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1.8 TaBLE I
L SoLUBILITY OF ARGON AT 1 ATM. AND T°K. 18 MoLE FrAC-
T ———— TION X 107*
6l CefCF3 T,°K. 104 Run T, °K. 104x2 T,°K. 104
: CeH;;CH; CsF11°CF3 CsHiu-CH;
L 288.23 10.882 a 278.09 48.709 262.90 19.888
288.22 10.875 b 272.53 19.433
1,4}~ 283.06 47.999 286.75 18.872
v' CeHiCH3 29%‘3‘0;4: 10.918 b 283.10 47.965 298,14 18.543
+ r 203.03 10.921 a
K 288.36 47.234 CS,
o O CCly il . 207.87 10.963 a 253.13  4.272
3 207.87 10.949 b 293.08 46.625 262.76 4.391
r 297.86 10.943 b 203.17 46.634 273.22 4.513
ol CeHs CHgme———"~ 207.88 10.955 a 293,18 46.680 283.14 4.654
: ' 208.20 10.950 b 293.19 46.623 298.14 4.866
L CgHg——8d— % b }
303.31 10.982 b 298,48 45.962 CCl,
0.8k 303.31 10.995 a 252,98 13.976
303.16 45.470 264.18 13.809
___C_EZ—.-————'-""" 307.86 44.978 269.83 13.736
— 272.65 13.697
o) oY R N S M E— 281.20 13.669
2.40 2.42 2.44 2.46 2.48 2.50
Log T TabLE 11

Fig. 1.—Solubility of argon.

Discussion.—The entropy of solution of argon

MoLe FRACTION, X2 AND ENTROPY OF SOLUTION OF ARGOXN
rrROM GAS AT 1 ATM. AND 25° (a) TO %3, MEASURED; (b) TO

= 104
increases rapidly in the solvents in Table II from =10 S, — S
top to bottom, but this is mainly the effect of Solvent & 10422 (a) (b)
increasing dilution. In the last column of the CsFuCFs 6.0 46.00 —1.350 6.1
table we give the entropy of transferring argon at CeHuCH; 7.85  18.55 —0.9 4.8
1 atm. to solution at a dilution of x; = 10~—*, coni- ¢-CeHiz 8.2 14.8° 0 ~5
puted froin the change in gas pressure required to cCl, 8.6 13.4 —0.5 4.7
reduce the solubility to x, = 107% One sees that CeH;CH, 8.9 10.95 +0.4 5.15
the values, except for C¢F11CFs, are close to 5 e.u. at Csls 9.15 8.85° ~1 ~4.8
equal mole fractions. This is not trueif compared at CS, 10.0 4.87 1.8 5.0

equal molal concentrations. It is evident that the
slopes of the curves in Fig. 1 are determined mainly
by the degree of dilution necessary for equilib-
rimmm;  the poorer the solvent, the larger the en-
tropy of solution and the greater the temperature
coefficient of solubility. There are also, however,
additional contributions to the entropy of solution
such as the one conuected with the different partial
wolal volumes of the gas, to be reported in a forth-
coming paper, and the properties of different gases,

s A, Lannung.

as we shall show by cowparing the entropy of solu-
tion of argon, nitrogen and hydrogen.
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The kinetics of tlie reaction C.H;Br(g) — CsH, + HBr has been investigated between 310 and 476°, by determining the

HBr formed by chemical analysis.

The effects of surface and added gases have been studied. The primary step gives

C,H, and HBr directly with an activation energy of about 52 kcal. mole—}, but the hydrogen bromide reacts at the surface

with ethvl bromide producing a steady state of bromine atoms which give a faster reaction.

The over-all reaction is first

order and is given by the expression & = 6 X 1011 g440/RT sec. =1 but it is not a simple unimolecular reaction, Rate equa-

tions and a mechanism are given,

The decomposition of ethyl bromide C;HsBr —
C.H, -+ HBr at elevated teinperatures was origin-

ally chosen as a first-order, gas-phase reaction,
suitable for the study of chewical kinetics. As suc-
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cessive researches in this Laboratory!—® have
brought forth new facts, and as these facts have
been used to check the current theories, such as
pressure effect on unimolecular gas reactions, free
radical mechanisms and isotopic exchange reactions,
it has become apparent that the kinetics of the reac-
tion are quite complicated. This complexity of
kinetics is frequently found to be characteristic of
reactions when they have been studied thoroughly.
The research reported here confirms the facts re-
ported earlier, but shows that some of the earlier
interpretations need revision in view of the addi-
tional new facts and the complicated mechanism
which is now known to exist: namely, a simple
homogeneous, molecular splitting into hydrogen
brotnide and ethylene followed by a faster, wall-
catalyzed reaction to give the same products.

