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I. Introduction

It is well known that the velocities of bimolecular ionic reactions are
markedly influenced by the number of ions present as well as by the sign
and magnitude of the excess charge upon them. These kinetic effects
designated by Bronsted as primary salt effects are the result of the rela-
tively greater opportunity for collision between ions of opposite sign than
between ions of the same sign. They have been accounted for success-
fully in dilute solutions by the theory of inter-ionic attraction.

Except for two papers! (which will be considered later), giving relevant
but not complete data, no measurements exist for a consideration of the
more detailed problem of the possible kinetic effect arising from the struc-
tural position of the charge of the ion in relation to the structural posi-
tion, within the ion, of the specific group which reacts chemically with the
second ion. Except for a remark by Bjerrum? that the problem is not
without interest and a brief discussion by Christiansen, no one appears
to have even considered this possibility. The reactions between thiosul-
fate ion and the various brominated fatty acids furnish a type of reac-
tions capable of answering this question. Thus, if we consider the reaction

CH,BrCOO~ + 8§,0;7~ —> CHy(S,0;)CO0~~ 4 Br~ (1)
which has been studied, previously, in this Laboratory,® and elsewhere,
and the analogous reactions )

CH;CHBrCOO~ + $0;-~ —> CH;CH(S,0;)CO0~~ 4 Br~ (2)

CH,BrCH;COO~ + $0;7~ —> CH,(805)CH,COO~~ + Br~ (3)
it is evident that the chemical reaction involves the exchange of bromine
for thiosulfate in each case. From electrostatic considerations, (3) should
be more rapid than (2) because the electrical field of force repelling the
entering negative thiosulfate ion is less intense in the beta position than
in the alpha position. Chemical theory, alone, without electrostatic
considerations would predict the opposite effect.

! (a) H, Euler, Ber., 39, 2726 (1906); (b) H. J. Backer and W. H. Van Mels, Rec.
trav. chim., 49, 177 (1930).

® N. Bjerrum, Z. physik. Chem., 113, 82 (1924); J. A. Christiansen, ibid., 113, 35
(1924).

8 Victor K. La Mer, THIS JOURNAL, 51, 3341 (1929); Paper No. 1 of this series.

4 (a) A. Slator, J. Chem. Soc., 87, 481 (1905); (b) S. Krapiwin, Z. physik. Chem.,
82, 439 (1913); (c) A. N. Kappana, J. Indian Chem. Soc., 6, 45 (1929); 6, 419 (1929).
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In order to determine quantitatively the role which relative position
of charge and reacting group plays, it is necessary to eliminate the various
influences upon the reactivity of the bromine atom which are dependent
upon its structural position but independent of the presence of a neighbor-
ing charge. This can be accomplished by determining the rates of reac-
tion of thiosulfate with the corresponding esters of the brominated fatty
acids.

CH;BrCOOCH;° + $,0;~ —> CH,(5,0;)COOCH;~ + Br~ (4)
CH;CHBrCOOCH;° + 8,037~ —> CH;CH(S,0;)COOCH;~ -+ Br~ (5)
CH,BrCH,COOCH;® + $;05~~ —> CHy(8,0;)CH,COOCH;~ - Br~ (6)

Then, by comparing the ratios of ion rate/ester rate in each case, we meas-
ure the influence which the electric charge exercises in determining the
rate of reaction.’

As the investigation proceeded, it became apparent that reactions (2)
and (3) are not as simple as represented. Although the rate of the simul-
taneous water reaction

CH,BrCOO~ + HOH —>» CH,OHCOO~ + Br~ 4+ H* @)
is quite negligible as compared with the thiosulfate reaction (1), when
bromoacetate ion is employed, this simplicity does not obtain in the spon-
taneous water reactions of the homologous acids—the water reactions
being sufficiently rapid, in the case of the propionates, to be appreciable.
These two reactions to be discussed later are®

CH;CHBrCOO~ + HOH —» CH;CH(OH)COO~ +4 Br~ 4+ H™* (8)
CH;BrCH,COO~ + HOH —> CH,(OH)CH,COO~ + Br~ 4+ H*  (9)
II. Preparation and Purification of Reagents

For an investigation of this kind purity of reagents is important. A
redistilled sample of Kahlbaum’'s bromoacetic acid, m. p. 50.6-50.9°
(Beilstein 50-51°), yielded kinetic results almost identical with those ob-
tained with the bromoacetic acid used in the previous investigation. The
propionic acids were Eastman'’s products and were redistilled at 10 mm.
pressure before use. The esters were prepared according to the direc-
tions of Lepercq,” Lederer,® and Drushel and Hill,* by heating on a sand-
bath a mixture of the brominated acid with an excess of methyl alcohol
and refluxing for two hours. The product was neutralized with sodium
carbonate, poured into a large volume of water and after washing was

5 Except for one value of Slator’s, J. Chem. Soc., 87, 481 (1905), for the rate of
reaction between methyl bromoacetate and thiosulfate, there are no data in the litera-
ture for these last three reactions.

& Reactions (8) and (9) have been studied by Senter [1bid., 91, 460 (1907)], but only
at 52.4 and 79° and the results of Simpson [THIS JOURNAL, 40, 674 (1918)] were
obtained at 70°,

" M. G. Lepercq, Bull. soc. chim., [3] 11, 297 (1894).

