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Abstract

The kinetics of the exchsnge of radioactive hydrogen
between hypophosphorous acid and water have been studied
in acid, neutral, and basic solution. In acid solution
the kinetics of the exchange were found to be the same as
the kinetics of the oxidation of hypophosphorous acid by
certain oxidizing agents. The mechanism common to both of
these reactions is formulated and discussed. The lsotope
effect found in acid solution is explained, and & general
theory of isotope effects in exchange reactions is present-
ed, Exchange was found to be extremely slow in neutral
solution and a little faster In basiec solution; the results
in basic solution, however, were complicated by the decom=-
position of the hypophosphite ion.

A new method for the purification of hypophosphorous
acid is described,.

Experiments on the preparation and thermal stabllity
of thallous hypophosphite were conducted, These experiments
are presented and dlscussed, along with some data on the re-
action of hypophosphorous aclid with persulfate and dichromate.

A new, rapid assay method for tritiated water, involv-
ing the use of sclid samples and a windowless flow counter,

is desecribed,
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I. The Kinetics of the Exchange of Radioactive Hydrogen

Between Hypophosphorous Acld and Viater.



Aes Introducllon

The oxyacids of phosphorus have been 8 source of inter-
est to chemists for many years, In particular, the kinstics
of the oxidation of the lower-wvalent aclds, H;,JPO2 and H3P05?
present some novel feabtures and nsve received considerable
attention. Part I of this thesis will be concernsed with one
aspect of this problem, namely, a study of the mechanism of
the oxidation of hypophosphorous acld, H5P02, Lo phosphorous
acid, HzFO,.

Several investigators have studied the kinetics of this
oxidation reaction in agueous sclution, using a variety of
oxidizing agents., The oxidizing agents which have received
most intensive study are iodine (la,c), bromine (1b),
chlorine (1b), iodate ion {1ld,g), mercuric chloride (la),
cupric chloride (la), and silver ion (la), It has been found
that 1n acid solution, all of the oxidation reactions,

H,PO, + 0x —> H, PO, + Red, (1)
with Ox = Cl,, Br,, I, Iog, CuCl,, HaCly, or Agr (%)
and Red = €1, Br~, I, CuCl, Hg,Cl,, or Ag, )
ocbey the same rate law; furthermore, under certain con-
ditiong, the rate becomes Independent of the concentration
of the oxidizing agent, and all of the rsactions 1 take
place at the same rate, The work of Nylen (le) and Grifrith,

McKeown, and Taylor (lc) showed that reactions 1 are subject

to general acld catalysls, in the Brgnsted sense,



The rate law common to &ll of these reactions In acld
solution (pH <1 or 2) ig:™
(H:P01) 2 Ko, (HA),

21 (hy, (3)
K, (0x)

The notation :E:k:(HA)a represents a sum of terms, each
a

d
- g¥-(H,POz) -

term belng the product of the concentration of a catalyzing
acid, HA, and its catalytic coefficient, k;. The sum cone
talins terms corresponding to esach of the Brénsted (proton
donor) acids present in the system. These catalytic coef=

§
ficionts, kg and kg

s are the same for all of the oxldizing
agents listed in equation 2.
When the concentration of the oxidizing agent 1s made

fairly high (»~~ 0,01 f.), the rate law becomes
— -4 (n.ro,) = (i,p0 ) D> kO(HA) (4)
dt+ ‘Uz e 3720 &="Tg a ?

and all of the reactions 1 take place at the same rate,
It is generally agreed that the mechanism proposed

by Mitchell (la) explains the observed rate laws, 3 and 4:

(H5?02)I—fﬁa (H PO ) 1o slow (5)

In =ll equations, tables, and figures, brackets ( )} will
be used to represent concentrations in units of moles per
liter. Lower case k's will be used to repregent rate con=-
stants. Those with "o" superscripts will refer to the
oxidation reactions, and those with no superscript will
refer to the exchange reaction. For the sake of conven-
ience, (Hz0") will be wrltten throughout as (5t),

le
4

“* The terms "rate constant™ and "catalytic coefficient™ are
equivalent and will be used interchangeably.
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‘(HSPQS)IEJ%}) (H$P02)I R mederately rapid (&)
(H,PC_.)} . + Ox —=3) H_PO_ + Red, very rapid (7)
o 211 w5

In this scheme, (HSPCR}I
hypophosphorous acid, which
H)P/ (2) (H,PC_) represents an "active" form, whose
H \OH - L ;5 E,II .A-.lp & [ «} - < dis g a

represents the "normal" form of
presumably has the structure
structure 18 as yet unknown but which is assumed to be

so much more rsactive towards oxldizing agents than the nor=-
mel form that reaction 7 1s the only appreciable oxidetion
reaction in the system., If one assumes that reactions 5

and 6 are subject Lo general acid catalysis, and that the
active form exists at 2 small steady state concentration
during the course of the reaction, equetion & is easily
derived. Experiment shows that for any acid, the mag-

0
nitude of ka'/ko is such thet 3 reduces to 4 for (0x)

Ox
greater thana~» 0,01 f.

Some of the oxidizing agents in equaticn 2 alsc react
with the hypophosphite ion, but at widely varying rates,
These reactions are simple bimolecular ones, and will not
concern us here, However, Lhey appear lun Lle overall

=] 5 ey ~ ¥ d { y {1 f B oy s .
rate expression foz Et:z:‘HSPOQ} {1f) i1f the acid concen
tration is not kept high. In the bromine and chlorine

reactions, the 0x - H POE— reactiona are never negligible,

2
. Ay & o, . .
%nd even at high (H ), r S \HgPCE} is not equal to
d
35 (H5P0p0 ¢

The exchange studies to he descrlibed were undoritalken
in an attempt to verifly, in an independent way, the exisla

ence of the egqullibrium expressed by reactions & and 8,
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and thus te pubt the entire mechanism on a firmer expsrie
mental foundation, Exchange experimsnis should also lead
o a deeper understanding of the nature of the active form.
Previous investigators have speculated about its structurs,
and generally agreed that the differsnce between the two
forms, (HzPOUs): and (HzPOo)yp, probably lay in the loecation
of one of the undissociable™ hydrogen atoms on the acid

molecule, If the equilibrium
[r—.
(HzPOp)y = (HzPOo)yy (8)

exlsts in aqueous solutions of hypophosphorous acld, and
if the two forms differ In the location of one of the un-
dissociable hydrogen atoms on the molecule, then hypophos=
phorous acid in aqueous solution should exchange its un-

disgsociable hydrogen atoms with water.**

It is, of course,
evident that the one disscciable hydrogen of hypophosphorous
acid will exchange immediately with water hydrogens. The
reaction of interest, and the one whose kinetics was in-

vestigated in this work, is therefcre best represented by

the equabtlon:
HoPOOH + TOHF2HTPOOH + H,0, {9}

where T represents an ctom of btritium {radiocactive hydrogen),

which was the tracer used in this research to "tag" the

2,
%

H3P69 i3 a monobasic acld,

2 29

*#¥ Unless the hydrogen steom resrrangement i1s intramolecular.



hydrogon atoms sc bhat the exchange might sctually be

=
ot

observed. The atoms written in red are the undissocciable
cnes whose exchangeability is under investigation,
It is further evident that If exchange takes place via
. - 4 1,01 O o 1 d £ -~}
reactions 5 and 6, with kg :£>ka, one should find that Lhe

rate law for the exchange resction is the same sas the rate

law for reaction 5, i.e.,

rate of exchange = (HgPOy) >k, (HA)_. (10)
> a <

A&

Erlenmeyer and co-workers {3) first Investigated the
possibility of exchange of the undissociasble hydregens of
hypophosphorous scid with the hydrogen atoms of water.
They found that in acid solution, these atoms would ex-
change, but they made no rate measurements, and therefore
did not estaeblish any rate lew or mecha&anisme. Thus thelxr

results are conslstent with, but do not verify, the exist-

ence of reactions £ and 6, Brodskli, Strazhenko, and
2 2

X

Chervyatsove (4) investigated the exchange of radio-

phosphorus between HzPGo, and HzPOz in the presence and

absence of lodine. They claim that thelr results lend

support to the existence of resctions £ and 6, but in

truth, all that their results show is that the reaction
HzPOo + Ip + HoO—> HzPCz + 2I7 + 2HY

is Irreversible, a fact that was known about fifty years

before they did thelr resesarch,

Y
%

5

I am Indebted to Mr., W.J.Ramszey for a translation of
this paper.
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Be Ezxperimental

Preparation of Materials

The tritium used in this research was obtained from
the Argonne National Laboratories in the form of hydrogen
gas whlch contained 2.6 curies of tritium. This gas nix-
ture was converted to water in a vacuun system by diluting
it with tank hydrogen and passing it slowly over copper ox-
1de at 350°% The resulting tritiated water vapor was ¢cole
lected in traps cooled with liquid air,

To assay for radloactivity the tritiated water so prew-
pared, an aliquot portion was completely converted to hydro-
gen by passing 1t over magnesium turnings at 450° in a
vacuum system (8). The absolute activity of the resulting
hydrogen-tritium mixture was measured in an lonization
chamber.%% The activity found in this aliquot portion corres-
ponded to a total activity of 2.4 curies of tritium in the
tritiated water, This essay method is accurate to about 10%.
Since one does not need to know the activity of the tritiat-
ed water in order to perform the required calculationsz in
the exchange experiments, this accuracy was quite satisfactory.

To prepare stock solutions of tritiated water for the

Unless otherwise specified, all temperatures will be in
degrees Centigrade,

¥ The lonization chamber assay was performed by Dr. D.L,
Douglas.
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exchange experiments, portions of the concentrated solution
were removed, diluted, and distilled several times in a Py-
rex still. The activity of the stock solutions used for

the acld and basic solution exchange experiments varied from
0.1 to C.2 millicuries per gram of water., For the neutral
solution experiments, a stock solution with an activity of
about 0.4 millicuries per gram was used.

Hypophosphorous acid was prepared by converting Baker's
Analyzed, ¢.p., sodium hypophosphite to the acid in an ion
exchange column, using Amberlite IR-120-AG as the ion ex-
change resin. Various other preparative methods were tried,
including the method described in Part II, but the ion ex-
change method was found to be the most satisfactory, from
the standpoint of purity of product and economy of effort,

The acid so prepared was analyzed for phosphorous acid
by the method of Jones and Swift (6)., It was found to cone
tain, on the average, about 0.5 mole percent phosphorous acid,
Stock solutions of hypophosphorous acid for the exchange runsg
were made up from this ion exchange product, standardized
by titration with standard NaOH, and stored in the cold
room at 5° when not in use. Experiments have shown that
hypophosphorous acid stored in this way undergoes no de-~

tectable decomposition® 1in six to eight months (7).

% Hypophosphorous acld is thermodynamically unstable with
respect to air oxidatiocn to phosphorous acid and to dise-
proportionation into phosphine and phosphoric acid.
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Carbonate-free solutions of sodium hydroxide were pre-
pared and standardized with potassium acid phthalate in the
usual way.

Thallous hyporhosphite was prepared as described in
rart II.

ihallous hydroxide solutions were prepared by shaking
thin slices of thallium metal wiithh water, whlle bubbling
oxygen through the mixture, The resulting solution was
filtered and then concentrated by aspirating off the solvent
until the solution became saturatcd,

Coep. hydrobromic acid was used as purchased from the
stockroom, after boiling out the bromine. Tt was standard-
1zed with standard NaCH., C.p. sulfuric acid was used as
purchased from the stockroom and was standardized with
NaOH in the usual way.

Solutions of oxallc acid were made up by dissolving
the c.p. crystals in a slignt excess of distilled water,
The solutions were standardized by titration with standard
NaCH to the phenol red end point, using a solution of sodium
oxalate snd phenol red to matech the end point,

Solutions of calcium bromide were prepared by drying
the commercial "c.p." vroduct at 140° and dissolving a
welghed amount in a known volume of distilled water. The
resulting murky solutions were centrifuged to remove wood,
grease and other suspended matter,

Solutions of barium bromide were made up in the same

Wway. Barium bromide was prepared by dissolving solid barium
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hydroxide in HBr, evaporating to recover crystals, re-
0
erystallizing, and drying at 140.

Radioassay of Thallous Hyvophosphlie Samples

In 2ll of the exchange runs, total hypophosphite% in
solution was analyzed for tritium activity by isolating
total hypophosphite from the reactant solution in the Iform
of thallous hypophosphite. This was done by neutralizing,
with thallous hydroxide, the sample which had been withdrawn
from the reaction mixture; the resulting solution was evap-
orated in vacuo to obtain solid thallous hypophosphite.
This procedure left the dissociable hydrogen in solution,
in the form of water, and isolated the two undissocisable
hydrogens as thallous hypophosphite. Preliminary experiments
were performed, prior to the exchange experiments, to make
sure that the hypophosphite ion did not undergo any decomp-
osition in the evaporation process. Analysis of the evap-
orated product showed that no decomposition had taken place.

The scolid product obtained by evaporation was mixed up
well and packed into circular, flat planchets. These plane
chets were then placed in the planchet holder of a windowless,
Q—gas** flow, CGeiger-Muller counter (manufactured by the
Nuclear Instrument and Chemiecal Co., Model D=46A), and after

thirty seconds or so of "preflushing", counted in the usual

Total hypophosphite = Thypophosphorous acid + hypophos-
phite ion. Both species are present in significant ame-

ounts in aecid solutions of H3P02.
a3

99% helium, 1% butane.
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way., Pulses from the counter were detected with a Berkeley
Decimal Scaler, Model 1000,

The counter was operated at 1200 volts, in the center
ol & plateau which was about 250 volts long and which had a
slope of about 0.04% per volt at 1200 volts. Counter and
scaler were checked from time to time with a cobalt 80
source of known activity.

The reproducibility of the activity observed in succes-
sive planchet fillings was found to be about 1%. It was
also found that a thallous hypophosphite sample of a given
activity could be redissolved in water, re-evaporated, and
recounted with a reproducibility of about 1%. In all cases,
the planchets, which had an area of about 7 cm.g, contained
from 140 to 280 mg/cm.2 of material. M"Infinite thicknesa™
for tritium beta rays, whish have a mean energy of about 5
kilovolts (8), 1s about 0.7 mg./cm.g. This means that when
a planchet is filled to a depth which corresponds to 0,7
mg./cm.2 or greater, the only activity that will be "seen"
by the counter 1s the activity in a thin layer of the mat-
erial at and just below the surface. Under these conditions,
the observed counting rate will obviously be independent of
the amount ol material In the planchet, so long as there 1is
enough to maintain the thickness above infinite thickness,

and will depend only on the specific activity of the material

Except in runs in which HpS04 and oxalic acid were added
to the reaction mixture,
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counted. This accounts for the good reproducibllity ob-
served when successive planchets were filled with thallous
hypophosphite of a given aectivity and counted,

To my knowledge, this is the first time that such an
assay technique has been used in an exchange reaction in
which tritium was used as a tracor. The method was first
applied to tritium by Eidinoff and Knoll {(9), who discovered
that active samples of a steroid could be assayed for tritium
in thils way., This assay method has several tremendous ade-
vantages over the older method of gas-phase assay., Its major
disadvantages are threefold: 1) One cannot obtain the ab-
solute activity of a radioactive sample by this procedure.
However, this is no disadvantage in an exchange reaction,
since, as will be apparent later, all one needs to know to

carry out the caleulations is a quantity which is proportional

to the absolute or specific activity. As explained above,

& quantity proportional to the specific activity is obtained
in this assay method. 2) One must use samples of a relative-
ly high specific activity, of the order of 1000 counts/minute/
mg. of material in the planchet, to give convenient counting
rates (100 ¢/m or greater). 3) A relatively large amount of
material is required to fill the planchet evenly to the re=-
gquired depth.

Exchange Studies in Neutral Solubtion

The work of Erlenmeyer, et. al. (3) showed that in
neutral solution, the hypophosphite ion would not exchange

deuterium with deuterated water over periods of "a few hours",
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This fact, if true, seemed to offer an excellent way of
simultaneously quenching the tritium exchange reaction
{the rate of which was being measured in acid solution),
and preparing the total hypophosphite for removal from
solution as thallous hypophosphite, since both of these
operations could be carried out by simply neutralizing
samples of the reaction mixture with thallous hydroxide.
Accordingly, an investligation was made to confirm Erlen-
meyer's results,

Two sets of experiments were carried out, one set in
which inactive thallous hypophosphite was added to active
water, and the other set in which thallous hypophosphite,
rendered active by an acld solution exchange, was added to
Inactive water., Except for the initial location of the
tritium activity, both sets of experiments were carried out
in the same manner: inactive (active) thallous hypophosphite
was dissolved in active (inactive) water, allowed to stand
for a perlod of time, and the solution was then evaporated
in the apparatus shown in Figure 1, Thallous hypophosphite
was scraped out of the evaporating hottle, packed into a
planchet, and counted as described above.

All neutral socolution experiments were carried out at
room temperature,

Table 1 contains the results of the first set of ex-
periments., It is seen that in all cases, a small amount of
"exchange" (1 to 3%) was found, the smount of "exchange"

depending upon the washing process, the number of times the
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HTO had been distilled, and belng independent of the time

of contact between TlHoPU, and HTO. The reasscn for this
spall amount of "exchange" is not known., Many experiments
were carried out to find out why it occurred, since it was
evidently not true exchange., (Lack of time dependence, the
results of the second set of experiments, and the results of
Erlenmeyer all lead to this conclusion)., It would be point-
less to go into the details of the search far an answer to
this problem, since It later became evident that if one
reduced the specific activity of the HTO, the effect dimin-
ished to a point where 1t was no longer troublesome,

The results of the second sel of neulral sclution ex-
change studies (T1HTPO, plus Hy0), given in Table 2, con=
firm completely the conclusion that over short periods of
time, the hypophosphite ion in neutral scolution will not
exchange its hydrogen atoms with water,

The longest perlod of contact time given in Table 2
is thirty-one days, and the last result in Table £, although
it seems to conflict with the last result in Table 1,
indicates that a very slow exchange may be taking plsace.

For this reason, attempts were made to extend the reaction

to longer periods of time, in order to see if this very

slow exchange was a real effect. However, all these attempts
failed, due to the slow decomposition of the hypophosphite
ion which always takes place in neutral aqueous hypophosphite

solutions (7).
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Exchange Studies in Acid Solution

The mejor aim of this research was to study the
klnetlcs of the exchunge in acld solutlon, The general
experimental procedure which was used in all the runs will
be discussed first,

Stock sclubtlons of the reagents, prepared and stande
ardized as previously described, were diluted wilth distill-
ed water as desired, and appropriste volumes were pipetted
Iinto dry, glass-stoppered, Pyrex flasks, which were then
placed in a thermostat where the temperature was held con-
stent to ¥ 0.,03°, After the sclutions had reached the
tempereture of the thermostat bathk, they were mixed by
pipetting the correct volume of acid into the flask which
already contalned the correct volume of tritiated water,

At eppropriate time intervals, samples were plpetted outb,
discharged into a small flask, and immediately neutralized
with thallous hydroxide. The end point of the neutralization
was detected with pH paper. This entire sampling and neu-
tralizing procedure usually took less than one minute, a
time which was very short compared to the reaction times in
the great majority of cases. Time of reaction was taken at
the beginning of the neutralization procedure, which usually
took about ten to fifteen seconds. In thogse rare cases in
which the half times of the reaction were of the order of
fifteen to twenty minutes, the withdrawn samples were dis-
charged into an equivelent amount of thallous hydroxide.