A reaction between ethyl bromide and its de-
composition product, hydrogen bromide, produces
a steady state of bromine atoms which results in a
first-order, over-all reaction. It is believed that a
high accuracy of rate measurement has been ob-
tained through the electrometric titration of the
hydrogen bromide formed.

Experimental Procedure

Earlier work had shown that although the amount of
ethylene produced and the magnitude of the total pressure
of the three gases involved do not necessarily give an ac-
cturate measure of the extent of the decomposition of ethyl
bromide, the number of moles of hydrogen bromide pro-
duced is always stoichiometrically equivalent to the number
of moles of ethyl bromide decomposed. Accordingly, in
the present investigation the course of the reaction was
followed by evacuating the partially reacted gaseous system
through a liquid air trap to freeze out the solid products,
and then titrating the hydrogen bromide formed. Alkali
titration was used at first, but most of the data were ob-
tained by potentiometric titration with silver nitrate. The
hydrobromic acid formed by the decomposition reacts with
silver ion but the undecomposed ethyl bromide does not.

A 300-ml. Pyrex reaction vessel was connected to a man-
ometer, a vacuum line and a gas reservoir, which in turn was
connected to a tube of liquid ethyl bromide and a tube for
the admission of foreign gases. After definite time inter-
vals, the gases were withdrawn from the reaction vessel with
a vacuum pump through a liquid air trap. The products
were then mixed with sodium hydroxide and titrated. De-
tails of the apparatus and operation are given elsewhere.!
The thermostat bath of potassium, lithium and sodium ni-
trates melting at 120° was regulated with electric heaters
and a resistance thermometer regulator to 0.3°. The volume
of the capillary connecting tube outside the bath was less
than 0.19, of the reactor volume. Silicone grease on stop-
cocks permitted rapid filling and evacuation.

In carrying out a determination, the entire system was
evacuated to 107 mm. Ethyl bromide was then vaporized
to a predetermined pressure in the reservoir. By holding
constant the pressure, volume and temperature of the reser-
voir and the volume and temperature of the reaction cham-
ber, it was possible to introduce identical amounts of ethyl
bromide into the reaction chamber. This condition was
vital because several successive experiments with different
degrees of decomposition were required to determine a single
rate constant under a given set of conditions.

In some of the experiments a manometer was used to
meastire the total pressure and the partial pressure of added
gas, All results were calculated with the formula log

(1) More complete details of this thesis may be obtained from the
Ph,D, thesis of Arthur E. Goldberg, filed in the library of the Univer-
sity of Wisconsin in 1931.

(2) E. T. Lessig, J. Phys. Chem,, 36, 2333 (1932).

(3) E. L. Vernon and F. Daniels, TH1s JoUrNAL, 55, 922 (1933).

(4) P. Fugassi and F. Daniels, ibid., 60, 771 (1938).

(5) F. Daniels and P. L. Veltman, J. Chem. Phys., T, 756 (1939).

(G) J. B, Peri and F. Daniels Ta1s JourNaAL, 72, 424 (1950),
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no/(ne — x) = kt/2.30 where k is the first-order specific
rate constant and #, is the initial amount of material, x the
amount decomposed in time ¢, both being expressed in titra-
tion volumes. The value of 7y was determined by titrating
the amount of hydrogen bromide produced after letting a
charge of ethyl bromide stand for several hours at 430° to
guarantee completion of the reaction.

Measurements at many different temperatures and initial
pressures established the applicability of the ideal gas law
at these pressures and temperatures and made possible a
calculation of 7, from the initial pressure and temperature
for each reaction chamber used.

