium size molecular system (say, of more than five atoms), the choice 

of the levels of methods/basis sets that can be used are restricted by the availability of analytical first 

and second energy derivatives with the methods considered (see reference 50). In the present study, 

where the entropy of activation is found to be the major contributor to the magnitude of the free 

energy of activation, the importance of obtaining reliable geometries and vibrational frequencies is 

evident, but it is computationally difficult to carry out systematic improvements on these computed 

quantities, because of the above-mentioned restriction. Also, as mentioned above, our previous study 

has shown that, with the same higher level barrier height but different lower level geometries and 

vibrational frequencies, the computed k values can differ by one order of magnitude (50). For the 

reaction studied in reference (50), H + CF3CHFCF3 → CF3CFCF3 + H2 , the best computed barrier 



19 
 

height is positive and the enthalpy of activation makes a major contribution to the value of the rate 

coefficient. However, for the BrO + HO2  HOBr (X1A) + O2(a
1g) reaction studied here, the 

barrier is submerged and the entropy of activation term makes the dominant contribution to the value 

of the computed rate coefficient. In this connection, the discrepancies between the highest level 

computed rate coefficients obtained in the present study and the best experimental values of 

reference (3) are most likely due to the inadequacy in the low level geometries and vibrational 

frequencies. In addition, the unexpected result that the computed overall rate coefficient (koverall) 

obtained with the two TS approach is dominated by kinner instead of kouter  is also due to the 

dominance of the entropy of activation of the inner TS rather than the enthalpy of activation 

(although the barrier is negative, its effects are small when entropy of activation dominates). In this 

connection, it is also found that reducing the inner barrier height (by a few kcal.mol-1) has negligible 

effects on the computed rate coefficients (kinner and/or koverall). This result should provide some 

warning when trying to match computed and experimental rate coefficients by varying the computed 

barrier height, as the differences between theoretical and experimental values could be due to the 

entropy of activation, not the barrier height. In conclusion, in calculating rate coefficients, the 

entropy of activation can be important, and in the present case, it has been shown to be more 

important than the barrier height or the enthalpy of activation. Specifically, for channel 1(b)  BrO + 

HO2  HOBr (X1A) + O2(a
1g), the entropy of activation determines the magnitude of computed 

rate coefficients, while the enthalpy of activation determines their temperature dependence.         
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TABLES 

Table 1. Computed relative energies (kcal.mol-1) of the reactant complex (RC), transition state (TS) 

(E(0K) for relative energy of TS with zero-point correction), product complex (PC), separate 

products (ΔERX), and reaction enthalpy at 298 K (H298K
RX) with respect to the separate reactants, of 

channel 1(a) BrO + HO2 → HOBr + O2 (X
3g

-)  obtained at different levels (all values in the table 

have been corrected for a spin-orbit correction in BrO) a . 

All relative energies are obtained at the CCSD(T)/CBS//M06-2X/AVDZ level apart from the relative 

energy of the TS which is obtained at the BD(TQ)/CBS//BD/aVDZ level (see text). 

Level RC TS E(0K) PC ΔERX H298K
RX 

 

