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INTRODUCTICHN

In the beginning when man came into existence he was both intrigued
and fascinated with his envirenment, Hs was very curlous about simple
phenomena and what caused them, He immediately set out to gather all
the knowledge he could about his environment to increase his abiliiy to -
solve problems, Today, this curlosity has brought us to the develop-
ment of highly sophisticated electronic gadgetry to help one explore the
fascinating btranches of science such as chemistry and physics., 1In
these two sciences there are many phenomena which have direct effects on
the environment in which these processes take place, Cne such process
is the nuclear transformation which changes or alters the surroundings
when it takes place.

In some scientific communities the positron is known as an exotic
particle, It is a stable particle ut since it exdists in this world
of antimatter, its lifetime is very shert, It is annihilated together
with an electron on the order of a fraction of a nanosecond in the
condensed phase, One way of increasing iis lifetime is by forming a
bound state btetween itself and an electron whose spin is parallel
relative to that of the positron spin, i.e., ortho-positronium.

In this bound state, the lifetime of the positron is considerably
longsere, After tositronium is formed; its stability with regard to
anniliilatiion will bLe determined by its surroundings. Recently it has
been shown that positronium reacts very rapidly with a certain class
of compounds, mainly the diamagnetic nitroaromatics and inorganic ions

in solution whose redox potential are greater than -0.9 eV. These
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reactions occur with very nigh bimolecular rate constants and result in
an apparent shortening of the lifetime of the positron,

o

Nuclear chemistry connectz the mutuzl influence of transformations

of atomic nuclei and elementary particles along with the properties of
their molecular environment, It has been demonstrated throughout the
literature that the M¥ssbaver effect and positron annihilation are
directly influenced by toth the chenlcal and physical makeup of their
environment. or example, positron aannihilation techniques can te used
to accurately determine the Tg (glass iransition temperature) of polymers
which is an important parameter in the plastics industry. Also this

technique has been useful in studies in sclid state chemistzy such as

properties of ssmi-conductors,

)]

The scope of this thesis involves the relations which the solvent
plays in stadllizing the complexes formed between Ps and nitroaromatics
in solution and the various thermeodynamic variables associated with
these processes, It also includes the evaluation on the effects
displayed by a host of different solvents on complexes formed between
Ps and Cu012 and the role which these solvents play in stabilizing these
complexes, It will also be shown that these reactions are not solely
diffusion controlled as was interprested in the past by different
researchers,

The fact that Ps leses some of 1ts reactivity towards nitroaromatics
when they ars already comrlexed with another molecule can te utilized to

determine the molecular fommation constant, :c foxr inclusion compounds,

Using Ps as a probe, it can provide valuable information about the
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influence of steric facteors on the atility of guest molecules to bind

in the cavity of cyclohexazamyloss.



BASIC PRINCIPLZS OF POSITRONIUM CHEMISTRY

A, The Positron

In sone scientific communities, the positron is classified as an
"exotic" particle and it was the first anti-particle to te observed,
The positron is an elementary particle belonging collectively with
electrons, positively and negatively charged y- mesons (mucns) and
with the neutrino to the class of particles known as leptons. These
varticles have "lepfon numbers,” or "lepton charge," L, equal to -1 or
+1, The positron (Le+ = -1) is the antiparticle oif the electron
(Le- = +1). These two particles can be annihilated as a pair with
the emission of one, two, or three gamma reys, Since the vositron is
the antiparticle of the elsctron it has the same rest mass m, =
g.1 X 10-28 g or in energy units (.51 MeV. It also carries a charge
like the electron but opposite in sign; i.e., a positive electric charge
of & = 4,8 x 107%(ces), e.s.u. = 1.6 X 107270, The spin of the posiiron

n units of A = 1.05 X 107%7 erg sec).

P

like that of the electron is 5 = § (

Particles with half integer spins (protons, neutrons, muons) all obey

Permi-Dirac statistics, The magnetic moment of the positron is u = +1,
because the magnetic moment and spin are parallel whersas for the electron
U = -1 because the magnetic moment and spin are antiparallsl

Diz:a.c1 showed in 1930 by thecretical arguments that the pesitron
could exist in nature. He showed that the solutions tc his relativistic
(mzcu 2 2 1/2) must have two

electron wave equations (B = + +

solutions, both positive and
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negative, These solutions show that there are toth pesitive and
negative energy states, These erergy states have a minimum value of
mecz, where m, is the mass of an electron and ¢ is the speed of light,
Instead of throwing away the negative sclution as having no physical
meaning, Dirac postulated that the negaiive energy states were
partially filled and could not be observed, After this, he further
postulated that these negative energy states corresponded to a particle
with a mass equal to the mass of an electron but having an opposite
charge, This interpretation can be understood in terms of the "hole
theory.” It says that since electrons are only observed in positive
energy states, then the negative energy states must bte completely filled
with electrons, When a photon has energy greater than the rest mass of
two electrons (Zmecz) an electron can be raised from iis negative

energy state to a positive one. The "hole" left by this transition in
the contimum or "sea" of negative energy states should have the proper-
ties of a positive electron, i,e., the positron.

Two years after Dirac’s "hole" theoxy, the existence of the positron
was confirmed by Anderson2 when he obsexrved this particle in a cloud
chambexr while performing experiments on cosmic rays, Today, positrons
have Tteen observed in radioactive decays and Dirac’s postulate has been

confirmed,

Ancther interpretaticn of the solutions to Dirzc's relativistic

3

equations was proposed by Feynman.)

