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Part l.

Studies of ixchange heactions of hadicactive Isotopes

Introduction;

A process in which interchange of atoms of the same
element tak.s place Letween two different compouncs ol that
element we shall call an isotopic exchange reactions The
study of these reactions is made possible by the fact that
the isotopes of a given element differ Irom one another in
their chemiecal properties to only a very small extent. In
order to carry out such a study, however, methods muct e
avallable for v rying and for determining the amount of one
igotope which is present in a mixture of isotopes of ihe same
element. The method which wag used in the Investigations
reported in the following pages is bused uvn the fact that
radiocactive isotopes of most of the elements can be art.ficially
produced by methods recently developed in nuclear phyeice -
€+ by bombardmeit of an element with neutrons or fast deuterocis.
If a radioactive isotope is to be useful for the study oi an
exchange reaction it is of course necessary that the "half-liifeV
oi the radiocactive indicator te oi the order ol magnritude of
the time required for the exchange reaction to occur to an
appreciable extent and for the experimental manipulations to
Le mucGe.

A detailed disquisition on the results at present available
from the investigation of excharnge reactions will not be given

here, since excelient sumnaries of the experimental data so



far obtained Ly the use of radioactive isotopes as welil as by
othe:r methods have recently been .ublished (1,2)s A brief
description or the ty.e of work which has been doue will be
given, however, in order to rel.ite the results presented in
the present dissertation to thuese obtained by other investiga-
tors.

The elements whose exchange reactions have been gtudied
by the uaé of their radiocactive isotopes ineclude chlorine (with
a radiocactive isoto.e whose half-life is v/ minutes), Lromine
(three itoto,.es: half-lives of 18 minutes, 4.2 hours and
36 hours), iodine (25 minutes), sulphur (80 days), phosplLorus
(14 days), arsenic (26 hours), and manganese (166 minutes).
Moet oi the work done has been of a qualitative natvurej the
results have shown whether a given exchange occurs ra.idly,
slowly, or not at all (within the time limits imposed by the
half-life of the isotope used). Some very significant quanti-
tative results have however Leen obtained by Hughes, Topley,
and their co-workers who have shown that the rate or excharnge
of halogen between iithium bromide and o« phenyl ethyi bromide
or between sodium iodide and secondary octyl fodide is egual
to the raite ol raceuisation of the optically act.ve orgauic
halide by tne metailic halide. This result gives fairly direct
experimental evidence for the validity of the theory that
raceaisation proceeds by an exchange mechan.sm, with one in-
version of the optical activity per exchaige. ~nother investie-

gation from whose results some significant conclusione can Le



drawn has bLeen carried out by Polissar, who showed .n the bas.is

of & ¢iudy of exchange reactions of manganese between sovme of

oxidation oi oxalic acid by p.rmanganate could uot be entirely
correct. some results of biological importance have Leen
obtained by various investigators from a study of exchange
reactions of phosphorug in organic compounds such as the phose
phollipids. These experiments have Leen conducted both in
vitro and in living animals.

The investigations reported in the follovirng pages diiclude
a study oi the lodine~catalysed exchange of arsenic between
arsenious and arsenic acids, an attempted excuange o1 Losphorus
vetween phocsphoric und phosphorous acids, anoc a study ol & npumber
of exchange reactions of bromine. It was possible to follow tihe
argenic reaction in detail, and to conciude that the kinetics oif
the reaction between arsenious acid and iodine are the came at
egullibrium as they are remote frum eguilibrium. The puusphorus
exchange was not founu to occur to any measureable extent. o
guantitative study was made of the rates of the exchange reactions
of bromine which were investig ted, but some new qualitative
resulits werc obtained.

Technigue of hadioactivity Measurements:

The radioactive isotopes of bromine and ol arseunic uced in tue
experiments were prepared by the irradiation of appropriate mate-
riale with slow neutrone Irom a radon-beryllium swurce conta.ning
from {ifty to two hundred and fifty millicuries of radon. both
svurce and Parget were placed near the centre of a paraffin
sphere about 30 inches in diameter. The material was irradiated

for a time chosen to give maxinum activity in the sample, according



to the equation

where T'R and T are resectively the haif-iives oi radon and
ol the radiocactive iscotcpe being produ. ed. The radicactivity
messurencnts were msde by umeans of a sensitive Lauritsen
guartz~1iber electrescope filled with adr st atmospheric
precoure, with a capacity of avout 0.13 cme and a measured
sensitivity of 1.0 volte .er scale division, or about & x 10°
ion~pairs per division. The sauwple to be measured was ¢one
verted to a form in which it cculd e finely powderedy tnis
powder w.. evenly packed into a cylindricil depression about
one millimeter deep and five or weven centimeters in diameter
in a flat brass sacet which ¢could be pluced in a reproduceable
position cirectly below the aluminuam window ol the electro-

3 centineters

SECOPE The a.uminum window was about 2.3 x 107
thiicke The electroscope was calibruted for non-linearit;

of scale by the uwe of a uranium source. Sever.l lavesligaw
tions which were carried out with the ajparatus just described

are reported in the L0llowiug pages.



[Reprint from the Journal of the American Chemical Society, §9, 1358 (1937).]

[CONTRIBUTION FROM THE GATES AND CRELLIN LABORATORIES

Measurement of a Reaction

In the study of chemical kinetics and equilib-
rium, it is customary to correlate the specific
rates k; and k, for a pair of forward and reverse
reactions with the corresponding equilibrium con-
stant K, in accordance with the equation

ke/ke = K

In making empirical tests of this relation, how-
ever, the specific rates k; and k, are in general
measured with the system considerably displaced
from equilibrium in order that accurate values
may be obtained more easily. Hence it is of in-
terest to appreciate that such methods do not
eliminate the possibility that k; and k. might
actually change as equilibrium is approached, but
in such a way as to keep the ratio k;/k, approxi-
mately constant. The use of radioactive indica-
tors, which have become an important chemical
tool, permits the measurement of rates at equilib-
rium and thus makes it possible to place the ki-

OF CHEMISTRY, CALIFORNIA INSTITUTE OF TECHNOLOGY,

netic theory of equilibrium on a sounder exper
mental foundation.

In the present paper are described some experi
ments involving reactions on which previous ra
and equilibrium? measurements have been ma
by customary methods; these reactions are th
oxidation of arsenious acid by iodine, and its re-
verse
H3As0; + I;~ + H,O i H3AsOs + 31— + 2H* (1)

Experimental Procedure.—A radioactive arsenic with a
half period of twenty-six hours is formed from ordinary
arsenic by neutron capture,® To utilize this we exposed
15 to 20 g. of pure crystalline arsenic (Kahlbaum) for two
to three days to a radon-beryllium source of neutrons
whose initial strength was 200 to 300 millicuries; the ex-
posure occurred in a large block of paraffin. The arsenic

(1) J. R. Roebuck, J. Phys. Chem., 6, 365 (1902); 9, 727 (1905);
W. C. Bray, ibid., 9, 578 (1905); H. A. Liebhafsky, ibid., 35, 1648
(1931).

(2) E. W. Washburn and E. K. Strachan, #bid., 36, 681 (1913).

(3) F. A. Paneth and J. W. J. Fay, Nature, 135, 820 (1935). -
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_ ammonium nitrate solution. The precipitate was
'with 0.6 N ammonium hydroxide, filtered, dried, "
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was then burned to arsenious oxide in a stream of air and
a weighed amount of oxide dissolved in a measured volume
of 1 N standard sodium hydroxide solution, which was then
diluted to the desired concentration. The reaction mix-
tures were then prepared from standard solutions of ar-
senic acid, hydrochloric acid, and the radioactive arsenite.

The mixtures so prepared were brought to thermostat
temperature and a measured volume of standard potassium
iodide at the same temperature was added. The mixtures
were such that at equilibrium comparatively little free
iodine should be present. The color due to free iodine de-
veloped immediately on the addition of the potassium io-
dide and became constant within a minute or two, indicat-
ing a rapid approach of equilibrium.

The solutions were kept at a temperature constant to
within 0.1° for a measured period of from four to seven-
teen hours. During this period exchange of radioactive
arsenic between the tri- and pentavalent states occurred
presumably through reactions with iodide and iodive.
‘The exchange was then quenched by dilution with water
nd addition of an excess of ammonium hydroxide suf-

The arsenate was then lmmedxately precipitated as
nesium ammonium arsenate by the addition of magne

“nited to magnesium pyroarsenate which was then
to a fine powder. A

A fixed weighed amount of the powder was placed | 'd

shallow cylindrical depression 0.1 cm. deep and 5 cm. in w‘m‘tt arsenic passes to the pentavalent state

diameter in a thick sheet of brass; the powder was pressed
down to fill the depression fully and evenly. The brass
sheet was then placed in a reproducible position under a
quartz fiber electroscope and the activity of the arsenic
measured. Separate fillings of the brass container gave
results with a maximum deviation from the mean of about
3% of the net activity. The electroscope was calibrated
for linearity of scale. Natural leak was measured fre-
quently and corrected for.

About one-fifth of the original radioactive arsenite solu-
tion was oxidized to arsenate with sodium hypobromite
and was then precipitated, ignited, and its activity meas-
ured just as with the exchange samples. All activities
were corrected to the same time using the half period
twenty-six hours.

In some preliminary experiments the usual reaction
mixtures containing arsenate, radioactive arsenite, and
hydrochloric acid were made up with the omission of iodide.
Even after the solution was boiled for three hours, the sub-
sequently precipitated arsenate exhibited no activity.
This shows that any direct exchange between the tri- and
pentavalent arsenic is negligibly slow, and that the method
of separating the arsenate did not itself induce exchange.
Incidentally, a similar lack of exchange in alkaline solu-
tion (~1 N sodium hydroxide) was also found after three
hours of boiling.

Treatment of Results

In the experiments described here, the initial

“concentrations of trivalent and pentavalent ar-
_ senic were not significantly different from the

RADIOACTIVE INDICATOR IN THE ARSENIC ACID-IODIDE TITRATION

equilibrium concentrations, and it is assumed that
substantially all of the exchange occurred under
equilibrium conditions; further justification for
this is given below. We shall accordingly first
obtain relations valid for the case where the ini-
tial solution is at chemical equilibrium.

Let a and B be the respective fractions (cor-
rected for radioactive decay) of pentavalent and
trivalent arsenic which are radioactive at any
time ¢ measured from the beginning of exchange;
if initially only the trivalent arsenic is radioactive
thenatt = 0,8 = Byand a = 0. Let (As’) and
(As™) be the total concentrations (at. wts. X
vol.~?) of arsenic in the respective valence states.
The total concentration of radioactive arsenic
(corrected for decay) is a«(AsY) + B(As'™M);
smce thls remains constant, it follows that

4.',-»
- ' a(Asv) + ﬁ(As‘”) Bo(AS'”)
the (constant) rate (atomic wts. X

multiplied by the fraction g of trivalent arsenic
which is radioactive, . e., BR. Similarly the rate
at which radioactive pentavalent arsenic disap-
pears is aR. The net rate at which the concen-
tration a(As") of pentavalent radioactive arsenic
increases is the difference between these two terms,
i.e.
(da(AsY)/dt) = (B — a)R (3)
Writing (As) = (As™) + (As"), and substituting
for 8 from (2), we obtain
(As)

da
= ey [~ oy =
Integrating, and inserting the condition a« = 0
l(AsV)(Asm) a  (As)

at =0
- ¢ SRS dgn il Ak

R =
Since «/By as well as the other quantities on the
right are measurable, R may be calculated for the
particular solution used. In the present experi-
ments the quantity «/B, has been taken as the
ratio of the electroscopic activity of pyroarsenate
from a solution which has exchanged for a time ¢
to that of pyroarsenate from the original unex-
changed arsenite.

On the assumption that a given arsenic atom
passed from one valence state to another only

)

(5)

-
N

R hpes
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through oxidation or reduction by iodine or io-
dide, the rate R may now be identified with the
rate of the oxidation of arsenious acid by iodine
or the equal rate of reduction of arsenic acid by
iodide.

The results of such experiments are given in
the table. Columns 2 to 6 give the empirical
composition of the solutions as made up. The
empirically measured rates are given in moles X
liters~* X min. ! in the column headed R.

J. NorTOoN WILSON AND ROSCOE G.. DICKINSON

oxidation may be tested by determining whether
the rates of exchange depend on concentrations in
the manner to be expected from Roebuck’s ki-
netic studies. In order to do this, we have cal-
culated specific rate constants for the reduction
of AsY by placing R = k(H3AsOq)(H*+)(I7), the
right-hand member being Roebuck’s expression.
As was done by Roebuck, we have taken (H;-
AsOy) = (AsY) and (H*) as the formal hydro-
chloric acid concentration. The values of & thus

Vol:'59..