M06-2X/AVDZ  -5.07 -5.06 -4.01b -52.26 -50.89 -50.4d 

BD/AVDZ  -1.74 -1.78c  -49.62 -49.1e 

BD/AVTZ  4.24 4.19c  -48.24 -47.8e 

BD/AVQZ  4.47 4.42c  -48.54 -48.1e 

BD(T)/AVTZ//BD/AVDZ  2.11 2.06c  -47.82 -47.3e 

BD(T)/AVQZ//BD/AVDZ  2.25 2.20c  -47.99 -47.5e 

BD(T)/CBS//BD/AVDZ  2.35f 2.30c,f  -47.91g -47.4e 

BD(TQ)/AVTZ//BD/AVDZ  2.35 2.30c  -47.19 -46.7e 

(Q) contributionh  0.22   -0.050  

Composite 

BD(TQ)/CBSi//BD/AVDZ 

 2.58 2.53c  -47.96 -47.5e 

CCSD(T)/AVTZ//M06-2X/AVDZ -4.02   -48.96 -47.38 -46.9d 

CCSD(T)/AVQZ//M06-2X/AVDZ -3.83   -49.33 -47.86 -47.3d 

CCSD(T)/CBS//M06-2X/AVDZ 

(1/X3 :AVTZ/AVQZ)j  

-3.68   -49.62 -48.20 -47.7d 

Best estimates  -3.68 2.58 2.53c -49.62 -47.96  

-47.46k 

-47.5e 

a For BrO, the ground electronic state is X̃2Π, and the experimental equilibrium spin-orbit (SO)  

separation between the X̃ 
2Π1/2 and X̃ 

2Π3/2 states is 975.43 cm-1 (or 2.7889 kcal.mol-1) (ref.32). 

Using this SO splitting, the X̃ 
2Π3/2 SO state of BrO is lower than the unperturbed X̃2Π state by 1.39 

kcal.mol-1 . 
b The zero-point energy corrections were computed at M06-2X/AVDZ level. 
c The zero-point energy corrections were computed at BD/AVDZ level. 
d Using ΔZPE+ΔE298K

vib from M06-2X frequency calculations (=0.505 kcal.mol-1) 
e Using ΔZPE+ΔE298K

vib from BD frequency calculations (=0.474 kcal.mol-1) 

f The BD(T)/CBS value was obtained by using the 1/X3 formula with the reaction energy at 

BD(T)/AVTZ and BD(T)/AVQZ levels respectively. 
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g The BD(T)/CBS value was taken as the average of the relative energy at BD(T)/AVTZ and 

BD(T)/AVQZ levels respectively (see text). 
h The (Q) contribution was calculated as: BD(TQ)/AVTZ – BD(T)/AVTZ 
i Assuming additivity in a composite approach: BD(TQ)/CBS = BD(T)/CBS + (Q) 
j The CCSD(T)/CBS value was obtained by using the 1/X3 formula with the reaction energy at 

CCSD(T)/AVTZ and CCSD(T)/AVQZ levels respectively. 
k Zero-point corrected value computed by using frequencies obtained at BD/AVDZ level 
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Table 2. Computed relative energies (kcal.mol-1) of the reactant complex (RC), transition state (TS) 

(E(0K) for relative energy of TS with zero-point correction), separate products (ΔERX), and reaction 

enthalpy at 298 K (H298K
RX) with respect to the separate reactants, of  channel 1(b) BrO + HO2 → 

HOBr + O2 (ã1Δg)  obtained at different levels, used in the calculations of rate coefficients (all 

values in the table have been corrected for a spin-orbit correction in BrO) a . 

All relative energies are obtained at the CCSD(T)/CBS//M06-2X/AVDZ level apart from the relative 

energy of the TS which is obtained at the composite BD(TQ)/CBS level (see text). 

 

Level RC TSb E(0K)c,d ΔERX a H298K
RX 

M06-2X/AVDZ  -5.07 -3.50 -3.47 -36.81 -36.3e 

BD/AVDZ  -3.50 ; (2.05) -3.52 ; (0.97) -26.97f -26.6f,g 

BD/AVTZ  -0.49; (15.58) -0.51 ; (14.50) -25.81h -25.3e,h 

BD/AVQZ  -0.44; (15.86) -0.46 ; (14.78) -26.11h -25.6e,h 

BD(T)/AVTZ -4.35 -3.32; (2.93) -3.34 ; (1.85) -25.18h -24.7e,h 

BD(T)/AVQZ -4.25 -3.38; (3.10) -3.40 ; (2.02) -25.31h -24.8e,h 

BD(T)/CBS 

(1/X3 :AVTZ/AVQZ) 

