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Br— reacting with HOCI is almost 20 times that for
Cl— substituting on Cl in HOCL. The relatively
higher rate for Br— reacting with HOCI suggests a
different site of attack for Br, which therefore must
be on oxygen.

This conclusion, by no means certain for the
present system, is important to the problem of the
role which H* may play in reactions of oxy-ions.
The only reasonable place for the proton in the
activated complex of composition (HOCIBrj—
is on oxygen. If then Br— attacks O rather than
Clin HOC], therole of H* in labilizing O for transfer
is demonstrated. Definite evidence for this con-
clusion is found in work with the Br—HOBr
system. The exchange of Br between Br~ and
HOBr!" is found to be more rapid than the Br—
catalyzed oxygen exchange of HOBr, thus demon-
strating directly that Br— attacks oxyvgen in HOBr.
The particular function of protons in the activated
complex for reactions of anions which has been
described is suggested also by observations on other
systems. Thus, pernitrite persists in alkaline
solution but in acid is transformed rapidly to

NO;—.1 A reasonable formulation for the acti-
vated complex in guestion is
ONO
OH

The activated complex providing for rapid ex-
change!® of NO with NO;— involves H+., Here
(14) M. Anbar and R. Rein, to be published.

(15) K. Gleu and R. Hubold, Z. anorg. Chem., 228, 305 (1935).
(16) M. Anbar and H. Taube, to be published.
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also, the location of the proton on a bridge cxygen
seemns the most reasonable possibility

Attemipts were made in the course of the present
work to decide between the activated complexes

HO - 0 H -
[ >N....OC1 and >N....OC1
0 o
K L

for the reaction of NO,;~ with hypochlorite by
studying the rates of reaction of RONO -+ OCl—
and NO,~ with ROCl. Using an aliphatic group
for R, the reaction of nitrite ester is found to be
very slow. On the other hand, the reaction of the
hypochlorite ester with NO,~ is very rapid, but
only a small fraction proceeds to the product RONO;
expected for formulation L. This being so, the ex-
periment must be regarded as inconclusive on the
point under consideration (a small amount of
RONO; may appear as a side reaction of the princi-
pal change occurring), although it is consistent with
formulation L for the activated complex.

Acknowledgments.—This work was supported
by the Office of Naval Research under Centract
N6-0ri-02026. The funds for the purchase of the
mass spectrometer used in the research were sup-
plied by the Atomic Energy Commission under
Contract At(11-1)-92.

Carcaco 37, ILL.

[CONTRIBUTION FROM THE ENRIcO FERMI INSTITUTE FOR NUCLEAR STUDIES AND DEPARTMENT OF CHEMISTRY, UNIVERSITY OF
CHICAGO]

The Measurement of Very Slow Reaction Rates;

Decarboxylation of Alanine'

By Dwicar Conway! anp W, F. Ligsy'c
RECEIVED FEBRUARY 28, 1957

A method of nieasuring slow reactious using radioactive labelling and low level counting techniques has been applied to
tlie decarboxylation of alanine at temperatures correspoudiug to half-lives from 0.1 to 104 years, tlie results being essentially

in agreement with those which Abelson obtained at higher temperatures. om tel
A side reaction, which is most probably a short chain length radiction m-

perature {s found to be about 10 billion years,

The half-life for decarboxylation at room tein-

duced reaction, was controlling below 373°K. and showed a half-life of about 10° years at rooin temperature at our specific

radioactivities of about 3 millicuries of C!* per mole of alanine.

It also was found that O, attacks alanine to release carboxyl

carbon at a rate corresponding to a half-life of about 20000 years at room temperature.

Introduction

A Few Possible Applications of the Method.—
By the use of radioisotopes the rate of very slow
reactions can be measured.? Many reactions
which proceed by very complicated mechanisins at
high temperatures should take place by much sim-
pler mechanisms at low temperatures since in com-
peting branch reactions the high activation energy
process will be ““frozen out,” e.g., the reaction of H
with Oy gives all HO; and no HO plus O at low tem-
peratures. There would be no reactions of product

(1) (a) This research was supported in part by the Office of Scientific
Research of the Air Research and Development Command, U, S. Air
Force Contract No. AF 18(600)-663; (b) now at Chemistry Depart-
ment, Purdue University, Lafayette, Indiana; (c) presently a Member
of the U, S, Atomic Energy Commission.

(2) W. H. Johnston and P. J. Manno, THIS JoURNAL, T9, 807
(1957).

with product niolecules because of the very low con-
centration of products. Also in sone cases the in-
creased stability of the products at low tempera-
tures would simplify the mechanism. A knowledge
of the low temperature mechanism should provide
information (activation energies and steric factors)
which would aid in understanding the high tem-
perature mechanisin,

Therefore, the application of the method to the
study of many reactions should prove fruitful.
Many practical applications to such problems as
food spoilage probably can be made by study of es-
pecially cultured radioactive natural products.?

