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Abstract

Three different reaction pathways are found for the reaction of bromine atom (Br) with the 

lowest-energy structure of the water trimer [uud-(H2O)3], initially using the MPW1K-DFT method.  

The three bromine pathways have closely related geometries and energetics, analogous to those 

found for the fluorine and chlorine reactions.  The lowest-energy pathway of the Br + uud-(H2O)3 

reaction was further investigated using the “gold standard” CCSD(T) method and the correlation-

consistent basis sets up to cc-pVQZ(-PP).  Based on the CCSD(T)/cc-pVQZ(-PP)//CCSD(T)/cc-

pVTZ(-PP) results, the Br + (H2O)3 reaction is endothermic by 33.3 kcal/mol.  The classical barrier 

height is 29.0 kcal/mol between the reactants and the exit complex, and there is no barrier for the 

reverse reaction.  The Br∙∙∙(H2O)3 entrance complex is found to lie 4.7 kcal/mol below the 

separated reactants, and the HBr∙∙∙(H2O)2OH exit complex is bound by 6.4 kcal/mol relative to the 

separated products.  This potential energy profile is further corrected by the zero point energies 

and spin-orbit coupling effects.  Structurally, the Br + (H2O)3 stationary points can be derived from 

those of the simpler Br + (H2O)2 reaction by judiciously appending a H2O molecule.  The Br + 

(H2O)3 potential energy profile is compared with the Br + (H2O)2 and Br + H2O reactions, as well 

as to the valence isoelectronic Cl + (H2O)3 and F + (H2O)3 systems.  It is reasonable to expect that 

the reactions between the bromine atom and larger water clusters would be similar to the Br + (H2O)3 

reaction.  

Key Words: Atom-molecule reaction, Bromine atom, Water trimer, Potential energy profile, 

CCSD(T) computations
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1. Introduction

The bromine atom plus water monomer (Br + H2O) reaction and its reverse 

reaction have been widely investigated,1-12 since atomic bromine is an active ozone 

depletion catalyst,13,14 and some brominated compounds play important roles in 

atmospheric and combustion chemistry.15  The bromine atom plus water polymer 

reactions may be more important, for the water polymers detected in the atmosphere 

may lower the reaction barriers, as shown by our Br + (H2O)2 results.16  To understand 

energy trends ranging from the water monomer to water polymers, we herein 

investigate the reaction between the bromine atom and the water trimer, Br + (H2O)3 

→ HBr + (H2O)2OH.  This reaction was investigated using the “gold standard” 

CCSD(T) method with basis sets as large as cc-pVQZ(-PP).  The Br + (H2O)3 potential 

energy profile was predicted and the stationary points therein were discussed.  We also 

compare the Br + (H2O)3 reaction with the simpler bromine reactions Br + H2O/(H2O)2 

and with the valence isoelectronic water trimer reactions F/Cl + (H2O)3.2,16-18

2. Methodology

The computational methods used in present paper are similar to those successfully 

used for the reaction of bromine atom plus water dimer.16  Briefly, the stationary 

points for the Br + (H2O)3 reaction were first investigated with MPW1K density 

functional theory (DFT), which was recommended by Truhlar et al.19 and gave the best 

predictions for the F + H2O reaction barrier among 49 DFT functionals.20  The basis 

sets used here with the MPW1K method are the Dunning correlation-consistent 

polarized valence basis sets (cc-pVnZ).  For the hydrogen and oxygen atoms, the cc-

pVTZ basis sets21,22 were used.  For the bromine atom, a scalar relativistic 

pseudopotential (PP) and the corresponding cc-pVTZ-PP23 were employed.  With the 
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pseudopotential, the 10 inner core electrons (1s22s22p6) of Br were replaced by energy-

consistent pseudopotentials, which were constructed from atomic multiconfigurational 

