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difficult to restore the vessel to a condition which 
will give normal decomposition rates. 

According to the reactions as written (steps a 
through g) the rate of disappearance of CjHjBr 
will be given by the expression 

" ' 1 ^ H j B r ] = £a , - ( - , H ^ J . ) + ^ 1 ( C 2 H 5 B w 1 ) (HBr„,„) + 

Ad(C2H6Br)(Br) (1) 

W h e n d ( B r 2 ) / d / = 0 

MCJ-I6BrWaii)(HBr„«u) + V (Br) "(M) = 

M B r 2 ) ( M ) (2) 

W h e n d ( B r ) / d t = 0 

2£0 (Br2)(M) -f- K (C2H1Br) = 2k,' (Br)=(M) + 

*(1 (Br)(C2H6Br) + kt (Br)(C2H,) + kx (Br)(C2H6) (3) 

When d(C2H4Br) AU = 0 

ktl (Br)(C2H6Br) = ke (C2H4Br) (4) 

Adding twice (2), (3) and (4) together 

2Ab(Ci1H1BrW^i)(HBr11,,,) = Af(Br)(C2IL1) + 

A8(Br)(C2H6) 

and 

' R N = 2Ab (C2H6BiVaI1)(HBr^1,) 

' ; At (C2H,) + Ag (C2H6) " [0> 

Substi tut ing this value of (Br) into (1) it is seen 
tha t 

_ Cl(C2HjBr) = ^ ( C 2 n B E r ) + kb (C\H6Br,vaI1)(HBr„.aI1) + 

2Ah (C2H6Br^i1)(HBr1VaIi) kd (C2H6Br) 
kT(C2Ff4) + k~ (C2H6) " W 

I t appears tha t the concentration of HBr on the 
wall is directly proportional to the concentration 

The first chemical evidence for the existence of 
bromine monofiuoride was reported by Ruff and 
Menzel,2 who recovered a highly volatile fraction 
from the distillation of a mixture of bromine and 
bromine pentafluoride. Fur ther studies, made by 
Ruff and Braida,3 indicated t ha t the monofiuoride is 
formed by the reactions of bromine with fluorine, 
bromine trifluoride and bromine pentafluoride. 
Pure bromine monofiuoride was not isolated due to 
its dissociation, which was said to be nearly com­
plete at 50°.3 

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

(1) W o r k performed u n d e r the auspices of t h e U. S. A tomic E n e r g y 
Commiss ion . 

(2) O. Ruff a n d W. Menze l , Z. anorg. all gem. Chem., 202 , 00 (1031.1. 
(P.) O. RuIT qnd A. Bra ida . ih,,!., 214, SI (1933). 

in the gas phase, bu t at high pressures of C2H6Br, 
(C2H5Br1V11Ii) is constant independent of the con­
centration of C2H6Br. The rate of the reaction 
C2IT6Br1VaIi + HBr1111H is slow and it does not remove 
much C2H6Br directly. The concentration of 
C2ITs is small compared to the concentration of 
C2Hi.'' Equation G may then be rewritten 

d! . I 1 . . . . 

(HBr) ._ TT „ „ ,„. 
constant )-~~r (C2H6Br) (7) 

(C 2 IUiJ 

The ratio of (HBr) to (C2H1) is constant because 
these two products arc kept stoichiometrically 
equal as they increase (luring the course of the reac­
tion. Equation 7 is the. equation of a first-order 
reaction, and it accounts for the fact tha t this com­
plex reaction still gives good experimentally 
determined first-order rati: constants for the over­
all reaction. 

The kinetics of the decomposition of ethyl bro­
mide and the various 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 hydrogen 
halide produced by the reaction to give a steady-
state concentration of an accelerating intermediate 
compound may well be a factor in the kinetics of 
other alkyl halides. 
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showed only the two pure components in the solid 
phases.'1 Liquid-vapor equilibrium measurements, 
however, strongly implied the formation of an inter­
mediate species of high volatility.5 

Brodersen and Schumacher6 have calculated the 
dissociation energy of bromine monofiuoride 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 compound.7 

(4) J . Fischer , R . K. S t e u n e n b e r g a n d R. C . Vogel, T H I S J O U R N A L , 
76 , 1497 (1954). 