The method constitutes a powerful tool for the
study of very slow reactions. In addition to the

(3) N. J. Scully, W, Chorney, G. Kostal, R. Watanabe, J. Skok and
J. W. Glattfeld, “‘Proceedings of the International Conference on the
Peaceful Uses of Atomic Energy in Geneva,’”’ Vol, X111, 1955, p. 377.
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applications to fundamental research on reaction
kinetics, important practical applications probably
can be made to the study of the rate of oxidation of
paper, rubber, cloth, etc., as well as to the spoilage
of food and similar problemns. The radioactive ma-
terials needed for such applications can be pre-
pared by biosynthetic techniques similar to those
used on the Isotope Farms at the Argonne National
Laboratory and at the Medical College of Virginia.
The limitation of the method is, of course, the reac-
tion induced by the radiation from: the radioactive
substances being studied, but it seeins very probable
that this is not serious for many applications both
practical and fundamental.

Theory.—Suppose # moles of a reactant in a re-
action is “‘tagged” with A disintegrations per
minute (d.p.m.) of radioactivity in a particular
atomic position appropriate for the reaction being
studied and the reaction carried out as usual. Since
the method is applied to very slow reactions, only a
small amount of a certain product, An 1noles, is
formed in the time Af, and this contains a small
amount of radioactivity, A4 d.p.m. If the iso-
tope effect is neglected, the radioactive concentra-
tion is the sanie in the reactant as in the product,
i.e.

A/n = Ad, An (D

From (1) the rate at which the “tagged’ reactant
generates the certain product in inoles lsec. is
given by (2)

An/(T X AL = n X ALAT X -1 X At) (2
where At is in sec. and %/ 17 is the concentration of
the ““tagged’’ reactant in moles/1. By the use of
this equation the order of the reaction with respect
to each of the reactants can be measured by ‘“tag-
ging’’ only one reactant.

From eq. 2 without the "'s it is shown easily that
the initial half-life, ¢/, for formation of the de-
tected product is given by

= 0695 X A\ (A1 Ad) (3)

The half-life calculated by eq. 3 will be constant for
any value of At for very slow reactions since the
concentration of reactants remains essentially
constant throughout the reaction. However, the
half-life will be a function of the concentration(s) of
the reactant(s) unless the reaction is first order.
From the variation of the hali-life the order of the
reaction with respect to each reactant can be
determined by varying the concentration of one re-
actant at a time. This half.life is the hali-life for
reaction of the ‘‘tagged’’ reactant alone, and, there-
fore, may be somewhat different from1 that of the
untagged reactant due to isotope effect-—possibly a
factor of 20 larger in the extreme case of tritium
compared to ordinary hydrogen, and probably
about 109 larger in the case of C!* as comnpared to
C!? in most organic compounds and even less for
heavier elements.

Radiation Damage.—An obvious potential lim-
itation of the inethod is that the radiation emitted
by the radioactive isotopes used for the labelling
may in itself cause reactions which could be con-
fused with the reaction intended for ineasurement.
The half-life for this radiation damage reaction,
lir, 18 to be calculated as follows. The rate in
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moles, vear for the formation of the “tagged’ prod-
uct molecule by radiation damage for molecules
containing not more than one radioactive atom per
mnolecule is given by eq. 4.

[An/Afl: = 874 X 1078 AEG (3

where £ is the average radiation energy per disin-
tegration in Mev. absorbed by the sample, G is the
number of product molecules generated per 100
¢.v., aud the isotope effect has been neglected. For
g-radiation, £ generally is about 409% of the muaxi-
mum energy of the g-spectrum. From the usual
relation between the half-life and the rate of a uni-
molecular reaction, f/,, (vears) is

far = T.9% X 108(n/4)EG {5)

where # is the number of moles of the “‘tagged’ re-
actant. The values of G normally reported in the
literature for various radiation induced reactions
range up to 100.* In order to measure very loug
half-lives, the background radiation damage reac-
tion rate must be kept very low, so the radioactive
concentration, 4/#, must not be so large as to
canse the radiation induced reaction to interfere
with the reaction being investigated. From eq. 3
it is seen that the lower the 4, the smaller must be
AA since it is inconvenient to have A¢, the length of
the cxperiment, longer than about 0.1 vear. This
means that a sensitive detecting device should be
used to measure the very small A4’s, hence low
level counting techniques may be necessary.?

For example, if an organic compound were to
contain 197 of its carbon atoms as C!* (half-life
5600 years; FE, 0.045 Mev.%) and a G value of 100 is
assumed, the radiation induced half-life would be 12
vears so reactions at rates slower than this could not
be measured with such a preparation and dilution
would be necessary.

Decarboxylation of Alanine.—The decarboxyla-
tion of alanine was selected for study because of its
geophysical interest.” The previous work of Abel-
son’ at higher temperatures assured « basis of
CoOmparison.

Experimental

Description of the Radioactive Alanine Samiples. i-n-
Alanine-1-C!* from Tracerlab® was diluted with Eastian
dl-a-alanine so that the radioactive couccutration was
about 0.02 to 0.1 mec./g. of alanine (4/» value of 0.4 tn
1.0 X 10 d.p.m./mole; 4.6 to 23 pg. C¥/g.; or D.0D11 to
0.0057C% Clin carbon in alanine).  This alanine was crys-
tallized from an aqueous solution by the addition of cthyl
alcoliol, vacuum dried, and stored in a vacnum desiceator.
Various researcli samples were prepared from this alanine,
togethier with conductivity water, and analytical rcagent
grade Na,S0,; aud NaHSO,;. Tlie reaction tubes were gen-
crally cleaned previous to sainple addition by condensing
stearn on their surfaces for several hours. The systems
studied are described in Table I.