8 L. Lederer, J. prakt. Chem., 42, 384 (1890).
® W. A. Drusheland J. W. Hill, Am. J. Sci., 180, 72 (1910).
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dried over calcium chloride and fractionated. The esters of bromoacetic
and bromopropionic acids were distilled at reduced pressure to prevent
decomposition. Table I gives a summary of the properties indicating
the purity of the compounds used. The figures for bromine content were
determined by the micro Carius method.!®

TABLE 1

Purity oF COMPOUNDS
Bromine content, %

Compound Final purification Caled. Found
Bromoacetic acid Distn., 79° 10 mm. 57.52 56.58=0.02
a-Bromopropionic acid Distn., 73-75° 10 mm. 52.24 53.12=0.03
B-Bromopropionic acid ’ Distn., 94-95° 10 mm. 52.24 52.26=0.01
Me ester bromoacetic acid Distn., reduced pressure 52.24 53.09=0.08
Me ester a-bromopropionic acid Distn., 147-150° 47 .86 48.94=0.06
Me ester 8-bromopropionic acid Distn., reduced pressure 47 .86 48.10=0.10
Sodium hydroxide Concentrated solution of Kahlbaum product was

. filtered according to directions of Clark!!
Sodium thiosulfate ¢. P. salt was recrystallized and air dried

It has been found by Slator and Twiss!? and by La Mer?*3 that one equiva-
lent of sodium bromoacetate reacts with one equivalent of sodium thiosul-
fate, and in the present investigation that one equivalent of sodium §-bromo-
propionate reacts with 0.98 equivalent of sodium thiosulfate when the latter
is in excess. Under the same conditions one equivalent of sodium o-
bromopropionate was found to react with not more than 0.935 equivalent
of sodium thiosulfate before the solution showed signs of decomposition,
due to the exceedingly long time (more than thirty days) required for the
completion of the reaction. There is no valid reason to doubt that the re-
sults would have been similar to those for the salt of the §8-acid had it not
been for this interference.

In the case of the esters it was observed by Slator that one equivalent
of methyl bromoacetate reacts with one equivalent of sodium thiosul-
fate®® and that the ethyl ester of @ bromopropionate reacts with only
0.93 equivalent of sodium thiosulfate.!?

III. Ezxperimental

All experiments were made at 25 = 0.01°. Volumetric apparatus was
calibrated. Distilled water, freed from carbon dioxide by boiling, was
used in the reaction mixtures.

For thiosulfate reactions (1), (2) and (3) the required amount of bromi-

10 These bromine determimations were made in duplicate by the Research Service
Laboratories, 37 East 28th Street, New York City.

1W. M. Clark, “Determination of Hydrogen Ions,” Williams and Wilkins Co.,
Baltimore, Md., 1928, p. 195.

12 A, Slator and D. F, Twiss, J. Chem. Soc., 95, 93 (1909).

13 Victor K. La Mer, THIS JOURNAL, 51, 3341 (1929).
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nated acid was weighed out, neutralized with sodium hydroxide solution,
using phenolphthalein, and, in some cases, brom thymol blue as an indi-
cator, and made up to volume. The desired amount of sodium thiosul-
fate solution was pipetted into each reaction flask (200-cc. capacity, fitted
with ground-glass stopper and trough for potassium iodide solution when
needed to prevent loss of vapor if the flask contained iodine solution).
With both salt and thiosulfate solutions at 25° the former was added to
the latter in the reaction flask, taking into account the time of delivery of
the pipets. The stopwatch was frequently checked against Naval Ob-
servatory Time. The reaction was stopped by adding an excess of iodine
solution. The excess (approximately 0.01 N) was back titrated at once
with dilute sodium thiosulfate solution.

For reactions (4), (5) and (6) the procedure was the same, the ester
solution replacing the salt solution.

To study reactions (7), (8) and (9) solutions of the sodium salts of the
brominated acids were kept in the thermostat and portions removed for
titration with standard sodium hydroxide solution.

In a second series of experiments, to avoid the catalytic effect of the
hydrogen ion liberated, the standard base was added at frequent inter-
vals to a large volume of the solution to keep the solution neutral to brom
thymol blue as an internal indicator—that is, the hydrogen ion was ti-
trated as soon as it was liberated.

IV. Analytical

The iodine solutions containing 49, of potassium iodide were kept in
dark bottles. They were standardized against Kahlbaum's arsenious
oxide according to the directions of Washburn.!*

Sodium thiosulfate was made up in 0.1 M solutions from which more
dilute solutions were prepared and standardized against iodine. The use
of stock bottles which had been dried at a high temperature, boiled water,
and a minimum time of contact of solutions with air made possible quite
stable solutions of thiosulfate, although frequent restandardizations were
performed as a check. We have many data to show that 0.01 N thiosul-
fate solutions when so prepared retain their titer to within one part per
thousand for at least a week. With weight burets a precision of one part
per thousand is easily obtained.

The 0.5, starch solutions were prepared from potato starch by boiling
for two hours, filtering through cotton and sterilizing at eighteen pounds’
pressure in cotton stoppered tubes. Under the conditions of our experi-
ments we find that 6-10~7 equivalent of iodine is sufficient to produce a
detectable color. This correction is negligible except for the most dilute
solutions; the blank correction was applied whenever it was significant.

14 E. W. Washburn, THIS JOURNAL, 30, 31 (1908).
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The stability of the very dilute thiosulfate solutions under the exact
conditions of the experiments was controlled by blank experiments.
After four thousand minutes we recovered 99.999, at Pu 6.5 and 99.969,
at PH 4.5. In the more acid solutions necessary for studying the rate
of reaction of the undissociated brominated fatty acid, the instability of
thiosulfate becomes important and the necessary corrections for blanks
were made in these cases. These data for very acid solutions, however,
are used only in a qualitative sense.

Although the PH of the brominated ion plus thiosulfate ion reactions
was initially 7, owing to access of carbon dioxide from the air and the
liberation of traces of hydrogen bromide, the PH at the time of titration
was more often 6 than 7. Moreover, even at Pu 7 recovery of thiosul-
fate from 0.002 N thiosulfate solutions (by adding excess iodine and back
titrating with thiosulfate) was 100.99, the initial amount present having
been determined by a 0.01 N thiosulfate, 0.03 N iodine standardizaiton.

