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INTRODUCTION

The reaction between H, and Br, is the classic examplé of a chain reaction. It
has been studied hers by sﬁock wave techniques both to extend the temperature range
over which the rate constants have been determined experimentally and to further test
the shock tube method. This xz'eaction has been well reviewed, for example by Peasel
and by Campbell and Fristrom,< and only those pieces of earlier work which are of .
specific interest will be mentioned below. .

The simple reactions which can occur in the hydrogen-bromine system are

Br, + M = 28r + M ()
Br + B = HBr + H (2)
H + Bf, = HBr + Br (3)
Hy + M =2 + M (hg
HBr + M = H + Br+ M (5
Hy + Br, = 26Br (6)

(The following notation will be used: K; is the equilibrium constant for reaction (1)
as written; k, ., is the rate constant for the forward reaction in equation (i); s
the rate cons%gnt for the reverse reaction., All concentrations will be expressed in
moley/liter and all times in seconds unless otherwise noted.. The units of the equili-
brium and rate constants will be the appropriate combinations of moles/liter and
seconds,) If reactions (2) and (3) are regarded as the important propagation reactions
and it is assumed that the steady state approximation can be applied to the H atom
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concentration then 4(iEr) ko () (Bs) 2 . (1B 2
) L (pr) Zatfar(12) (Bra) - 2karley, (HEr) @

dt : k3f(Bi-2) + Ky (HBr)

Reaction (1) is the source of the bromine atoms. Reactions (4), (5), and (6) are not
fast enough to be important and are included in the list for the sake of completeness,
At low temperatures or at large relative H, and Br, concentrations the reverse reac-
tion can be ignored and equation (7) can be rearranged to

d(HBr)  _  2k,.(Br)(H,)
' K. (HBT)
dat 1+ ——

k3f(_31‘2)

At low temperatureg ghe Br atoms maintain equilibrium with the molecules and
(Br) = K (Brz) . :

If the %orrect assumptions are made that reaction (1) can be either ignored or
studied independently and that all of the equilibrium constants for the various reactions
are known, then two kinetic constants need to be determined to racterize the entire
reaction. These two constants have genérally been kjs(or korKq 2) and the ratio

(8

k f/ -
3 l]?.gr the earliest work on this reaction Bodenstein and Lind? found k3¢/kon to be 10
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+ 3. Their values of ky, along with those of Bach, Bonhoeffer, and Molwyn-Hughes®
have been recalculated using modern equilibrium constants> and are included in Table V
in the discussion. Later Bodenstein and Ju.ng6 redetermined k3f/k2r and found it to be
8.4 £ 0.6. In both cases it was found to be temperature independent.

There_have been three studies of this reaction at high temperatures. Britton and
Davidson,? in shock tube experiments around 1500°K found that the values of kpp extra~
polated from the low temperature values seemed to. be low by a factor of about two.
They did only a few experiments of a preliminary nature. Plooster and Carvin8 compressed
mixtures of Hy and Brp in a shock tube and measured the induction times for the onset
of explosions. The dependence of these times on temperature was reasonably explained
on the basis of values of kyp "extrapolated from low temperature values, and the assump-
tion that the Br atom concentration increased with time at the high temperatures behind
the shock waves, that is, that the steady state approximation did not apply to Br atoms..
Levy9 studied this reaction in a flow system in which the Hp and Bx'2 were preheated
before being mixed together. The steady state approximation was a reasonable one in
view of this preheating and the results could be explained in terms of the low temp-
erature mechanism. Values of k,; Were measured between 60C° and 1500°K. The scatter
in these values at high tempemgure was quite large, but in general the agreement with
. the low temperature results was goode In the experiments reported here it was hoped
to improve the accuracy of the high temperature measurements and to extemd the range
to higher temperatures.

EXPERTMENTAL

The shock tube, the associﬂ:)ed vacuum line, and the observation arrangements have
all been described previously. In all of the experiments reported here the Br,
concentration was followed spectrophotometrically at 5000 A. - Under the experimental
conditions emission at this wave length was negligible. Duplicate observations were
routinely made at tw stations 40 cm. apart.

Reaction mixtures were prepared by adding Br,, H,, HBr and argon to a storage
bulb and noting the total pressure after each addition., The mixtures were allowed
to mix in the bulbs at least L8 hours before being used, to allow complete mixing.

