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RECOMBINATION OF BROMINE ATOMS BETWEEN 300 AND
6000°K, THEORY AND EXPERIMENT*

R. K. BOYD
Department of Chemistry, University of Guelph, Guelph, Ontario, Canada
AND

GEORGE BURNS, D. T. CHANG, R. G. MACDONALD AND W. H. WONG
Department of Chemistry, University of Toronto, Toronto M5S 1A1, Ontario, Canada

The dissociation of Br, in Ar was studied in the same shock tube using three different time de- |
pendent observables which were needed to measure the rate of the reaction: (1) Br, molecular !
absorption, (2) Br atom two-body emission and (3) density gradient change, detected by laser _
schlieren technique. It was found that the first observable was most useful in determination i
of dissociation rate constants between about 1500 and 1800°K and the second observable |
between about 1200 and 1700°K. Use of these two observables yielded rate constants which
were in agreement with those earlier experimental data, which are likely to be most reliable.
The laser schlieren technique yielded new dissociation rate constants between 2100 and 3000°K.
These data were found to be consistent with the ‘reliable’” ‘‘emission’” and ‘‘absorption’” data,
as well as with the earlier flash photolysis data.

In order to interpret the experimental results and to study the dynamics of the reaction, the
dissociation of Br; in Ar was studied by 3-D classical trajectory calculations at 1500, 2500,
3500, and 6000°K. In agreement with earlier trajectory studies, it was found that Br, molecules
react only if their total energy is within a few k7T of dissociation limit and that metastable
molecules, with total energy above the dissociation limit, are particularly reactive. The average
energy, (AE ), and the average angular momentum, (Al), transferred in dissociative and non-
dissociative collisions were calculated as a function of total energy of Br, molecule. Generally,
|{AE)| (non-dissoc.) and |{Al)| (non-dissoc.) were found to be considerably smaller than the
same quantities for dissociative collisions. For energetic metastable molecules, dissociation
could be accomplished by a decrease of internal energy and angular momentum of the molecule
through collision. Thus, collisionally induced rotational de-excitation provides an additional
mechanism for dissociation of diatomic molecules. The non-equilibrium effects in dissociation
have been evaluated at 3500 and 6000°K by the method of multiple collisions. The calculated
steady state dissociation rate constants between 1500 and 6000°K are in good agreement with
the available experiinental data.

Finally, the validity of the rate quotient law, i.e. kforward/Kreverse = Ko, Was demonstrated
by trajectory calculation technique.

1. Introduction and that they have pronounced negative tem-

Various earlier investigators have demonstrated  perature coefficients. Furthermore, for chlorine,
that the absolute magnitude of atomic recom- bromine and iodine, k,, deduced from shock
bination rate constants, k,, are unusually high, wave dissociation studies, were often found to be

* Research sponsored, in part, by the Air Force Office of Scientific Research, Air Force Systems
Command, USAF, under grant No. AFOSR-71-2016. The United States Government is entitled to
reproduce and distribute reprints for Government purposes, notwithstanding any copyright notation
hereon.
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Fic. 1. Experimental shock wave profiles, generated on a computer using rate constants available in the
literature. [, is the photomuitipiier signat before Bra is introduced in the shock tube. The initial temperature

was 1264°K.

higher than k,, measured by other techniques,
such as flash photolysis which is useful in re-
combination rate measurements. These latter
findings imply that the rate quotient law,
k(forward)/k(reverse)= K(eq), is violated for
the special case of recombination-dissociation
reactions. Such experimental data are particularly
abundant'™? for the case of bromine reacting
in an excess of an inert gas.

The purpose of the present investigation was
to study the dissociation of bromine in argon in
order to

(1) extend dissociation rate measurements
over a wider temperature range using shock
waves,

(2) interpret the experimental findings in
terms of classical trajectory ealculations and

(3) uncover possible causes for the above
diserepancies.