In the few experiments making use of pressure measure-
ments with ethyl bromide alone, n,/(n#, — x) was taken as
approximately equal to i/(2p1 — p:) where p; is the initial
pressure and p; is the pressure at time {. Where a foreign
gas was added no/(my — %) was taken as pc,u,Be/(2pc,HBr —
p: + po) where pcmgpe is the initial pressure of ethyl bro-
inide, p, is the pressure of the added gas and # is the total
pressure at time £,

Ethyl bromide was used from three different commercial
sources and all gave the same physical constants and ki-
netic behavior after purification with sulfuric acid, rinsing,
drying and distillation with a long, packed column. The
standard boiling temperatures were in the range 38.37-
38.41° (the accepted value is 38.40°), The refractive in-
dex (#¥Dp) was 1.4239. The purified ethyl bromide, after
being sealed in the system, was thoroughly degassed by re-
peated freezing in liquid air and thawing while under evacua-
tion. It was then stored in the dark.

Hydrogen bromide was obtained by warming slowly 487,
aqueous hydrobromic acid and passing the vapors through
P,0; in a connecting tube. Further purification was ac-
complished by passing over copper, freezing, fractionally dis-
tilling and outgassing. The ethylene was purified by re-
peated distillation from Dry Ice to liquid air temperatures
under a high vacuum.

Experimental Results

Influence of Surface.—It was well known that
the first rate constants obtained in fresh clean
Pyrex glass are abnormally high and that sub-
sequent experiments give lower values until a
reproducible value is obtained.?=5 Two days’
coutact with decomposing ethyl bromide at 400°
and 300 mm. pressure was sufficient to coat the sur-
face with a black graphitic film and give reproduci-
ble results for several months. The film changed
with time from a slightly dirty appearance to a
smooth black coating. After five inonths of ex-
periments, the coating could be flaked off and it-
was found to be less than 2 u thick and to have a
longitudinal resistance of 15,000 ohms when a 1
cul. wide strip was placed between electrodes 1 cm.
apart. All experiments were conducted in flasks
coated in this manner. If any oxygen is allowed to
get into the reaction vessel, the carbonaceous sur-
face is affected and the decomposition rates in-
crease. Evacuation does not restore the normal
value, but a fresh deposit of carbonaceous material
from decomposing ethyl bromide does restore it.

Equilibrium Measurements.—The thermody-
namic equilibrium of the dissociation of ethyl bro-
mide has been a matter of concern to those who
have studied the kinetics of this reaction. The
final pressure is always less than twice the initial
pressure, a fact which could be due to a reverse
reaction® or to a polymerization of ethvlene! In
this investigation a direct measurement was made
of the extent of the dissociation of the ethyl bromide
at equilibrium. Ethyl bromide was introduced at
various pressures in the neighborhood of 300 mm.
into a flask of measured volume at 430° and al-
lowed to stand for several hours. The hydrogen
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browuide produced was titrated with silver nitrate,
and controls were run with HBr. The titrations
agreed with the pressure measurements assuming
the perfect gas laws. The average of seven experi-
wents gave 97.0 = 1.09 dissociation at 430° and
initial pressure of 300 mm., and an extrapolation of
directly determined equilibrium constants recently
reported’ gives 959. There is adequate evidence
that the dissociation of ethyl bromide is nearly comn-
plete and that it gives stoichiometric amounts of
hydrogen browide.

Rate of Decomposition.—It was established in
preliminary measurements® using this miethod of
chemical analysis that the decomposition of ethyl
bromide follows the first-order equation to at least
709, completion of the reaction. Between 384 and
422° an activation energy of 47.5 % 1.0 kcal. mole~!
was obtained.

Data of the present investigation at 390.1° at
different initial pressures of ethyl bromide are given
11 I'ig. 1, where it is clear that the rate mechanism
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Fig. 1.—Dccompositicns at various initial pressures.

1s complicated. Although the lines are straight, iu-
dicating first order, the slopes increase with the
mitial pressure. In Fig. 2 the corresponding spe-
cific reaction rates are plotted against the initial
pressure. Furthermore, the fact that the lines of
Fig. 1 do not extrapolate to the origin shows that
there is an induction period. Many experiments
were carried out in studying this autocatalytic in-
duction period. It is not easily detected at temper-

(7) M. R. lane, J. W. Linnett and H. G. Dawson, Proc. Roy. Soc.
(Landon), 216A, 351 (1953).

(&) A. L. Goldberg, M.3. Thesis, University of Wisconsin Iibrary,
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Fig. 2.——Variation of & with ethyl bromide pressure.

atures above 400° but at the lower temperatures
and pressures it may extend over several hours.