Dirac-Hartree-Fock results.23  

All stationary points were characterized by harmonic vibrational frequency 

analyses, with the minima having all real frequencies and the transition states (TS) 

having only one imaginary frequency.  The intrinsic reaction coordinate (IRC)24-26 

method at the same level was employed to confirm that each transition state connects 

the designated entrance complex and exit complex.  All our DFT computations were 

carried out with the Gaussian 16 program suite.27

To obtain more reliable geometries, energies and vibrational frequencies, the 

geometry optimizations and frequency analyses were further performed with the higher 

level coupled-cluster single and double substitution method with perturbative treatment 

of triple excitations CCSD(T).28-30  Restricted method was used for closed shell 

systems, while unrestricted approach was employed for open-shell species.  In 

conjunction with the CCSD(T) method, the cc-pVnZ(-PP) basis sets21-23 were used for 

geometry optimizations and frequency analyses up to cc-pVTZ(-PP), and for single-

point energy computations up to cc-pVQZ(-PP).  In all CCSD(T) computations, the 

1s-like MO for oxygen and the 3s3p3d-like MOs for bromine are frozen.  All the 

CCSD(T) computations were performed with the CFOUR program.31

3. Results and Discussion

3.1 The potential energy profile of the Br + (H2O)3 reaction

It has been reported32-38 that the lowest-energy isomer of the water trimer, uud-

(H2O)3, has a six-membered ring structure.  In uud-(H2O)3, the six-membered ring is 

formed by three OH bonds (from three water molecules) connecting with three 
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hydrogen bonds, where each water molecule functions as both electron donor and 

acceptor.  The three out-of-ring OH bonds of (H2O)3 are in the “up-up-down” (uud) 

orientation, relative to the pseudo-planar six-membered ring.  When a Br atom reacts 

with the water trimer uud-(H2O)3, there are three different kinds of active sites, the three 

out-of-ring H atoms in uud-(H2O)3.  Thus, there are three different kinds of Br + 

(H2O)3 reaction pathways, analogous to the F/Cl + (H2O)3 reactions.17,18  As shown in 

Figure S1 in the supporting information, the three Br + (H2O)3 pathways predicted by 

the MPW1K/cc-pVTZ(-PP) method are closely related, both geometrically and 

energetically.  Further, the lowest-energy Br + (H2O)3 reaction pathway was 

investigated using the more reliable CCSD(T) method along with basis sets as large as 

cc-pVQZ(-PP), with the results shown in Figure 1.  In the following discussions, we 

will mainly consider the CCSD(T)/cc-pVTZ(-PP) geometries and the 

CCSD(T)/cc-pVQZ(-PP)//CCSD(T)/cc-pVTZ(-PP) energies, unless otherwise indicated.

As shown in Figure 1, in the entrance complex [Br∙∙∙(H2O)3] of the Br + (H2O)3 

reaction, the Br atom bound to one H2O molecule with other two H2O molecules loosely 

attached by hydrogen bonds.  Compared with the separated Br + uud-(H2O)3 reactants, 

the Br∙∙∙(H2O)3 complex lies 4.7 kcal/mol lower.  In the TS, the distance between the 

Br atom and the H atoms being abstracted, i.e., that of Br-H7, is decreased to 1.542 Å, 

much shorter than 2.891 Å in the Br∙∙∙(H2O)3 complex, forming an eight-membered ring 

structure.  

The TS structure has been verified to be a first-order saddle point on the Br(H2O)3 

potential energy surface (PES) for it has only one imaginary vibrational frequency (650i 

cm-1).  The energy of the TS is 29.0 kcal/mol above the separated Br + uud-(H2O)3 

reactants.  The exit complex [ud-HBr∙∙∙(H2O)2OH] has its two out-of-plane OH 

moieties in “up-down” orientations, relative to the pseudo eight-membered ring plane.  

The chemically bound Br-H distance in the ud-HBr∙∙∙(H2O)2OH complex is 1.451 Å, 
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Figure 1. Stationary points along the Br + (H2O)3 potential energy profile. The bond distances and relative energies are given in angstroms and kcal/mol, respectively.
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just a bit longer than the 1.418 Å for the free HBr molecule.  The much longer Br∙∙∙H 

distance in ud-HBr∙∙∙(H2O)2OH is 2.547 Å, which may be considered as a weaker Br∙∙∙H 

hydrogen bond.  The ud-HBr∙∙∙(H2O)2OH complex is 6.4 kcal/mol energetically lower 

than the separated HBr + (H2O)2OH products, but 26.9 kcal/mol higher than the separated 

Br + uud-(H2O)3 reactants.  Removing the HBr moiety from ud-HBr∙∙∙(H2O)2OH gives 

the radical reaction product ud-(H2O)2OH, with its two out-of-plane OH bonds in the 

“up-down” orientations relative to the six-membered ring.  Energetically, the products 

HBr + ud-(H2O)2OH lie 33.3 kcal/mol above the separated Br + uud-(H2O)3 reactants, 

indicating that the Br + (H2O)3  HBr + (H2O)2OH reaction is significantly 

endothermic.