2. Shock Wave Study of Br, Dissociation
Rate in Ar

The discrepancies  among various shock
wave! 27 gnd flash photolysis'® data for Bry

4+ Ar=2Br+4Ar reaction are particularly pro-
nounced in the neighbourhood of 1200°K.
In order to better understand the nature of the
discrepancies, we have generated on the computer
the shock wave profiles at 1264°K, using the
experimental conditions given in Table III,
experiment #8, ref. 7. Details of such com-
putations were discussed previously!* The
experimental observable chosen in these com-
putations was the optical absorption, I, and its
time dependence during the reaction. (Optical
absorption was the commonly used observable
in many experiments.)*7

In Fig. 1, the curve set I, upper line, represents
the ideal base line, i.e. no reaction. The middle
curve is calculated using the rate constant
obtained from flash photolysis experiments'
and ideal shock wave equations. The lower
curve, set I, is derived on the same assumptions,
except that the rate constant reported by
Warshay” is used. Crosses would have yielded
the middle curve, except that they were obtained
by including the boundary layer effects? Cal-
culations described by open triangles are the
same as those described by crosses, except that
shock attenuation of one percent per meter is
assumed. The latter two sets of data indicate
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that the discrepancy between the middle and
the lower curves cannot be attributed to boundary
layver effects and to the shock attenuation.

Curve set 11 on Fig. [ is the same as the middle
and lower curves, set I, except that 0.59¢ shot
noise? in (I, Io) is assumed. Curve set III is the
same as curve set 11, except that the time scale
is twice as fast as in set 1. In order to present
the results on the same graph, curves ITand 111
were arbitrarily displaced from the origin, which
actually is the origin of curve set 1.

A comparison of the two curves, set 11, Fig. 1,
suggests that it should have been possible to
detect a change in rate by a factor of three,
which is the diserepaney between shock wave®?
and flash photolysis!® data, especially if the long
time records were to be examined. However, it
can be also seen from Fig. 1 that slopes from
which the rate constants had to be caleulated in
the experiments®? were small. The base line in
such experiments could be ill-defined because
of possible imperfections in flow behind the shock
front. The existence of random shot noise??
should introduce further uncertainty in rate
measurements. For these reasons, the “absorp-
tion” shock wave data appear to be relatively un-
reliable around 1200°K. Such arguments are not
valid if slopes of the absorption profifes are
appreciable and can be measured unambiguously.
The latter situation anses at higher tempera-
tures (1500 to 1800°K), and it is in this range that
the rate constants, obtained in  absorption
spectroscopy experiments**7 are in a fair agree-
ment with each other and are consistent with
flash photolysis data.'

If the observable, used for determination of
rate constants in shock wave, is the two-body
emission,'* then the base line, which corre-
sponds to zero emission, is practically noiseless
and is unambiguously defined in experiments,
Furthermore, in this case, the shock front
position is easily determinable. Therefore, the
uncertainty in the rate is largely determined
by the noise in the signal itself, provided, of
course, that the rate is not too slow or too fast.
For these reasons, the two-body emission tech-
nique'? should provide acceurate rate constants
at lowest temperatures. In order to determine
the advantages and limitations of this “emission”
technique, we have generated on the computer,
profiles similar to that shown on Fig. 1, except
that we were using the two-body emission as
an observable. These profiles suggest that the
two-body emission technique is indeed reliable
at lowest temperatures, ie. at about 1200°K,
provided that shot noise is not too large. However,
it proved to be diflicult to define unequivoeally
the iitial rates at highest temperatures, because

the emission is the quadratic funetion of Br atom
concentration.  Therefore, the most  reliable
region for rate measurements using two-body
emission technique appears to be between ap-
proximately 1200 and 1700°K.

Although the temperature runge for reliable
measurements, both h_\' “:l'hill'l’lii)ll” and
“emission” technigques, might have been aug-
mented by use of an improved apparatus, by a
larger shock tube, and by varying Br-diluent
ratio and Bra concentration, it proved difficult
in the past to obtain reliable rates of dissociation
below 1200°K and above about 2000°K,

It is important to note that the “‘reliable”
shock wave “emission” and “absorption” meas-
urements are in a good agreement with flush
photolysis data®® In order to confirm these
conclusions, we have repeated both the “emis-
sion”  and  the “absorption”  measurements
below 1800°K, using the shock tube, deseribed
previously.! As anticipated, the results, not
shown here, agreed with work of previous in-
vestigators.

