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Abstract

The reaction, BrO + HO> — HOBr + O, is exothermic and can produce O: in both its ground
state (X°Z) and its first excited state (A'Ag). As a result, this reaction can proceed on both a singlet
and a triplet potential energy surface.

Recently, Tsona, Tang and Du published a paper entitled “Impact of water on the BrO + HO,
gas-phase reaction: mechanism, kinetics and products (Phys Chem Chem Phys 2019, 21, 20296-
203072). The results of this work showed significant differences from those published earlier on this
reaction by Chow et al. (Phys Chem Chem Phys 2016, 18, 30554-30569). Further calculations
performed in this present work, combined with higher level calculations published by Chow et al.
(Phys Chem Chem Phys 2016, 18, 30554-30569), demonstrate that the work of Tsona et al. is
flawed because the integration grid size used in their lowest singlet and triplet calculations is too
small, and a closed-shell wavefunction, rather than an open-shell wavefunction, has been used for the
singlet surface. The major conclusion in the work of Tsona et al. that the lowest singlet and triplet
channels are barrierless is shown to be incorrect.

Also, the computed rate coefficients of Tsona et al. showed a positive temperature dependence,
which is inconsistent with the experimentally observed negative temperature dependence, whereas
the singlet rate coefficients computed by Chow et al. (Phys Chem Chem Phys 2016, 18, 30554-

30569) showed a negative temperature dependence consistent with experiment.



Introduction

In a recent paper Tsona et al. reported a computational study on BrO + HO, - HOBr + O»
prior to studying the effect of water on this reaction computationally (1). This work shows a
number of significant differences from an earlier study we made of this reaction (2). We highlight
these differences and discuss their likely origins in this Comment. Figures 1 and 2, taken from Figure
1 of reference (1) and Figure 1 of reference (2), allow this comparison to be made easily. They show
computed schematic pathways in the work of Tsona et al.(1) and Chow et al.(2) respectively. The
atmospheric importance of the BrO + HO» reaction and the experimental rate coefficient (k)
measurements, which show a negative temperature dependence of k, are summarized in the
Suplementary Information (SI) section (3-14)

Our work, Chow et al. (2), has shown that of the possible reaction channels
i.e. (1) BrO + HO2 - HOBr + Oz, (2) BrO + HO; — HBr + O3 (3) BrO + HO, — OBrO + OH, (4)
BrO + HO>, — BrOO + OH, (1) has the lowest activation energies and is the major contributor to
the overall rate coefficient at temperatures relevant to the troposphere. It is important to note,
however, that reaction (1) can occur on two surfaces, a singlet and a triplet surface, as O can be
produced in either its ground state (X°Z,") or its first excited state (3'A). These two channels are

BrO + HO» — HOBr+ 0; (X’%,)  (la)t

BrO + HO; — HOBr+ O, (3'A) (1b)s
The labelling, of (1a) and (1b), follows reference (2) with the letters “t” and *“s” being added for
clarity. Use of available standard heats of formation shows that both reactions are exothermic with
reaction (1a)t being more exothermic than (1b)s by ~ 22.5 kcal.mol ™! .

Comparison of the work of Tsona et al.(1) and our work (Chow et al. (2)) immediately shows a
number of differences. First of all, the computed rate coefticients of Tsona et al.(1) show a positive
temperature dependence (see Table S2 of the SI of ref.(1)) whereas those of ref.(2) show a negative
temperature dependence, as observed experimentally. Also, in ref.(1) the lowest singlet and triplet
surfaces were computed to be barrierless (no transition states (TSs) were found in these calculations
for these lowest pathways) and they were therefore expected to contribute equally to the overall rate
coefficient. In contrast, in our work (ref.(2)), TSs were located in both the lowest singlet and triplet
channels, with the singlet channel ((1b)s) computed to have a lower activation energy than the triplet
channel ((1a)t. The triplet channel was computed to have a TS AE of 2.58 kcal.mol™! whereas the
singlet channel was computed to have a TS AE as -3.05 kcal.mol™! at the highest level used (see
Tables 1 and 2 of ref.(2)), and therefore the singlet channel was computed to make the dominant
contribution to the overall rate coefficient in the temperature range considered. In order to understand
the reasons for these differences, the methods used in refs (1) and (2), and the key parts of the
potential energy surfaces obtained, need to be investigated and compared. The schematic potential
energy diagrams are shown in Figures 1 and 2. Figure 1 is Figure 1 of Tsona et al.(1), with the
pathway for channel (2) removed, and Figure 2 is Figure 1 of ref.(2), without the parts which refer to
channels (2), (3) and (4)) i.e. for ease of comparison they both only refer to channels (1a)t and (1b)s.
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Figure 1