We have been unable to detect any perceptible difference in the velocity
constants when the reaction is stopped by titrating the residual thiosul-
fate with standard iodine as against the method of adding excess iodine
and back titrating with thiosulfate. It is important to note that any
minute error due to the course of the iodine-thiosulfate reaction in 0.01
N solution is canceled out since the thiosulfate was always standardized
by the same iodine solution at the time of making the experiment.

It has been shown that the constants for the $-bromopropionate—thio-
sulfate reaction, in the most dilute region, obtained when the reaction was
carried on under nitrogen and with the reaction mixture brought to a
Pu of approximately 5, immediately before the addition of iodine (run
number 83), show no significant difference from those obtained in the
other rums.

For the second order reactions (1), (2), (3), (4), (5), (6)

1 1 b (“a” — x)

_(_E—_b) 7 n&(,—‘b,-,_—x)- whena > b

whena = b

where k is velocity constant: a is initial concentration in moles per liter
of thiosulfate; b is initial concentration in moles per liter of salt, or ester;
x is equivalents of b converted = equivalents of thiosulfate used; “a”
and ““b” are equivalents present, at beginning of reaction; ¢ is time in
minutes. For the first order reactions (7), (8) and (9), & = (1/¢) In [a/
(a — x)], where a is equivalents of salt present, at beginning of reaction;
x is equivalents of H* titrated with alkali = equivalents of salt converted
by water reaction.

Since so far as we are aware no one has worked out the kinetics of first
and second order reactions proceeding independently and simultaneously
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in a solution, we give the following development by R. W. Fessenden of
this Laboratory.!® Let ki be velocity constant for first order reaction;
ks, velocity constant for second order reaction; a, substance disappearing
by two reactions; b, substance disappearing by second order reaction only;
dx/dt be rate of first order reaction; dy/d: be rate of second order reaction;
then

S —ha-z-9) (10)
Y ke~ = = 906 ~ ) (11)

where a is concentration of salt in moles per liter; b is concentration of
thiosulfate in moles per liter; x is moles per liter of salt transformed by
water reaction; and y is moles per liter of salt transformed by thiosulfate
reaction. Dividing (10) by (11) we obtain

dx kl
&~ RG =9 (12)
which gives
—x=%ln(b—y)+c (13)
2
Whenx = Oand y = 0, then C = — (ky/k2) In b, or
k1 b
Substituting this value of x in (11) we obtain
dy _ R b -
g=k[o-r-(Ergzp)]e-» (18)

By use of the calculus of finite differences, dy/d¢ can be evaluated for any
given time, t. All other quantities except k; are known, and the equation
is solved for ks. This formula applied to the g-bromopropionate—thio-
sulfate runs in the dilute region gives a corrected bimolecular constant
greater than the uncorrected constant. The correction is negligible in
concentrated solutions. Evidence will be given later to show that the
assumption that the two simultaneous reactions are proceeding inde-
pendently is not warranted and that the %, values obtained in the ab-
sence of thiosulfate are much larger than those obtained in its presence.
The correction consequently becomes negligible even in dilute solution.
It is important, however, to note that this water reaction correction is of
the wrong sign to account for the anomalous results for the -ion to be
discussed later.

15 The formula of Bronsted, Kilpatrick and Kilpatrick, [THIS JOURNAL, 51, 428
(1929)], for the disappearance of epichlorohydrin in a buffer solution, by two paths—
that is, by reaction with water and with an anion—was developed for a case in which the
concentration of anion remains constant. This cannot be applied to reactions in which

brominated fatty acid ion reacts with water and with thiosulfate, since the concentra-
tion of the thiosulfate ion does not remain constant throughout the reaction.
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Vi = 0.493

p = ionic strength

Time, min,
8
12
16
23

TaBLE II
Run 8. SobruMm BROMOACETATE AND THIOSULFATE
“@” = 2.004 X 103 a = 0.0698
“p” = 1.000 X 103 b = 0.0333
108 Equiv, thio, used k

0.294 0.674

.399 .680

.488 .692

.602 .694

VB = 0.408

Time, min,
1529
1652
2618
2973
3355
4081

TABLE 111
RuN 81. SoDIUM a-BROMOPROPIONATE AND THIOSULFATE

“@” = 2,102 X 10-3 a =
“p” = 2.000 X 103 b=

102 Equiv, thio, used 108k

0.494 5.03

.515 4.92

.708 4.92

771 4.94

.832 4.98

.931 4.98

RuN 33. SoDIUM a-BROMOPROPIONATE AND THIOSULFATE

VB = 0.237

Time, min.
4036
5489
6894
9753

12,738

Vi = 0.153

Time, min,
3928
12,905
13,227
13,925
16,906
21,180

TABLE V
RUN 79. SoDIUM a-BROMOPROPIONATE AND THIOSULFATE
“@” = 2.018 X 10—+ a =
“p” = 1,000 X 10—* b=
10¢ Equiv, thio, used 103 &
0.093 3.78
.3222 4.91
.3249 4.84
.3503 5.09
.3961 4.98
.4625 5.02

V. Typical Runs

Av. & = 0.685=0.008

Av.k =496=0.035 X 103

TABLE IV

“g” = 2.108 X 1073 a = 0.01622
“p” = 1.000 X 10~ b = 0.00769
108 Equiv, thio, used 108k
0.231 4.25
.299 4.31
.3587 4.35
.455 4.38
.534 4.35

