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Importance of the reaction 
The reaction between OH and HBr plays a central role in the chemistry of the atmosphere, 
and also appears in some bromine-containing combustion mechanisms. A good knowledge 
of the reaction rate is essential in modeling both of these processes. The reaction is 
exoergic and the reaction barrier has lower energy than the reactants. Experimental 
measurement of the reaction rate is a challenging task, however it is generally accepted 
that the reaction has a negative activation energy at lower temperatures, which increases to 
almost zero at room temperature. 
Apart from calculating the rate of reaction, this process is also interesting because the 
reactants, in principle, can form a weakly-bound collision complex before passing the 
barrier. Reactive collisions like this one are subject of intensive theoretical research. If the 
collision complex can be considered statistical, then a transition state theory based 
approach (RRKM theory) can be used to model the process. However, if the complex is 
not statistical, then more elaborate methods are needed to be used. 

 
Fig. 1. The minimum energy reaction path demonstrating the exoergicity, the potential 

well corresponding to the reactant complex and the submerged barrier to the 
reaction [1]. 

Methods 

We have investigated the OH + HBr � H2O + Br reaction with two theoretical methods: 
quasiclassical trajectory (QCT) and ring polymer molecular dynamics (RPMD) 
calculations. The former is able to model the detailed collision mechanism, while the latter 
can be used to estimate the quantum and classical mechanical components of the reaction 
rate. Both of these procedures employ the full-dimensional ab initio potential energy 
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surface (PES). In our study the analytical fit to a large number of high level ab initio 
points developed recently by de Oliveira-Filho, Ornellas and Bowman [1] was used. 
In the QCT method the motion of each atom is explicitly followed using classical 
mechanics. The �quasi� prefix means that the quantum states of the reactant degrees of 
freedom are simulated by semiclassically quantized ensembles of classical states. The 
�quasi� prefix means that the quantum states of the reactant degrees of freedom are 
simulated by semiclassically quantized ensembles of classical states. The RPMD method 
is a recently developed method which approximates the quantum mechanical rate constant 
utilizing classical mechanical propagation of a loop of replicas of the reacting system 
which are connected by harmonic springs (classical ring polymer) [2]. This rate includes 
quantum mechanical effects such as tunneling and over-barrier reflection. 

Rate of the reaction 
Experimental rates found in the literature and our calculated QCT and RPMD results are 
shown on Fig. 2: 
 

 
Fig. 2. Rate constants for the HBr + OH � H2O + Br reaction as a function of 

temperature. The authors of various experimental points can be found at [3]. 

From the comparison it can be seen that both QCT and RPMD are able to reproduce 
experimental results with sufficient accuracy. From this it follows that the negative but 
increasing activation energy is also reproduced.   
The good theory-experiment agreement allows us to extrapolate the rate constants to 
temperatures outside of the experimental range. In Fig. 2. one can see that at temperatures 
between about 400 and 800 K the rate coefficients are temperature-independent, i.e. the 
activation energy is zero. At higher temperatures, however, the rate coefficients slowly 
increase with increasing temperature, i.e. the activation energy is positive. The sign 
change of the activation energy has been observed both experimentally and theoretically 
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for other complex-forming bimolecular reactions. The theoretical models generally are 
based on the assumption that the complex is statistical. Our more detailed dynamical 
calculations shown below suggests that this peculiar phenomenon can be explained by 
dynamical effects not relying on the statistical nature of the pre-reaction complex. 
The reasoning is as follows: by increasing the temperature of the canonical ensemble we 
not only increase the average collision energy but also increase the occupancy number of 
higher rotational and vibrational excited states. It is safe to assume that under 1500-
2000 K excited vibrational states have such a low population that their contribution to 
reactivity can be neglected.  This is not the case for rotation. HBr, which has a small 
rotational constant, can be excited to rotational states above the tenth at temperatures 
above 600 K. Using the QCT method we calculated initial state resolved reaction rates for 
various rotational states of HBr, by fixing the rotational quantum number of HBr while all 
the other degrees of freedom are randomly sampled from the canonical distribution of the 
given temperature. Results of these calculations are shown in Fig. 3. 
 

 
 
Fig. 3: The effect of the HBr rotational excitation on the reaction rate. 
 
In Fig. 3 it can be seen that increasing the rotational quantum number of HBr, the low-
temperature activation energy becomes less negative, but at high j(HBr) values it becomes 
positive in the entire temperature range, which is a manifestation of a version of rotational 
state switching. At 500 K the most populated rotational state of HBr is j(HBr)=5, for 
which the rate coefficient is almost constant. The contributions of lower and higher 
rotational states with negative and positive activation energy, respectively, to the 
rotationally averaged rate coefficient balance each other in a wide neighborhood of this 
temperature.  From these calculations we conclude that the main reason for the non-
monotonous temperature dependence of the reaction rate is the different reactivity of the 
rotational states of HBr. 
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