Feynman'’s interpretation is that
electrons and positrons are considered as particles iraveling in time in
a potential, Electrons would travel forward in time while positxons

would travel backwards in time, If this is true, then positrons would
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scatter forward in time and pair production will result when elecirons
scatter backward in time, This would result in the annihilation of a
positron with an electron. #ven through Feynman's interpretation has
noe physical meaning, it has found success in applying his intexrpretation
to several problems in the itheory of elementary particles.
B, Positron Decay

Positron decay was first discovered in 1934 by Joliot and Curie:
while bombarding heavy nuclides with alpha particles, Positron decay
takes place in nuclei that are proton rich in relation to thelr most
staols iasnbars, i.,e., neutron deficient nuclei, This leads to a decrease
in the neutron - proton ratio approaching the value of one, whersty
nuclides obtain a higher stability.

There are three types of beta decay: (1) Negatron emission (87),
(2) Positron emmission (B+), ard {3) Tisctron capture (EC). For positron
decay, a proton within the nucleus of a neutron deficient nuclide is
transformed into a neutron, pcsitien and neutrino. The equation for

this transformation can te written as
P > n+Bg + v (1)

Energetically, this can only happen when the mass of the parent nucleus,
iy, 1s greater than the sum of the mass of the daughter nucleus, Md, and

the rest mass of two electrons, m, .

>

Mo > M, + 2nm (2)



The consequences of this decay a2re that the mass number of the nuclide
(A) stays the same while the atomic number {Z) decreases by one. This

can be represented by the folleowing equation:

-l.

X -> Y + 3 R Y (3)

If the enexgetics of positron decay are not met, another process, EC,
will compete with positron emission. It can occur when M, > Md‘ It
must be noted that the positron cannot exist in the nucleus due to
difficulties in conserving angular momentum and it is therefore emitted
simultanecusly with a neutrino so that angular momentum is conserved,
The binding energy released in positron decay is divided up
tetween the positron, and the recoil enexrgy of the neuirino and the
daughter nuclide., This energy may range from a few hundred keV up to
several MeV, Zven though positrusn emission corresponds to transitions
tetween discrete energy states, its 2nergy spectrum is continuvous due
to the simultaneous emission of a nsutrino which shares part cf the
binding energy from positron emission. The maximum number of positrons
emitted in an energy distribution will have energy at one third the

5

end point energy. The positron energy spectrum” for scdium-22 is

shown in Figure 1 and the maximum enexgy or end point energy is 0.544

MeV. As mentioned sarxiier, the most probable energy of peositrons

s 4

emitted in this decay is atout 0,18 HeV,

6

Fermi~ was the first to develop an elementary thecry of beta decay.

This theory helped to explain many phencmena in tetz decay such as

half-lives and the energy spectra of teta particles, Following Fermi's
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Figure 1. Energy Spectrum of Positrons Emitted from Sodium-22.

(From Ref. 5)
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theory, several years later new particles {mesons, neutrinos) were
discovered in nuclear physics. Iee and Yﬂng7 used these new particles
to their advantage in developing a new gquantitative theory of bteta
decay which helps explain the ovserved polarization of positrons
emitted in radicactive decays. The degree of polarization is given

ty v/c which is the ratio of the velocity of the positron to the

velocity of light.

C, TPositron Annihilation
The kinetic energy of a positron is reduced primarily through

inelastic collisions with the medium, While passing through the mediunm,
they can induce ionization as well as excitation in the medium. In
water, Tao and Green8 have estimated that it takes about 7 psec for the
positron to reach the first ionizetion votential of water., They also

estimated the total time it takes for the positron to te thermalized
to be 100 psec, Positrons and elecironsz, just like any matter-anti-
matier-pairs, have a high probability of annihilating on collision.
This probability is inversely proportional to the kinetic energy of the

positron. The total energy of annihilation can be represented as,
T = 2nc” + KE, -+ KE (%)
e—

where m_ 1is the rest mass of an electron, ¢ is the speed of light and
KEQ+ and KE__ are the kinetic energies cof the positron and electron,
respectively., From this equation, it can be shown that the minimum

energy released is 1,02 ¥MeV., This energy is seen as two 0,51 MeV

gamma rays which are used in positron lifetime measurements,
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To be specific, since the positron is the anti-particle of the

electron, it will therefore experience a very short 1life in an environ-

3

ment so rich in negative electrons and it will be annihilated together

G
with an electron, According to Coldanskii,” less than five percent of
the positrons emitted in condensed media will be anninilated during
the slowling down procsss,

Al

The theory of positron annlnllationlo predicts that either one,
two, or three ohctons will be produced when a positron and electren
annihilate. If the electron and positron meet with their spins anti-
parallel, i.e., singlet (lSO) interactions, then the selesction zrules
require that an even number ¢f photons be produced, i.e,, two. These
two photons will travel in opposite directions, i.e., 180° if the
positron~electron pair apnihilate at rest., If the electron and
positron meet with their spins parzilel, i,e., triplet (381) inter-
acticn, then the selection rules require that an odd number of photons
te produced, i.e., three, These three thotons must always lie in a
plane so that their momenta can add up to zero if the electron-positron
pair annihilate at rest. The 3 photons produced will have an enexrgy

-+ -
equal to the sum of the ¢’ and = xest mass, i.e., 1,02 MeV. Positron
annihilation from these iwo states are shown schematically in Figure 2,

It is also possible that either no photons are produced oxr one
photon Is produced. For one photon emission, the anninilating electron
has to be strongly bound in 2n atom in a third body, M, so that the

rnucieus can absorbd part of the photon recoil energy.

eF o+ T+ M s>y o+ oM (5)
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If no photons are to be emitted, it is required that two third btodies be

present to absorb all the rhoton recoil energy.
&+ 7+ M o+ M > 2 (6)

Fer these last two processes to occuxr, thz positron must have very high
kinetic energy and these processes are usually not observed, Up to
today, nonradiative vositron annihilation has never been observed
experimentally.