(5) J. Fischer , J. Biugle and R. C. Vogel, ibid., 78 , 902 (19.W). 
(C) P. I I . Brodersen and H. J. Schumache r , Z. Xalnrforsrh., 2a , 35S 

(19 17); Anal. asoc. quim argentine., 38, 52 (1950). 
(7) D. F Smi th , M Tidwel l and D. V. P. Wil l iams, 1'hyf. Rev , 77, 

420 (1950). 
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Chemical Equilibria in the Gaseous System Bromine-Bromine Trifluoride-Bromine 
Monofiuoride1 
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Equilibrium constants were determined for the gas-phase reaction BrF3 -f Br2 <---' JBrK. '!'he extent of the reaction was 
derived from manometric measurements at constant volume and the absorption spectra of the mixtures. Equilibrium con­
stants obtained at different (emperatures were used to calculate the standard free energy and enthalpy of formation of 
bromine trifluoride. 
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This paper reports the results of manometric and 
spectrophotometric equilibrium measurements 
which have been used to determine the enthalpy 
and free energy changes for the reaction 

Br2(g) + BrF3(g) = 3BrF(g) 

Experimental 
Materials.—Reagent grade bromine was purified further 

by distilling off approximately one-fourth of the sample at 
room temperature to remove traces of chlorine. The re­
mainder was distilled through phosphorus pentoxide into a 
25-ml. Fluorothene (poly-chlorotrifluoroethylene) tube which 
was attached to the apparatus. A 10- to 15-ml. sample of 
liquid bromine, which was adequate for a large number of 
experiments, was freed of non-condensable gases by repeated 
freezing, evacuation and melting. 

The bromine trifluoride, obtained from commercial 
sources, was purified by distillation in a J/2-inch nickel frac­
tionation column 40 inches long and packed with Vs-mch 
nickel helices. A 10- to 15-ml. sample of distilled bromine 
trifluoride was transferred to a 25-ml. Fluorothene tube on 
the apparatus. This material was then degassed and purified 
further by slowly distilling off about one-fourth of the liquid 
at 75°. 

Apparatus 
Manometric System.—The system in which the experi­

ments were performed consisted essentially of two nickel 
vessels, each having a volume of about 500 ml. One of these, 
vessel A, was used as a reaction chamber in which gaseous 
bromine was added to bromine trifluoride vapor. The other, 
vessel B, was used to determine the amount of bromine 
added to vessel A, as indicated by the pressure decrease in B. 
Both vessels were connected to a manifold system, about 5 
ml. in volume, which was served by vacuum and helium 
sources. The Fluorothene tube containing the liquid bro­
mine supply was attached to vessel B, and the one with the 
bromine trifluoride was connected to the manifold. All the 
vessels and connecting lines were made of nickel or Monel, 
and were joined by welds, silver solder or flare connectors 
with Teflon gaskets. Hoke No. 1103 valves were used 
throughout this portion of the system. 

The pressure in the manifold was measured by means of a 
mercury manometer used in conjunction with a Booth-
Cromer pressure transmitter and self-balancing electronic 
relay.8 The transmitter served to isolate the system con­
taining the reactants from the mercury manometer. The 
valves were arranged so that one pressure transmitter could 
be used for both the vessels. The precision of the pressure 
measurements was approximately ± 0 . 2 mm. of mercury. 

That part of the system containing the bromine and bro­
mine trifluoride was enclosed in a thermostated, insulated 
box in which hot air was circulated. The temperatures 
were measured with copper-constantan thermocouples and 
a Rubicon Type B potentiometer. The thermocouples 
were calibrated with a standard platinum resistance ther­
mometer. 

