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ABSTRACT: Reactions of HBr with radicals are involved in atmospheric chemistry and in the mechanism of operation of
bromine-containing flame retardants. The rate coefficients for two such reactions, HBr + OH and HBr + CHj, are available from
earlier experiments at near or below room temperature, relevant for atmospheric chemistry, and in this domain, the activation
energy for both has been found to be negative. However, no experimental data are available at combustion temperatures. In this
work, to provide reliable data needed for modeling the action of brominated flame suppressants, we used the quasiclassical
trajectory (QCT) method in combination with high-level ab initio potential energy surfaces to evaluate the rate coefficients of the
two title reactions at combustion temperatures. The QCT calculations have been validated by reproducing the experimental rate
coefficients at room temperature. At temperatures between 600 and 3200 K, the QCT rate coefficients display positive activation
energies. We recommend the following extended Arrhenius expressions to describe the temperature dependence of the thermal
rate coefficients: kg = (9.86 + 2.38) x 107167(1:23+0.03) exp[(5.93 + 0.33) k] mol™'/RT] cm® molecule™ s™* for the HBr + OH —
H,O + Br reaction, and k_, = (4.06 + 2.72) x 107'8T$30%8) oxp[(7.53 + 0.18) kJ mol™'/RT] cm® molecule ™ s~ for the HBr +
CH,; — CH, + Br reaction. The latter is in very good agreement with the formula proposed by Burgess et al. [Burgess, D. R, Jr.;
Babushok, V. L; Linteris, G. T.; Manion, J. A. A Chemical Kinetic Mechanism for 2-Bromo-3,3,3-trifluoropropene (2-BTP)
Flame Inhibition. Int. J. Chem. Kinet. 2015, 47, 533—619, DOL: 10.1002/kin.20923]. The conventional transition state theory has
been tested against the rate data obtained by the QCT method and was found to overestimate not only the rate coefficients but
also the activation energies.

B INTRODUCTION

Significant effort in combustion chemistry is devoted to
understanding the mode of action of flame retardants and
other fire suppressants. Flame retardation can be achieved by
physical means (especially cooling), but the disruption of the
chemistry of combustion is often more efficient and comes with
less side effects. Some fire suppressants, for example, CO,,

the most efficient ozone-depleting substances and has a large
global warming potential. Because of these properties, CF;Br
and two other halons were in the second group of substances’
banned under the Montreal Protocol as of 1994, so that halon
production for firefighting purposes ceased by the year 2000.
Substitutes for halons have actively been searched for more
than 2 decades. However, in commercial and military aviation

simply prevent the contact of the flammable material with
oxygen. More sophisticated are chemically active flame
retardants that produce radicals that interfere with the chain
reactions in which the combustible material is consumed and
energy is released. This latter class is represented by the
probably most widely known flame suppressants, compounds
containing bromine atom(s). Hundreds of tonnes of bromi-
nated flame retardants are used every year in the polymer
industry as additives."”” In everyday life, halons, halogenated
hydrocarbons, were extensively used as fire extinguishers until
recently. Among them, Halon 1301, CF;Br, is still the most
efficient and fulfills numerous other requirements: it is easy to
deploy, is not poisonous to humans, does not form aggressive
byproducts when used, etc. However, unfortunately, CF;Br is
rather harmful when released to the atmosphere: it is among
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and some special industrial applications, there is still no
appropriate replacement,”™® so that in these “essential use”
areas, CF;Br will not be phased out before about 2040. This
means that the about 45 000 tonnes of Halon 1301, the balance
left of the cumulative global production by 2010 (ca. 150 000
metric tonnes), will be in use until fully consumed. The most
promising substitute, C,FsH, (HFC-125), has been banned by
the Kigali Amendment to the Montreal Protocol.” The next
most promising alternative, 2-bromo-3,3,3-trifluoropropene (2-
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BTP), similar to CF;Br and the brominated flame retardants
used in the polymer industry, also contains Br atoms. Because it
seems that brominated fire suppressants will be around for
decades, it is important to understand their mechanism of
action, which has common features for all such compounds and
lends them their exceptional efficiency. Deep insight into their
flame chemistry can be expected to be of help in the continuing
search for halon substitutes. Modeling plays an essential role in
understanding the interference of combustion chemistry of
fuels and brominated fire suppressants. The efforts thus far
concentrated primarily on CF;Br," ' but the chemical
mechanism, with appropriate extensions, can be applied to
other bromine-containing compounds.