The influence of temperature extending from
309.7 to 476.5° at pressures of 200 to 300 mun. is
sunnnarized in Fig. 3. The data at the highest
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Fig. 3 -—-Activation eunergy.

temnperature (£, = 38 sec.) and at the lowest tem-
perature over a 45-hour period witl: a correction for
the induction period are not very reliable. An ac-
tivation energy of 46.4 #+ 0.5 kcal. mole™! is indi-
cated. The logaritlim of the frequency factor is
11.8 = 0.2. The results arc in good agreeintent with
the earlier results of Daniels and Veltiian obtained
with pressure measurements as indicated in Fig. 3.
All the experiments were carried out in Pyrex ves-
sels of about 300 ul. which had been thoroughly
coated with a carbonaceous film from the decompo-
sition of previous charges of ctliyl bromide. The
still earlier results of Vernon and Daniels do not
agree because in that investigation caclh cxperi-
ment was carried out in a freshly cleaned glass flask.

Influence of Added Gases.—The falling off of
the specific rate constant %k at the low pressures
shown in Fig. 2 might, at first sight, be taken to
support the collision theory of unimolecular re-
actions, but it was noted early?® that this is not the
case becausc the addition of an inert gas does 1ot
bring the low pressurc rate constant up to the high
pressure value. Experiments in the present in-
vestigation at 421.8° gave & = 0.00153 at 300 nun.
and only 0.00102 sec.”" at 120 mm, Nitrogen, he-
lium and hydrogen in successive experinlents were
added to 120 mun. of ethyl bromide to bring the to-
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tal pressure to 300 1., but in all cases, the value of
k remained the saine as for the 120 mn. pressure of
ethyl broinide alone.

The pronounced induction period called for fur-
ther study. The addition of hydrogen bromide ac-
celerated the decomposition of ethyl bromide 1nark-
edly and eliminated the induction period. The addi-
tion of the other reaction product, ethylene, in-
hibited the decomposition rate markedly, and ex-
tended the autocatalytic period.

Effects of HBr and C.;H,—To facilitate the study
of added hvdrogen bromide and ethylene, the next
experiinents were carried out with manometric
measurements instead of cliemical ineasureinents.
The two methods were carefully checked and agreed
within 79 out to 509, completion. In the later
stages of the reaction, the total pressure is not a fair
indication of the extent of the reactions. Experi-
ments also proved that the volume of the manome-
ter and the vapor of mercury at roomn temperature
caused no errors.

The influence of added hydrogen bromide on
the decomposition rate was studied in four series of
experiments with HBr pressures of 14, 29, 66 and
150 mm. In all experiinents the initial pressure of
ethyl broniide was 300 mnm. and the temperature
was 390.1°. The normal decomposition with no
extra hydrogen bromide showed the pronounced in-
duction period, after which the curve straightens
and remains linear to 509, decomposition. The
addition of hydrogen broniide considerably re-
duced the induction period and at the highest pres-
sure eliminated it entirely.

Good straight lines were obtained when log 7/
{(no — x) was plotted against tine.

Further expernnents with added hydrogen bro-
mide are summarized in Table I.

TABLE I
VARIATION OF £ WITH PRESSURE OF ETHYL BROMIDE AT
390.1° 1N THE PRESENCE OF 66 MM. oF HYDROGEN BROMIDE
300 219 149 120 83
6.6 6.2 6.3 6.2 5.9

Initial pressure CoH;Br
k X 104 sec.™!

In the absence of the added hydrogen bromide,
the constants & would have decreased markedly as
indicated by the changing slopes shown in Fig. 1.

The activation energy of this hydrogen bromide
accelerated reaction was obtained from the data of
Table I1. Plotted ou a log & vs. 1/7" graph these

TABLE I1

VARIATION OF 2 WITH TEMPERATURE FOR THE DECOMPOSI-
T10N OF ETHYL BROMIDE AT 300 MM. IN THE PRESENCE OF
HypRrROGEN BROMIDE AT 66 MM. PRESSURE

Tewnp., °C. 324.7 340.5 364.4 390.1
kB X 108 1.9 4.5 20 66

data give a good straight line with an activation
energy of 43 = 3 kcal. for the reaction catalyzed by
HBr.