Av. k = 433=0.04 X 1078

Extrapolated £ = 3.23 X 103

0.04204
0.04000

0.006727
0.003333

Vol. 53
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TaBLE VI
Run 30. SobiuM 3-BROMOPROPIONATE AND THIOSULFATE
Vi = 0.494 “q” = 2.108 X 103 a = 0.0703
“p” = 1.000 X 10~3 b = 0.0333
Time, min, 103 Equiv, thio, used 102 &
248 0.205 1.38
285 .236 1.43
468 .346 1.42
597 412 1.42
1336 .663 1.44
1404 677 1.43
1682 .730 1.42
Av. k = 1.42=0.01 X 10~?
TaBLE VII
RuN 31. SobpiuM 8-BROMOPROPIONATE AND THIOSULFATE
Ve = 0.237 “@” = 2,108 X 1073 a = 0.01622
“p” = 1.000 X 103 b = 0.00769
Time, min, 102 Equiv, thio. used 102k
617 0.192 2.22
1288 348 2.24
1404 .375 2.28
1668 .419 2.25
2742 .581 2.33
3117 621 2.34
TaABLE VIII

RuUN 74. SobIuM S-BROMOPROPIONATE AND THIOSULFATE

VE = 0.0937  “g” = 2.010 X 10~ o = 0.002512

“p” = 1.000 X 10— b = 0.00125
Time, min, 104 Equiv, thio. used 102 &
1148 0.212 8.77
1529 .260 8.44
2574 .386 8.46
5464 612 8.47
6932 .663 7.86

Av. k = 840=027 X 10~2

TABLE IX

SuMMARY OF VELOCITY CONSTANTS OF THIOSULFATE AND BROMINATED ION (IN THE
PRESENCE OF Na*) As A FUNCTION OF THE SQUARE R00OT OF IONIC STRENGTH

Run Vi k Logk + 1
Bromoacetate
27¢ 0.0447 0.298=0.001 0.474
26°¢ .0516 .304=0.0008 .483
25° .0632 .371=0.003 .501
22° .0816 .325=0.004 .512
20°¢, 21° .1000 .354=0.003 .549
23°, 19%, 6, 4° .1414 .385=0.005 .585
2, 5% .2000 .445=0.002 .648
7 .493 .690=0.006 .839

8 .493 .685=0.008 .836
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TaBLE IX (Concluded)

a-Bromopropionate

Run Vi k logk + 3
18 0.495 5.12=0.06 X 103 0.709
29 .494 4.86=0.09 X 102 .687
81 .408 4.96=0.04 X 103 .695
33 .237 4.33=0.04 X 10~ .636
80 .182 3.75 X 1073 (extrap.) .574 (?)
79, 38 .154 3.23 X 1078 (extrap.) .509
78, 82 .0039  2.64 X 1073 (extrap.) .422 (?)

B-Bromopropionate

logk + 2
72 0.526  1.59=0.08 X 10— 0.201
30 .494 1.42=0.01 X 10-2 ~ 152
35 462 1.63=0.05 X 1072 .212
31 237 2.28=0.04 X102 .358
36 189 3.79=0.12 X 102 579
83 L0961  8.01=0.21 X 10-2 .904
32 .0987  9.05 X 10™? (extrap.) 957 ()
74 .0937 8.40=0.27 X 10— .924
37 .078  13.2 X 10~ (extrap.) 1.121 ()
77 L0759 13.5=0.5 X 102 1.130

¢ Victor K. La Mer, TH1s JOURNAL, 51, 3341 (1929): see correction, page 3678.

The plots of these data are shown in Figs. 1, 2 and 3. The following
tables show typical runs for thiosulfate—ester reactions.

0.750
-
+
- 0.625 |
e j
Q
-

0.500

0.375

0.1 0.2 _ 0.3 0.4 0.5
Vi

Fig. 1.—Bromoacetate ion and thiosulfate jon.
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Fig. 2.—a-Bromopropionate ion and thiosulfate ion.
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Fig. 3.—B-Bromopropionate ion and thiosulfate ion.

TaBLE X

Rux 50. METHYL ESTER OF BROMOACETIC ACID AND THIOSULFATE
vr = 0.0580 Concentration of ester, mole per liter = 0.000416

Time, min, 104 Equiv. thio. used k
18 0.092 13.8
27 .126 13.5
36 .153 13.2
47 .190 13.8
60 .226 14 .4

Av. B = 13.7=0.3
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TABLE X1

RuN 53. METHYL ESTER OF a-BROMOPROPIONIC ACID AND THIOSULFATE
+vu = 0.399 Concentration of ester, mole per liter = 0.00912

Time, min, 103 Equiv. thio. used k
15 0.026 0.197
32 .049 .190
51 .069 .183
73 .088 .179
81 .092 .172

Extrapolated 2 = 0.202

The graph for this extrapolatioﬁ is shown in Fig. 4.

0.200
= 0.190

0.180
0.170

| ! L § ] I |
10 20 30 40 50 60 70 80
Mintutes.

Fig. 4.—Extrapolation for run No, 53.

TaBLE XII

RuN 59. METHYL ESTER OF 8-BROMOPROPIONIC ACID AND THIOSULFATE
Vv = 0,163 Concentration of ester in mole per liter = 0.002245

Time, min. 10¢ Equiv, thio, used k
1023 0.297 0.0282
1313 .308 .0312
1464 .437 .0315
2494 .619 .0297
2879 .673 .0292

Av, ¢ = 0.030=0.001

TaABLE XIII

SUMMARY OF ESTER-THIOSULFATE RUNS
Concentration of ester

Run Vi in moles per liter Average k
Methyl Ester of Bromoacetic Acid

42 0.0669 0.00078 13.2=0.2
43 .0674 .00085 14.6=0.65
44 .0674 .00083 13.8=0.8
45 .0677 .00052 15.3=0.3
48 .0675 .00043 14.0=0.3
49 .0580 .00055 12.9=0.3
50 .0580 .00042 13.7=0.3
51 .0516 .00029 13.8=0.3

52 .0469 .00042 14.1=0.2
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TABLE XIII (Concluded)

Concentration of ester

Run v in moles per liter Average k
Methyl Ester of a-Bromopropionic Acid
53 0.399 0.00912 0.203 (extrap.)
58 .399 .00334 .166 (extrap.)
71 .301 .00368 .178 =0.008
21 (a) .229 0111 .169 (extrap.)
54 .146 .00367 .233 (extrap.)
24 145 .00554 217 (extrap.)
55 .066 .00369 .218 (extrap.)
Methyl Ester of 8-Bromopropionic Acid
57 0.461 0.00449 0.0297=0.0015
60 .461 .00197 .03887=0.002
20 .460 .00741 .036 =0.000
21 (b) .224 .00741 .0266 =0.0007
59 .163 .00225 .0300=0.001
62 .070 .00098 .0306 =0.0003
63 .070 .00171 .0299 (one value)

The plots of these data are shown in Fig. 5.

