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PART 1
Introduction

The recent work of Stillsonl concerning the kinet-
ics of exchange between benzyl ilodide and iedide ion 1n
various solvents has given lmpetus to the investigation
of similar exchanges with substituted benzyl iodides.

The realm of this study embraces observation of
the exchange of iodine atoms between p-nitrobenzyl ilodide
and potassium iodide in absclute methanol. absolute ethanol
and absolute n-propanol at temperatures of 30,92, 20.3°
and 0.0° centigrade. The primary alms were to observe the
effects of the p-nitre group upon the exchange rates in
the various solvents and to compare the results with those

obtained for the benzyl iodide - lodide ion exchange.
The Nucleophilic Substitution Reaction

The simple isotopic exchange reaction belongs to
an important class of chemical reactions referred to as
"nucleophilic substitutions®. The substitution reaction
of the ion-molecule type may be represented sywbolically

by the expression:

(I-1) "+ RX — YR+ X







e

Y™ represents an anionic specles; R, an organic radical
saturated at the reaction center; and X" represents an
anionic specles capable of belng replaced by Y .

Two operative mechanisms are generally re¢ognized
for nueleophilie substitution recetions.®121%15 Tnege
mechanisms are elassified as "5 1" or "S 2" types. The
symbol "Sn®* refers to nueleophilic substitution charscter
and the Arﬁbic numeral denotes the molecularity of the
reaction,

The snl mechanism is & two-stage process in which
a rate-determining ionization step is followed by a fast
reaction between the carbonium ion and the substituting

anion:
&+ 8-
transition determining)
(1-2) state
Ar—-r — K {(fast)

The 8,1 reaction 1s considered to be unimolecular in
spite of the fact that solvolytic action, involving an
attack on the anionic species X by molecules of the
solvent, is operating in the lonic dissociation. The
8,1 mechanlsm results in firste-order kinetic¢s. The rate
equation for a reaction proceeding by this mechanism may







be represented by:

(I-3) R = ky(R-X)

R represents the reaction-rate, kl represents the first-
order specific rate constant and (R-X) represents the
concentration of the species R-X.

The snz mechanism is a single stage process in-
volving an initial attack by the anlonic speclies Y~ on
the neutral molecule R-X resulting in the formation of
an addition or transition state complex which upon

decomposition ylelds RY and X7,

ol &~ S+ &~
(I-4) ¥ 4+ BX —> YeewwwRew=eX —> ¥R+ X7
transition rate
state deter-
mining
step

Since both reactants are involved in the rate determining
step, the mechanism is bimolecular and gives rise to
second order kinetics. The rate equation for a reaction

proceeding by the 3.2 mechanism may be expressed Dby:

(1-8) R = kg(RX) (¥=)
R 15 again the reaction-rate, kp is the second order
specific rate constant and (R-X) and (Y") the concentrations

f 4

of the respective specles.







Numerous observations have not only eonfirmed both

orders of kinetics, but have given rise to the prinmeiple
of duality of mechanism.Z:%415:86,7 1In the study of the hy-
drolysis of alkyl bromides of the series methyl, ethyl,
isopropyl and tertiary buty1;7 second order kinetics were
observed in the series methyl, ethyl, and isoprepyl in
which the rates decreased in the order of mention. Var-
iation in the conditions of hydrolysis showed that the
kineties of the isopropyl bromide hydrolysis could be made
first order, second order or a combination of both. The
hydrolysis of the tertiary butyl bromide was observed to
follow first order kinetics., This suggested a shift in
mechanism from 8.2 to Snl in the region of the isopropyl
é group. The prineciple of duality of mechanism has been
strengthened by experimental evidence which menifests the
rational dependence of the 5,1 and 8 2 mechanisms upon
structural effects in the reactants and upon the enviren-
mental characteristics of the reacting modiua.z In the
ion-molecule type of resction the mechanism appears to be
dependent upon:
(a) Polar effects within the R- group.