The effects of added ethylene (fromm 25 to 149
imin.) on the decomposition of ethyl bromide at 300
mm. and 390.1° were determined in a series of ex-
periments. The specific rate constants as deter-
mnined from the slopes of the straight portions of the
curves decrease considerably with increased ethyl-
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ene pressure, but all curves extrapolate to the same
slope at zero time showing that the primmary process
is unaffected by the additions. Evidence will be
presented later which proves that this primary proc-
ess is kinetically of the first order. The specific
rate constant of this process will be designated by
kg, and it is distinguished from the specific rate con-
stant £ which is determined from the linear portion
of the curve, after the induction period is over.

The effects of added #-hexane on the decompo-
sition of ethyl bromide at 300 mm. and 390.1° are
shown in Fig. 4. The progress of the normal decom-
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I'ig, 4 —Effect of added #-hexane.

position is represented by A. B and D show the ef-
fects of 5.5 and 49 mm. of #-hexane, respectively.
C shows the effect of 149 mm. of ethylene for com-
parison. It is clear that the limiting slope is the
same in all cases and, for the higher pressure of #-
hexane, slow decomposition is maintained for a cou-
siderable tiine before there is any evidence of ac-
celeration.

In Fig. 5 the effect of delaying the addition of ex-
tra reaction products to the decomposing bromide
is shown. All experiments started with 300 mm. of
ethyl bromide. C represents the normal decompo-

02
"
|
g
3
&
&b
R
0.1

1000
Seconds.
Tig. §.—-Delayed additious.

2000



131S

sition of ethyl bromide. In A 66 mm. of hydrogen
bromide was added and in E 100 mm. of ethylene
was added at the start. In B the 66 mm. of hydro-
geni browmide was added 870 seconds later, after the
mduction period; andin D the 100 mm. of ethylene
vas added also after 870 seconds. The inhibiting ef-
feet of ethylene and the accelerating effect of HBr
are greater if these gases are added at the beginning
of the reaction.

The addition of n-hexane was far more cffective
thian ethylene in retarding the reaction, but the ex-
trapolated slope at the beginning of the reaction,
which is a measure of %, is the same in all experi-

ey of ethyl bromide did not affect the decomposi-
tton rate.

Surface Effects.—Dicreasing the ratio of surface
to volume, S/V, by placing Pyrex glass tubes in
the fask increased the rate of decomposition as in-
dicated in Table IIT1.

TaprLe 111
INPLUENCE OF SURFACE AREA 0N DECOMPOSITION RATE
SV (e, T 0.7 1.9 5.9 8.4
X 107 3.0 3.68 . 6.5
Ln 0.6 0.9 1.5 2.2
I .. 0.7 1.0

* 11 presezce of 49 mm. of hexane,

Both the initial reaction rate during the induc-
fion period and the final steady-state rate are in-
creased somewhat by increasing the surface. The
cffect is much less marked, however, in the pres-
¢irce of kexane, which inhibits the reaction and pro-
longs the induction period, due in part at least to
preferential adsorptiou on the surface.

Bremine as an Intermediate.—Fugassi! found
that the decomnposition rate is accelerated by the
addition of bromine. Visual inspection of ethyl
brounide decomposing at 450° in the present in-
vestigation failed to show any bromine color, but
lesg than 10 mm. would not be detected by this
means.  in a idow method, however, the exit gases
did turn sterch-iodide paper blue, indicating the
presence of a trace of bromine. Hydrogen bro-
wndde vnder the same conditions failed to give a test
for bromine, ‘The addition of oxygen produced sub-
stantial amiounts of bromine in both ethyl bromide
and hivdrogen bromide.

Comparison with Flow Method.—Blades and
Murphy?® of this Laboratory studied the decom-
positionn of ethyl bromide in a stream of toluene
following work by Szwarc' on organic bromides.
Thev used 2 gas streamn containing about '/, mm.
of CoH,Br in 20 mmnt. of toluene and followed the
extent of the reaction at various flow rates by analy-
sis of the hydrogen bromide formed. They found no
Jibenzyl, tlius confirming a preliminary experiment
comspunicated by Szware, and concluded that the
cthvl bromide does not reaet by the mechanism

Coll;Br —~> CuHfy + Br

aar by any gas phasce nrechanisin giving free radi-

N AL Rlades and G W Murphy THis JournaL, 74, 6219 (1952).
OO0 M, Szeware, J. hesn, Fhys, 1T, 431 (1949).
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cals or bromine but must decomnpose alternatively
by the reaction

C.H{Br —> C.H, -+ HBr

They obtained first-order rate constants between
527 and 626° and an activation energy of 52.3 kcal.
mole~!. Their results are plotted in Fig. 6 together
with the high pressure results of this investigation
for & and k.