CAICULATIONS

Calculation of an Apparent Rate Constant in the Reaction between H, and Br,. A shock
wave was run in a mixture of Ar, Brp, Hp, and perhaps HBr, and a trace similar to
Figure 1 obtained. The bromine disappearance after the shock front is the sum of two
effects, first the dissocliation of Bry according to reaction (1), and second the
formation of HBr according to reactions (2) and (3). These two effects were separated
in the following way. All of the concentrations were determined as a function of time.
The Br, concentration could be read directly from the oscilloscope trace., The com=
pression ratio generally could be assumed to be constant after the shock since the
endothermic dissocistion of Bry which tends to increase this ratio was more or less
balanced by the exothermic formation of HBr which tends to decrease this ratio. This
also meant that the temperature was much more nearly constant than in a shock involving
only the dissociation reaction. The Br atom concentration could be obtained by
graphical integration of the Brp concentration since '

UBr) o 2 (Bry) (M) - 2k, (Br)3() (9)
and in the reactions between H; and Br, the last term could be ignored. It must
always be remembered in observations ofi a moving shock wave that the time on the

.oscilloscope trace,?’, and the time that the gas has been heated, t, are related by
dt = Ad‘C where [\ is the compression ratio in the shock. The HBr concentration
follows from a mass balance of the bromine. The H atom concentration can always be
assumed to be negligibly small so that the hydrogen molecule concentration also
follows from mass balance, From the concentrations as a function of time d(l—fBr)/dt
and therefore k*= 2ky¢/[1 +vk2r(HBr)/k3f(Br2)] could be calculated at any time, In
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the early stages of the reaction, when the Br atom concentration is small, the rate of
formation of HBr is small and the uncertainty in k™ is quite large. In the later
stages the back reaction is beginning to be important and the errors in estimating the
changes. in the temperature and density are becoming large. Therefore it was decided
to use the value of k* at 25¢% disappearance of the Bry in each shock as the best value
for that shock, - : ' ’

Calculation of the Rate Constant in the Back Reaction, Br + HBr. -~ The calculations
in this case are very similar to those for the forward reaction described in the
preceeding section. A shock wave was passed through a mixture of HBr and Bry, and a
trace simllar to figure 3 obtained. The change in the Brj concentration is again
the sum of two effects, the dissociation of Brp, and the formation of Br, from the
reaction between HBr and Br. Since both of these reactions are exoth c it is
necessary here to correct for the temperature decrease and the density increase that
take place as the reaction proceeds, These changes were approximated as being linear
with time, which is not correct , but which does not introduce a large error. The Br2
concentration could be calculated at all times directly from the oscilloscope trace.
The Br atom concentration could be calculated from equation (9), this time including
the recombination reaction since the reaction between HBr and Br is slower than the
dissociation and recombination of Bry. A numerical, point by point, integration was
performed to give (Br) as a function of time. The H atom concentration and the HBr
~concentration could be calculated from mass balance. The 4H2 concentration was plotted
as a function of time and d(H,)/dt could be determined from the plot., The calculated
concentrations as a function 8T the apparent time in the shock wave are shown in
figure 4 for the shock shown in the upper trace in figure 3«
The rate constant for the back reaction, k3p, could be calculated from the follow
ing rearranged form of equation (7)

aH) ) kg (er) ((eBr) - & (Br,)(8,)/ (sBr)}

dt AaT R kjf(Brz)/kzr(HBr)

The first term in the numerator represents the reaction in question. The second term
represents the reverse of this reaction, that is, the reaction which has previously .
been called the forward reaction. Since at equilibrium only a small fraction of the
HBr has disproportionated this second term mist be included. The denominator can be
estimated from the known value of the ratio k,./k_ and is not mmch greater than 1l.
The rate constant k3r was generally _calcnlatea atZ point corresponding to about 25%.
reaction for reasons similar to those given for the forward reaction.

(10)

RESULTS

HBr as a Third Body for the Recombination of Br Atoms. Four series of shocks were run
to determine the efficiency of HBr as a third body for the recombination of Br atoms.
From the initial rise in concentration in the shock waves in essentially pure HBr it
was poasible to decide that the HBr was vibrationally relaxed at the shock front and
that the apparent dissociation rate constants were not complicated by the simultaneous
relaxation of the inert gas. Hydrogen bromide is not truly an ‘inert gas since it can
and does disproportionate to H, and Br,, but it does not do this until a reasonable
number of Br atoms are present, so that the initial slope of the oscilloscope trace
does give the desired dissociation rate constant for Br,. Figure 3 shows the initial
dissociation of Br, as well as the subsequent decomposition of HBr in a typical shock
in an HBr-Brp mixture. The point of the inertness of the HBr will be covered more
fully in the section Direct Observation of the Back Reaction. The results of these
experiments are summarized in Table I. The temperature range in the experiments
genera.llg ran fyom about 1400° to about 1700° K, and the final total concemtrations
were 10-3 - 1072 moles/liter. The 150(° point more or less represents the center of
the range. .
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Table I .
Recombination Rate Constants for HBr as Third Body from Shocks in Bro-HBr Mixtures.
T 3% . No.of exptl. logky,.= A+B/T kg at1500%

