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enough so that considerable data may be obtained 
in a relatively short period of time yet not so 
rapid as to prevent accurate measurement. The 
temperature coefficient is sufficiently small to 
allow the use of a rather wide temperature 
variation, which makes for precision in the 
determination of energies and entropies of ac­
tivation. 

The authors wish to express their appreciation 
of the advice and assistance given by Professor 
R. C. Elderfield during the extended absence of 
one of them (L. P. H.) . 

Summary 

The acid and base catalyzed aldolizations of 
benzaldehvde with methyl ethyl ketone have 
been studied synthetically in detail. I t was 
found tha t concurrent and consecutive reactions 

Introduction 
In order to add some data to the fund of infor­

mation which will some day lead to a complete, 
general theory of heterogeneous catalysis, a quan­
ti tative study was made of the exchange of bro­
mine isotopes between radioactive methyl bro­
mide and several inorganic bromides. Alumi­
num bromide, barium bromide and potassium 
bromide were used since the first is a strong cata­
lyst for certain reactions of methyl bromide, the 
second is a mild catalyst, and the third does not 
exhibit catalytic activity. The adsorption of 
methyl bromide on barium bromide was investi­
gated in order to elucidate the mechanism of the 
exchange. Adsorption studies were not made on 
aluminum bromide because of the complicating 
action of impurities such as aluminum hydroxide. 

Materials.—The radioactive methyl bromide was pre­
pared in the following manner so that the measured radio­
activity was due to Br8u with a thirty-four-hour half-life. 
Bromoform containing a trace of bromine was irradiated 
by slow neutrons in the Harvard Cyclotron. The free 
bromine containing a large fraction of the bromine radio­
activity was then completely extracted from the bromo­
form by means of a cold solution of ammonium hydroxide. 
In order to avoid any complication of the exchange proc­
ess by high energy bromine atoms coming from the iso-

may be totally eliminated by a careful selection of 
experimental conditions. 

Kinetically, the base catalyzed reaction is first 
order with respect to the concentration of both 
aldehyde and ketone. The specific rate is linear 
in but not proportional to the square root of the 
analytically determinable concentration of the 
base. Medium effects are pronounced and the 
specific rate exhibits a parallelism to the initial 
concentration of either reactant. 

The base catalyzed aldolization of benzalde-
hyde and acetone was also studied kinetically but 
in somewhat lesser detail. 

Energy and entropy activation values lend addi­
tional support to the theory of Price and Ham-
mett , concerning the effect of structure on the 
reactivity of carbonyl compounds. 
N E W YORK, N. Y. RECEIVED M A Y 26, 1943 

meric transition of Br80 (4.4 hr.) to Br80 (18 min.) and also 
to be able to neglect the natural decay rate of the radio­
activity in the calculation of exchange rates, the am­
monium bromide was allowed to stand for thirty-six hours 
before it was used. During this time the aqueous extrac­
tions were evaporated on a steam-bath to pure, dry am­
monium bromide. This salt was mixed with sulfuric acid 
and methyl alcohol and heated in a small reaction flask so 
arranged that the evolved gases were passed through four 
absorption columns, the first of which contained water, 
the other three concentrated sulfuric acid. The resulting 
pure dry methyl bromide with radioactive bromine was 
condensed in a trap cooled by dry-ice. 

The barium bromide crystals used in the exchange 
studies were prepared by i using dehydrated commercial 
c. P . barium bromide in a platinum boat within a furnace 
made from a porcelain tube. When the barium bromide 
had melted, the temperature of the furnace was slowly 
reduced and the furnace was evacuated. The barium 
bromide was then cooled under vacuum to ca. 100 °. The 
resulting fused mass (probably a single crystal) was ground 
up in a mortar kept at 150° and the powder was shaken 
through a set of brass sieves also at ca. 150°. By this 
means, grains of a definite size and reproducible geometrical 
surface were obtained. Microscopic study showed that 
these grains were all crystalline conchoidal fracture par­
ticles with no visible surface cracks or fissures. The 
seventy-mesh particles had an average area of 3 X 10"3 

sq. cm. and an average volume of 1.2 X 10"2 cu. cm. per 
particle. The barium bromide that was used for adsorp­
tion experiments was hydrated and dehydrated a number 
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of times in order to form sponge-like particles exhibiting a 
very large surface area. 