Figure 2

Computational Details

These are given in the original papers (1,2), so only a summary of the methods used is given
here.

Tsona et al.(1)

The M06-2X density functional was used with aug-cc-pVDZ basis sets to search for
stationary points on the triplet and singlet potential energy surfaces. Once stationary points were
located, relative energies were improved by performing single point calculations at the M06-
2X/AVDZ optimised geometries at the CCSD(T) level with aug-cc-pVTZ basis sets. i.e.
CCSD(T)/AVTZ//M06-2X/aug-cc-pVDZ calculations were carried out. All these electronic structure
calculations were carried out using GAUSSIANO9 (15). It appears that the default parameters were
used in these calculations. In particular, it seems that the default integration grid (specified as
“INTEGRAL= FINEGRID”; this is referred to as the “small grid” in this work) was used. Evidence
for this is presented later. The default integration grid used in GAUSSIANO09 was developed for, and
refined on, earlier generations of functionals than the M06-2X functional and similar functionals. It
has been demonstrated that when the M06-2X functional and similiar hybrid meta exchange-
correlation functionals are used, larger integration grids should be used than the default grid, as use
of a default grid in codes such as GAUSSIAN with M06-2X can give rise to errors such as
inacccurate binding energies and geometries, and inability to locate transition states in weakly bound
systems (16-19). This problem has been traced to the kinetic energy density enhancement factor
utilized in the exchange component of the M06-2X functional (16,17). For this reason, a larger
integration grid (specified by “INTEGRAL= ULTRAFINE”; this is referred to as the “large grid” in
this work) than the default grid was used for all the GAUSSIAN calculations reported by Chow et al
in ref.(2).

To calculate rate coefficients a two transition-state (TS) approach was used by Tsona et al.(1),
which is appropriate for reactions with low-lying or negative barriers. This two TS approach involves
two TS bottlenecks for the overall reaction. The first bottleneck, at the outer TS, occurs on
association of the two reactants, where they need to overcome a centrifugal barrier to form the
reactant complex (RC), and the second bottleneck, at the inner TS, is at the TS which separates the
RC from the product complex (PC).

The overall rate coefficient (k) is given, according to this theory, as:-



where kin and kou are inner and outer rate coefficients which can be calculated by transition state
theory (TST) and phase space theory (PST) respectively. In the work of Tsona et al. (1), kout was

calculated using classical PST as evaluated by equ.(2)
1 1 1
oue = 20 1(2) [ECO kTR, o @

The terms in this expression are as defined in ref.(1). However, it should be noted that Ky is a
correction factor to correct a rate coefficient of a barrierless reaction to give a good fit to an
experimental value. Setting Ky to unity recovers the computed rate coefficients at the classical PST
level.

For the lowest triplet and singlet surfaces, the value of K, used in ref.(1) was 6.1
which was chosen to give the best agreement with available experimental rate coefficients. (This
value of Ky was obtained with v=4/7 in equ.(7) in ref.(1)). Using this value of K, the rate
coefficients for the lowest singlet and triplet surfaces, which were both computed to be barrierless in
ref.(1), were both obtained as 2.21x107!" cm®. molecule™'s™!. Inspection of equation (2) shows that
this approach will give a T"® dependence for kowr. In the absence of an inner TS, (a “barrierless

reaction”) k= kout.