According to Goldanskii, thers are three mechanisms by which
positrons are annihilated.9 They are the follewing: (1) immediate
anninilation as "free" positrons in collisions with electrons in the
environment, (2) capture by an atom or molecule followed by annihilation,
(3) interaction with an electron to Fform a long lived ound state

(positronium) followed by annihilation, Hechanism (3) will be discussed

n detail in the next section.

e

. 1 . A
In 1934 Dirac™ calculated the cross section for two photon
anninilation, 62y’ for non-polarized positrcns and electrons annihilating
at non-relativistic velocities with the slectyon at rest. This cross

section can te represented as,

Opy = ﬂrbzc/v (7)

-]
whexre ro = 2,8 X 10 *3cm, the classical radius of an electron, ¢, the
speed of light, and v, the velocity of the anninilating positron., It is
easy to see that the probability of annihilation increases as the

velocity of the positron decreases, Then the rate for two photon
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annihilation depends on the number of 2lectrons per cm”; n, and can be

represented as,

AZY = dzynv (8)

For a multi-electron system, Equation (8) tecomes

2
Ny = TE ePNB /M (9)

where, M is the molecular weight of the substrate, 0 is the density,
Ty is the classical radius of the electron, N is Avogadro’s numter,
EFF is the effective number of electrons

seen by the positrons. ZEFW is usually tzken as the valence electrons

¢ is the speed of light, and Z

in the substrate M. Using Hquation ($) and assigning Zypp = 8 Tor
water, one can calculate the theoretical two photon annihilation rate
in water 1o be 2.2 nsec~1 which 15 in good agreement with the experi-
mental value,

In 1949 Powell and Ore™" were the first to calculate the ratio of
the two photon to three photon annihilation rates, This value came out
to be kZY/XBy = 1115. The protability of singlet to triplet ratio can

te calculated from the following reasoning: since the singlet state

has J = 0, m = 0, (only one way to be formed) and the triplet state
has J = 1, m= 0, +1 (three ways to be formed) then the ratio is 1:3,

with this, one can calculate that o = )‘BY/ Moy = 1115/3 = 372,

2¢ 73y
D, Basic Physical and Chemical Properties of Positronium

In some scientific communities, positronium is termed an "exotic"

atom, This atom has been the subject of numerous research projects.



}4_!
=

Tt results from the interacticns of positrons with matier to form 2
. N s - S

stable positron-electron bound sitate. In 1934 MNohorovicic™  proposed
the existence of such an atom tc account for the unusual emission
spectra of some nebulae, It was not until 1951 that this atom was
, 13 . .
discovered in the United States by Deutsch, 7 Today many scientists
consider it to be the lightest atem in the universe (919 times lighter
than hydrogen), teing the only atom without a heavy nucleus, The
ionization potential for the e e Tound state was calculated to be
6.77 eV by Ruark. He also coined the name "positronium” For this
bound state. The symbol for positronium, Ps, was first introduced in
\T - L2 15
a paper by McGervey and de Benedetii.

The comparison between positronium and hydrogen is shown in

Figure 3, The reduced mass of the hydrogen atom isU , = n, and the

H
reduced mass of positronium atcmu Ps 30/2. From the simple Bohr theoxy,
the binding energy (ionization potentizl) of the positronium atom can

b 2,.22 . . s .
be calculated by IPDS = e MZ“/2A"n~ for a given principal quantum
number n, and this value is one-half that of the ionization potential

of hydrogen or 6.8 eV. The Bohr radius for Ps is r =4 n2 /%172 and

for n =1 is twice the value of the hydrogen atom or 1,06 A. The
orbital velocity for the electron {and the positron) is v = eZZ/ﬁn.
This is the same as in the hydrogen atom (v = Ac = 2.2 X 108 cn/s for
n= 1), The electron and positron revolve around each other thus

constituting a two cenier system which should not react the same way

as hydrogen does, which is a typical one-center system.



HYDROGEN-ATOM POSITRONIUM

REDUCED MASS: & m,
BOHR RADIUS: 0.53 A
IONIZATION POT.: 13.6 eV

Figure 3. Characteristics of Hydrogen and Positronium.



Positronium, the btound state of an electron and positron, is
formed in *wo ground states, A diagram showing these two ground states
are shown in Figure &4, Singlet positrcniun (lSO) or para-positronium
(P-Ps) is formed when the positron and electron meet with their spins

antiparallel, The wave function for para-positronium (=0, m=0)

contains both electron and positron parts and is

= 1/ 72 [7(@)e"(3) -7 ()" ()] | (20)

Triplet positronium (3-“‘1) or ortho-positronium (0-Ps) is formed when
the positron and electron meet with their spins parallel as shown in

Figure 4. There are three wave functions for o-Ps corresponding

to
J=1, m=0, +1. They are the following
= a” +
by ;= e (a)e’@) (112)
by,0=172 e (w)e(8) + ¢(3)e () (11%)
V1,1 = ¢ (Be'(B) (110)

where o and 8 are spin up (B/2), and spin down (-%/2), functions,
respectively, Statistically then, 75% of the positronium formed is
0-Ps and the remaining 25% should te para~positronium,

The intrinsic lifetime of p-Ps can be calculated fronm Equation (9).