Temperature Regulation.—Two ovens were constructetd
by placing altminuin cups filled with batli wax inside 1.5 inch
diameter Alundum cores wound with resistaiice heater wire
and fitted with No. 17000 Fenwall thermmoregnlators
mounted coaxially thirough the bottom of the ovens. The
temperature, which was measured to =0.1° witl a chromel-

(4) F. S. Daiuton, Ann. Rev. Nuc. Sci., B, 213 (1435).

(5) E. C. Anderson, J. R, Arnold and W, 15, Libby, Rex. Sci. Instr,
22, 225 (1451).

(8) G. H. Jenks and F. H. Sweeton, Phys. Rer., 86, 803 (1952},

(7Y D . Abelson, Sci. American, 198, 83 (1036); Science, 119, 576
(1954)

(8) Tracerlab, Inc, 1114 S. Michigan Ave., Chicago 5, 1llinois.
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TABLE I
RAD10ACTIVE ALANINE SYSTEMS USED
Type
of
reacn, Alanine Vol. of
ves- concn, NaHSO4 Na:SO¢« soln,
Sample sel Phase (m) {(m) (m) (ml.)
B a Solid
I a Solid
U a Solid
c ¢ Aqueous 0.17 0.5 0.5 650
J b Aqueous .13 10
M b Aqueous .17 .48 .47 10
(@] b Aqueous .78 10
P a Agueous 1.47 10
Q b Aqueous 1.10 .96 .92 10
R b Aqueous 1.65 .61 .33 20
S° b Aqueous 0.043 30

¢ Pyrex tube (19 mm. by 16 cm.) with ordinary stopcock.
® Medium wall Pyrex tube (25 mm. by 19 em.) with high-
pressure stopcock. ¢ One-liter flask 2 (Fig. 1). ¢ Contains
0.1 m SnCl; and a Teflon boiling chip. ¢ Surface area 210
= 80 times that for Sample J.

P alumel thermocouple calibrated at the freezing point of
tin and the boiling point of water, was regulated to ==0.5°
for days in the air-conditioned laboratory and was constant
to #0.1° along the tube axis in the oven. Boiling water-
baths also were used to control the temperature to =40.7°
for some 100° runs in the tubes. In the large flask 2
(Fig. 1) the vapor pressure was used to adjust the tempera-
ture to =£1.5°.

Reaction Procedure.—Tle reactions were conducted in
the Pyrex vessels described in Table I (and its footnotes).
The aqueous solutions were freed of air by careful evacuation
after freezing with liquid N,, melting and repeating the
process. A known amount of carrier CO, (solid samples)
or CO, and A (aqueous samples) purified of air, were added
through a trap at —79° and the system held at the desired
temperature for times of a few hours to 18 weeks. (The A
served as a diffusion block at high temperatures to keep
the water froin heating the neck of the stopcock which pro-
jected from the oven.) At the end of this reaction period,
tlie reaction vessel was cooled, reconnected to the vacuum
line (Fig. 1) and the gaseous CO, separated and measured
for Clt-content as described below. Fromn these counting
data, the total weight and specific radioactivity of the ala-
nine sample used, an (apparent) half-life was calculated in
cach case.

Except for the B series of measurements on solid alanine
in which the CO, was purified by sublimation from one
liquid N trap to another, the CO, and A were always
purified by passing these gases at 500° twice through a Cu
reduction tube (Item No. 6 in Fig. 1) composed of a 16
cm. length of Cu turnings with a 1.5 em. plug in the center
of Cu powder and silica gel. These precautions were neces-
sary since oxidation of the alanine would produce radioac-
tive CO, confusing the results.

In the B series for those runs at temperatures above
373°K. after removal of the C*Q, in tlie gas phase, water
and carrier CO, were added to the tube and removed sev-
eral hours later to take out the C*O, trapped in the solid
alanine. In the longest B series at 373°K., the activity in
the gas phase was determined repeatedly over 80 days, and
then the activity left in the solid alanine was determined.
This latter procedure was used several times in succession
on the other solid alanine samples (I and U series) except
that water purified of air by vacuum distillation was dis-
tilled into the reaction tube.

In the runs made in the absence of carrier CO; to test the
possibility of CO, exchange with the alanine, the CO, was
added after the run, the solutions shaken, and the C*O,
removed several hours later for the solution runs.

At the conclusion of the J series on 0.13 M alanine
aqueous solution, 20 ml. of conductivity water and 2.52 g.
of Pyrex glass wool which had been soaked for 8 hours in
CCly, rinsed in acetone, washed 5 times with hot water, and
dried on a hot plate for 5 hours, were added to the tube to
test for surface catalysis of the reaction. The surface area
of the wool was calculated from the average diameter of the
fibers obtained with a micrometer and a density of 2.2 for
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Fig. 1.—Vacuun line: (1) reaction tube with eitlier solid
alanine or aqueous solution; (2) reaction bulb for aqueous
solution; (3) calibrated bulb for measuring quantity of
CO,; (4) mercury manometer; (5) Geiger counter; (6) Cu
reduction tube for A and CO, purification of O,, aud (7)
Mg(ClO,), drying tube.