Chow et al.(2)

As in ref.(1), M06-2X/AVDZ geometry optimizations and IRC searches were carried out in
ref.(2) using GAUSSIANO9, but with a large integration grid (specified by
“INTEGRAL=ULTRAFINE” as discussed above). The relative energies of stationary points obtained
were then improved by fixed point calculations using higher level ab initio methods. Initially, the
RHF/UCCSD(T) method as implemented in MOLPRO (20) 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/X> formula. However, for the TS of channel (1a)t,
although the CCSD iterations in the UCCSD(T) calculations converged, the computed T diagnostic
value was rather large ( ~ 0.1), suggesting non-negligble multireference (MR) character. In order to
circumvent this problem, Brueckner theory was employed, as with Brueckner doubles (BD) the T
value is zero. BD(T)/AVQZ and BD(TQ)/AVTZ single energy calculations were carried out as
implemented in GAUSSIANO9 (15). Computed relative BD(T) energies obtained using the AVQZ
and AVTZ basis sets were extrapolated to the CBS limit employing the 1/X> formula. 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.

For the triplet channel (1a)t, for reasons outlined in ref.(2), BD/AVDZ geometry optimizations,

and subsequent frequency calculations, were carried out on the TS but not the RC and PC.
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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 AE is at the
BD(TQ)/CBS//BD/AVDZ level.

For the singlet channel, (1b)s, it was important to use a wavefunction for an open-shell singlet
state in order to treat adequately the change in the potential energy surface from the TS backwards to
the RC and on to the reagents, two molecular radicals, as well as the change from the TS forwards to
the products. It is well known that if a single determinantal restricted wavefunction is used for H», to
investigate the process H> — H + H, then incorrect dissociation is obtained to a “state” which is
combination of neutral (H + H) and ionic (H" + H ) contributions, and, as a result, the dissociation
energy is overestimated. Therefore, for the singlet channel (1b)s, unrestricted wavefunctions were
used, together with guess=mix in GAUSSIANO09, in order to obtain an open-shell singlet state which
can correctly describe movement from the TS forwards to the products, and backwards from the TS
to the open-shell reactants.

UCCSD(T)/AVnZ//M06-2X/AVDZ calculations, summarised in our work, ref.(2), and the
associated SI, indicate that MR character is only significant for the TS of the triplet surface with a T,
value of 0.1.  For the other stationary points on the singlet and triplet surfaces the T; value is much
lower than this. Hence for the triplet TS, CASSCF/AVDZ calculations were carried out at the M06-
2X/AVDZ geometry. Inspection of the CI coefficients obtained from these CASSCEF calculations,
performed with different active electrons and active spaces, show that the MR character is not very
large for the triplet TS and in this connection BD methods are expected to be adequate (see the SI
section of ref.(2)). For the singlet TS, the CASSCF(2,4)/NEVPT2 results are adequate as the
CASSCF(2,4) wavefunction has accounted for the two-configurational open-shell singlet
wavefunction (see SI section of ref.(2)). The excellent agreement between the
CASSCF/NEVPT2/CBS and BD(TQ)/CBS TS relative energies reinforces this conclusion.

To calculate rate coefficients from the computed potential surfaces, use was made of equation
(1). kin was calculated by a number of methods with the highest level method being ICVT/SCT using
POLYRATE (21). kout was calculated using quantum PST where the microcanonical number of
states was evaluated according to equ.(2) in reference (22).

Also, as outlined in ref.(2), a correction was made for spin-orbit splitting in the ground state of
BrO, in the evaluation of all relative energies (+1.394 kcal mol! was added to all AE values to make
this correction), and the two spin—orbit states of BrO were included in all rate coefficient
calculations.

The characteristics of the electronic structure methods used in this wotk and refs.(1,2) are given

in the SI section.



Table 1

Calculated relative energies, relative enthalpies at 298 K, and relative Gibbs free energies at

298 K for the Triplet Channel BrO + HO2 — HOBr + 02 (X°Zy)

(kcal.mol™)
CCSD(T)/AVTZ// | CCSD(T)/AVTZ// | M06-2X/AVDZ | M06- Higher level
Level MO06-2X/AVDZ | M06-2X/AVDZ | This work, 2X/AVDZ values
Relative | (ref.(1)Tsona et This work, using | using the Ref.(2) @ Ref.(2) @
energies | al.)* the geometries geometries
given in the ESI given in the ESI
of ref.(1)* of ref.(1)*

using

GAUSSIANO09

with a small

integration grid

(large grid

values are in

brackets)

(see text)
AEPCt -49.45 -50.76 -53.68 (-53.68) | -52.26 -49.62
AERX -48.89 -52.25(-51.93) | -50.89 -47.96
AHPCH -48.00 -49.91 -52.84 (-52.84)
AHR 08¢ -48.38 -51.75 (-51.43) | -50.4 475
AGPEH -41.01 -42.52 -45.44 (-45.44)
AGR* 508k -47.75 -51.11 (-50.79)

*no allowance has been made for the

spin-orbit correction in BrO

(a) with spin-orbit correction in BrO (+1.39 kcal.mol™!)