-4.18 -3.42; (3.23) -3.44 ; (2.15) -25.48h -25.0e,h 

BD(TQ)/AVTZ -4.20 -2.95; (4.21) -2.97 ; (3.13) -25.23h -24.7e,h 

(Q) contributioni 0.15 0.37; (1.28)  -0.050h  

Composite 

BD(TQ)/CBSj 

-4.03 -3.05; (4.52) -3.07; (3.43) -25.53h -25.0e,h 

CCSD(T)/AVTZ//M06

-2X/AVDZ 

   -24.75 -24.2e 

CCSD(T)/AVQZ//M06

-2X/AVDZ 

   -25.22 -24.7e 

CCSD(T)/CBS//M06-2

X/AVDZ 

(1/X3 :AVTZ/AVQZ)  

   -25.50 -25.0e 

Best estimates  

 

-4.03 -3.05; (4.52) -3.07 ; (3.43) -25.53 

-25.03k 

-25.0e,h 

a For BrO, the ground electronic state is X̃2Π, and the experimental equilibrium spin-orbit (SO)  

separation between the X̃ 
2Π1/2 and X̃ 

2Π3/2 states is 975.43 cm-1 (or 2.7889 kcal.mol-1) (ref.32). 

Using this SO splitting, the X̃ 
2Π3/2 SO state of BrO is lower than the unperturbed X̃2Π state by 1.39 

kcal.mol-1. 
b The first value was computed with M06-2X/AVDZ geometries, while the second value was 

computed with BD/AVDZ geometries. Note that at BD/AVDZ geometries, the computed spin 

densities with the AVTZ and AVQZ basis sets suggest that they are closed-shell singlet states, 

resulting in unreliable relative energies. (see Table S2).  
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c The ZPE in the E(0K) calculation of the first value was computed with the M06-2X/AVDZ 

geometry whereas the ZPE in the E(0K) calculation of  the  value in brackets was computed with 

the BD/AVDZ geometry. 

d Using computed O2 (X̃3Σg
-) energies and the X̃3Σg

--ã1Δg separation of 7918.1 cm-1 (=22.639 

kcal.mol-1) from spectroscopic Te (ref.30). 
e Using ΔZPE+ΔE298K

vib from M06-2X frequency calculations (=0.505 kcal.mol-1) 

f Electronic energies computed with optimized geometries at BD/AVDZ level 
g Using ΔZPE+ΔE298K

vib from BD frequency calculations (=0.372 kcal.mol-1)  

h Electronic energies computed with optimized geometries at M06-2X/AVDZ level 
i The (Q) contribution was calculated as: BD(TQ)/AVTZ – BD(T)/AVTZ 
j Assuming additivity in a composite approach: BD(TQ)/CBS = BD(T)/CBS + (Q) 
k Zero-point corrected value computed by using frequencies obtained at M06-2X/AVDZ level 
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Table 3. Computed relative energies (kcal.mol-1) of the intermediate, transition state (TS) (E(0K) 

for relative energy of TS with zero-point correction), separate products (ΔERX), and reaction enthalpy 

at 298 K (H298K
RX) with respect to the separate reactants, of channel (2) BrO + HO2 → HBr + O3  

obtained at different levels (all values in the table have been corrected for a spin-orbit correction in 

BrO) a. 

Level Intermediate TS E(0K)b ΔERX H298K
RX c 

M06-2X/AVDZ  -20.81 16.55 15.65 7.09 5.8 

BD(T)/AVTZ//M06-2X/AVDZ -19.57 12.36 11.47 -3.35 -4.7 

BD(T)/AVQZ//M06-2X/AVDZ -20.01 11.17 10.27 -3.71 -5.0 

BD(T)/CBS//M06-2X/AVDZ 

(1/X3 :AVTZ/AVQZ) 

-18.94 10.30 9.40 -3.97 -5.3 

BD(TQ)/AVTZ//M06-2X/AVDZ -18.81 13.89 12.99 -2.38 -3.7 

(Q) contributiond 0.76 1.52  0.97  

Composite 

BD(TQ)/CBSe//M06-2X/AVDZ 

-19.57 11.83 10.93 -3.00 -4.3 

Best estimates  -19.57 11.83 10.93 -3.00 

-4.32f 

-4.3 

a For BrO, the ground electronic state is X̃2Π, and the experimental equilibrium spin-orbit (SO)  

separation between the X̃ 
2Π1/2 and X̃ 

2Π3/2 states is 975.43 cm-1 (or 2.7889 kcal.mol-1) (ref.32). 