(b) Steric effects within the R- group.
(¢) The nature of X and Y.







(d) The nature of the solvent.
Solvent Effects

One influence of the solvent 1s evaluated by ob-
serving the magnitude and distribution of charge in the
activated complex or transition state.** An inerease in
the ionizing power of the solvent tends to increase the
magnitude of charges involved and tends to decrease the
distribution of charge in the transition state. In the
snl mechanism an increase in solvent ionizing power
strongly accelerates the reaction rate since the rate-
determining step involves an iocnization. In the §,28
mechanism an inerease in solvent ionizing power exerts a
mild deceleration in the reaction rate. Hughes and
Ingoldll predicted that changes in solvents might cause
shifts in mechanism. Such changes have been observed.
The 8,8 reaction of benzhydril halide-hallde ions in
acetone shifts to a modified S 1 reaction mechanism in
| liquid 80,12,
| It is evident that the effects of dlelectric constant

will operate oppositely in the two mechanlsms. 4 decrease
in dielectric constant will decelerate the S,1 rate and

will accelerate the S,2 rate.







The Laidler-Eyring theory of dielectric constant
influencel® predicts that a plot of 1n k versus 1/D, where

k represents the specific rate constant and D represents
dielectric constant, should result in a straight line,
generally of positive slope, for reactions of the lone
neutral molecule type. This has been verified in various
types of bimolecular resctions,t»14,15,16,17,18 According
to the Laldler-Eyring theory then, a decrease in dielec~
tric constent results in an inerease In S5 2 reaction rate.
Solvation effects In this type reaction may exert
an influence upon the energy of activation,1® If in a
given solvent, I, none of the reactants nor the activated
complex are solvated and if in a given solvent, II, the
activated complex 1s solvated but the reactants are not;
the potential energy of the activated complex is reduced
in solvent II by a factor equivalent to its enthalpy of
solvation., This results in a decrease in activation
energy and an increase in resction rate provided no other
factors are operating which affect the activation energy.
On the other hand, 1f the reactants are solvated by
solvent II and the activated complex is not, the potential

energles of the reactants are reduced by their enthelpies
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of solvation. An incresse in activation energy and a de-
erease in reaction rate would follow. If the activated
complex as well as the reactants is solvated, little can
be sald about the effects on the activation energy and
reaction rate other than that they will probably be small,
Solvation of the reaction products produces no effect on
the activation energy or reaction rate.

It seems reasonable to assume that all species of
the ionemolecule type reaction are solvated by different
solvents to varying and indeterminable extents. The over-
all effects of solvation on activation energies and re-
action velocities would amount to a combination of the
several influences of the solvent upon the different
species. The resolution of these specific effects and
their singular significances presents an intriguing and
complex problem.

In the penitrobenzyl iodide-lodide exchange, all the
reactions have been observed to be blmolecular and the
effects of dlelectric constant have been found to conform
to those predicted by the Laldler-Eyring theory.l®

Thermodynaumical Quantities

From the statistical treatment of reaction rates and
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subsequent thermodynamical analysis.go the specific rate

congstant may be expressed in the form:

AS*/R  -AR /RT
(1-6) k — e.BRI/h .e . e

for reactions in ideal solutions. In which:
B = the Boltzmann constant
T = absolute temperature
h = Planck's constant
AS*= standard entropy of activation
AEy—experimental activation energy'
= universal gas constant

As*/r
In the expression (I-6), the quantity e.RI/h . e

corresponds to the Arrhenius frequency factor, A, in the

expression;
~AEy/RT
(1‘7) k i Ao.
AS*/R
The appearance of the “entropy factor®, e » in equation

(I-6) emphasizes the consideration of the entropy of acti-
vetion as well as the energy of activation in a study of

reaction retes.
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PART II

The Isotopic Exchange Reaction

4 chemical reaction in which the atoms of a given
element interchange between at least two species of the
element is referred to as an isotople exchange reaction.
The p-nitrobenzyl lodide - ilodide ion exchange is a reaction
of this nature in which an interchange of iodine atoms be-
tween lodide ions and p-nitrobenzyl iocdide proceeds. In
experimentation the isotopic composition of the potassium
l1odide was modified by the imcorporation of radiocactive
1131 therein. It was then possible to follow the course
of the reaction by detecting the appearance of radioactivily

in the p-nitrobenzyl iodide.