Thigz discherge procedure took about three seconds.
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Each neutralized sample was immediately filtered into
an evaporating bottle and vacuum evaporated as socon as
possible. On the average, a sample usually stood about one
hour befors being evaporated; in rare cases, samples stood
overnight. The solid TlHTP02 obtained by evaporation was
then washied by redlssolving 1t In 20 to 25 ml. of inactive
distilled water and re-evaporating the resulting solution.
Experiments showed that this washing technique serves to
dilute the activity o the tritiasted water which remains
adsorbed on the solid after the first evaporation to the
point where it is no longer detectable., The washed solid
was then scraped out of the evaporating bottle, mixed up
well, packed in & planchet, and counted.

To calculate the results of the exchange experiments,
one must know, among other things, the concentration of
active total hypophosphite in the reaction mixture at

26
¥

"infinite" time.” This value will be denoted by the symbol
Xioe In this work, a quantity proportional to the specific
activity of totsal hypophoasphite at infinite time was meng-
ured, This measured quantity will be denoted by Xop» Val-
ues of X, Weres obtalned for every run by letting a portion
of the reaction mixture stand for at least ten half times,
neutralizing and evaporating it, and counting the T1HTPOo
thus obtained.

Host of the solid samples were re-packed and re-counted

& -
* SBee Section C.
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several times, as a check on the reproducibility of the
planchet filling procedure, With the exception of the
runs made with oxalic and sulfuric acids, this repro=-
ducibility was always better than 4% and usually ran
around 1-2%. In some cases, solid samples were re-
dissolved In inactive water and re-evaporated with no
signifiecant change in activity.

The background rate of the counter was 34-38 c¢/m,
and the sample activities ranged from 400 to 1600 c¢/m,
No coinecidence corrections were made, since at these low
counting rates, such corrections were negligible in com-
parison to the other uncertainties in the assay procedure.%
Samples were counted for times long enough so that the
statistical error in counting was always less than the
other errors inherent in the work. The long half life of
tritium (12.5 yre. (8)) made decay corrections unnecessary,

One of the many disadvantages of the evaporation
method for recovering total hypophosphite as thallous hy-
pophosphite was that prior to evaporation, all ions other
than T1+, H2P02: Hj and OH  had to be removed from the
samples by precipitation. This severely limited the
number of different chemical compounds that could be added
to the reaction mixture. From this standpoint, the runs

can be divided into five groups:

* The resolving time of this counter-scaler combinstion is

sbout 100 r\sec.
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1) In Group Cne, hypophosphorous acid and tritiated
water were the only reactants. Here, the problem of re-
moving ions other than H) OH H2P02; and T1' from the
neutralized samples did not exist.

2) In Group Two, hypophosphorous acld, thallous
hypophosphite, and tritiated water were the only reactants,
Here again there was no problem.

3) In Group Three, hypophosphorous acid, hydrobromic
acld, and tritiated water were the only resctants. Here,
the offending Br~ lon was automatically removed upon
neutralizetion, due to the insolubility of T1Br.¥ Filtrat-
ion then removed the T1Br,

4) In Group Four, hypophosphorous acid, sulfuric acid,
and tritiated water were the reactants, In this Group, a
measured amount of a standard solution of barium bromide was
added to the neutralized samples, This removed SO&' as BaSO4
and the excess T1% (resulting from the neutralization of
H2804 as well as HSPOE) as TlBr. The combined precipitates
were removed by centrifugation, As will be seen later, this
procedure was only moderately successful,

5) In Group Five, hypophosphorous acid, oxalic acid,
and tritiated water were the reactants, In this Group, a
measursed amount of a standard solution of ealeium bromide

was added to the neutralized sample; in this way, oxalate

+ .
was removed as calcium oxslate, and excess Tl  was removed

2 - -6
KSp = 35,6 x 107,
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as TlBr. These samples were centrifuged and then evapor-
ated as were those in Group Four. As will be seen later,
this preoeedure was also only moderately successful,

In those Groups in which a mixture of acids was adde
ed to the tritiated water to start the reaction {Groups
Three, Four and Pive), the acids were always premixed and
brought to the required temperature before beginning the
reaction. In Group Two, solutions of hypophosphorous
acid and thallous hypophosphite were premlxed by welghing
out vacuum dried samples of TlePO2 and dissclving them
in the acid., In all Groups except the first, the ionic
strength was kept constant from series to series and Group
to Group by varying the acid concentrations in an appropriate
mammer., Groups One, Two and Three were used to determine
the order of the exchange reaction, and Groups Four and Five
were used to determine the catalytic coefficients of the
bisulfate ion and of oxalic acid. Group Three was again
used to determine the activation energies.

At least two runs were always made at a given con-
centration, to check reproducibility and ensure greater
reliability in the final results, In many of the earlier
experiments, three runs were made at a given concentration,
For future convenlence, the aggregete of runs carried out
at a given concentration will be called a "series".

Exchange Studies in Basle Solution

Franke and Monch (10) have reported that in alkaline

solution, the undisscciable hydrogens of the hypophosphite
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ion will exchange deuterium with deuterated water. Some
experiments were conducted on this system to check this
result.

The experiments were carried oubt by dissolving in=-
active thallous hypophosphite in HTO which was made baslc
by the addition of T1C0H. At appropriate time intervals,
samples of the reaction mixture were withdrawn and neutral-
ized with HBr. The resulting solutions were filtered to

remove T1lBr, evaporated, washed, and counted as usual.
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Ce Calevlations

The general theory of homogenecus lsobople sxchange
reactions has been develcoped by Wilson and Dickinson (11},
Duffield end Calwvin {12), and others (13), This theory
will be briefly summarized here, mainly for the purpose of
introducing the notation and the fundamental ideas.

Ve consider the homcgensous exchange reaction,
'y O O -
AX + BX': AX” + BX, (11)

where XU represents the "tazgeed" atom whose exchange is
being studied. Let (AX) +(AX®) = a, (BX) + (Bx®°) = b,
(4X°) = x', and (Bx°) = ¥y'. Let the rate of exchange of

all X atoms, whether radioasctive or nect, between AX and

BX be denoted by R. In the absence of 1isctope effects,

R will be independent of the exlstence of tracer atoms

in the system and be a function only of the chemical
concentrations end possibly some hetercgeneous parameters.
In the case of an sexchange rsaction taking place in &
systen which is at chemical equilibrium (end in whiech a8ll
heterogeneous parsmeters are constant during the resction),
R will be a constent during the course of the resctione.
The eguation for the increase of radiceactivity in the specles
A¥ then becomes

dx' _ RX.' Lo-xD Rgg_’ (b-¥")

dt b e a p ! {12)
an sguation which is derived simply by censidering the

. . R o
retes of formation and destruction of AX ™,
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Since R is a constant, equation 12 is very simply
integrated, giving ‘(“*b)RT'
X|__ C ab + _._“_._1 "
= L¢ (a+b) 1! (13)
where z = x' + y'! and C is an arbitrary constant of
integration., If we now impose the boundary conditions:
at t =0, x' =0 (AX initially inactive),
et t = o, x' = x! and y' = T s

and let X'/XC'D = F, equation 13 becomes

- (a+b)

-F = e v (14)
135 and 14 are standard eguations for a first order process.
This result shows that regardless of what dependence R may
have on the chemical concentrations, for a given set of
concentrations, the exchange reaction will always be a first
order process., This result has been conflrmed in all simple
exchange reactlons, where all the exchanging atoms in &
given molecule are equivalent and in which no large lsotope
effects occur, Under certain conditions, the presence of a
large isotope effect will vitiate this result. This will be
discussed later, where 1t will be shown that although large
isotope effects exist in the hypophosphorous acid exchange
reaction, conditions were such that their presence did not
disturb the first order character of the reaction,

The quantity of interest in all such resctions is R;

one wishes to know the dependence of R on the chemical con-
centrations in the system. To find R, one proceeds as

follows: One measures x', or & quantity which is directly
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proportional to it, as a functlon of time, by withdrawing
samples of the reaction mixture, isclating AX + AX® from
the mixzture and meoasuring its activity., In the some way,
one then measures or calculates x]), {or & guantity pro-

portional to it). From equation 14, 1t is evident that a

plot of <log (1 = F) versus time will have & slope of

[ +b
i‘g(%;g“)R. Thus, by measuring the slope of such a
plot, one can determine R from the equation
- ab
= A3 /= (slope
R 2'3(0.+b)( pel., (18)

One then changes the concentrations and repeats the re-

antdoan A Al pp 23in T e I -
(LR +RUS L0 ) ¢ IFY 4 Qo & 4 WHLOCDS i =

foie
>
e

zero order in all the concentrations); by properly vary-
ing the concentrations, the functional dependence of R on
all the concentrations can be found. The order of the
exchange reaction is thus determined, and one then knows

the kinetics of the resctlon
AX + BX &= AX + BX. {16)

In this development, the effect of isobtopes hag been
ignored. It will be shown later that if large l1sotope
effects are present, due tc large differences in mass
between X and XY one may expect to find the correct order
but & different rate constant from the rate constant for
reaction 16,

In this investipgation, the procedures described above

was followed. By measuring the activity of thallous
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hypephosphite samples isclated from the reaction mixture,
the quantity x was obtained, As explained on page 10, x
is proportional to the gpecific activity of total hypo-

phosphite:

X = M(Sp. act, Z (HZPOQ)),

where M is a constant of proportionality which depends on
counting geometry, etc., and ZZ:(HsPOg)?EE(H5F02)+(H2PG§}.
By measuring the activity of the thallous hypophosphite
samples at "infinite" time, as described on page 15, X

was obtalned, x is proportional to the specific activity

ey

of total hypophosphite at infinite time:

%, = M(sp. act. > (HgPOy) at t = w),

In a given run, the specific activity of total hypo-
rhosphite at any time is proportional to x', or (4X°), the

concentration of active total hypophosphite in solution:

(spe. act. of :E:(HaPOE) at time t) = D(concentration of
active Z(Hg?(}g) at
time t)

= Dx?,

wvhere D 1s a proportionality constant which depends on the

acld concentration. (8ee page 69, equation 53)., Therefore,

x = MDx',
X = MD}((")D )

and F=x'/xl,= x/ (17)

X(D.
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Thus F ecould be calculated from the measured values of
x and X
-Log(l=F} was then plotted versus the time at which

the sample had been neutralized. Typical plots of this
kind are shown in Figure 2. The linearity of these plots,
cbserved in all runs, 1s a good check on the experimental
method and shows that the required kinetics are being obey-
ed. It also shows that the two exchanging H atoms on the
H3P02 molecule are equivalent, in the exchange sense (13b),
and thet a phenomenon known as "separation induced exchange"
(14) is not occurring. The slope of the straight line was
determined both graphically and analytically, and R was then
calculated from equation 18 below. The concentrations were
then changed in an appropriate manner tc determine the
functicnal dependence of R on the concentrations of all the
species in the system.

The quantity measured In all of these experiments was
the rate al which both undissoclable hydrogens ol total hypo=-
phosphite, :E:(HgPog), become radioactive by exchange with
active water. The quantity of Interest, however, was the
rate at which one of the two hydrogens exchanged. This rate
can be calculated from the experimental data if one modifies

3%

15 by multiplying a and b by two  (13c):

= 2.3 (slope 2(H,0) + 2 3 (H;P0,)
R (slope) 2(H,0) + 2 T (HyP0,) | !

# Since both E: (IzP0s) and 1150 have two exchangeable
hydrogens per molecu%e neglecting, ag usual, the
dissociable hydrogen of HzPOg).



o (H20) - Z(H3P0,)

(H,0)+ Z (n3r0,) | ° (18)

R = 2.3 (slope) 2

Equation 18 was always used to caleulate R, For this
reason, all the rate constants derived in this work apply

to the exchange reaction,

HHPOOH + THO SR THPOOH + HOH (19)
The concentrations of all the ionic and molecular
gspecles present in the reaction mixtures were calculated
in the usual way from the acid dissociation constants and
the known stoichiometric concentrations of the aeids in
the mixbures.
Values for the dissociation constant of hypophosphorous

acid,
K, = (H+)(H P03)/(HzPO,),

were taken from the work of Griffith, McKeown, and Taylor

(lc). The dissociation constant of the bisulfate ion,

HSO,

K = (H+)(8077)/(H80,),

was determined by Griffith and McKeown (15) and Noyes and

Sherrill (16). The dissociation constant of oxalic acid,

i = (8+) (H0x™) /(£ 0x),"
has been determined by Dawson, Hoskins, and Smith (17).

These investigators determined the values of these constants

Hereafter, H,0x and HOx will be used as a convenient
notation for (COOH)2 and thwe bLinczelele lon, respeclively.,
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over ranges of temperature and icnic strength. Plots of

%

log K versus 1/T and k versus r were made to determine

w9
P2

the valuss of the cuonstanls al Lhe lemperatures and ilcnic
strengths used 1In this work.

The use of these constents may introduce an unknown
but posslibly large systematic error intc the valiues of the
rate constants. This error is probably not larger then
10%, and may be much smaller than this, However, since the
values ol the rate constants obtained in this research will
eventually be compared to Griffith, McKeown, and Taylor's
rate constants, and since Griffith, et. al. used the same
dissociation constants to calculate their rate constants,
this unknown systematic error will be relatively unim-
portant,

The actual values used for these dissocistion constants

were, In units of moles per liter:

ot £7,25° and M = 0.218,
K, = 0.080,
K% = 5,047,
«'2%% = 0,078

at 35.,30° and p = o0.218,
K = 0.06%.
c
The assumption was made throughout that these constants were
functions of lonic strength alone and independent of the

chemical nature of the system.

P = ionic strength,



«27

The determination of the rate law for the exchange
reaction from the measured values of R and the known con-
centretions was straightforward., Several different methods
were used. If the rate expression consists of only one

term in the concentrations,

- ber n ”\p
R = k(H+) (HSPOE) (HZPOE’ »

where m, n, and p may take on any integral, non-integral,
positive, or negative values, one can set up a table of
R/(H+)m{H3P02)n(HQP05)p quotients, where m, n, and p are
asgigned different values, and see which one of these quo-
tiente remaine constant as R and bthe concentrations vary.
If the rate expression consists of more than one term, one
can use various graphical methods, which are best described

in the next section,
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De. HResults

Determination of QOrder

Sixteen different series of experiments (39 runs) were
carrled oul al 27.23° Lo determine the order of Lhe exchange

reaction,

HHPOOH + THO &= THPOUH +HCH (19)

For purposges of illustration, the values of x and x obe-
tained in typical runs are presented in table 3.

The rate expreszion for reaction 19 was found to he
- + 2
R = kl(H )(H5P02) + kz(HgPog), (20)

k, 1s the catalytle coefficlent, k,, for H*, and I, is the
catalytic ecoefficient for Tree hypophosphorous acid, HSSPGB’
Since Groups One, Two and Three were used in these experi-
ments, 1Y and H3P02 were the only acids present in the
system, Equation 20 is thus a special case of the general
rate expression 10, which was expected if exchange proceed-
ed via reactions 5 and 6.

it was found that at 27.260, the two catalytic coefl-
ficlents, k%, and kz, were equal. Thus the two rate constanis

and (HSPOZ) can be factored out of equation 20, and that

expression rewritten as
I
R = ¥, (H;PC,) Z(ﬂgmg), (21)

whe re Z'(HSPGZ) = (HzPO,) + (gty. This rearrangament
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is made here for the purpose of convenience in testing
this order in the tables which follow. Expression 21 is,
of course, valid only at 27.23°, where the two catalytic
coefficients are equal. The results of the individual
Groups will now be considered separately.

In Group One, seven diflferent series ol runs wers
made, at seven different concentrations of EZ:(HSPOZ).

The results are given in Tables 4 and 5, It is evident
that, although the order given by 21 holds, several other
orders hold with equal vallidity. The variation in K, with
ionic strength in this Group was taken into account in mak-
ing the calculations of the concentrations,.

The experiments in Group Two were designed to do three
things: 1) To extend the range of concentrations, 2) To
differentiate between dependence on E:?(HSPOQ} and depende
ence on EZ:(HsPoz}. 3) To see if some other order,
possibly vallid, was failing because of the variation in
ionic strength in Group One., Five series of runs were
carrisd out, in which T‘i_Hth)z was added to the rsaction
mixture bto maintain the lonic strength constant as

E::(HsPOz) was varied, This amounted to keeping
{HEPOZ"') constant and equal to ,J, since
PILITILS
[(T1+)+(H*)+(Hzpog‘)J ;
but (T1")+(H") = (HP0,7),

NP = (RO,

P:::

F I VR
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(HoPOo™ ) was chosen so that Series IV could be used in plots
of the results of this Group.

The results of these experiments are presented in Tables
6 and 7, It is seen that many of the possible orders allowed
by Group One were eliminated, and that six reasocnable orders
{the first six listed in Table 7) remained, including the
correct one, given by equation 21, The results can also be
presented in & graphical form which sheds further light on
the relationship between these six orders. HEquation 20 shows
that under the conditions obtaining in this Group of experi-
ments, a plot of log R versus log (HzPCs) should be a straight

line with a slope of 23

- + 2
R = Ity (H") (HzPOs) + ko(HZPO,)<,

(H+) = K (HzPC,)/(H P05T) = KC(I»I:,)PO‘?)/:,u ,
R = (HzPOy)? [kg%4l+k2},

log R = 2log (HzPOy) + log [lec<p + kg} .

This plot is shown in Figure 3, where it 1s szeen that these
requiremnents are satisfled,

Equaticn 20 also shows that under these conditions, a
plot of R/(E:,)Pﬁz) versus (HzPO,) should be 2 straight line

with zerc intercept on the R/(HzPO,) axis:

R

i

] 2
ky (H7) (HzPOp) + kp(H,PO,),

(H,PC, )" (k1K041 + ko),

Hi

R/(HgPOg) = (HyPCy) [ K+ Kg} .
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This plot is shown in Figure 4, where it 1s seen that the
requirements of linearity and zero intercept are satisfied.
fhe reascon for the apparent validity of the other ive
orders under these conditions now becomes obvious, since
the algebraic form of any one of them leads to the same
requirements for the plots in PFigures S and 4. It was
thus impossible for this Group of experiments %o distine-
guish between them. In a2 sense, these other orders were
"forced" to hold when the correct one did, under the cone-
dltions in this Group, namely, (H,P0,”) constant.

The experiments Iin Group Three were designed to
eliminate this ambiguity. In this Group, HBr was added
as needed to maintain the ionic strength constant and
equal to (H"). (H') was chosen so that Series IV could
be used in plots of the results of this Group. Tables 8
and 9 show that this set of experiments accomplished the
desired effect,

The Ilve spurlous orders are further elimlnated
graphically in Figure 5. Equation 20 predicts that for
(5*) constant, & plot of R/(H3P02) versus (HzPOs) will be
a straight line with non-zero slope and a non-zerc Iinter-

cept on the R/(HsPOQ) axlss

R

R/(HzPCs)

i1

kq (H7) (EzP0p) + ko (HzP0,)E,

il

kq (E) + kg (HgPO, ),

H

kl}i + kg(HsPOZ),

it

const. *+ ko(HzPOs),
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Figure 5 shows that these reguirements are fulfilled., The
other five orders, on the other hand, predict forms for this
plot which are not actually obaesrved:
i) R = k(H+)2 predicts a hyperbola,
2 R = k(H+}{HSPQ2) predists 8 horizontal straight line,
5) R = k(EY) 2 (HzP05), or R = k(%) + k' (%) (8,P0,),
predicts a hyperbola,
4) R = k(3 (HP0,))%, or R = k(8*)? + k' (1%) (HzP0,) +
k“’(HsPOz}g, predicts 8 more complicated, non-linear
curve .