To corrsctly account for the density of the electimon zt the nosition of

g

the positron, the texm ZFFF/M in Bquation (9) must be replaced by
the density of the electron wavefunciion, |y (0)12, whose spins are

antiparallel to that of the positrons. Since para~-positronium is



Para-Positronium

Singlet state lS

Spins are antiparallel
Magnetic poles are parallel
Disintegrates into 2 photons

Intrinsic lifetime = 0.125 nsec

w2

-~

N

Ortho~Positronium

Triplet state 38

Spins are parallel
Magnetic poles are
Disintegrates into

Intrinsic lifetime

antiparallel
3 photons
= 140 nsec

Figure 4. Some Physical Properties of Para- and Ortho-Positronium in the Ground State.
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produced 25% of the time, a factor 1/4 must be inserted into the
equation. Therefore, the anninilation rate for para-positronium can

e calculated to be

Mgy = BT rozc v (0] ? (12)

For free positronium in the ground state,

2 2.2 -
[v(0) IF = 1/(m) (1 £%/87)° (13)
-1
Substitution of values gives X;Y =8 X 199 sec ~ for the annihilation
rate, The intrinsic lifetime is l/kZY = T 2 = 0,125 nsec. It can te

seen that the intrinsic lifetime of ortho-positronium is 1115 times

longer than para-pecsitronium,

E. Models of Positronium Formation
16 s £ -~ N - £
Ore™ " was the first to develop 2 model to accurately account for
positronium formation in the gzas phase tut today it is also applied to
Ps formation in the liquid phase, According to the Ore model, certain

energy requirements must te met before positronium can be formed., In

a collision between a positron and a sutsirate, M,
+ b ] 4
e + H > ee + M (lu:)

the positron abstracts an electron from the substrate. This reaction

will depend on the ionization potential, IPN’ of the substrate. If the

kinetic energy of the positron is greater than the ionization potential
! P g T

A

of the substrate, M, then the probability for ionization will pre-

dominate over positronium formation,



From this, the ionizaticn potential of the substrate can be taken
as the upper limit for positroniua formation and the process will be
endothermic when its ionizaticn potential is greater than that of Ps,
Therefore, only those positrons whose kinetic energies are greater than
IPM - 6.8 eV can form positronium. This is taken as the lower limit for
positronium formation. As a general rule, the energy condition that
must be met fox positrons forming positronium is IP, > KB+ >(IPM - 6.8)eV
and the kinetic enexrgy of the positronium formed will te between 0,0 eV
and 6,8 eV, This positronium formation enerzy region is known as *the
"Ore gap.” Competition between Ps formation and excitation of the
substrate may occur if the kinetic energy of the positron is greater than

3 o 3 L . * !
the first excitation potential, § , cf the substrate

(e+\* + M s e+ 1 (15)

/

The Ore model is based on the following simplified assumptions:
(1) A1l positrons reach the top of the Ore gap, IPy,
withcut being annihilated,
(2) There is a statistical distribution of positron
energies in the Ore gap.
(3) All positrons in the Ore gap will form positronium.
From these assumptions, it follows that the meximum positronium
formaticn probability is Prpx = 6.8 eV/IPW
A general diagram to help explain the Ore gap model can be found
in Figure 5. A typical Ore gap energy diagram and hypothetical posi-

troniun formation probability for argon gas is showa in Figure 6,
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Gittleman“7 performed sevexal experiments on positronium formation

1=

n

gases and he experimentally determin cositronium formation

o
R
:_1'
@
Uy

probabilities for a variety of gases to average about 30%,

In many cases, the icnization potential of positronium is less than
the lower energy level of the Ore gap. In this region, positrons may
undergo positron complex formation with the substrate, Positron com-
plex formation is alsc possible in the Ore gap which will lead to
inhivition of positronium forxrmation., 3Besides positiron complex formation,
there is another process which can compete with positronium formation:
noderation of the positron's energy below the lower limit of the Ore
gap., The process of inelastic and elastic collisions could lead to
agitation of molecular rotations and vibrations., Positron capture by
addition of positrons to a substrate molecule XY can either be

dissociative (16) or non-disscciztive (complex formation) (17),

e + XY > e+ Y (16)
et oxy > exy (17)

Experiments dealing with inhibition of positroaium formation

have teen studied in many laboratories which confirm that not all
positrons which reach the Ore gap actually form positronium., Thus the
Ore medel is capable of explaining simple reactions of positrons in the
gas phase, but this model is of limited use in condensed phases where
the width of ﬁhe Ore gap must be considered to te a function of inter-

molecular forces like dipole-dipole interactions and a function of

dissociation energies.



Mogensen18 recently proposed a new nodel for positronium formation
in condensed phases which is known as the "spur reaction model.” When
an energetic particle is emitted in a medium, it is slowed down by
causing ionization and electronic excitation of the medium (see
Figure 7). The electrons, ions, free radicals, neutral molecules and
excited molecules formed aleng the path of the energetic positron and
those formed along the path of secondary electrons make up what is
known as the "spur." Many of these metastable products in the spur have
fairly long lifetimes on the order of microséconds or less, which is
long comparsd to the intrinsic lifetime of positronium, Therefore,
there is a high probtablility that a slow positron can pick up an electron
in the spur and form positronium, The size of the spur has been

o 0
estimated to range in size from 10A to 13004, The size of the spur is
a function of the molecules® siructure, their ionization potentials
and their dipole moments., According to Figure 7b, positronium is
formed when a thermalized positron comes under the coulombic atiraction
of an electron in the spur so that the positron and electron move
together, ©IEnergy conditions that must be met for this to happen aze
that (¥ B+ + KE_ -) < IP, P (coulomblc attractive force). According to
this requirement, the positronium formation probtavility, P, should be
a function of the separation distance, Ty between a thermalized
positron and a thsrmalized eleciron in a medium of dielsctric constant
€ . Then according to the Onsager esquation, the protabili®y for them to
escape combination is 1-P = exp(-rc/rt) where r_ = e2/ KT where k is
the Bolizmana constant, T is the absolute temperaturs and e is the
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electron charge, Then N sheovld obtain 2 critical value when the
potential energy of the positron and electron equals the thermal
energy kT. It must be pointed ocut that other processes compete with
positronium formation in the spur, They are eleciron capture, electron
ion recombination, positron capture, and diffusion of both the electron
and positron out of the spur. A change in solvent from a less viscous
solvent to a more viscous solvent should confirm the diffusion of the
positron and electron out of the spur. Any process leading to a
longer lifetime of electrons in the spur should also increase the
formation probability. One such process is the solvation of the
electron. Any solvent whose molecules are unreactive foward the
solvated electron should also lead to a higher formation protability,
On the other hand, addition of electron scavengers, i1.e,, species with
high electron attachment cross sections (high electron affinities)
should cause the availability of the electrons in the spuxr to be
reduced and hence the positron formation probability is reduced, This
was indeed the case in several compounds studied by VWild, et. §;,19 in
this laboratory. Another process which can affect the number of
available electrons is the presence of an electric field. According
to Mogensen, the presence of an sxternzl electric field will decrease
the Ps yiéld simply because some of the positrons and some of the
excess elecirons which probably woculd have contrituted to the Ps
formation are removed from the spurs by this field. Mogensen's spur
nmodel explains some of the experimental results but not all of thenm.
To account for the inability of the spur model to explain certain