TaBLE XIV

TypricaL “SPONTANEOUS WATER REACTION’ RUNS

Salt converted
according to
Time, min, NaOH titration, % k

Run 13. 0.05 M Na Bromoacetate

60, 544 15.2 2.71 X 10-8
86, 116 21.2 2.76 X 108
149, 510 34.1 2.79 X 10-¢
207, 060 45.1 2.90 X 10-8
Run 14. 0.1 M Na a-Bromopropionate
9, 793 11.8 1.29 X 105
18, 770 21.1 1.26 X 108
24, 442 26.3 1.24 X 105
76, 335 58.8 1.16 X 10—#

Run 26.% 0.1 M Na 8-Bromopropionate

1, 329 16.5 1.35 X 10~*
1, 823 22.2 1.38 X 10—¢
2, 815 31.5 1.34 X 10—*
3, 150 34.2 1.33 X 10—
4, 585 42.8 1.22 X 10~*
AV indicates that a number of determinations were made at these times but

are omitted here to save space.
b Alkali was added at short time intervals to maintain the PH at approximately 7.0.
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Fig. 5.—Data for reaction of thiosulfate with methyl esters of:
I, bromoacetic acid; II, a-bromopropionic acid; III, 3-bromo-

propionic acid.

3.
2.
1.
1.
1.
1
1
1
1
1

1.

k
37=0.14 X 10~
78=0.06 X 1078
27=0.03 X 10-%
24+0.04 X 107%
21 X 10~¢

.53 X 10~*
.35 X 101
27 X 10~
.24 X 1074
.42 X 1074 (extrap.)

59 X 1074 (extrap.)

Vol. 53

@ Alkali was added at short time intervals to maintain the PH at approximately 7.0.

0.10
40
81

0.4

218

0.20 0.30 0.40
32 26 23
53 42 36

0.9 1.4 1.9

58.5 28.9 19.7

TABLE XV
SUMMARY OF “SPONTANEOUS WATER REACTION RUNS
Run Salt Yu
12 0.1 M Na bromoacetate 0.316
13 0.05 M Na bromoacetate .224
14 0.1 M Na «-bromopropionate .316
15 0.05 M Na a-bromopropionate 224
73% 0.3 M Na g-bromopropionate .548
25° 0.1 M Na B8-bromopropionate .316
26* 0.1 M Na B-bromopropionate .316
27 0.1 M Na B8-bromopropionate 316
28% 0.1 M Na B-bromopropionate .316
16 0.1 M Na B-bromopropionate .316
17 0.05 M Na B-bromopropionate .224
TABLE XVI
SUMMARY
YE& 0.00 0.05
Bromoacetate ( 58) 46
kester ) a-Bromopropionate (131) 102
Bt ; B-Bromopropionate e
Forter a-Bromopropionate
sa't
-:—z—‘ff B-Bromopropionate

k1 8-Bromopropionate
kait a-Bromopropionate
ki B-Bromopropionate
kst Bromoacetate
s A plot of these data is shown in Fig. 6.
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VI. Discussion

Position of Charge in Relation to Velocity.—From Table XVI and
Fig. 6, where the value of & for the methyl ester is compared with that
for the salt, we find in the case of bromoacetate and a-bromopropionate
that the rate of reaction of the negative thiosulfate ion is twenty to a hun-
dred and thirty-fold faster with the ester than with the ion, depending upon
the concentration of the reactants. When the bromine is in the S-posi-
tion, thiosulfate ion reacts about as rapidly with the ester as with the salt,
since in this case the number of impacts of the thiosulfate upon the bromine
is less influenced by the presence or absence of a charge on the carboxyl
group.

120 \

=
3
= 80
=
3
b7
<
Y 40 &; —
S
n
0.1 0.2 0.3 0.4 0.5

v e
Fig. 6.—I, a-Bromopropionic acid; II, bromoacetic acid;
111, g-bromopropionic acid.

Although the a-ester reacts five to seven times faster than the B-ester
in harmony with the rule that the a-position is more reactive than the
B-position, the velocity of reaction of the S-bromopropionate ion greatly
exceeds that for the a-bromopropionate ion. The recent data of Backer
and Van Mels'® on the rate of reaction of the negative sulfite ion with
the B8-bromopropionate ion show it to be double that for the corresponding
a-ion at the 0.1 M concentration used. These data, consequently, sup-
port our view that the electrostatic interaction is the dominant factor in
regulating the rates of ionic reactions.

With reactions between ions of opposite sign, a reverse result should
be obtained. Euler," studying the reaction CICH,COO~ + H,0 + Ag*
—> AgCl 4+ (OH)CH,COOH, actually found that the rate of reaction
of the corresponding ester of chloroacetic acid is only about one-eighth
that for the sodium salt. Here the presence of the negative charge in-
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creases the probability that a positive silver ion will collide with the chlorine
atom and react. Euler’s data show also that sodium thiosulfate reacts
fourteen times as rapidly with the ester as with the sodium salt of chloro-
acetic acid.