Under these circumstances, it seemed  ap-
propriate to extend the temperature range,
employing the same shock tube' but using a
new laser schlieren' detection technique. It was
felt that such an approach could better define
the dissociation-recombination  rate  constant
over a wide temperature range, and would make a
comparison  between  shock  wave and  flash
photolysis data more meaningful,

In lLuser schlieren technique, the post-shock
density gradient caused by the dissociation is
followed by measuring the deflection of a laser
beam as a function of time. In order to conduct
a laser schlieren experiment, the shock tube,
deseribed previously ! was fitted with a polished
nickel-plated steel pipe one meter long and three
inches LD, and a stable He-Ne CW laser was
used to measure the rate. The experimental
set-up was similar to that of the previous work-
er<" 1 ynd will not be deseribed here. In order to
obtain rate constants at highest temperatures, a
dilute (3.77; 1 =olution of Bra in Ar was used. The
rate constants, deduced from the raw data in
conventional manner, " are shown in Fig. 2.

It can be seen that the combination of *‘reli-
able’” “emission” data! between 1200 and 1700°K,
“refiable” ";(h\l)l‘p!iul)" data  between 1500
and 1800°K and new laser schlieren data between
2100 and 3000°K vields a smooth line which is
consistent with earlier flash photolysis duta
It can also be seen (Fig. 2) that the present
results suggest that, at shock wave temperatures,
the negative temperature coeflicient for  the
OBr+4Are=Bro4Ar  reaction s nearly wnty,
which is smaller than that reported by previous
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Fic. 2. A comparison of calculated and experimental recombination rate constants for Bra+Ar=2Br+Ar
reaction. Ref. 1a presents some additional twenty rate constants, obtained by two-body emission technique
below 1700°K, which are in agreement with LB data. Open triangles—trajectory calculations of recombina-

tion rate constants (Ref. 20).

investigators®®7 who suggested that the nega-
tive temperature coefficient is of the order of
three.!®

3. Dynamics of Dissociation Using
Classical Trajectory Method

3-D) classical trajectory study of Br atom re-
combination in argon have already provided
useful information on the dynamics and rate
constants of the reaction.™? The same princi-
ples,=2 coupled with stratified and importance
sampling techniques*  which improve the
statistics of caleulations, are used here to study
the dynamics of Bry dissociation in Ar.

In general, the dissociation rate coeflicient
at any time ¢ can be written as

ka= (8kT m.l)”"'/dﬂ w) S(u)du (1)
R

where S(u) is the reaction cross-section, which

is a function of total internal, i.e. vibrational
plus rotational, energy w. Here u is averaged
over the relative translational energy at tempera-
ture 7T, and ¢ is the normalized distribution
function of the reagent, i.e. Bry, internal energy:

/¢(u)r1u=l
R

In the eq. (1) the integration is performed
over the entire internal energy space R, com-
patible with a classically bound molecule.
It is known from earlier studies that the
reagent molecules are reactive only if u exceeds
a certain minimum value. Therefore, the eq.
(1) may be rewritten as

ka= (8kT/mu)"* /d)( u)S(u) du (2)
D

where the subseript D indicates that the inte-
gration is executed over the entire reactive
energy range. In order to calculate the rate
coefficient by sampling only from the reactive
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triangles, 1500°K; solid line with circles, 2500°K ; dashed line with squares, 3500°K; solid line with diamonds,

6000°K.

energy range, the eq. (2) may be replaced by

ka= (SkT,"ru)”z-(/; & (1) S(w) du/[)du(u) du)

. /; )¢(u) du

= (v)- (S)'j;dt(u) du 3)

where (v) is the average relative velocity and

(S) is the average dissociation ecross-section
within the entire reactive energy region.

In the subsequent three sections, the dynamical
properties of the RHS, eq. (3), are investigated
by trajectory method. In Section 7, the dissocia-
tion rate constants, calculated from the eq. (3),
are compared with the experimental results.