Spectrophotometer Cells.—The spectrophotometric meas­
urements were made over the range 2000 to 8000 A., using a 
Cary Model 14 double-beam recording spectrophotometer. 
The cells, which had been used previously to obtain the 
spectrum of fluorine,' were machined from nickel pipe with 
an inside diameter of 2.2 cm. The replaceable quartz win­
dows were held in place by brass ring nuts and sealed to the 
cell body with Teflon gaskets. The optical path was 10.00 
cm. A V»-inch nickel side tube was provided with a Hoke 
No. 1103 bellows valve and a flare connector so it could be 
attached to the manifold system. Asbestos-covered Ni-
chrome wire wrapped around the nickel body of the cell served 
as a heater. The temperature was measured with a copper-
constantan thermocouple silver-soldered to the cell wall. 
A similar evacuated cell was used in the reference beam. 

Procedure 
Manometric Measurements.—The system was first cali­

brated with helium in order to obtain the volume factors be-

(8) S. Cromer, "The Electronic Pressure Transmitter and Self-
Balancing Relay," SAM Laboratories, Columbia University, MDDC-
803, 1947. 

(9) R. K. Steunenberg and R. C. Vogel, THIS JOURNAL, 78, 901 
(195(i). 

tween vessels A and B and the manifold. After the equip­
ment had been pretreated with bromine pentafiuoride vapor, 
the calibrations were checked with bromine trifluoride and 
bromme. 

Since the quantities of bromine and bromine trifluoride 
added to the system were based on pressure measurements, it 
was necessary to determine their densities. The Regnault 
method gave values of 161 g . /GMV and 140.5 g. /GMV, re­
spectively, for bromine and bromine trifluoride at 75° and 
90 mm. pressure. The corresponding formula weights are 
159.8 and 136.9 g./mole. The high value for bromine trifluo­
ride might be attributed to a slight dimerization, which has 
been observed in the case of chlorine trifluoride vapor.10 

Since the vapor densities were normal, within the accuracy 
of the experiments, corrections were not made for non-ideal 
behavior. 

The reaction Br2(g) + BrF3(g) = 3BrF(g) forms an addi­
tional mole of gas for every two moles reacted. The ex­
tent of the reaction can be determined therefore from the 
pressure increase at constant volume. This was done ex­
perimentally by filling vessel A and the manifold with a 
known pressure of bromine trifluoride. The manifold was 
evacuated, then opened to vessel B, which was filled with a 
considerably higher pressure of bromine vapor. Some of the 
bromine was then admitted to vessel A, the amount being 
determined by the pressure decrease in vessel B and the vol­
ume factors. The manifold was re-evacuated, then opened 
to vessel A in order to measure the total pressure of the mix­
ture. 

Spectrophotometric Measurements.—The first step in the 
spectrophotometric procedure was to establish the absorp­
tion spectra of bromine and bromine trifluoride in the visible 
and ultraviolet regions. Bromine pentafiuoride was also 
examined briefly, although it was not used directly in this 
work. Prior to each set of measurements the cell was fluo-
rinated repeatedly with bromine pentafiuoride until no bro­
mine color was produced. The cell was evacuated and equili­
brated with the box temperature. I t was then exposed to 
the gas under examination for 5 minutes, evacuated and re­
filled to the desired pressure of the gas. The valves were 
closed and the cell was transferred to the spectrophotome­
ter. Its temperature was indicated by the thermocouple and 
regulated manually with a Variac transformer which sup­
plied power to the heater. Blank determinations were made 
on the cell before and after each set of experiments to check 
on possible etching of the quartz windows. 

Before equilibrium data could be obtained, new volume 
factors were required with the cell attached to the manifold. 
These were obtained by the procedure described previously. 
In making an equilibrium constant determination, the cell 
was first exposed to 50 mm. of bromine trifluoride vapor for 
5 minutes at the box temperature and re-evacuated. The 
equilibrium mixture was then made in vessel A by the same 
method used for the manometric determinations, except that 
the final mixture was expanded into the cell before its total 
pressure was measured. 

