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Table S1. 
Heats of formation (ΔHf,298K; 0 K values in square brackets; best computed values in italics) used for 
calculating the reaction enthalpy (ΔH298K

RX) of the BrO + HO2 reaction channels (1a,1b, 2,3 and 4)
kcal.mol-1 ΔHf,298K Reference Remarks

30.8 Grant2010 from atomization energies at R/UCCSD(T)/CBS+CV+SR+SO)

[32.6] As above

[31.4] Orn2007 UCCSD(T)/CBS+CV+SO+rel+T+TQ from Peterson2006

29.6± 0.4 Peterson2006 from computed D0 at UCCSD(T)/CBS+CV+SO+rel+T+TQ

29.5±0.1 Kim2006 ion imaging D0; quoted in Sander2011

[31.3±0.1] As above

30.4±1.0 Den2004 CCSD(T)+CV+T+SO+rel

30.2±0.4 Wil1999 FT-UV D0; quoted in Canneaux2012 suppl.material

30.1±0.4 JANAF1998

28.6±1.4 Bed1997 Quoted in Aran1997

30.4±2 Orl1996 average from most direct measurements

30.1±0.6 JANAF1996 Quoted in Burcat2010

BrO

30.1±0.7 (average of all 298 K values, except Orl1996)

2.85±0.05 Ganyecz2015 a thermo-chemical network, 14 experimental and 7 theoretical 
reaction enthalpies

[3.55±0.05] Ganyecz2015 (as above)

2.84±0.05 Ganyecz2015 CCSDTQP/CBS+SR+DBOA

2.93±0.04 ATcT2014 ATcT; quoted in Ganyecz2015

2.7±0.9 Gold2012 RQCISD(T)/cc-PV∞QZ//B3LYP/6-311++G(d,p) + bond 
additivity correction; previous values: 0.5 to 3.0 kcal/mol

2.9 Ruscic2011 Quoted in Gold2012

3.3 Silva2011 No reference given

3.17 Karton2011 using W4.2 TAE0K=165.98kcal/mol and CODATA ΔHf,298K’s

2.94±0.06 Burcat2010 ATcT

[3.61±0.55] Csaszar2010 NEAT

2.91±0.05 Grant2009 ATcT; quoted in Ganyecz2015

2.96±0.14 Karton2009 W4.2; quoted in Burcat2010, Ganyecz2015

2.91±0.05 Harding2008 ATcT; quoted in Grant2009 

3.0±0.2 Feller2008 UCCSD(T)/CBS(Q;5)+CV+SR+SO; quoted in Grant2009, 
Ganyecz2015

2.94±0.06 Ruscic2006 ATcT; quoted in Karton2009, Sander2011, Ganyecz2015

[3.58±1.5] Tajti2004 ATcT; quoted in Csaszar2010

HO2

2.96±0.10 Flowers2004 CCSD(T)/aug-cc-pCV5Z; quoted in Ganyecz2015
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[3.97] Henry2002 G3X-RAD

3.2±0.5 Ramond2002 Photoelectron detachment; quoted in Ganyecz2015

3.3±0.8 Litorja1998 photoionization mass spectrom.; quoted in Ganyecz2015

2.32±0.72 JANAF1998

4.0±0.6 Esp1993 MP4/TZ(2df,p)+post-MP4 correction

3.0 Hill1984 From T dependent rate coefficients; quoted in Burcat2010

3.5±1.0 Shum1983 Review; quoted in Ganyecz2015

3.0±0.5 (averaged of all 298 K values, except the smallest JANAF1998, 
the largest MP4 Esp1993 values and earlier values quoted in 
Ganyecz2015 with large uncertainties)

-15.3±0.60 Den2006 CCSD(T)+CV+T+SO+rel; quoted by Sandar2011JPL

[-11.4±0.4] Joe2001 Thermochemical cycle

-15.2±1.1 Esp1999 Best average theoretical value

-14.5 Esp1999 CCSD(T)/CBS

-19.4 Jur1999 MP4/CBS//MP2/6-31G(d’)

[-14.8] Jur1999 B3LYP/6-311G(3df,3pd); recommended

-18.2 Jur1999 B3LYP/6-311G(3df,3pd)

-17.5 Mes1999 G2

-14.5±0.3 Has1997 Recommended value; quoted in Canneaux2012 suppl. Material 
and Sander2011 JPL-NASA 