The interaction potential for the system
Ar-Br-Br is identical to that used earlier.®* The
well depth and inter-nuclear separation de-
seribing the Ar-Br interaction,® i.e. e ™" and
0, Br  were taken to be 0.5 Keal/mole and
3.32 X, respectively. Five strata, 1 kT each,
between —3 kT and 42 kT around the dissocia-
tion limit, were used.
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4. Effect of Br, Internal Energy on Dissociation

The dissociation cross-sections of Broin Ar, S,
are shown in Fig. 3 at different internal energy
strata and at four different temperatures. The
curves show that only the molecuies close to
the dissociation limit have an appreciable dis-
sociation cross-section. This finding is in agree-
ment with previous study,” which indicates
that nascent molecules, formed in recombina-
tion, possess energies close to dissociation.
There is a large increase of cross-section, as the
internal energy of Bry increases from bound
(u<0) to metastable’” (u>0) energy region.
The effect is especially pronounced at high tem-
perature. This occurs because metascable mole-
cules have a higher spatial extension, and because
they dissociate via the rotational de-exeitation
mechanism, to be discussed in section 5.

The contribution to k49, the equilibrium rate
coefficient® (one way flux), from various internal
energy strata at different temperatures is shown
in Fig. 4. The k4,9 may be defined by eq. (3),
using the assumption that the integral [o(u) du
can be caleulated from the Boltzman distribu-
tion function and that (S)=(Se). At each
temperature, the reagent molecules with internal
energy less than 3kT below the dissociation limit
did not contribute to the rate. Rather, the bulk
of dissociation involved molecules within =1kT
of the dissociation limit. This result justifies use
of eq. (2), rather than equation (1), in our cal-
culations. It also can be seen from Fig. 4 that the
metastable Bro molecules are just as important
as the bound Bry molecules in the dissociation
processes. Therefore, one may conclude from the
principle of detailed balaneing, that the nascent
products of recombination predominantly popu-




e S———————— —————

RECOMBINATION OF BROMINE 737
T T T T
& i | I
50 —
40 —
2 30 =
o
€
N =
o
o
X
~ 20 =
AN\
w
< A
A4
10 —
(o} e
N .
1 Sl Riity 1 ! e |
-4 =2 (o] 2 4
u/RT

F1G6. 5. Average energy transfer vs, reagent internal energy. Dissociative collisions are described by filled
symbols: heavy solid line with diamonds, 6000°K; heavy dashes with squares, 3500°K; fine solid line with
cireles, 2500°K;; fine dashes with triangles, 1500°K. Non-dissociative collisions are deseribed by the corre-
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late the highly energetic states, of which a sub-
stantial fraction are the metastable states. This
conclusion is consistent with the results of pre-
vious recombination studies. 77192428 A ¢ the same
time, this conclusion casts doubt on those tra-
jectory calculations® which are based on the
assumption that deactivation of metastable
molecules determines the rate of recombination.

In the present caleulations, the collisional
release (CR) mechanism of dissociation, defined
by Ar+4-Bry—ArBr+Br, contributes to overall
dissociation only at 1500°K. The absence of the
CR mechanism at a higher temperature is cer-
tainly due to the weak attraction between argon

e e~

and bromine atoms. The complete collisional
dissociation (CCD) mechanism, defined by
Ar+4Bry—Ar+2Br, predominates at all tempera-
tures.

S. Energy and Angular Momentum Transfers
in Collisions

The average energy, transferred per collision,
(AE), is shown in Fig. 5 as a function of Bry
internal energy. In a reactive collision with a
bound molecule, (AE) (reactive), is positive.
Furthermore, (AFE) (reactive) is significantly

i
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larger than the minimum amount of energy
necessary to excite the molecule just up to the
dissociation limit. IHowever, if the diatomic
moleeule is in a highly metastable state, (AE)
(reactive) is negative. Since de-excitation of the
vibrational motion alone cannot dissociate a
classically  stable molecule, the dissociation
involves loss of rotational energy, which leads to
the lowering of the rotational barrier.

In order to study further the angular mo-
mentum transfer in energized Br. molecules,
we defined the average angular momentum
transferred in dissociative collisions as

(A[ >d=2([v’_ I,'”‘)td,l},",’ Zw:6|d

in which 4 is the orbital angular momentum
of the dissociated pair after collision, [," is the

rotational angular momentum of the initial
diatom, w; is the appropriate weight of the ith
trajectory, and §,% is a delta function, which is
unity if the trajectory is dissociative and zero
if otherwise. The average angular momentum
transfer in non-dissociative collisions is analo-
gously defined; i.e.

<Al >nd= Z (lv’f_ lnu)wian'"d ’/Zwyéi i

where [/ is the rotational angular momentum
of the diatom after a non-dissociative collision.
Thus defined, (Al) is positive if there is an in-
crease of angular momentum.