Using this SO splitting, the X̃ 
2Π3/2 SO state of BrO is lower than the unperturbed X̃2Π state by 1.39 

kcal.mol-1 

b The zero-point energy corrections are computed at M06-2X/AVDZ level. 
c Using ΔZPE+ΔE298K

vib from M06-2X frequency calculations (=-1.33 kcal.mol-1). 
d The (Q) contribution was calculated as: BD(TQ)/AVTZ – BD(T)/AVTZ 
e Assuming additivity in a composite approach: BD(TQ)/CBS = BD(T)/CBS + (Q) 
f Zero-point corrected value computed by using frequencies obtained at M06-2X/AVDZ level 
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Table 4. Computed relative energies (kcal.mol-1) of the transition state (TS) (E(0K) for relative 

energy of TS with zero-point correction), separate products (ΔERX), and reaction enthalpy at 298 K 

(H298K
RX) with respect to the separate reactants, of channel (3) BrO + HO2 → OBrO + OH  

obtained at different levels (all values in the table have been corrected for a spin-orbit correction in 

BrO) a . 

Level TS E(0K)b ΔERX H298K
RX c  

M06-2X/AVDZ 49.63 49.01 31.50 29.9 

BD(T)/AVTZ//M06-2X/AVDZ 33.35 32.73 15.55 13.9 

BD(T)/AVQZ//M06-2X/AVDZ 33.58 32.96 14.92 13.3 

BD(T)/CBS//M06-2X/AVDZ 

(1/X3 :AVTZ/AVQZ) 

33.75 33.13 14.47 12.9 

BD(TQ)/AVTZ//M06-2X/AVDZ 35.20 34.58 17.59 16.0 

(Q) contributiond 1.85  2.04  

BD(TQ)/CBSe //M06-2X/AVDZ 35.60 34.98 16.51 14.9 

Best estimates 35.60 34.98 16.51, 

14.65f 

14.9 

a For BrO, the ground electronic state is X̃2Π, and the experimental equilibrium spin-orbit (SO)  

separation between the X̃ 
2Π1/2 and X̃ 

2Π3/2 states is 975.43 cm-1 (or 2.7889 kcal.mol-1) (ref.32). 

Using this SO splitting, the X̃ 
2Π3/2 SO state of BrO is lower than the unperturbed X̃2Π state by 1.39 

kcal.mol-1. (this correction has been made to all values this table). 
b The zero-point corrections were computed at M06-2X/AVDZ level. 
c Using ΔZPE+ΔE298K

vib from M06-2X frequency calculations (=-1.614 kcal.mol-1). 
d The (Q) contribution was calculated as: BD(TQ)/AVTZ – BD(T)/AVTZ 
e Assuming additivity in a composite approach: BD(TQ)/CBS = BD(T)/CBS + (Q) 
f Zero-point corrected value computed by using frequencies obtained at M06-2X/AVDZ level. 
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Table 5. Computed relative energies (kcal.mol-1) of the transition state (TS) (E(0K) for relative 

energy of TS with zero-point correction), separate products (ΔERX), and reaction enthalpy at 298 K 

(H298K
RX) with respect to the separate reactants, of channel (4) BrO + HO2 → BrOO + OH (all 

values in the table have been corrected for a spin-orbit correction in BrO) a . 

Level TS E(0K)b ΔERX H298K
RX , c 

M06-2X/AVDZ 42.05 42.44 -3.69 -4.9 

BD(T)/AVTZ//M06-2X/AVDZ 34.63 35.02 4.98 3.8 

BD(T)/AVQZ//M06-2X/AVDZ 35.59 35.99 6.40 5.2 

BD(T)/CBS//M06-2X/AVDZ 36.29 36.69 7.44 6.3 

BD(TQ)/AVTZ//M06-2X/AVDZ 35.75 36.15 6.04 4.9 

(Q) contributiond 1.12  -0.33  

BD(TQ)/CBSe//M06-2X/AVDZ 37.41 37.81 7.11 5.9 

Best estimates 37.41 37.81 7.11, 5.12f 5.9 

a For BrO, the ground electronic state is X̃2Π, and the experimental equilibrium spin-orbit (SO)  

separation between the X̃ 
2Π1/2 and X̃ 

2Π3/2 states is 975.43 cm-1 (or 2.7889 kcal.mol-1) (ref.32). 