¥ 4 : MEASUREMENT OF THE RATE OF

§ : OXIDATION AND REDUCTION AT EQUILIBRIUM AND THE CALCULATION OF SPECIFIC RATE CONSTANTS
Rate R Temp., k X 10%,
L)

——— Formula weights per liter Activity, Timet,

?{;As()s

}\Io, HsAsO04 HCl NaCl KI (T)e (Is 7). a/Bo min, X 108 2 corr.
10120 0.119 0.130 0.121  0.0091 0.0091 2.5 X 10~ 0.062 952 0.85 25.0 6
2. .114 118,236  .l114,  .0086.,, .0086 6.5 X 1077 . .072, 617  1.43 .25.0 6.2
3 .107  .100  .196  .100  .0408  .0407 4.5 X 1075 . .226 5656 5.38 25.2 . 6.7
4 .106 .098  .107 100  .100.*000MMs1.9 X 1074  .333 . 732 7.80. 25.2 7.4
6 .126!'"-igve = (L0eRM .0ff e T .0D9 5 X 10~ ,265 789 .20.3 24.6 7.9
6 125 406 .08 .08l 100 .098 . T.LXy0~* 208 657 3L.1 24.6 8.2
7 125 203 .098 .08l ,..100, ..099.. 2.8:X10; (280,11 v889 136 111246, 164D
g ‘125 213 163 ' .081 212, 361,27.8  24.6.. 6.6,
9 107 099 196 100 + ,266. 278 /12.6,.,35.0 . 16.1. S48
10 105 .098  .107  .100 %, 100 .350 . 408 14.1 . 35.0, .13.7 LA
111161 .096 079 © 074 .08 842 718 6.75 +38:dy 9id6 D
12 .151 . .096 _ .237  .074 4231 11001 1/, 278,135, 11, 11.8

In the columns headed (I3~), and (T
given the concentrations of I~ and of I3~ in
various solutions at equilibrium. These were
calculated for the runs at 25° using the constant?
(H:AsO)(H*)X(I~)8

(H3As05)(T57)
For the runs at 35° a value of K (3.8 X 10~2) was
estimated from that at 25°, and that at 0° (1.6 X
10~!) measured by Roebuck.! Here (H3AsO,) and
(H3AsO;s) have been taken as (As’) and (As™),
respectively, and (H*) as the formal concentra-
tion of hydrochloric acid. This is adequate
since (Is~), was in all cases small and is needed
only to calculate a small correction to (I7), and
to show the small amount of reaction required to
reach chemical equilibrium.

A more detailed analysis of the rate of exchange
which considered the fact that Iy~ was initially
absent rather than at its equilibrium concentra-
tion, led to an expression similar to (5) but with ¢
replaced by ¢ —(1/a)(1 — e ) where a = R/
(Is7).. Because of the small values of (I;7), in
the experiments the use of this expression gives
values of R differing by less than 19, from those
given by equation (5).

The assumption that radioactive exchange oc-
curred only through iodine-iodide reduction and

K = = 5.5 X 107

to 25° (or 35°) has been applied when the experi-
ments were made at temperatures slightly differ-
ent from these. At a given temperature the
values of k£ show reasonably good constancy.
The assumptions may be further examined by
comparing the absolute values of the constants
with those of Roebuck.! As recalculated by
Liebhafsky, Roebuck’'s measurements of this
specific rate give the values 6.3 X 10~ at 0° and
1.6 X 10—2 at 10° (units: moles—2 X liters? X
min.~"). If these be extrapolated to 25° using

the Arrhenius equation, the value 0.057 is ob- |
tained in satisfactory agreement with the mean .

value 0.071 from the exchange measurements;
extrapolated to 35°, Roebuck’s values give 0.125
and the exchange measurements 0.154.* = The
Arrhenius heat of activation is calculated from
Roebuck’s measurements to be 14,300 cal. per
mole; the exchange measurements give the
value 14,100. It appears then that the radioac-
tive exchange occursimainly through the oxida-
tion and reducﬁbﬂ“’of the iodine, and that the

kinetics of the oxidation and reduction at equilib-

(4) In calculating the mean values of % the results of experiments
1 and 2 have been omitted because of the small precision of a/f8p;
experiment 12 also has been omitted.

h‘ﬁifel"’"k (corr.); a small temperature correctxon':‘_-
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- rium are the same as those remote from equilib-
' rium.

The authors are indebted to the W. K. Kellogg
Radiation Laboratory at this Institute for the
preparation of neutron sources used in this inves-
tigation.

i )

Summary

Radioactive trivalent arsenic does not exchange
with non-radioactive pentavalent arsenic in dilute
acid or alkaline solutions in the absence of other
easily oxidizable or reducible substances. In the
presence of iodine in acid solution, however, an

exchange takes place at a measurable rate. On
the assumption that the exchange occurs through
the oxidation and reduction of the iodine, we have
calculated the rates of oxidation and reduction at
chemical equilibrium from measurements of
rates of exchange in systems containing iodide ion
and small amounts of free iodine. The rates of
oxidation and reduction measured in this way are
in agreement with the kinetic expressions shown
by Roebuck to hold for the same reactions re-
mote from equilibrium, and lead to specific rate
constants which agree with those measured by him.
RECEIVED APRIL 7, 1937

PASADENA, CALIF.




[Reprinted from the Journal of the American Chemical Society, 60, 2697 (1938).]

[CONTRIBUTION FROM THE GATES AND CRELLIN LLABORATORIES OF CHEMISTRY, CALIFORNIA INSTITUTE OF TECHNOLOGY,
No. 652]

An Attempted Exchange of Phosphorus between Phosphorous and Phosphoric Acids

By J. NorTON WILSON

The hydration of hybophospﬁoric acid, which
takes place according to the equation

H«ona + H:.'O ——ie HaPOa + HaPOq (1)

shown'? to proceed at a rate which is

ion. It has been suggested! that this
irreversible, but it seems probable.
brium may be reached in which the ¢
centration of hypophosphoric acid remaining

too small to be detected readily by chemical meth-*

ods. If the structure of hypophosphoric acid is
such that the phosphorus atoms are equivalent, as
in the structure (HO): I"’——lP (OH): which has been

suggested on the basis of X-ray absorption spec-
tra and chemical properties by Nylen and Stelling?®
and by Hantzsch,* the reverse of reaction (1)
should lead to an exchange of radioactive phos-
phorus between phosphorous and phosphoric acids
according to the following mechanism (the radio-
active phosphorus atom is denoted by an asterisk)
H;P*04 + H;PO; T H,0:P* — PO;H. + H,0 ==
H:P*O3 + H;PO, (2)

An attempt has been made to detect this ex-
change using radioactive phosphorus® obtained

(1) Van Name and Huff, Am. J. Sci., 46, 103, 18 (1918).
(2) ser, Z. physik. Chem., A167, 441 (1934).
(3) n and Stelling, Z. anorg. allgem. Chem., 212, 169 (1933);
ibid., ns, 301 (1934).
(4) Hantzsch, ibid., 221, 63 (1934).
" This material was supplied through the generosity of Professor
illan of the Radiation Laboratory of the University of

“were made up from this material and “c. p.’

as a by-product of the formation of radio-sulfur
by bombardment of sulfur with fast deuterons.
The material was separated from most of the ac-
companying sulfur and oxidized to phosphoric
acid; a small amount of ordinary phosphoric
acid was added as a carrier. The phosphate was
recipitated as magnesium ammonium phosphate

and converted to lead phosphate which Waﬁa
treated with hydrogen sulfide to liberate radio-
ctive phosphoric acid. The reaction mixtur

phosphorous and phosphoric acids. The phos-'
phorous acid used was found to contain a small
amount of phosphoric; this was determined and
corrected for.

In order to determine whether exchange had
occurred the mixture was diluted and the phos-
phate precipitated as magnesium ammonium
phosphate; this was dissolved in acid and repre-
cipitated to remove co-precipitated phosphite.
The phosphate precipitate was dried and its elec-
troscopic activity measured. The phosphite con-
tained in the filtrates was oxidized with bromine
and similarly precipitated; the electroscopic ac-
tivity of this precipitate was determined as be-
fore. Occurrence of activity in the latter precipi-
tate would be evidence either of exchange or faulty
separation.

The reaction mixtures were made up in dupli-
cate; one of the pair, used as a blank, was su
jected immediately after mixing to the separat1<§
process and radioactivity measurements dtﬁv- :
scribed above; the other was sealed in a glag
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gttt

Other i, Activity POs, c{)lw:y B8/ ao,
No. (H:;PO:) (H:POs) reagents min. T, %C. div./min. div./min. B/ao blank
I 0.76 0.72 1440 100 +0.004 = 0.005 0.79 ( 5 =6) X 1073 =6 X 10~
II .46 .43 NaOH, 2.86 1400 100 — .002 = .005 0.92 (—2 =15) X 1073 =5 X 103
III .60 .68 HCI, 5.31 11,500 100 + .006 = .006 4.85 ( 1 =1) X 10-3 =1 X 10-3
v .62 40 HCL, 56.51 21,200 20-25 4 .013 = .006 4.20 ( 3=1) X 10-3 =1 X 1073
v .36 .36 HCI, 5.63 18,900 25 + .010 = .010 49.0 ( 2 = 2) ¥ 107* ({1 =1) X 10—
VI .36 .35 HCI, " 5.63 37,900 25 + .006 = .004 24.8 ( 2=2)X10* (1+1) X 10~

ampoule and allowed to stand for a convenient
time before separation.

The probability of error due to faulty separation
was greatly decreased in experiments V and VI
in which after the precipitation and separation of
the radioactive phosphate some inactive phos-
phoric acid equal in amount to that originally
present in the solution was mixed with the phos-
phite in the filtrates and precipitated in the same
way. This treatment should remove practically
all of any radioactive phosphoric acid left in solu-
tion after the first precipitation. M ement
of the activity of the resulting precipitate i
cated that about 0.19% of the radioﬁbgsp
acid originally present was left in solutiofl z
the first precipitation. After the extra precipita-
tion the phosphite in the filtrate was oxidized and
precipitated as in the earlier experiments.

From the observed extent of an exchange oc-
curring during the time # in accordance with the
mechanism suggested in (2), one can calculate the
rate at which reaction (1) and its reverse proceed
at equilibrium. If the first order rate constant
ky for the hydration of hypophosphoric acid is
known, one can calculate from this result the
equilibrium constant K, defined as K = (HyP:0s)/
(H;PO4) (H3POs). It may be shown that for the
case where exchange occurs to a very small ex-
tent over a long time a good approximation is
ime: oy )

(H3POy)kit g

where «g is the fraction of phosphoric acid ini-
tially radioactive corrected for radioactive decay
to the time ¢ and $ is the fraction of phosphorous
acid radioactive at time ¢.

In the following table are listed the concentra-
tions, in formula weights per liter, of the reagents
used in the experiments; the time ¢ between the
original mixing of the solutions and the separation
of the phosphate; the temperature; the electro-
scopic activities of equal weights of the precipi-
tates from the phosphite and phosphate fractions,
corrected for radioactive decay and for the normal
leak of the electroscope; and the values of 8/aq,

K = (3)

&
Trham i

which has been taken as the ratio of these activi-
ties. The values of 8/, for the “blank” experi-
ments are also included. The normal leak of the
electroscope was about 0.07 division per minute;
fluctuations about this value were large enough to
make a comparatively large uncertainty in the
value of the activity of the phosphite precipitate.
This uncertainty was estimated from the root
mean square deviation from the mean of a number
of alternate measurements of the normal leak and
the phosphite activity. The results of experiments
V and VI are the most reliable because of the care
used to eliminate the error due to faulty separation.

It is apparent that in no case was definite evi-
dence of exchange obtained. It can be stated,
however, that the extent of exchange was less
than a certain value determined by the estima
uncertainty; on the basis of the assumptions
made a limit can then be placed on the value of '
the equilibrium constant K. Thus in experiment!
VI, B/as was very probably less than 5 X 10%;
k; for the given conditions may be estimated from
the data of Van Name and Huff* to be 1.0 X 103
min.~%. Then K < 8 X 1075 mole~! liters at 25°
in 5.6 formal hydrochloric acid.

Unfortunately, an  alternative conclusion is
possible: that the phosphorus atoms in hypo-
phosphoric acid are not equivalent, as for instance
in the structure (HO). ﬁ’—O—P (OH): proposed on

the basis of some slight chemical evidence by Blaser
and Halpern.® If this is the case it is unlikely
that the reverse of reaction (1) would lead to ex-
change. According to the evidence at present
available,*? however, it seems quite probable
that the molecule contains two equivalent phos-
phorus atoms bonded to one another.

The author is grateful to Professor R. G. Dick-
inson for his advice, criticism and encouragement
in connection with this investigation.