. 20 -
experimental results, Tao ~ proposed a new nodel known as the "modifi



spur model," This model combines both the Ore gap and the spur reaction
model and is made up of itwe reactions, A4ccording to Tao, the first
reaction takes place when the totel kinetic energy of the positron and

electron pair is greater than the I, \6 & V), (See Figure 7a.)
N o+ et + e (18)

The electron and positron in the spur are free to move with respect to
sach other thus teing quickiy mederated bty the presence of densely
packed molecules in the medium, According to the Ore model, the

kinetic energy of these positrons and electrons will lie in the "Ore

gap” thus forming positronium, The second reaction which could take

place happens when the total kinetic erergy of the positron-electron

peir is less than IP,_. (See Figure 7b).

"+ - M+ (e7e7) (19)

According to the spur reaction model, the positron will undergo a

close encounter with an electron and the positron - electron pair will
e drawn icgether by coulombic attraction thus causing the particles

to move towards each other thus forming positronium, Because of the
controvarsies still existing about the detailed mechanism of Ps
formation, the results presented in this thesis are primarily ciscussed

in terms of the Ore nodel,
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', Positronium Reactions
Positronium reaciions can shorien ihe lifetime of Ps as comparsd
with its intrinsic lifetime 3in Free spzce as mentioned in Section D.

This process occurs in all systems but it is less noticeable in

para-positronium because itz iifevime is so short that it doesn't have
time to interact with the mediiwm, but a shortening of the intrinsic
lifetime ¢f ortho-positroniun from 140 nsec down te a few tenths of a
nanosecond occurs in condensed phases. In the early literature, there
are three main types of Ps reactions, classified as pickoff, conversion
and chemical reaction. These reactions are shown schematically in
Figure 8.

The so-called pickoff annihilation occurs shortly afier the
formation of Ps. The positron is removed from o-Ps when it undergoes
a close encounter with the electron cloud of & substrate molecule and
then is annihilated as a free positxon wcgether with an electron of an
opposite spin from the substrate molecule, This encounter increases the
overlap between the positron part of the wave funciion of o-Ps and the
electrons of the substrate moiecule thus increasing the electron density
at the position of the positron in o~Ps. Hence the positron literally
ceoff" an electron from & substrate molecule, This process leads
to a decrease in the o-Ps lifetime and an increase in the 2y yield.

Several authors have been able to correlate the pickeoff annihila
tion rale to various molecular parameters., Cock, Crey and SpurmZI
experimentally determined the annihilation rate of 193 orgenic liguids,

They obsexved & direct correlation between the aversge annihilation
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cross sections <ov> and ths 2lecizon polarizability of normal alkanes
using their refractive indices, Using thasz values they were able to
calculate partiezl quenching crozs sections for 27 functional gfoups
vwhich can be used to predicl meclecular guenching c*bss sections since
they are additive. The average =rror fox the 151 calculated cross
sections was 1.79%. The cross sections for the remeining 42 compounds
could not be calculated due to unusuzl structures such as keto-encl
forms, Diffuculties wers also encountered cdue to a low value of the
o-Ps intensity, IZ'

Berko, PBrandt, and Walkerz

188

were the first to relate the pickoff
process in the condensed phase to 2 “"free volume model." 1In this model,
the positronium atom is assumed to be located in a position between the
molecules., They made the following assumptions: (1) Mutual polarization
of the lattice and the positironium can be neglected, (2) The positronium
is assumed to be thermalized. (2) The lettice ootentizl has the shape
of a rectangle., The height of the‘potential well is Uo' with radius,
T, corresponding to an excluded volume, Vo’ and electron density,aoo.
The unit cell has a radius, :i>ro end & 2ell volume Vl' Then the free
volume V*, is Vl—VO. (See Pigure 9 for a qualitative description.)

tolecular properties of the liguid, temperature changes, pressure
changes, hydrogen bonding, steric hinderance, and viscosity, Just to
name a few, will affect the free volume of a liquid,

Then according to the "“free velume model" an incrsase or dscrease

in the lifetime of positronium should be observed as the free volume

changes. The lifetime of posiironium will be decrezssd as the

)

ree

volume is decreased, This decrease in free volume causes an increase
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in the electron density at the positicn of the positron in positronium.
Experiments psrformed by Hendersorn and Hillett 3 revealed that changes

in pressure alters the lifeiime of o~P3, Th2y showed that the lifetines
of o-Ps, izy in 22 organic ligulds increzses linearly with an increase

[ re bt

ir the specific volume ratic, v'v_, where v_ is the volume at STP.

(]

Johnson, 5tump, and Wilson” confirmed this behavior and they showed
the relation between the lifetime of o-Ps and the pressure to be
Tf=r9° exp (- ]JA/VO) where y is a constant for each liquid, AV is

o : 0 NP
the change in the volume as a function of pressure, 7T,  is the liTfetime

ng >
at 1 2tm and 30 C. Therefcre, the lifetime of Ps in a given substance
will be inversely provortional to the density of the substance.