R = k(H5P02}2 predicts a straight line with zero

{n
—

intercept on the R/(HzPO,) axis,
Thus these three Groups of experiments, which covered a 10-
fold range in (HzPO5) and a 10-fold range in (H'), serve to
eliminate completely some thirty-odd possible rate equations,
leaving only equation 20, Elimination of other possible
orders was made in several ways:

1) A general consideration was made of all rate equa-
tions up to and including three term polynomials, each term
containing as many as three factors, each factor of the form
(mhym, (HzPOo)™, or (HoP05™ )P, where the numbers m,n and p
were allowed to assume any value from + oo to - ® , and the
rate constants preceding each such term were allowed to tale
on any value. (This took care of possible orders depending
onfEZ(HgPGQ) or ZE:kHSPOQ} which might have failed in Tables
5,7 and 9 because of the inequality of the several rate

constants in the rate expression). It was found that the



only rate expressions which satisfied the conditions imposed
{the observed linearity of the plots in Figures 3,4, and 5,
and the observed non-linearity of certain other plots) were
those of the form R = ky (H*)(HzPOp) + ky(HzP0,)%, or of a
form reducible to that by the proper substltution of the
dlssociation constant, (H')(HgPO,™)/(HZPOs).

2) As stated asbove, one can also invoke the observed
facts and derive from them the correct rate expression. The
observed facts are as follows:

1. A plot of R/{HzPOy) versus (HzPOg) for runs in whieh
(HzPoz") is constant i1s linsar with zero intercept.

2. A plot of log R versus log (HzPOs) for runs at constant
(HEPDZ") is linear with slope = 2 and a finite intercept on
the log R axis,

3. A plot of R/(HzPO,) versus (HzPOp) for runs at constant
(E*) is linear with a finite imtercept on the R/(HzPO,) axis.
The derivation proceeds as follows:

Let k denote any constant which is not 2 function of any
of the three variables, (H'), {(HzPOs), or (HoPO,™),

a, From fact 3,
R/(HsPOQ) = {HSPOQD [fl [(H*) and/or a a:nstant]J +

, (1)
f2 [{H ) and/or =a comstant]

b, From fact 1,
R/(HzPOs) = (HzPO,) fg [ (HgPO5") and/or a constant],(zl)
co From fact 2,

log R = 2log (HzPOo) + [log 4 (HoPO,T) and/or log k]_(III)
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We now assume that the reate expression is some unique
function of the concentrations In the system, and thatb

its algebraic form does not vary with concentration over
the range studlied in these experiments. Here, "unigue"

is used with the understending that the presence of the
maintained equilibrium, HzPO, = H' + HgP0,~, with
(H+)(H2P02)/{HSP02} = K,, may make some rate expressions
experimentelly indistinguishable from others,

de Following this assumption, we see that equationg I

and II must be made 1dentical in form., Hence, f3 [(HQPOQ“)

and/or a constant ] in II must contain at least two terms,

A

and be exprescible as
+ i | *
Tg { (B*) and/or a conwtant} + H3P013§;(H ). {(IV)
It should be especially noted that fG(H+) in equation
IV eannot be a constant alone, else the second term of
IV would be k/(HzPO,), which is not a function of €:40)
alone and/or & constant;, as required by I,
es II can be rewritten as
log R = 2 log(HzPO,) + log £z ((HgPC,7) and/or a const}.(V)
f. Now compare V wilth III, after substituting IV intc V:
IIT: log R = 2 log (HzP0,) + log I, [(HQPCQ“) and/or a }:],
Vt: log R = 2 log (HgPOE) + 10g[f5 [(H+) and/or k] *
| +
(H,P0,) T, ( )J-
el i“%\_ /¢ -+ --——I——-————- \ * at
g. Obvicusly, fg [(E } and/or k] (H3P01){6(k1) must

be a function of (H,P0,7) alone, and/or a constant. Thus:

Ty [(H+) and/or k ] = kg,



gince the only way a function of (H+) and/or 2 k ecan 2lso

be a function of (HzPOE} and/or k is for the function to

be a constant;

fﬁ(ﬁ*) = kl(H+}3

KC/(H

i

I e "‘4.\; f 1y 3 . ""\9 2 . . £ . o Y ""\
since (H ,/ah:,)mz; PO,") is & function of (HEPC )

2 2
alone, Substituting these conclusions intc equation v'and
teking antilcgs, the rate expression becomes

SPOE) = (HgPGB}(kQ + kl(H+)/(E5P02)),

or R = k2(E5
which is equation 20, the rate expression found by the

R/(H
o .
ygz) + kl(H+)(H5P02},

more standard prccecdure described In the a2bove paragraphs,

Additional procof that eguation 20 1s the correct rate
expressicn was obtained from the experiments on ionic strength
dependence conducted in Group One. Since 20 contains terms
corresponding tc reaction between ions and neubtral molecules,
or reaction between neutral molecules only, the Brénsted
Debye-Hiickel {18) salt-effect theory would predict no depen-
dence of these rate constants on lonic strength, As Table
4 ghows, this is what was actually observed. Conversely,

!

orders such as k(H+):£:(H5P02) predict an ionic strength
dependence, yet no such dependence was shown by orders such
as these In Group One. Taken by itselfl, this is not a very
convincing argument, since the ionic strengths in this work
are much too high for the Brgnsted Debye-Huckel theory in
its simple form to be appliceble. However, in conjuncthtion
with the other methods of proof used above, it strengthens

the proof that equatiocon 20 is the correct rate expression,



Summsry of Experimental Results at 27.23°,

Discussion of Error.

The walues found at 27.23° for the rahte constants

ky and ko In equation 20 are:

e

kl = 2628 o 03

I+

i

ko 2428 1+ o0

in units of liters per mole hour. The word "mole" in
these units refers to moles of H atoms exchanglng, or
moles of HzFPOs, exchanging one of their two moles of H
atoms, or moles of HzPCp goling through one of the cycles
given in equations 5 and 6, all of these forms being
equivalent (assuming that equations 5 and 6 correctly
represent the exchange mechanism)., Throughout this paper
the k,'s for the exchange reaction will be expressed in
these unita,

These values were derived by assuming that kl and kg
were equal, within experimental errcr, at this temperature,
an assumpbtlon that 1s justiflied by the ceonstancy of these
constants with varying concentrations. The experimentally
determined value of R in each series was then divided by
the value of (HgPOQ)ZE::kﬁgPOQ) in that series. The limits
of errcr given above represent the average deviation of the

values of the constants from the mean. Thus the standard

deviation of these figures is .038, and the "99% confidence



interval™ (19) is .033,

In taking the average, five values were rejected (those
from Series VI, IX, X, XII, and XIII}. There 1s no good
statistical reason for the re jecticn of these values; the
"2 ,5d4 test™ (20) would allow their rejection, but it has
been shown (21) that the 2,54 test is invalid for small
numbers of observations, The "Q test" of Dean and Dixon (19)
does not allow their rejection, but this test is se stringent
that 1t is subject to "errors of the second kind" (21).
Examination of the runs which produced these doubtful valiues
reveals that there are fairly good chemical reasons for re-
jecting them., In any case, thls rejection malkes no serious
differencs, since if these five values were retained, the
average would fall to 2.24, with an average deviation of .07,
standard deviation of ,08, and & 99% confidence interval of
«08, The finel limits of error assigned to these constants

LI
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wes + 5%, or + 0,11; these limits of errcr include all the
confidence interval of the 2.28 value and 94% of the confid-
ence interval of the 2,24 value, Thus the only real difler-
ence the rejection makes is to assign to the value of 2,28

a misleadingly good precisiocn,.

ky and kg can #lso be derived from the slope and bLhe

* Defined as the interval in which the true value lies with
& prcbability of 0.99. Equal to 1/3 x the range.

LTI
P

See page 29.



intercept of the plot in Figure 5, Values so obtalined are
less accurate, due to Iinherent uncertainties in such a
derivation., In this way, one obtains kj = 2.5z and kg = Z.25.
The averoge deviotion of these two constoants from thelir mesan
is certainly smaller than the estimated experimental error
plus the error in the graphical derivation, The azsumption
thet ky = ko within the experimental error ia therefore in-
dependently justified. The maximum deviation between the
apithmetically derived values of the constants, after re-
jeetion of the five series mentioned above, is 5%.

The reproduclibility of the runs within a series was
remarkably good, considering the various errors which might
be expected to appear. The average reproducibility of ths
runs within a given series was 2% in Groups One, Two and

LY
ek

Three, and in only two series was it as bad as 5%, The
average reproducibility of x_ values within a given series
in these three Groups was 1.2%.

There are several schools of thought on the question
of how the limits of error should be assigned to experiment-
ally determined rate constants., In order tc assign a

N
PRk

"maximum errvor" to ky and ko, the reproducibility of

sample counting, the reproducibllity of the x,, values,

“ See the developmsnt on page 31l.
See Table 3 for typical sxamples,

Defined by stating that 99% of the measured values
should fall within the limits of this error.



the reproducibility of runs within & series, and ths
average and maximum deviations in the values of the rate
constants were all consldered; 1t was concluded that &
maximum error of about 5% would probably be a realistiec
figure., This value was used in estimating the error in
all quantities derived from the rate constants. The fact
that this error is about 2% times the 997 confidence
interval shows that either this estimate 1s pessimistic
or that the results of the application of statistics to

g small number of observations should sometimes be taken
cum grano galis, It should be emphagized that this
estimate of 5% does not Ineclude the possibly large error
in the value of Kc, the concentration dissociation constant
of hypophosphorous eacid, Lack of the necessary data ren-
dered an intelligent estimate of this error impossible;
it 1s therefore not included explicitly in the error est-
imate given above.

The Catalytie Effect of Added Acids.,

In order to establish wilth certainty that eguation 20
wags a special case of equatlion 10, the catalytic effect
of other acids was investigated. Two groups of experiments
were undertaken: Group Four, in which sulfuric acid was
added to the hypophosphorous acid-tritiated water reaction
mixture, and Group Five, in which oxalic acid was added
to the H,PO, - HTO reaction mixture., In all cases,

H,P0, and the catalytlec acld were premixed and thermo-

2
statted before mixing them with the tritiated water,
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The lonic strength wes kept constant and equal to that
in Groups Two and Three by eppropriate cholce o the
acic ooncentretions. R was calculated using equation 18
in exactly the same way as in the previous Groups.
Concentraticns were calculated using the dilssociation
constants discussed in Section C.

The results of these experiments were not all that
could be desired, from the standpoint of reproducibility
and probable accuracy. Some representative plots are
shown in Figure 6., The average deviation of the individe
ral points from the straight line plot was much gresater,
running about 6-8% in some cagesa, and on the average the
reproducibility within a given series was poorar.% Much
of this difficulty was due to the nature of the method

-

used to remove SO047° and 0x™~ from solution; barium

sulfate and calcium oxalate have 2 notorious tendency to
remain in solution cclloidally, and the conditions of
precipitetion which were used here (reagents mixed rapidly
in the ecld) were not designed to overcome this difficulty.
Furthermore, the concentrations of the caleium bromide and

barium bromide solutions were not accurately known. In the

ozallc acid runs, definite evidence was obtained that the

ade
pd

Cne of the best of these series 1ls displayed in Table 3;
the limits of error quoted for the slope values in Tables
10 and 11 give a good indication of the reproducibility
within a series,
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ecaleium bromide concentration was too low, and that for
that reason, thallous oxalate was appearing in the evap-
oreted Tthallous hypophosphlite. This, along wlth bthe
presence of BaS0, or Calx, would conspire fto lower the
counting rates by dilubting the specific setivity, and
that 1s indeed the effect that was observed,.

legardless of these difficulfies, however, clear cut
cages of cabalysis by both the bisulfate ion and undis-
scclated oxalic acid were obssrved., The results of these
experiments are presented in Tables 10 and 11.

Catalytic coefficients for these two acids were
calculated by assuming 2 value of 2.28 for kg and ky, and
substituting the experimentally determined values of R and

the concentrations into the expressions

R = &y (HY) (EgPOg) + kolHgPOg)? + kz(HS0}) (HzP0,), (22)
{in the case of the runs with added sulfuric acid), and
R o= iy (HY) (HzP0,) + ko (HzP0,)® + K, (HpOx) (HzPO), (23)

{in the case of runs with added oxalic acid).

In principle, eguation 23 should contain a fourth
term, of the form ks(HOx”)(HsPOQ). However, the accuracy
of the results and the method of calculation were such as
to preclude "seeing" this extra term., It is of interest
to note in this connection that Griffith, McKeown, and
Taylor (le¢) found the cetalytic coefficient for HOx™ in
the lodine reaction to be undetectable., This result is

in accord with the Br¢nsted equation (22), which relates
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catalytic activity to acid dissocliation constants.
The catalytic coefficients found for these two acid
catalysts at 27,23°% are:

364 + 1.2

4

for HSO4§ k=
for free oxalic acid, ky = 3.0 + 0.7,

in units of liters per mole hour, The limits of error
assigned to these constants are those which arise from the
method of calculation, wherein one must necessarily subtract
twe numbers of almost equal magnitude from one ancther, there-
by megnifying the error in the result., The poor experimental
character of these runs, however, justifies such an assign-
ment, and the values of these constants should probably be
considered valid as orders of magnituds only.

The lack of "separation induced exchange" (14) noted
in Groups Three, Four and Five 1s interesting, since it has
been the experience of other investigators that if a pre-
clpitate appesrs in the course of quenching an excheange
reaction or separsting the exchanging species, & spuriously
large flgure for x may be obtained, This has the effect of
making the -log{l-F) versus time plots straight lines with
a finite Intercept on the log axis, indicating that some
"exchange" takes place at zero time., Figures 2 and 6 show
that this effect was not observed here, even though pre-
cipitates appeared in the course of gquenching the reaction
and separating interfering ions.

The question of whether or not to continue with more

acids and extend the list of catalysts was raised at this
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polint, and was declided in the negative. In principile,
one can never prove general acid catalysis; all one can
do is investigate so many acids thalt no ressonabls doubt
can exist. Furthermore, the eoxperimental prccedure wag
tedious, to say the least, and the relatively unrepro-
dueible character of runs in which ifons had to be
removed by precipitstion was very annoying, alnee all
rung had to be carried out at least in triplicate in
order to obtain results which seemed meaningful., In
addition, the variety of acids that could be added to
the reaction mixture was limited by the necessity for
removing the aclid anion and the anion of the removing
agents I feel that in view of the above results and the
good correlations which can be established with the work
of Griffith, McKecwn, Taylor, and others, that a reasonable
doubt as to the question of the "generality" of the scid
catalysis does not exist. The final rate expression is
thens:

R = (HzPOp) > Iy (HA),, (24)
where the sum 1s taken over‘;11 Br¢nsted acids which may
be present in the systenm.

o

Experiments at 30,30 . Actlvation Fnergy and Pre-expounenllal

Factor,
To obtain the temperature coefficlent of this reaction,
runs of the Group Three btype were carried out at 35,30, In

these runs, the withdrawn sample was discharged directly into

a solution of thallous hydroxide which was a few drops short
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of an eguivalent amount. This procedure was necessary
because the hall times were such that the time cof stop=-
plng the reaction had to be known more accurately than
in the runs at 27,23°,

The ressults of these experiments are pressnted in
Table 12, some typical plots of =log {1-F) versus time
appear In Figure 7, and an R/(HzPOg) versus (HzPOg)
plot of the data is presentsd in Figure B,

Both graphlical and arithmetical methods were used
to obtaln the numerical values of ky and Koo In the
graphical method, both of the consbants were obtained
from the plot in Figure 8, in which the slope of the
line 1s equal to kp, a2nd the intercept on the R/{HzP0,)
axis 1lg equal to kl(H¢). The arithmetical method involv-
et sebting up slx pairs of eguations of the form of
equation 20, putting in the experimentally determined
values of R and the concentrations, sclving them in pairs,
und averaglng the results, (Since the values of the two
constants were no longer equal at this temperaturs, the
simple method used for the runs at 27,.23° was no longer
applicable.) The values obtained by these two methods
agree very well, a3 they should, and are,

ky o= 7.0 + 0.4,

s = 4,5 4 0.2,

In units of liters per mole hour,
The 1imits of error assigned to these congtants are

the same as those assigned to ki and kp at 27.23° (4 57),
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for the same reasons. J1f anything, the experiments at

5

g3

ot
tole

8 higher temperature were more reproduclble than
those at the lower temperature..

The value for x,, given by theory (Section E) in-
dicates that this guantity may or may not be temperature
dependent. For this reason, several measuremenis of X,
were made 8t 35,300, and are given in Table 13, The mean
of these values was found to sgree within 1% with the
Group Three values at 27.23°%, indicating that in this
temperature range, x_ was independent of temperaturse,

Using the results for kl and ko at the two temper-
atures, the actlvation energies for these two constants
can be determined from the integrated farm of the Arrhenius

equation,

T
LE 20 Sk Sk J RERCEL I
i r R ' '

whers kgr and k§2 ars the rats constants at the two tem-
neratures Tl and TZ’ E; is the Arrhenius setivation energy
Tor ks, and R is the gas constant, This calculation gives:
for kq, El = 2546 4+ 1.3 kecel, per mols,
for ko, Eg = 15.5 4 1.0 keal, per mole.
The error in the activation energlies was assigned by
assuming & 5% error in the ky's and using standard formulae
23) for the compounding of errors in guotlents and products.
Having these values, the pre-exponential or "frequency"

factor, A, in the Arrhenius eguation,

* See Table 3 for a typical example.



may now be calculated., Thils caleculatlion glves:
for ky, 4q» 1019 liters per mole hour,
for ke, Aoo 1012 liters per mole hour,
The errvor in these quantities 1s at least of a factor of 10,

sumnary of Results in Acid Solution.

At 27.23%:  ky = 2.28 4 .11 liters per mole hour

Ko = 2,28 4 .11 oo " " "
ky = 3.4 4 1.2 " L
k4 = 3.0 4 0,7 " " " n
st 35,30%: ke = 7.0 1 0.4 " n " n
1{2 = 4,5 + 0.2 n L] 1 19

These rate constants apply to the rate expression,
= 1w (ut L : 2 -\ {1y
R = ky(H") (HzPOg) + kp({HzPO,)  + Kz (HSOZ) (HPO,) +
k,g: ( H20X) (Hngg) .