The cell containing the equilibrium mixture was trans­
ferred to the spectrophotometer, where the spectra of the 
unreacted bromine and bromine trifluoride were readily ap­
parent. The absorptions of bromine at 4170 A. and bromine 
trifluoride at 2400 A. were used to calculate their partial 
pressures in the mixture. Approximately 45 minutes were 
required for the spectrophotometric determination of an 
equilibrium constant. 

Results 
Manometric Data.—The initial pressures of 

bromine and bromine trifluoride added to vessel 
A, a and b, respectively, were calculated from the 
manometer readings and the volume factors. The 
total pressure of the mixture, P, was measured di­
rectly. If x represents the excess pressure pro­
duced by the reaction, then 

x = P - (a + b) 
3X = ?B,F 

a - x = PBn 

b — X = -PBrF3 

(10) H. Schmitz and H. J. Schumacher, Z. Naturforsch., 2a, 363 
(1947). 
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The equilibrium constant for the reaction, Kp, can 
then be expressed as 

P3BrF 
A'„ = 

-L0BrFj -PBr, 

(3x)3 

(a — x)(b — x) 

The equilibrium constants obtained from the mano-
metric measurements were calculated by this 
method. 

Using approximately equal initial pressures of 
bromine and bromine trifluoride, equilibrium con­
stants were measured at 10-degree temperature in­
tervals from about 55 to 105°. The da ta are given 
in Table I. I t was necessary to use smaller pres­
sures in the lower temperature range to avoid 
condensation of the bromine trifluoride vapor. 

Temp., 
°c. 
55.6 
57.1 
65.0 
65.2 
65.4 
74.4 
74.5 
84.8 
84.8 
96.7 
96.7 
96.7 

107.1 
107.1 
107.1 

TABLE I 

MANOMETRIC EQUILIBRIUM DATA 

Initial pressure, mm. 
Br2 BrFj 

20.2 
20.0 
30.0 
30.3 
30.0 
50.0 
49.9 
49.8 
50,0 
50.0 
50.0 
50.0 
50.0 
50,0 
50,0 

20.7 
20.4 
30.1 
30.2 
30.4 
50.0 
49.9 
50,0 
49,9 
50.0 
50.0 
50.1 
50.0 
60.1 
50.3 

I oral 
pressure, 

mm. 
5.1.1 
52.0 
78.6 
79.0 
78.8 

129.8 
129.1 
131.1 
131,3 
134.8 
134.9 
134.8 
137.2 
137.3 
137.1 

A-p, 
mm. 
720 
570 

1280 
1240 
1210 
1750 
1600 
2400 
2430 
4920 
5OtO 
4790 
8480 
8420 
7560 

Spectrophotometric Data.—The spectrophotom­
eter scans were made over the range 2000 to 
8000 A. a t 75°. The bromine absorption lies 
in the visible region, while bromine trifluoride 
absorbs strongly in the ultraviolet. Bromine 
pentafluoride showed substantially the same ab­
sorption as the trifluoride. Observations at various 
pressures indicated conformance with Beer's law, 
and temperature changes from 50 to 100° had no 
discernible influence on the spectra. 

The partial pressures of bromine, (a — x), and 
bromine trifluoride, (b — x), were determined from 
the spectra of the equilibrium mixtures at 4170 and 
2400 A., respectively. The partial pressure of 
bromine nionofluoride, 3x, was obtained by the dif­
ference 

Zx = P - \{a - x) + (b - x)] 

The equilibrium constants were then calculated as 
before. 

The first series of spectrophotometric deter­
minations was made at 75°, using various ratios of 
the reactants and total initial pressures (a + 6) of 
about 100 mm. In other measurements at 75°, 
the initial pressures were varied from 50 to 150 mm. 
The average equilibrium constant from these data 
at 75° was 2.2 atm., with a mean deviation of 0.5 
a tm. Similar determinations were made at 10-
degree intervals from 55 to 105°. In a few cases 

the initial ratios and pressures of the reactants were 
varied a t temperatures other than 75°. The us­
able pressure range was restricted somewhat by the 
vapor pressure of bromine trifluoride a t the lower 
temperatures . 