Using the "free volume model" positron lifetinme studies on polymers
can be used to characterize some of their physical properties. One such

is its glass transition temperature,

H

property of an amorphous polyme

Tc. Since Té is a Tfunction of the free volume which is in turn a function
c

of the temperature, the lifetime of o-~Ps will increzse as one approachss
,? : o~ ] - 25
T_ from a lower temperature. 3ievens and Mao ~ used the changes in the
6

s

lifetime of o-Ps to calculatie the glass transition temperatures of
atactic polystyrene. One can sze thst thz mean lifetime of o-Ps
depends sensitlvely on the temperature and physical state of the polymer.

This again confirms the free volume model but it must be pointed out

that this model is only valid when nc other mechanisms compete with the

The de Broglie wave length of a thermzlized (.025 eV) Ps atom at

- -5
room temperature is calculated to be 55A, This value is seversl times



larger than dimensions of the free volunme. The Ps atoms in the
condensed phase will have high mobilities yith ranges close to inter-
molecular spacings.

When o-Ps is converted io p-Ps and when p-Ps annihilates it enits
two photons in opposite directions (€=rm} depending on whether the
center of mass of the positron~slectron pair is at rest. Generally,
‘the center of mass of the pair is not at rest as evidenced by angular
correlation studies. The electron-positron palr does possess some
kinetic energy when they annihilate and a plot of the number of counts
versus the angle (©) appears as a bell shaped curve centered around

© is given by A@= 2v/c where v is the

&=1m. The deviation from 180
velocity of the electron-positron pair and ¢ is the speed of light,
These deviations are only a few milliradians in all practical cases.
These plots should reveal some information about the momentum distri-

<

bution in the free volume and clso about electron momentum distribution.
e s . . . e 26
Using this technigue, the momentum distribution, ¢(p) versus p,

. ) , . - e 27 ...

(the momentum) can be calculated, According to Ferrell,“’ this momentum
aistribution should consist of iwo comperents, as shown in Figure 10.
The first component is attributed to self-annihilation of the positron-
electron palr where the electron comes from a free electren and should
give rise to a low momentum component, IW' The higher ccmponent is
due to pickoff annihilation of the positron in o-vositronium with a
"tight" or bonding electrons in the substrate. The intensity of p-Ps,

. 28

<+ T 2yt s 3 s -+ e . :
the o-Ps intensity in the lifeiime specira, Chuang, Hogg, and Kerr
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used this relationship to calculate the momentum distribution in
benzene and hexane along with the halcgenated derivatives of these
conpounds, These authors concluded that pickoff annlhllatlon in these
compounds occurred almost exclusively with the electrons in the carbon-
halegen, C-C, C-H, bonds. These correlations also confirm the "free
volume modsl." Using angular correlation studies, they showed that
the areas under the curves A and B in Figure 11 are related to the
number of electrons in the C-C, C-H hybrid orbitals.

1

The second type Ps-reaction is the spin conversion which occurs

when positronium comes under the influence of a magnetic species such

as 0,, NOZ’ NO, and certazin transition metal cations and their

N

complexes, In this process, the electiron in positronium can undergo
a spin flip as shown in Eguation {20), resuliing from an exchange of
electrons in the collisions of o-Ps or p~Ps with paramagnetic species.

Either o-Ps to p-Ps or p-Ps to o-Ps tut the latter possibility (20c¢)

is highly unlikely due to the short lifetime of p-Ps.

] \
AN+ 331 (+¢) TYM + “So(v+) (20&)
£+ 08, ()T 4u 4 1so(v-r‘) (20b)

44 (20¢)

By using quantum mechanical arguments, Ferrell29 was able to show

v s

that the only condition for a apir ? to cccur is that o0-Ps or p-Ps

undergo a clese encounter with an atom or molecule having unpaired

electrons. IU is not necessary for the unpeired electron of the
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substrate, M, to undergo a spin Tlip as evidenced from Egquation (20D).
For example, oxygen molecules in the triplet state can cause a spin
filip of the electrons in o-Ps while its own electron will not undergo

a spin flip.

0,t + 3Sl(+¢} T 0,4 + 75 {(v4) (21)

2 2" o)

The third type of Ps reactions are different iypes of chemical
reactions, This categoxry can be broken down into four subcategories

. 8
according to Tao and Green:

1) oxidation by electron transfer

Ps + M 0 > V'(n ~1) + e 2y
2) reduction

ps + w8 o wt (L) L opl, oy
3) compound formation

Ps + M - PsM > 2
4) double decompositicn

Ps + X¥» X + PsY - 2y

Double decomposition is a rare event and it seldoms happens, btut it

it can be important for positronium 2toms atove thermal energies. This

3,

ct

s 1s concerned with the first and third type of the chemical

el

&es

reactions which will be discussed in Chapters 3 and 5, respectively.



4., Introduction
There are several exXotic particles essociated with nuclear
decays and nuclear reactions. These particles have very short lifetimes
-i
on the order of less than 10  seconds, The lifetimes of these particles
can be determined by delayed coincidence techniques., One of the most
widely studied exotic particles is the positron. The lifetime of {his
particle is mainly measured by using delayed coincidence techniques,BO
This technigue requires that a start pulse be used from & nuclear
event to signify the beginning of this event and a stop pulse to

sigaify the end of this event, From the elapsed time beiween these

pulses, the lifetime of the positron can be determined. Problems in

n

physics and chemistry research often require the analysis of distribu-~

1

o times. Be113 an¢ his co-workers
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tions of time inters

n

introduced a scphisticated electronic device called the time-to-pulse-
heighi~cenverter (TPHC) to drastically improve the lifeiime measurements
of the positron., They alsco introduced ihe fast-slow principle to