The aluminum bromide was made by direct combination 
of the elements. Powdered aluminum was placed in a 
long-neck 50-cc. round-bottom flask and bromine was 
added to it dropwise. At the completion of the reaction 
a slight excess of aluminum was added and the neck of the 
flask was cleaned and sealed to a clean flask. Then by 
careful heating in a sand-bath the anhydrous aluminum 
bromide was distilled into the clean flask leaving a residue 
of aluminum and impurities. The flask containing the 
aluminum bromide was broken away from the other flask 
in a dry-box. 

The dry-box in which the aluminum bromide was always 
handled was kept anhydrous by trays of Dehydrite sus­
pended around its sides. A pair of rubber gloves allowed 
free access to the interior of the box. The aluminum bro­
mide was broken up in a mortar and sieved while in the box. 
Enough moisture was exuded from the rubber gloves to 
cause the aluminum bromide to fume slightly. This 
would, of course, add an indeterminate variable factor to 
the relationship between the geometrical surface and the 
active area for heterogeneous reactions. 

The potassium bromide was carefully heated in an oven 
at 150° to remove adsorbed moisture and crushed in a hot 
mortar. Since the commercial sample used was especially 
pure and the salt does not form a stable hydrate, no special 
process of preparation was attempted. 

Apparatus and Procedures.—The radioactive methyl 
bromide was kept in an evacuated tube cooled by an ether-
dry-ice mixture. This tube was connected to a glass sys­
tem so arranged that methyl bromide vapor at any given 
pressure could be put into either the vessel in which the 
exchange took place or an annular jacket surrounding the 
Geiger-Mueller tube with which the radioactivity was de­
termined. The gas could also be condensed out of the 
exchange vessel and put into the counter jacket at a given 
pressure. Thus, the radioactivity of the gas could be 
measured before and after exchange. 

Fig. 1.—Solid-gas mixer: C, commutators leading to 
heating element; J, ground glass joint for attaching to 
filling system; M, large joint through which solid par­
ticles were added; P, protuberance for lifting solid par­
ticles; T, thermometer; I, insulation. 

In the preliminary experiments the methyl bromide 
vapor was simply allowed to stand over the inorganic bro­
mide with which the exchange was to take place. How­
ever, the rate of exchange was affected by variation of the 
exposed area of the inorganic bromide which indicated that 
diffusion between the solid particles was in part rate deter­
mining. In order to keep the gas well stirred and also to 
present all the faces of the solid particles to the gas during 

the exchange process, the all-glass mixer shown in Fig. 1 
was used as the exchange vessel. It could be filled or 
evacuated through the ground joint, J, and was heated by 
a wrapping of wire which led to the commutators, C. 
When the mixer was rotated, the cup-shaped protuber­
ances on t he walls picked up t he solid particles and dropped 
them down through the methyl bromide vapor and over 
the thermometer, working in the same manner as a cement 
mixer. Before each run the mixer was evacuated and 
heated up to a temperature considerably higher than that 
of the run in order to remove adsorbed gases. Between 
runs the mixer was always kept evacuated. The usual 
procedure during a run was first to fill the mixer and the 
counter with fresh methyl bromide. While the mixer 
was rotating, the count of the unexchanged vapor was 
taken. The counter was then evacuated and refilled with 
the gas from the mixer. 

The adsorption apparatus was of the usual design1 and 
the temperature was maintained at different values by 
vapor-baths of boiling liquids. 

Depth of Exchange.—In some of the experi­
ments that were performed with barium and 
aluminum bromides all of the radioactivity was 
removed from the sample of methyl bromide. 
This occurred when the exchange was allowed to 
take place for a long period of time at an elevated 
temperature (If)O to 300°). For these cases we 
can investigate the approximate depth in the 
crystal to which the exchange process must have 
proceeded so that only an undetectable amount 
of radioactivity was left in the gas. In these ex­
periments the volume of methyl bromide gas in 
the mixer was 65 cc. and the ratio PIT = 1 mm. 
per 0K.; thus 6.4 X 1020 molecules of methyl 
bromide were present. A volume of 6.5 cc. of the 
seventy-mesh barium bromide particles was in 
the mixer. Assuming 1.7 A. as the average radius 
of the barium and bromide ions, we can say that 
there are ca. 1018 bromide ions in the geometrical 
surface layer of the barium bromide. Any allow­
ances for fissures or irregularities could not ac­
count for a total area more than ten times larger 
than the geometrical area. Table I summarizes 
this information. 