The Isotope Effect

Quantu& theory has predicted differences in chemical
behaviour due to changes in isotoplec mass. Experimentation
has revealed that these effects are appreciable only in the
cases of the lighter elements and that the effects with the
heavier elements are negligible. Bisoloiaangz has calculated
the maximum lsotope effect between I'Z' and I'® to be about
24 in the determination of specific rate constants. Dis-

ecrepancies of this magnitude should seldom, if ever, be







observed since this maximum effect postulates the free atom
as the transition state. Uroy25 calculated the isotope
effect between I127 and I12° o be about 0.5¢. For all
practical purposes it may be assumed that the character-
1sties of radioasctive and non-radiocactive atoms of lodine

are identical in chemical reactlions.
The Exponential Exchange Law for Simple Reactions

The general expression for a simple isotopic exchange
reaction oecurring in a homogeneous, stable system may be

written:

(ELed) i R el e
in which X* represents a radicactive isotope of X.

The advantages of a simple isotopic exchange
reaction in & homogeneous, stable system sre in its simpli-
fying features over ordinary chemical reactions:

(a) The enthalpy change is zero since there are no
pressure and volume changes and since the energles of the
reactants and products are, for all practical purposes,
identical. It follows that the free energy decrease de-
pends only on the temperature and the entropy change of
redistribution of the interchanging species.

(b) Since the reactants and products are identlecal,

10







the bonds formed are the same as the bonds ruptured.
The exchange law was first derived by H. McKay™4
for the simple cease. Duffield and Calvin,®® Friedlander

and K.cnnedy26 and Prestwood and ﬂoyor@27 have also glven
derivations.

The appearance of radioactivity in AX parallels
the growth of & short-lived radioactive daughter from a
long-lived parent. The fraction exchanged, F, or the
frection not exchanged, (1I-F), may be expressed as ex-
ponential functions involving concentrations, the rate of
exchange, R, and time. The logarithaic form of (l1-F)

may be written:

(11-2) 1o (1-F) = «R&[(A)+(B)] /(A)(B)

in whichs:

R = constant rate of exchange of X atoms bee-
tween AX and BX (gram-atoms per liter per
unit-time)

(A)= concentration of AX in gram-atoms of X per
liter

(B)= econceatration of BY in grem-atoms of X per
liter

F = fraction of total oxchango*

"Bee Part V for a more complete discussion of the
fraction of exchange.







t = tinme
If tl/a is defined as ﬁhe time reguired for one-half of the
total exchange to oecur, then R may be expressed in the
folloﬁing form;

(I1-3) R = +0.69315(A)(B) / [(A)+ (B] ty/8

The general procedure in the determination of R is
to esteblish F as a function of time. This 1s accomplished
by removing aliquots of the reacting mlxture af various
time intervals, separating the reactants and measuring the
activity present in each, F and (1-F) are calculated for
each aliquot and 1n(leF) or log(l-F) plotted as ordinate
versus time. The result (see equation II-2) is a straight
line from which tl/z can be determined. R values can Dbe
calculated by equation (II-3).

In order to determine the values of specific rate
constants, the ireaction mechanisms discussed in Part I
are considered., If the reaction proceeds by an 85,1

mechanism:

(1I-4) R = k(A)
in which k; represents the first-order specific rate
constant. If the reaction proceeds by an §,2 mechanism:

12







(II-8) R = kp(a)(B)
in which k, represents the second-order specific rate
constant, 8Should the reaction proceed by a combination
of 61 and Sns mechanisms:

(11-6) R = K (A)(B) + k(4)

Exanmination of eguations (II-4), (II-5) and
(II-6) shows that a plot of R/(A) as ordinate versus (B)
as abscissa for a given solvent at a glven temperature
would yleld a straight line:

(1) parallel to the abscissa with an ordinate
intercept of kj if the reaction mechanism were 8 1.