The complete rate expression 1s:

R = (HgPO ) k, (HA), . (24}
2 :i; a

The Arrhenius sctivation energiles and frequency factors are:

Ey = 26,6 4+ 1.3 kecal. per mole

i

Ey = 15.5 4 1.0 " meoon

Ay~ 1019 liters per mole hour
A~ 1012 " " " 1

Hesults of Experiments in Basic Solution,

The results of the experiments in basic sclution are

presented in Table 14. Interpretation of these results I1s



rendered extremely difficult by the fact that the hypophos-
phite lon undergoes szlow decomposition in basic solution
via the resction (1)
HoPOp™ + OH” —» HPO,™™ + H,

It was immedlately apparent that this reaction was taking
place Lo an appreciable extent at room temperature within
the reaction mizxtures, The solld material appearing on
evaporation was almest always wet and sticky., There was
some evidence thait a gas was being evolved from the reaction
mixture, The melting point of the solid obtained by evap-
oratlon of a sample from a reactlon mixbure that had stood
for forty-eight hours was taken; the solid melted over =2
45° range, with most pronounced liquefaction taking place
at 65-70°, 90-55°, and 105-110°., The melting point of
thallous hypophosphite 1s 1140%, and the melting polnts of
some of the thallous phosphlites are somewhat lowar.%

It appears, then, that although some sxchange may have

taken place by the reaction
oy J 2

o

H PO,

+ HTO = HTPO,™ + H,0, (27)

most of the observed exchange may have been due to the

reactions,

H,PC,” + HTO = HTPO;” + H,0, and (z8)
HPO,™7 + HTC &= TPCz " + Hy0, {29)

afte
x4

Jee Part 11,
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A large number of very careful experiments would havs
been necessary to assay accurately the contributions of
reactions 27, 28 and 29 to the obzerved result, Furthere
more, the first set of experiments show that some separat-
ion Iinduced exchange 1s taking place.

In view of these difficulties, these experiments wers

abandoned.
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E, Discusszion

Correlation with Previous Work

e

In 3sctlon A, 1t was polinted cout thabt In acid solution,
the rates law for resction 1, the oxidation of hypophosphor-
ous #acld to phosphorous acid by certaln oxidising agents,

could be sxpressed as

N
=N
-

~-&{HzPOp)/dt = E kg (HA)

1f the pH was low and concentration of the oxidlazing agent

waz about 0.,01f, or greater, The mechanism proposcd Lo

explain this rate law was given in equations 5,6 and 7,

Equation 4 ig l1ldentic ith eguation 24, the rats express-

len found for Lhe acld solutlon exchange reacticon Iin this work,.
The values for the cabtalytic coefficlents found by

Griffith, McKeown, and Taylor {(lc) for the iodine oxidation

reaction at 30,0° and M = 0.2a 0,5 are:

k] = 21%

kg -

e ™
}zi'? = 14 :g: iogg

']

L, = 16 4 1.7,

in units of liters per mole of HzPOs oxidized per hour,

These catalytic coeflficlients are defined by the rate equation,

2 o - +
»d(HEPOZ)/dt = ka(q )(HgPOz) + kz(“gPOQ;‘ + ksiﬂsoé)(ﬁgPaz)(Bo}
k&(HQOx)(EgPOg).

*  The data necessary for the evaluation of the limits of
error In these constunis are not given in their paps
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The corresponding catalytic coelficlents for the

(3]
()
L]

)

sxchange reaction, k- and kg, can be determined at
by graphical interpolaiticon on plobs of log ks versus 1/T.

This methed gives

in units of liters per mols hour. Although the values of
kz and ky for the exchange reaction cannct be dsteruined
In this way, since their actlvation energles are not known,
1t iz evident from thelr valuas at 27,23° that they will be
about 4 and 3.6 or so, respectively; of the same arder of

g K-SR SR, B a0 e s - |
AVAENLL LG Ao i\.j [N ELEE
e

1 L

Comparison of these sxchange rsaction constants with
the oxidation resction constants now shows that except for
a drop in all the wvalues, amounting to & factor of

L3 X
Jedt 45

604 :}; 04:5 fOl” k], 2.% _:t .18

4

for kz, and about 3 for

kz and k4, the two sets of constants are the same, This

drop is of the correct corder of magnitude for a tritium
isotope effect, & guestion which will be dealt with in detall
later, Assuming such an 1sobope effect for the pressnt, the
identity of the two rate expressions, 4 and 24, and the good
correlation between the two sets of values for the rate

constants leaves no doubt that both the exchange reactlion

2t

B In all that follows, the term "oxidation reaction (s)'
will refer to the reachblions given by eguations 1 and 2,

ale
5
Wiy
A

-

The limits of errcr in these ratios are derived by assum-
. ! N -
ing a 5% error in kY and k§.



and the oxidation reactions proceed in acld solution via

the same mechanism. Furthermore, it is almost certain

that the mechanism comnon to these reactions is:

(HSPOZ)I -kia (H5P02)II, slow (5)
and (1520,) 17 &5 (H520,) , rapid  (6)
for the exchange reaction, and

(HzP05) 1 ey (HzPOg) 17 slow (5)

(HzPOg) 11 —“L (HzPOg) 1, rapid (6)
and (HzPO5) 17 + Ox -B&L> HzPOz + Red rapid (7)

for the oxldation reactions. When the concentration of
the oxidising agent is high, reaction 7 disappears from
the oxidation rate law, equation 4 becomes valid, and the
two rate laws become identical. This mechanism will be
discussed in greater detall in the next section.

The correlation between the two reactions is further
strengthened by the fact that the lack o ionic strength
dependence ncted in this work was also noted by Griffith,
et. al., and by Hayward and Yest (1d).

It should be noted, parenthetically, that the rate
constants found by Grirffith, et. al, are used here for
comparison instead of a mean of constants found by all
investigators because the constants determined by Griffith
are unquestionably mare accurate than those found by
Hayward and Yost or by Mitchell. This difference is due
to the fact that Mitchell and Hayward and Yost did not take

into account the existence of general acid catalysis in
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their reactions.

The isotope effect found in the rate constants also
appears in the activation energies, when one compares the
exchange and oxidation reactions. Griffith, et. al. found
a vaelue of 20 kcal, per mole for Ei, the actlivation energy
for the hydrogen lon catalytic coefficlient, Ki, in the
iodine reaction. This 1s to be compared to a value of 25
kcal. per mole found for E; in this research. Unfortunately,
Griffith, lickeown, and Taylor did not determine Eg, the
activation energy for the HzP0, catalytic coefficlent. The
rather low value found for Ey in this research would have
made & comparison interesting.

From Griffith's values for ki and Ei, one can calculate
a value for Ai, the frequency factor for the hydrogen ion
coeflficlent using egquation 26, The result of this calcu-
lation 1s AS~ 10°° 1liters per mole hour. The apparent
discrepancy between this value and the value found for A4
in bthis research should not be taken too seriously, since
both values are uncertain by at least a factor of 10,

The collision theory of reaction rates relates the
frequency factors, Al and Ay, to the collislon frequencies,
Z, and Z,, by the expression (24)

A = PyZgy, 1= 1,2, (31)

where Pl and P2 are the so-called steric factors. If one
assumes that 4, and Zo are approximately the same, and
that the Z's can be calculated from the formula which applies

to collisions in the gas phase (24),
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Y2
Z = o ? M X 6.02.x/oz°x 36x10" liters .
™M mole-hour (32)

one obtains a number which is of the order of 101% for Ze
If correct, this means that Pl and Pe must have values of
the order of 10° and 1072, respectively.

Although the magnitudes of the P's given by the above
treatment are very uncertain, the large difference between
them may be significant., If we assume only that the Z's
are approximately the same, the two values of P differ by

about seven orders of magnitude, This may be due to the
fact that HzPO, is a relatively "long" molecule, compared
to H5@+. If one visualizes Hsa* as consisting essentially
of a sphere of H atoms surrounding an oxygen atom, and
HzPO, as a long rod with only one useful H atom tacked onto
one end, one can understand, ad hoc, why the steric factor
for HgPOp is smaller then that for Hg0".

This, however, is a highly speculative argument; it
may be that the values of Zl and 22 are very different, and
that the use of gas kinetic theory formulae is entirely
inappropriate in solution. In any case, it is a little
difficult to understand a value of P, greater than one,
since P is defined as a probabllity. For these reasons,
this argument should probably not be taken too seriouslye.

Mechanisms

In this section, it will be demonstrated that plausible
mechanisms can be written for all the steps in the exchange

and oxidation reactions, 1f one assumes the existence of
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reactions 5,6 and 7 and a reasonable structure for (HzPC,)yg
Reactions 5 and 6 probably take place as follows:

Reaction 5

o - +
H 7 H 1+, 9 <-H OH
+ HA — ™N\g~7 - e
HoPNon Ry T A T H=R( ), T HAL
H
Form I Form I CSNQ
oH 0-»-H* -
H-P + _p” 0
Non T HA -—H ’?\OH TA —> H\V + HA
A NOH
HT
P > >
H/ \WDH H OH

The curved arrow written over the P=0 bond denotes the
tendency of an electron pair to shift onbto the oxygen atom.
This situation 1s analogous to the "tautomeric shift" pic-
tured by organic chemists for the electrons in the C=0
double bond in carbonyl compounds (25). This tendency is
abetted by the presence of the acid catalyst, as in many
organic c:ases.'x‘;"L Dotted lines drawn in place of bonds are
used to indicate a bond in the process of scission or fore

mation, and have pictorial significance onlye.

The mechanism also explains why reaction 5 is so much

¥ This structure for form II has also been proposed by
Mitchell (1la).

*¥ The acid-catalyzed enol-keto shift in ketones, for instance,
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slower than reaction 6 (ki/kit has been estimated (1b)
as being of the order of 10~12), The scission of a P—H
bond, undoubtedly the rate determining step in reactlion 5,
is more difficult than the seission of an 0—H bond, which
may be rate determining in reaction 6.

The mechanism by which HzPOy becomes radloactive in

the exchange reaction fellows naturally from 5M and 6M:

o Ny o HT OH
+ HA -3 ey H — .
1o Ko s T A H=PL,,, * HA, (5™
_ OH L0 - H H o ,
H— P + TA — H— - N p? + HA . (6'M)
Now HolNonw A 2,
T+

The acid catalyst thus acts as an intermediate in carrying

the tritium from the water to the hypophosphorous acid.
Assuming the structure given above for the active

fom, H-R::g: y we can write what seems like a plausible

mechanism for the reaction of the active form with the

halogens (reaction 7):

~ OH ~ OH _OH )
- + 1,— H- —> H-
H P~on 2 P\OH H +E\OH tzlo
_~OH ~OH /OH +
—_ _ — + 2H
H=P~on ¥ H0 — H-Kqy — H7Noy
H+ OH+ O

OH
s/
H— P o 1= the accepted structure (1f) for phosphorous
@]

acid., Io has been used here for the sake of specificity,
but this mechanlsm would apply to the other halogens equally
well. This mechanism 1s to a great extent schematic, as are
all the others in this sectlon, and should not be taken too

OH
literally., For instance, H—P{_, &and I, probably
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collide in the presence of a water molecule, so that the
intermediate H~ﬂ§:2:: is probably never present as such
for any length of time. The removal of electrons from,
and the transfer of an oxygen atom to the active form
have been written as separate steps merely to increase the
clarity of the picture,

The mechanism of reaction of the active form with
CuClo is somewhat complex, and its kinetics have not been

clearly elucidated. It is probably bimolecular, and may

proceed via the following free radical mechanism:

H=p(gy + Cull,— Hp(ol —> Hop{ o Gl v I
¢~ Coci
H-plSh + Cull, — 11 eS8 — H_ﬁig: v Cull+ L7
C\'—(iu-(,l
H=-p %"« h,0 — u-pZC + 2n". (7'm)
++>OH | ~OH
O

The existence of free radicals similar to these has been
suggested by Kornblum (26) to explain his results on the
reduction of dlazonium salts with hypophosphorous acid,
This fact, however, should not be cited as additional
support for mechanism 7'M, since most of Kornblum's ex-
periments were valueless, from a kinetic standpoint, and
his conclusions reveal a lack of knowledge of the funda-
mentals of hypophosphorous acld chemistry.

The details of the reaction of the active form with

HgCl, are obscure; litchell (la) finds that it may be
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termolecular, but this seems unlikely. At any rate,

there is some questlon about whether or not the rate of

the overall reaction between HgCl2 and H3P02 et low con-
centrations of chl2 can be fitted to equation 3, although
there is no doubt that at high concentrations of HgCl,,
equation } is rigorously obeyed. It is possible that HgClZ
reacts with the active form via a free radical mechanism
gsimilar to that plctured in equation 7'M,

The reaction between mercuric ion (as mercuric nitrate)
and H3P02 has been investigated very recently by Gerfer (27).
The mechanism of the reaction is rather complex, but it
seems clear that in this case, the reaction of Hg = with
HZPOZ- is so rapid that it completely conceals any reaction
which may be taking place between Hg++ and H3P02 molecules.,
It is interesting to note that in the HgCl, reactlion, jJust
the opposite is found - the reaction between Hg012 and
HpPO,  is undetectable. Gerfer also finds that the relative-
1y slow reaction between Hgé+ and H3P02 proceeds via the
mechanism given in equations 5, 6, and 7, and obeys rate law
li at high concentrations of Hg£+. He did not detect any
reaction between Hg5+ and HZPOZ-.

The reaction of the active form with iodate ion is
about 1/35 as fast as the reaction of the active form with
todine (1d); the lodate mechanism i1s undoubtedly more in-
volved. At first sight, a mechanism such as the following

seemns attractive:
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(H PO -+ I O - kun = — OHt - - -
3 2_)‘_[[‘_ 3 _—9 H +€\OH + IOZ + O 5
= ~OH
O + H=pL,,, —> H,PC,.

(H3P0) + Tof Ky o el 1o 4 O

wH~\OH ) )
) oH
z Ve
O+ n=Floy —> HiPO;. (7M)

(HyP0.)  + Too Kumy H—p o0 & 17« O

= s O

O« H-Flon — H PO,

Further consideration, however, shows that this mechanism
is probably not correct, for the following reason. In the
iodine reaction (la,c) the reaction of IO~ with the active
form is undetectable, showing that kgm must be 5; 1/10 of
kgz. If the above mechanism is to give the correct rate
law, 1.e., rate = kloz (Iog)(Hspoz)n, then it must be
true that ky, << ko, and ks . Yet, as stated above,
kIOg (or k) is only 1/35 of klg' Thus we are led to the
conclusion that kSm‘g Skyms & condition which would not
lead to the correct rate expression if it were used in
conjunction with mechanism 7''M. It is unfortunate that
this mechanism is untenable, since it is very difficult
to think of other kinds of mechanisms which would lead to
the observed second order rate law,

Tables 1 and 2 show that the exchange of hydrogens
between water and the hypophosphite ion in neutral solution

is very slow, if it takes place at all, The lack of a

term containing (HoPOo ) in equation 24, and the theory
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to be developed later show that the ion, as such, will not
exchange in &cid solution either, The reason for this is
fairly obvious from the mechanism given above, In solution,
the HoPC,~ ion probably has the structure (28)

H\\Fffiz — ::>Pé;2
where the usual symbolism is used to dendt e resonance
forms. Attachment of an H' ion to this molecule would have
no tendency to cause scission of the P—H bond; it would
only create the acid. Attachment of another H* ion causes
scission of this bond, as pictured above in 5M, but now we
are dealing with the acld molecule exchanging and not the
ion. In neutral solution, the concentration of acid
catalyst moleailes or ions is so small that exchange via
reactlons 5 and 6 is inappreciable., The possibility of
direct dissociation of one of the H atoms from the P atom
of the ion, caused by a high concentration of OH™ ions in
basic solution,is not eliminated by this mechanism; 1t was
partly for this reason that exchange studles in basic
solution were carried out.

Unfortunately, the basic solution results were in-
conclusive, for reasons pointed out in Section D. The
difficulties encountered with this reactiocn were also
found by Franke and Monch (10), and their experiments are
inceonclusive for the same reasons. All that can be said
at this time is that it 1s possible that exchange will

take place fairly rapidly in basic solution, if the
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concentration of OH™ ions is large enough, by a direct

dissociation mechanism such as:

H. -0 - He ~O =0 .
HO “
_0O o @] -
H=PZo- v Ton — H—plg- — H>pZ  + oH
T OH

This would be an interesting reaction to study, if some
wey could be found of suppressing the decomposition
reaction, since 1t bears on the problem of preparing
dibasic salts of hypophosphorous acid, a problem which
has never been successfully solved.

There are certaln hypophosphorous acid oxidation
reactions to which the mechanism given by reactions 5,
6 and 7 may nct apply. Mitchell (29) found that he
could explain the kinetics of the reaction of Crg0,

with HPO,,

S
Cry0,"" + 3HzPOg + 8H' — 20r*™™" + BHZPO; + 4Hg0,

if he assumed that CrgoOy~~ first reacted with (HzPOo)y7

to produce Crg0g~~, which would then react with (HzPOg)ry
or (HzPO5)1; the reaction velocity was found to be in-
dependent of (H*) up to (H') ~ 0.2 f. This work, although
suggestive, was not entirely clear cut and should be re-
peated., Vodizhenskii and Gerasimov (30) investigated the
kinetics of the oxidation of HzPO, by As(III), and claim
that a free radical mechanism i1s involved. The abstract

(31) of their work is almost incoherent; a re-investi-

gation of this reaction would be worthwhile. Other
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oxidizing agents (HNOgz, Ce(IV), Se0z™~, NH,Cl, Oy, Mn0, ")
have been investigated, but only in a qualitative way. It
would be very interesting to study these reacticns further
to try and find clear cut cases of oxidation proceeding via
some other mechanism other than that given by equations 5,
6 and 7.

In their work on the iodine reactlon, Griffith, McKeown,
and Taylor (lc) claim that at pHa 6, in addition to the
I, - HoPOo™ reaction, some oxidation takes place via a

base catalyzed mechanism:

(HzPOg)1 + OHT =S R + Hg0, slow (a)
R + HY S5 (HzPO,)yy, fast (b)
(H3P02)II + 12 —_ 217 + H3P03; fast {c)

R is some combination of 2 H atoms, 2 oxygen atoms, and a
P atom. They give a value of about 10™° for the ratio
kR/kg, where kp is the velocity constant for reaction a.
They admit, however, that these experiments were crude and
subject to a great deal of uncertainty, both as to the value
of kR/ki and as to the interpretation of the results in
terms of the above mechanism,.

If this mechanism is actually operative in neutral
hypephosphite solutions, it is difficult to see why it
would not lead to a slow exchange of H between H3P02 and
water; kp is much too large to account for the extremely
slow neutral solution exchange that may have been observed

in this research. An intramolecular shift of one of the
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H atoms of HzPOp may be involved in the slow step of the
mechanism above, but it is hard to draw convincing plc-
tures of how thls process might take place., Further
work on this kR reaction would be worthwhile,

Isoctope Effect

The isotope effect arises in the exchange reaction
for the following reason: In the oxidation reaction, one
measures the rate at which form I is converted to form II,

reaction BM:

7 ~.ce HY OH
H =0 H Q< H - o ~
woP<oy T OHA — HQ:R\OH + A —y H— Pl *HAL (5M)

In the exchange reaction, on the other hand, although

radiocactivity gets into the molecule via reaction 6'l,

H—.-F-(OH + TA — H— E\OH AT — T> PiOH + HA ) (6 /V\)
T+

it turns out that the rate that one measures 1is the rate

of the reaction

Ho 2 H /é’("H , OH
N o7 . - — 5'M
Eplo, *oHA — SR, A H-Plg, f TR (5'M)

Reaction 5'M 1s the exact analog of reaction 5M, except
thet in 5'M, a P—T bond must be broken to make the reaction
go, whereas in 5K, a P—EHE bond is broken.