ottain better resplution of ths lifetime measuremente., Basically, this
instrument measures the time interval tetween separate start and stop
logice pulses and converts them 1o an output pulse whese amplitude is
vrecisely proportional to this interval.
Gpeclally designed dewars and sample vials were develoved to make
reasurenents on various systems in this werk., By varying the experi-

mertal conditions such as temperature and solvent, different thermody-

m

namic quantities were determined from the lifetime specira of ihe
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positron and from the lifetime of o-positrcnium. From these different
Quantities, kinetic and thsrmodynamic infermztion can be obtained ang-
hence the mechanism by which the positrzon and positronium react cen

be determined. DlMore specificaily, the mechanism of o-positronium-

s thesis was devoted to the study

[

complex formation was determinzd., Th
of o-Ps complex formation and how this complex can be used to investi-

gate the effects of the environment on this complex,

B, Positron Sources
Todzay, in positronium chemistry, two sources cf positrons are

commonly used, copper-64 and sodium-22, Copper-64 is mainly used in

angular correlation studies where high specific activities are reguired.
A1l the date taken in this werk originated from the use of sodium-22,

Sodium-22 has a half life of 2.58 years. It can be bought from

o . - 22
any number of radionuclide manufacturers as carrier free NaHCO? or

1

22.. . . . . . .
Na(l solutions. Carrier free sodium-22 used in this work was diluted

, s £a (ot < . . 22
to a specific activity fxom 3 to 5 uCi. The decey scheme of ""Ha is

shown in Figure 12, From %the disgram cne can see that 90% of the decays

29
beloye - . - Y
of ““la produce positrons, Hectron capture (EC) decay accounts for the

other 10% of ihe decays. From the dizgram, one can also see that the

. 22 . . 22, N
ground state of ia is 2,840 MeV atove the ground state of Zﬁe and

\ . . 22.. . .
he first exciied state of Ke. The positron will have

8

1.564 MeV atove 1t
a meximun kinetic energy of only C.544 HeV because of the energy require-

tron decay as explained in Chapter 1. The transi-

}.J-

ments based upon pos
.t.', Famn Sl S ‘ s - 22] Lo ot a- o 22~r
lon from the first exclted state of e to the ground state of "“Ne

~

takes only 3 psec., The energy difference petween these iwo levels is
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Figure 12. Decay Scheme of Sodium-22.

(From Ref. 32)
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(2,840 - 1.568 MeV) 1.276 MeV which is energy liberated as a gamma-ray.
So, for all practical purpcses, one can assume that the birth of the

on of the 1,27¢ MeV gamme ray occur simultaneously

1o

positron and the emiss
and this gamma ray can be ussd Lo start the zero-time start pulse needed

n the fast-slow coincidence timing circuit.

}e

Lluminum foils were used for the studies of o-Ps complex formation.
These foils were about 5 mm by 10 mm with a thickness of about 0.021 mm.
These sources were prepared by adding the sodium-22 soluticn drop by
drop from a 1 ml syringe with a number 25 tip on the Al feil. The
drops on the aluminum foil were then dried under an incandescent lamp
at atmespheric pressure. This was repeated several times until the
gesired activity was reached. Since some of sodium-22 will dissolve in
the solvents used, the foil must be resupplied with sodium-22 after
about 4 uses, The sodium-22 lost in the solution can bte recovered and
reused by evaporating the solution to dryness and dissolving the residue
in distilled water.

22

A new source has been devised by Dezsi, Kajcsos and Mclna:) “ and
all data collected during the CuClZ and inclusion ccompound studies
were carried out with this new source. It consisted ¢f a thin foil of
soda lime glass into which zzﬁa has teen diffused. Furthermore these
glass foils have an almost infinite lifetime depending on how carefully
the researcher handles them. The introduction of this new source
proved to be very economical since less than 1% of the initial Zzﬁa is
lost after the first use and subsequent uses showed ne further losses

of Na. The repeated use of these foils prevents the generation of
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uid radiceactive wWas

large amounts of 1
[=] r\
. . 22
Zha

directly added to the solutiocn.
These glass sources were prepared by dropping 3-5 UCL of
1 ml syringe with 2 #25 needle tip orto 2 7 mm by 15 mm soda
After each drop was

glass foil s of 0,03 mm.,
dried by the use of an incandescent lamp

deposited on the glass, it wa
After the desired amount of 22Na had been

from a 1
with a thicknes

at atmospheric pressure,

deposited on the glass foll, the glass source was annealed in an oven
for 24 h at °F thi % 9 the ““Na had be
for 24 hours at 1000°F. At this temperature, 99% of th Va. had been
soda lime glass. The source was then checked in

diffused into the
nitrobenzene, a solvent which cuenches thermsl o-Ps, and was found to

which is the intensity of the long lived component in the
In addition to

T

have an Loy
, (see below) of less than 2%,

posi

he use

on lifetime spec
new glass sources during this thesis research, two new

of these
me vial was designed for

ct

types of sample vials were developed.
concentration studies at room tempsrature and the other was for
temperature studies, These vials will be discussed under the section

on sample prepexration.
t-Siow Delayed Coincidence Counting
eXperiments which can give

Ce F
There ars three different types of
informaticn about the environment in which positrons amnihilate, They
are: (1) the distribution in time of the two phooon anaihilation
two photon annihilation rates, the sum

ubstance, and (3) the

from substance to

of which must remain constan



angular correlaiion hetween the iwo photcns in 2y annihilation. ALl
experiments in this thesis wer= cerried out via the first method and
the data were collected by use of the fast-siow coincidence timing
system in Figure 13. As seen from the diagram, each unit is made up
of a phosphor optically coupled to a photo-multiplier (PHOTO-MULT)

tube. The phosphors used in this work were Naton 136 plastic scintill-

whose dimensions are 1" by 1", The decay time of theses plastic

)
prs
O
H
0]

LR

lators are short as compared to lifetime of ithe positrons and

.

they have a2 higher light output than other scintillators (NaI(Ti1)).