Pyrex to be 210 % 80 times that for the reaction vessel it-
self. In the middle of this packed tube series (S) the tem-
perature was raised to 408°K. for 164 hours and :then re-
turned to 373°K. .

Purification of the C*O, and Counting.—The water im-
purity was usually removed from the C*O, by stbliming
the C*0, once from a liquid N, trap, passing it twice through
the Mg(Cl10,), drying tube 7 (Fig. 1), and distilling it once
again, although sometimes it was simply purified by three
distillations. The pressure of the C*O, was then measured
in order to correct for the loss of the gas during purification
(about 10%), and 97% of the C*O, was expanded into a
Geiger counter (Item No. 5 of Fig. 1). About 1.5 cm. of
thrice distilled C,Hq and 8 cm. of tank A or purified A were
added to complete the counting gas mixture. The anticoin-
cidence shield® was used for samples with less than 190
d.p.m., and a high level scaler was used for the other
samiples. The counting was done to =£0.5 to %3¢ de-
pending on the total activity. (Only once was A less than
6 d.p.m.) A correction of 3.1% was applied for loss of ac-
tivity at the counter ends and of 1.5% for wall loss.® At
high levels a coincidence correction, which was less than
3% except for the B runs at 473°K., was applicd (dead-
time 4.5 X 107¢ minutes).

Tlhe Geiger counter was constructed from a brass cylinder
(2 X 18”) with Lucite ends sealed with Apiezon-W aud
a 2 mil tungsten center wire. After the brass cylinder
was cleaned in 5 3 HNO; and the counter counstructed.
CO; at 1 atm. pressure was left in the counter 24 hours to
couvert any surface oxide into tlie carbonate. Although
this type counter slowly became contaminated, a contan-
ination-proof counter composed of a Cu cylinder with a
surface laver of CuS was constructed and used in several
determinations.

Determination of Absolute Activity, 4, of the Alanine.---
Thick layers of the solid alanine samples of known area were
measured with a 1.90 mg./cm.2 Mylar covered flow counter
witl Q gas as the counting gas in the manuner of Sugihara,
et all® The solid alanine samples were prepared from an
aliquot of the radioactive alanine solution which was pi-
petted into a known amount of uou-radicactive alaniue,
the whole amount of alanine dissolved, and the solution
evaporated. Two such samples were mounted, comnted,
and the specific activity of the solution calenlated by the
use of eq. 6

s= K ®)

(9) A. G. Engelkemeir and W. F. Libby, Rev. Scz. Iustr., 21, 550
(1950).

(10) T. T. Sugihara, R. Wolfgang and W. F. Libby, 1bid., 24, 511
(1953).



1080

where s is the specific activity of the alanine in d.p.m. per
mg., R is tlie count rate (couuts per minute—c.p.m.) after
correction for background and coincidence loss, and 4 is
the sample area in cm.?. The constant C can be calcu-
lated! to about 59, accuracy. Direct determination was
made, however, by taking 5.00 ml, of the original solution,
diluting it to 25.0 ml., and vacuum distilling the water from
two aliquots. The residual alanine samples were then
oxidized by heating with CuO mixed with and placed over
the solid. The C*QO, was purified as usual, and counted.
(The yield of C*0, was 104 £ 49 of theoretical which
proved that the alanine was completely oxidized.) From
the results given in Table II, C was calculated to be 2.17.

TABLE 11

CALIBRATION OF THE SoLID COUNTING PROCEDURE
A. Solid counts

Wt. of
alanine, (d.p.m./
M1, of soln. R, cp.m. A, cm.? mg. ml.)10 -4
5.00 1126 21.6 1046 1.00C
10,00 2140 29.6 1561 1.13C
Av. 1.11C
B. Gaseous CO; counts
0,200 2990 2.43
0.160 3480 2.39
Av. 2.41

By the use of this value of C aund the very sanie counting
geometry, the specific activity of all further alanine samples
were determined by solid counting them. It is believed
that tlie relative values of the half-lives are good to £59,
whereas the absolute values are good to about *=15%.

Results

Solid Phase (Runs B, I and U).—The solid ala-
nine sainples were heated in Pyrex tubes with ordi-
nary glass stopcocks for periods up to 80 days
(Fig. 3) at temperatures from 100 to 200°. The
results are given on the general Arrhenius plot of
the half-lives against 1/7 (Fig. 2).