The values of kg, for the initial rate during the
induction period are seen to agree with the values
of the rate constants of Blades and Murphy, in an
excess of toluene giving an activation energy of 52
keal. mole—1,

Discussion

We are now in a position to better understand the
decomnposition of ethyl bromide and to explain the
data presented earlier,

Green, Harden, Maccoll and Thomas!! found
that whereas some organic halides may break a C--
Br bond to give free radicals and bromine atoms,
any subsequent reaction with bromine atoms is in-
hibited by an excess of cyclohexane and then the
reaction proceeds by the unimolecular splitting-out
of HBr. They obtained an activation energy of 53.9
for the decomnposition of ethyl bronide in cyclohex-
ane, in good agreement with Blades and Murphy
and with the results of the present investigation.

The normal decomposition of ethyl bromide con-
sists of at least two distinct processes. The first of
these is the molecular splitting of ethyl bromide di-
rectly into ethylene and hydrogen bromide by a
unimolecular mechanism in a homogeneous, first-
order gas reaction. This is the reaction ineasured by
Blades aud Murphy and by Green, Harden, Maccoll
and Thomas and found in the present research
during the early induction period befere an accu-
miulation of decomposition products, ar when suf-
ficient ethylene or hexane is added.

As this first reaction continues the hydrogen
brommide concentration increases and as previously
shown this material leads to a faster over-all de-
conipositicn rate, resulting in an autccatalytic in-
duction period. ‘T'lie fact that the over-all decom-
position exhibits first order behavior, even after
this induction period, is attributed to the addi-
tional inhibiting effect of the product ethylenc—-a
“buffering’” effect with both accelerator and inhihi-
tor present. The first-order characteristics of this
reaction, 7.e., the apparent dependence of the rate
of reaction on the pressure of ethyl bromide alone,
suggests a steady-state concentration of an iater-
mediate which causes the accelerated reaction.

This interinediate might be bromine atomns. Iu
the earlier work* it was assumed that bromine
atoms were formed by an initial breakdown into
ethyl free radicals, but this mechanism has been
disproved by Blades and Murphy. Moreover, the
activation energy for the over-all reaction 46.4 =
0.5 kcal. mole~! is not sufficient to break the car-
bon-bromine bond which is about 67 keal
mole~1.11%12 At the time of the earlier work,* the

(11) J. H. S, Green, G. D. Harden, A. Maccoll and P. J. Thomas,
ibid., 21, 178 (1953).

(11a) Reference 7 gives 67.2,

(12) A.8.Carson, E. M. Carson and B. Wilmshurst, Nalure, 170, 320
(1952), give 66.5.
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C-Br bond was supposed to have a value of around
53 kcal. mole~1,

Accordingly, another source of bromine must be
found. According to evidence already cited a
small amount of bromine is found in the decom-
posing ethyl bromide and it does not come from the
hydrogen bromide. The source of the bromine lies
in the reaction

CgHaBr + HBr —> CgHg + Br,

The equilibrium constant for this reaction may be
calculated thermodynamically using the data of
Lane, Linnett and Dawson’ and other published
data. Thus

DPCaHLPBry - 2430 — 0.5

log Kp =1
08 Lo ogPCgHsBrPHBr T

This equation shows that for equal pressures of
HBr and C,H;Br in the temperature and pressure
ranges of these experiments the reaction proceeds
sufficiently far (about 19, at 400°) to give bromine
molecules and atoms which can give rise to an ac-
celerated over-all reaction. There is experimental
evidence for the presence of small amounts of
C,Hg.* The kinetics of a similar reaction between
CeH;I and HI has been studied by Ogg!® who
found it to be a bimolecular reaction with an ac-
tivation energy of 29.8 kcal. mole 1.