The difference between the zero point energies of
these two bonds (that of the P—T bond belng the lower of
the two), means that more energy will be required to raise
the P—T bond up to the point where scission and reaction

can take place. This difference is reflected in the higher



value for the activation energy and the concomitantly
lower value for the corresponding rate constants, when
one compares the exchange reaction with the oxidation
reaction. Although this explanation is greatly over-
simplified, it 1s probably qualitatively correct.
The crucial point in the explanation is that in
the exchange reaction, one measures the rate of 5'M
and not the rate of 6'M or 5M. This point is readily
demonstrable, as is shown in the following development:*
Assume that the mechanism of the exchange is a

combination of the reactions

L,
HPy + HA —— HPpy + HA, (5M and 6M) (33)

2
£

TP, + HA == HPyy + TA, (5'U and 6'M) (34)

2

where HP{ represents (HzPOy) 1, HPy7 represents (HzPOs) 1T
TP represonts (HTPOOH) end the 1l's are rate econstants,
From 34,

1

& (TP7) = 1 (HP7)(TA) - 1) (HA)(TPq). (35)

The quantity that is actually measured in thils reaction,
after the insertion of the factora of two into equation 18,
is the rate at which one of the two hydrogen atoms in total

hypophosphite becomes radioactive, gt (S (ETPOOH)). Since

> (HgPOy) = (HgPOy) [1 + Kc/(H*)] = B(HzPO5), (386)

and since, for any given run, all the chemical concentra-

% I am indebted to Dr. Norman Davidson for many helpful
discussions concerning this theory,.
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tions in the system remain constant, B is a constant in
any given run.

We now assume that H2P02' does not participate in the
exchange reaction as suche. Then the rate at which total
hypophosphite becomes radioactive, d% (BHTPOOH)I, will be
1/B times the rate at which HzPO, becomes radioactive,

This is understandable when one realizes that 1if one 1is
putting radicactivity at a given rate into a larger
reservoir (BHPy) than one originally though one had, (HPg),

then the rate at which the reservoir fills up with radio-

u¥e
b24

activity must necessarily be slower than 1t would be if
the reservoir contained only HPy to be rilled up. This
involves the assumption that the additional material In
the reservoir, H2P02', doesn't aid in the filling process

(i.e., doesn't react).

Thus:
4 (BrP,) = 12 (gp.-)(TA) = 11 (HA) (TP-) (37)
it (BT = g 5 -

Wle now note that:
a) The rapid equilibrium
HA + HTO &— TA + HZO’ (38)
is maintained throughout the reaction, and hence,
(TA) = K. (HA)(HTO)/(Hg0) (39)
where Kz is the concentration equilibrium constant
for reaction 38,

b) The water concentration in these experiments is so

-

expressed as the rate of approach to "completely full".
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high compared to the concentration of total hypophos=-
phite that the decrease in the concentration cf HTC
during a reaction, due to tritium leaving the water
and entering the HzPO, molecule, is negligible,

Thus, for a given (HA), which remains constant through-
out a run, (TA) = const. = T,

37 now becomes:?

1 t
g + 1 - 1 .
gt (BTP) * =1 (HA)(TPp) = =2 (HP1{)T, (40)
integrating,
“[’QI(HA)/B]t ﬂl(HP)
» T
(BTPI) = Ce + zﬂ/(:}\) ) (41)

at t = 0, (BTPy) = 0, hence,
1 1 .
C = -1y (HP;y) T,/1, (HA) ;

at t =o, (BTP;) = (BIPp), = 1; (HP[)T,/1,(HA),  (42)

We now assume that the experimentally measured thallous
hypophosphite activity, x, is proportional to B(TPI)? and
we note that x' = (BTPI).

Thus, measured activity of TIHTPO, = LB(TPI) = x. (43)
I is a proportionality constant which includes counting
geometry, counting efficiency, total acid concentration, etc.,

but which is a constant in any given run.

Then
! i
r=X' -x LB (TP1)
Xy  Xg LB (TPQ)g° (44)
1

¥ Seo page 23.



Thus the slope of a plot of =log(l - F) versus time is

1 ' -
slope = = HA)/B.
pe == 1, (HA)/

(45)

In the calculation of R, we use the expression,

(HQO) X 2;:(H5P02)
(H50) + 2_(HzPOg)| ’

where the factors of 2 have been left out for the

R = 243 x 8lope x[

and will be taken care of later.

Since in this reaction, (H,0) >>Y(HzPOp), 46

oy
H

2.3 x slope x j{:(HsPOg),
2.3 x slope x B(HzPO5).

For any given acid catalyst, HA, experiment shows

R = ka (HA)(HSPOZ)'

If we now combine 45, 47 and 48, we have

L
kg = 1;

This 4g the desired result, and it shows that the
perimentally measured rate constants, ka, are the
constants for the forward step in reaction 34, in

P—T bond is broken:

(46)

present,

becomes

(47)

that

(48)

(49)

rate

which

co O+ H' oH ,
T>p\OH +HA — S0P oy + A —> H=P ) * A (S'M)

Having established this, the reasons given in the

above

paragraphs for the existence of the isotope effect now

appear to be wvalid,

It should be noted that the explicit assumption was

made in this development that the hypophosphite ion did

not participate as such in the exchange reaction.

The
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correct result obtained as a consequence of this assump-
tion seems to jJustify it. Furthermore, the reason for
use of the quantity :E:;(HsPoz) in expression 16 becomes
clearer.

The explicit introduction into this theory of the
factors of two which appear in equatlon 18 can be made 1ln
a straightforward way. In the case of an equilibrium
exchange reaction where one of the reactants is present
1n greal excess (such as the one under consideration here,
where :z:(HSPOz) <<KH20)), the necessity for the factor
of two can be easily visualized, since it is evident that
the rate at which both H atoms of the hypophosphorous acid
become radiocactive is half of the rate at which only one
becomes radicactive. If one measures the rate at which
both become radicactive, and one wishes to calculate the
rate at which only one becomes radioactive, one multiplies
the observed rate by two. In this case, the rate at which
only one H becomes radioactive is the rate in which one 1is
interested, since that rate is & measure of the rate at
which one of the cycles

(H3P02)1-—5(H3P02)113
(HzPOp) 11 — (HgPOo)y,
is being carried out in solution,

As 1t stands, equation 37 gives the rate at which one
hydrogen of total hypophosphite becomes radioactive., If
one divides the right hand side of that equation by 2, and

replaces the left hand side by g%{ﬁ[(HTPOOHI)+(nyoouiq )
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one then has an equation which represents the rate at
which both hydrogens exchange, which was the rate which
was actually measursed. The remainder of the development
proceeds as before, and in the end, the two which remains
in the denominastor of the slope expression cancels the two
which should be in the numerator of 46. The twos were lef?t
out of the development above in an attempt to Increase the
clarity. This shows, however, why it was necessary to put
the two into equation 18 when using it for calculation,

The explicit iIntroduction of general acid catalysis

is also simple. Equation 35 should actually be written
d _ t 1
4l TP1) = (HPII)Z;lza(TA)a - (TPI)Z: 1, (HA) . (35G)
The development then proceeds as before; we find
- 1 !
slope = gz lea(m)a. (45G)
Since the true rate law is
R = (HzPO,) Z:ka{HA)a, (48G)

combination of 45G, 47 and 48G then gives

> kgliA), = Zlia (HA),, (49G)
the same result that was ohtained in simplified treatment.
The theory developed above leads to an interesting
expression for x,, ¢
After the introduction of general acid ecatalyslis into

the theory, equation 42 becomes
1
(HP11) > 1gg(T,,)
(BIP), , = g <8 "oa’a (426)

b 4
:i lla(HA)a




where Toa is now defined as

v o () - (BA)(HTO)K,

oa (Hgo) * (50)

Since chemical equilibrium is always preserved during &

reaction,

1
(HP;;) = _1.}. (EP1) ., (51)
2

Inserting 50 and 51 into 42G, we have

(BTRy = & (Pu)XHTO)| 2 &% (HA), K. (52)
R W a VI AT

The measured value of the activity of total hypophosphite

at infinite time, X, » is given vy

_ y (BTPI) s Bl

Foo (BEP)+(ETP;) (BHP;)

(53)

Equation 53 represents the facts because the activity
measured in the assay apparatus 1s proportlonal to the
specific activity of total hypophosphite, which is the
activity per mole of total hypophosphite. This point

was brought out on pages 10 and 23. Substituting &3

into 52,
x = M (o) & Z Lz (HA)aKt/
© * F o) X, > % (A | ?
a
M [__.Qf_)__ (HTO) &, }:— L2 (HA), K, (54)
(W) + K, (H.0) 2, ; )@,/a_ (H/\)a )



Vhen "t and H3P02 are the only acids present in the systemn,

54 bscomes

”(H"-) * ' * )
. oM (HY) (HTO) _1", (HBPOZ) Kg* /€2H+ T+ Kﬂzpoz )(szpoL (55)
i (H+)+ Kc (HZO) ,Q;_ (H.;.) f . :
(H,?0,) Lo+ Linpo,
C » J
c

It is difficult to predict how the quantity C will
vary with changes in the concentrations of H* and H.POs,
. = 3 ! 1
since the values of Ko, KH5P02’ Lop+s and 12HSPoz are
not known. It i1s possible that C might stay constant
over the range of concentrations of H* and HSPO2 used in

this work; in that case, x_. would be a function of (H™)

o0
and the extent to which the stock HTQ was diluted in mak-
ing up & reaction mixture. Therefore, if (5*) is kept
constant from series to series and the HTQ is always
diluted by the same amount, X shoulc stay constant.
Table 13 shows that this is, indeed, the case; X Was
constant, within experimental error, for all the runs in
Group Three, in which (H*) was constant and in which all
the reaction mixtures were made up by a 1l:l mixture of
HTO and acide. In Groups One and Two, X5 varied from
series to series in a way that would be predicted from
equation 55; 1.e., X, increased as (H*) increased, the
rate of increase falling off at higher (H'),

The lack of temperature dependence shown by X, Iin

the temperabure range 27-35° is believable but not
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predictable. Of the quantities in 55, all the rate con=-
stants and equilibrium constants should be temperature
dependent, and it is conceivable that their temperature
coefficients might cancel out, at least in this smell
temperature range, Table 13 shows that this is the case,

The magnitude of the isotope effect found here is
by no means unrecasonable, Turkevich and Smith (32)
report, In a study of the relative rates of scission of
C—H and C—T bonds in the isomerization of butene-l
to butene-2, a 25Z7 incrcase in the activation energy
when tritium is substituted for hydrogen. Much of their
discussion about the relative rate constants seems con-
tradictory, but it is clear that they too have found a
large effect. Jones (33) has found a factor of 3.5
between the rates at which Ho and HT react photochemically
with chlorine; the activation energy difference in this
case 1s 550 cal, which is about & 10% increase over the
activation energy for the non-isotopic reaction. Unfor-
tunately, very few other cases of tritium i1sotope effects
on rates have been reported.

llost of the experimental work that has been done to
date in this field has concerned itself with the carbon
isctopes, where the effect is naturally much smaller
(characteristically about 2-4%), and with deuterium., Huch
work has been done with deuterium, and rate ratios of 3
(34) (C—H versus C—D in the mass spectrograph), 2.5 (35)

(relative rates of hydrogenation and deutrogenation of
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ethylene), and 10 (36) (hydrogen and deuterium competing
photochemically with carbon monoxide for chlorine) have
been found. This 1list could be extended ad infinltum,

but to no good purpose; it suffices to show that isotope
effects as large as those found in thls work are not at

all uncommon when one works with 1sotopes of the very light
elements, such as hydrogen.

It is unfortunate that data are not avallable to en~
able one to make a theoretical calculation of the ratios
ki/kl and kg/kg. Such a calculation (37) requires a
knowledge of molecular frequencies, partition functions
for activated complexes, transmission coefficlents, etc.,
in aqueous solution, and is at this time a well nigh im-
posslble task,

The values for El and EZ found in this work can be
used, in conjunction with other data, to estimate the
magnitude of the activatlon energy of reaction 6 and the
magnitude of k2/k ®. Griffith and McKeown (1b), noting
that the ratio kg'/kgx was practically temperature inde-
pendent and very nearly the same for the three halogen
reactions, suggested that reaction 7 mlight have a zero
activation energy and proceed upon every collision between
the active form and the oxidizing agent. Knowing the (small)
temperature coefficient for k:'/kgx, and assuming that the
frequency factor for reactlon 6 1s equal to the collision
number, they calculated a value of 2700 cal. for the act-

2

ivation energy of reaction 6 and a value of 10°° for 12 /12,
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Aside from the uncertainties in the explicit assumptions
made in this calculation, an additional large uncertainty
arises from the fact that Griffith and lMcKeown, when they
calculated this value in 1934, did not realize that thelir
reaction was subject tc general acid catalysise. Thus their
rate constants and activation energies are "lumped" values

of kg, kg, El’ and Eg. The calculatlion can be cleaned up

0
1

1940, when they realized that general acld catalysis was

a bit if one uses the value of EY that they determined in

present., Such a recalculation, using 20 kcal, for Ei,
gives kO/k2'~ 10717 5,
In this research, a value of 15,5 kcaule was [ound for

Eg, the activation energy of reaction 5'M catalyzed by
H2POss This means that the activation energy of reaction
5M catalyzed by H5P02 must be~< 15,5 kecal., since, as was
explained on page 41, the presence of the isotope effect
raises the values of the observed activation energies., As
a matter of fact, we can get a rough idea of the magnitude

o o X o P EED)
of E; by assuming that A,=Ag and equating ko/ky to € RT

This calculation gives ES ~ 15 kcal. Thus AE,

int? the

internal energy change for reaction 5, must be 15 keal.,

the "less than" sign applying if reactlon 6 catalyzed by

HSPoz has an activation energy greater than zero, a possibile

ity which is actually very likely. Thus the activation

energy for reaction 6 catalyzg%ogy H' mst be > (20-15)
TTEEET -11

= 5 keal., and ky/kg' » 10 *** =107, assuming,with

Griffith and McKeown, that the fregquency factors for
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reactions 5 and 6 are the same.,

If we now discard the unlikely assumption that reaction
6 catalyzed by H5P02 has a zero activation energy, and assume
a value of about 2 keal. for that reaction, /\ E, , becomes
~~ 13 kecal., the activation energy for reaction 6 catalyzed
by H' becomes ~ 7 kcal., and kg/kg' becomes ~ 10710,

Using a different line of reasoning, and igna ing general
acid catalysis, Hayward (lg) estimated that reaction 6 had
an asctivation energy of about 6.5 kcal, and that kg/kg -~ 169
The agreement between this estimate and the one given in the
preceding paragraph is probably fortuitious.

The main reason for the disagreement between the est-
imates made above and those made by Griffith and lMcKeown 1is
simply that Griffith and lcKeown did not measure Eg. Had
they done so, they would have found thet their assumption of
a value of 2.7 for the activation energy of reaction 6 cat-
alyzed by H* was much too small, since it leads to a value of
17.5 for Ah‘Eint’ the internal energy change for reaction 5,
a2 value which 1s greater than the observed value for Eg.

This implies that reaction 6 catalyzed by H3P02 has a neg-
ative activation energy, & situation which i1s very seldom
realized, to say the least. Thus the only real contribution
made here is that an upper limit 1s provided for Eg and
/N\Ej,, and & lower limit is set for k/k.'.

General Theory of Isotope Effects in Exchange Reactions

Before the detailed theory of the 1sotope effect in

this reaction was formulated, a general kinetic theory of
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the isotope effect in any exchange reaction was worked out.
This theory has several rather interesting consequences which
warrant its inclusion here.

Consider the homogeneous isotopic exchange reaction,

AX + BX° = aX° + BX,

where X° denotes the radioactive™ isotope used Lo follow
the reaction, Let R be the rate at which exchange of non-
radioactive X atoms takes place. As on page 15,
let (AX) = a, (BX) = b, (AX°) = x', (BX®?) = y', x'+y' = z,

Then the usual expression for dx'/dt is

dx' - p Y oa-x' x' b-Y'
_Rb a - R‘a“’-r. (12)

However, this equation assumes that the ratio of the pro-
babilities for exchange of radioactive atoms and ncn-radio-
sctive atoms 1s equal tc the ratio of the concentrations of
these atoms in the system. Thls assumption may be invalld
1f the masses o the isotopic atoms are different enough

to appreciably affect the zero point energy of the isotopic
bond; if this occurs, an isotope effect may result. To
teke this possibility into account, we assume that the ratio
of exchange probabilities is equal to the concentration
ratio multiplied by a factor which may depend on the struc-
ture of the exchanging molecules and the mechanism of ex=-

change., This factor may be different for farward and back

Radioactive isotopes are used here for the sake of speci-
ficity. The discussion app%ies equally well to reactions
in which stable isotopes (C*% are used as tracers.
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reactions, but will be independent of the chemical con=-

centrations in the system. Then,

dx' Y - x/ x' b-y'
i TR e - Ra F (56)

where o 1is the factor for the forward reaction, and f

is the factor for the back reaction. Rearranging 56,

Rx'y'
2+

= B (wazmaxpox)+ R (poo)(xz o),

' - R , |
-cﬁ' T l:o(.a.y -}bel

We note that in general, the exchange will not follow a
first order course if « and/or B are not equal to one and
if the concentration of the radicactive lsotope is of the
same order of magnitude as the concentration of non-radlo-
active atoms. We now assume that the concentration of
radioactive atoms in the system is very low, so that the
terms in (x')z and x'z will be negligible compared to
first order terms in x!' and z. (This 1s the situation in
the HzPOp-HTO reaction, where (T)/(H)~10"%). Then

-d—}(- :x(R"“’“ - fiﬂb) + Ro(al

. [_:'s.@.:_/f_?._]p\x- + Buz

ab
Integralliag, - (xa +pb) Rt
x':Ce ®opxza (57)
=atgb
At t = @, let x' = x'oand y' = yloo !
I A& ‘ - ﬁzb

0o o(a,»lgb ) Yoo o‘.a-r—le



Then 57 becomes

x' = Ce ~(;""%;bili)Rt '

+Xoo

If x'* = 0 at t = 0, (AX initially unradioactive),

oA +;9b
‘ Rt
x's X, e R ) + X%

Z.3|og(l' x'/xén) = —(“a""ﬁb)Rt

Thus 2 plot of =log (1-F) versus t gives slope =% (22Z22R.

Hence

R - qib),ﬁb) 2.5 (slope),

In general, one will not know the values of « and
B 5 and the experimental data will be used to "evaluate"
R by the expression
Y p ’ R' = (;%)-2.3-(5“?6).
(This expression may be considered as defining R'). R?',
however, is not the quantity of interest; the following

general expression relates R and R':

Vo (a+b
R = Jelert) R (58)

-aill-&- b

Some consequences of equation 58 are as follows:
1} We assume that:
a. The rate determining step in the forward reaction,
AX + BXC - BX + AX°,
involves the scission of the BX® bond.
be The rate debtermining step in the reverse reaction,
AX° + Bx—> BX® + AX,
involves the scission of the AX° bond,

c. X° is heavier than X.
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Then « and £ will be less than cne. This is due to the
fact that BX® and AX® will be more reluctant to give up
their X° atoms than their X atoms, due to the lower zero
point ecncrgy of the BXC and AYC bonds .* Then R:(%) R'}
and an isotope effect will appear.