Summary

No exchange of radioactive phosphorus between
(6) Blaser and Halpern, Z. anorg allgem. Chem., 315, 33 (1933).

S .
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phosphorous and phosphoric acids in acid or alka-
line solution was found to occur beyond the limits
of experimental error. The results indicate that
if the phosphorus atoms in hypophosphoric acid
are equivalent, the equilibrium constant for the

ATTEMPTED EXCHANGE OF PHOSPHORUS IN ITS ACIDS
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formation of hypophosphoric acid from phospho-
rous and phosphoric acids is less than 8 X 10—
mole~" liters at 25° in 5.6 formal hydrochloric
acid.

PasapeNa, CALIF. RECEIVED JUNE 13, 1938
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Part 1 (¢)

Exchonge Reactions of Hadioactive Bromine

An attesot was m-de to find a simple isotople exchange
re.ction whoze rate could be conveniently measured, in the
hope that thne relative chemical simplicity of suck & reaction
might permit a straightforward inter.retatio.. of the ocLserved
rates. The attenpt was not 2 successful one, but Gaid leud
to the discovery ol sune exchange reactionsg rol previously
re,.crted. Briel investigations were made oi exchange reactions
ol rudidvactive eiementary bLromine in carbon tebtraclhiioride
sclution with the following substances: gtannic ULromide,
arsenous bromide, ethylene dibromide, .nd trichlortrom methane,

the last Loth thermally and photoche.nicallys.

Preparatiocn ol reagentss=

Carpon Letracihiorldes~ A good gr.ide oi carbon tetr.crioride
whiich had een purilied with aqua regia and cuarefully dictilled
wag dried with P305 anG redistilled. The fruction volling
witiain a temperature range ol 0.2°C was retuined.

Kthylene dibromide:~ A student prepar.tion wias washed

witih distiiied watery, dried over P30. and distilled, the

&
fr.oction bteiling in the range 1°0-172°C being retained.

Eromine:- The Lest commercial grade obtainuble wus drstilied
over sodium browmide and then from Paoa in an ail-glass still.

Stannic Bromide:~ This compound vae prepared by erutiously

adding sumall pleces ol pure tin to a solution of 2% grams of
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bromine in 72 groas of carbon dleuifide. Alter 7.0 gr.ous
of tin had been acded the mixture wis allowed to stand at
roos temperature or four hours. Thie solution was decanted
into an ail-glass still and the c.rbon disu.fide was ulstilled
oily with sume 01l the bLromine. Attemptes to reuove the bromine
cuompletely by distiil.tion resuited in appreciabie logoes
ci gtamnic bLromide. The removal of bromine was tnerefore
accomplisied by adding carbon tetrachloride and distilling,
the tromine being carried over with the curbon tetrachloride.
The renaining maverial, which was nearly colorless, was viectilled,
the Ir.ction colling between 202° and 203.5°C being retained.
redistillution ol this materizl yieloed a colorless material
wilh & sharg melting point and a distillation r.ange oir 0.2°C.
Arsende tribromides~ A Fahlbaum product was urified
roughly by cistillation, the fraction boiling Letween 211 and
217°C beling retained.
Trichlorbrom methane:= 4 solution oi §ixty giame of svdium
hydroxide in 259 mls o waler was auded at room itemperature
1o 0 cce oi alcohol-free chloroiorine The aixture was cooled
to $°C and &5 grame ol Lruaine were adued. Prellaliacy
ex, eriaents showed th t unless 2 consicerable excess ol sociwm
hydroxide is present the reaction is sgonizingly siowj uncer
the conditions described al.ove ilie reaction is aboutl twoethirds
cumplete in thirty hours.  The mixture w.s stirred for three

days 1in an ice-bath§ the non-agueocus liyer was separated and
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distilled, dried with bDariuam perchlorate and twice distilled
through & fractlionating columne The Linal product was colore
less and Loiled at 104.8°C, the builing point being cunstant
withiin Q.2°C.

Fadioactive broamine:« For the experiments with ethylene
bromide, arsencus and stannic broamides, radicactive bromine
wag prep.red by direct exposure ol elementary bromine in a
softeglase coutainer to glow neutrons in parafiin. Abuut
15 grams were irrad.ated st a tiae. Solutione oi this material

in carbon tetrachiioride were m.de up by direct weighing.

pXChange Liperiments with Linylene bromidese

soldutiong ol ethylene bromide zand radicactlve Lavaine in
carbon tetragchloride vere prepared by direct weiglhlige weighed
amounts ol these solutions vwere uixed in a glass ampoule which
was Then sealed, brought to an appropriste temperature in the
dark, and keit uncer these conditions for a cunveaient tine.
The ampoule wae cowoled and openedy its conte:rts were Wwinsierred
to a glass-stoppervd fla8k and shaken wilh 4 K. svdiua nitrite
polution until the organle ligudd wabk colorless. Thie pro=
cess reguired about four minutes. Preliainary €xperincuts
showed thal tne effect ol sodium nitrite on {he alk;1 broaide
under these conditiong wad negligiblee. e sQuedusd layer was
then separ.ted from the organic material wnd made a.pro.imately
1 K din amsoniuvg hyorc.ide. The Lroigide was theo precinitated
as silver Lromidejy the goluticn was heated to bolling and

filtered. The precig itat. was washed with hot water, dried

in an oven at 130°C, weighed, and powdered in a wmortar. The
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gleclroscopic activity of a knven velght of this powder was
then determined and compared with that of a eamwple ol silver
bromide prep red in the same way from an egual quantivy of
the origin«lslution ol rudiocactive trumine usea as a Yblank".
The apparent extent to which cxchunge hid occurred could Le
ceterminea by & comparison ol the electroscopic activities

of the two preciygitates per gram of silver bromide, corrected
for rudieuétiv& aecay to the same time.

Ag is shown iu ihe detailed resuite tabulated below, no
exca .rnge Leyond the limite of erperimental error was f.und Lo
QCLUL The precizion of the experliment:l metiiod wag nol
gulflciently great Lo allow any significuance Lo bDe attached
1o lhe increase In a . parent extent of exchs. g e wilh increasing
temperature and tLime ol rowction. The extent ol ezxcnaige

i exprecsed as percent of couplete exchange.



16

Table
»6 01 Thermal hxchange Lhzxperimzsnts with Bromine and aibylene Dromide.
Conice of Conc. of . Apparent
, ory {aHg oy Temperature Tiae Lxchange
«iment (mol percernt) (mol percent) ce (min). (percent)

*
&

.) raye) Kina 25 }..14 OOO »

N 24 28 100 30 0.6 + 5
b 24 28 100 66 343 + B
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IXchange Experiments with .rsenous and Stannic ifrumides:e
Reaction mixtures were wmade ur as before by mixing weighed
amounte of carbon tetrachloride solutions of radicactive bro-
mine and the metallic bromide, but were subjectea Lngediately
alter mixing 1o vacuum dictillation at 20°C, tne temperature
being maintiined roughly comnstant by means of a water bath,
until ail ikhe Uromine had been removed. Thie process was
completed about thirty-Tfive minutes after tue original mixing
of ihe .ovlutions had occurred; the stannic or arsencuds Lromide
renained in the distilling Tlask. In the case of stuannic bro-
mide the residue was di solved in c¢uld water; the resulting

o

solution was hydrolysed by boliling and decanted trrough a filter.

The bromide in the Liltrate wis precipitated as silver Lromide

3
&

e

and prepared for radiocactivity measurese:tis in the manner pre-
viocusly described. The residue of arsenious Lyouide was
diesolved in not water and the solution wias made aikaiine with
amsionium hydroxide. Silver bromide wa& then precipit.ited directly
Irom thie solution. Th: occurrcince o1 radicactivity in these
precipitates woulid give direct evidence oi the occuirence of
an exchange. As belorey, & precipitate ol eilver wroulde was
prepared for cowparigon purposes Ifrom an a.proepriate guantity.
ol the original svlution of radicactive bLromine,
The resuits cbLtained were us foliowe:
(a) With a wolution which was 2.3 20l % Asfry and
R mol % Frg at 25° C., the time elapsing between

the initi:l mixing of the solution and the con-
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ciugion or the¢ bromine dustiilation was 30 minutes.
The appurent extent ol exch .ge was 101 %.

(b) ¥With a solution which wag 2.0 @m0l % Snirse and
4.2 mol % Bry at 28°C, the time reqguired for
separation was 35 minutes and the apparent
extent of exchange was 110 %

In both these cases the:n the exchange wug apparently come-
plete in the time required for separation. The po.sibiiity
must not te forgotten, however, that a small awsount ol water
pr-g8ent as a. im urity way have bien respons.ble for the

rapadity of the exchange.

Fxperiments with Trichlortrom methine.

The Tiret experimeute were corducted in the same way as
the experiments wiith ethylene bromide, except that the ovromine
was extracted from the organic material by shaking with 1 K
sodium hydroxide solution. This extract wae treated with nitruus
acid to reduce the hypobromite to bromide which wag lien pre-
cipit. ted from amsoniacal svliution as ellver bromide. i
any exchange occurred in these experiments it was within the
limits of experimental error.

wxperiments were then mive to dete.mine whether the exchange
could Le iuduced photociicwdcally. A photocheaical exchange
was indeed found to occur, but ite detailed study was abandoned
because of experiumental difficulities. The experimcntal tech=
nigue will be described in sowe detail, however, since swme of

the metinods which were develoved for h.ndling r.dioactive bro-
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mine may be of vulue to anyonme interested in a further study
of this, or siuwilar reactions.

The high absorption coefficient of bromine for visible
light and the length of time required for the experiments
necessitaled the prep wation of dilute solutiong of highly
radicactive bromine. For this purpose the radivactive bromine
resulting from the exposure of 200 to 300 grams of etlylene
brouide in a soft glass vessel to slow neutrons for a period
of 24 to 48 hours was extracted according to the methud of
Erbacher and Philipp (4) by sh&king the liquid for about ten
minutes with a dilute aqueous soluticn ol sodium broaide (about
3 x l{)"4 formal)e. This extract was then evaporated to a
volume oL oue or two c¢c., ccoled, and shaken for twenty minates
with 10 to 20 ce¢. of a solution of bromine in carbon tetrae-
chiloride (0.0l to 0.1 formal). In the resulting exchange
reaction most of the radicactivity went into the c .rbon tetra-
chloride sclution. The solution oi radloactive brumine thus
obtained was separated from the agueous layer, dried by suaking
with ?305, and distilled in an all glass still. The time
elapsing Letween the reamcval of the ethylene tromide fromn the
neutron source and the c.nclusion of the distillation ol the
racioactive bromine solution wag abiout one hiour and thirty
minutes. The amount of activity to be expected in the bromine
solution resulting from such a treatment m.y be estimated from
the resulits of an experiment in wvhich a 150 gram sam.le of
ethylene bromide was exposed to a neutron sourcey initially

estimated to ce:tain 35 millicuries of radon, for 74 hours,
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thie being the time reguired for the bromine isotu.e with
36=-hour half period 1o reach ites maximum corcentration. The
radioactive bromine was extracted by shaking the liguid for
six minutes with a eolution of 1.0 gram oi sodium bromide in
30 cc. of water. The aqueous layer w.s separated and the
sodium bromide obtained by evuyoration to dryness. Ansiyeie
of the meas.red radicactivity of this scdium bromlce as a
function of time enabled an estimate to be made of the total
electroscopic activity at the time exyosure to neutrons ceased,
and of the distribution of the resp .nsibility for this activity
among the various radicactive ULromine isctopes.