It has been established that the steps responsible for flame
inhibition by brominated compounds are common, irrespective
of the type of fuel, and that the active species are Br and HBr,
which participate in the cycle:'""

H + HBr - H, + Br (R1)
Br + CH, — HBr + CH;, (R2)
Br + CH,0 — HCO + HBr (R3)
Br + HCO — CO + HBr (R4)
H+Br+M— HBr + M (RS)
OH + HBr — Br + H,0 (R6)

The net effect is conversion of two free H atoms into H,, i.e.,
removal of the chain-carrying H atoms. This is the major factor
responsible for the flame inhibition efficiency of brominated fire
suppressants.

In a recent study, Burgess et al'’ presented a detailed
kinetic model of the flame inhibition chemistry of 2-BTP,
CF;CBr=CH,. In the mechanism, two reactions of HBr with
radicals ubiquitous in flames, namely, reaction R6 and the
reverse of reaction R2

HBr + CH; — Br + CH, (R-2)

have also been included, with estimated rate coefficients. Both
reactions are well-known in atmospheric chemistry, where they
have an important role in the adverse effect of CF;Br on the
stratospheric ozone layer. Their rate coeflicients were measured
at low temperatures relevant in atmospheric chemistry and
were found to decrease with an increasing temperature below
about 300 K: k4 in the 50—300 K range and k_, in the 200—300
K range, with a reduced slope above 300 K. No direct
experiments have been performed at flame temperatures. The
extrapolation of the decreasing tendency of the below room
temperature experimental rate coefficients to higher temper-
atures was used in earlier modeling of flame inhibition by
brominated fire suppressants.g_11 However, on the basis of
experience with related reactions, one can expect that, at flame
temperatures, the rate coefficient of neither of these reactions
should decrease with increasing temperature. Burgess et al.'”
recently reviewed the scarce information on the high-temper-
ature rate constants for reactions R6 and R—2 and intuitively
proposed that both should have positive temperature depend-
ence at flame temperatures. They gave estimated rate
expressions for both

k& = 2.05 X 10" 7"+ exp[(1.4 + 0.1) kJ mol™'/RT]

(1)
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The proposed change of direction of the temperature
dependence of the rate coefficients is not unexpected and is
supported by the nature of the potential energy surfaces (PES)
of both reactions*'* (Figure 1).

OH + HBr — H,0 + Br CH, + HBr — CH, + Br

20
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Figure 1. Potential energy profiles of reactions OH + HBr (reaction
R6) and CH; + HBr (reaction R—2) (on the basis of refs 13 and 14,
respectively), showing the common characteristics: a van der Waals
well corresponding to a pre-reaction complex, a submerged barrier,
and significant exothermicity.

The reactants in both of them have a propensity to form a
van der Waals complex, which means that the potential energy
decreases when either radical approaches a HBr molecule and
there is a potential well correslgonding to the complex.
Quantum chemical calculations'>™"> support this assumption;
moreover, they show that the top of the potential barrier
separating the van der Waals complex of the reactants from the
products (Br + H,O for reaction R6 and Br + CH, for reaction
R—2) is below the reactant level. The rate coefficient of this
kind of reaction is known'®"” to display a change of sign of the
activation energy from negative at low temperatures to positive
at high temperatures. Such a behavior has been observed for
reaction R—2 by Chen et al,'® who used the Rice—
Ramsperger—Kassel—Marcus (RRKM) variant of the transition
state theory (TST), and Krasnoperov et al,'” who used the
version of TST in which energy levels below the entrance level
were not included in the number of states of the transition
state. Note that both of these works involved only relatively low
temperatures. The aim of the present work is to investigate the
magnitude and temperature dependence of the rate coefficients
of both reactions by performing precise reaction dynamical
calculations using PES derived from high-level ab initio
quantum chemical calculations. On the basis of the results,
we propose extended Arrhenius expressions that can be used to
assess or improve the estimates by Burgess et al., with the intent
of helping to ensure the reliability of flame inhibition modeling.