Table 2

Calculated relative energies, relative enthalpies at 298 K, and relative Gibbs free energies at
298 K for the Singlet Channel

BrO + HO: — HOBr + Oz (3'Ay)

(kcal.mol™)
CCSD(T)/AVTZ// | CCSD(T)/AVTZ// MO06-2X/AVDZ | M06- Higher
Level MO06-2X/AVDZ M06-2X/AVDZ This work, using | 2X/AVDZ | level
Relative (ref.(1)Tsona et This work, the geometries Ref.(2) @ | values
energies al.)* using the given in the ESI Ref.(2)
geometries of ref.(1)* @
given in the using
ESI of ref.(1)* GAUSSIANO09
with a small
integration grid
(large grid
values are in
brackets
(see text)
AERCs! -6.88 -9.08 -0.0034 (-0.69) | -5.07 -4.03
AETSS! -2.65 -2.31 5.51 (5.51) -3.50 -3.05
AEPCs! -20.28 -21.78 -17.65 (-17.59)
AERX -26.29 -26.39 -29.75 (-29.43) | -36.81 -25.53
AHRCS! -5.40 -7.62 1.42 (0.78)
AHTSS! -4.27 -3.97 3.84 (3.84)
AHPCs! -18.78 -20.93 -17.65 (-16.78)
AHR® 05 -25.80 -25.89 -29.25 (-28.93) -25.0
AGRES! 4.95 2.73 11.77 (11.12)
AG™! 7.51 7.88 15.69 (15.69)
AGPEs! -11.30 -12.93 -8.82 (-8.86)
AG** 508K -25.17 -25.25 -28.61 (-28.61)

*no allowance has been made for the spin-orbit correction in BrO

(a) with spin-orbit correction in BrO (+1.39 kcal.mol™)




Results and Discussion

Figures 1 and 2 provide a useful starting point for discussion of the work reported in refs (1) and
(2). Figure 1, from ref.(1), shows a graph of free energy change, AG, vs reaction coordinate, whereas
Figure 2, from ref.(2), shows relative energy changes, AE, vs reaction coordinate. Inspection of these
figures shows that a number of stationary points seen in Figure 2 are not present in Figure 1. As
shown in Figure 1, Tsona et al.(1) found two singlet channels:- a barrierless singlet channel to
PCsl1 and a singlet channel with a barrier, via RCs1 and TSs1, to PCsl, although no details are given
in their work about how these different channels were obtained. They also found a barrierless
triplet channel to PCt1. As shown in Figure 2, Chow et al.(2) found a reaction complex, a TS and a
product complex for the triplet channel (RCt (RC1a), TSt (TS1a) and PCt (PCl1a) in Figure 2) and a
reaction complex and a TS for the singlet channel (RCs (RC1b) and TSs (TS1b) in Figure 2) but a
product complex was not located for this channel in ref.(2).

As Tsona et al. (1) report the M06-2X/AVDZ computed geometries of the stationary points
shown in Figure 1 in the SI of ref.(1), it was decided to use these geometries to check the relative
energies quoted in their work. These calculations were fixed point CCSD(T)/AVTZ//M06-2X/AVDZ
calculations with GAUSSIANO09 with the default integration grid size. The relative energies of
singlet stationary points were computed at the CCSD(T)/AVTZ//RM06-2X/AVDZ level, using
restricted M06-2X wavefunctions to treat singlet species.