2) We assume that:

a., The rate determining step in the forward reaction
does not involve the scission of a BX° bond, but
that the rate determining step in the reverse re-
action involves the scission of an AX° bond.

b. X° is heavier than X.

Then o will be equal to one, but /3 will be less than one,
and an isotope effect will appear only under certain con-
ditions, since
i) if a» b, R~R', and no igotope effect will appear.
11) if a<{b, R*R'/z, and en isotope effect will appear.
&) Vie agssume that:

a, The rate determining step in the forward reaction
involves the scission of a BX® bond, but that the
rate determining step in the reverse reaction does
not involve the scission of an 4X° bond.

b. X° is heavier than X.

Then ;3 will be equal to one, but o will be less than one,

and, as in 2, an isotope effect will appear only under certain

m, m,

* Zero point energy = $hz for §-§, 4 = 55 &@ y M mae, -



conditlions, since

i} if a>» b, R~ R/« , and an isotope effect will

ii)

appear,

4) We assume thatb:

8o

(The

Neither the forward nor the reverse reactions involve
in their rate determining steps the scissiocn of ax°
or BX® bonds. Then x=p#g=1, R=R', and no 1sotope
effect will appear, regardless of the concentration
conditions. This last cagse could conceivably be
realized in the case of an exchange reaction pro-
ceeding via an atomic mechanism in the rate deter-
mining stepe.

case of the H5PO2 - HTO exchange reaction, wherse

a{ b, and where an isotope effect appears, could be covered

by a number of the cases listed above., It is very likely,

however,

that case 2 11 applies to this reaction., As can

be easily seen by reference to the mechanism proposed for

this exc
verse re
the rate
will not

The
exchange

is easil

hange reactlion, the rate determining step in the re-
action, (5'M), will involve an isotope effect, but

determining step in the forward reaction, (5M),

involve an lsoloupe effect.)
concentration equilibrium constant for the general
NBX)
t AX + BX®== BX + Ax°, k = {ACUBX)
reaction, = s (B X°)( AX) 3

y derived:

(AX)(BX)  bxi
(BX)AX) = 4y

3

if a{{ b, R ~R', and no isotope effect will appear.



Xl: ® L @ y - ﬁZb
« xa +Bb ! ® xa +Bb )

K=
The same result could have been obtained by setting
dx'/dt = 0 in B58.

Up to this point, we have been considering the meas-
urement of dx'/dt, the rate at which AX molecules become
radioactive, with (AX®) initially equal to zero. One
might suppose that the equilibrium constant,‘@ﬁ)could be
evaluated if one also measured the rate of the reverse
reaction, dy!'/dt, with (BX®) initially equal to gzero.

This, surprisingly enough, is not the case., If one sets

up the analog of equation 56 for dy'/dt and integrates,
uslng y'=0 at t = O for the first boundary condition, one
finds that the slope is given by the expression,

%3 Cf%%%éﬁ)ﬂ- Thus one will find the same slope for the
forward and reverse reactions, and R', the calculated value
of R, will therefore also be the same, We see then, that
the equilibrium constant cannot be evaluated by these two
measurements alone.

(At first sight, it appears as though it might be
possible to evaluate the equilibrium constant for the HzPlo-
HTC exchange reaction by assuming‘that x =1, and that A is
given by ka/kg. It is immediately evident, however, that
such assumptions would give different values for K depending

upon which acid catalyst was chosen, since, kl/ki # kz/kZ’
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This apparent violation of the Second Law of Thermo-
dynamics 1s due to the fact that the equilibrium in

the HBPOZ—HTO system is determined by two reactions:

HTO + HA == TA + Hp0, K, - %%%%%%ﬁ%%,

r t _ (HA) (HTPOOH)
and TA + HpPOOH &= HTPOOH + HA, K; = T34} (H,p00H) *

Thus the equilibrium constant for the overall reaction,

(HTPOCH) (Hp0)
(HTO) (HoPOOH)’

3 '
is equal to KaK;. Ky 1s probably determined by the

HTO + H,POOH —= HTPOOH + Hy0, K=

value of A. alone, since « 1s probably equal to one
for that reaction, but K is determined by both Pe.
and KZ:
K = Kﬁéﬁ_.

According to this theory, KZ and A. should vary in
such a way as to keep K constant as the catalyst is
varied).

A theory wlth essentlally the same consequences

as this one has been developed by Harris (38).
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Fo Sumnary

The results of the acid solution exchange experi-
ments show that 1) the tautomeric equilibrium, reactions
5 and 6, actually does exist in hypophosphorous acid
solutions, 2) the oxidation mechanism proposed by Mit=-
chell (reactions 5,6, and 7) is, in all likelihood,
correct, and 3) the structure of the active form is
probably that pictured in equation 5M, H—-Ri%i .

It is interesting to note that other phosphorus
compounds seem to exhiblt the same sort of behavior.
For instance, Griffith and lcKeown (39) have found that
it is necessary to assume an interconversion between
normal and active forms of phosphorous acid to explain
their results on the acid solution oxidation of phos-
phorous acid to phosphoric acld by iodine. Nylen (40)
has found that the rate of oxidation of the dialkyl
esters of phosphorous acid is the same for iodine and
bromine, and is independent of the concentration of the
oxidizing agent. EHe therefore assumes that a "tautomeric
shift" is taking place in the ester molecule, converting

_-OAlk ,OAlK

an inactive form, H“‘g\wjmk s to an active form, HO-P<oaik.

The successful verification of the analogous mech=
anism for hypophosphorous acid by means of exchange ex-

periments suggests that such experiments on these systems

would alsc be worthwhile.
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A, The Purification of Hypophosphorous Acid

Before the exchange experiments were begun, some time
was devoted to the problem of preparing very pure hypophos-
phorous acid. The very pure material finally obtained was
never used In the kinetic investigations, but its preparation
is included here since, to my knowledge, no preparative
method has been reported which will yield solid acid of
such a high degree of purity.

Purification,

Hypophosphorous acid from almost any source will serve
as a starting material, so long as it is about 10 formal.
The commercial grade 50% acid (Merck), which usually contains
from 2 to 3 mole percent phosphorous acid, meets this re-
guirement and was used in all the preparstions.

About 600 ml. of concentrated hypophosphorous acid is
placed in a one liter filtering flask which is connected
to a water aspirator. Through a two hole stopper in the
top of the flask run a thermometer and a coarse gas dis-
persion tube, the tube being connected to a source of dry
nitrogen, The flask rests on a hot plate. After all of
the air has been thoroughly flushed out of the system with
nitrogen, the aspirator and hot plate are turned on, the
nitrogen flow is cut down, and the temperature regulated

so that it remains around 40° during the evaporation, which

*  The material presented in this Section appeared as a Note

in the Journal of the American Chemical Soclety, 74,
1353 (1952).
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is continued until the volume of solution is about 300 ml.
The hot plate 1s then turned off and Lhe solutlon allowed
to ccol., The liquid in the flask is then poured into a
wide mouthed Erlenmeyer flask and placed in a dry ice =~
acetone bath. After a few hours in the bath, the contents
of the flask will freeze., The flask is then removed fron
the bath and allowed to stand in a cold room (~ 5°) for
about 12 hours, after which time the flask conbtents should
be from 30 to 40% liquid.

The following operations are carried out in the cold room.
The mixture is filtered by suction through Whatman #44 fil-
ter paper. The filtrate is discarded, the solid pressed dry
on the peaper, transferred to a crystallizing dish and allow-
ed to stand until 20 to 30% of it ligquefies. It is then
refiltered, and the resulting white solid stored over
Mg(ClG4)2 in an evacuated desiccator in a cold room.

The yield in this preparation is about 15%.

Large crystals of this product can be prepared by re-
crystallizing the white solid from n-butanol. (The high
solubility of hypophosphorous aecid in the lower alcchols
renders them impractical for recrystallization purposes.)
Analysis showed that the purity of the product was not
inereased by recrystallization.

Analysis

Aqueous solutions of the white solid were analyzed

for hypophosphorous acld and phosphorous acid by a com=

bination acidimetric-iodometric method in which total acid



was determined by titration with standard NaOH to the
phenolphthalein end point, and phosphorous acid was deter-
mined by the method of Jones and Swift (6). The results of
these analyses showed that the phosphite impurity had been
reduced from 3% in the crude acid to about 0.2% in the pur-
ified material, This purification method was subsequently
extended by ¥r. R.T. Jones (7), who found that three fil-
tration-liguefaction ecycles reduced the phosphite impurity
to less than 0.l mole percent.

Qualitative tests for phosphate were run on aqueous
solutions of some batches of H3P02 prepared by this method,
using the ammonium molybdate procedure reccommended by
Swift (41). At no time was any yellow coloration or yellow
precipitate noted. This test is sensitive to about 0.l
mole percent phosphate in the presence of hypophosphorous

acid,
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B. 1. The Preparation and Thermal Stadbility of Thalious
Hypophosphite.%
2. The Reactlon of Hypophosphorous Acid with Persulfate

and Dichromate,

Introduction

Before it was realized that tritium-active samples
could be assayed for activity in the solid phase, the only
method avallable was gas-phase assaye. In order to analyze
total hypophosphite for actlvity by this methed, it had to
be converted to a form suitable for countling as a gas inside
a Geiger-lMuller tube or an ilonization chamber. This con-
version was to be carried out as follows: The reacting
solution was to be neutralized with T10H and the resulting
solution evaporated to dryness in vacuo. The solid T1H,PO»
thus obtained was tc be dried by heating it in a high vacuum
desiccator, dissolved in water, and oxidized to thallic
phosphate. The thallic phosphate would then come to ex-
change equilibrium with the water. The water could then
be distilled off 1n vacuo and converted to hydrogen by pass-
ing it over magnesium turnings at 500°. The resulting hy-
drogen could then be put into a counter or ionization cham-
ber for assay.

In order to assess the feasibility of such a procedure,

several questlions had to be answered. Is thallous hypophos-

* This material has been published as a Note in the Journal
of the American Chemical Society, 73, 2945 (1951).
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phite stable enocugh to be heated to 100° in vacuo for an
appreciable length of time? What oxidizing agent will con-
vert hypophosphites to phosphates quickly and without gas
evolution? Can a GI tube be made to function properly when
10-20% of the filling gas is hydrogen? Two of these questions
were answered satisfactorily and are of enough intrinsic

interest to warrant their consideration here.

1. The Preparation and Thermal Stability

of Thallous Hypophosphite

This subject was briefly touched upon by Rammelsberg (42)
in the course of his research on the thermal decomposition
products of hypophosphites. Some doubt is cast upon the
validity of his results by the fact that he used a salt
which had a melting point of 150° and which contained only
74,3% thallium. Furthermore, no quantitative thermal data
are given in his paper.

The experiments described here were carried out to de-
velop a convenient method of preparation for thallous hypo-
phosphite and to determine to what extent 1t would decompose
when heated under varicus conditions of temperature and
pressure.

Preparation of Thallous Hypophosphite

Thallous hydroxide solution is prepared by shaking thin
slices of thallium metal with an 80% excess of water, while
bubbling oxygen through the mixture. The resulting mixture

is then filtered and saturated with carbon dioxide; after
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partial evaporation and cooling, thallous csrbonate pre-
cipitates out and can be recrystallized from water. To

the crystals, an equivalent amount of approximately 10 £,
hypophosphorous acld (prepared by ion exchanse and con-
centrated by vacuum desiccation) is added, and the result-
ing sclution 1s filtered and further concentrated under
vacuum. After two days, about 20% of the salt will precip-
itate out and can be filtered off. To the remainder o the
solution, a large excess of n-propyl or isopropyl alecohol
is then added (about 3 liters of alcohol per 100 ml. of
saturated salt solution), and the resulting mixture is
refrigerated at 5° for one week. The white, needle-like
crystals that form are collected and washed with fresh
isopropyl alcohol, The product is then dried in a vacuum
desiccator,

Samples of thallous hypophosphite prepared in this
manner were analyzed for thallium by the gravimetriec chro-
mate method (43) with the following results: 1) crystals
obteined directly from water, 75.8 4 0.04%; 2) salt re-~
moved from isopropyl alcohol, 75.8 + 0.03% (theoretical
thallium, 75.89%)s In a typlcal preparation, the vver-all
yield was about 70%, based on thallium.

Melting Point of Thallous Hypophosphite

Four determinations of the melting point of this pro-
duct gave a value of 114 + 0,5° (corr.), in good agreement
with the value of 110° found by Ferrari and Colla (44).

Slight decomposition of the salt was usually observed at
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and near the melting point.

Experiments on Thermal Stability

The results of these experiments are presented in
Table 15.

Serles I was carried out by simply heating a salt sample
for successive 24 hour perilods in a Fisher "Iso-Temp" elec=
tric oven, with poor ( % 5°) temperature control, and weigh=
ing after each 24 hour heating period. Under these conditions,
the salt began to liquefy at 90°, This fact, coupled with
the weight increase observed and the absence of the odor of
phosphine, led to the supposition that under these conditions,
thallous hypophosphite is slowly air oxidized to thallous
phosphite, TlHEPOS, which has a reported melting point of
70° (45). Analysis of the heated product for thallium
supported this supposition.

kach member of Series II, I1I, and IV was run as follows:
About one gram of the salt in a small, open weighing bottle
was freed of most of its adsorbed solvent (lsopropyl alcochol
in Series II and II1I, water in Series IV) by vacuum desic-
cation. It was then weighed and the bottle inserted in a
28 mm., Pyrex tube which was sealed off at one end and fitted
at the other with a 34/45 standard taper joint. The tube
and bottle were evacuated at room temperature with a mercury
diffusion pump untll the salt attained constant weight., At
no time in this initial pumping was a weight loss greater
than about 0.2 mg. noted. After weighing, the tube and

bottle were re-evacuated, and a cylindrical electric heater,
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at the desired temperature, was placed around the tube.
During each heating period, a vacuum of 10‘5 mn. Hg was
maintained. <The salt, in its bottle, was removed at the
end of each heating period, weighed, pulverized, stirred
up well, returned to the tube, and heated under vacuum as
before, Fresh salt samples were taken for each Series,
The observed weight losses are given in Table 15,

Several interesting phenomena were observed during these
heating experimentss: (a) In all cases, the salt blackened
slowly during the course of the heating period. At 950,
about six or seven hours were usually necessary to cause
blackening to begin., (b) When alir was excluded by evac-
uation or flushing with argon, neither melting nor weight
increase was ever observed, even though the temperature ran
30° above the melting point of thallous phosphite for con-
siderable periods of time., This supports the conclusion
drawn above concerning the air oxidation of thallous hypo-
phosphite at elevated temperatures., (c¢) In all cases,
the weight loss observed in the first heating period was from
four to five times that observed in subsequent periods.
This can probably be attributed to the last treces of sol-
vent disappearing from the salt.

In some cases, analyses were run on the samples after
heating; no significaent change in the thallium content was
noted.

The small, reproducible weight losses observed after

the larger initial weight losses were probasbly due to one
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or both of the reactions:

5T1H2P02-~9 T14P207 + T1P05

or 2T1H2P02~——+ T12HPO4 + PH5.

To test this point, an attempt was made to trap out, with

+ 2H2 (42),

liquid nitrogen, any phosphine that might be produced. No
phosphine was visible in the trap, but when air was rapid-
ly admitted to the system, a green flame appeared in the
trap. Such behavior 1s characteristic of phosphine at low
pressures. Qualitative tests for phosphate were made after
Series IA and II. A faint positive test was observed in IA,
It is worth noting that some thallous hypophosphite
preparations seemed to be somewhat sensitive to light; that
is to say, if they were allowed to stand in strong sunlight
for a week or two, they began to develop the same black color
noted in the heating experiments. Control samples in black-
ened bottles developed no color, Thallous hypophosphite is
not the only thallium salt which exhibits this behavior;
other salts of thallium are also photosensitive. For this
reason, all experiments involving thils salt at elevated tem~
peratures were run in complete darkness, and exposure of the
salt to the light while cold was minimized as much as poss=-

ible.

2. The Reaction of Hypophosphorous Aecid

with Persulfate and Dichromate

Reaction with Persulfate

This reaction proceeds at a conveniently measurable
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rate with both ammonium and potassium persulfate, in sol-
utions which are about 4 f. in perchloric acid. DBecause

of its greater solubility, the ammonium salt was used in

most of the experiments,

To ascertain the extent of reaction in a qualitative
way, samples were withdrawn from the reaction mixture and
a large excess of 1 f. BaCl, solution was added. The result-
ing precipitate of BaSO, was centrifuged down in calibrated
centrifuge tubes, and the amount of precipitate served to
indicate the extent of reaction., Some of the withdrawn san-
ples were also tested for phosphate, using the ammonium molybe
date procedure recommended by Swift (41), and for hypophos-
phorous acid, using KMnO4 solutions.

The results of all these tests were considered in making
an estimate of the half time of the reaction. These half
times are given in Table 16, and must be considered as in-
dicating orders of magnitude only. A large uncertainty is
Introduced by the fact that none of the tests used accurately
differentiated between the oxidation of HzPO, to phosphorous
acid, HzPOy + S5057" + Hp0 — 280,77 + H,POz + 2H', and the
oxidation of HzPQOp to phosphoric acid,

HzPOp + 285057~ + 2Hg0 —> 480, + H,P0Q, + 4H",

Since only the second reaction was of interest at this time,
the data given in the Table apply only %o ite In Run III,
the reactant solution was made about 0,0002 f. in AgNOS,

to see if any appreciable catalysis would occur. The dif=-

ference noted in the half time 1s probably not significant,
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The half times found in these experiments were too
large to make quantitative experiments worthwhile. This
method of oxidation was therefore abandoned, and the re-
action between HzPOg and dichromate was studied.

Reaction With Dichromate

In these experiments, the reaction under consideration

is

BHzPOy + 2CrgO; + 16 H' — B3HgPO, + 4Cr "+ 8Hy0.
The oxidation of HzFPUo to phosphorous acid by dichromate
has been studied by Dhar (46), and by Mitchell (29); the
oxidation of phosphorous acid to phosphoric acid by di-
chromate has been studied by Xirson (47, Since the latter
reaction has a reported half time of about ten minutes at
moderate concentrations, dichromate seemed like a worth-
while oxidizing agent to investigate.

In the initial experiments, the reaction was followed
in a qualitative way by precipitating Cr(OH); and centri-
fuging it down, as in the persulfate experiments. These
preliminary runs indicated a half time of about an hour,
so quantitative experiments were initiated, in which
seamples were withdrawn from the reaction mixture and analy-
zed for dichromate iodometrically (48). The stock dichro=-
mate solutions were made up from C.p. KoCroOp and standard-
ized iodometrically. Stock HzPOo solutions were prepared
by ion exchange (see Part I), and analyzed for HzPOgy and
HzPOz by the Jones-3wift method (6).