B METHODS

Quasiclassical Trajectory (QCT) Calculations. We have used
two theoretical methods in this work: QCT calculations and TST. In
QCT calculations,*® we solve the classical equations of motion for each
atom participating in the reaction. The forces are obtained as negative
gradients of a potential energy function, which depends upon the
coordinates of all atoms in the system and is generally referred to as
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potential energy (hyper)surface (PES). To simulate the quantized
nature of the vibration and rotation of the reactant molecules, the
internal motion of molecules is described by ensembles of classical
states that correspond to preselected quantum mechanical states. The
rate coeflicient representing the average behavior of thermal ensembles
was evaluated by Monte Carlo integration. Among the initial
conditions of trajectories, those corresponding to the internal states
of the reactant molecules were selected at random from the ensembles
described above. The collision energy was taken by sampling the
Maxwell—Boltzmann distribution corresponding to the given temper-
ature. The impact parameter b was sampled with a weight proportional
to b itself. With such settings, the calculation of the rate coeficient is
reduced to counting the ratio of reactive events to that of all attempts.
In this work, we have calculated 200000 trajectories at each
temperature. The integration time step was 0.1 and 0.07 fs in the
calculations on reactions R6 and R—2, respectively, guaranteeing
energy conservation better than 0.05 kJ mol™". The maximum impact
parameter was set to 6 A below 1500 K and to 4 A at temperatures
higher than 1500 K for both reactions, so that the reactive count was
about 5—10%. The error bars of the QCT rate coefficients were
calculated as follows: The 200000 trajectories were run as 64
independent batches consisting of 312S trajectories each; their results
were treated as those of 64 separate “measurements” having normally
distributed errors; and the standard deviation was calculated according
to this setup. The other details of the QCT calculations are the same
as described in our recent papers.”' >

TST. Because we have reliable rate coefficients from reaction
dynamical calculations, we have the opportunity to test the
performance of conventional TST. If, in agreement with the principles
of the theory, one assumes that the reacting system is in equilibrium
during the reaction, then the complex formation can be treated as
preliminary equilibrium (the assumption that the complex is in
equilibrium is the basis of all statistical theories, including the more
sophisticated variational TST methods; however, it is probably not
fulfilled for a van der Waals complex, which means that statistical
theories remain an approximation for such reactions). With this
assumption, the rate coefficient is the product of the equilibrium
constant of complex formation (Kcmplx) and the rate coefficient of the
reaction from the complex to products (k,,). When one expresses the
two factors via the partition function of the reactants, the complex and
the transition state (which is placed on top of the potential barrier),
the rate coefficient becomes

Qcm ‘/cm - ‘/rea kgT
kr = I<cmplxkabs = = € - £ KB_
e kyT h
Qs ( Vs — chPIX) kpT Qg ( Vis — Vrea]
exp| — =K———exp|————
Qcmplx kBT h Qrea kBT

©)

where Q; and V; are the partition function and energy level of species i,
with i = rea, cmplx, or TS for the reactants, their van der Waals
complex, and the transition state, ky and h are Boltzmann’s and
Planck’s constants, T is the temperature, and k stands for the
transmission coefficient accounting for tunneling, calculated in this
work with the simple Wigner formula.** The tunneling factor was
found to be essentially unity at temperatures above 500 K. As a result
of the assumption of preliminary equilibrium, the partition function of
the complex and the energy level V., disappear in eq 3 and the rate
coefficient is the same as if the complex was not there at all. This
means that the rate is determined solely by the properties of the
reactants and the submerged potential barrier. The partition functions
are generally calculated using the rigid rotor—harmonic oscillator
approximation. More sophisticated statistical rate theories are available,
which provide more accurate rate coefficients than conventional TST,
but extensive method testing is not the purpose of this work.

PES. For both reactions, we used analytical PES functions obtained
by fitting to a large number of high-level ab initio energy points. Both
functions were taken from the literature, and both are invariant to the
permutation of like atoms. For the OH + HBr — H,O + Br reaction,

we used the PES fitted by de Oliveira-Filho et al.'>'® The OH radical
has four spin—orbit states, and with the appearance of the HBr
molecule, an individual potential surface starts from each of them.
According to the ab initio calculations, of the four surfaces, only one is
reactive. This has been taken into account by dividing the rate
coeflicients calculated on the single reactive surface by a factor of 4.