The results are shown in Table 1 for the triplet channel and Table 2 for the singlet channel. In
Table 1, the reaction energies, AE, reaction enthalpies, AH, and free energies, AG, agree reasonably
well with those of Tsona et al (1). In Table 2, the relative energies of TSs1 and PCs1 agree
reasonably well with the values of Tsona et.(1) except that the relative energy of RCs1 (-9.08
kcal.mol ™) differs from the quoted value of Tsona (-6.88 kcal.mol™).

The results shown in Table 1 are as follows:- column 2 shows the CCSD(T)/AVTZ//
MO06-2X/AVDZ values published by Tsona at al. (1), column 3 shows the CCSD(T)/AVTZ//
MO06-2X/AVDZ results obtained in this present work using Tsona’s published geometries, column
4 shows the M06-2X values obtained in this present work using Tsona’s geometries with default
input parameters including a small integration grid, column 5 lists the relative energies obtained by
Chow et al. (2) at the M06-2X/AVDZ level, after geometry optimisation using a large integration
grid, and column 6 shows the higher level AE values quoted by Chow in ref.(2).

Considering the triplet channel(1a)t first, although the relative energy of PCt1 obtained in this
present work (-50.76 kcal.mol™!) is very close to that obtained by Tsona et al.(1) (-49.45 kcal.mol™!)
with fixed point calculations using the same geometry and the default (small) integration grid, a
slightly different optimized geometry was obtained by Chow et al. in ref.(2), using a larger
integration grid, compared to that of ref.(1). The main difference was the orientation of the O-O unit
in Oz relative to HOBr in the product complex. Starting with the optimized geometry of TSt (TS1a)
from the original work of Chow et al.(2) (obtained with a large integration grid), it was found that
performing a TS search with this structure with a default (small) grid failed to locate the TS.
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Similarly, optimizing the RCt structure in ref.(2) with a default grid led directly to PCt. However,
when the larger grid was used the stationary points RCt, TSt, and PCt, found in ref.(2), could all be
located. Clearly, in the triplet channel the potential in the TS region is very shallow and the fact that
the stationary points RCt, and TSt, located in ref.(2) could not be found in the work of Tsona et a.(1),
is an error caused by the use of too small a grid size in ref.(1).

Table 2 summarises the relative energies, enthalpies and free energies at 298 K for the singlet
channel, as is done in Table 1 for the triplet channel. As for the triplet channel, a large grid size
should be used for the singlet channel, and, as already discussed, an open-shell singlet wavefunction
should also be used (obtained with guess=mix in GAUSSIANO09) (as has been done by Chow et al. in
ref.(2)). The results of calculations performed in this present work indicate that the singlet
calculations reported in ref.(1) were carried out with a default (small) grid size and a closed shell
singlet wavefunction. The evidence is as follows:-

(a) Using the geometry of TSs1 provided by Tsona et al.(1), fixed point calculations using a closed-
shell wavefunction and a default (small) grid-size at the M06-2X/AVDZ and CCSD(T)/AVTZ//M06-
2X/AVDZ levels gave AE values very close to those of Tsona et al.(1) (see Table 2). If a TS search is
carried out at the RM06-2X/AVDZ level starting with the geometry of Tsona et al. (1) of TSs1 using
the default (small) grid and a closed shell wavefunction, then a TS can be located which is very
similar to TSs1 of Tsona et al. (1). If this TS search is repeated using an open-shell singlet
wavefunction, the TS cannot be located. However, if this TS search is repeated with a open-shell
singlet wavefunction and a larger grid, the transition state TS found by Chow et al. in ref.(2) was
obtained.

In order to show that closed-shell singlet wavefunctions are inappropriate for the separate
reactants (BrO + HO,) and RCls , the following calculations were carried out:-
(b) For RCsl, partial optimization of the BrO and HO, fragments in BrO----HO; was carried out at
an inter-fragment distance of 50 A at the unrestricted M06-2X/AVDZ level (using guess=mix in
GAUSSIANO09) with a large integration grid. Each fragment was found to be neutral with one of the
two unpaired electrons localized on BrO and the other localised on HO». The energy relative to the
reactants, AE, was computed as 0.0053 kcal.mol!. The HOMO (containing 1 electron) is almost
completely localized on BrO, which is reasonable. However, if this calculation is repeated using a
restricted closed-shell wavefunction with the default (small) grid-size, the computed relative energy
is 87.98 kcal.mol! and the HOMO is delocalised over the whole of BrO---HO> . The same result is
obtained when this calculation is repeated with a restricted closed-shell wavefunction but a larger
grid size.
(c) Using the geometry of RCs1 given by Tsona et.(1) to do geometry optimization with an open
shell wavefunction (i.e. start the optimization with guess=mix) and a large grid, the calculation
converged to a closed-shell singlet (the spin-density was zero on each centre). A repeat of this
calculation at the restricted M06-2X level with a closed-shell wavefunction and a large grid gave the