-14.3±1 Loc1996 Quoted and favoured by Orn2007 & San2001; quoted by 
Den2006

[-11.8±1] As above

-14.1±2 Orl1996 Average from most direct measurements

-15.8 Gre1996 Bond additivity; quoted in Mes1999

[-10.9±1] JANAF1994 Quoted in Jur1999, Fran1994, Guha1999

-14±2 DeM1994 Quoted in Esp1999

-13.59±0.42 Rus1994 Corrected for ΔHf(OH) given in San2001; quoted in Has1997

-13.9±0.5 Rus1994 Quoted by Den2006 as the accepted value

-14.2 McG1994 G2; quoted in San2001

HOBr

-14.4±0.9 (average of 298 K values >-13.5 and <-15.5 kcal/mol)

O2 ( 3Σg
-)𝑋̃ 0 By definition for the ground 3Σg

- electronic state.𝑋̃

22.54±0.01 Huber1998 Infrared solar spectrum; quoted in Sandar2011 JPLO2 ( 1Δg)𝑎̃

22.54

-8.64±0.04 Burcat2010 ATcT

-8.6 Feller2003 CCSD(T)/CBS with aug-cc-pVnZ where n = T,Q, and 5

HBr

-8.71 JANAF1998 Absorption spectrum
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-8.67±0.04 Cox1989 CODATA

-8.67±0.04 Gurvich1989 Quoted in Burcat2010

-8.66±0.06 (average of all 298 K values)

38.1 Mor2012 ccCA

34.9 Mor2012 G3

33.88±0.04 Burcat2010 ATcT

35.4 Burcat2010 G3MP2B3

36.8 Fab2005 W1U; quoted in Mor2012 and Burcat2010

33.87±0.01 Ruscic2004 ATcT; quoted in Sandar2011JPL

36.8 Haw2002 CCSD(T)/CBS+SR//B3LYP/6-31G(2df,p); quoted in Mor2012

33.89 Tan1999 VUV laser-induced fluorescence spectroscopy

34.1 JANAF1998 calorimetric measurements

33.9±0.5 Gurvich1991 Calorimetric measurement of the enthalpy of dissociation (O3)

33.9 Gurvich1989 Quoted in Burcat2010

O3

34.7±2.0 (average of all 298 K values; except the ccCA value)

8.96±0.01 Ruscic2015;
Ruscic2014

ATcT (agree with earlier values in Ref. 30 and 31)

8.9±0.9 Gold2012 RQCISD(T)/cc-PV∞QZ//B3LYP/6-311++G(d,p) + bond 
additivity correction; previous values: 8.9 to 9.4 kcal/mol

9.0 Ruscic2011 ATcT; quoted in Gold2012

8.89±0.09 Ruscic2012 Position ion cycle (photoionization and photoelectron 
measurements) for Ruscic2001

8.93±0.01 Burcat2010 ATcT

8.91± 0.07 Ruscic2002 Recommended value at 298 K; quoted in Burcat2010

[8.85±0.07] Ruscic2002 Recommended value at 0 K

[8.85±0.18] Ruscic2002 CCSD(T)(FC)/CBS with unc-cc-pVnZ basis set; FCI for further 
corrections in the atomization energy.

[8.85±0.18] Ruscic2002 PIMS experiment

[8.86±0.18] Ruscic2002 PFI-PE30 experiment

[8.83±0.12] Ruscic2002 PFI-PEPICO experiment

[8.92±0.03] Ruscic2002 photodissociation of water

8.92±0.16 Herbon2002 Shock tube measurement

[8.68] Henry2002 W2

9.319 JANAF1998

[9.18±0.29] JANAF1998 Spectroscopic determination

[8.83±0.18] Wie1992 Positive ion cycle

OH

8.89±0.09 Gurvich1991 D0(H-OH) 
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[9.35±0.05] Gurvich1989 Spectroscopic determination of D0(OH)

9.8 Pople1985 MP4/6-311+G(2df,p)//UHF/6-31G(d)

[9.26±0.29] Barrow1956 measurement of D0(OH, A2Σ+); quoted in Ruscic2001

8.97±0.35 (average of all 298 K values; except the MP4 value of 
Pople1985)

28.9±1.5 Grant2010 RCCSD(T)/CBS(Q5)+CV+SR+SO; quoted in Sandar2011-JPL 

26±1 Pacios1999 CCSD(T)/AREP/TZ(2df)//UMP2/AREP/TZ(2df); quoted in 
Grant2010

[28±1] As above

26.0±9.6 JANAF1996 Based on a trend analysis of fH0(OClO)/D0(ClO) and the 
accepted value of D0(BrO); quoted in Burcat2010 and 
Sandar2003-JPL from JANAF1996.