This reaction between ethyl bromide and hydro-
gen bromide probably takes place on the walls
where the heterogeneous reaction would have a
lower activation energy than in the gas phase.
Peri and Daniels® showed that the exchange of
radioactive bromine between hydrogen bromide
and ethyl bromide is wall-catalyzed in the range
180-310° with an activation energy of about 31
kcal. mole=?!, Thus there is support for the reac-
tion of the adsorbed reactants.

Any mechanism proposed for the over-all de-
composition must explain (1) the surface depend-
ence, (2) the autocatalytic induction period, (3)
the first-order behavior and (4) the influence of
the decomposition products on the reaction rates.
The accelerated reaction, which follows the homo-
geneous splitting into ethylene and hydrogen bro-
mide, must be attributed to a process other than
the rupture of the C-Br bond in ethyl bromide.
On the basis of experiments!* with ethyl bromide
mixed with acetaldehyde a long chain mechanism is
rejected.

The following mechanisms seem to offer a satis-
factory explanation for the decomposition of ethyl
bromide. The first step in the decomposition is
the unimolecular gas phase reaction.

C:H;Br _Fo_ C.H, + HBr (a)

After some HBr accumulates the following wall-
catalyzed reaction takes place

C:HsBruan + HBrwan _F&_ CiHy + Bry (slow) (b)

The bromine dissociates into atoms

ke
M + Br: —><k' 2Br + M (e)
Q

(13) R. A. Ogg, THi8 JoUuRrRNAL, 56, 526 (1934),
(14) J. Roof and F. Daniels, ¢bid,, 62, 2014 (1940).
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Fig. 6.—Comparison of flow and static experiments.
The bromine atoms then lead to an accelerated de-

composition by the relatively slow endothermic
step

Br + C.H,Br %4 C,H,Br + HBr (d)
which is followed by the rapid decomnposition
C:HBr _Fo_ CH, + Br ()

and the main over-all products C;H, and HDBr are
thus obtained. Furthermore

Br + C:H, Pt C.H, + HBr Q)
P relatively slow
Br + C,Hs LN C:H;y + HBr (g)

There are secondary reactions such as

CzH; + wall —> Cwan + CH3
CHa + C2H5 —_— C3H8
Csz + C2H5 p— CAI'ITO

which give products which have been found in the
decomposition of ethyl bromide.4

Step a describes the homogeneous reaction, ob-
served at the beginning of the reaction with the
rate constant k. It is also the reaction which in
the presence of toluene, ethylene or hexane pro-
ceeds without the competition of other reactions.

The accelerated decomposition following the in-
duction period is explained by steps b through g
involving bromine.

The inhibition caused by the addition of ethylene
is explained by reaction (f) as is also the inhibition
by any other bromine atom acceptor such as hexane.
The competition with ethyl bromide and HBr for
catalytic surfaces is also a factor in the inhibition
by less volatile materials. This competition is
supported by the experimental facts that HBr and
C.H, added at the beginning of an experiment
where the surfaces are relatively free give a greater
effect than if they are added later.

The large acceleration produced by oxygen is ex-
plained by the reaction

4HBr + Oy —> 2H,0 + 2By

which has been studied in the range 490-(35°.'
This reaction increases the supply of bromine and
bromine atoms which increase the rate of the over-
all reaction. If air is once admitted to a reaction
vessel which is coated with carbonaceous material,
the oxygen adheres to this coating and it is very

(15) Z. Szabo and E. Kiss, J. Chem. Soc.. 803 (1949).

g rapid
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difficult to restore the wvessel to a condition which
will give normal decomposition rates.

According to the reactions as written (steps a
through g) the rate of disappearance of CoH,Br
will be given by the expression
= UCoH:Br)

a1 = k.(C‘ZHqBr) -+ k|,(C2H5Br,~‘>_1]) (}IBr--'nll) -+

Es (CHBO (B (1)
When d(Bry)/d¢ = 0

k1, (CgI’InBYwall)(}IBr-vall) + k' (Br) (M) =
ke (Br) (M) (2)