(2) passing through the origin with positive
slope kp if the reaction mechanism were S,2.

(3) of positive slope ko with an ordinate inter-
cept of kj if the reaction mechanism were a combination
of 8,1 and 8,2,

Any non-linear characteristics of R/(A) versus (B) would
indicate resction mechanisms other than S, 1 or Sh2.

The resction mechanism, once established, permits
the calculation of the specific rete constants, k. Series
of reactions performed at different temperatures permits
the calculation of the experimental activatlon energy,

13







By from equation (I-7) put into logarithmic form:

(II-7) an k= -Axx/ RT + 1lna
The constant lnA is readily calculable and from equation
(I-6):

A8*/R
(II-8) A = e.RT/h .e
therefore:;
(1I-9) nd + 1 + 1a(RT/h) +AS*/R

The entropy of activation can be computed by equation
(II-9). Other calculable quantitieg of interest are:
A8Y/R
(a) The entropy factor, e , Which can be
caleulated from equation (II-8).
DB/ RT
(b) The activation energy factor, e , Which

can be obtained from equation (I-7).
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PART III
The Preparation of Chemical Reagents

Redioactive Iodine

Eight-day 1431 was utilized as a tracer in this
exchange study. This isotope is indirectly produced by
the irradiation of naturally ocecurring tellurium with
thermal neutrons., Consideration of the stable lsotopes
of tellurium, thelr respective thermal neutron ¢ross-
sections and their (n,¥) resction products reveals that
rediosctive isotopes I29 and 1231 are produced.®®
Since the Ilgg is & very long-lived beta emitter, prac-

tically 21l the lodine activity arises from the I3,
131

The I"°" descends from the steble Te*°C isotope, which

has an isotopic abundance of 34.46%, through the course
of the following nuclear reactions:

7130 (n,Y) Teddd
76130 (n,¥) Tet31
Te 131 25m 131

a2 ﬁﬂﬁ—+ xet31 (stable)

(I11I-1)

Ten-gram samples of powdered tellurium containod in
quartz vials packed in alumirum cylinders were irradiated
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at the Log Alamos Scientific Laboratory with thermal neu=-
trons to the extent of 500-800 kwh,

The radlioactive iodine was extracted by the
method of Kenney and Sprague.29 The extraction process
was carried out in an all-glass apparstus and consisted
of the following stages:

Stage I - Conversion of the Te to the Te(VI) state

and I, to the I(V) state.

(a) 40.00 grams of potassium dichromate was
added to the reaction flask,

{b) 10.00 grams of irradiated tellurium was
added.

(e) 200 ml. of ¢.p. B50£ sulfuric acld was
added.

(@) The reaction mixture was cautiously
heated to about 80° C, and kept under reflux for

2~3 hours.

Stoge II - Reduction of the excess Cr(VI) to Cr(III),
I(V) to I; and about one-third of the Te(VI) to Te(V).

(a) The reaction mixture of stage I was cooled
to room temperature and 23.30 grams of oxalle acid

dihydrate was cautiously added.







(b) The mixture was slowly heated and kept

under reflux for 2-3 hours in order to assure

complete reduction,

Staze III - Distillation of the IL31,

(a) The IS was distilled into 15 ml. of

0.1 M sodium carbonate which contained a trace of

sodium sulfite, When the total volume of the

distillate reached 30-35 ml., practically all of
the avallable activity was collected.

At this point about 0.5 ml. of 0.1l M potassium
iodide was added to the carrier-free radioactive iodine
solution to give an iodide concentration of 3-4 x 10=°M,
This solution was stored in a 60 ml. glass-stoppered
bottle. From this point on, this radiocactive lodine so=-
lution will be referred to as "RAI" solution.