1,ooo,oooE
100,000
10,000
1000

106G

Half -life { Years

s/
/ , Abelson Extrapolated

TTTT 71T TTTTIm Y T T THm T

© ,
/ Half-life
B
B A
Lo 18/
7
B
oo/
oL Lol ]
21 2.3 2.5 2.7 29 34 33
Loao?.
lig. 2. —Arrhening plot of the alunine decurboxylation

half-lives,
(11) A. D. Suttle, Jr., and W, F. Libby, Anal. Chem., 27, 921 (1955);
W. F. Libby, ibid., 29, 1566 (1957).
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The method used for the B samples suffered from
the fact that O, was present in the water when it
was added to the tube in order to remove the C*O,
irom the solid alanine, so traces of O remained
which reacted with the alanine on the succeeding
run. (See Oxygen Effect.) At 373°K. the half-
lives varied from '/i»th to '/4th of Abelson’s ex-
trapolated values in aqueous solutions’ as the length
of the run (Af) was varied from 13 to 93 hours.
Therefore, the B high temperature results plotted
in Fig. 2 which are for single rate determinations ex-
cept for two determinations at the highest temupera-
ture are lower limits to the true ones, and the lower
the temperature, the less trustworthy are the half-
lives because the oxidation reaction has the lower
activation energy. The low temperature 373°K.
(2.67 X 10— 1/7 value) result in the B series was
obtained in a single run for 80 days. For this run,
the apparent half-lives as calculated from the aver-
age rate of C*O, evolution into the gas phase at the
indicated time are plotted in Fig. 3. During the

L— ‘W\
- —-2]

504d N
- " NN
- m \ N
— |
: ./' 2550 yeorst) ‘

| L (P

40
Length of Meating (doys).
Fig. 3.--Solid alanine apparent half-lives from C*O. dif-
fusing out of solid at 373° (B sample).

last 50 days, the apparent half-lives increased with
a half-life of 50 days, 7.e., during the 50 days they
increased a factor of two. The rate of diffusion of
C*0, from the crystal mass apparently continuously
decreased during the run probably due to crystal
growth. At the end of the run at 80 days the total
C*Q; in the solid phase was determined and added
to the integral amount of activity obtained over
the last part of the curve in Fig. 3. This procedure,
by which a correction was made for much of the
initial O, oxidation effect, gave the value for the
hali-life at 373°K. of 2550 years which is plotted
in Fig. 2. This should be taken as a lower limit,
since soine oxidation effect imay have remained.

A similar procedure was performed five timtes in
the I serics at 449°K. except that O,-frec water was
distilled into the tube at the end of each run to
extract the C*Qs from the solid alanine (Tig. 4).
In the last three runs the co-linear curves IIT, IV
and V were obtained with half-lives of 1.08, 0.86 and
1.14 years, where the C*O, left in the crystals
was added in at the end of the runs. From the re-
production obtained in the last series of experi-
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TasLE III
HALP-LIVES IN YEARS FOR THE AQUEOUS SAMPLES
Sample 426.6°K. 407.8°K. 391.0°K. 373.1°K.

c 5100

J

M 33.7 = 0.4 (3) 133 (1)

O 39.3 3.2 (4) 202 % 13 (8)
26.8 £ 3.4 (13) 115 = 2(3)

P 3500

Q 42 (1) 236 =% 12 (3) 1300 =+ 110 (2) 6300 (L
53.7 £ 3.1 (6) 396 = 33 (7) 2180 = 90 (2) 9700 = 560 (2)
62.5 = 2.8 (4) 495 = 7 (4) 2450 £ 57 (3) 9960 =+ 1500 (2)
58.1 £ 9.6 (6) 577 = 20 (4) 3040 = 90 (5) 13900 &= 400 (4)

R 28.7 £ 2.1 (2) 130 = 9 (4) 640 =+ 100 (3)
27.2 £ 1.2 (58) 158 = 7 (3) 932 =+ 104 (5) 1980 £ 380 (7)
27.2 £ 1.6 (5) 165 %= 13 (6) 4140 £ 590 (10)
25.1 % 0.14 (3) 173 = 8 (3) 1528 + 29 (4) 9320 £ 680 (5)
25.5 £ 0.8 (5) 196 £ 12 (8) 1840 =+ 120 (7) 11000 = 570 (7)
23.0 1.0 (3) 191 = 6 (8) 1562 £ 115 (8) 9900 = 370 (5)

Sample 357.2°K. 342.2°K. 320.3°K. 298.2°K,

CI

J 58000 (1)

M

@)

P

Q 19600 (1;

18300 1 64000 == 15000 (1)
R 39000}:1: 5700 (3) 92000 == 12000 (3) 186000

39400 = 1700 (3)

ments it appears that this method probably gives a
fairly accurate measure of the half-life at 449°K.
although it probably is closer to 1.2 years than the
average of the last three determinations.

§
o o ol
= oll (073 years
< alll (1.08yeard
- * 2 IV (0.85 years)
2 ‘I 2 ¥ (114 years)

“ /

[.

| ] | | |
o ¢} 4 8 2 i6 20

Length of heating (hours),

Fig. 4.—Solid alanine apparent half-lives from C*Q, dif-
fusing out of solid at 449°K. (I sample).

In the U sample a series of experiments lasting 2
weeks gave a half-life of 53 years at 427°K. after
treating the data in the same manner as with the I
sample. Successively longer half-lives between 180
and 1900 years were obtained at 373°K. for 7 runs
lasting one week each. Then a final run was made
during 11 weeks in which a half life of 5550 years
was obtained (Fig. 2).