same result. Also, using the geometry reported by Tsona et al.(1), fixed point calculations were
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performed on RCs1 at the M06-2X/AVDZ and CCSD(T)/AVTZ//M06-2X/AVDZ levels. The AE
value obtained at the CCSD(T)/AVTZ//M06-2X/AVDZ level (-9.08 kcal.mol!) differed from that
quoted by Tsona et al. (-6.88 kcal.mol ™) at the same level, in the SI of ref.(1). The reason for this
difference is not known, as no M06-2X/ AVDZ values are given in ref.(1). However, as an optimized
geometry of RCs1 can be obtained at the restricted M06-2X/AVDZ level which is very close to that
given in ref.(1), the problem may lie in the higher level CCSD(T)/AVTZ calculations performed in
ref.(1).

In summary, the main results from this investigation of the work of Tsona et al.(1) are:-
(1) For the triplet surface, when we repeated the TS search using the default small integration grid,
no TS could be found. However, when the larger integration grid was used the TS could be located,
as in our earlier work (2). Since the triplet potential in the region of the TS was shown to be rather
flat in our previous work (2), it is clear that the integration grid size is very important in locating the
triplet TS.
(2) For the singlet surface with a barrier at TSs1, when we repeated M06-2X calculations using
closed-shell singlet wavefunctions we obtained results which are very similar to those of Tsona et
al.(1) except for RCs1 (see above). This indicates that Tsona et al.(1) have employed closed-shell
wavefunctions in their M06-2X calculations on the singlet surface, which is clearly inappropriate.
(3) Repeating M06-2X geometry optimization calculations on RCs1, followed by fixed point
calculations at the CCSD(T)/AVTZ//M06-2X/AVDZ level, gave a computed relative energy which
was significantly different from that of ref.(1) even though a very similar optimised geometry was
used in both cases.The reason for this is not known as no M06-2X relative energies were quoted in
ref.(1). The error is thought to arise in the higher level CCSD(T)/AVTZ calculations performed in
ref.(1).
(4) For the singlet channels obtained by Tsona et al.(1) at the M06-2X level, based on point (2)
above, it can only be assumed that closed-shell singlet wavefunctions have been used in all the
calculations on the singlet channels, including the barrierless pathway claimed in ref.(1). Based on
points (1) and (2), we can only conclude that the result of Tsona et.(1) of a barrierless singlet channel
is an error arising from use of an incorrect singlet wavefunction and too small an intergration grid.
(5) In ref.(1), the claimed good agreement between computed and experimental rate coefficients is
questionable. Firstly, the “good agreement” is only at one temperature (298 K) and this was obtained
using a fitting parameter (Ky = 6.1). Without this fitting factor, the computed rate coefficient doesn’t
agree with the experimental rate coefficient at 298 K, and at other temperatures relevant to the
troposphere. Secondly, the temperature dependence computed by Tsona et al.(1) does not agree with
the experimental temperature dependence. In ref.(1) a positive temperature dependence was
computed whereas experimental evidence clearly shows a negative temperature dependence, as was

calculated in our work (Chow et al.(2)).
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Conclusions