Concentration Dependence of the Ratios in Table XVI.—~We had
hoped to determine the values of k, for each reaction, 7. e., %, freed from
interionic effects, by extrapolating the values of log k plotted against v/&
to infinite dilution in accordance with the limiting slope predicted by the
Debye-Hiickel limiting theory; namely, log ks = log ko + ZaZp V.
This limiting slope of Z,Zy = 2 is approached in the case of bromoacetate
and also by the a-bromopropionate reaction as shown in Figs. 1 and 2.
Much to our surprise, however, we found that the observed values for %
for the B-bromopropionate salt, instead of decreasing with concentration,
actually increased! The B-bromopropionate-thiosulfate reaction is the
only one in dilute solution which, to our knowledge, is in direct contradic-
tion to this prediction of ‘the Bronsted theory. The cause of the dis-
crepancy is, consequently, a matter of considerable theoretical interest.

Several factors which might be relevant have been investigated. Ex-
periments to detect errors in procedure were first carried out. The data
have been confirmed in a second series of experiments performed nine
months after the first. Reaction flasks, scrupulously cleaned with
soap and chromic acid, before rinsing with distilled water and finally
steamed, showed no difference in reaction rate for their contents as com-
pared with the rate in cases where flasks had been merely cleaned with
cleaning mixture and rinsed with distilled water. The possibility of traces
of catalyst from the glass affecting the dilute solutions is not likely. Re-
sults no different from the others were obtained when the reactants were
protected from the action of light.

In those experiments extending over several days where perceptible
drifts in % occurred with time, the possibility was considered that the
liberation of hydrogen bromide from concurrent water reaction might
produce an analytical error in the iodine—thiosulfate titration. Some
experiments were therefore made in which the reaction mixture was brought
to a PH of 7 using brom thymol blue as indicator, immediately before the
iodine was added to stop the progress of the reaction. This did not elimi-
nate the drifts in the case of a-salts (which will be discussed later) but
gave for the S-bromopropionate-thiosulfate reaction values which showed
no drift with time and were not appreciably different (Nos. 32, 74 and 37,
77) from the extrapolated values of the earlier runs in which neutraliza-
tion of the hydrogen bromide before addition of iodine was omitted. This
precaution is unnecessary for the runs at higher v/& values, since in the
more concentrated solutions the jodine-thiosulfate reaction is less sensi-
tive to acidity, and the reaction time being less there is a quite negligible
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accumulation of hydrogen ion. Moreover, the rate of development of
acidity in the concentrated S-bromopropionate-thiosulfate reaction mix-
tures is enough less than the rate in the dilute mixtures that the actual
titratable hydrogen ion formed is less in the former solutions, for a given
period of time.

It has been found that the rate of formation of hydrogen ion in water
solution by sodium p-bromopropionate in the absence of thiosulfate is
considerably greater than the rate for the same concentration of salt in
the presence of sodium thiosulfate. For instance, Run 72 shows that
after 1523 minutes in the presence of thiosulfate of about twice its concen-
tration, titratable hydrogen ion equivalent to only 0.29, of the original
salt present (0.0375 M) has been formed, while in the absence of thiosul-
fate about one hundred times this amount would be formed. This can
hardly be considered a salt effect in the ordinary sense. It would appear
that the bromine atoms in the activated state react preferentially with
thiosulfate rather than with water. Another fact pointing to this con-
clusion is that we found that 989, of the sodium $-bromopropionate present
in a 0.0333 M solution reacted with thiosulfate as calculated from the
disappearance of the latter. Reaction 9 therefore proceeds more slowly
in the presence of Reaction 3 than in its absence. These observations cast
considerable doubt upon the validity of corrections for side reactions based
upon the rate of the side reaction in the absence of the main reaction. There-
fore, the previously mentioned correction of the bimolecular reaction due
to the monomolecular side reaction (water reaction) has not been used.

Since owing to its monomolecular character the rate of the water reac-
tion is relatively greater then the bimolecular thiosulfate reaction in the
dilute solutions of sodium B-bromopropionate, and it is these same solu-
tions which show the unusually large value of % for the thiosulfate reac-
tion, the question arises as to whether the accumulation of the hydrolysis
products, either by catalytic action or by reaction with the thiosulfate,
can cause this increase in velocity. Run 74, with concentration of thio-
sulfate 0.002512 M and sodium B-bromopropionate 0.00125 M (Vi =
0.0937), performed by adding thiosulfate to salt immediately after its
preparation and making up to volume, gave a velocity constant of 8.40 =
0.27 X 10~% A portion of the same salt solution was kept in the thermo-
stat until the water reaction had converted 74.69, of the original salt (as
determined by titration of hydrogen ion formed). To this neutralized
solution, thiosulfate to give the same final concentration as above was
added, and the mixture made up to the same volume. The velocity con-
stant of this run was 6.61 = 0.39 X 102 (calculated on the basis of con-
centration of salt remaining unchanged by water reaction). A similar
experiment using more concentrated solutions also showed that the presence
of the water reaction products decreases the rate of the reaction of sodium
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B-bromopropionate with thiosulfate and, therefore, their presence (which
even in the runs of greatest dilution and longest time never approaches
the large concentration, here) can be eliminated as the cause of the increase
in velocity constants in the dilute region.
Possible courses of the water reaction of sodium S-bromopropionate are
CH;BrCH,COO~ ~——> CH,=CHCOO~ + Br~
(HOH)

+H*
(HOH) (a)