TABLE I 

Material under consideration 

The sample of methyl bromide gas 
The geometrical area of the barium 

bromide 
The whole sample of barium bromide 

Number of molecules 
therein 

6.4 X 1020 

1 X 1018 

6.4 X 10" 

Thus we see that not only the surface layer but 
approximately the upper 50 to 100 layers of the 
barium bromide crystals must be able to undergo 
exchange with the gas to remove half of the radio-

(1) Pease, THIS JOUKNAL, 45, 1190 (1923). 
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activity. In order for the radioactivity to be so 
completely removed from the gas that no counts 
were experimentally observed, the exchange must 

TABLE II 

BARIUM BROMIDE-METHYL BROMIDE EXCHANGE 

CHiBr 
pressure, 

mm. 

Temp, 
of ex­

change, 
0 C . 

Time 
for ex­
chang­

ing, 
min. 

R', 
count s / 

sec. 

R, 
count s / 

sec. 
k X 10' , 

m i n . - 1 

Sample 1. Activation energy = 10.7 kcal. 

405 
363 
324 
474 
681 
288 
375 

Sample 
342 
327 
354 
159' 
680 
285 
375 

Sample 

P/T = 1° 

136 
121 
108 
158 
227 

96 
125 69 

2. Activation 

114 88 

75 
59 
92 
42 
40 
63 

109 
118 
147 
192 
95 
125 

102 
53 
49 
81 
83 

3. Activation 

119 72 

1AP 
2 P 

Sample 

P/T = 1 

1A-P 
1 A ^ 

Sample 
P/T = 1 

82 
88 
114 
158 
119 
116 

76 
81 
80 
41 
47 
55 

4. Activation 

119 85 
88 

116 
210 
144 
121 
117 

101 
92 
52 
48 
65 
56 

5. Activation 

120 70 
209 
147 
119 
95 

54 
60 
72 

160 

43.4 
55.3 
53.7 
22.0 
22.0 
32.9 
31.6 

energy 

43.4 
55.3 
53.7 
22.0 
22.0 
32.9 
31.6 

energy 
91.1 
86.8 
61.3 
62.6 
45.4 
46.4 
46.4 

energy 
91.1 
61.3 
62.6 
62.6 
45.4 
46.4 
46.4 

energy 
32.0 
47.3 
52.1 
52.1 
42.7 

15.0 
35.1 
36.0 
16.2 
6.6 

29.3 
24.9 

= 7.8 kcal. 
16.1 
21.4 
16.2 
13.2 
5.3 

25.8 
16.9 

= 13.1 kcal 
62.1 
81.8 
55.3 
42.0 
18.3 
31.9 
38.2 

= 12.8 kcal. 

14.1 
7.8 
4 .3 
7.3 

30 
15.1 
3.3 

11.1 
13.8 
11.0 
9.7 

24 
29.6 

7.5 

5.37 
0.79 
1.51 
4.98 

22.1 
8.0 
3.52 

68.5 
58.8 
42.3 
65 
25.7 
37.3 
35.2 

12.2 kcal 

22.8 
ca.O 

22.5 
35.3 
32.0 

2.30 
0.48 
4.26 

43 
11.8 
3. 
4. 

36 
94 

4.83 
Large 
14.0 
5.43 
1.81 

Sample 6. Activation energy = 13.5 kcal. 

P/T 120 
209 
147 
120 
95 

88 
66 
70 
87 

172 

32.0 
47.3 
52.1 
52.1 
42.7 

22.0 
ca.O 
12.9 
31.9 
30.4 

4.29 
Large 
20.0 

5.66 
1.99 

* In these runs the number of methyl bromide molecules 
was kept constant by making the ratio of pressure in mm. 
to absolute temperature equal to unity. However, in 
certain of these runs the pressure was n times greater than 
this constant ratio demanded; these runs are denoted by 
the symbol nP where n is given its numerical value. 

TABLE II I 

ALUMINUM BROMIDE-METHYL BROMIDE EXCHANGE 

In order to keep the number of methyl bromide molecules 
constant, the pressure was so adjusted that P/T = 1 mm. 
per 0A. 