Oxygen Effects.—The unbuffered aqueous solu-
tion of 0.13 M concentration (J series) half-lives
at 373°K. were determined as a function of the

79000 %= 5000 (3)

97000 = 12000 (2) 72000 (1)

total length of heating from the time the solution
waslast exposed to airfor 1000 hours. Then 0.8 cm.
of Matheson O, purified by one distillation from alig-
uid N; trap wasadded to the reaction tube. The half-
life decreased to 4.5 years (Fig. 5). The large de-
crease confirmed the expected highrate of oxidation,

Aqueous Solutions (Runs C', J, M, O, P, Q, R
and S).—The results for the aqueous solutions
are given in Table III, Fig. 2 and Fig. 6, most of

1
1000 —o
—1 .
T 0.8 ¢cm, Oxygen
1 Added
- IOO:
S =
® -
> .
® .
= -
1
-— -
°
b -
10—
3
; ! ! | ©
200 400 600 800 1000

Length of Heating (Hours).

Fig. 5.—Aqueous alanine solution (0.13 M) half-lives wus.
time at 373°K.; effect of added O; (0.8 cm. pressure).
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Fig. 6. -Decarboxylation half-lives for aqueous alanine solutions (about 0.1-1.5 M, ¢f. Table I) at 373°K. vs. time.

the 373°K. data (C’, J, P and S series) being
plotted in Fig. 6. (Curve C in Fig. 6 results from
experiments on solution C’ previous to the addition
of SnCl,. However, because of the use of impure
argon containing O, these half-lives for sample C
are only lower limits.) The half-life for a new sam-
ple soluticn was always found to be too short, pre-
sumably due to O, still present despite the purifi-
cations used, and the final equilibrium half-life is
not reached until many hours after the run is
started-—at 373°K. about 1800 hours were neces-
sary as shown in Fig. 6.

With the M, O, Q and R samples results were ob-
tained at several different temperatures as given in
Table III and plotted in Fig. 2. Where several
half-life determinations were averaged together, the
error quoted is the average deviation, and the
number in parentheses is the number of determina-
tions which were averaged together. The half-life
at 408°K. for the M series is a lower limit since
the half-life was still increasing at this temperature
when the series of runs was discontinued. After
the results reported for the O sample were obtained,
the solution was buffered with a HSO;~-SO;~ buf-
fer, and the half-life decreased by a factor of 100
and was relativelv constant for several runs. This
probably indicates that HSO,;™ is too powerful an
oxidizing agent for use with alanine solutions al-
though HSO,~ apparently does not decompose ala-
nine. At the higher temperatures (391 to 427°K.)
1Q and R series) a gradual increase of the half-life
to a maximum similar to that observed at 373°K.
wus observed. Only the half-lives on the horizon-
tal portion of the curves were averaged and re-
corded in Table III.

The data recorded in this table were collected in
the order across and down, in general. Since it
seems reasonable that the half-lives determined

last should be closest to the true oxidation free
hali-lives, the last row of half-lives for the Q series
and the average of the last two rows of half-lives
for the R series are plotted in Fig. 2.

The room temperature half-lives (J, Q and R ser-
ies) were less than or of about the same value as the
values for 47 and 69° given in Table ITI. The rela-
tion between the observed half-life, ti,0, the low
temperature half-life, £/, and the half-life for the
true thermal decarboxvlation reaction, f:/,. should
be given by eq. 7

1,1
o e i/,
From the values of #,,, in Table III from 357-
391°K. and the #1,e value for the R series, the true
decarboxylation half-lives were calculated from
eq. 7. Theresults are given as the crosses in Fig. 2,
with an uncertainty of 509, in the largest half-life.
The straight line drawn in Fig. 2 through the de-
carboxylation half-lives for the higher temperatures,
373 to 427°K., where the rates are only slightlvy
affected by the limiting rate observed at roowm teni-
perature, gives an Arrhenius activation energy of
38.6 = 1.0 kcal./mole where the error was estimated
froin the largest and smallest slope possible through
the four points. This activation energy gives the
final expression for the thermal decarboxylation
half-life, independent of extraneous effects such as
oxidation and radiation damage due to labelling
radiocarbon. It is
b1/, = 100(e —38600/1.988(1/586 —1/7)
(years)
This gives the room temperature (25°) half-life
relative to decarboxylation (oxidation would of
course shorten this life, as would other destruction
mechanisms such as bacterial attack) to be 10 bil-
lion years.

o
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Exchange Reaction.—Many runs were made in
the absence of carrier CO, from 373 to 427°K., e.g.,
at 373°K. in the aqueous R series consecutive rates
of 0.332, 0.369, 0.324, 0.379 and 0.363 were deter-
mined where the last run was in the absence of
carrier CO,;. The results all showed that there
was 1no observable bimolecular exchange reaction
since the rate was experimentally independent of
the CO; pressure.