The Preparztion of p-Nitrobenzyl Iodide

The p-nitrobenzyl iodide was prepared by a method

similar to that described by H. Finkelstein.so
Equivalent quantities of Eastman Kodak p-nitro-

benzyl bromide and sodium iodide were dissolved in

separate, minimum quantities of warm acetone. The solutions
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18
were then mixed and the nearly quantitatively-precipitated
sodium bromide was removed by filtration, Yellow, needle~
like crystals of p-nitrobenzyl iodide were separated from
the mother-liquor after a crystallization period of eight
hours at & temperature slightly below room temperature. A
second fraction of erystals was obtained by dissolving the
first fraction in boiling acetone and recrystallizing over
a six hour period at 10°C. A third, fourth, fifth and sixth
fraction were similarly obtained by recrystallization from
absolute ethanol. After aipr-drying for 24-3%6 hours the
melting points of these same fractions were checked, The
melting points of the fourth, fifth and sixth fractions
were identical, 126.5-127° C. This is somewhat higher
than the melting point of 124° C. reported by Finkelstein.3l
The melting point of the first-fraction erystals agreed
with this value, however.

The resultant product of the sixth fraction re-
presented an over-all yield of about 3574. Qualitative
tests for trace amounts of bromine®® were negative.
Analysis of the product by the Volhard method of iodide
deternination® rendered en iodide content of 48.18%
versus a theoretical of 48.28¢. Carbon-hydrogen
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determinatlions were found to be within experimental error
of thelr theoretical values.

The p-nitrobenzyl iodide was stored in a glass~
stoppered amber bottle. From this point on in general
discussion and tables the p-nitrobenzyl lodide will be

referred to as “pPNBIT,

Absolute Scolvents

Absolute methanol, absolute ethanol and absolute
n-propanol were prepared from "absclute" ¢c.p. grade re-
agents by methods similar to those of lund and BJerrum.s‘
This consisted of a refluxing of the aleohols with their
respective magnesium alkoxides and subsequent distillatlion
therefrom in an all-glass, moisture-free apparatus.

Absolute acetone was obtained by distilling c.p.
acetone which had been dried over "drierite® for 48 hours.
The distillation was carried out in an all-glass, moisture=
free apparatus.

All asbsolute solvents were stored in glass-stoppered
bottles with covers. No moisture was detected in any of
the solvents lumediately after preparation or after 6-8
weeks of storage. The Henle-calcium carblde test was







used as a means of detecting water. This consisted of

adding fresh calcium carbide to the solvents and observing

whether any traces of acetylene were liberated.
Analytical Reagents

Standard solutions of silver nitrate and potassium
thiocyanate were prepared according to the methods of
Kolthoff and Sendell.®® The potassium thiocyanate was
standardized against the silver nitrate.

The indicator for the Volhard titration consisted
of a saturated solution (40%) of ferrlic ammonium alum in
distilled water slightly acldified with nitric acid.

All analytical reagents were stored in amber, glass-

stoppered bottles with covers.







PART IV

Experimental
Preliminary Experiments

During the preparation of the PNEI it was observed
that some decomposition occurred with solutions of the
compound., It was found that the extent of the decomposition
could be reduced by minimizing the oxygen content of the
solvents. This was accomplished by bubbling nitrogen
through the solvents for thirty-minute periods prior to
the preparation of all solutions.

In order to minimlize photochemical decompositicn,
the reaction vessels were kept in the dark. Control
experiments performed with alcholic potassium ifodide -
PNBI solution mixturec showed no evidence of decompositicn
during a thirty-six hour period. Solutions exposed to
normal lighting conditions of the laboratory decomposed
slightly after 30 to 60 minutes. The benzene method of
free lodine detection was used as a means of detecting
decomposition.

It appeared that the oxygen-content reduction in

the solvents and the light protective measures were nec-

essary and sufficient to minimize the effects of decomposition.