Using this SO splitting, the X̃ 
2Π3/2 SO state of BrO is lower than the unperturbed X̃2Π state by 1.39 

kcal.mol-1. 
b The zero-point corrections were computed at M06-2X/AVDZ level. 
c Using ΔZPE+ΔE298K

vib from M06-2X frequency calculations (=-1.185 kcal.mol-1). 
d The (Q) contribution was calculated as: BD(TQ)/AVTZ – BD(T)/AVTZ 
e Assuming additivity in a composite approach: BD(TQ)/CBS = BD(T)/CBS + (Q) 
f Zero-point corrected value computed by using frequencies obtained at M06-2X/AVDZ level. 
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Table 6. Computed reaction enthalpies at the highest level in this work (BD(TQ)/CBS + SO(BrO)), 

the work of Kaltsoyannis and Rowley (15) at CCSD(T)/6-311G** and literature values at various 

levels of theory (c.f. Table S1 in the Supplementary Material) and experimental reaction enthalpies in 

kcal.mol-1 of  the five channels of the BrO + HO2 reaction (1a,1b,2,3,4) 

Channel Level H298K  Reference 

1(a) 

BrO + HO2 → HOBr + O2 

(3g
-) 

 

Experimental -45.1 8 

BD(TQ)/CBS + SO(BrO)a -47.5 This work 

CCSD(T)/CBS + SO(BrO)a -47.7 This work 

CCSD(T)/6-311G** + 

SO(BrO)a 

-51.4 15 

Best theoretical value from 

literature 

-47.7±1.1 See supplementary 

materials 

Average literature values -47.5±2.1 See supplementary 

materials 

1(b) 

BrO + HO2 → HOBr + O2 

(ã1Δg) 

Experimental -25.0±2.1 8,51  

BD(TQ)/CBS + SO(BrO)a -25.0 This work 

CCSD(T)/6-311G** + 

SO(BrO)a 

-36.4 15 

Best theoretical value from 

literature 

-25.2±1.5 See supplementary 

materials 

Average literature values -25.0±2.1 See supplementary 

materials 

(2) 

BrO + HO2 → HBr + O3 

 

Experimental -7.7 8 

BD(TQ)/CBS + SO(BrO)a -4.3 This work 

CCSD(T)/6-311G** + 

SO(BrO)a 

-7.7 15 

Best theoretical value from 

literature 

-4.2(>±0.5) See supplementary 

materials 

Average literature values -7.1±3.3 See supplementary 

materials 

(3) 

BrO + HO2  OBrO + OH 

BD(TQ)/CBS + SO(BrO)a 14.9 This work 

Best theoretical value from 

literature 

17.1±2.0 See supplementary 

materials 

Average literature values 15.3±2.8 See supplementary 

materials 

(4) 

BrO + HO2  BrOO + OH 

BD(TQ)/CBS + SO(BrO)a 5.9 This work 

Best theoretical value from 5.4±2.0 See supplementary 
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literature materials 

Average literature values 2.9±3.5 See supplementary 

materials 

a For BrO, the ground electronic state is X̃2Π, and the experimental equilibrium spin-orbit (SO) state 

separation between the X̃ 
2Π1/2 and X̃ 

2Π3/2 states is 975.43 cm-1 (or 2.7889 kcal.mol-1) (ref.32). 

Using this SO splitting, the X̃ 
2Π3/2 SO state of BrO is lower than the unperturbed X̃2Π state by 1.39 

kcal.mol-1. 
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Table 7. 