Tempera­
ture of 

exchange, 
0 C . 

Time for 
exchanging, 

min. 
R', 

c o u n t s / s e c . 
R. 

coun t s / s ec . 
* X 10", 

min. ~i 

Sample 1. Activation energy = 4.6 kcal. 

25 
25 
22 
31 
3 5 + 
47 
48 
65 

24 
25 
24 
24 
72 
74 
74 

<;> 
33 
76 
37 
4 0 -
32 
24 
23 

24.3 
24.3 
72.3 
63.3 
63.3 
39.3 
39.3 
39.3 

2.0 
6.9 

19.5 
26.2 
35.0 
12.7 
13.3 
5.1 

Sample 2. Activation energy = 4.6 kcal. 

35 
33 
40 
29 
33 
22 
21 

37.7 
37.7 
46.2 
46.2 
46.2 
32.5 
32.5 

8.3 
12.7 
13.4 
20.0 

5.6 
4.1 
4 .5 

3.3 
3.8 
1.73 
2.4 
1.50 
3.5 
4.6 
8.9 

.1. 
4 .3 
3.3 
3.1 

2.9 
6.6 
9.5 
9.4 

extend nearly all the way into each barium bro­
mide particle. This is in accord with experi­
ments2 on the exchange between silver bromide 
and bromine in which the exchange extended 
throughout the entire solid. Therefore, this ex­
treme depth of exchange in the solid appears to 
be a general phenomenon. 

Exchange Data.—We can compute the data 
on the exchange rate as a first order reac­
tion8 with respect to the loss of radioactivity from 
the sample of methyl bromide. Thus the rate 
constant, k, equals (2.303//) log (R'/R), where 
R' is the counting rate of the pure methyl bromide 
corrected for pressure and background, and R is 
the corrected counting rate for the methyl bromide 
which was allowed to exchange during the time, t. 
Each sample of barium bromide was 6.5 cc. of 
the seventy-mesh, fused salt. Sample 1 of the 
aluminum bromide was 6.5 cc. of thirty- to sixty-
mesh aluminum bromide. However, since the 
aluminum bromide had practically all adhered to 
the walls of the mixer when the first set of experi­
ments was completed, the mixer was not cleaned 
out before the addition of the second sample of 
aluminum bromide, which was 6.5 cc. of the same 
mesh. Perhaps this explains the fact that the 
data on sample' 2 are more self-consistent than 
those on sample 1. The volume of the mixer was 
50 cc. 

f2) Kolthoff and O'Brien, J. Cham. Phys., 1, t i l l (IUSiI). 
(3) M c K a y , Nature, 142, 997 (1»38). 
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From the experiments on the barium bromide 
samples 1, 2, 3 and 4, we see that the pressure (in 
the range of 200 to 1000 mm.) had no effect on 
the rate constant within experimental error. The 
best value for the activation energy of the barium 
bromide-methyl bromide exchange is 12 kcal., 
and for the aluminum bromide-methyl bromide 
exchange it is 4.6 kcal. 

In the experiments on potassium bromide and 
also on sodium bromate no exchange was found. 
Calcium bromide showed an exchange of the same 
magnitude as tha t found with barium bromide. 
Although several experiments showing no ex­
change were made with ferrous and zinc bromides, 
the data are not considered significant because the 
salts tha t were used were impure and had in-
crusted surfaces. Qualitatively then the rate of 
bromine exchange is proportional to the catalytic 
activity of these salts. 

Adsorption.4—When the methyl bromide was 
adsorbed on the microarborescent crystals of bar­
ium bromide such data as those plotted in Fig. 2 
resulted. From this figure, which is typical of 
the entire set of adsorption experiments, we can 
see tha t the over-all process can be treated as if it 
were composed of a fast process (part AB of Fig. 
2) and a succeeding slow process (B to D). Since 
the rates of the fast and slow processes are of an 
entirely different magnitude, the amount of 
methyl bromide adsorbed in the fast process may 
be considered to be measured at equilibrium. 