For the singlet calculations reported by Tsona et al.(1), it appears that they have used a default
(small) grid-size and closed-shell singlet wavefunctions with restricted M06-2X/AVDZ calculations.
For the triplet calculations of Tsona et al.(1) a small grid size has been used.This has led to erroneous
results as a larger grid-size should have been used for both the singlet and triplet channels, and an
open-shell unrestricted wavefunction should have been used for the singlet channel. The test
calculations performed in this work, and the results of higher level calculations in ref.(2),
demonstrate that the schematic potential energy surfaces reported by Tsona et al. in ref.(1) are
incorrect. As reported by Chow et al.(2) both the lowest singlet and triplet channels proceed via low-
lying transition states and they are not barrierless as claimed by Tsona et al.(1). The triplet channel is
the most exothermic but the singlet channel has the lowest activation energy and therefore has the
highest rate coefficient. The flawed results for BrO + HO; reported in ref.(1) must mean that the
computational results obtained for the effects of water on this reaction, and the conclusions drawn

from these results, which are included in ref.(1), must also be questionable.
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Figure Captions

Figure 1

A schematic potential energy diagram taken from ref.(1) for the
Triplet BrO + HO, — HOBr + 02 (X°Z,) and Singlet BrO + HO> — HOBr + Oz (3'Ay)
reactions. Relative free energies, AG (in kcal.mol "), were calculated in ref.(1) at the
CCSD(T)/AVTZ//M06-2X/AVDZ level. This figure is the same as Figure 1 of ref.(1), but with the
pathway for BrO + HO, — HBr + O3z removed and the AG values added from Table 1 of ref.(1).

Figure 2

A schematic potential energy diagram taken from ref.(2) for the
Triplet BrO + HO, — HOBr + 02 (X°Z,) and Singlet BrO + HO> — HOBr + Oz (3'Ay)
reactions. This figure is the same as Figure 1 of ref.(2), except that the pathways for reactions (2),(3)
and (4) have been removed. Stationary points are shown with their relative electronic energies, AE
(in kcal.mol™!), with zero-point correction at 0 K at the BD(TQ)/CBS level (incl. spin-orbit correction
for BrO) in brackets
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Supplementary Information

(a)Atmospheric Importance and summary of available rate coefficient measurements

The BrO + HO; reaction is important in the earth’s atmosphere as it can lead to enhanced destruction
of ozone. This occurs through production of HOBr, which can then undergo photolysis followed by
reactions of the radicals produced (OH and Br) with ozone. It is clearly important to establish the
mechanism of the BrO + HO; reaction and determine its rate coefficient at temperatures which are
relevant to the troposphere (typically 220-320 K). Experimentally the rate coefficient of this reaction
has been measured at different temperatures in this temperature range by a number of research
groups (3-14) and they show that the rate coefficient decreases as the temperature increases i.e. a
negative temperature dependence is observed. The most recent rate coefficient determinations were
made by Ward and Rowley (14). They obtained rate coefficients of (2.55 + 0.33) x10"'!, (2.89 + 0.31)
x10 " and (3.7 £ 1.5) x10 "' cm®. molecule 's™ at 314.1, 298.1 and 246.1 K respectively.

(b) The characteristics of the electronic structure methods used in this work and refs.(1,2).
(1) DFT calculations with the M06-2X functional

The overall strategy used is to obtain the geometries and harmonic vibrational frequencies of the
stationary points of a reaction (reactants, RC,TS,PC and products) on the potential energy surface
using DFT calculations with the M06-2X functional, as well as their energies relative to the
reactants. As described in ref.(2), 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. The
MO06-2X is a meta exchange-correlation functional and it has been demonstrated that, when a
functional of this type is used with codes such as GAUSSIAN, larger integration grids should be
used rather than the smaller default grids. Use of default grids can give rise to inaccurate binding
energies and geometries, and the inability to locate tansuition states in weakly bound systems (16-
19).

(i1)) CCSD(T) calculations

CCSD(T)/AVTZ calculations at M06-2X/AVDZ optimised geometries have been performed in
refs.(1) and (2). CCSD(T) means coupled cluster (CC) with a full treatment of single (S) and double
(D) excitations. An estimate of the connected triples (T) excitations is calculated non-iteratively via
many body perturbation theory. The central postulate of CC theory is that the full CI wavefunction
can be described by a cluster operator (e") acting on a Hartree-Fock (HF) wavefunction. For CCSD
calculations the cluster operator only includes single and double excitations. The CCSD(T) method
relies on the HF wavefunction being the dominant determinant (i.e. the method is based on a single
determinant being a reasonable approximation to the true wavefunction). One test of multireference
character (MR) that is often used is to calculate the T diagnostic of Lee and Taylor. If T; is too large
(typically > 0.04) then results of CCSD(T) calculations should be treated with caution.