Estimated electro=-
gcoplc activity

Hall periocda of at time exposure ¥raction of
sromine isotope stopped total activity
18 minutes 8.15 div./min. 0.74
4.2 hours 2.14 div./min. Qely
36 hours 0.77 div./mine. 0.07
"lormal leak" 0.07 div./min.

of electroscope

By way of comparison it may be remarked th.t exposure
of 15 grams of ,ure bromine to the same neulron source, using
the methods described for the prepar.tion ol r.diowctive bro-
mine for the experiments with ethylene bromide, would Dbe
expected to yield a total activity of 1.5 div. per minule or
less: a much smaller total activity distributed over a much

larger amount of bromine. Evidently the use ol the cuicens
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tration technigue described above is well worth while, in
spite of the extra time involved.
Since the preliminary experiments previously described

had shown the rate of the thirasl exchange reaction to be

as followes~ The reaction solution was made up in a blackened
50 cc. volumetric I'lask using the dilute solution oif raciocactive
bromine, a measured volume of a stundard e.lution of triculor=-
brom methane, and enough carbon tetrachioride t. nake the total
volume 80 cc. After mixing, the solution was analysed for
bromine by titrating s few cc. with thiosuifate after treate
ment with potaceium iodide. The golatién was.theﬁ separ.ted
into halves, one for uve as a "blank", the other ior exposure
to iight. In view ol the fuct that the presence or oxygen

is known to exert an iaportant influence on the rate oi sciie
photochemical halogenation reactions (8)(8)(7) an erfort was
made in moset ol the experiments to eliminate most oi the air
from the reaction vessels in the following way: tiie whole
solution of trichlorbrom methane and bromine was sealed in a
280 cco Erlemmeyer Ilask connected by glass tubing to a vacuum
syctem and to two smaller flasks, one of these belng a pholo-
chiemical reaction vessele The sclution was Irozen with liguid
air anc the gystem was evacuated by means of a Hyvac wmechanical
PUmD e It is doubtful whether the partial pressure ol air in
the system was reduced below aboul 1 mi. Ol mMETCUry. The

three intercomnected flasks were then sealed ol'f Lrom the vacuum
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systemj the solution wae dliowed to melt, was mixed by shaking,
and transferred to the sma.ler I'lasks, approximately half the
golution going to each. The smaller flasks were then cealed
off {rom the re:ct of the system. All these operations were
periormed in se.aldarkness. The photochewic.l reaction vessel,
witich now contained half the solution, wag transierred to a
thermostut and, alter a sultsble time had elapsed for tempera-
ture equilibrium to Le reached (about twenty minutes) was
exposed to lighte The flask ccataining the other half of

the solution, which was to serve as a blank, was kept in the

After the exposure to light was coumpleted, both solutions were
cooled with ice. The 1'lasks were then opened and their cuutents
were transierred to glass-stoppered dark bottless cachh of the
solations was then anal,ced for broamine by titrat.ng a few cco
with thiosulphate in the presence oi potassium iodiue. ngual
volumes ol the two tromine solutions were now measured oul

with a pipet and shakeu with 5 cce. of 1 ¥ sodium hydaroxiae
sclution until cclorlecs. The acueoue extracis were diluted
to 100 ce. and separated from the organic material. Theve
operations were also carried ou t in semidarkness. Saince the
amount oI Itromine in these extracts was insufficlent to yield

a convenient amount of silver bromide preci.itate Ior radioacti-
vity measurements, 25.0 cc. of 1 ¥ sodium bromide (non-radia-

active) was now added to each sclution. This was followed
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by 5 cc. of 1 ¥ sodium nitrite.s Bach sclution was made sliightly
acid wath nitric acid, boiled, and made alkuline with 5 cco
excese of & N ammonium hydroxide. - Silver nitrate solution
was added and the resultiig yrecigitate of silver Lromice
prepared for radioactivity measurements. The extent té which
exchange had occurred was calculated froem the relstive electro-
scopic activities of egual weights ol the preci;itdtcs prepared
from the "blank" and from the solution which had been ex.osed
to light, currected for the difference, if any, in the measured
concentrations oi btromine in the "blank" and the "reaction" |
sclutions.

The photochieanical reaction cell had the shape oi a flat
cylinder about 2.0 cm. thick and 3.7 cme. in diameter, with
a glas: side-tube which served for filling the cell and also
for the accommodation of a magnetically orerated stirrer.
The reaction cell was suspended in an air theraostat andg 1ilumie
nated with the roughly collimated bean from a 500 watt tungslen
lamp running at 100 volis. It iv estim:ted th.t abuut 0.8 %
of the radiation emnitted by the laup entered the collimating
system where it wus pa.sed through a filter transmitiling chielly
in the spectral region from 5000 to ©l00 R, No measurements
of the amount of light absorbed in the reaction cell were
made, for reasong which will appear later.

A test of the techni ue was made Ly carrying out a tiermal

exchange reaction in the sane way: the solution was prepared



24

as Tor the photochemical experiments and separated in vacuo
into two parts, one of which was immediately subjected to the
exiraction process described above, while the other was kept
in the dark at a high temperature for a counveuient time bLefore
recelving the same tre:tmente. As was expected Irum the pre=-
liminary experimentc, the radicactivity measuremernts indicated
that no exchange beyond the iimite of experimental error h.id
occurred. Wevertheiess, it was not found poscible 1o repro-
duce the resuaits of the photochemical experiments, and the
attempt to study the photoche.uical reasction in detail was abane
doned because of the excessive labour involved in each ex,.eri-
ment and the d.fficully of doing precise work with the speed
necessitated by the short half-life of r.dicactive Lromiue.

If further work is to be done with this reaction a set of
cenditions will have to be found under which rate geasurenents
can be made, and some improvewments in techiigue will be reguired
The difficulty in reproducing the experiments may Le partly
due to a cifference in the concentration of (Clgbr in the two
portions imto which the original solution is divided, corresponding
tc thie observed difference in the corresponding bromine colie
centrations. This effect may Le overcome by proper tempera=-

Aivision

ture egualisation in the system in which the is made.
The need for and effectiveness of the tre.tment for the rewmoval of
oxygen must also be studied.

The experimental results given in the following tables

indicate that a photochemical exchange does occur, and that
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under the conditions oif experiments 8 to 18 inmcluszive it is
practicadly complete in the time allowed. Comparison of
experiment 2 with experiments 4 to 9 inclusive suggestis a
reagonably high temperature coefiicient. The result of
experiment 3 ig probably due to scme gross experimentil error.
Comparis.n of the results with one another indicates that in
experiments © and 12 exchalige was probabiy 100 % cumplete,

and that the experimental error is of the order ol 15 %



Experiment

P

Results of Exchange Experiments with Bromine and Trichlorbrommethane

Thereal EZxperiments

Conc. of Brs in Conce. of Br, Conc. of CC1,Br
Reaction Solwtion in blank Temp.
(moles/liter) (moles/1liter) (moles/1liter) °C.
0.36 C. 62 a5e
0.6 C.g2 goe
G.3 1. GO 115
C. 00320 0. 00328 0. 082k 76°

»

Tine
ﬁ m.mw.b . w

R

Ap

narent

tent of

change

ExX—
B o

Ty

Lba

{vercent)

* 10

+ 10

+ 10

The sane technique was used in this experiment as in the photochemical experiments

Zstimated
Un-
certainty

104

10%

108



27

Photochemical Exchange Experiments with Bromine and Trichlorbrommethane

Conc. of Brp in Coac. of Bry, Conc. of CCl,Br Time of ex- Apparent ex-
Experiment reaction solwtion in blank Temp. posure %o tent of
(moles/liter) (moles/liter) (moles/liter) °g 1ight Exchange
{rin.)
% 0. 0035 SR 0.04C 30 40 86%
6 0.008 e 6.039 30 160 b3
7 0. 0054 0. 0063 0.0412 76 25 115
g — 0. 0033 0. 0824 76 75 98%
g C. 0034 0.0038 0.0206 76 20 86
10 0.0033 0.003%7 0. 0206 76 20 97%
11 0.0031 0. 0036 0.062 76 % 100
12 0. 00k 0. 00ug C. OUG 100 25 85%
13 0.0051 RS- 0.039 100 86 1004

* 7The light wvsed in this experiment was not filtered.
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Summary i -

The resuits ol this section may be sumparised as follows:
no delinite evidence wias found for the occurrernce oi thermal
igotopic exchange of bromine betw.en Lromine «nd trichlorbrom
methane or ethyleme dilromide in curbon tetraciiloride sviuliol.
4 thermal exchange between bromine .nd arscnous bromide or
stannic bromide, and a photochemical exchange Letween Lrcuine
and trichleorbrom methane were found to occur readily in carbon

tetrachloride solution.



29

Part 23~

Ihe hate of the lieaction between Phosphorus

Trifluoride and Chlorine.

Hany years ago Moissan (8) discovered that Easeous phog=
phorus trifivoride combinee in glass vessels w.th chlorine
according to the equation

PPz + Clg == PPgClg
The reaction was later studied by C. Polenc (8), wno was
unable to find any other products :nd demonstrated Ly very
rough voluwge measurements trat the re.ction appears to go to
coapletion according to the above eguation at room temperature.

In the present report are presented the resulte of a
study oif the kinetics of this reaction, which was lnvestigated
in the hope that it might be bimoleculuar. Unfortunstely for
this hope, the reaction proved to be heterogenecuss.

The phosphorus trifluoride used in these experiments was
kindly prep.red by Prof. Don #. Yost iy a method wuich he has
described elsewhere (10). The purified material was obltained
as needed irom a large Pyrex storage bulb through a stop-cocke.
soiesan (8) has shown that in the presence o: a trace ol water
vapour phosphorus trifiuoride attacks glass rag ldlys since the
storage vtulb used in theee experiments showed no evidence of
such action even aitc¢r several months, the gas was . rooably
quite dry. Commercial tank chlorine was usedj the zZas was

washed with potassium permanganate s.lution, passed through
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a logg calciwm ciiloride tule and was condensed by means of
liguid air into small weighed Pyrex bulbs wilh capilliary tips.
Tne reaction was followed in an all-glass system Ly
pressure measurenents made by means ol a glass diaphragm
Welick™ é&uge vacked by a marcury manometer.

pxperiments 2 to 10 inclusive were made at 0°C according
to the folloming technique: & Pyrex reaction vessel, whose
volume w.8 zsbout 300 cc., was ev.cuated by meane of a mercury
diffusion pump to a pressure of 10'5 me while being baked
at 150°C. A dry-ice trap was interposed between the reactjion
vessel and the ,umps. The connection to the punps was then
closed off by means ol a stope-cock, and a sample of phosphorus
trifluoride was introduced from the storage bulb into the reaction
vescel and its connecting tubing, whose volume wae about 30 cc.
The prescure ol the g.s at room temperature was then measured,
and the sample wag cuidensed by means of liguid air into a
small side tube sealed into the rewction vegsel. A glass
bulb containing a known weight of chlorine wag then wroken
with a wmaignetic hamuer which wue located near the reaction
vessel as part ol the connecting tubing relerred Lo alive.
The chlorine diffusged into the reaction vessel where 1t was
condensed with the phosphorus trifluoride. vhen pressure
measureunents showed trat all the chilorine had been cuindensed
the resction bulb was seiled off from the rest oi the apparae
tue and the resctants were allowed to evaporate into the

reaction vessel which w.s imnediately surrounded by an ice
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pathe The reaction was then followed Ly means of pressure
measuremnents.

The initisl pressures of the reacta:ts were caiculated
from the initiaily measured precsure of pnospuorus triiluoride
in the resciion vessel anc its connections, the kiown weight
ol chilorine, 'nd the accurately known volumeg ol the reaction
vessel and of its connections. The vapore were assumed to
act as perfect gases.

After the completion of an experiment the products were
condensed in the side~tube which was then sealed off, It
was observed that the c.:densed products on waramlng up TO ro0m
temperature formed a liguid which rapidly attacked the glass
comtaining ity smail flocks of flurfy white material Legan to
appesy in the liguic and ineressed in amount uotil within a
few howure the initially cle r liguid contents of the tube were
repluced by a gelatinous masse which v 5 white or yellow cepend=
ing on whether phosphorus trifluoride or cnlorine had Leen
present in c¢xcecg in the reaction mixtures The natwre of
this reaction was not investigated; its occurremnce may indicate
that a trace of waler va or was precent. Polenc () cbserved
that dry g.seous PF3(ly does not attack glass uoticeably at
room temperature; s.oight etcning of the reaction vesgsel used
in these¢ experiments w.s noticed only .f'ter several runs had
been made, each extending over several days.

when the resction vecsel w.s opened sfter a run a faint

cloud of emoke usually formed from the hydroiysis of PiaCla
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which had not been frozen out with liguid sir. For this
reacon the re.ction vescel was washed with dictilied water
between SUCCEBELIVE TUNS. .This precaution was not taken between
rung 2 and 33 the hydrolysis .roducte precent on the walls

of the reaciion vessel acceleruted the reaction in run 3 cone
siderably.

When the tecinigue just uvescribed was uced it was found
tht frowm 20 § to 50 % of the reaction occurred leilore the
first pressure measurement could be made, presumably because
of a rapid reaction taking place in the liguild phace while
Uie reactante were evaporating from the side-tube in which
they had been conde.sed togetiier. This r.pid reaction in
the liguid was also oLserved ln a separate experiment in which
chilorine and excess phosphiorus trifluoride were ¢ idented
together in & smuil glass tube wihich had been evacuateds
The tuie was then vealed off and allowed to come to room
teperature. The yellow color ol c¢hlorine in the liguid
disappeared very rapidlye.