: A" 

CJ 
O. 
O. 
Cf g 

_u 
0 6 X 10> 3 X 103 

Time of adsorption, sec. 
Fig. 2.—'Adsorption curves: A, pressure of nitrogen 

which is equal in amount to the methyl bromide and thus 
closely approximates the pressure that the methyl bromide 
would have if none were adsorbed; B, value of methyl 
bromide pressure obtained by extrapolating the rate curve 
for slow adsorption back to zero time. 

(4) The word adsorption is used here in the most general sense of 
condensation on a clean surface at a temperature above the boiling 
point of the adsorbate, regardless of whether the absorbate is then 
absorbed or not 

Thus, we may plot isotherms for the fast process, 
e. g., Fig. 3, and from these determine a differen­
tial heat of adsorption. For the sample of barium 
bromide, the isotherms of which are plotted in 
Fig. 3, the average value for the differential heat 
of adsorption is —4.0 kcal.; for another sample 
the differential heat of adsorption was calculated 
to be —2.5 kcal. Thus AH for the fast adsorp­
tion process is ca. 3 ± 1 kcal. 

PM 
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' '' ^ 

,/ 
,^'"" 
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212c 

0 10 20 30 40 50 60 

Pressure, cm. 

Fig. 3.—Fast adsorption isotherms. 

The slow process is not reproducible and is 
composed of successive, apparently independent, 
steps, each one of which appeared to tend toward 
an equilibrium. In some experiments the pres­
sure in the adsorption apparatus would decrease 
to a value stable for anywhere from a period of 
minutes to hours, then it would again decrease to­
ward another metastable pressure value. In 
other experiments the pressure-time curve would 
exhibit a cusp and the pressure would undergo a 
sharp decrease before a metastable pressure was 
reached. Each step of the slow process could be 
fitted to the rate equation -AP/At = k(P -
PE)P'/PE where P is the instantaneous pressure at 
time t, and PE is that metastable pressure toward 
which the value of P tends with increasing time. 
The stepwise appearance of the pressure-time 
curve could not have been caused by a disinte­
gration of the barium bromide particles, since, 
when the adsorption apparatus was evacuated 
and a run was repeated, the pressure time curves 
of the two runs were the same except for the fact 
that the cusps in the slow processes did not coin­
cide. 

Since the area of the barium bromide particles 
used in the adsorption work could not be meas­
ured, no estimate could be made of the amount of 
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adsorption on the fused crystals used in the ex­
change experiments. However, the shape of the 
fast adsorption isotherm would be the same for 
both the fused and arborescent crystal particles. 
If the abrupt changes in the rate of slow adsorp­
tion are due to some property of the crystal form 
of the barium bromide particles, it is very possible 
that the fused crystals used in the exchange 
might not exhibit this rate phenomenon. 

The Rate Determining Step in the Methyl 
Bromide-Barium Bromide Exchange.—The ra­
dioactive exchange between methyl bromide and 
barium bromide is represented by the system of 
chemical equations given below 

1 
CH3Br* (gas) ^ ± CH3Br* (adsorbed) 

3 f2 (solid BaBr2) 
CH3Br (gas) ~*~7 CH3Br (adsorbed) 

Let us investigate the energy requirements of 
this system of equations. Since the fast adsorp­
tion isotherm has the S-shape that is associated 
with multimolecular adsorption and since there is 
a large amount of adsorption in this process, it 
seems probable that the entire adsorbing surface is 
covered in the fast adsorption process. Even if 
this is not so, the active centers for adsorption 
must be covered in this, the first adsorption proc­
ess. Radioactive exchange must take place be­
tween the crystals of barium bromide and those 
adsorbed molecules closest to the crystal surface. 
I t is also reasonable to expect that the active cen­
ters for adsorption would also be the most active 
part of the surface for exchange if the ability to 
exchange varied over the surface of the crystals. 
Therefore, step I in the mechanism of radioactive 
exchange given above must have the same energy 
values tha t were found for the fast adsorption 
process. For step I, the activation energy is 
nearly zero and AT? is ca. — 3 kcal. 

Since the over-all reaction and the reaction in 
step 2 are both only isotope exchange reactions, 
there can be no heat change in the process, and the 
energy level before the reaction must equal the 
energy level after the reaction for both cases. 
This means that the heat and activation energy of 
step 3 must both be equal to those of step 1. But 
the observed activation energy for the over-all 
exchange is ca. 12 kcal. Therefore, the rate de­
termining step in the exchange process is step 2, 
or the exchange between the adsorbed methyl 
bromide and the barium bromide solid. The acti­

vation energy for the rate determining step is then 
12 to 15 kcal. depending on the character of ad­
sorption. 