Heterogeneous Effect.—If the alanine were to be
weakly absorbed on the Pyrex surface so that the
concentration of alanine on the wall were pro-
portional to that in the solution, the heterogeneous
half-life should be inversely proportional to the
surface to volume ratio, but, if it be strongly ab-
sorbed, this half-life should be inversely propor-
tional to the total amount of surface and directly
proportional to the total amount of carrier alanine
since the entire surface would be covered with a
monolayer of alanine. If any heterogeneous effect
were due to the removal of some active component
from the wall into the solution followed by its rapid
reaction with alanine, the half-life would follow
the same law as with the second assumption. In
the case of the first assumption the half-life for the
expected reaction in the S series for which the glass
area was increased 210-fold should have been 50
years at 373°K. if the P reaction were entirely
heterogeneous; for the second assumption it would
be 1.5 years. The results are given in Fig. 6. Ap-
parently there is an observable heterogeneous ef-
fect at 373°K. although it is not of the magnitude
expected for any set of assumptions for the hetero-
geneous mechanism. This could mean that the
373°K. reactions (except for the S series) are only
partially heterogeneous, but a more plausible mecha-
nism is that the surfacein creases the ciiain length
of the radiation induced reaction. Heating the
glass to about 408°K. for 164 hours apparently de-
creases the magnitude of the heterogeneous effect
(S results after the break in the curve at 2400
hours).

Radiation Induced Reaction.—The average en-
ergy of the C!* 81is 0.045 Mev.® The G factors for
radiation damage by 50 kev. X-rays at room tem-
perature in 1 M O,-free alanine solutions were de-
termined as 1.92 molecules of pyruvic acid and 0.59
molecule of CO, per 100 e.v.!? The pyruvic acid
probably does not decarboxylate below 373°K. and
certainly not at room temperature. Therefore,
since the other “‘tagged”’ radiation damage prod-
uct, propionic acid, is stable and very soluble,
the total G factor for our application is that for CO;
alone—0.59. By the use of eq. 5 the expected half-
lives for the radiation damage reaction at 298°K.,
e, were calculated and compared in Table IV

TABLE IV
COMPARISON OF THE EXPERIMENTAL HALF-LIVES AND THE
ExPECTED Rapiation DAMAGE HALF-LIvES AT 298°K.

X 107 n X 102, 80 X 1078, fi/0 X 1075,
Sample d.p.m. moles yr. yr.
J 2.14 0.131 1.83 0.58
Q 7.85 1.20 4.56 0.64
R 7.85 3.41 12.9 1.2+£0.5

(12) N. E. Sharpless and C. R, Maxwell, Radiation Research, 2, 135
(1955).
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with the experimental values for the half-life st this
temperature, £, ., for the three results.

The Q half-life is not very reliable because of the
small amount of C*Q,, 2.2 dpm. If the pyruvic
acid were to decarboxylate under the experiniental
conditions, 4, would be 249 of those listed. ~ The
effect of the buffer on the G values is unknowr. In
view of the agreement between the calculated and
observed rates, there seems to be little doubt that
the radiation effect was mainly responsible for the
observed rates at low temperatures.

Discussion

Mechanism of the Decarboxylation Reaction.—
It is seen from Fig. 2 that the half-lives for the re-
action in the solutions were 3 to 10 times Abelson’s
extrapolated values,” and also that the activation
energy of 38.6 kecal./mole is reasonably close to the
value of 41 kcal./mole obtained by Abelscn for
aqueous solutions at much higher pressures. The
half-lives for decarboxylation in the solid phase are
also approximately the same as in the aqueous
phase as found by Abelson for alanine ground up in
a CaCO; matrix. Therefore, the decarboxylation
reaction observed by Abelson was observed in these
experiments down to about 373°K.

The various aqueous samples differed in the con-
centrations of ions and ionic strength, u. In order
to calculate the molalities of the ions, the concentra-
tion equilibrium constant for reaction 8, K’

HSO,~ = SO,~ +H* 8
and that for reaction 9, K”
RH* + R+ + H* (9)

are required where RH*+ is CH,;CH(NH,*+)CO.H
and R= is CH;CH(NH,;+)CO,~. The activity
equilibrium constant for (8) is 1.14 X 10~* *® and
that for (9) is 2.14 X 10— " at 427°K. The ac-
tivity coefficient ratio, v ~vso-/ YHS0.- at 427°K.
and at various ionic strengths was estimated from
the work of Maranville’® on the Raman spectra of
NHHSO; solutions at 0, 25 and 50°. The analo-
gous ratio for equilibrium 9 was estimated from the
work of Batchelder and Schmidt!® by an extrapola-
tion of their curves from a u of 2.9 to 5.8. It was
assumed that this latter ratio is constant with
temperature which is a fairly good assumption for
uni-univalent ion pairs. From these quantities the
values of K’ and K” were estimated.

By the use of the two concentration equilibrium
constants, KX’ and K”, and the total molalities for
the alanine and HSO;——SO,=, the molalities of the
various ionic species, (X), were calculated by the
method of successive approximations. It can be
shown that 1009, of the alanine in unbuffered solu-
tions is present as the zwitterion even at 427°K. in
the manner of Edsall and Blanchard.’ It was as-
sumed that the alanine present as the zwitterion is

(13) T. F. Young, private communication.

(14) H. S. Harned and B. B. Owen, ‘“The Physical Chemistry of
Electrolytic Solutions,”” 2nd ed., Reinhold Publ. Corp., New York,
N. V., 1950, p. 583,

(153) L. ¥. Maranville, Ph.D. Dissertation, University of Chicago,
1949.

(18) A. C. Batchelder and C. I.. A, Schmidt, J. Phys. Chem,, 44,
830 (1940).