The values of (Al) for dissociative as well as
non-dissociative collisions were plotted against
the Bry internal energy (Fig. 6). For the bound
states (Al); was positive, indicating rotational
excitation during the dissociation. For metastable
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species, (Al); is negative, indicating the lower-
ing of angular momentum during dissociative
collisions. This finding corroborates the (AE)
plots (Fig. 5), and again indicates that rotational
de-excitation contributes to the dissociation
of metastable molecules. Collisions of metastable
molecules with internal energy below +2kT,
vield negative (Al); but positive (AE) because
at this energy, the excitation of vibrational
motion outweighs, on the average, the de-ex-
citation of the rotational motion. Figure 6 sub-
stantiates an earlier conclusion?* that vibra-
tional-rotational coupling is strong if molecules,
with energy close to the dissociation limit,
collide with a third body.

For non-dissociative collisions, Fig. 6 indicates
that reagent molecules in highly excited states
also experience rotational de-excitation. Further-
more, inelastic collisions yield but a very small
(AE)nq and (Al)nq at all w/RT values, while
the corresponding (AE); and (Al); are con-
siderably larger (Figs. 5 and 6).

6. Non-Equilibrium Effect in Dissociation

The non-equilibrium effects 29 discussed
previously,?2 231 gceur because reacting sys-
tems, under a steady state condition, cannot be
uniquely defined by a Boltzman distribution at
temperature 7. The non-equilibrium effects may
be characterized” by the ratio of the rate con-

stant at steady state, i.e. k¢, to k¢®® and can be
expressed as

J=kat/ ko= / ¢*(u) du / f ¢°9(w) du
D D

(80)/(Sea) (4)

Two factors contribute to the non-equilibrium
effect. In the first place, the reactive energy range
1s depleted by reactive collisions. This factor is
determined by the ratio of the integrals of the
distribution functions [eq. (4)]. Furthermore,
the reactivity in the reactive zone is also de-
creased; this factor is determined by the ratio of
average cross-sections,

Our method of caleulation of f factors is based
on multiple collision approach,* which proved to
be successful in earlier trajectory studies on re-
combination!>2"% The time evolution of the
population in the reactive zone can be expressed
as

ONp/0t=— Ja— Jaanat Jndad

in which Jg is the dissociation flux, and Ja.na
and Jpi.a are fluxes representing de-excitation
and excitation of molecules from and into the
reactive energy range. In the above expression,
flux due to recombination of atoms is neglected.

In the present calculation, we generated an
equilibrium ensemble of diatomic molecules at
temperature 7 with internal energy within the
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reactive zon'. We then subjected the initial
ensemble to successive collisions with mert gas
atoms at the same temperature 7. As a result of
collisions, a fraction of the ensemble dissociated,
and the rest underwent inelastic energy transfer.
We assumed that the transfers of molecules in
and out of the reactive region resulting from
inelastic  collisions are identical, i.e.
J nd.a. This assumption implies that the depletion
of the reactive zone is solely caused by dissocia-
tion, but changes of the energy distribution
within the reactive zone are the result of inelastic
collisions as well as dissociation. At a steady
state, the energy distribution of the ensemble,
and its reactivity, are invariant with respect to
time and number of collisions. Therefore, the
average internal energy, in the reactive zone,
(u'), and the average dissociation cross-section,
{S), of the ensemble were chosen as the two
parameters in monitoring the establishment of
the steady state.

Using this model, we calculated the non-
equilibrium effects in dissociation at 3500 and
6000°K. At each temperature an eight hundred
trajectory sample per collision was used, but
stratified and importance sampling was not
attempted. The average internal energy and the
average dissociation cross-section in the reactive
energy range were studied as a function of the
number of collisions. It proved difficult to deter-
mine unambiguously at which point the steady
state is established. Random fluctuations were
pronounced, particularly in (S) vs. number of
coilisions plots. Therefore, the ensemble evolu-
tion was studied up to twenty-nine collisions
at T=3500°K and up to forty-six collisions at
6000°K. It was possible to obtain relatively
smoothly averaged curves (Fig. 7). The non-
equilibrium correction was then obtained using
equation (4).