Figure 1 also shows that the potential energy profile given by the DFT-MPW1K 

method is in reasonable agreement with that from the CCSD(T) method.  The 

MPW1K/cc-pVTZ(-PP) barrier is 23.1 kcal/mol, 5.9 kcal/mol lower than the 

CCSD(T)/cc-pVQZ(-PP) prediction (29.0 kcal/mol).  The MPW1K endothermicity of 

29.2 kcal/mol is 4.1 kcal/mol less than the CCSD(T)/cc-pVQZ(-PP) prediction (33.3 

kcal/mol).  The MPW1K entrance complex is about 1.7 kcal/mol more strongly bound, 

and the MPW1K exit complex is about 0.7 [(29.2 – 22.1) – (33.3 – 26.9)] kcal/mol more 

strongly bound, compared with the CCSD(T)/cc-pVQZ(-PP) results.  Thus, the DFT-

MPW1K method may be a reasonable method for the initial study of larger water-

containing systems. 

It should be noted that the binding energy of H2O to Br(H2O)2 is just under 8.0 

kcal/mol at the CCSD(T)/aug-cc-pVDZ(-PP) level of theory by Shepler, Wright, 

Balabanov, and Peterson.39  At the CCSD(T)/cc-pVQZ(-PP) level used in this paper, 

it is still only 9.9 kcal/mol, which is much lower than the classical barrier of 29 kcal/mol 

for the Br + (H2O)3  HBr + (H2O)2OH reaction.  Thus, another channel for the 

reaction of a bromine atom with the water trimer where the trimer just loses a water 
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molecule, i.e., Br + (H2O)3  Br(H2O)2 + H2O, may be more energetically favorable.  

However, we will not discuss it further, since our main concern in this paper is the 

hydrogen abstraction reaction.

3.2 Comparisons with Br + (H2O)2 and Br + H2O

Next, we compare the water trimer reaction Br + (H2O)3 (Figure 1) with the water 

dimer reaction Br + (H2O)2 (the reverse reaction in Figure 1 of Ref. 16) and the water 

monomer reaction Br + H2O (Figure 1 in Ref. 2).  Structurally, the entrance complex, 

TS, and exit complex for the water trimer reaction Br + (H2O)3 can be derived from 

those of the water dimer reaction Br + (H2O)2 by inserting a third water molecule; or 

from the water monomer reaction Br + H2O by appending a water dimer molecule.  

Thus, the stationary points for the water trimer reaction Br + (H2O)3 are closely related 

to those of the water dimer reaction Br + (H2O)2 and the water monomer reaction Br + 

H2O.  Energetically, the water trimer entrance complex Br∙∙∙(H2O)3 is bound by 4.7 

kcal/mol (two new noncovalent interactions form but one is broken), 1.8 kcal/mol 

weaker than the binding energy of 6.5 kcal/mol (two new noncovalent interactions form) 

for the water dimer complex Br∙∙∙(H2O)2 but 1.2 kcal/mol stronger than that of 3.5 

kcal/mol (one new noncovalent interaction forms) for the water monomer complex 

Br∙∙∙H2O, as shown in Figure 2.  For the TS, the relative energy of 29.0 kcal/mol for 

the water trimer reaction Br + (H2O)3 is very similar to that of 28.3 kcal/mol for the 

water dimer reaction Br + (H2O)2, but somewhat lower than that of 32.1 kcal/mol for 

the water monomer reaction Br + H2O.  This is also the case for the exit complex.  

So, the water trimer reaction Br + (H2O)3 looks in this case more similar to the water 

dimer reaction Br + (H2O)2 than to the water monomer reaction Br + H2O.
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Figure 2.  Comparison of the potential energy profiles for the Br + (H2O)3, Br + (H2O)2 and Br + H2O reactions.   
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3.3 Comparisons with Cl + (H2O)3 and F + (H2O)3

We also compare the bromine reaction Br + (H2O)3 PES with those for the chlorine 

reaction Cl + (H2O)3
18 and the fluorine reaction F + (H2O)3.17  Structurally, all the 

stationary points on the PES of bromine reaction Br + (H2O)3 (Figure 1) can be 

compared to those for the chlorine reaction Cl + (H2O)3 (Figure 2 in Ref. 18) and the 

fluorine reaction F + (H2O)3 (Figure 1 in Ref. 17).  However, the PES for Br + (H2O)3 

is different from that for Cl + (H2O)3, and even more so from that for F + (H2O)3.  As 

shown in Figure 3, the entrance well for Br∙∙∙(H2O)3, lies below the reactants by 4.7 

kcal/mol, slightly shallower than the analogous 5.3 kcal/mol for Cl∙∙∙(H2O)3 and 7.1 

kcal/mol for F∙∙∙(H2O)3.  