[27.8±9.6] As above

BrOO

27.0±1.9 (average of all 298 K values)

40.6±1.5 Grant2010 RCCSD(T)/CBS(Q5)+CV+SR+SO; also in Sandar2010 

39.2±1.7 Lee2004 CCSD(T, Full)/6-311+G(3d,f)

39.2±1.1 Klemm2001 From appearance energy of BrO+ from OBrO; quoted in 
Sandar2010-JPL

[41.4±1.0] As above

[39.6±1.9] Klemm2001 Corrected G2 value of Alcami1998 (spin-orbit contribution for 
BrO).

38.9±1.9 Klemm2001 Corrected CCSD(T) value of ref. 19 (spin-orbit contribution for 
BrO).

[39.4±1.9] Klemm2001 As above

30±3 Pacios1999 CCSD(T)/AREP/TZ(2df)//UMP2/AREP/TZ(2df); quoted in 
Grant2010

[32±3] As above 

[37.5] Alcami1998 G2; quoted in Klemm2001

34.4±3 Workman1998 CCSD(T)/6-311+G(3df)//CCSD(T)/6-311G(2df); quoted in 
Klemm2001

[34.5±3] As above

36.3±6.0 JANAF1996 Quoted in Burcat2010 from JANAF1996.

39.2±1.1 JANAF1996 Quoted in Sandar2003-JPL from JANAF1996.

[38.6±6] JANAF1996 Based on a trend analysis of fH0(OClO)/D0(ClO) and the 
accepted value of D0(BrO); quoted in Klemm2001

[31.55] Huie1995 Quoted in Klemm2001; estimated from G(BrO2(aq))

OBrO

[20.79] Cottrell1954 Quoted in Klemm2001; derived from D(O-BrO)
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39.4±1.2 (average of all 298 K values, except the values of JANAF1996 
(the lower value of 36.3), Pacios1999 & Workman1998)

-47.5±2.1 using the averaged ΔHf,298K values

-47.7±1.1 using the best theoretical ΔHf,298K values

-47.7 {present study; UCCSD(T)/CBS + SO(BrO)}

ΔH298K
RX

(channel 
1(a))

-47.5 {present study; BD(TQ)/CBS + SO(BrO)}

-25.0±2.1 using ΔHf,298 of O2 1Δg =22.5 kcal.mol-1 from JPL 10-6𝑎̃

-25.2±1.5 using the best theoretical ΔHf,298K values

ΔH298K
RX

(channel 
1(b)) -25.0 {present study; BD(TQ)/CBS + SO(BrO)}

-7.1±3.3 using the averaged ΔHf,298K values

-4.2(>±0.5) using the best theoretical ΔHf,298K values

ΔH298K
RX

(channel 
2) -4.3 {present study; BD(TQ)/CBS + SO(BrO)}

15.3±2.8 using the averaged ΔHf,298K values

17.1±2.0 using the best theoretical ΔHf,298K values 

ΔH298K
RX

(channel 
3) 14.9 {present study; BD(TQ)/CBS + SO(BrO)}

ΔH298K
RX

(channel 
4)

2.9±3.5 using the averaged ΔHf,298K values

5.4±2.0 using the best theoretical ΔHf,298K values 

5.9 {present study; BD(TQ)/CBS + SO(BrO)}

For BrO, the ground electronic state is 2Π, and the experimental equilibrium spin-orbit (SO) state 𝑋̃

separation between the 2
2Π1/2 and 1

2Π3/2 states is 975.43 cm-1 (or 2.7889 kcal.mol-1) [B. J. Drouin, 𝑋̃ 𝑋̃

C. E. Miller, H. S. P. Muller, E. A. Cohen, J. Mol.Spectrosc. 2001, 205, 128.]. Using this SO 
splitting, the 2

2Π3/2 SO state of BrO should be lower than the unperturbed 2Π state by 1.3944 𝑋̃ 𝑋̃

kcal.mol-1. This reduces the computed ΔH298K
RX value by the same amount.

Alcami1998: Alcami, M. and Cooper, I. L. Ab initio calculations on bromine oxide and dioxides and 
their corresponding anions. J. Chem. Phys. 1998, 108, 9414.
Aran1997: Aranda, A.; LeBras, G.; LaVerdet, G.; Poulet, G. The BrO + CH3O2 Reaction: Kinetics 
and Role in the Atmospheric Ozone Budget. Geophys. Res. Lett. 1997, 24, 2745−2748.
ATcT2014: Active Thermochemical Tables, http://atct.anl.gov/ (accessed October 13, 2014).
Barrow1956: Barrow, R.  F. Ark. Fys. 1956, 11, 281.
Bed1997: Bedjanian, Y.; LeBras, G.; Poulet, G. Kinetic Study of the Br+IO, I+BrO and Br+I2 
Reactions. Heat of Formation of the BrO Radical. Chem. Phys. Lett. 1997, 266, 233−238.
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Thermochemical Database for Combustion with Updates from Active Thermochemical Tables, 
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Table S2. Computed spin densities with unrestricted wavefunctions of all atoms in the transition state 
of channel 1(b) BrO + HO2 → HOBr + O2 ( 1Δg) (see text).𝑎̃