CH,(OH)CH,COO~ + H* +4 Br~

CH(OH)CH,CO0~ + H* < CH,CH,CO + Br~

(¢) (HOH) L—0— (b)
The velocity of the water reaction as determined by the titration of hy-
drogen ion indicates how much salt has been converted to (a), (c) or (d)
but if (b —> c) is slower than (salt —> b), thisfact is not detected by acid
titration, alone. Difference in concentration of bromide ion and hydro-
gen ion would be an index of whether more of (b) than (c) exists, but since
silver nitrate reacts to some extent with the salt itself this does not promise
to be a very satisfactory procedure. It has been found,® however, that
at 70° solutions of a-bromopropionate and of §-bromopropionate show a
negligible excess of bromide ion over hydrogen ion. We found in Run
11 that 0.98 equivalent of thiosulfate disappeared per equivalent of so-
dium B-bromopropionate present originally. It appears, then, that what-
ever water reaction products had accumulated, reacted (within two parts
per hundred) with thiosulfate in the same ratio as postulated for the
original salt. Whether the reaction took place through the intermediate
step of lactone, hydroxy compound or even unsaturated compound should
not influence the interpretation of the results since one equivalent of each
is formed from one equivalent of salt. If the (b —> ¢) conversion is slower
than the formation of (b), then lactone accumulates and the water reac-
tion products mixture should contain enough to make the velocity con-
stant exceed that of the usual runs if the lactone reacted very rapidly with
thiosulfate. That no appreciable thiosulfate was used up as soon (after
a few minutes) as the reactants were mixed is evidence that the water re-
action mixture contains no very reactive substance which could account
for the increase in velocity of the dilute S-bromopropionate-thiosulfate
runs.

In order to isolate the reaction product, equivalent amounts of sodium
B-bromopropionate and thiosulfate were allowed to react for a sufficient
time to approach completion of the reaction (adding sodium hydroxide
occasionally to neutralize acidity). After proceeding according to the di-
rections of Purgotti'” for preparation of the barium salt of the thio deriva-

18 G, S. Simpson, THIS JOURNAL, 40, 674 (1918).
7 A, Purgotti, Gass. chim. ital., 22, 416 (1892).
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tive of chloroacetic acid, a fine, white crystalline substance was obtained.
After recrystallization, analysis!® showed 19.609, sulfur. The theoreti-

cal sulfur content of cyyys,0,)CH,CO0Ba 15 19.94%. The corresponding

sodium salt has been postulated as the reaction product in the thiosulfate
reactions studied in this paper. A solution of the barium salt prepared
had no perceptible action on an iodine solution.

The dissociation constant of a-bromopropionic acid is 108 X 1075, that
of B-bromopropionic acid is 9.8 X 1073, Can the acidity resulting from
hydrogen ion liberated by the reaction of the salt with water, by repress-
ing the ionization of these rather weak acids, particularly the latter, cause
thiosulfate to react with undissociated acid molecules as well as with the
ion? By the use of citric acid—phosphate buffer solutions, the reacting
mixtures for salts of the above acids were maintained at various PH values
and the rate of thiosulfate reaction determined. In the more acid solu-
tions the stability of the thiosulfate was determined by ‘‘recovering’ it
by iodine titration in control experiments from buffer mixtures of the
same PH value and these values were used as the initial concentration of
thiosulfate in calculating the velocity constant. With sodium B-bromo-
propionate 0.00125 M and thiosulfate 0.0027 M, the velocity constant
decreased rapidly as the solutions became more acid than PH 4.5 and
at 3.5 had fallen to a value but slightly more than half that at Pu 6.5.
The plot of these results has the form of a titration curve and shows
that the undissociated molecule of B-bromopropionic acid reacts more
slowly than does the ion with thiosulfate. This possibility of explaining
the anomalous rise in velocity constant with decreasing +/& value is thus
eliminated.

In the case of a-bromopropionate in buffered solutions (salt 0.0125 M,
thio controls, varying slightly about the value 0.0266 M), the velocity
constant is increased markedly with increasing acidity and at PH 4.0 has
more than doubled its value at PH 6.5. The plot of these results also takes
the form of a titration curve. The upward drift of the constants in runs
of low concentrations of the a-salt can be accounted for by the increasing
acidity which occurs during the many days required for a run. On this
basis, then, it seems justifiable to extrapolate the results to determine the
a-bromopropionate-thiosulfate velocity constant at zero time, for any run
which shows a drift with time.

The fact that repression of the ionization of the acid increases more markedly
the velocity of the reaction of the a-acid with thiosulfate than it decreases
the velocity of the 8-acid is in harmony with what we have found in comparing
the effect of removal of charge in forming a methyl ester.

18 Analysis by Research Service Laboratories, 37 East 28th Street, New York,
N. Y.
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An Orientation Theory of Reaction Velocity.!*—Having exhausted
the possible chemical explanations, we present a physical explanation which
is in harmony with the known facts and at the same time does not entail
rejection of the Bronsted-Debye theory. In order to test Bronsted’s
theory it is necessary to introduce the Debye-Hiickel limiting law. This
law is derived on the simplifying assumption that the charges on the ions
may be considered as symmetrically distributed upon a sphere of radius
“b" so that the distance of closest approach of their centers equals the
parameter “a.” This assumption appears to be sufficiently valid to ac-
count for the bromoacetate-thiosulfate data and for the a-bromopro-
pionate-thiosulfate data but can hardly be considered valid for 8-bromo-
propionate if we are to consider the formulas of structural organic chemis-
try as representing even the approximate positions of the bromine atom
and the charge on the carboxyl group. Since a reaction occurs only when
a thiosulfate ion collides with the bromine in the 8-position, our molecular
model should be revised to take the form of one spherical ion (thiosul-
fate) and a long chain ion with a negative charge at one end and reacting
bromine atom at the opposite end. From this model of structural organic
chemistry, we contend that an orientation effect should be superimposed
upon the effect predicted for spherical ions on the basis of the Brénsted—
Debye equation.