The atomic ratio of fluorine to bromine in the 
product was one of the criteria used to characterize 
it as bromine monofluoride. The manometr ic cal­
culations were based on the assumption tha t an 
equivalent amount , x, of each of the reactants was 
consumed. The spectral data, however, give the 
amounts of each reactant consumed, xa and Xt1. 
Since the initial pressures, a and b, are known, and 
the quanti t ies (a — X8.) and (b — Xb) are given di­
rectly by the spectra, x& and Xb are readily cal­
culated. The F:Br ratio, n, of the product is then 

3*8 

Xe. + 2»b 

The average value of this ratio for all the spectro­
photometric experiments was n = 0.99 with a 
s tandard deviation of 0.12. 

An absorption spectrum due to bromine mono-
fluoride was first noticed as a fine structure which 
appeared on the shoulder of the bromine peak in the 
vicinity of 5000 A. A few experiments were per­
formed in an a t tempt to obtain the pure bromine 
monofluoride spectrum. The cell, containing an 
equilibrium mixture, was placed in the spectro­
photometer in the usual manner. The reference 
cell was then filled with bromine vapor to a pressure 
equivalent to its partial pressure in the mixture. 
This resulted in a characteristic spectrum for bro­
mine monofluoride. Accurate molar absorptivity 
measurements were not possible, since the bromine 
absorption is an order of magnitude stronger than 
tha t of bromine monofluoride. The wave lengths 
of the peaks in the fine structure, however, corre­
sponded within the experimental accuracy of ± 5 A. 
to the lines in the band spectrum reported by Bro-
dersen and Schumacher.6 Qualitatively, it ap­
pears as if bromine monofluoride has only a slight 
color, similar to tha t of bromine, bu t far less in­
tense. 

Discussion 

When gaseous bromine and bromine trifluoride 
were mixed, the total pressure of the mixture rose 
substantially over the sum of the initial pressures 
of the reactants added to the system. The only 
reasonable reaction t ha t would result in an in­
crease in the total number of moles of gas present 
was the production of bromine monofluoride. This 
fact, along with reasonably consistent equilibrium 
data for this reaction and a fluorine-to-bromine 
ratio of uni ty in the product was considered to be 
ample evidence t ha t the correct stoichiometry had 
been chosen. A further indication was given by 
the presence of the bromine monofluoride spectrum 
in the equilibrium mixture. During all the meas­
urements, the final equilibrium pressure was 
reached immediately, indicating tha t the rate of 
the reaction is rapid. 

The manometric equilibrium measurements were 
of a higher precision than was obtained by the 
spectrophotometric method, bu t additional infor­
mation was provided by the latter. Both the 
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manometric and the spectrophotometry data were 
subjected separately to a least squares treatment, 
giving the following equations for the temperature 
dependence 

2597 Qg 
log1(> Kp, a t m = =̂  \- 7.83262 (manometric data) 

, „ 2816.10 , 0 . i m l logio Kp. alm = j . Y 8.41011 

(spectrophotometry data) 

Thermodynamic data were calculated at 298.160K. 
by extrapolating the temperature dependence 
equations for the equilibrium 30° below the tem­
perature range of the measurements. At 298.160K. 

logio Kp, atm = — 0.87767 (manometric) 
log:0/Cp, atm = —1.03482 (spectrophotometric) 

From 
AF = - RT 2.303 log Kp, a ln 

AF- —1200 cal./mole (manometric) 
AF = —1400 cal./mole (spectrophotometric) 

The standard error of log Kp, atm for the mano­
metric data was ± 0.0575, while that for the spectro­
photometric data was ±0.129. The correspond­
ing standard errors for AF were therefore ±78 and 
±176cal./mole. 