General Procedure

The general procedure utilized in all of the ex-
periments consisted of the following:

(a) The preparation of PNBI and radiocactive
potassium iodide solutions.

(b) Thermostating of the prepared solutions,.

(¢) Mixing of eguivalent volumes of the
solutions.

(d) Removal of aliquots from the reaction
mixture,

(e) Separation of the reactants.

(f) Determination of the activity in each
reactant.

| (g) Analysis of the solutions.
| Preparation of the Solutions

(1) PNBI
| Samples of PNBI were weighed in 25 ml. glass-stoppered
|

volumetric flasks (50 ml. and 100 ml., volumetric flasks were

employed for the more dilute solutions) and the flasks
filled to the dilution mark with the desired solvent at

room temperature.
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(2) Radiocactive Potasslum Iodide

Radioactive potassium iodide solutions were prepared
by the methods used by Stillson.®® This consisted of treating
one to five ml. of RAI solution with 2 ml. of 0.17 H
potassium dichromate, 4 ml, of 3 M sulfuric acid and 2 ml.
of benzene in a reaction vessel described by Stillson and
shaking the mixture for 15 - 30 minutes. The lodlne
liberated by the oxidation process was extracted by the
benzene. After centrifugation the agueous acid layer was
separated by employlng a capillary separation tube which
consisted of a plece of 8 mm. glass tubing fashioned to
a capillary on one end and fitted with a modicino-droppor
pulb on the opposite end., The benzene phase was retained
and washed three times with 2 ml,., portions of distilled
water,

The activity of the benzene phase was transferred
to an agueous solutlion of potassium lodide by taking ad-
vantage of the almost instantaneous iodide-lodine exchange.
One half to 2.5 ml. of 0.100 K potassium iodide was added

37

to the benzene in the reaction vessel and shaken inter-
mittently for about 10 minutes. The aqueous portion was

then separated and evaporated to dryness under an infra-red
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heat lamp., The dry, white residue was dlssolved 1in 25.0 ml.
of the desired solvent. The activity-recovery from the
benzene phase varied with the iodine concentration of the

benzene and ranged from 70 to 95%.
Thermostating of the Solutions

For the temperatures of 20.3°C. and 30.9°C. a
constant temperature water bath with Amineo thermo-
regulators was employed. For the temperature of 0.0° C.,
the water bath was packed with cracked ice. At all times
temperatures within 0.1° of those stated were maintained.

The prepared solutions were placed in the constant-
temperature bath for 45 to 90 minutes prior to mixing.

At the time desired, 10.0 ml, portions of the solutions
were mixed in a glass-stoppered, 50 ml. volumetriec flask
which was suspended in the temperature bath. The reaction
vessel was manually agiteted for three minutes after
mixing in order to assure uniform distribution of the

solutes,
Aliguot Removal and Reactant Separation

Three-ml, aliguots were removed from the reaction
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mixture at appropriate time intervals., Each aliquot was

delivered into a separation vessel which contained a
alxture of 2 ml. of distilled water and 2 ml. of bengzene.
After shaking and centrifugation, the aqueous and benzense
phases were separated by the capillary tube method, placed
in counting tubes, properly diluted, mixed and counted.
The separation vessel was constructed of 16 mm. pyrex
tubing., One end was pulled to a point in order to
facilitate efficient phase separation. The opposite end
was Titted with a 12/18 standard-taper glass Joint, The
capacity was about 10 ml.

In order to determine whether any exchange had been
induced during the separaticn, an aliquot was removed as
soon as possible after mixing Iin the case of each solvent
at each temperature and treated in the usual manner, In

no instance was any evidence of induced exchange found.

Operating Blank and Separation Efficiency
In order to correct for the potassium iodide
retained in the benzene phase, it was necessary to

determine an operating blank in all experiments. This

was accomplished by treating a 3-ml. aliquot of potassium
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iodide solution in the same manner that reaction-mixture

allquots were treated and ascertai<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>