Atom Levels of theory

M06-2X/
AVDZ

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

BD(T)/AVTZ//
BD/AVDZ

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

BD(T)/AVQZ//
BD/AVDZ

Br 0.365983 0.337768 0.370982 0.000000 0.368173 0.000000

O 0.525253 0.404465 0.565513 0.000000 0.569491 0.000000

H -0.011192 -0.026403 -0.015772 0.000000 -0.011449 0.000000

O -0.273028 -0.220575 -0.242201 0.000000 -0.255235 0.000000

O -0.607017 -0.495256 -0.678522 0.000000 -0.670981 0.000000
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Table S3. Computed (BD(TQ)/CBS//M06-2X/AVDZ incl. SO correction for BrO)  kouter , kinner and 
koverall  values in cm3.molecule-1s-1 of channel 1(b) BrO + HO2 → HOBr + O2 ( 1Δg)  at 200 – 400 𝑎̃

K. kouter, kinner were calculated from PST and E,J-TST respectively using VARIFLEX and koverall(i) 
was calculated using equation (1).

T (K) kouter kinner  koverall(i)

200 2.49E-10 7.39E-11  5.70E-11
210 2.51E-10 5.23E-11  4.33E-11
220 2.52E-10 3.83E-11  3.33E-11
230 2.54E-10 2.89E-11  2.60E-11
240 2.55E-10 2.24E-11  2.06E-11
250 2.57E-10 1.78E-11  1.67E-11
260 2.58E-10 1.44E-11  1.37E-11
270 2.59E-10 1.19E-11  1.14E-11
280 2.6E-10 9.98E-12  9.61E-12
298 2.62E-10 7.53E-12  7.32E-12
300 2.63E-10 7.31E-12  7.12E-12
310 2.63E-10 6.37E-12  6.22E-12
320 2.64E-10 5.61E-12  5.50E-12
330 2.65E-10 4.99E-12  4.90E-12
340 2.66E-10 4.48E-12  4.40E-12
350 2.67E-10 4.04E-12  3.98E-12
360 2.67E-10 3.68E-12  3.63E-12
370 2.68E-10 3.37E-12  3.33E-12
380 2.68E-10 3.11E-12  3.07E-12
390 2.69E-10 2.88E-12  2.85E-12
400 2.69E-10 2.68E-12  2.65E-12
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Table S4. Computed (BD(TQ)/CBS//M06-2X/AVDZ incl. SO correction for BrO) kinner values 
calculated with  the E,J-TST ( with VARIFLEX) and TST (with POLYRATE) methods  in 
cm3.molecule-1s-1 for channel 1(b) BrO + HO2 → HOBr + O2 ( 1Δg) at 200 – 400 K. (a)𝑎̃

T (K) E,J-TST TST (b)

200 7.39E-11 6.65E-11 (7.04E-11)  
210 5.23E-11 4.69E-11
220 3.83E-11 3.43E-11
230 2.89E-11 2.59E-11
240 2.24E-11 2.00E-11
250 1.78E-11 1.59E-11
260 1.44E-11 1.28E-11
270 1.19E-11 1.06E-11
280 9.98E-12 8.86E-12
298 7.53E-12 6.67E-12 (6.93E-12)
300 7.31E-12 6.48E-12
310 6.37E-12 5.64E-12
320 5.61E-12 4.96E-12
330 4.99E-12 4.41E-12
340 4.48E-12 3.95E-12
350 4.04E-12 3.57E-12
360 3.68E-12 3.25E-12
370 3.37E-12 2.97E-12
380 3.11E-12 2.74E-12
390 2.88E-12 2.54E-12
400 2.68E-12 2.36E-12 (2.43E-12)

(a) ZPE is included in the barrier height (of -3.07 kcal.mol-1) used in the VARIFLEX (E,J-TST) 

calculations (column 2) but not in the POLYRATE (TST) calculations (column 3), which use the 

classical barrier height (-3.05 kcal.mol-1). 