That part of the reaction which could bte followed by
neald oi pressure measurements appeared te be roughly first
oraer with respect to edach reactant, with a specific rate
roughly proportional to the specific surface of the vessels
In order o study this latter effect the specific surfluce
wae v rled from about 0.9 cme”F to 5.7 cm.'l, the larger
value being obtained with a reaction vessel paicked wath tiin

glacs rods over waich the gaseous conterts viere circulated
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by means of a glass piston with an iron core actuated by a
eclenoid,. Some attemple were made to vary the naiture of the
surfaces in exgeriment © the reaction vessel was rinsed with
a golution of potassium chloride, ériined, dried, and baked
in vacuwny in experiment 10 the inside oif the reaction flask
was silvered cheumically and treated with chlorine to leave
a coating of silver culoride, sind was then rinsed with distilled
water, ﬁried, and taked under vacuum. The resulils oL experi=
ments 2 to 10 wiil bLe discussed later :nd the technigue used
in currying them oul will be referred to as the "Iirst technique'.
With such a 1 oge part of the reaction occurring in the
liguid yhxée it alpeared unlikely that it would Le pos.ible
with the technique just cescribed to etudy the reasction in a
satisfactory way over a wide range o1 initial pressures.
Lxperimente were then carried wut using a reaction ves:cel
within vwhich the chlorine bulb could be broken. A Ccoavenieat
asount of phosphorus trifluocride was introduced into the pre-
vicusly evicuuted rezetion vessel and condensed in a -.ide-tule.
The reaction vessel was then scaled off Irom the rest ol ihe
apparatus and the phosphorus trirluoride was allowed Lo eva-
poralie. A watler thermostat operating at 25°C was then raised
around the reaction vegsel by means of pulleys ana & counter-
weight, and the initial pressure of phosphorue trifiaoride
was measured. The glase Tulb containing a :eighed aaount of
chiorine w.is broken, and the initial pressure wae measured as

soon as the chiorine had vagorisede. In this case very little
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reaction occurred belfore the Iirst pressure measure.ent wus

mades hence the whole cowrse of the reaction could be folliowed.

Unfortunstely, however, the experiments carried cul according

10 this procedure were much less reproduceable than those made

with the f(irst technique, poesitly because it w.is now 1. cse-

sible Lo Uike cut the restion vessel since it curntuined a

talb of liquid chlorine. & small and variable amount of water

remaining‘adsorbed on the glase surfaces may have Leen responsible
for the variastions wihich were olLserved in both the mugnitude

of the specific rates ana in the characte. ol the kinetics.

The epeciiic rates mezsured at 256°C Ly this metiuoq, and
calcuiated on tie bLas:s of a rate first order with respect to
each reactant, were considerably smaller tuhan tovge measured
at 0% by the lirst technique; to asceritain whether tne apparent
negative temperature coeificrent was euntirely cue to lhe change
in experiment:l procedure an experiment (No. 15) using the
second technigue was run for a time at 25°C and the temperature
wag then lowered to 0°C, whereupon the rate ol reaction increased

v a factor of twoe. In the same experiment the

by fear]
reaction mixtuire woe later ililuminated for o time witn a 100
watt edectric light and reflector placed adjacent to the

reaction vessely the resuitant iancrease in s .ecaiic rate

e

indicated ti-t the reaction is somewhat photosensitive. In
aili other experiments made wilh either the Iirst or second
technique, the resction vessel was protected from light by

means of a black cloth. Ixperiment 16 was couinducted using
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a reaction vessel whose inner surface was coated with varaffine
In this case the decrease in precsure wus very slow, and
may well have been due to reactions other than the combination
of chilorine and phosphorus trifluoride. This result indicates
hat the rate of the homogeneous reaction is negligible cumpared
to that of the heterogeneous reaction at 256°C.

In the following table are listed the temperature, the
initial pressures p° of the reactants, and the average apparent
second order rite const.nt ks, an average of the v:lues cale

culited from point to peint by means 0. the expression

kg = o 22 In the colwm headed ks Y are tabulated
PpryPc1, 2% . _
the values of Kk, divided by the specific surface (here V is
the total volume of the reaction vessel and & its total surface.)
The extent ol the deviations from a secund order ralte €x.Ieb-
sion is shiown in the curves in Figure 1, in wihiich the rec.ipro=-
cal of kz% is plotted aga.nst the total pressure p. These
curves cover the range over which measurementis were m.de, and
may therefore be uzed to calculate the fruction oif tue reaction
which occurred beiore pressure measurements were stirted.
Additional information of this kin¢ is furnished vy columns
in the table which contain valiues of ki averaged over v.rious
ranges of the reaction: O to 20 % completiony, 20 to 40 % etc.
A study of the table and the curves leads to the follow=
ing observations: at 0°C there is approximale agreement
between experiments 2, 4, and §, which were made in vessels

whose suriaces hud been treated in approximately ihe same way,
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l.e« by washing with distillied water after a previous run,
drying, and baking under v-Culle In these experiments the
apparent second order speciiic rate remained approxinately
constant during the run, «nd there is Lair greement vetween
vaiues of Ezg Irom one experiment to another, though the
specilic suriace varied from 0.90 in experiments 2 und 4 to
5«7 dn experiment Y. The rate thereiore appears Lo Le pro=
portionalAto the specific surface so iong as the n.ture of

the surface remsins the same. In experiment 5, in whick the
reaction ook place on new glass, the vaiue of ka% ?s seen to
increase as the pressure decreases in apprux;mately”a linéér
manners in experiment 7, in which the surface was 20 » glass
wiiich hadvbeeu treated ag in experiment 2, and 7Oo new gl&s&,”
ihe curve is8 seen Lo Le intermediate vetween 2 and &, and
pernapg by coincidence to be very nearly the curve wihich would
be obtained by adding 20 % ol 2 and 7o % of D. Thiese results
indicate that the rate on new glass folliows a different expres-
gion from that on used and washed glase, and that it can Le

represented at the pressures used as

_9p . APPEaPCly
dt 1 = ap
vhere®A" and "a" are constante. The reaction was net studied

over & cufficient range of initial pressurcs to allow the sige
nificance of the constant "a" to be determined. The rate
expresslion Just given may however be reasonably interpreted

as indicutiag thal the reaction is retorded by adsorption of
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PFgCl; on the new glass surface.

The reaction appears to go Tuster on a eilver chloride
surface than on glass (kxperiment 10). On the other hand
Lie behaviour of the reaclion on gla.s treated with XC1
(Experiment ©) is surprisingly similar to that on glass treated
#& in experiments 2, 4, and 8. This fact is in contrast
with the results of Pease (11) who founa that the sane trealw
ment ol thé surface oi glass reaction vessels with ICl decreased
the velocity ol oxidatlon ol methane by a factor of tels

The lack of counslstency zmong the resuite ol ihie experi-
mente at 25°C is very evident from the table and graphs pree
sented at the end of this scction. The occurrerce ol extrema
in the curves showing the reciprocal of k3% as a function of
the total pressure p indicatee that the data for any one experi-
menl made with the cecond technilgue cannot be Titled Ly a single
term of the Fumiliur Lapgmuir rate expression(l2). Thils last

stutement may ve verilied by investigatiiy whelihier ke exyres-

3 | PeraPei,
dp uy/ut

hiae the form

e

g1ln ( may become zero if the rate exprecsion

8p _ PrpaPlle
at T ; "

1+ o 0D, n  ® BAEDerrs
ﬁli BiPpp, T B8Py, A8 Pp 3(31;;-3
where a;, 83, 83 andé ¥ are constants at a given teuperature,
n is an integer vwhich may assume the values 0, 1, or 2, and

the partial pressures p.. ele. are given in terms of the

P z

3

-

iritial pressures p?., etec. and the total prescure p by the

-
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equations:
1 = - B = - :
Peiy, =P 7 Pppyd Pppg, = P - PCy,
Ppracls” PPrs *PCL, TP
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In all the experiments at both O°C and 25°C (except
that in the par.ifined vessel) the final pressure zpproached
within 1 % the presczure calculated for complete reaction.

Ho analysis was made of the products.

Because of the difiiculty ol even approximately reprocucing
the experiments unless observaticons were linited to only the
latter part of the reaction the work wis disc.ntinued. Wo
attexpt will be made 1o discuss the wmechanwsm ol this a parently
very complicated reaction on the bus.s of the aeaygre experi -

mental resulls reported here.
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Rate of the Reaction betwsen FF, and Cl,

Experiment %wﬁ@mmmﬂawm wmwm ﬁmwm nwmm%wﬁwwuu Values of k, during the reactiom
(cm.He)  (em. He) sec 1 Ky = = 1 mw (cePmoles Ysec™?)
Per, Po1, T
G-20% 20-4C 40-50 50-70  70-80%

2 ¢ 16. G0 12.16 19.6 18.2 17.8 17.8 1.2

3 0 15.00 5415 29.8 2 26 33

4 0 13.28 14.26 18.2 19.2 16.3% 15.7 15.2

5 o 16.28 16.9C 14.0 s4.2 22.7 21.6

7 0 17.20 19.56 15.3 89 86

8 0 14,35 16.49 19.6 113 108

9 0 17.52 18.58 21.2 19.3 18.8
10 0 20.80  21.40 1.2 mw be

11 25 26. Lk 19.78 15.9 12.5 14.5 16.0 16.6

12 o5 .45 18.16 6.61 6.32 6.26  6.39 6a35 £.08

13 25 27.30 20.03 5.63 5.15 550 5.61 5.26 5.17

1% o 21.0 16.06 6.k 6.3 6.1 5.9 6.0 6.6

15 (a) 25 21.60 17.11 13 11 13

15%(b) 25 21.60 17.11 3% 30»

15%s(c) 0 21.60 17.11 23ax o2

16 25 25.0 19.5 0.5

*Resction 7Yessel illuminated with 100 watt lamp.

x¥3eaction Vessel cooled to O° after starting eXperiment 15a at 25e.



42

Nature of the Surface of the Reaction Vessels

Specific
Experiment  Strface _
8/V=cm?
2 0.90
3 0. G0
Y4 0. 90
5 1.63
1 515
& De 15
9 0.50
10 0. 90
11 0.95
1L.13
0.95
14,15

Treatment of Surface Before Reaction

Washed with distilled water after previous
run. Baked out

Coated with products of hydrolysis of
phosphorus halides from No. 2. Baked out.

Treated as in No. 2.

New glass, washed with conc. HYO4, distilled
water. Balked out.

vessel from No. 5 washed with distilled
water, packed with new glass rods which
had been washed with conc. HHOz and
distilled water. Baked out

Washed with distilled water after experiment 7.
Baked out.

Vessel from No. &, rinsed with XCl, drained,
dried, baked out.

Vessel from No. 2, coated with AzCl, washed
with distilled water, besked out.

fiew glass, washed with conc. H¥OQz, distilled
water. Not bsked out.

Washed with distilled water after previous
run. HNot baked out.

Coated with paraffin.
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Suamary ¢

The additlon reaction between phosphorus trifluoride
and chlorine tukes plice very ropidly in the licuid phase in
glase vessels, and in the gas phace proceedas practically to
coppdetion at a measureable rate in glass vessels at 0°C and
26°C. The gae reactlon is largely heterogenecus, as shown
by the following observations:

1) The rate in glass vessels 1§ approxiigatély prrow
portional 1o the specific suriaces

2) The rate in & paraliin-~coated vessel ie levs
thian one~tenth as great aes in a cimilisr glass
vesgel at #59C.

3) The reaction on glass appears 10 have & negative
temperature coeitficlient, being roagnly twice
as fast at O° as at 25°C.

4) The rate in glass vessels var.eg with the history
0l e glass.

The rate oi the g.s reaction at O°C in giass reaciion
vessels which have beenn washed wilh Gistilied wute: allter a
previous experiment, wrled «ud Lakel uUnUer vaCulll Cuwi: Le
represented over a small ragge of Laltial pressures as
~§{(PF3) = k%(PFa)(Clg} where 5/V is the speciiic surface
of ine reusption vessel and k is approximately 20 moles’l cm4
ﬁec'l. The rate measurements at 25°C are not well Litted

by this expressgion, possibly becaute with the tecianigue



employed in the experimaﬂxsﬁhe reasction vessel could not be
baked oute The reaction i: accelersted Ly visible iighte
The product of the reaction in the licuic state at room

temerature rapidiy atiacks glass.
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Part 3¢~

A Theoretical Discussion of the Liesegang Phenomenon.

In 1896 R. E. Liesegang discovered thai if a preci pitate
was Tormed by the diffusion of one reagent into a gel which
contained the cec..d reagent, the precipitate in many cuses
was discontinuous, occurring in a series of discrete layers
or bands. This pheiiomenon, named after its discoverer, is
aleo known ag "pericdic® or "rhythmic" precipitation, anda the
discrete bands are known as "Liesegang rings".

A gualitative explanation of the effect was first proposed
by Wilhelm Ostwald (13), who suggested thut the phenomenon is
essentially due to the formation in the gel of supersaturated
solutions which become unstable after a certain limiting super-
saturation is reached. e alsyv suggested that this limiting
supersaturation is charaucterised by a limiting valiuc 01 an ion
concentration product, similar in form to, but greater in
magnitude than the solubility product of the substance being
precipitated.