(a)Standard state enthalpy of activation (H#), standard state entropy of activation (S# ) and 

standard state free energy of activation (G# )  for channel 1(b), BrO + HO2 → HOBr + O2 (ã1Δg) 

computed at the BD(TQ)/CBS//M06-2X/AVDZ level (incl.SO correction for BrO), at three 

temperatures 200, 298 and 400 K. 

 

Temperature  

(K) 

H# at s= 0Å  

kcal.mol-1 

S#at s= 0 Å  

kcal.mol-1K-1 

G# at  s=0  

kcal.mol-1       

(kBT/hc0) 

with c0=1  

cm3 

molecules-1s-1 

200 -3.0448 -0.11954 20.863 41.65 x1011 

298 -3.0438 -0.11989 32.683 62.06x1011 

400 -3.0428 -0.11993 44.929  83.33 x1011 

 

(b) Values of the terms in  lnk = ln(kBT/hc0) + S#/kB   -H#/(kBT) (equ.3 in text) at 200, 298 and 

400 K 

Temperature  

(K) 

-H#/kBT 

at s= 0 Å  

S#/kB at s = 0 Å 

 

-G#/kBT at s= 0 

Å 

 

(ln (kBT/hc0)) 

 

200 7.66186069 -60.15934433 -52.49748364 29.06 

298 5.14053513 -60.33605095 -55.19551582 29.46 

400 3.82839351 -60.35733161 -56.52893810 29.75 

 

(c) Relative values of the terms    -H#/(kBT), S#/kB  and ln(kBT/hc0)  at 200, 298 and 400 K 

taking the value at 400 K as zero in each case. These relative values are plotted against 1000/T in 

Figure 4. 

Temperature  

(K) 

(-H#/kBT at s=0 

Å)  

(S#/kB at s= 0 Å)  

 

(-G#/kBT at  

s= 0 Å) 

(ln 

(kBT/hc0)) 

 

200 3.8334671808 +0.197987273 4.03145 -0.69 

298 1.3121416219 +0.021280657 1.33342 -0.29 

400 0.0000000000 0.0000000000 0.00000 0.000 
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Table 8. Comparison of recommended experimentally derived rate coefficients (Atkinson et al., 

ref.(3)) for the BrO + HO2 reaction in the temperature range 200-400 K , with computed values 

obtained in this work (cm3 molecule-1s-1) 

 

Temp./K Experimentally  

derived (3)  k 

 kTST (a)  This work k ICVT/SCT  koverall,(ii)  

calculated from  

equation (1) 

this work (b) 

200 5.49x10-11 6.64x10-11 8.46x10-12   8.18x10-12 

220 4.38x10-11 3.43x10-11 5.28x10-12   5.17x10-12 

240 3.62x10-11 2.00x10-11 3.60x10-12   3.55x10-12 

260 3.03x10-11 1.28x10-11 2.64x10-12   2.61x10-12 

280 2.69x10-11 8.85x10-12 2.04x10-12   2.02x10-12 

298 2.40x10-11 6.67x10-12 1.67x10-12   1.66x10-12 

300 2.38x10-11 6.48x10-12 1.64x10-12   1.63x10-12 

320 2.15x10-11 4.96x10-12 1.37x10-12   1.36x10-12 

340 1.96x10-11 3.95x10-12 1.17x10-12   1.16x10-12 

360 1.80x10-11 3.25x10-12 1.03x10-12   1.03x10-12 

380 1.67x10-11 2.75x10-12 9.16x10-13   9.13x10-13 

400 1.53x10-11 2.36x10-12 8.30x10-13   8.27x10-13 

 

(a) See Table S5;  TST values for kinner computed with POLYRATE  

 

(b)  kouter obtained from PST calculations with VARIFLEX and kinner obtained from ICVT/SCT 

calculations with POLYRATE (values in column 4) 

 



 

Figure Captions 

Figure 1. Schematic pathways of the five channels (1a,1b,2,3,4) in the BrO + HO2 reaction showing 

the stationary points with their relative electronic energies with zero-point correction at 0 K in 

kcal.mol-1 at the BD(TQ)/CBS level (incl. SO correction for BrO) in brackets (note before ZPE 

correction RC(1b) is lower than TS(1b), but with ZPE correction RC(1b) is slightly above TS(1b)). 