(b)  Values shown in brackets at 200, 298 and 400 K (in column 3) are from conventional TST 

calculations (with POLYRATE) with a barrier height (-3.07 kcal.mol-1) which is -3.05 kcal.mol-1 plus 

the ZPE contribution. These results show that the difference between the E,J-TST and TST results 

shown in the table arises from (i) a difference in the barrier height used as well as (ii) the 

microcanonical treatment of the reactants and TS in the E,J-TST method compared to a 

Boltzmann distribution in the reactants and TS used in the conventional TST method.
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Table S5. Computed (BD(TQ)/CBS//M06-2X/AVDZ incl. SO correction for BrO) values of kinner at 
various VTST levels (TST, CVT and ICVT) with and without CAG correction in cm3.molecule-1s-1 
for channel 1(b) BrO + HO2 → HOBr + O2 ( 1Δg)  at 200 – 400 K, calculated with POLYRATE.𝑎̃

T (K) TST TST/CAG CVT CVT/CAG ICVT
200 6.645E-11 7.4903E-12 8.462E-12 8.0651E-12 8.4618E-12
210 4.69E-11 5.8658E-12 6.5949E-12 6.298E-12 6.5947E-12
220 3.4291E-11 4.7138E-12 5.2752E-12 5.0468E-12 5.2751E-12
230 2.585E-11 3.8737E-12 4.316E-12 4.1358E-12 4.3159E-12
240 2.0014E-11 3.246E-12 3.6014E-12 3.4561E-12 3.6013E-12
250 1.5863E-11 2.7669E-12 3.0573E-12 2.938E-12 3.0573E-12
260 1.2834E-11 2.3942E-12 2.6352E-12 2.5355E-12 2.6352E-12
270 1.0575E-11 2.0993E-12 2.3021E-12 2.2175E-12 2.3021E-12
280 8.8565E-12 1.8626E-12 2.0352E-12 1.9625E-12 2.0352E-12
298 6.6681E-12 1.5409E-12 1.6733E-12 1.6164E-12 1.6733E-12
300 6.4773E-12 1.5115E-12 1.6404E-12 1.5848E-12 1.6404E-12
310 5.6408E-12 1.3795E-12 1.4924E-12 1.4431E-12 1.4924E-12
320 4.964E-12 1.2686E-12 1.3682E-12 1.3241E-12 1.3682E-12
330 4.4102E-12 1.1747E-12 1.2632E-12 1.2233E-12 1.2631E-12
340 3.952E-12 1.0944E-12 1.1735E-12 1.1372E-12 1.1735E-12
350 3.5692E-12 1.0253E-12 1.096E-12 9.9334E-13 1.0959E-12
360 3.2465E-12 9.6549E-13 1.0274E-12 9.3369E-13 1.0274E-12
370 2.9722E-12 9.1339E-13 9.6789E-13 8.8174E-13 9.6785E-13
380 2.7374E-12 8.6777E-13 9.1583E-13 8.3627E-13 9.158E-13
390 2.535E-12 8.2762E-13 8.7008E-13 7.9627E-13 8.7005E-13
400 2.3594E-12 7.9214E-13 8.297E-13 7.6092E-13 8.2967E-13
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Table S6. 
Computed (BD(TQ)/CBS//M06-2X/AVDZ incl. SO correction for BrO) values of kinner at various 
VTST levels (TST, CVT and ICVT) with tunneling correction at the Wigner, ZCT and SCT levels in 
cm3.molecule-1s-1 for channel 1(b)  BrO + HO2 → HOBr + O2 ( 1Δg)  at 200 – 400 K calculated 𝑎̃

with POLYRATE.