Although the influence upon the activity coefficient produced by super-
imposing a dipole upon an excess charge has never been worked out quan-
titatively, it is generally recognized that the contribution of the dipole to
the free energy should be small and vanish more rapidly with dilution
than the contribution of the excess charge.?? The influence of the dipole
upon the reaction velocity, however, is not exactly comparable, for in
reaction velocity we measure only the frequency of those collisions which
occur between a thiosulfate ion and a S-bromopropionate chain when the
chain is oriented within a given critical solid angle such that a chemi-
cal reaction will occur. Thus, the comparatively minute contribution to

18 In his important paper on reaction kinetics, Christiansen [Z. physik. Chem., 113,
35 (1924)], in a carefully worded sentence, considers the possibility of orientation but
expresses the opinion that it is of less importance than that of deactivating collisions.
Christiansen, however, was, apparently, drawing primarily on his experience with gase-
ous reactions where the possibility of the orienting effect of the net charge of one ion
upon another ion is remote as contrasted with the case of aqueous ionic solutions, We
do not believe his analogy applicable in the present case. He does mention, however,
the importance of attention to electrical forces in calculating concentration dependence
of the velocity constant especially in treating a reaction in which large organic mole-
cules are concerned, representing the organic molecule as being a chain and burdened
with a charge at one place and at a proportionally great distance from the center of re-
action. His reference to Holmberg’s acetylglycolic acid experiments does not make

clear, however, his point as we would interpret it.
% Discussion of one of us with Professor Debye in 1926.
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the activity coefficient arising from the orientation due to dissymmetry
of the charge in the g-bromopropionate ion may become the predominant
factor in such a specific process as the oriented collision necessary for a
chemical reaction.

That the molecular model, spherical ion and non-spherical ion with
the point of attack at a great distance from the excess charge, should lead
to a decreased velocity on increasing ionic concentration, may be shown
as follows. Consider the extreme case of a volume of solution containing
only one thiosulfate ion and one g-bromopropionate ion. Collisions will
be very infrequent but, when they do occur, the bromine end will collide
with the thiosulfate owing to the repulsive effect of the negative charges
on the two ions. Every collision having a velocity sufficient to exceed the
critical increment should, therefore, be fruitful. As we pass to slightly
more concentrated solutions, the rapidly fluctuating fields produced by
the thermal movement of the neighboring ions, will disturb the ideal
orientation of the collisions that prevails at extreme dilution. Many
of the collisions predicted by the term C4-Cy in the rate equation dx/dt =
k-Cy-Cg will no longer occur with an orientation represented as lying within
the critical solid angle necessary for chemical reaction. The result will
be a decrease in the value of the velocity constant with increasing concen-
tration which will be most pronounced in the highly dilute region. Since
this effect will be superimposed upon the Debye-Hiickel effect arising
from the net charges on the ions, it is clear that we have a plausible ex-
planation of the anomaly which does not conflict with the Brénsted theory.

It is hoped that theoretical physicists will essay a solution of this prob-
lem suitable for numerical evaluation. In the meantime, we are testing
the idea by studying the rates of reaction in a homologous series of bromi-
nated compounds. Our theory requires a greater change in the tempera-
ture coefficient for the B-reaction as compared with the a-reaction, with
variation in concentration, since an orientation effect should be more
sensitive to temperature changes than is the Bronsted-Debye effect.

VII. Summary

1. Data are given for the rates of reaction of bromoacetate, a-bromo-
propionate and (-bromopropionate ions, and of their methyl esters, with
sodium thiosulfate over a wide range of concentrations. The rates of the
corresponding spontaneous water reactions have been investigated.

2. At all concentrations the velocity constant for the reaction of nega-
tively charged thiosulfate ion with bromine in the S-position to a nega-
tively charged carboxyl group greatly exceeds that for the reaction with
bromine in the a-position to the carboxyl group. The converse is true
when the esters are used in place of the salts.

3. Removal of the negative charge on the brominated ion either by
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ester formation or by repression of ionization increases the velocity con-
stant over a hundred fold when the bromine is in the a-position to the
group bearing the charge, but has little effect when the bromine is in the
B-position. All of these facts are in accord with the predictions of the
electrostatic theory of reaction velocity.

4. For the a-bromopropionate-thiosulfate reaction, the limiting slope
predicted by the Bronsted-Debye theory is approached for concentra-
tions less than V4 = 0.06. For the S-bromopropionate-thiosulfate re-
action the velocity constant contrary to this theory imcreases with de-
creasing V¥ values, the effect being most marked in the very dilute region.

5. As an explanation of this anomalous result for the §-bromopropion-
ate, a theory based on the assumption of oriented collision is submitted.

New Yorg, N. Y.
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Introduction

The recent work of V. M. Goldschmidt on crystal chemistry has shown
that crystal structure is determined by the! relative numbers, size and
deformability of the constituent particles.®? These results are based largely
on x-ray investigation, but deal primarily with relatively simple com-
pounds. The structure of a compound consists of an interpenetration of a
definite anion and cation arrangement, whose mutual influence on each
other determines the final structure of the compound. A given cation
structure is expanded by the introduction of various anions, but this ex-
pansion has a limit, at which the fundamental cation arrangement alters.
The substitution of various cations similarly influences the structure of
the anion.

The cation of a complex cobaltammine must represent the largest and
most determining part of the final structure of compounds containing this
cation in combination with a simple anion. The structure of compounds of

1 This paper is a thesis submitted to the Faculty of the Graduate School of the
University of Peunsylvania in partial fulfilment of the requirements for the degree of
Doctor of Philosophy.

2 Acknowledgment is made to the George Leib Harrison Foundation of the Uni-
versity of Pennsylvania for fellowships granted for 1929—-1930 and 1930~-1931.

3V, M. Goldschmidt, Skrifter Norske Videnskap. Akad. Oslo, 1926, No. 2; ibid.,
1926, No. 8; Naturwissenschaften, 14, 477 (1926); Trans. Faraday Soc., 25, 253-83
(1929).