AF = -1200 ± 80 cal./mole (manometric) 
AF — —1400 ± 180 cal./mole (spectrophotometric) 

From the slopes of the least squares lines and their 
standard deviations, the enthalpy change accom­
panying the reaction was 

AH = 11,900 ± 500 cal./mole (manometric) 
AH = 12,900 ± 700 cal./mole (spectrophotometric) 

Using the more accurate manometric data, and tak­
ing the gases at 1 atm. and 298.160K. as the stand­
ard state, the results may be summarized as 

Introduction 
During the past few years, a series of investiga­

tions have been carried out by the senior authors on 
the chemical effects in gaseous radio frequency elec­
tric discharges which included studies on fixation 
of nitrogen,2 formation of hydrazine,3 and irra-

(1) Supported by the U. S. Atomic Energy Commission, Contract 
AT(ll- l )-82. Presented at the A.C.S. Fall Meeting, Chicago, III., 
Sept. 1953. Abstracted from thesis of K. A. Wilde, submitted to the 
Faculty of the University of Utah in partial fulfillment of the require­
ments for the degree of Doctor of Philosophy. 

(2) Wm. S. Partridge, R. B. Parlin and B. J. Zwolinski, Ind. Eng. 
Chem., 46, 1468 (1954). 

(3) W. H. Andersen. Ph.D. thesis, University of Utah, 1952. 

Br2(g) + BrF8(g) = 3BrF(g) 
AH" = 11.9 ± 0.5 kcal./mole 
AF" = - 1 . 2 ± 0.08 kcal./mole 

From these data it was possible to calculate the 
enthalpy and free energy of formation of bromine 
trifluoride, quantities which were not available 
previously. Thermodynamic data were available 
in the literature11 for the reaction 

1ABr2Cg) + V2F^g) = BrF(g) 
AH" 208-16 — —18.4 ± 0.5 kcal./mole 
AF°2M.i6 = - 1 8 . 7 kcal./mole 

The standard state chosen for this calculation was 
the ideal gases at 1 atm. The values, obtained 
from spectroscopic data on the dissociation of bro­
mine monofluoride,6 were based on the assumption 
that the fluorine was in the excited state and the 
bromine was not.11 

Using the more conventional standard states, 
the standard enthalpy and free energy of formation 
of bromine trifluoride were calculated for 1 atm. 
pressure and 298.160K. The vapor pressure and 
enthalpy of vaporization of bromine trifluoride 
were obtained from the data of Oliver and Grisard.12 

1ABr2(I) + »AF2(g) = BrF3(I) 
A^0BrF, = — 75 kcal./mole 
AF0BrF, = - 5 7 kcal./mole 
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(11) W. H. Evans, T. R. Munson and D. D. Wagman, J . Research 
Natl. Bur. Standards, 55, 147 (1955). 

(12) G. D. Oliver and J. W. Grisard, T H I S JOOKNAL, 74, 2705 
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diation of CO2-H2O mixtures.4 In the work re­
ported herein, the decomposition of carbon dioxide 
was selected as a representative and a sufficiently 
simple chemical system whose study could serve as 
a model for a deeper understanding of the control­
ling physical and chemical processes in electric dis­
charges with respect to more complex molecular 
systems. 

A radiofrequency discharge in the range of ap­
proximately 3 megacycles was used. A flow ap­
paratus was selected to facilitate chemical analysis 

(4) K. A. Wilde, B. J. Zwolinski and R. B. Parlin, Science, 118, 43 
(1953). 
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A kinetic study has been made of the chemical processes that govern the decomposition of gaseous carbon dioxide in a 3 
Mc. electric discharge in a flow system. Factorial experiments showed the following parameters to be of prime importance 
in controlling the decomposition into CO and O2: pressure, flow rate and current. An analysis based on available thermo­
dynamic, kinetic and spectroscopic information indicated the likely elementary chemical steps and experimental results 
were compared with theory through a simple hydrodynamic model. This kinetic scheme requires the reverse reaction be­
tween CO and oxygen atoms as well as the recombination of oxygen atoms as a terminating step. The former reaction ex­
plains the inertness of CO2 in static radiation systems. The experimental flow rate dependence can be explained within 
experimental error and a semiquantitative interpretation of pressure and current effects is given. 