T (K) TST/W TST/ZCT CVT/ZCT ICVT/ZCT TST/SCT CVT/SCT ICVT/SCT
200 7.39E-11 7.49E-12 8.07E-12 8.46E-12 7.49E-12 8.07E-12 8.46E-12
210 5.17E-11 5.87E-12 6.30E-12 6.59E-12 5.87E-12 6.30E-12 6.59E-12
220 3.75E-11 4.71E-12 5.05E-12 5.28E-12 4.71E-12 5.05E-12 5.28E-12
230 2.81E-11 3.87E-12 4.14E-12 4.32E-12 3.87E-12 4.14E-12 4.32E-12
240 2.16E-11 3.25E-12 3.46E-12 3.60E-12 3.25E-12 3.46E-12 3.60E-12
250 1.70E-11 2.77E-12 2.94E-12 3.06E-12 2.77E-12 2.94E-12 3.06E-12
260 1.37E-11 2.39E-12 2.54E-12 2.64E-12 2.39E-12 2.54E-12 2.64E-12
270 1.12E-11 2.10E-12 2.22E-12 2.30E-12 2.10E-12 2.22E-12 2.30E-12
280 9.37E-12 1.86E-12 1.96E-12 2.04E-12 1.86E-12 1.96E-12 2.04E-12
298 7.01E-12 1.54E-12 1.62E-12 1.67E-12 1.54E-12 1.62E-12 1.67E-12
300 6.80E-12 1.51E-12 1.58E-12 1.64E-12 1.51E-12 1.58E-12 1.64E-12
310 5.91E-12 1.38E-12 1.44E-12 1.49E-12 1.38E-12 1.44E-12 1.49E-12
320 5.18E-12 1.27E-12 1.32E-12 1.37E-12 1.27E-12 1.32E-12 1.37E-12
330 4.59E-12 1.17E-12 1.22E-12 1.26E-12 1.17E-12 1.22E-12 1.26E-12
340 4.11E-12 1.09E-12 1.14E-12 1.17E-12 1.09E-12 1.14E-12 1.17E-12
350 3.70E-12 1.03E-12 9.93E-13 1.10E-12 1.03E-12 9.93E-13 1.10E-12
360 3.36E-12 9.65E-13 9.34E-13 1.03E-12 9.65E-13 9.34E-13 1.03E-12
370 3.07E-12 9.13E-13 8.82E-13 9.68E-13 9.13E-13 8.82E-13 9.68E-13
380 2.82E-12 8.68E-13 8.36E-13 9.16E-13 8.68E-13 8.36E-13 9.16E-13
390 2.61E-12 8.28E-13 7.96E-13 8.70E-13 8.28E-13 7.96E-13 8.70E-13
400 2.43E-12 7.92E-13 7.61E-13 8.30E-13 7.92E-13 7.61E-13 8.30E-13
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Table S7. Computed (BD(TQ)/CBS//M06-2X/AVDZ incl. SO correction for BrO) koverall(ii) values 
obtained from kouter and kinner from equ.(1) for channel 1(b) BrO + HO2 → HOBr + O2 ( 1Δg)  at 200 𝑎̃

– 400 K.
kouter was obtained from PST calculations with VARIFLEX and kinner was obtained from ICVT/SCT 
calculations with POLYRATE.

T (K) kouter kinner koverall(ii)

200 2.49E-10 8.46E-12 8.18E-12
210 2.51E-10 6.59E-12 6.42E-12
220 2.52E-10 5.28E-12 5.17E-12
230 2.54E-10 4.32E-12 4.25E-12
240 2.55E-10 3.60E-12 3.55E-12
250 2.57E-10 3.06E-12 3.02E-12
260 2.58E-10 2.64E-12 2.61E-12
270 2.59E-10 2.30E-12 2.28E-12
280 2.6E-10 2.04E-12 2.02E-12
298 2.62E-10 1.67E-12 1.66E-12
300 2.63E-10 1.64E-12 1.63E-12
310 2.63E-10 1.49E-12 1.48E-12
320 2.64E-10 1.37E-12 1.36E-12
330 2.65E-10 1.26E-12 1.25E-12
340 2.66E-10 1.17E-12 1.16E-12
350 2.67E-10 1.10E-12 1.10E-12
360 2.67E-10 1.03E-12 1.03E-12
370 2.68E-10 9.68E-13 9.65E-13
380 2.68E-10 9.16E-13 9.13E-13
390 2.69E-10 8.70E-13 8.67E-13
400 2.69E-10 8.30E-13 8.27E-13
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Table S8. 

A summary of values obtained for channel 1(b) BrO + HO2 → HOBr + O2 ( 1Δg)  using 𝑎̃

POLYRATE and employing the BD(TQ)/CBS//M06-2X/AVDZ (incl. SO correction for BrO)  IRC 
(see text).