_ points A B (m::nle"‘2 litprz see"l)
0.48 .12 64964 2717 3.2x10°
1.00 11 6.123 3705 3.9 e
2,00 : 25 6.760 2831 hahy
Lokl : 8 T Te024 2399 h.2

There are two ways of looking at these data, The first is to take the average k
from all the mixtures as the best value, The other is to regard the trend with mole .
fraction of Br, as real and extrapolate to the limits, one limit for HBr as third body,
and the other for Br, as third body. In Table II this has been done at 1500 and

1600°K for HBr, and also for Ar+0 for comparison.
' Table IT

Recombination Rate Constants from Brp ~ HBr and Brp - Ar Mixtures.

Inert Temp. mean K . extrapolated values of k.Lr
Gas ’ . v
kg T Kar *ar,
fBr 150°% 4.0 x208 3.6 x10° 2 x 168
1600 3.1 2,8 2
Ar 1500 3.7 206 37
1600 3.2 2.3 30

Two conclusions may be drawn from Table II, First, HBr is only slightly more
efficient than Ar as a third body for the recombination of Br atoms, perhaps 10-30%
more.. Second, there 1s further support for the suggestion that at these temperatures
Bry is cloifr to 10 times more efficient than Ar rather than 3 times as has been
suggested. This support is not wvery strong, but it is consistent with the Ar results
within experimental error.

The Forward Reaction, H, + Br,., About one hundred shocks were run in various
miztures of Bry, H,, HBr, and Ar. The argon was the principal constituent, and was
added in every ure to serve as a heat capacity buffer, and also in order to
provide a third body with known efficiency for the dissociation of Br,. An apparent
rate constant k™ = r/"_l + kzI(HBr)/ f(Brz)] was calculated at the point of 25%
reaction as described previously. For any particular mixture the values of k** were
compared as a function of temperature. For one sample mixture, 1% Br, - 1% H, -

98% Ar, the experimental points are displayed in figure 5 as log k™ versus L/f. A
straight line has been fitted through these points by the method of least squares.
The best straight lines, but not the experimental points, for three other mixtures 2
are also shown in the same figure. All of these straight lines are of the form log k
= A + B/T and the values of the parameters are listed in Table III. )
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. Table III
Apparent Rate Constants at 25% Reé.ction.

Composition of Mixture log k = A +B/T

£Br, %H, ZHr %Ar A B
B 1 -- 98 11.180 4085 + 31,2
1 1 10 88 10,702 3940 + 592
2 2 - 96 © 114323 - 4379 F 257
2 2 10 86 10.894 4069 * 363

The actual values of k,p and the ratio k., were calculated at several temper-
atures from points taken from the smoothed ¢ egrof figure 5. Two independent -
estimations were made, one by comparing the results of the 1€ Br, - 1% H, shocks
with the results of the 1% Br, - 1% H., - 10% HBr shocks, and the“other by comparing
the 2% Brfv- s 4 H, with the 2; Br, - Hy ~ 10% HBr. The values obtained are shown

in Table IV,
) Table IV
_ Temp. kyp x 108 - Ky /Ky,

*K (mles"l liter sec-]f)

from 14 Br, 2 -_ avg. 12 22 avg.
1300 1.16 .58 1.07 9.5 12,7 1l.1
1500 3.07 2,76 2.92 i 8.8 12.8 10.8
1700 6.34 5488 S 6.1 8.5 8.2 8.4

Some experiments were also done using higher percentages of bromineé and some using
excess hydrogen. It was found that when more than 5% of the mixture was reacting the
flow behind the shock (or at least the Br2 concentration) was not amooth even at a
distance of forty tube diameters from the membrane., The.trace for an extreme case
of this type of a shock is shown in figure 2, .

As can be seen from the experimental points in figure 5 the spread of the points
from the line is about + O.1 in log k'« This must be attributed to the limited
accuracy of the shock wave technique. There is further uncertainty introduced by
the uncertainty in the value to use for the rate constant for Br, recombination. If
the value of which was used in the calculations is increasedzby 5% (this would be
the case if Brj is five times more sfficient than Ar as a third body or if HBr is
50% more efficient) the calculated values of k" and kop would be decreased by about
10%. and the value of the ratio k3 /X, would be decreased by about 15%. A conserva-
tive estimate of the uncertainty in %ﬁe constants reported in Table IV is that they
are all uncertain by at least 25% and that they are more likely to be too large than .
too small.