We may express the rate constant for exchange 
in the following manner, if the rate determining 
step is unimolecular. 

k = rve-E/"r 

where r is the ratio between the number of ad­
sorbed molecules tha t can participate in the rate 
process and the number of molecules in the gas. 
For a unimolecular reaction we can take roughly 
the frequency factor5 as equal to ca. 1013. From 
the fast adsorption isotherms, it seems that the 
adsorbing surface was nearly completely covered 
with a film of molecules at the pressures used in 
the exchange experiments. If the entire first 
layer of adsorbed molecules can participate in the 
rate determining step, the ratio r in the above 
equation is not much less than 1O -3. 

.-. k = (K)-8XlO1')*-"000/800 = 102 

at temperatures around 100°. 
The rate constant thus calculated turns out to 

be some 10s times faster than the experimental 
values. The possibility that reaction occurs only 
on some selected ("active") parts of the surface 
which would reduce the theoretical frequency 
factor, seems to be rather improbable because the 
entire crystal has been found to undergo the ex­
change process. Slow reaction on the surface, 
of a type different from the unimolecular mech­
anism, cannot be excluded, of course, but the 
more probable explanations are tha t the rate de­
termining step is either (1) diffusion of ions or (2) 
diffusion of methyl bromide molecules through 
the crystal. In this connection the observed 
"slow adsorption" of methyl bromide in barium 
bromide is undoubtedly significant, but its de­
tailed correlation with the exchange data is not 
clear. In experiments6 on the diffusion of hy­
drogen and halogens into potassium halide crys­
tals it was shown that dissociation did not occur 
during diffusion. Thus, it is possible that the 
methyl bromide diffused through the crystal lat­
tice undissociated. 

Summary 

1. The exchange of bromine between methyl 
bromide and various inorganic bromides has been 
studied by means of a radioactive tracer. For 
aluminum bromide, which is an active catalyst 

kT 
( 5 ) , = -,-• 

(0) Moilwo, Ann. Phys. LPz., 29, 394 (1937). 



18134 H A R O L D S I M M O N S B O O T H A N D C L A R E N C E A R T H U R S E A B R I G H T Vol . 65 

for r e a c t i o n s of m e t h y l b r o m i d e , t h e a c t i v a t i o n 

ene rgy for t h e exchange wi th m e t h y l b r o m i d e is 

4.G kcal . F o r b a r i u m b r o m i d e , which is a less 

ac t ive c a t a l y s t , t h e a c t i v a t i o n ene rgy for t h e ex­

c h a n g e is 12 kca l . ; a n d for p o t a s s i u m b r o m i d e , 

which is n o t a c a t a l y s t , t he r a t e of exchange is t o o 

slow to d e t e c t . 

2. F r o m d e t e r m i n a t i o n s of t h e a d s o r p t i o n of 

I n c o n t r a d i s t i n c t i o n t o t h e fluorination p r o d ­

u c t s of p h o s p h o r u s t r i b r o m i d e , 3 a t h o s e of phos -

pho ry l t r i b r o m i d e 3 6 we re q u i t e s t ab le . F u r t h e r ­

m o r e , whe rea s t h e f luor ina t ion of sulfur m o n o -

chlor ide b y a n t i m o n y fluoride, w i t h or w i t h o u t a 

ca t a ly s t , g a v e on ly decompos i t ion w i t h o u t fluo­

r i n a t i o n , t h e fluorination of t h i o p h o s p h o r y l chlo­

ride w i t h t h e s a m e r e a g e n t p roceeded s m o o t h l y 

t o yie ld t h e s t a b l e chlorofluorides.4 H e n c e i t w a s 

of in t e re s t to es tab l i sh w h e t h e r t h i o p h o s p h o r y l 

b r o m i d e cou ld b e fluorinated easi ly t o g ive s t ab l e 

bromof luor ides . 