The reactiocn, when carried out at the concentrations



given in Table 17, liberates a large amount of heat, the
temperature of the reaction mixture rising to about 55°

in five minutes. In the first run, no heat was applied to
the mixture from external sources, and the reaction was
found to be 90% complete in eight hours. In all the sube
sequent runs, the reaction mixture was heated to about 80°
under reflux until reaction was thought to be complete,
then cocled and analyzed for dichromate. The results of
these experiments are presented in Table 15. It is clear
that at the concentrations used in Runs I-III, the reaction
is complete in two hours at 80°,

These results, although they have little value from
the kinetic standpoint, are worthwhile for two reasons.
First, the close agreement between equivalents of dichromate
consumed and equivalents of HzPOp + HzPOz added to the re-
sction mixture constitutes an independent verification of
the Jones-Swift analytical method. Second, the relatively
short reaction time gives a convenient method for the come

plete oxidation of HzPOo to HzPU,.
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ITI. A New Assay Method for Tritiated Water



Introduction

The advent of solid phase counting techniques has
opened up new possibilities for the rapid radicactive
agsay of tritiated compounds. PFor experiments which
involve HTQ and in which an accurate velue for the
activity of HTC is not necessary, it would be very
useful to have & method by which the tritium content
of HTO could be rapidly estimated with fair accuracy,
In the research described in Part 1, this approximate
HT0 assay was made with an ionization chamber, This
method is very laborious unless the chamber and the
assoclated vacuum system are alresdy in operating con=-
dition.

Experimental

In principle, any chemical compound which o ntains
hydrogen can be used to develop a solid-phase assay
method, but 1t is evident that one would like to use
hydrogen - containing compounds which can be easily
rendered radioactive, Given such a compound, one could
develop the assay method as follows:

Given a supply of tritiated water of known activity,
one would render the hydrogen - containing compound radio-
sctive to a known extent by treating it in an appropriate
way with HTC of known activity. One would then measure
the activity of the resulting compound in a windowless

flow counter, thereby determining the ratio

- activity of solid compound
activity of HTO used to render it active
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After having established that this ratio is constant for
all HTO activities, one could then measure the activity of
an HTO sample of unknown activity by treating the hydrogen=
containing compound in the same way and measuring the re-
sulting activity of the compound in the flow counter; the
activity of the HTO could then be calculated from the known
value of S.

In this work, three hydrogen - containing compounds
were investigated: CuSO,*5H50, Mg(Cl0y)g+3Hg0, and NH4CL.
For the two hydrates, the procedure was as follows: the
salt was rendered anhydrous by heating it in an oven,
weighed out intoc a mortar, and ground up well. A known
volume of HTO of a known activity* (hereafter referred to
as "standard HTO") was then added. The resulting mixture
of anhydrous salt and hydrate was again ground up and mixed
well in a mortar. Portions were then removed, packed into
planchets, and counted as described in Part I, Section B.

It soon became apparent that copper sulfate pentahydrate
and magnesium perchlorate trihydrate were not satisfactory
hydrogen -~ containing compounds for this assay method. The
rapid absorption of water vapor from the air caused a steady
decrease in the activity of the portion of the solid left
exposed to the alr as successive samples were counted. The
vapor pressure of HTO over the hydrates was high enough so

that detectable amounts of HTO were liberated inside the

* Standardized by ionization-chamber assay. See page 6.



counter while the solids were being counted. This HTO de=
posited on the walls of the counter and increased the back-
ground count appreciably. For these reasons, these salts
were abandoned without further ado and experiments on NH,Cl
were initiated,

NH,Cl was rendered active by exchange with standard ETO
in the following manner: C.p., Baker's Analyzed ammonium
chloride was ground up well and dried by vacuum desiccation,
Accurately weighed portions were placed in the bottom section
of the still shown in Figure 9, a known amount of standard
HTO was pipetted in, and the mixture swirled to dissolve the
NH4Cl. The resulting solution was allowed to stand at room
temperature 10-15 minutes to ensure exchange equilibrium
{although experiments showed that exchange equilibrium was
reached in less than 5 minutes at room temperature), and the
HTO was then distilled off in & hood, using the apparatus
shown in Figure 9., After the still had been gently flamed
with an oxygen torch, it was taken apart and the bottom sect-
ion,which contalned most of the NTécl%, replaced on the hot
plate.

Two procedures were used to remove the last traces of
adsorbed water from the NT4Cl. The first, hereafter referred

to as liethod 1, was to heat the sollid NT,Cl for about 10-153

The NH,Cl which had come to exchange equllibrium was really
a mixture of NT Cl, NHTzCl, NHpToCl, NHZTCl and NH Cl, with
the last two species predominant. However, the active salt
will be referred to here as NI,Cl for simplicity.
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minutes on the hot plate in the hood until about 50% of it
had sublimed away., The solid was then judged to be dry.
The second procedure, hereafter referred to as Method 2,
was to heat the solid NT,Cl until dense white fumes of
NT401 vapor began to appear, At this point, the bottom
section of the still, containing the NT,Cl, was removed
from the hot plate and allowed to cool. The salt was then
scrpaed out of the still put intc a mortar, ground up well,
and put into a crystallizing dish, The dish was covered
with & watch glass containing cold water and placed on the
hot plate. In about 20 minutes, all of the NT,Cl had sub-
limed out of the dish and condensed on the watch glass. The
watch glass was then removed and the NT,Cl scraped off into
a mortar,

Before the NT,Cl was counted, it was ground up eand mixed
up well in the mortar, The counting procedure then consisted
of filling a 7.3 cm.2 planchet with about 0,75 g. of the
ground-up salt and measuring its activity in the windowless
flow counter described on page 9, using the éame Berkeley
Decimal Scaler., After counting, the salt was removed from
the planchet, returned to the mortar, mixed up again, re=
packed in the planchet, and recounted. In many cases, 10
or 15 refillings and recountings (hereafter referred to
simply as countings), were made, in order to obtain a re-
liable value for the activity. Coincidence corrections were
made on all counting rates above 1600 ¢/m, using a re-

solving time determined by the method of single paired
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sources (49).
Results

The first group of experiments were carried out to
examine the counting characteristics of NT,Cl. A sample
of NT4,Cl was prepared, dried by Method 1, and counted.

It was found that successlve countings gave the same act-
ivity within about 2%, that the counter did not become
contaminated with HTO or NT,Cl vapor, and that the active
salt could be left in the open overnight without its act-
ivity decreasing to any significant extent. It was also
found that successive samples of NT,Cl, prepared from fhe
same welght of NH,Cl and the same volume of standard HIO,
gave the same observed counting rate within about 1 or 2%.
It was further found that 5 minutes drying by Method 1 gave
the same activity as 15 minutes drying, indicating that 5
minutes drylng by Method 1 was adequate to remove all the
adsorbed HTQO from the active salt. At this point, the assay
method looked as though it had a great deal of promise;
further experiments showed this conclusion to be essentlally
sound, although some of the conclusions drawn from these
preliminary results had to be modified somewhat.

In the second group of experiments, a "dilution curve"
was run, in which successive samples of NH401 were rendered
active by exchange with HTO samples of varying activity. A
plot of the observed NT4Cl activity versus the activity of
the HTO used to render the NT,Cl active should be a straight

line which passes through the origin, showing that the ratlo
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activity of NT,Cl
activity of HTO used to make it active

(59)

is a true constant, These experiments were carried out
using HTO samples of varying activity whieh had been made

up by accurate dilution of the standard HTO. All samples
were prepared by dissolving 2.86 g. of NH,Cl in 10 ml. of
HTO., The NT401 was dried by Method 1., A plot of the results
obtained appears in Figure 10, where it is evident that S

is not a true constant. If one ignores the first two points
and extrapolates the curve back to zero water activity, one
obtains a finite NT401 activity at zero HTO activity, show-
ing that some HTO may have been left adsorbed on the salt

even after the drastic drying procedure used in Method 1.

4
further drying, noted in the preliminary experiments, may

The reason for the constancy of the NT,Cl activity after
be that the NT401 was subliming away as fast as the HTO was
evaporating, thereby maintaining the specific activity app-
roximately constant. At any rate, it was evident that this
method for the preparation of active NT401 was not satis-
factory.

A second dilution curve was then run. Again, all
samples were prepared by dissolving 2.86 g. of NH401 in
10,0 ml, of HTO, but this time, Method 2 was used to dry
the NT401. The results of this set of experiments are
presented in Figure 11 and Table 18, where two things are
immediately apparent: 1) The activity of NT,C1 prepared
from HTO of a given activity is lower in every case than

the corresponding NTécl activities in the first set of
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dilution curve experiments. 2) The plot is now linear

and S 1s constant, with the average deviation of the individ-
ual values from the mean being about 1%. This set of ex-
periments was then repeated. The results are presented in
iable 19, where it is seen that although S is still constant,
all the activities are higher by about 5%.

Experliments were then conducted to see if these higher
activity values were due to contamination of the apparatus.

A solution of NHécl in H50 was evaporated and dried by Method
2; the resulting salt was completely inactive, showing that
appreciable contamination of the apparatus had not taken
place.

The next set of experiments was designed to show the
effect of changing the initial concentration of NH,Cl in the
NH,Cl - HTO equilibration mixture. Varying amounts of
NH4C1l were dissolved in 20.0 ml. portions of HTO which had
an activity of 15.9 x 107% curies per gram. Method 2 was
used to dry the salt,

Theoretically, the initial concentration of NH4C1 should
have no effect on the resultant NT,Cl activity, since the
activity of the NT401 is determined by the equilibrium con-
stants of the reactions

NH,C1 + (4 - 1)HTO = NH4T, _4C1 + (4 - i)Hzo,
i=1....4,
at the bolling point of a saturated solution of NH401 in
HoG, the concentration of NH4Cl in a saturated solution at

this temperature, and the constants of the detection appar-
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atus. However, as 1is shown in Figure 12, the concentration
of NH401 does have an effect, when the initial concentrations
of the solutions are greater than about 4 g. NH4CI per 10
ml. HTC. This decrease in the NT4CI activity at high initial
(NH401) may be due to the fact that with large amounts of
NH4C1, equilibration at the boiling point is not quite com=
plete before all of the HTC has been evaporated off, The
results of these experiments indicated that it might be better
to use lower initial concentrations of NH,Cl in the assay
method, since at lower initial (NH4Cl), the NT,Cl activity
was less sensitive to the initial (NH4C1).

Accordingly, another dilution curve was run, using the
same HTO solutions as before but a lower initisl (NH4CI)
in the equilibration solution. In this set of experiments,

the initial concentration of NH,Cl was 1.50 g. NH4C1 per

4
10 ml. HTC. After the first curve had been run, the ex-
periments were repeated; the results of the two sets of
experiments are shown in Table 20, The data in this Table
show no systematic trend from run to run, such as was ob=-
served in the previous experiments.

It is evident that if this assay method is to be of use
to investigators in various laboratories who might be using
flow counters made by different manufacturers, some exper-
iments should be conducted to find out how the observed
activity of a given sample of NT401 varied when different

flow counters were used to measure its activity. Through

the kindness of Professor Dan Campbell and Dr. Justine
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Garvey, another Q-gas flow counter was made avallable,
This counter, which will be called counter 2, was & product
of the Nuclear Instrument and Chemical Company, and was a
Model D-46A, as was counter 1, the counter used in all the
above experiments. However, it differed from counter 1 in
having a wider and deeper planchet holder. The bottom of
the planchet holder in counter 2 was about one inch from
the counter anode, whereas the bottom of the planchet
holder in counter 1 was about £ inch from the counter anode.
The planchet holder in ccunter 2 had an area of 11.0 cm.z,
whereas the area of the planchet holder in counter 1 was
8,08 cm.2 A sample which counted at the rate of 1970 c¢/m
in counter 1 had an activity of 1420 ¢/m in counter 2.
The same planchet was used in both cases, so the planchet
area was the same. When the sample was propped up in
counter 2 so that it was about 3/8 inch from the counter
anode, the activity observed was about 1750 c/m, showing
that the major difference between the two counters was the
distance from the counter anode.

Unfortunately, no other flow counters were available
to allow an extension of these experiments. It would have
been very interesting to measure the activity of this sam-
ple in a counter which used a flow gas which had & composition
different from the composition of the Q-gas used in both
of the counters discussed above, It 1s conceivable that the
counting efficiency might vary somewhat with a change in the

nature of the flow gas.
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Reproduecibility. A Discussion of Error

Two disturbing features were noticed in the course
of some of these experiments. One major source of
diffieculty was the fact that the observed activities
of the NT,Cl samples decreased with successlve countings
until they reached a point gbout which they oscillated
with an average deviation of about 2%. Almost all of the
samples showed this behavior, although it seemed to be
more pronounced for samples of higher activity. A typical
example is afforded by the first sample in Figure 12, which
started off counting at about 2500 ¢/m, and slowly de-
creased until it reached a constant activity of 1950 4 15
¢/m. This behavior made many refillings and recountings
necessary, since one had to convince oneself that the ob-
served activity was the "true" activity, i.e., the activity
that would be observed when "counting equilibrium", so to
speak, had been reached. The large number of recountings
that seemed to be necessary detract from the efficiency and
apparent reliability of the method. In all cases, the act-
ivities quoted in the Tables and Figures are the activities
found when counting equilibrium had been reached. At count-
ing equilibrium, the overall average reproducibility of
successive countings of a given sample was 2.3%.

The other difficulty is exemplified by the results of
the second and third dilution curve experiments, which are
compared in Table 19. As was previously pointed out, the

activities observed in the third set of experiments were
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consistently higher than those observed in the second set.,
The reason for this consistent increase is not apparent,
but it was felt that experiments carried out at lower
(NH,C1) might not show this behavior. As Table 20 shows,
they did not; the reproducibility of 8 in this set of ex-
periments was about 24. It was further noted that in these
experiments at lower initial (NH4Cl), the decrease in count-
ing rate with successive countings was not so pronounced;
some samples did not show a deecreasec at all, Thus it seems
that the assay method is most reliable when carried out at
initlal NH,Cl concentrations which are in the 1-2 g,
NH,C1/10 ml. HTO.

The existence of the two difficulties mentioned above
requires some conservatism in the estimate of the maximum
error to be expected in the method., Until the difficulties
have been completely worked out, it is probably safest to
assign a maximum error of about 15% to any value of HTO
activity obtained by this method., This estimate includes
the uncertainty in the activity of the standard HTQ, and
strictly speaking, applies only to values obtained with
counter 1 or other counters exactly like it.

Summary

The preceding discussion shows the feasibility of
developing an assay method for HTO based on the usc of the
windowless flow counter, Given a dependable value for S,
an investigator who wishes to know the activity of HTQ

which he has prepared for use in tracer experiments need
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only repeat the procedure outlined in the Experimental
section, measure the activity of the NT,Cl produced, and
calculate the activity of the HTO from equation 59. Know-
ing that the planchet area used in these experiments was
7«30 cm.z, the investigator can easily convert S to & value
applicable to the planchet area which he may be using, since
the observed activity 1s obviously directly proportional to
the planchet area, If he 1s using a flow counter manufactur-
ed by a different firm, which uses a counter gas of a very
different composition than that used in these experlments,
then the figure that he obtains will probably be good to
an order of magnitude or better.

It is evident that further work on this method should
concern itself with discovering the reasons for the difficult-
ies mentioned in the preceding section and evaluating S for

different types of counters and flow gases,
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Table 1

Results of Neutral Solution Exchange Experiments Using T1H2P02
4

and HTO., BSpecific activity of HIO: 4.15 x 10 gggées‘
(T1H,PO,) Contact time® Washing 4u Activity of Apparent £
Procedure”’ T1H2P02, e/m exchange™

046 3 hr. Not washed 485 4.5%
0.46 26 hre Not washed 360 3 «6%
0.46 26 hr, (CHz) ,CHOH 237 2.4%
0.46 10 min, 1 water wash 150 1.5%
0.75 1 hr, 2 water washes 190 1.9%
1.3 1 hr. 1 water wash 145 1.5%
1.3 1 hr. acetone 145 1.5%
0,75 5 min. 1 water wash 60 0.6%
0.75 5 min. 2 water washes 60 0.6%
1.3 5 min, 2 water washes 34 0.4%
1,33 5 min, 2 water washcs 32 0.3%
0.75 31 days 2 water washes 80 0.8%

0
b

The time of evaporation and the time for washing are
not included in this figure. In the first seven ex-
periments, HTO which had been distilled twice was used,
In the next two experiments, triply-distilled HIO was
used. In the next three experiments, quadruply-distilled
HTO was used.

A "water wash" means dissolution of the sample in about
10 ml. of inactive distilled water, re-evaporating, and
... recounting.

#i 100% exchange would correspond to a sample activity of
about 10,000 c/m.
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Table 2

Results of Neutral Solution Exchangce Experiments Using

TlHTP02 and H,0.

(TlﬁTPog) Contact time Initial activitz Final activity .

(days) of T1HTPOs, c¢/m” of T1HTPO,, c/m
0.3 1 4600 4600
0.3 1 4600 4600
0.3 3 4600 4600
0.3 1 hour 1500 1500
0.3 1 hour 1500 1480
0.4 10 1500 1450
0.5 31 1450 1100

2
K

All these activities are subject to the statistical error
of counting, 1%.
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Table 3
Values for x and X, , and Quantities Calculated from Them,

Found in Typical Runs,.

. +
Series VI > (H,PO,) = 0.997, (H') = 0,246, (H;P0,) = 0.751.

AtY min, x, c/m. x/Xye = F  =log(l-F)/At,
min~l x 103.

Run 1 30 543 7 0.340 6.02
60 895 * 10 0.560 5.95
90 1136 * 11 0.711 5.98
120 1285 1 13 0.805 5,92
oo (24 hr.) 1596 % 15 mean: 5,97 * .03
Run 2 40 666 T 8  0.420 5,92
80 1057 ¥ 10 o0.686 5.96
120 1287 * 13 0.810 6,00
o (24 nr.) 1586 % 15 mean: 5,96 % ,03

Series XI > (HzPO,) = 0,508, (H') = 0,106, (HzPOp) = 0.290.
At, hr. x, ¢/m. X/xOo =F <log(l-F)/At,

nr-1 x 10,
Run 1 1,5 430 + 7 0,320 1.12
3.0 713 £ 8 0.530 1.09
4.5 974 X 10 0.724 1.15
6.0 1074 1 11 0.800 1,17
w (48 hr.) 1344 2 13 mean: 1.13 % ,02

ol
*

" At=time between start of reaction and time sample was
withdrawn and neutralized,
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Table 3 (continued)
Series XI (continued from previous page)

At, hre  x, e/m. x/x,, = F  =log(l-F)/At,

hr-1 x 101,
Run 2 1.5 300 ¥ 8 0.219 0.71
340 707 T 8  0.516 1.05
4.5 937 1 10 0.696 1.15
640 1058 * 10 0,772 1.07
o (27 hr.) 1370 * 13 mean: 1,00 + ,04

Series XX }Z(H3P02) = 0,600, > (H,0x) = 0.216, (H*) = 0.218,
(HzPO,) = 0.439,

At, min. x, ¢/m. x/xy, = F  =log(1l-F)/At,
min-1 x 10°.

Run 1 30 445 ¥ 10 0.281 4,76
60 g1o ¥ 15 0,512 5419
90 1060 * 15 0.671 5.36
120 1200 * 15 0,760 5,17

o (24 hr,) 1580 % 15 mean: 5,12 * ,18
Run 2 30 455 * 10 0,288 4,93
60 790 * 15 0.500 5,02
90 10256 * 14 0,640 5,07
120 1210 * 16 0,785 5,23

oo (24 hr.) 1580 % 20 mean: 5,06 % .09




Series XXIV 3 (HzPO,) = 0,660, (H')
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Table 3 (continued)

0,218, (Hzpog) = 0,501,
T = 35,309,

At, mine x, ¢/me x/Xyy = F  -log(l-F)/At,
min=! x 107,

Run 1 12 370 * 4 0,238 0.98%
24 690 * 10 0.445 1.06
36 900 * 10 0.580 1.05
48 1050 * 15 0,678 1.03
o (24 hr,) 1550 % 10 mean: 1,05 1 ,01
Run 2 12 370 * 2 0.238 0.,98%
24 680 T 35 0.439 1,05
36 910 * 10 0.587 1.07
48 1080 + 20 0,696 1.08
o {24 hr,) 1550 + 30%% mean: 1,06 % ,01

ket

These values were rejected, both by the @ test (19),
and because the time error was large and tended to be
high at the first sample, due to the short reaction
times. These first numbers were systematically low in
both Series XXIV and XXV, and were rejected in both
Series.