 

Figure 2. VMEP, ZPE and VaG curves of channel 1(b) BrO + HO2 → HOBr + O2 (ã1Δg)  from 

POLYRATE calculations at the BD(TQ)/CBS//M06-2X/AVDZ level (incl. SO correction for BrO; 

energies are in kcal.mol-1 with respect to separate reactants).  

 

Figure 3. Computed (BD(TQ)/CBS//M06-2X/AVDZ incl. SO correction for BrO) k (cm3molecule-

1s-1) (kinner values) versus T (K) curves (upper) and log10 k versus 1000/T curves (lower) of channel 

1(b) BrO + HO2 → HOBr + O2 (ã1Δg)  obtained at various VTST levels (TST, CVT, ICVT, 

TST/ZCT, CVT/ZCT, ICVT/ZCT, TST/SCT, CVT/SCT, and ICVT/SCT) using POLYRATE.  As 

kCVT ~= kICVT and κZCT = κSCT = 1, kCVT, kICVT, kCVT/ZCT, kICVT/ZCT, kCVT/SCT and kICVT/SCT curves 

overlap with each other. Also, since kTST/CAG = kTST/SCT = kTST/ZCT, only kTST/SCT is plotted. 

 

Figure 4. Plots of ln k, (ln(kBT/hc0)), (-H#/kBT) and (S#/kBT) vs 1000/T of the channel (1b) 

BrO + HO2 → HOBr + O2 (ã1Δg)  obtained by using POLYRATE (see text). ( The rate coefficients 

are kinner values). 

In this figure, ln k = ln k – ln k|T=400K, (-H#/kBT) = -H#/kBT + H#/kBT|T=400K, (S#/kB) = -

S#/kB + S#/kB|T=400K and (ln(kBT/hc0)) = ln(kBT/hc0) - ln(kBT/hc0)|T=400K where # refers to  TS 

and k refers to kTST. All calculations are based on the BD(TQ)/CBS//M06-2X/AVDZ potential 

energy surface (incl. SO correction for BrO)  (see Table 7). 

 

Figure 5. Computed (BD(TQ)/CBS//M06-2X/CBS incl. SO correction for BrO) and experimental 

(2,5-9,11,12)  k (cm3molecule-1s-1) versus T (K) curves (upper) and log10k versus 1000/T curves 

(lower) of channel 1(b) BrO + HO2 → HOBr + O2 (ã1Δg).  

koverall values are evaluated  from equation (1) with  

(i) kouter from PST (VARIFLEX) and kinner from E,J-TST(VARIFLEX) and  

(ii)  kouter from  PST (VARIFLEX) and kinner from ICVT/SCT (POLYRATE). 

Also plotted are  kinner values (kTST and kICVT/SCT) from POLYRATE (see text). 



The kinner (k ICVT/SCT) and koverall (ii) plots are superimposed in this figure 

 

  

Figure 6. Computed (BD(TQ)/CBS//M06-2X/CBS incl. SO correction for BrO) and recommended 

experimental k (cm3molecule-1s-1) values from ref.(3) versus T (K) curves (upper) and log10k versus 

1000/T curves (lower) of channel 1(b) BrO + HO2 → HOBr + O2 (ã1Δg).  The values shown in 

Table 8 were used for this plot.  For the kTST plot (red curve), the TST rate coefficients for kinner 

were computed with POLYRATE, see Table S5.  For the koverall(ii) plot (blue curve), the koverall(ii) 

values were obtained from kouter  from PST calculations with VARIFLEX and kinner  from 

ICVT/SCT calculations with POLYRATE; see Table S7 
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-) (1a) 

BrO + HO2 → HOBr + O2 (ã1Δg) (1b) 

BrO + HO2 → HBr + O3  (2) 

BrO + HO2 → OBrO + OH  (3) 

BrO + HO2 → BrOO + OH   (4) 
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