Exper imenta l 

Thiophosphoryl tribromide5 was prepared by the re­
action of phosphorus pentabromide and phosphorus penta-
sulfide: PjS6 + 3PBr6 = 5PSBr,. The fluorination of 
thiophosphoryl bromide took place at 60-70° without a 
catalyst and the pressure was varied according to the 
product desired.6 At atmospheric pressure chiefly thio­
phosphoryl fluoride was obtained. The main product at 
40 mm. pressure was thiophosphoryl monobromodi-
fluoride and at 15 mm. pressure the dibromomonofluoride 
was the major product. The reaction is noticeably exo­
thermic. In all cases the generator head temperature 
was 20-25°. 

The products were separated and purified by fractional 
distillation in a suitable column.7 The identity of the 
PSFj was established by chemical analysis, and by deter­
mination of its boiling point and gas density. The two 

(1) Presented at the St. Louis meeting of the American Chemical 
Society, April 8, 1941. 

(2) From a portion of a thesis submitted by Charles Arthur Sea-
bright in partial fulfillment of the requirements of the degree of Doc­
tor of Philosophy in Chemistry to the Graduate School of Western 
Reserve University, May, 1940. 

(3) (a) Booth and Frary, T H I S JOURNAL, 61, 2934 (1939); (b) 
Booth and Seegmiller, ibid.. 61, 3120 (1939). 

(4) Booth and Cassidy, ibid., 63, 2369 (1940). 
(G) See "Inorganic Syntheses," Vol. U , for details of this prepara­

tion. 
(ti) For technique of this generation see Booth and Bozarth, T H I S 

J O U R N A L , 61, 2927 (1939). 
(7) Booth and Bozarth. Ind. Eng. Chmt., IS , 470 (1937). 

m e t h y l b r o m i d e on b a r i u m b r o m i d e , t h e differen­

tial h e a t of a d s o r p t i o n w a s found to b e ca. —3 

kca l . I t is conc luded t h a t t h e r a t e d e t e r m i n i n g 

s t e p in t h e b a r i u m b r o m i d e - m e t h y l b r o m i d e ex­

c h a n g e is t h e exchange b e t w e e n t h e adso rbed 

m e t h y l b r o m i d e and- t h e b a r i u m b r o m i d e c rys t a l s . 

T h e significance of t h i s s t e p w a s d iscussed. 
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new compounds were established by their analyses and 
vapor densities. 

Analysis.—Samples for analyses were condensed in 
weighed glass bulbs connected to the apparatus with 
conical joints. When filled the bulbs were sealed off at 
a constriction. After warming to room temperature the 
two portions of the sample tube were weighed and the 
weight of the sample determined. The sample was then 
frozen and the tube broken and dropped into a closed 
flask containing potassium hydroxide solution. 

Thiophosphoryl monobromodifluoride reacted slowly 
with the alkaline solution at room temperature but thio­
phosphoryl dibromomonofluoride showed no apparent 
reaction even after standing for twenty-four hours. 
However, both liquids reacted with the alkali on heating 
on a steam-bath and were decomposed in a few hours. 
The solution was tnen heated on a steam-bath for fifty 
hours to ensure complete decomposition. A few cc. of 
30% hydrogen peroxide was added to oxidize sulfides and 
sulfites to sulfates and the excess oxygen boiled off. 
Bromine was determined gravimetrically as silver bromide 
and sulfur as barium sulfate. The phosphorus was pre­
cipitated as ammonium phosphomolybdate and then dis­
solved and reprecipitated as magnesium ammonium phos­
phate, and finally ignited to magnesium pyrophosphate. 

TABLE I 

ANALYSES 
Phosphorus Sulfur Bromine 

Theoret. Found Theoret. Found Theoret. Found 

PSF2Br 17.14 17.18 17.71 17.76 44.15 44.16 
17.19 17.61 44.12 

PSFBr2 12.82 12.95 13.25 13.42 66.06 65.95 
12.78 13.40 66.12 

Physical Properties.—Physical properties were estab­
lished according to methods standard in this Labora-
to ry . 6 ' ' 8 9 Vapor pressures were run on different samples 
of the substances. From the combined data from three 
separately prepared samples of each compound, the vapor 
pressure equations given in Table II were derived. The 
physical properties of the thiophosphoryl bromofluorides 

(8) Booth, Elsey and Burchlield, T H I S JOURNAL, 87, 2004 (1935). 
(9) Booth and Herrmann, ibid., 58, 63 (1938). 
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