This value of x, was not obtained in this run. A val-
ue of 1450 % 70 was obtained; and was rejected as being
a bad sample, since 1t showed poor counting character-
istics and imparted pronounced curvature to the
-log{l-F) vs. t plot. The value used here is a mean of
the values obtained at 35.30°, See Yable 13.
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Table 4

Results of Experiments in Group One,

P= (H') = (E5P057). 2 (HgPO,) = j{kﬁsPoz).

7T = 27,23°,

Series > (H,P (H;p0,) (H') slope, e~ 1% R, moles per
liter hour

I 0.490 0,329 0.181 0,163 0.368

II 0,572 0.395 0.177  0.199 0.520

III  0.700 0.500 0.199  0.256 0.815

Iv Q0.795 0580 0.215 0.204 1,03

v 0.891 0.661 0,230  0.337 1.37

VI 0,997 0.751 0.246  0.355 1.60

VII  0.300 0.182 0,118  0.091 0,125

3

Here, and in succeeding tables, "slope" refers to the

mean of the slopes of the -log(l-F) vs. t plots for each

rune R 1s calculated from this mean slope.
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Table 5

Test of Possible Orders in Group One,.

Let (') = a4, 2 (HgPO,) =Z'(HSP<>2) = B, (HP0,) = C.
Series R/BC R/B® R/AB R/C® R/A® R/AC R/C R/B  R/A
VIT 2429 1.39 3,52 3,76 8492 5,79 .686 416 1.05
T 2.28 1.53 4.66 3.40 14.2 6.94 1.12 L750 2.28
II 2,30 1.59 5.14 3.53 1646 7.43 1.32 .910 2,94
ITI  2.32 1.66 5.83 3,25 20.5 8,15 1.63 1.16 4,08
IV 2.23 1.63 6,01 3,05 22.2 8,22 1.77 1.29 4.78
v 2,32 1.72 6,66 3,12 25,8 8,97 2,07 1.53 5,04
VI 2,13 1.61 6.52 2,80 27.5 8.65 2,15 1,60 6.50
Series R/ASc R/c?a R/A®B R/B®A R/ABC R/C®B R/BZC

VII 4844  31.8  29.7 11,7 19.3 12.6 7.62

I 43.2  21.1  29.0 9.52 14,2  6.93 4,67

I1 42,0 18.6 29,0 8.98 13.0 5.82 4,03

IIT  40.8 1643 2843 8,35 11.6 4,64 3,32

Iv 38.2 14.2 27,9 7,56 10.4 3.84 2,80

v 39.0 13,6 28,9 7.47 10.1 3.51 2,60

VI 36.6 11.4  27.5 6,55 8,67 2,81 2,14




Table 6

Results of Experiments in Group Two. M = 0,218, T = mq.mmo.

Series Mmummwomv MHNmmmomv Amuwomv (#*)  slope, hp~t R, moles per

liter hour.

VIII 0.289 0.,0971 0.,0712 0,0259 0,0116 00,0153
IX 0,356 0,194 0.141 0.0528 0.0355 0.0579
X O.ﬁw» 0,300 0.219 0.0809 0.0708 0140
X1 0,508 0596 0.290 0.106 0.l12 0,258

=116-

XIT 0,803 0,813 0,376 0,137 0.152 0.410
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Table 7

Test of Possible Orders in Group Two.

Let (H*) = 4, §:YH5?02) = B, 2 (HgP0,) =C, (HgPOp) = D.

Series R/ED R/B® R/AB R/D° R/A® R/AD R/ R/B R/A
VIIT  2.22 1.63 6.10 3,02 22,0 8.31 .215 .158 <502
IX 2.11 1.54 5.65 2,90 20.8 7.75 .409 .298 1,09
X 2,13 1.56 5.78 2.92 21,4 7.9l .640 467 1.73
XI 2.22 1.63 6.09 3,05 22.8 B8.30 .882 .646 2.42
XIT 2,12 1.56 5.82 2.90 21.7 7.95 1.09 .798 2,08

Series R/A®D R/D®A R/APB R/BZA R/ABD R/D%B R/B®D R/C? R/AC
VITII 309 117 226 62,7 85.6 31.1 22.8 .184 2.05
IX 147 55 107  £29.2 5645 15.0 10.9 693 3.08
X 97.7 36.1 7T1.3 19.3 26.4 9.73 7.12 745 4.00
XI 78.5 28.7 57.5 15.4 21.0 7.70 5.63 .992 4.75
XIT  57.8 21.2 42.4 11.3 15.5 5.65 4.15 1.16 5.02

series R/C R/AZC R/C2A R/CD R/ACD R/D%C R/C®D R/BC
VIII 4053 75.4 7.1 J745 28,7 10.5 2.58 546
IX J163 64.3  B.68 1,15 21.8 8,06 3.24 838
X 0323 49.2 9,25  1.47 18.2  6.75  3.41  1.07
XI o504 44.9 9.36 1,74 16.4 6.00 3.42  1.27
XIT  .690 36.6 8,48 1.84 13,4 4,90 3.09 1.35




Table 8

Results of Experiments in Group Three.

*)

, T = 27,23°,

Series 2 (HzPOp) MmNmumowv (H PO,) (8*) slope, hr-1 R, moles per
liter hour
XIII 0.250 04397 0.182 0.215 0.150 0.172
XIV 0350 0.468 0.255 0.213 0.171 0.274
XV 0.450 0.547 04329 0.218 0.201 0,413
XVI 0.554 0.624 0.406 0.218 0,230 0.583
Table 9

Test of Possible Orders in Group Three,

~118

. 1
Let (H*) = A, 2 (HgPO,) =B, > (H;P0,) =C, (EzPO,) =D.

Series R/BD R/B® R/AB R/D®  R/A%  R/AD
XIII 2,37  1.09 2,01 5,17 3,72  4.38
X1V 2,30  1.25 2,75 4,21  6.04 5,05
XV 2.30  1.38  3.46  3.82  8.80 5,50
XVI 2,20  1.50  4.28 3,53  12.3  6.55
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Table 10

Results of Runs in Group Four ( added mwmomv. M = 0,218, T = 27.23°,

" + ; _ R, moles
Series 2 (HzPO,) 2> (H;80,)" (H')  (HgPO,) (ES07) mewa“ mmmaw»dwu k,
XVII 0.256 04104 0.198 0,182  0,0843 .20 * ,03°% 0,23 4.4 %2
XVIII  0.3545 0,0855 0,202 0,254 0.0695 19 # .02 0.31 2.7 * .9
XIX 0,512 0.0554 0,208 0,370  0.,0453 .23 % ,01 0,54 3.2 .6

¥ 2 _(HgS0,) =(HSOZ) + (S077),
v Average Mmﬂmmwwoum given“here and in the next Table indicate the reproducibility
of the slope values in a Series.

e

Table 11
Results of Runs in Group Five (added Hy0x). = 0,218, T = 27,23°,
= R R, moles
Series memmmOmv MMxmmoxv (B%)  (HgPO,)  (H,0x) mwmmo~ mmmwwwwwa k,
XX 0.600 0,216 0.218 0,439 0.152 .30 * ,02 0.83 2.5 + X
XXT 0700 0,115 0.218 0,512 0.0844 .32 * ,04 1,03 4.1 21

2> (H,0%) = (HgOx) + (HOx™).
#*  Por Several reasons, this value of W& was weighted twice as heavily as the next
in obtaining the final value given on page 42,
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Table 12

Results of Experiments at 35,309, M = (H') = 0,218,

Series :E:(HSPoz) (H5P02) (gt) slope, R, moles per
hr-1 liter hour
XXII 0400 0,304 0.218 0.482 0.883
XXITI 0,530 0,403 0.218 0.564 1,36
XXIV 0.660 0,502 0.218 0.632 1.90
XXV 0.800 0.608 0,218 0.720 2462
Values of Rate Constants at 35,30° Determined by the
Arithmetic Method
Series Pair Used kl k2
22 and 23 667 4.8
22 and 24 7.2 4:.4
22 and 25 6.9 4,6
23 and 24 7.8 4,2
23 and 25 7.2 4,5

24 and

25 6.1 4.9
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Table 13
Zx Values in Group Three
% 3% se3t
Series oo in Run 1 X in Run 2 mean
X1V 1530 * 15 1480 * 15 1505 ¥ 25
v 1560 * 15 1520 % 15 1540 1 20
XVI 1520 * 10 1540 % 15 1530 + 10
XXIT 1550 + 20 1580 * 20 1565 * 15
XXIII 1550 + 20 1400 + 100%¥#¥% 18550
XIV 1550 * 10 1450 t 70%"F¥ 1550
XXV 1530 % 10 1520 % 20 1525 5
Special Experiments to Determine x,, at 35.30°,
Experiment §0§
1 1535 % 10
2 1600 * 5
3 1520 4 10
Overall average of all these xg, values: ™% 1540 % 20,
# Quoted limits of error represent the average dev-

iation
uoted
iation
Quoted
iation

of four countings of the same sample,
limits of error represent the average dev-
of the two values from the mean.

limits of error represent the average dev-
of 811 the individual mean values from the

overall mean value,
These values were rejected as bad samples, and were

not use

d in the calculations. They showed poor count-

ing characteristics, and when used for calculation,
imparted pronounced curvature to the ~log(l-F) vse.

t plot *

They evidently did not represent the true

value of x in these runs.

00
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Table 14

Results of Experiments on Exchange in Basic Solution., T ~ 20°

Run™ (T1H2P02) (OH™) Contact time Apparent % Exchange

I 0.27 0425 20 hours 15%
44 hours 20%
104 hours 60%*%

II 0,75 0.8 24 hours 454**
48 hours goz**

* All samples were washed at least twice with inactive dis-

. tilled water,
*# Decomposition of H,PO,~ obvious from the nature of the

evaporated sample. Sée text.



Table 15

Thermal Stability Experiments on Crystalline Thallous Hypophosphite

Series

IA

«l28=

1z

I1I

Initial Net weight change in mg. after 24 hr. heating at
weight of the indicated temperature:
sample, g. o o o o

500¢ 65 75 80 90" - 48 hr. heating periods
0.843 20,2 =044 +0.2 +2.7 +1.88 +2.4 42,4 +3.4° 45,0

Net weight change in mg. after heating® at the in-
dicated temperature:

80° 89° o5° 95°
O.mﬁ-ﬁ ‘O.m .IOON I-O.w «IH.ON..

Net weight change in mg, after meﬂwbmm at 95° for
the indicated time intervals:

3 hours 1 hour 2 hours 3 hours 3 hours
Oo@@@ IN.O lOoH I.Oou. lOow lOoH

Net weight change in mg., after 3 hours heating at
the indicated temperature:

95° 95° 95° 100° 100°
o.me I-O.m 'O'm 'Otm 'Olm lOQm

(continued on next page)
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Table 15 (continued)

Series Initial Net weight change in mg., after heating as follows:
weight of o o o
sample, g. 95 for 3 hr. 95° for 3 hr. 100° for 2 hr, 100° for 2 hr.

v® 1.137 -0,8 =042 “043 -0,.2

a, Partial melting began here.

be Completely liquefied here.,

c. Series IA was run as follows: The sample was first evacuated to a
pressure of 1072 m. Ege The system was then thoroughly flushed out
with argon, re-evacuated, the sample closed off from the pump, and
heated, At the end of the heating period, the system was re-svac-
uated, the heater removed, and the sample allowed to cool while
connected to the pump.

de In this Series, salt which had been neither ground up nor vacuum
dried before putting it in the vacuum line was used.

€e In this Series, salt which had been directly ecrystallized from
water alone was used; in all the others, salt which had been
crystallized fron isopropyl alcokhol was used.
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Table 16
Reaction of H,PO, with Persulfate T ~ 20°,
Run > (H;PO,) (HC10,)  ((WH,)_8504) Ty, hr.
1 0.23 245 1,02 5
II 0,09 2435 152 12
ITI 0.23 2.5 1.02 4
Table 17
Reaction of H,PO _ with Dichromate T ~ 80°,

3" 72

Mole percent

Run Initial Initial  Time re- P(I) + P(III)
E:(HSPOE) +§:tH3P03) (Cry0,7") acted, hr. %gizegnox-
I 04316 04477 3 0.15%
II 0,316 0.477 2 0.00%
I1I 0,316 0.477 1 2 0%
Y 0.523 0,398 2 2.5
v 0,523 0,398 3 1.2%
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Table 18

Results of the Second Set of Dilution Curve Experiments.
Initiel (NH,C1) = 2.86 g./10 ml,

Sample no. NT4CI activity, HTO activity, S, gram-counts

c/m x 10~% curies per gram per curie minutes
x 108 x 10™7
1 3,80 3497 0655
2 5,20 5495 9.90
3 7470 794 9.70
4 11,7 11.9 Q.85
5 15.8 15.9 0.95
6 19.2 19.8 9.70
7 23.2 23.8 9.74
8 30.6 31.8 .65

mean: 9.75 %.10




Table 19

Results of Second and Third Sets of Dilution Curve Experiments

Sample No. Activity of zemawu e/m x Houm Activity of HTC, 8, gram-counts per
curies per gram curie-minutes
Second Set Third Set x 108 x 1077

Second Set Third Set

1 580 4,13 S 697 9605 10.4
P4 5.90 6.2 5.95 9,20 10.8
3 7,70 £.,00 7 .94 2.70 10,1
4 1.7 12,0 11.9 9.85 10.1
\ 5 15.8 17.2 15.9 995 10.8
m 6 18.2 20,3 19.8 9.70 10.3
. 7 25.2 25,1 23548 Q.74 10.4
8. 50,6 3240 31.8 9.65 10.1
%] - o e 40,2 397 ——— 10.1

mean: 9.75 mean: 10.3 * .15
Mean value of S for initial Azm»awv = 2,86 g./10 ml, HTO:

(10,0 * 0.28) x 107 gram-counts per curie minutes,
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Table 20

Results of Dilution Curve Experiments at Lower Azmpcwv. Azmpnwv = 1.5 g./10 ml.

Sample No, Activity of zepow. Activity of HTO, S, gram-counts per curie
c/m x 1072 curies per granm minutes x 10=7.
x 105
First Run Second Run First Run Second Run
1l 5.25 5420 _ 5497 13.2 13.1
2 11.3 10.7 7.94 14.2% 13.5
3 1545 ———— 11.9 13.0 -
4 20.0 21l.1 15.9 12.6 13.3
5 27,0 e 19.8 13.6 ———
6 31.8 30.2 2348 13.4 12,7

mean: 13,2 ¥ .3 mean: 13.2 + .2
Mean value of 8 for initial Azmﬁawv = 1,5 @o\HO ml. HTO:

(13.2 * 0.2) x 107 gram-counts per curie minutes,

s
23

This velue was re jected before taking the average.
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Figure 4. R/(H,PO
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Figure 5. R/(HBFOQ) vs (H,P0,) plot for
Series XIII - VI, IV, T = 27.023°,
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Figure 7. Typleal =log{l-F) vs t plots for runs at 35.30.
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Flgure 9
Apparetus for distilling off the HTO

from HTO - NT401 solutions.

Legend
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C., Flanged ground joint

D. Ears for washbottle springs
E., Hot plate

F. Condsnasr
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Floure 10, Resulbs of first set of

dilution curve experiments

A(,“ﬂvify o4
NT4CH,
¢mx 102 T8

16 4

124

™ g
e
-l
L 3
affwe

Y : 4 | ¥
Activity of HTO, @ 2 83 12.49 16.6 20.7

CURIES/GRAM % L.Os = (0



w139
igure 11, Results of second ast of

dilution curve experiments.
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Propositions

ls The accurate datlng of archeologlcal and geo=-
logical specimens by the carbon 1l technique is made very
difficult by the low specific activities of the specimens
{(1). A new method for the assay of low activity Clh
samples, which should rival the existing methods in

accuracy and convenlence, is suggested.

2. Although the exchange of radiobromine between
scdium bromide and propyl bromide in acetone has been shown
(2) to be a second order reaction, the SNl mechanism pro-
posed for this reaction would lead to first order kinetics.

A mechanlsm which satisfies the rate law is proposed.

3. A measurement of the Hall coefficient of solutlons
of the alkall metals in liquid ammonia might provide inter-
esting Information about the physical nature of these
solutions. A rough calculation shows that the magnitude of

the effect should be small but measurable.

e A structure for difluosilicic acid, HyS1,F is

10°
proposed. The proposed sbructure facilitates the explanation
of some aspects of the chemical behavior of high silica
fluosilicic acid solutions (3) and suggests some lines of

attack for future investigation.

5. Although glycol-boric acid esters have been used

for years by carbohydrate chemists (), several interesting
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features of these compounds remain unexplored. In
particular, a) the esterification reactlon should have
rather interesting kinetics, b) analogous compounds might
be useful in verifying the structure proposed in this
thesis for the active form of H3P02, and ¢) the potential
value of these compounds in analytical chemistry should

be investigated.

6. If the exponential absorption law for beta par-
ticles is valld, a simple derivation shows that all solid
materials, rendered radiocactive to the same specific
activity with a given beta-emlitting isotope, should show
approximately the same activity to a given counting setup, 1if
the thickness of the materisl is equivalent to infinite
thickness; furthermore, this observed activity should be
independent of the density of the material and depend only
on the mass absorption coefficient. This result should

have useful experimental consequences.

7. A new method for carrying out redox titrations,
based on the use of the recently developed electron ex=-

change resins (5), is proposed.

8. An investigation of complex formation in the ther-
modynamically unstable systems Fe(III) - H3P02 and 8Sn(IV) -
H3PO2 is suggested. MNuch of the scanty information which
exists (O) on these systems 1s internally contradictory;

furthermore, the fact that these are thse only known cases
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of metal lon - hypophosphite complexing would lend added

interest to such an investigation,

9. Although Sanderson's empirical rule (7) which
relates non-polar covalent bond stability to the covalent
radius difference may be valid, his criterion of stabllity
is uncertain and poorly defined. A better test of this rule
would be provided by bond dissociation energies or average

bond energies (8).

10. The mechanism which Maybury and Koski (9) have
proposed to explain their data on the kinetics of the gas
phase exchange of deuterium between diborane and hydro-
gen does not fit their rate law. An alternative mech-
anism, derived from the kinetics of diborane pyrolysis (10),
is proposed. This alternative mechanism fits the rate law,
showing that Maybury's work, if interpreted correctly,
confirms the mechanism suggested for diborane pyrolysis,

Further experiments on this system are proposed.

11. The interesting and unusual electrical nature of
alkall metal-liquid ammonia solutions suggests that other
odd electron compounds (e.g., organic free radicals) night
show the same sort of behavior in appropriate solvents.
Some possible linss of approach to this problem are

suggested.
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