BD(TQ)/CBS

ΔEe# a -3.05

ΔE0
# a -3.07

s*(VaG) -0.5516

VaG(s*) - VaG@s=0Å 0.8558

kCVT≈kICVT Yes

κZCT=κSCT=1.0 Yes

κTST/CAG,200K 1.1219E-01

κCVT/CAG,200K 9.7397E-01

kTST,200K 6.6450E-11

kTST/CAG,200K 7.4550E-12

kCVT,200K 8.8185E-12

kICVT/SCT,200K 8.8184E-12

κTST/CAG,400K 3.3495E-01

κCVT/CAG,400K 9.1174E-01

kTST,400K 2.3594E-12

kTST/CAG,400K 7.9026E-13

kCVT,400K 8.3344E-13

kICVT/SCT,400K 8.3342E-13

ωi/cm-1 228.51i

T/K with κTST/W≤1.2 200 K – 400 K
a Computed classical barrier height, ΔEe

# (electronic energy differences at s = 0, including spin-orbit 
contribution for BrO), and ΔE0

# (classical barrier height with zero-point correction, including spin-
orbit contribution for BrO) in kcal.mol-1. s*(Va

G) is the position of the maximum of the VaG curve 
(denoted as Va

G(s*)) in Å. Computed rate coefficients, k’s, are in cm3molecule-1s-1. 
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Table S9. Computed (BQ(TQ)/CBS//M06-2X/AVDZ incl. SO correction for BrO) maximum change 
of Gibbs free energy of activation (G#) in kcal.mol-1 of channel 1(b)  BrO + HO2 → HOBr + O2 
( 1Δg)  along the reaction coordinate and corresponding location of s*(G*) in Å from 200 K to 𝑎̃

400 K from POLYRATE calculations.

T (K) s*(G*) G* 

200 -0.495 21.6623

210 -0.495 22.8685

220 -0.405 24.076

230 -0.405 25.2839

240 -0.36 26.4912

250 -0.36 27.6988

260 -0.36 28.9062

270 -0.36 30.1129

280 -0.36 31.3192

298 -0.36 33.489

300 -0.36 33.73

310 -0.36 34.9347

320 -0.36 36.1388

330 -0.36 37.3425

340 -0.36 38.5456

350 -0.36 39.7484

360 -0.36 40.9506

370 -0.36 42.1524

380 -0.36 43.3538

390 -0.36 44.5548

400 -0.36 45.7553
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Figures

Figure S1. Triplet reactant complex (RC), triplet transition state (TS) and triplet product complex 

(PC) of channel 1(a)  BrO + HO2 → HOBr + O2 (3g
-) at the M06-2X/AVDZ,AVDZ-PP level. 

Bond distances are shown Angstroms (Å).

Figure S2. Triplet transition states (TSs) of the channel 1(a) BrO + HO2 → HOBr + O2 (3g
-) at the 

M06-2X/AVDZ, AVDZ-PP (upper) and BD/AVDZ,AVDZ-PP levels (lower). Bond distances are 

shown in Angstroms (Å).

Figure S3. Open-shell singlet reactant complex (RC), open-shell singlet transition state (TS), and 

closed-shell singlet product complex (PC) of channel 1(b) BrO + HO2 → HOBr + O2 ( 1Δg) at the 𝑎̃

M06-2X/AVDZ,AVDZ-PP level. Bond distances are shown in Angstroms (Å).

Figure S4. Triplet transition states (TSs) of channel 1(b) BrO + HO2 → HOBr + O2 ( 1Δg) at the 𝑎̃

M06-2X/AVDZ, AVDZ-PP (upper) and BD/AVDZ,AVDZ-PP levels (lower). Bond distances are 

shown in Angstroms (Å).

Figure S5. Open-shell singlet reactant complex (RC), open-shell singlet transition state (TS), and 

closed-shell singlet product complex (PC) of channel (2) BrO + HO2 → HBr + O3 at the M06-

2X/AVDZ, AVDZ-PP level. Bond distances are shown in Angstroms (Å).

Figure S6. Separate reactants, triplet transition state (TS) and separate products of channel (4) BrO + 

HO2 → BrOO + OH at the M06-2X/AVDZ, AVDZ-PP level. Bond distances are shown in 

Angstroms (Å).

Figure S7. Separate reactants, triplet transition state (TS) and separate products of channel (3)  BrO 
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+ HO2 → OBrO + OH at M06-2X/AVDZ, AVDZ-PP level. Bond distances are shown in Angstroms 

(Å).

Figure S8. Computed (BD(TQ)/CBS//M06-2X/CBS incl. SO correction for BrO) kouter, kinner, and 

koverall(i) (cm3molecule-1s-1) versus T (K) curves of the channel 1(b) BrO + HO2 → HOBr + O2 ( 1Δg).  𝑎̃

kouter was evaluated at the PST level with VARIFLEX, kinner was evaluated at the E,J-TST level with 

VARIFLEX and koverall(i) was calculated from kouter and kinner with equ.(1).

Figure S9. Computed kinner (BD(TQ)/CBS//M06-2X/CBS incl. SO correction for BrO) values 

(cm3molecule-1s-1) with TST for channel 1(b) BrO + HO2 → HOBr + O2 ( 1Δg).𝑎̃

 E,J-TST (with zero-point corrected barrier height) values were obtained with VARIFLEX and TST 

values (with the classical barrier height, which does not include zero-point correction) were obtained 

with POLYRATE.

Figure S10. Computed (BD(TQ)/CBS//M06-2X/CBS incl. SO correction for BrO) koverall(ii). 