(17) J. T. Edsall and M. H. Blanchard, THis Journar, 86, 2337
(1933).
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Sample K’ X 100 K" X 108 (RH*) R
M 0.96 1.1 0.141 0.029
O 78
Q 2.9 0.60 .84 .26
R 1.6 0.88 .58 .97

the same as NaCl in calculating the ionic strengths
listed in Table V.

The predominant molecular species present in
solid alanine is the zwitterion which explains the
fact that the inelting point for alanine is greater
than 297°. Considering the ionic species present in
solution and in the solid phase and the fact that the
first-order alanine decarboxylation reaction has
about the same half-life in the presence as in the ab-
sence of water, there are two possible rate-determin-
ing steps for the decarboxylation reaction

R=£ =3 CH;"CHNII; T 4 CO;, (10)

and

RH= --—> CH;-CHNH,* 4 CO, + H* (11)
both of which would be followed by the fast step
CH;~CHYWH;* + XH - CH;CIL,NH,* + X~ (12)

where XH is HOH or R+,

Since the heat of ionization of RH* is about 0.74
keal./mole,'® reactions 10 and 11 have about the
sanie change in enthalpy so the heat of activation
for (11) could be equal to that for (10) even though
an additional bond must be broken in (11). How-
ever, the entropy of activation for the formation of
a solvated proton and a negative residue is about
—15 to —25 e.u.,!® so reaction 11 should have a
steric factor at least 10—% smaller than reaction
(10). Also, there would be a much greater depend-
ence of the half-life upon the ionic strength than is
shown by comparing the half-lives in Table III to

(18) H, S. Harned and B, B. Owen, ref, 14, p. 514.

(19) A, A, Frost and R, G. Pearson, ‘“Kinetics and Mechanism,*’
Tohn Wiley and Sons, Inc., New York, N, V., 1953, p. 128,

(R*)

(Na) (HSO( ") (5047 R + (RH¥) (W'
1.42 0.34 0.61 0.17 1.48

1.00 0.88
2.80 .12 1.76 0.24 2.38
1.97 .03 0.91 0.63 1.93

the ionic strengths in Table V if reaction 11 were
involved in the mechanism.?® In addition, if re-
action 10 were the only mechanism for decarboxyla-
tion, the mechanism would be analogous to that
found by Verhoek?! and others for the trihaloacetic
acids. The experiments in this Laboratory were
not performed at sufficiently low pH’s to deter-
mine whether the mechanism involves (10) or the
assumed (10) and (11) combination. If (10) be the
only mechanism, the half-lives quoted from about
373 to 427°K. must be multiplied by the factor
(R*)/[(R*) 4+ (RH*)] (Table V for the 427°K.
quantities) to obtain the true half-life for this spe-
cies.

The Oxidation Reaction.—By the use of the ex-
perimental half-life for the oxidation reaction at
373°K. of 4.5 years determined with the J sample
and the approximate Arrhenius activation energy
for the oxidation reaction of 25 kcal./mole deter-
mined by runs with impure argon (results not
tabulated), the half-life at room temperature for
the oxidation reaction is estimated to be about
20,000 years.
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(20) C. K. Ingold, ““‘Structure and Mechanism in Organic Chemis-
try,’ Cornell University Press, Ithaca, N, Y., 1953, pp. 361362,
(21) . K. Verhoek, Tuis JoUurwal, 56, 571 (1934); 67,
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Halides as Bridging Groups for Electron Transfer in the Systems Cr** 4 (NH,);CrX*+

By ALLEN E. OcarRD aAND HENRY TAUBE
RECEIVED AUGUST 19, 1957

The spontaneous reaction of the ions (NH;);CrX ** in acid solution leads to (NH;);CrOHy*++ 4 X~ as products, but
when Cr*++ is present, reaction to form CrX** and NH,* takes place. The rate law for the Cr*+ catalyzed dissociation of
(NH,)sCrCl** has been established by a detailed kinetic study. The rate is proportional to the concentration of (NHs)s-
CrCl*++and of Cr*++and is independent of the concentrations of H+, CrCl*+and of C1~ at least at moderate concentrations.
The second-order specific rate at 25° and p = 1 for X = F, Cl, Brand I are 0.0186, 3.08, 19.4 and 330 =% 100 L. mole~! min.7},
respectively; the enthalpies of activation for the first three are 13.4, 11.1 and 8.5 keal. mole ™!, respectively. The change in
solvent from HsO to 869, D,0-14%, H,O for the reaction Cr++ 4 (NH,),CrCl* 7 causes a decrease in rate by a factor of 0.77.

A central point of interest in the subject of oxida-
tion-reduction reactions of metal ions 1s the specific
influence exerted on the rates of reaction by nega-
tive ions and other groups, and the mechanisms
by which these influences are exerted. These
influences are particularly interesting when the
catalytic groups are not readily oxidized or re-
duced by the metalions. Careful measurements of

the effect of halide ions and hyvdroxide ion on the
rate of the ‘‘electron exchange’'! between Fe®+
and Fe+++ have been made,2? aud rate coelficients

(1) Used here without implication of inechanmism, to describe
oxidation-reduction systems in which no net chemical change takes
place.

{2) J. Silverman and R, N,
(1952).

(3) T 1ludis and A. C. Wah!, Tris Jourxaw, T8, 4133 (1953).
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