The other stationary points (TS, exit complex and products) for the Br + (H2O)3 

reaction have their relative energies higher than those for the Cl + (H2O)3 reaction by 12 

– 15 kcal/mol, and those for the F + (H2O)3 reaction by 33 – 55 kcal/mol.  Despite the 

different energy profiles among the three reactions, we noticed that all transition states, 

exit complexes, and products for the Br + (H2O)3 reaction and for the Cl + (H2O)3 

reaction lie above the reactants.  In contrast, for the F + (H2O)3 reaction, the TS, exit 

complex, and products all lie below the reactants.  Thus, the Br + (H2O)3 and Cl + (H2O)3 

reactions are endothermic with no barriers for the reverse direction, while the F + (H2O)3 

reaction is an exothermic reaction with no barrier from the reactants.  These substantial 

energy differences may be attributed to the very strong H-F bond.  

3.4 Vibrational frequencies and zero-point energy corrections

The harmonic vibrational frequencies for all the stationary points of the Br + 

(H2O)3 reaction predicted by the CCSD(T)/cc-pVTZ(-PP) method were shown in Table 

S1 in the supplemental material.  Our H-bonded OH stretching frequencies of 3613 ~ 
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Figure 3. Comparison of the potential energy profiles for the Br + (H2O)3 (black), Cl + (H2O)3 (blue) and F + (H2O)3 (red) reactions.
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3689 cm-1 for (H2O)3 agree with the experimental values of 3533,40 3544/3529,40 

3528,41 3531.81.2,42 and 3516.72.3 cm-1. 42  Our free OH stretching frequencies of 

3903~3909 cm-1 for (H2O)3 can be compared with the experimental values of 3726 and 

3717 cm-1.40  Our OH radical stretching frequency of 3498 cm-1 for (H2O)2OH well 

agrees with the experimental result of 3365.2 cm-1.41  Especially, our theoretical H-Br 

stretching frequency of 2649 cm-1 for free HBr molecule reproduces the experimental 

harmonic frequency of 2649 cm-1.43  The TS is predicted to have an imaginary 

vibrational frequency of 650i cm-1, with the corresponding normal mode revealing 

simultaneous Br-H7 bond formation and O1-H7 bond breaking as the reaction proceeds 

toward Br + (H2O)3 → HBr + (H2O)2OH.

Table S1 also shows the zero-point energies (ZPEs) for all the stationary points of 

the Br + (H2O)3 reaction at the CCSD(T)/cc-pVTZ(-PP) level of theory.  The ZPE 

corrections increase the relative energy of the entrance complex by 0.2 kcal/mol and 

decrease those of the TS, exit complex, and products by 4.6, 3.6, and 4.8 kcal/mol, 

respectively.  Thus, with the ZPE corrections, the relative energies of the entrance 

complex, TS, exit complex, and products are predicted to be -4.5, 24.4, 23.3, and 28.5 

kcal/mol, respectively, at the CCSD(T)/cc-pVQZ(-PP)//CCSD(T)/cc-pVTZ(-PP) level 

of theory.

3.5 Spin-orbit coupling corrections

The relativistic effects emerging for atomic Br may be important, and these should 

be considered in the present study.  The quasirelativistic effects for the Br core 

electrons have been included with the scalar relativistic pseudopotentials.23,44  The 

spin-orbit (SO) coupling effects arising from the Br valence electrons were treated here 

in two ways.  In the most simplified way, we considered the SO coupling effects only 

for the reactants Br + (H2O)3, assuming that they are quenched for the entrance complex, 
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TS, exit complex, and products.  It is known from experiment45 that the SO splitting 

between the ground 2P3/2 state (fourfold) and the excited 2P1/2 states (twofold) of the Br 

atom is 3685 cm-1, which causes the SO ground state of the Br atom to lie below the 

spin-averaged (non-SO) energy by 3685/3 = 1228 cm-1 (3.5 kcal/mol).  With this value, 

the relative energies of the entrance complex, TS, exit complex, and products for the 

forward Br + (H2O)3  HBr + (H2O)2OH reaction all rise by 3.5 kcal/mol, respectively.  