The CH; + HBr trajectories were run on a slightly modified version
of the full-dimensional spin—orbit ground-state PES developed by one
of us."* The modification is based on new ab initio energies calculated
at the same level of theory as used previously [a composite method
including relativistic correction, yielding CCSDT(Q)/complete-basis-
set quality energies, see ref 14] at S000 additional geometries. The
latter characterizes the entrance valley to the CH;—HBr van der Waals
well, where the original version was less accurate, because this region
was not of interest in the previous study. In 2000 of these points, the
C—H-Br triplet was arranged along a straight line. The geometries of
CHj; and HBr were selected using normal mode sampling (with the
modification that instead of the phase of the oscillators, the normal
mode displacement was sampled uniformly). The entire set of
energies, including the original 21 574 points complemented by the
5000 energies calculated in this work, were fitted with the same
method previously.>®

To validate the QCT method—PES combinations, the rate
coefficients have been calculated using the QCT method at 300 K,
which is in the low-temperature region, where experimental data are
available. The obtained rate coefficients were found to agree within
experimental accuracy with the experimental values for both reactions
and with that of de Oliveira-Filho et al.'"*'> for reaction R6. The
production calculations were performed only above 600 K, because
rate coeflicients at lower temperatures can be found in the cited
papers.' '

B RESULTS

The rate coefficients obtained with the TST and QCT methods
between 600 and 3000 K are shown in Figures 2 and 3,
together with the available experimental data for reaction R6™
and reaction R—2,”7** respectively. The error bars on the
QCT points represent +1 standard deviation.

The results calculated at 300 K for validation are shown as
points without error bars in Figures 2 and 3. They agree very
well with the experimental data (note the linear ordinate scale
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Figure 2. Temperature dependence of the calculated rate coefficients
of reaction OH + HBr — H,O + Br (reaction R6). The experimental
data (green dots) are taken from the review of Mullen and Smith.*
Black dots, QCT results; blue line, fit to QCT data according to eq S;
black line, TST results; and red line, rate coefficient estimated by
Burgess et al," (eq 1).
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Figure 3. Temperature dependence of the calculated rate coefficients
of reaction CH; + HBr — CH, + Br (reaction R—2). The
experimental data are taken from refs 27—34. Black dots, QCT
results; blue line, fit to QCT data according to eq 6; black line, TST
results; red line, rate coefficient estimated by Burgess et al,** (eq 2).
The high-temperature end of the results of Krasnoperov et al.'” and
Chen et al.'® are also shown.

in the figures) and, in the case of CH; + HBr, with the
theoretical results of Krasnoperov et al.'” The QCT
calculations justify the expectation that, in the high-temperature
region, the rate coefficient has a positive temperature
dependence, in contrast with the low-temperature behavior.
The behavior of the rate coefficients obtained in the TST
calculations is qualitatively the same. For reaction R6, the TST
curve also matches the experiments at low temperatures (200—
300 K) and the QCT rates at about 600 K, but above that, its
slope is much larger than that of the QCT curve and the rate
coeflicient is overestimated by about a factor of 2 and 3 at 1500
and 2500 K, respectively. For reaction R—2, the TST rate
coefficients overestimate the experimental and QCT results in
the entire temperature range and are larger by a factor of 2, 3,
and 4.5 at 600, 1500, and 2500 K, respectively.

In the Arrhenius representation shown in Figure 4, one can
see that neither of the two reactions obeys a single linear
Arrhenius law, even in the limited range where the rate
coefficient increases monotonously. We have therefore used the
extended Arrhenius (also called Kooij) equation

k=AT" exp(—i)

RT )
to fit our data points (Figures 2—4). In eq 4 R is the gas
constant, T is the absolute temperature, and A,, n, and B are
fitting parameters. Note that the two lowest temperature QCT
points have not been included in the high-temperature fits,
because they are in the negative activation energy part of the
temperature regime, which is out of scope of the present study.
On the basis of our calculations, the suggested rate coefficients
in the 500—3200 K range for reactions R—2 and R6 are the
following (the uncertainties given correspond to one standard
deviation):

ke = (9.86 + 2.38) x 1071 0T 300 o31(714 + 40)
/T] cm® molecule™ s7* (5)

and
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Figure 4. Rate coefficients of reactions R6 and R—2 in Arrhenius
representation. The continuous lines correspond to the fits shown in
egs S and 6.

k_, = (406 + 2.72) x 107 8T(£008) 0151906 + 22)
/T] em® molecule ™' 7" (6)