Jdena=

7. Comparison with Experimental Data

The calculated equilibrium dissociation rate
coefficients yield an excellent linear Arrhenius
plot, with an activation energy, AE(act), of 44.5
Keal/mole, assuming that the pre-exponential
factor in the rate constant is temperature inde-
pendent. This number is within one Kecal mole
of the dissociation energy of Bry (45.5 Keal/mole).
That the activation energy for k.4 is approxi-
mately equal to the dissociation energy of the
diatomic molecule, was also reported by previous
investigators.®

If the non-equilibrium corrections are made,
the computed dissociation rate constants show
an appreciable negative curvature in the Ar.-
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henius plot. The curvature is somewhat more
pronounced at higher temperatures. The average
slope for such a plot vields AE(act)=40 keal
mole.

In order to compare the present caleulations
with the results obtained by flash photolysis!
and shock wave techniques,'*5732 we converted
the dissociation rate constants into recombina-
tion rate constants using appropriate equilibriven
constants (Fig. 2). Since the non-equilibrium
correction factors were caleulated only at 3500
and 6000°K, it was necessary to estimate these
factors at 1500 and 2500°K by extrapolation
between 3500°K and lower temperature data?”
Such extrapolation proved to be unambigious.

It follows from Fig. 2 that the equilibrium re-
combination rate coeflicients yield a positive
temperature dependence. After non-equilibrium
effects were included in calculations, the recom-
bination rate constants obtained in the present
calculations were found to be consistent with
flash photolysis data.!’

Since  the caleulations  of  non-equilibrium
correction factors were done only at two tempera-
tures, it is difficult to estimate the precision of the
calculated rate constants. It is probable, however,
that the rate constants are reproducible, ap-
proximately within a factor of two. For this
reason, the rate constants, obtained in all “reli-
able” shock wave experiments, are also consis-
tent with calculated dissociation and recom-
bination data.

Finally, it may be pointed out that the agree-
ment between trajectory calculations in recom-
bination domain (open triangles) with the tra-
jectory caleulations in the dissociation domain
(open squares), demonstrates well the validity
of the rate quotient law [k(forward)/k(reverse)=
K(eq)] under the steady state condition (Fig. 2).
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COMMENTS

W. Forst, Université Laval, Canada. 1 wonder
if rate constants measured in various shock tube
and flash photolysis experiments are really true
steady-state rare constants. Could it be that the
discrepancy among the experimental data of
various investigators, alluded to in your paper, is
due to measurements done at various stages of
the initial transient that precedes the establish-
ment of the steady-state?

Authors’ Reply. In order to measure rate con-
stants in flash photolysis experiments, the con-
centration of diatomic molecules is followed over
a relatively long time. In these experiments, the
rate coefficient is always a time-independent rate
constant. Therefore, there seems to be no reason
to suspect that in these experiments the steady
state is not reached. On the other hand, the rate
of dissociation of diatomic molecules is often
determined from the initial slope in shock tube
experiments. This slope may be determined over
a relatively short period of time of a few micro-

seconds. It may well be that the discrepancy
between some shock wave data and flash photol-
ysis data is due to the inability of a shack wave
experimentalist to measure true steady-state rate
constants. Detailed calculations' demonstrate
that such a supposition would indeed reconcile
some shock wave and flash photolysis data.
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3425 (1969).

Hagime Miyama, Toray Industries, [nc., Japan.
Can you expect much more contribution of colli-
sional release if you change 3rd body from Ar to
other species, or change reactant from Bry to I
according to your caleulation?
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Authors’ Reply. The collisional release mecha-
nism is more important if dissociation-recombina-
tion reactions occur at lower temperatures and
involve stronger interactions between the recom-
bining atom and a third body. If the third body
is an inert gas and the temperature is sufficiently
high, so that the dissociation reaction is ap-
preciable, the collisional release mechanism is
not important. For the case of iodine dissociation
this point was demonstrated recently.! On the
other hand, at room temperature the atomic
recombination appears to proceed via a collisional
release mechanism, provided that the third body
is sufficiently heavy, such as Xe.?
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C. P. Quinn, Shell Research Ltd., England.
Does your laser schlieren technique allow you
to isolate an incubation period for bromine
dissociation and if so how does it compare with
the vibrational relaxation time?

Authors’ Reply. We were not able to detect
an incubation time for Br: in our experiments.