When d(Br)/dt = 0

2k (Bra) (M) = ko (CsHLBr) = 2k’ (Br)(M) +

by (Br)(CoHiBr) -+ & (Br)(CaHL) + By (Br)(CoHy)  (3)
When d(C.HyBr)/dt = 0

ki (Br)(CsHBr) = ke (C.H,Br) (@)
Adding twice (2), (3) and (4) together
2ky, (CoHBrua) (HBryan) = k¢ (Br) (CoIly) -+
kg (Br){CoHe)

and
, 2kb (CoHiBruan) (HBr . -
m) = B T e O

Substituting this value of (Br) into (1) it is seen
that

— = kf, <C2}15}3r) + kb (C-;I’ISBI‘..QH) (HBr,..au) —l’

2ky, (CoH;Bryan:) (HBruau) kg (CoH;Br)

ki (CoFLY) 4+ Ry (CoHy)
It appears that the concentration of HBr on the
wall is directly proportional to the concentration

(6
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in the gas phase, but at high pressures of C,H;Br,
(CoHsBro.n) is constant independent of the con-
centration of CoH:Br. The rate of the reactinn
CalTsBrean -+ HBr..0is slow and 1t does 110t reiiove
nruch CoHsBr directly. The  concentration  of
CyHg is small eompared to the concentration of

(HLLY Bquation § may then be rewritten
U CWH
",‘(T."H:’Br} = kb, (CJLBA -
dt

constant (I1B1) (
(CaIy)

The ratio of (HBr) tc (CoH,) is coustant because
these two products are kept stoichiometrically
equal as they increase during the course of the reac-
tion. Equation 7 is the equation of a first-order
reaction, and it accounts for the fact that this couni-
plex reaction still gives good experinentally
deternuned first-order rate constants for the over-
all reaction.

The kinetics ¢l the decomnposition of ethyl bro-
mide and the varipus factors which affect the rate
as reported in earlier work appear now to be fairly
well understood. The formation of a halogen by a
reaction between the alkyi halide and the hyvdrogen
halide proditced by the reaction to give a steady-
state concentration of a1t accelerating intermediate
compound may well be « factor in the kinetics of
other alkyl halides.
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Chemical Equilibria in the Gaseous System Bromine-Bromine Trifluoride-Bromine
Monofluoride?

By Roprrt K. STEUNENBERG, RICHARD C VOGEL AND Jack FISCHER

RECEIVED OCTOBER 24, 1056

Equilibrium coustants were determined for the gas-pliase reacrip: BrF; -+ Bry &2 5BrE.
derived from manometric measurements at constant volume and thie absorption spectra of tlie mixtures.

The extent of tlie reaction was
Equilibrismi con-

stants obtained at different temperatures were used to calenlute the standard free cuergy and enthalpy of formation of

bromine trifluoride.

The first chemical evidence for the existence of
bromnine monofluoride was reported by Ruff and
Menzel,? who recovered a highly volatile fraction
fromn the distillation of a mixture of bromine and
bromine pentafluoride. Further studies, made by
Ruff and Braida,? indicated that the monofluoride 1s
formed by the reactions of bromine with fluorine,
bromine trifluoride and bromine pentafluoride.
Pure bromine monofluoride was not isolated due to
its dissociation, which was said to be nearly com-
plete at 50°.°

A phase investigation in this Laboratory of the
condensed systemn bromine-bromine trifluoride

(1) Work performed nnder the anspices of tlte U, 8. Atomic Energy
Commission.

(2) O. Rufl and W. NMenzel, Z. anorg. aligem. Chem., 202, 60 (1931).

(Y O, Rufl el AL Braida, 7., 214, |1 {10633).

shiowed only the two purc components in the solid
phases.? Liquid-vapor equilibrium nieasureinciits,
however, strongly iinplied the formation of an inter-
mediate species of high volatility.?

Brodersen and Schumacher? have calculated the
dissociation energy of bromine monofluoride from
the Limit of the band spectrum, which they ob-
tained from a mixture of bromine and fluorine.
The microwave spectrum of a similar mixture
has contributed further evidence for the existence of
this compeund.”

(4) J. Pischer, K. K. Stennenbery and R. C. Vogel, TRIS JOURNAL,
76, 1497 (1054).

(3) J. Fischer. J. Binale and R, C. Vagel, sb:d., T8, 902 (1956).

(6) P. II. Brodersen and M. J. Schumacher, 7. Nalarforsch., 2a, 338
(19474, Anal, asoc. guim argentine, 38, 52 (1950).

{7y DL F. Smith, M. Tidwell ansl . V. P, Williams, I’hys. Rev, 77,
420 (1950).