(cm3molecule-1s-1) versus T (K) curves for channel 1(b) BrO + HO2 → HOBr + O2 ( 1Δg). 𝑎̃

kouter is evaluated with PST using VARIFLEX and kinner is evaluated using ICVT/SCT with 

POLYRATE .  koverall(ii) is obtained from kouter, and kinner , using equ.(1).

(The koverall(ii) values (blue triangles) are virtually superimposed on the kinner values (red circles) in 

this figure).
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Figure S1.
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Figure S2.
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Figure S3.
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Figure S4.
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Figure S5.



28

Figure S6.
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Figure S7.
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Figure S8.
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Figure S9.
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Figure S10.
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Some considerations on the MR characters in the TSs of channel 1(a) and 
channels 1(b) by CASSCF and/or CASSCF/NEVPT2 calculations

The TS of channel: 1(a)
1. At the M06-2X/AVDZ geometry of the TS of channel 1(a): Some CASSCF/AVDZ calculations 
with different active spaces were carried out. The computed largest CI coefficients are given below:  

CASSCF(2,4):
  aa00      0.9999985

CASSCF(4,6):
2aa000      0.9861989
 0aa200     -0.1375082
 aa0ba0      0.0532421

CASSCF(6,8):
CI vector
 22aa0000      0.9820148
 20aa2000     -0.1176717
 02aa0200     -0.0581623

Conclusion: Although the T1 values obtained from CCSD(T) calculations are large at the M06-
2X/AVDZ geometry, CI coefficients obtained from CASSCF calculations with different active 
spaces suggest that MR character is not very large. In this connection, BD methods are expected to 
be adequate.  

2. At the BD/AVDZ geometry of the TS of channel 1(a): Some RHF/CCSD(T) calculations were 
carried out on the TS of channel 1(a) at the BD/AVDZ geometry. Although initially there were SCF 
convergence problems in these RHF calculations, they were overcome by using the CASSCF(2,2) 
wavefunction as the initial guess for the RHF calculation. Subsequent RHF/CCSD(T) calculations 
with different basis sets (AVTZ and AVQZ) at the BD/AVDZ geometry with the converged RHF 
wavefunction give T1 diagnostic values of ~0.053, which is substantially smaller than the values 
obtained at the M06-2X/AVDZ geometry, suggesting that at the BD/AVDZ geometry, MR character 
for this triplet TS is acceptably small. In this connection, the BD(T) and BD(TQ) methods are 
expected to be adequate.   
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The TS of channel 1(b)
Since the TS structures of channel 1(b) obtained at the M06-2X/AVDZ and BD/AVDZ level 

are qualitatively similar (as discussed in the paper) and the M06-2X TS geometry gave open-shell 
singlet states at the BD/AVTZ and BD/AVQZ levels, some CASSCF/NEVPT2 singlet calculations 
were carried out on the TS of channel 1(b) using MOLPRO at the M06-2X geometry. At the same 
time, similar CASSCF/NEVPT2 calculations were carried out for the separate reactants at a 50 Å 
separation in the super molecule approach, in order to obtain the relative energies of the TS with 
respect to the separate reactants. The CASSF/NEVPT2 results are summarized below.

The CASSCF orbitals and major computed CI vectors from CASSCF(2,4) calculations with 
different basis sets are very similar. The two highest occupied CASSCF/AVDZ natural orbitals and 
their electron occupancies are given below:

(25a)1.07

(26a)0.93

The largest CI coefficients of the open-shell singlet state are:
 2000      0.73
 0200     -0.68

The computed relative electronic energies (in kcal.mol-1) of the TS of channel 1(b) (w.r.t. 
separate reactants) obtained at the CASSCF and CASSCF/NEVPT2 levels of calculation with 
different basis sets are summarized in the following Table: 

Basis sets CASSCF CASSCF/NEVPT2
AVDZ 8.66 -2.303
AVTZ 9.08 -2.995
AVQZ 9.16 -3.033
CBS(1/X3: AVQZ/AVTZ) -3.062
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The best computed NEVPT2/CBS//M06-2X/AVDZ relative energy of -3.06 kcal.mol-1 as shown in 
the above Table agrees almost exactly with the best computed BD(TQ)/CBS//M06-2X/AVDZ value 
of -3.05 kcal.mol-1 (see Table 2 of the paper). In conclusion, single reference BD(TQ)/CBS results 
and MR CASSCF/NEVPT2 results for channel 1(b) are very consistent. Therefore, for the sake of 
simplicity and consistency (with other reactions considered in the present investigation), only the 
BD(TQ)/CBS results are discussed in the paper.   

  