The exponential parameter B = E,/R corresponds to E,_, =
—-59 + 03 k] mol™! and E,4 = —7.3 + 0.18 kJ mol”},
respectively. The large deviation of parameter n from 0
corresponds to the large curvature of the Arrhenius plot
(Figure 4), i, to significant temperature dependence of the
experimental activation energy. Application of the quantitative
definition of the latter®

E, = _Ra In k
o1/T (7)
to the extended Arrhenius expression yields
E, = (nT — B)R (8)

ie, the activation energy increases linearly with the temper-
ature. The numerical values for 1000, 1500, and 2000 K are
16.1, 21.3, and 26.4 k] mol™* for OH + HBr — H,O + Br and
22.7, 30.6, and 38.0 kJ mol™! for CH, + HBr — CH, + Br,
respectively. The remarkable change indicates that predom-
inantly dynamical factors determine the temperature depend-
ence of the reaction rate for both processes.

B DISCUSSION

The rate coefficients obtained using the QCT method match
the high-temperature end (around room temperature) of the
experimental measurements and/or the earlier QCT calcu-
lations for both reactions. This indicates that the potential
surfaces and the method used in the dynamical calculations are
accurate enough to provide reliable data at high temperatures.
We expect that tunneling, a quantum effect not captured by the
QCT method, does not have a significant role in these reactions
because, first, the potential barrier is low and wide and, second,
we are interested in the high-temperature domain. The
activation energy is positive above 600 K for both reactions
as expected on the basis of earlier results on complex-forming
bimolecular reactions. The TST calculations also yield a
positive activation energy for both reactions above about 500
K, but the TST rate coefficients increase with the temperature
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significantly faster than the QCT rate coefficients. We have
checked whether this is caused by some error arising because of
the harmonic oscillator approximation used in the calculation of
the partition function of the transition state. In particular, the
contribution of the low-frequency modes to the partition
function of the transition state located at the geometry of the
submerged barrier were calculated by both the harmonic
(shown in Figures 2 and 3) and the hindered rotor
approximation,®® but only minor differences were found that
would not improve the TST prediction. The QCT results are
more reliable because the QCT method properly describes the
dynamics of the reaction, while TST is based on two
assumptions that may not be fulfilled in these reactions.
These assumptions are that, during the reaction, the system is
always in equilibrium and that, if the system crosses the
transition state (placed on the top of the potential barrier), it
will never return. An indication of the inadequacy of the latter is
that we detected numerous trajectories in which the system
crossed the barrier but returned and re-formed the reactants.

The calculated rate coeflicients for reaction CH; + HBr —
CH, + Br (reaction R—2) are traced amazingly well by the
curve described by eq 2 proposed by Burgess et al.'> On the
other hand, eq 1, which they use for reaction OH + HBr —
H,0 + Br (reaction R6), significantly overestimates the rate
coeflicients.

B CONCLUSION

QCT calculations were performed to determine the magnitude
and temperature dependence of the rate coefficients for
reactions OH + HBr — H,0 + Br (reaction R6) and CH; +
HBr — CH, + Br (reaction R—2) using PES derived from
accurate ab initio quantum chemical results. The dynamical
calculations yielded rate coefficients that agree with the
experimental results available around room temperature. In
contrast to the negative activation energy observed earlier at
lower temperatures, both ks and k_, increase with an increasing
temperature starting at about 600 K. The temperature
dependence of the rate coefficients cannot be described by
the Arrhenius expression, but the extended Arrhenius formula
can be fit to them very well.

The QCT data support the assumption that the temperature
dependence of the rate coefficient is not monotonous; the
activation energy switches from negative at low temperatures to
positive at about 600 K for both reactions. We found that the
rate coeflicients calculated by conventional TST are close to the
experimental and QCT data at low temperatures for reaction
R6, but they are larger by about a factor of 2 in this range for
reaction R—2. The slope of the k versus T curves obtained by
TST is too large by about a factor of 2 or more in the flame
temperature range. This indicates that, for the calculation of the
rate coefficients of these reactions, conventional TST is not
reliable.

The comparison of the rate coefficients to those obtained by
formulas proposed by Burgess et al. shows that eq 2 provides an
almost perfect fit to the CH; + HBr — CH, + Br QCT rate
coeflicients, while eq 1 significantly overestimates the calculated
rates for reaction OH + HBr - H,0 + Br.

We propose eqs S and 6 to calculate the rate coefficients of
reactions R6 and R—2, respectively, for use in flame inhibition
models.
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