In a more rigorous approach, we predict SO coupling corrections using the Breit-

Pauli operator, employing the complete active space self-consistent field (CASSCF) 

method and the cc-pVQZ(-PP) basis sets.  In the state-averaged CASSCF calculations, 

three states were included.  For bromine atom, the active space includes 4 full-valence 

orbitals and 7 electrons (7e, 4o).  For the (H2O)2OH product, the (23e, 12o) active 

space is chosen, while for entrance complex, transition state, and exit complex the (31e, 

16o) active space is used.  The MOLPRO program package46 is used for this purpose.  

Our theoretical CASSCF SO corrections for the reactant (Br atom), the entrance 

complex, the TS, the exit complex, and the product [(H2O)2OH] are predicted to be 

1132; 306; 1; 3; and 4 cm-1 (that is, 3.2, 0.9, 0.0, 0.0, and 0.0 kcal/mol), respectively.  

Thus, we see that the Br atom does have much more SO coupling than the other 

stationary points.  The SO correction for Br(2P) of 1132 cm-1 obtained here is in good 

agreement with experiment (1228 cm-1).45  The near-zero values of the SO corrections 

for the entrance complex, TS, exit complex, and (H2O)2OH indicate that the simplified 

treatment above is reasonable.  A similar situation has also be noted by Czakó for the 

reaction Br + CH4  HBr + CH3.47  After our theoretical ZPE and SO coupling 

corrections, the relative energies of the entrance complex, TS, exit complex, and 

products become -2.2, 27.6, 26.5, and 31.7 kcal/mol, respectively, at the CCSD(T)/cc-

pVQZ(-PP)//CCSD(T)/cc-pVTZ(-PP) level of theory.
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4. Conclusions

Using the “gold standard” CCSD(T) method, the lowest-energy pathway of the Br 

+ (H2O)3 reaction has been fully investigated with Dunning correlation consistent basis 

sets up to cc-pVTZ(-PP) for geometry optimization and cc-pVQZ(-PP) for the 

energetics.  At the CCSD(T)/cc-pVQZ(-PP)//CCSD(T)/cc-pVTZ(-PP) level of theory, 

the reaction is endothermic by 33.3 kcal/mol (Figure 1).  The reaction barrier is 

predicted to be 29.0 kcal/mol, implying that there is no barrier for the reverse reaction.  

The relative energies for the entrance complex and the exit complex are predicted to be 

-4.7 and 26.9 kcal/mol, respectively.  After the zero-point vibrational energy and spin-

orbit coupling effect corrections, the final relative energies for entrance complex, TS, 

exit complex, and products become -2.2, 27.6, 26.5, and 31.7 kcal/mol, respectively.

Compared to the water dimer reaction Br + (H2O)2 and water monomer reaction 

Br + H2O, the entrance complex, transition state and exit complex for the water trimer 

Br + (H2O)3 reaction are closely related.  The trimer reaction structures may be derived 

by inserting a water molecule to the dimer reaction or appending a water dimer 

molecule to the monomer reaction.  

The relative energies of the entrance complex, the transition state and the exit 

complex for the water trimer relation Br + (H2O)3 are all lower than those for the water 

monomer reaction Br + H2O, but somewhat higher than those of the water dimer 

reaction Br + (H2O)2.  Considering the reaction barrier, the second water molecule 

lowers the barrier by 3.8 kcal/mol with respect to the water monomer reaction, while 

the third water molecule changes the barrier by only 0.7 kcal/mol with respect to the 

water dimer reaction (Figure 2).  Thus, it is expected that larger water cluster or even 

liquid water reactions may behave somewhat like that for the water trimer when they 

react with atomic bromine.  Of course, much more research needs be done to confirm 
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these expectations.  

Compared to the analogous chlorine reaction Cl + (H2O)3 and fluorine reaction F 

+ (H2O)3, the bromine reaction Br + (H2O)3 is qualitatively similar to the former, but 

much different from the latter, as the latter reaction is exothermic and has no barrier 

from the F + (H2O)3 side (Figure 3).
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