Since Ostwald's suggestion a numier of alternatlive theories
have been suggested (14), involving adscrption of sviute from
the gel by the newly formed precipitate (15), or proposing that
the fundamental process is not crystallisation frum a supere
saturated sclution, but rather involves some limiting cuncentra-
tion for the coagulation of a cclloidal scl of the precipgitate

(16) Although there is evidence that these Taclors may
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become important in special cases, it is probable that mo:t
exauples of the Liesegang phenomenon are to Le explained on
the basie of Ostwald's suggestion, which will accordingly be
made the basie for the work presented here.

Host quantitative studics of the phenowenon have been
c.nducted in the following ways a long nairow tube Lls filled
with a gel cuimtaining initially a counstant concentration of
orie resgent which we &&y call the internal reuagerit. This
tube is dipped into a bath eontaining a solution of the second
reagent which is allowed to diffuce inmto the tube. we shall

call this reagent the entering reagent. Its concentration

by the use of a sulliciently large volume ol solution. To
ingsure unifcrm results the system must be protected aga.iast
variations in temperature and in light intensity. Under these
couditions the following equations are found to hold:

x

;{B = k; = constant (1)
'
n

Xn _
- = K = c¢constant (2)
“n-1

where X, is the distance Irom the endof the tube in contact
with the ccolution to the g'th ring, and tn is the time,
measured from the beginning of the experiment, when the ring
first begine to form. This time can be precisely measured;

the ring appears sucdenly as a very thin band wilch then grows
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in thickness until the next ring forms.

The first of the eguations guét mentioned was aeveloped
theoretically by Morse und Fierce (17) who tested it in a
series of painstaking experiments and obtained excellient
agrecmente The second is an empirical relation which was
suggested by Schleussner (18) and by Jablczynski (1lu).

The object oi the present discussion is to present a
derivation of equation (2) and to shiow how the value oi K
depends on the other const.nts Of the ring sycteis.

Let us congider the diffusion of the ent:ring reagent
from a region where its concentration has the constant vaiue
C; inte a long tube contalining the internal reagent which can
form a precijpitate with the entering reagent and is initially
at a uniform councentration 14 throughout the tube. Let Ce
and Ci be the variable concentrations ol the entering anc
internal resgwnis res,ectivel;, within the tube. Let t be
the time mensured from the beginning of the experiament, and X
the distance measured from ihe end of the tube which l¢ in con-
tact with the entering reagent.

In accordance with the experimantal fact that in order
to produce ring systens for which eguations (1) and (2)
hold true it is usually necessary to use a low initial concen-
tration of the internal reagent and a relatively high concen=-
iration of {the entering reagent, we ghall restrict cvur discuse
sion to the ca:e vhere Cf 5>  C9. It then scems reasonable

to acsume th.t immsediately preceding the formation of & ring



the concentration of internal reageut at the place where the
ring is vto form ls not very different fros the initial cole
centration Cg; thiis assumption receives support from the
experimental work of Hughes (20) who has conducted quantita-
tive anslyees of thin sections of gels in which ring systems
were Iorming. The assumption which we shall actually usec

will be consideralbly more drastic, however: we acsume

48

1) The ceoncentration of internal reagent at the place

where a ring is Jjust about to furam has a critical

value C; which ie comstant for all the rings in

a system formed with given initial conceuntrations

of reageuts, and is not very different from the

initial concentration Cg.

2
~

In accordance with Ostwald's theory, we asuume

that when preci itation occurs, that some functicen

of the concentrations Ce and Ci has a constant

valuee. This sssumption couwbined with assumption

(1) leads ug to state that for the formation of
& ring the entering reagent must also be present

in a eritical concentration Ee which is constant

for ail the rings in a given &ysteii Let 6@ and

Ei have values such that juct before precipitas
tion occurs that a covnsiderable degree of supere

saturation sexists.
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2) We ascume that E@ > 61’ 8o that the formation
of a ring will not serivusly affect the difiusion
of the entering reagent., Ve assume further that
the diffusion of each reagent obeys Fick's diffusion
eguation 1}% = Df%%— y with a constant value of
the diffusion coefficient U, though this coeffiw
cient is known to vary with the conceniratione

Ve may now visualise the process of ring formation with
the help ol the foliowing curvee in whilch the concentrations
Ce and Ci are plotted as functions of x at different times.
In Curve I, precipitation is aboul to take pnluce at Xrw1} in
Curve II precipitation has occurred and the concentration of
internal reagent at Xl bhas failen pr.ctically Lo zeroc. A
large concentration gradient haes bLeen setl up causiing ru.ld
difiusion ol internsl reagent from the surrounding region to
X1 where it i& precipitated. 4t the same time the dif-
fusion of entering resgent is sumevhat disturbedj we shall
ignore this effect in our guantitative consideraticas. In
Curve III the diffusion of internal reagent to Xel has cone
tinued for scme timey the disturbance In the diffusion of
entering reagent caused by ring formation has smoothed iteelfl
out, and a new ring is ready to form at Koo It is evident
that one of the fundamentali causes of the discontinuily in the

pricipitate is the great difference in the diffusion gradients



50

I
Xt




51

which cumtrol the diffusion of the veagents. lmmediately
af'ter the furmution of a ring, the abrupt change in the cone
centraticn of intersal resgent causes it to viffuse toward
the new ring o ra.idly that a region beyond the ring is depleted
of internal reagent sufficiently to prevent spontanevus pre-
cipitation of the supersaturst.d solution iu that region.
IV ie omly aiter some time, when the lurge concentration grae
dients hwve Leen smoothed cut, that the entering reagent is
able to "catch up", 80 to speak, with the¢ internal reagent
anc again byring aboutl precipitation.

With this pleture in mind we may now ¢.rry oul an approxi-
mate matiematical treatment of the procese. On the basic of
our assumption (3) we may set up the following L.undar, condi-

tioms for the diffusion of endtering reagents

€, =0 for t = 0y, x 2 0.
Ce = Cg for x = 0y ¥ > Ou

The ¢olution of Fick's equation for these boundary couditions

& shovwn in the theory of heat ccocnduetion to be

e

2ce

c_=""e -
2Dt

3
wvhere w is an integration variable. If for the formation of

each ring Ce = Ee = counetant, then the lower linit of inte-
gration must be constant and we obtain
X
n
n

= Ky = const.

=
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This is the equation of Morse and Pierce and was obtained by
them by a similar but in some respects incorrect treatment.
Come attesupt will be made later to Jjustify the ayproxie-

2

mation made in ignoring the influence of precipitaticn on the
diffusicn of entering reagent.

On the basis ol assumption (1) and our gualitative dig-
cussion of the mechanism of the process we muy set up the fole
loving approximate boundary conditions for the diffusion of the

internal reagent during the formation of the (n~1)'st ring:

MO B & s ¥ O .
Ci O for x xnnl’ L > tn~l

.,!0 S e _ R
Qi & Qi for x > Xpaqr v LY
The corresponding solutiocn of the diffusion eguation valid in

P, : & 3w £ s < <
the region Xpe1 € % £ X4 tn»l £ t £ tn’ is

* - Xpal
208 oJD, (t=t_ 43 .
¢ =g YT v

4

where Di is the diffusion coefficient of the internal reagent.
In accordance with assumption (1), when precigitation

next occurs at XK.y oy Cy will huve the critical value 51. Then

E‘ia r & dw = constant (8)



This leads to the relation *un ~ ®n-1 = kg = constant (§)
- SO . ol

v ostael

Substituting in equation (&) for T, #nd 1, 4 in terms of

X and Xpny? by the use ol eqguation (1), we obtain

X, ki + k#
X ¢ % 2
n-1 ki - kz

This is the empirical relation of Schleussnér and Jauvlezynski
(equation 2).

The most preclse experimental data availlable seem to be
those of liorse and Pierce (17) on the formation oif silver
chromate rings by ditffusicn of silver nitrate into gelatin

gels contain.ng potassium chromates In Tavle I are saven
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vaiues of k;, k3 aad K calculated from their data for a single

experinent. It appears that kp is¢ constant within the pre-
cision of L

In Table II ies presented a list of the valiues of ki, ka
and K caiculated from eachk of the experiments of lorse and
Pierce and in Table IIT at the end of this section the mean
vaiues of these constanits for given values of the ditial
concentrations. The experimental values of I are also come
pared with the vilues caleculated frem equation 7.

it should be zmphasized thut the relations presented in
tiis discussion have been developed for very special boundary

cunditions. T 51 is much less than C3, the valies of C,
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calculuted from equation (4) will be too high, the error increas-
ing ae the ratio Eifcg decreases. If this ratio is in the
neighborheod of 0.6, however, ecuaticn (4) should approximate
the correct form fairly closely and the error will be partly
cosmpensated in the evaluation of Dy from exyerimental values
of kg according to the method 1o be described later. if on
the other hand Ee < Ei the probleam iz much amore difficuit
than the one treated here, because the diffusicn ol eutering
reagent is much more seriously disturbed. There appear to
be available no precise data for & case oi ring formatial in
which 6@ < Ei y and it seeme probable that cuch data would
reqguire a different treatment from that given here. It will
Le shiown later that in all the erxperimeante of Horse and rilerce
the ¢.ndition '56 » C; ie met.

In connection with the disturbance of the aiiiusiocn
of entering resgent by precigitation, it siwould be mentioned
that an equation eguivalent to equation (8) of the present
paper has been developed Ly Eauer (21) on the baeis ol the
corrections .hich must be applied to the ailfusion oi the
entering reagent in order to account for the efiects of preci-
pitate foraation. A complete treatment ought to take into
account Loth the present results and the resuits ol Bauer's
worke  Such a discusslon begcuumes very Cumbersuue; BOreover.
the experimental results of Ammon anc Ammon (22), who studied
by means of indicators the diiffusion of ammnonia inle & gel in

which magnesium hydroxide rings were iorming, may be laterpreted



ag showing thet the disturvances produced by precipitate forma=-
tion tend to swmooth themselves oul in such & wuay that the
dirfusion ol entesing reagent may be represented by eyuation

that :

(3) with a diffusion ccefiicient D, larger than,chardcterising

&
unhindered diffusion.

We may now Leut Ostwaldl's hypothesis and the cunsistency
of our owm assumptlions by calculating valwes ol the critical
concentrations Ea and ﬁi from the values of ki and Ke in Table
ITIe As was mentioned earlier, the data in Table IIT are
for vands of silver ciwomwatey on the busis ol Ostwald's ldeas
we should expect the critical condition for preciuitalion to
ve [g*]*[wo’] > &

It ie first necessary to calculate ihe diffusion coeiii=-
cleite Dy and D4 this we may do by a method irst suggested
by Morse and Pierce (17).

From the values of kg in sete 4 and 5 of Taule III it
appears that Ei is the saue in the TwWO Cabese Assuning that

for the formation of each ring, s.uae function of {  ana Ci

is constant, 56 ig also the same 1tor the Two &eilbe Applica=

tion of equation (2) leads to

: 2 X 1.0 I‘” -
e Nm 1,465 x 107°
Edﬁe
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oo
1.310 x 10
2D,

1.78 % 1079

H

This relation ie satisfied by a value of D

cn® sﬁc'l‘ By use of thie constunt Ee has been evaluated

2]

for each set of experiment: listed in Table III, the vilues
g0 obtained are there tabulated.

The calculation of Di may now be carried out in the sane
way, using the vulues of Ee and ks froa sete 2 and 4 of Table
IIT« Substituting in eyuation (5H) and assuming EZﬁi = H =

consts we obtain

2,79 x 10°°
-2 P .-.‘3 24331 O(A)t -
(1.4256 x 107%)%3(8.33 x 107°) e dw =
’ (v}
2.65 _x 107
I'J JJN
F
a ,A-fa o G " : - ug LS
(1.081 % 10 )d(©c©7 x 10 ') f e~w B (® )
[>]

€

which is satisfied by D, = 1.28 x 107% em® see™t.  This come
pares favorably wilh the viiue 1.1 x 10'5 for yoﬁae&;am dichro=
mate in water at lo®C as estimated from values in the Interna-
tionul Critical Tablies.