For the CCSD(T)/AVTZ//M06-2X/aug-cc-pVDZ calculations reported by Tsona et al. in ref(1)
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no T values were reported.

In the work of Chow et al.(2) UCCSD(T)/AVnZ//M06-2X/AVDZ calculations indicate that
MR character is only significant for the TS of the triplet surface with a T1 value of 0.1. For the
other stationary points on the singlet and triplet surfaces the T value is much lower than this. Hence
for the triplet TS, CASSCF/AVDZ calculations were carried out at the M06-2X/AVDZ geometry.

(i11)) CASSCF calculations
In ref.(2) CASSCF/AVDZ calculations were carried out at M06-2X/AVDZ optimised geometries.

The complete active space self-consistent field (CASSCF) is a specific type of MCSCF method in
which the number of determinants or CSFs used in the expansion of the CI vector are defined by
dividing the orbitals into three subspaces. In the first subspace, the inactive space, all orbitals are
doubly occupied. The second subspace is known as the active space, and within this orbital space, a
full-CI expansion is considered. The orbitals selected for the active space are those that contribute
most to the multireference character of the particular system studied. Finally, the third subspace,
known as the virtual space, consists of orbitals that are kept unoccupied. This method decreases the
number of determinants or CSFs in the CI expansion since it limits the MC wave function within a
specific subset of electrons and orbitals rather than treating all electrons in all orbitals as one would
do in a traditional MRCI calculation. As such, the CASSCF method cannot be considered merely as a
“black box” method, as a priori knowledge of the chemical system under study is needed for the
proper choice of the active orbitals. A limitation of CASSCEF is the number of electrons and orbitals
that can be included in the active space, since the CI expansion increases exponentially with respect
to the number of electrons and orbitals.

A CASSCEF calculation for a given choice of active space and an active electrons will include some
non-dynamic electron correlation. A second order perturbation theory calculation ( CASPT2 or
NEVPT2 (NEVPT stands for N-Electron Valence State Perturbation Theory)) can then be used to
calculate the dynamic correlation energy contribution to the total energy.

For the triplet TS, CASSCF/AVDZ calculations were carried out at the M06-2X/AVDZ
geometry (2). Inspection of the CI coefficients obtained from these CASSCF calculations, performed
with different active electrons and active spaces, show that the MR character is not very large for the
triplet TS and in this connection BD methods (see later) are expected to be adequate. For the singlet
TS, the CASSCF(2,4)/NEVPT?2 results are adequate as the CASSCF(2,4) wavefunction has
accounted for the two-configurational open-shell singlet wavefunction. The excellent agreement
between the CASSCF/NEVPT2/CBS and BD(TQ)/CBS TS relative energies reinforces this

conclusion. (In CASSCF(2,4) there are 2 active electrons in an active space of 4 orbitals).
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(iv) BD Calculations

As outlined above, the CCSD method is based on a HF wavefunction. This may be problematic
in some cases. In such cases, before resorting to a multireference approach (e.g. CASSCF), there is a
variant of CCSD that has shown larger stability with respect to the choice of the reference function---
the Brueckner doubles (BD) method. In this method, the BD reference function is built such that all
the amplitudes for single excitations are zero. Starting from the initial reference (e.g. a HF single
determinant), the orbitals are rotated until the above condition is satisfied. BD thus introduces an
initial relaxation that is coupled with the CC expansion, which includes only double excitations. In
many cases. BD provides a more reliable wavefunction than CCSD.

For the triplet TS, although the CCSD iterations in the UCCSD(T) calculations converged, the
computed T, diagnostic value was rather large ( ~ 0.1), suggesting non-negligble multireference
(MR) character. In order to circumvent this problem, Brueckner theory was employed, as with
Brueckner doubles (BD) the T value is zero. BD(T)/AVQZ and BD(TQ)/AVTZ single energy
calculations were carried out. Computed relative BD(T) energies obtained using the AVQZ and
AVTZ basis sets were extrapolated to the CBS limit employing the 1/X> formula. 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.
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