Direct Observation of the Back Reaction, — In many of the shocks in the HBr - Brp
mixtures it was apparent from the oscilloscope traces that equilibrium had been reached
at much higher concentrations of Br, than would be expected if the only reaction were
the dissociation of Brp. In:four o% the shocks in the 0.482% Br, - 99.5% HBr mixtures
the Br, concentration clearly went through a minimum. The most Striking éxample of
this is shown.in figure 3. In these four shocks the rate constant, ks, for the
Feaction between HBr and Br was calculated as outlined in the section”on calculations.
The results from these four experiments are shown in figure 6 (two points from each
axg;ﬁment . 7he points show an average scatter of about 10% from kgp = 8.1 x
10914/2¢-b4500/BT which was fit to them by the method of least squares. These values
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of k4, can be combined with the previous values of kﬁ to obtain an independent -
estifiate of the ratio kgf/ = (kggkﬂ)x . when:t85 actual values of ks, are
combined with the smoothed ues kop from Table VIT the resulting valies of the
ratio show no variation with tempature and have an average value of 8.3 + 0.7, which
can be compared with the value 10.1 + 1.7 obtained from the measurements of the
forward reaction with and without added HBr.

DISCOSSION

The results of the various stndieé of the value of l:zr are collected in Table V
where they are given in two’ forms st as = A Z"B/T for convenience in
oy are g forus, {55t ps log kae /

calculation, and second as = since this form has some theoretical
Justification for a bimole -reaction. - ’
Table V
The Rate Constant, kpp, for the Reaction between Br and Hj. .
temp, range  ref. log Kop <A = B/T kyp = et/ 2.~ DE/RT
C oA B c Al
°K . ' *K liter mole~lsec~l keal/mole
Br + H2
500 - 575 5 11.357 k235 + 46 5.92 x 107 ;8.8 + 2
550 ~ 600 10 10,927 4053 + L1 2,15 18,0 + .7
1300 - 1700 this work 11,254 4195 + 400 354 18.3 + 1.8

500 ~ 1700 all 11.238 A190F 2 3.35 183F 1

The probable errors would indicate that neither of these two forms is to be preferred
over the other on the basis of the experimental data. The agreement between the low
temperature results and the high temperature shock wave results is quite good.

The ratio kqf/k which was known to be temperature invariant at low temperatures
within experimehtdzsrror has now been shown to be temperature invariant over the
temperature range 300 - 1700°K within experimental error., The best low temperature
value, 8.4 + 0.6 is almast exactly the same as the weighted average of the twa
indeperident measurements of the ratio at high temperature, 8.3 + 0.7 and 10.1 + 1.7.

The activation energy associated with k,, is 18.3 kcal/mole (Table VIII). The
heat of the reaction at- (P°K is 16.2 kcal/mdle. This means that k,e and k,. must have
an identical activation energy of about 2 kcal/mole., If the valu@ of the ratio at
high temperature differs from that at low temperatures by 10% the activation emergies
would differ by about 0.l kcal/mole, This pair of activation energies is an embar-
rassing case for any rule which tries to predict the activation energy from the bond
energy of the bond being broken since Dy, (=45 keal/mole) and Kyp, ( = 87 kcal/mole)
differ by a factor of 2. . k2 A
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Fig, 1,—0scillogram of typical shock used for kinetic studies. This shock was
run in a 1% H, - 1% Br, - 98% Ar mixture, and reached & temperature of 1448°K at the
shock front. 2Not.e the acceleration in the rate of disappearance of Br, as more Br
atoms are produced. (In all of the oscillograms the lower trace records the Br,
concentration at the first observation station as a function of time, and the upper
trace records at the second observation station, 4O em from the first.)

Fig, 2.—0scillogram of shock in highly exothermic reactjon mixture. This shock
- was run in a 5% Brp - 20% H, - 75% Ar mixture and reached a temperature of 142L°K
at the shock front., It is apparent that no useful kinetic data could be obtained in

the shocks in concentrated mixtures, p



" Fig, 3.=0scillo
in a 015% Br2 - 99.5
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am of shock showing the reverse reaction.
HBr mixture and reached a temperature of 1635°%K at the shock

This shock was run

front. Note the production of molecular Br, whem the Br atom concentration becomes
sufficiently large,
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Fig, he--Concen:rations as a function of time for the upper trace of the shock
The Br atom concentration is calculated from the known

dissociation and recombination raté constants. The H, concentration.is calculated
- from zass balance consideratijons. :
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Fig. 5.—Apparent rate constants for the reaction between Br and H, at 25%
reaction, The points are the experimental points for line A, ' '

A - 1% Brp - 1% H, ¢ - 1% Br, - 1% Hy - 10% HBr
B - 2% Brp - 23 Hy D - 2% Brp - 2% Hy - 10% HBr

AZ i

Sx 105 4

| x10%
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0.8 0. .6 ' °.6
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Fig., 6.--Rate constant for the reaction between Br and HBr. The straight line
is the least squares line through the points,
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