Using this constant the v.lues of Ei and of the product
H = Ei‘@i have been calculated and are listed in Table III,
The value of H appesrs to be reasonably consgtunt. Since the

assumption of constancy of H was made only in evaluating Dy
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from sets 2 and 4 it appears from the results for sets 1, 3
and 5 that the data are consistent with this assumption. A
more complete test over a wider range of ccncentration of both
enterin g and internal reagenis would of course be desirable.
The mean value of ¥ obtained is 2.88 x 107 ' moles® litres™®,
Hughes (20) has obtained the valiue 2 x 10'7 by directi expeirie
ments in whick increasingly dilute solutlons of eilver nitrate
were diffused into a 5 % gelatin gel containing dilute potassium
ciremate until no precipitate was observed to Torme It will
be noted that the vaiue of H here calculated is about 106 times
ag greust ag the solubility vroduct for silver coromale in water.
If further ¢xperiments indleste that the coustuney of E has
a real significance it would be of interest in the study of
supersaturation [hencvmena to evaluate E for other precipitates
and to study the effect on E of such factors as lignt intensity,
nature and concentration ol the gel eics
It will be seen that the values of C, calculated for the
exyerimente of lorse and Pilerce are approximately five 1o ten
times as great as the values of C;, s0 that in this res.ect
at lezet the counditions are favorabile Tor the present treustment.
The fact that the ratio Ei/cz ig in all caces about 0.4, however,
wmakes the apparent success ol the ¢alcul2liocns raiher suwprprisiiig.
It should be worth while to attempt to olLtain equally grecige
Gata for cases in wiich Ee ¥as more nearly egual to or less
than @i , andé to investigate whether for this case eguations

(1) and (2) still hold.
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The treatment here presenmted ig of course far from complete,

The assumstion of the cunstancy of 61, while it aypears to be
ceasletent with the data, seeme somewhat arbitrary and should
be derivablie fr.m a thorouge treatment ol the diffusion pro-
Llem coubined perhaps with the sssumption that the condition
for precipitation is ¢, ¢,9 > E.

An interesting relation which m.y have some bearing on
thie possibility can be derived in the following way:  Let
us asegume that alter the formation of the (n-1)'st ring that
precipitation next occurs where the product Cepciq is a
maximam with respect L0 Xe But the value of x where precipi-
tation occurs will be xn,and Ce, C; will huve the critical

—

VA LUES Ces Ei' Then

or pgi(i%%g)x=xn + qfe(j%%?)x:xn =0 (11)

pifferentiating equation (2) with respect to x and multiplying

by X, B |
dCe .. _ 2CR ATYT . s
’»‘ ax " wWw € *" g N Ligt
And from eguation (i), at x = x, and t = t,
= k%
: 20 K
2Ll¢ I S — ,
}Lﬁ( 8 X )X:Xn 3@3 = R Eﬂae &12)
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Similarly differentiating equation 4, multiplying by x - Xne1
and applying the condition x = x ., t = tg» we obtain by the

us: of equation (7),

~k3
3Cy 20 T i (13)
(% = xn-l>(7r§r)xaxn v Zﬁbi
, ) ) o 3Ce
Substituting in (11) from (12) and (13) to eliminate y——— and
& C;
3*;4 we obtain
-k
- .0 A:Di g I
. }L' D
S S B (14)
X, -k3
1 . & T

T . e ‘
P L-Ce € kg JDi

This is a more explicit form of the ZSenleussner relation
(eguation (2)). The term on the r.ght hand side can be
calculated for dorse and Plerce's experiments wilh the aid

of the guantitics tabulated in Table III, using p = 2 and
el

£

are listed in Table IITand agree #irly well with one anothel.

g = 1+ The calculated and observed values for 1 -

Ye may conclude that the hypothesis that ring formation occurs
at a point where the prcduct CePCiq is a maxiauwa is not
incousistent with the more detailed assumptions made at the
beginning of this treatment, and that it may be possible to

derive the latter fron the former.
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g g x 109 k} X 1@2 kg %.193 e % W0* ¢ x 10% Ixperiments
i sec cii sec

2.0 BeS7 14535 3.65 1.068 2.68 3y4,5.

1O Ge 7 1e532 2.6 1.031 2487 247580

050 GG 1377 251 1.088 2403 is

o - - ) - o N 10,11.12,13

Latl «:‘-xjf‘B 1405 2.78 1.425 1440 l’L:lO:lO,
©,20,8

0.50  5.33  1.210  2.80 1414 1.40 gaontl
22,23,

- ——— e X - i P : ¥ a0 -— 2

Cs C*C, x 107 1w o=l L gzl K= fi B B o Lxperiments

5 4 el X X X, X

=z 11 11 ~ Yie 1 ) -1

meg {(Iqu. 14) (Obg) (EZqu. 7) (Obs)

Oeé Dl 300 0.053 0.04% 1.0562 1,051 394,5.

0,400 2e84 0.002 C.058 1.062 1.002 S9758e

De354

0418

Ced20

Legeud:

Unites of Cg, C
Jniits of Cg, ¢

Mean value oi &

—_
2 e

2.84

0. 075

D60

0.081

1]

e

i

;3

]

288 x 107

0,085
0.069

0. 088

7

Diffusion coeiiicientss Be

bi

1.074
1.078

1.0806

moles AghiOx per litre.

mole® litres™

= le78 x 10

1.070 18

10411,12,1%
14,165,168

22,23,

woles K,CrOq per litre.

3

=5 o sec™

5 1.28 x 1079 e seci,

All experilacnts were run at 18.5 * 0.5°C.
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Conclusion:

It has been yo&&ible by means ol gume perhape rather
arbitrary assumptions to carry out a treatment of the Liecsegang
prienomenion on the basis of Wilhelm Ostwald's supersaturation
theury. Thie treatment can of course readiiy be extended
1o cases other ihan tn.se involving supersaturation of crystale
loidal solutions; Tor example the known exanples of Liesegang
ring formation involving periodic coagulation of collcids
can no doubt be discussed in the sane way.

The present treatment can hardly De regarded, however,
as a fundamental one because of the ad hoc nature oi tue
assumptions involved. A treatment Lasce on & satisiactorily

general postulational basis is yel to te carried out.



64

Part 4:

A_Theory of the Chromatographic Adsorption of a Single Solute.

The technique of the so~-talled chromatograyhic adsorption
method of analysis was originsted by the hussian botanist e
Tewett (23) in 1906. He discovered that if a solution cone-
taining a mixture of colored solutees is allowed to run through
a vertical glas:c tube packed with a suitable powdered adsorbing
material, that a partial separation of tine constituents ol the
solution takes place as shown by the occurrence ol a series
of colored bands of the various solutes, formed by adsorption
on the powdered material. Thie series of colored bands is
known as a "chromatogram”. The separation can be further
increaged by i process known ae "development ol the chromato-
gram": there is poured through the column a suitable colvent
which washes the colored bands down the tube at different rates,
the lowest-lying bands moving the fastest. In this develop=-
ment process the segreggtion of the various sclutes .nto iudie-
vidual bands becomes more completej 1if the process is carried
out in a sufficiemtly lorg tube with the use ol a sufliciently
large voluse of solvent it is poscible to eficct coupletle
separation of the dnitial coﬁ&tituents of the solution into
a series of discrete bands separated by ciear gpaces of

adsorbent.



The technique Jjust outlined hus becume in recent yesrs
a very important methiod for the separation, purilication and
identirication of small amounts of complex naturally occurr ing
organic compoundss these developments have been.described at
length by Zechmeister and Cholnoky (24) to whote book the
reader is referred for a more complete discussion.

Altiough the nature of the phenomenon scems to be gualil-
tatively fairly well understood (24) there has been carried
out sc far no guantitative treatment by which even an approxie
mate prediction could be made of the width or of the rate of
"development" of thie bands to be expected in & given cihwromato-
gram. The present treatment grew out of a desire 1o be able
to make such predictions in order to decide on the basis of
known adsorption isotherms whether or not a given adsorbent
might be expected Lo be useful for carrying out the chromato-
graphic separation of a given set of substances. It has not
go far been poseible to curry through a cumplete treatments
there will be presented here however a tentative theoretical
discussion of the chromatogra hy of a single substuance; it
ie evident that this siwpler problem must be solved belore the
much more complicated .roblem of the ciacomatography oi wixtures
can be successfully attacked.

Let us cunsider a long coulumn which cuntaing ¥ grams of
adsorbent per centimeter of its lengthi we wish to calculate

the distribution of adsorbed material in this columm after a
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volume v of a solution containing a solute at an initial con-
centration C, hae been poured through it. We shall assune
that the rates of adsorption and desorption are much greater
than the rate of flow of solution past any point in the tube
80 that equilibrium between solutiocn and adsorbed material is
always maintained. Let the isotherm which represents the
adsorption of the given sclute on the given adsorbent be

g/m = £ (¢)
where q is the mumber of millimoles of solute adsorbed on m
grams of adsorbent and in equilibrium with a solution whose
concentration is ¢ :moles per liter. Then under eguilibrium
conditions at any peint in the coluun where the concentration
of golute in the liquid phase is ¢, there will be adsorbed @
millimoles of solute per centimeter length of the coluan, where

Q=H1L () (1)

Let the distance from the top of the column of adsorbent
to any lower point in the coluun be x, and consider the changes
in Q and ¢ which occur at x when an element of volume dv of
golution, whose concentration at x is ¢, passes through a thin
cross-gectional layer of the column, ol tihickness dx, on which
is adsorbed initially an amount Q dx of solute. The number
of millimoles of solute adsorbed om this layer will change by
an asount (%}%)de dx, and the concentration of the soluticn
will change by an amcunt 0%~§)vdx. The number of miliimoles

of soiute contained in the volume dv of sclution will therefore
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“ut since matter 1is Colie

g4

change by an awmount (%}%)v dx ave
serveG, we have
3 2 2 C " ;
L. ——— . s
(§), ax av + (F3), dx av = 0
Substituting for 7§ from equation 1) of this section, we obtain
as the differential e uation for the fundamertal process occurring

in the chromatographic adscorption of a single substance

u @] - (-g-ﬁ)v =0 ()

oV -

The general colution of this equation is
c=fb {v-xif (0} (3)

where # is an arbitrary function and f' (c¢) is the firet deri-
vative of f (c¢). This equation will apply to e.ther the pro-
cess of formation of the chromatogram or the procese of develope
ment. Different boundary conditions will, nowever, apply to
the twe cisess

Let the chromatograxm Le formed by souring a volume vy of
solution whose initial concentration is ¢, through the columne

The appropriste boundary; conditiong ares

(1) When vy = 0y £ (¢) = O for x 2 0. (4)

(2) ¥When vy > 0, £ (c¢) = £(c,) at x = O, (5)
&P [ _-J

(3) ViCo = fo R dx = [o ¥ £ (c) éxe (6)

The last is a conservation conditione.
The solution of the differential equa.ion for thie case

has been found to be



For 0 & X & mmmedde | (e) = £ (Cg)5 Q= U £ (o)
L (eq) ,
(7)
For x ? '-~2Lﬁ-~, £f(e) =03 Q=20
WMot (CQ)

The discontinucus nature of this sclution accounts in a
satisfuctory way for the sharpnese of the bands produced in
chromatogra lile experiments; the solution is also in accordance
with the experimental observation that the intensity ol color
in the band is uniform (@ = 4 £ (¢o) = constant).

The solution (7) was discovered in an indirect ways The
problem was treated not by differential methiocds but by & method
of finite differences., For simplicity an adsorption isotherm
o/m = Kc was assumed, and the column of acsorbent wus cousidered
as being made up of a succession of thin layers ol thickuess %
The volume V of solution of initial concentration ¢, was con-
sidered as being divided up intc a number of small volumes
V/ 1 The first of these elements ol volume was now allowed
to pass through the column of adsorbent step by step in such a
way thait equilibriun was reached with each layer before the
element of volume passed on to the nexli layer. The amount of
solute adsorbed and the change in concentration of solute in
the element of volume was calculuted for each step. The cal~
culations were repeated Tor the similar passage ol a second
element of volume, taking into account the conditione Laposed
by the previous passage of the first. Thie process was con-
tinued until the whole volume V had been passed tiurough the

solution in this stepwise manner. The total amount of golute



Q,, adsorbed on the n'th liyer after the passage of the

m'th element of volume V/m could then be expressed as a series:

S g [ 8
= an = N ¥ § 8 nin+l) &~
Yn T 8y, T Ve cg *_gg)n 1 -t-n1 ‘mi.-i- 57 T, i
b 8 8 8

wk o=l
g ot n(n‘"‘;laoc.(n*‘_@:’a) 8
8
Kl —— . ; ¢ e §
where of = *% and ¥ and Q have their previous significancee.

Eliminating & by means of ithe expression x = n.% an expression
»

was obtained for Qm,n = Q (V,x)

. -1l
__2231(
. K3
WUV,x) = 28C o 1 = n Vv o to m terums
" 1+ BImxln 1 4+ B Lhix
n Vv n Vv

where the factor Inside the square brackete is 10 be expanded
by the binomial expansion, the first term being 1, anc only
the firet m terms are to be retained. To ohtain the sclution
to the problem it is then necessary to evaluate the limit of
this ex ression as m and n tend to infinity, where n is unow
the rumber of layers of adsorbent from the top oI the coliwn
to thie point X In order to reduce the problem to a limit

in one paraméter, the physically reascnable assumption 1s

A

. i o i . ’
made that - = Ei where a is a constant. The result is
3
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-Dax
— \'
. 1Y,
AUx,V) = Lim bhca 1. B to m terms
W =P K, 28X 1 o+ ==
(1 +2V a

This limit has apparently never been evaluuted and its evalua-
tion a.pears to be very difiliculit. Aritimetical computation
baged on the expansion however enowed thal as m was given

larger and lsrger vaiues, thAl Lhe solution approached the

form
no= EM < < v
b = K.ACQ fOl" O ~ X < }/ ¥4
N 5 :——'J
G =0 for x > i

This indication, combined with the general solution given in
eguation 3. suggesits that the golution for the given boundary
conditions should be given by equations (7), and these are
indeed found to provide a satisfactory sclution.

We may now consider the case in wnich a band aiready
Tormed is "developed" by passage through the column ol a volume
vy of some solvent not necessarily the same as the sovlvent
used in Torming the band. Let the adsorption isotheram for
the Ydeveloping" solvent and the given adsorbent be, for the
solute in guestion,

g/m = F (c¢) (8)
We shall assume that the band was formed in accordance with
equation (7), i.e. that up to some point X = Xz, § = Q =
constant, and beyond ¥, = O. ¥e may aleo write

T = H £ (cg) = M F () (9)



where ¢! ie the concentration of solute which would be in
equilitrium with Q, in the new solvent, and is not necessarily
equal Lo ¢y The boundary conditions to be applied are as
follows:

constant

&}

1) Vihen vg Oy O ¢ x &

b
P
-
&D
t
é)
i
bx:
P
0
O
SN’
i

2) When vz > 0, at x =0y Q=M F (¢) =0 (11)
os o0
3) For all values of vgy J[oM £ (¢) dx = [,QdX = constant

The sclution of eguation (2) for these cunditions is
a V3 3 . Vo
Ly = i 2 AN ] L OT* + AFN
Q= 0 for 0 € x < my and for x > x; m

Va {13)

< x L %3 + r“*%“*j

¥e reach the conclusion then that the band should remain

t

0
Y%

gharp during the process of development and that its width
should remain constant ae it moves dow.. the columne. X erie
mentally the first conclusion is verifiedy the second holds
only very appreximately.

An attempt hae been mude Lo test experimentally the
relations (7) and (13). It hae proved difiicult however to
carry out chromatographic adsorption experiments in a quacitie
tative ﬁﬁﬁ reproduceaile way. It is apparently uol eds, 1o
make the cviutions Tlow evenly through the adsorvent: iln some
cases most of tne flow occurs adjacent to the wall of the tube

widlclr ¢ond'ines the adsorbenty when tu.s does not occur flow
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(19)

(12)

is more rapid through the center than through the outer sections

of the columhe bitner of these effects causes the bands to

be wider than they should be according to eguation (7) and to

increasge in width as development proceeds, because the eflective

nuaber of grams of adsortent per unit length of the column is
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decreased below the valwewhich it would have if effective con-
tact were mude Letween the solution and the entire surface of
the adsorbent in the column, and varies moreoever from one
region in the culumn to another. "Channeliing® oi the column
alec occurs and leads to the same result. It should also be
borne in mind that equations (7) and (13) were derived on the
basis ol an assumption that equilibrium between solution and
adsorbed material is always mailntained. If this condition is
not fulfilled, i.e. if the rates of adsorption and desorption
are not much more ra;id than the flow of liquid through the
tube, then the band formed will be wider than it should be
according to equations (7) and will increase in width as
development proceedse. Furthermore in this itreatment the
effects ol ciffusion, which will also tend to widen ithe band,
have b en neglected. It should not occasion surprise then
if equations (7) and (13) &. not agree precisely with the
results ol exyerimen
Nevertheless a fev exgerimental resulis have been obitained

oy
iﬂtzéreement with the relationg given here. IFor instance the
band formed on pouring 20 cc. of & solution of picric acid in
aicohol through a colusn of alumina wag 2.0 mm. widey the width
predicted on the basis of adsorption measurements was l.5 mne
In other cascs however the observed width of the bard has
diftvered from tie predicted width by as nmuch as a factor of
twoy "chaimeling" oi the adsorbent w.s observed to occur in
some 0f these cases and may have been responsible ifor the dis-

Crepancy. According to eguation (13), the distuice the band



movee down the tube during development should be directly pro=-
portional to the volume of developing solvent. This has been
found to be approximately true (within 10§) in an experiment
in which eosin bands on aiunina were developed by washirng with
water and in an exyeriment iﬁﬁwhieh fluorescein bands on
a.unina were developed by washing with benzene. The experi-
ments which have been done so far on the chromstography of
single substances are 8o inconclusive that no detailed data
will be presented here. A satisfactory experimental test of
equations (7) and (13) has yet to be made. The treatmeut
presented here appears however to have sufficlient significance
to enable one to decide from measured adsorption isotherus
whether a given adsorbent may Le exyected to be useful for
effecting the separétian of a given set of substunces.

It has not yet been found possible to develop a quantita-
tive tre.tment for the chromatograzihy of a sclution containing
two or more soclutes. The principal difficully liee in the
fact that whin adsorption occurs from a solution containing
several solutes the smount of a given sclute adsorbed is a
function of ithe c.ncentrations of all the sclutes in the
golution. It appears moreover that no general ru.es are Rnown
for predicting the form of thie function in terme of the ad-
gorption isotherme of solutions of the individual s.lutes (25).
It is usually true, however, that the colutes with the stronger
adsorbing tendency displace from the adsorbent those wath a

weaker adsorving tendencye. If a chiromatogram is prepared
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from a solution of two solutes, the Tirst of which tewnds to
adsorb very strongly on the adsorbent while the second has
only a moderate tendenc, o adsorb, the formation of an ade
sorption band by the first solute will be practically unine
fluenced by the presence of the sec .nd solute; the latter
will however be forced to :dsorb below the former, o that a
partial separation of the subst rces will take olace wihen the
coromatogram is first formed. The wadth of each of the bands
should Le given apiroximately by equation (7), appropriutely
sodified to take inte account the displaced crigin of the
secund bainde There will probably be Letween the two bands
a region where both substanceg are adsorbed 1o soune extente.
On development of this band system, however, there willi even-
tually occur separation inte bande in eacn ofl which the concen-
tration of one adsorted svlute is .niform, as may readily be
seen by carrying cut a qualitative discusslion of the develop-
ment of an initially non-uniform band of a single soldle on

the basis of the resulls of our previous treatment.

Summary s

treatment of the chromuatographic adsorption of a single
solute has leald to results by means of which a rough prediction
of the width of the sadsorption band and of the rate oi its

migration during development can be made in terms ol the

adsorption lezotherm of the soclute.
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Part 1(a)

1(b)

1(e)

part 2

Part 3

Part 4

summary oi Kesults

Heasurement of the rate of the iodine-cutaliysed
exchange of radioactive arsenic between arsenious
and arsenic acids tudicates that the kinetics oi
the reaction are the samne remote Irom equilibrium
as they are at equilibrium.

o exchange of radioactive phosphorus between phosge-
pherous and phosphoric acids was found to occur in
¢ither alkaline or acid solution.

apid and complete exchange ol rac.oact.ve bromine
was found to occur thermally between bromine and

77

stannic bromides, and photochemica.ly Letweeln Dromine

and trichlorbrom methane in carbon tetrachnloride
solutionge No measuresble excharge was observed
to occur thermally Letween bromine and etihylene
bromide or trichlorbrom methane in carbon tetra-
chiloride.

The reaction between gasecus P¥z and chilorine in
glass vessels is almost cunpletely heterogeiecus
anc has at 0°C a negative temperature coelficient.

An a_proximate thecretical treatment or ihe process
0i the formation of Liesegang rings has Lewn

o

developed on the tasis of simple assuwnylions.

A theoretical treatment ol the crhromatogra.ny oi a
sirgle solute has lead to equations by means or
wiilch rough predictions can be mude regarding the
width of the band formed fr.m a given volume of
solution and the rate at which the bandg will be
developed by a given solvent.



1.

e

Propogitions

The mechanism suggested by a number of authors® to explain
the aunodic deposition of Pb0y from a rapidly stirred
nitric acid solution of plumbous ion involves the sweeping
of plumbous ions, by meane of stirring, to the anode, where
they can be oxidized. It is here proposed thuat this
mechanism is not a reasonable ONE e

¥, I - . - .
Wichols, Ind. Ing. Cheme, Anals de 3, 384 (1931)

Jewetlt, J. Phys. Cheme 33, 1024 (192%); Topelmann,

Je _prakt. Chems 121, 289 (1v28)s Vortmann, Ann., 351,
283 (1807)3 Classen and Hall, "Quantitative Analysis
by Electirodeposition®
A spherical bubble in a dielectric liquid will notl remain
spherical under the influence 01 a homogehneous electric
field.
The solution ol the diffusion equation suggesied ULy Lver=
sole and EOQghtyﬁ ie invalid.

i Physe Cheme 39, 289 (1835); J. Phys. Chemns 41

<63 (1937).
The critical temperatures a:d volumes computea lor the
vapors ol lonic galts by Lorenz and Eerz® on the basis
of empirical eguations are of doubiful significuance.

¥7. anorg. Chem. 138, 230 (1924); Landolt-B8rnstein

9

183;:611@;‘1, Er‘gg. l, P 158,
For a crystalline normal hydrocarbon, the sum of the
entropy changes occurring on fusion and in transitions

telow the melt.ng point is a linear function oi ti.e number
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Of carbon atoms in the chain.
the eflect of precsure on the cpecific rate of a cnemical
reaction is well expressed by the ecuation

Bln
Iy

where A and B are constante independent ol the temperature

BRI~ = A(1 - EP)
T and the pressure P. Cince EP is not negligible com-
parea with unity over the pregsure range usually ilnvesti-
gated, it would appear that the neglect of couprescibilities
in the theoretical tre.taent by hvans and Polanyi®™ is wot
Justified.

¥rrans. Faraday Soc. 31, 875 (1885); 32, 1333 (1938).
The so-called guantum mechanical theory of the ivrumation
of Liesegang Kings or periodic precipitates is ol doubiful
validaty despite the opinions of

Christiansen and “ulff, Z. physik, Chem. B206, 187 (1&34)

Shemyakin, Js Gens. Chem., U.SeS.ke 4, 444, 1117 (1u34)

Nikiforov, J. Chim. Phys. 32, 585 (1935)j 33, 250 (1838)

Coparisow, J. Physe Chem., 76, 752 (1922).

Hichaliefi, Hikiforoff, and Schemyakin, kolle Ze ©O,
197 (1u=4)

. C. DBaughan, Nature 124, 778 (1w34)

et

The obseiwved relationx between the distances 0if SuCcese

sive Liesegang rings from the origin of the ring system

n
(— = conste)

can be accuounted for on the basic of simple ascuwaptions.

Yy : ) ‘
Ce Ao Schleussner, Kolls Z. 31, 347; 34, 238 (1p24)
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K. Jablczynski, Xolle. Z. 40, 22 (1:26)

Ye The sharpness, extent, and rate oi “development® oi the
bands produced in chromatographic adsorption ¢xperiaments
can be sccounted for in a semi-quantitative way on the
basle ol the assumptions that diffusion is negligibly
slow anc that equilibrium between sclution and adscrient
is reached very rapidly compared to the velocity of flow
of solution through the adsorbent.

o
10. Tt is certainly true);bﬁf’ii n and r are positive inlegers,

j57%2 4

1
Z’_ il + D(i + 2) weeme{d +7 « 1) =

i=0

n{n + )(n + 2) ==(1n + 1)
r + 1

and it is reasonable to suppose that

L.im

ki
Q- (T FET=e

-0
- v~£;~— g expanded by the
vinomial expan-
sion to m lerus

CB

=1 for P <

O for A 2

i

but

oc¢ ik ol

11. Oneager's theory, of licu.d dielectrics can be modiiied to

(VT
give results for the dielectric consgtacts of po.ur riquids
which, though they do not agree quantitatively with experi-

are fairly self-consistent and deviate from experiment
ment/in a way which can be cualitatively accounted {or



12,

13.

8l

on the basis of intermoleculsr interactiocns.

A simple graphical wethod can be used to facilitate the
interpretation, by means of Langmuir's adsorption theory,
of the rate of a heterogeneous gas reaction.

In calculating the concentrations of reacting ions at
any point in a titration, it is usually advisable to use
approximate methods. These methods unfortunaitely bLecome
inaccurate in the vicinity of the eguivalence point.

Ey meansg of simple criteria it may be decided in simple
cases (such as the titration of chloride with silver

ion, or the titration of weak aecide with strong bases)
how close to the eguivalence point the approximaliocns
usually made can be applied to obtain results of aiy
desired accuracy. These criteria have peduagogic and

practical valilue.