The

hotormultiplier tubes used were 12 stage (diodes) RCA 8575 mounted

)

- . T '.\
onto an Ortec 265 photomultiplier base (PM BASE). These bases were used
because they troduced the highest gain, fastest rise time, and they have
ilow thermazl noise. The cutput signals from these detectors are then

simultaneously fed into twe coupled electironic circuits, From the

ee that cne circuit consists of z fast inner loop and

g
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the cther z slow outer loop. ITach circuit has twe sides, a stzrt and
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The inmer circuit was used to accurately determine the time
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detector (P EASE) is fed directly to an Ortec 417 constant timing unit

set =0 a

Sr’

(FAZT TISC). Operating at a biased voltaze, the uniis can

mn

to minimize the noise levels in the circuit by controlling the lower

threshold 1limit for accepting pulses from the phofomultiplier tube,

o

3 $ e Lot L3 - ~ -
discrinminators produces fast timing pulses which

. w oo
Each of the *twec f2

g
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When the zero-time pulse arrives, a clock in the TPHC is sterted and

a pulse whose height is proporiionel to the time difference between the
cirth of positron and its annihilation, the latter indicated by the
arrival of a stop pulse gensrated by the 0,51 HeV photon, is produced.
If no stop pulse is seen within a preset time (0.05 wus), the unit is
reset back to zero and awaits another start pulse, The pulse from the
TPHT pust meet certaln energy and coincidence conditions before it is

>

alloved to pass into the multichannel anelyzer (MCA). This is
zccomplished by the se-called slow circuit which assures that one is
timing an event from the same nuclear event, i.e., birth of the same

ts annihilation. An Ortec 425 veriable delay unit is put

(WY

nositron to

Fast clrecuit to calibrate the channel width, time increment

e
3
i
(o]
-
o
®
y

W

per chernel, of the mulitichannel arelyzer. Pulses from the dynodes of
the photomultiplier tubes are used in this circuit, Since these pulses
are rather weal, they must be amplified by using an Ortec 113 scintilla-
tion preamp (SCINT PREANP), and then shaped and amplified by using an

Jo Foth the start and stop sides of

o~

g single channel analyzexr (TINING

(@]
cf
f=
o
-
jo]
2]

the glow circuit use an Ortec 42
SCA). One single channel analyzer {start side) was biased by setting
an energy window at about 1,28 MeV. This is the energy resultiing from

s et ; 2
irst excited state of zre to the ground

-

the de-excitation of the

W

state of 22Ne when a positron has been emitt ed If a pulse is larger
ox smaller than this energy, the single channel analyger will reject
the pulse, therefore, letiting pass only ithe pulses with the correct
enerzy, Tae stop aids o

4 S -~ o~ i- & ey S ~ N
2 ihe slow circuwit has a timing single chamnel

analyzer wnich Is set at about 0,311 MeV and works as described above
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for the start side. The 0.511 MeV siznifiess the annihilation of the

1%

ositron. If both start and sicp pulses rezch the Ortec 409 slow

i

coincidence (COINC) and lincar gate urit within a preset time interval,
the slow coincidence unit will open thz iinesr ratﬂ and the signal from

he time-to-pulse-height converter (TPHC) will be allowed to pass into

ct

ct

he multichannel analyzer. This preset time was set at 1 pus. This

o+

s called the resolving time of the insirument. A Packard 400

(W3

ime
charnel multichannel analyzer was used to sort the pulses from the
time-to-pulse-height converter. Each channel corresponded to a certain
time (0.07 nsec). Once 20,000 counts were stored in the zero channel

of the F.C.A., the data of these pulses were then retrieved and

e

punched out on paper tape so that the information can be transferred
to computer cards and then to the computing centexr for lifetime analysis
of the positrons.

In summary, the positron lifetime msasurement starts when the
start detector receives the zero-time pulse, which corresponds to
the emission of 2 positron, and continues until the step pulse from
the annihiiation of that positron is received from the stop detector
After thiz., the lifetime of the positron is stored in the MCA and the
coincidence circuits are erased in crder to measure the lifetime of
another positron, thus repeating this on aad on, until 20,000 coinci-

dences are stored in the zero channel of the MCA, This procsdure is

the same as if there wexre a large number of positrons at time t=C and
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D. Instrument Calibration
The lifetine measuremenis hed to be calibrated before any values
could be reported. For this, the charnel nunber co;responding to a
zeroc time event had to be kncwn as well as the time interval per
channel (delta,A ) for the multichannel znalyzer. This was accomplished

. 60 . ey
by counting an agueous  Co source sealed in a pyrex tube with tih

(0]

energy windows set at 1.27 eV and 0.51 MeV which are the start and

6000 emits two photons simultaneously

n

top signals, respectively.
which has energies at 1.173 MeV and 1,333 MeV., The 1.333 MeV photon
triggered the start circuit while Compton scattering from the 1.113 MeV
photon triggered the stop pulse. Ideally, the time interval between the
detectlon of the start and stop signals should be zerc and one should

observe a sharp spike where all the counts (coincidences) are stored

in the one channel of the MCA. Instead, a broading of the peaks was

o
W
H

observed which was due to "Jjitter" in the circuits which is caused by
time uncertainties from noise in the signal or the discriminating

circuit. The counting system was also calibrated using a standard

(03]

consisting of a glass source in benzens ssaled in a pyrex tube,

In order to determine the time interval per channel (delta,d ),
a delay of a known numbexr of nancseconds was used in the stop side of
the fast circuit by using an Ortec 425 variable delay unit. This
shifted the zerc channel to the right about 100 channels as shown in
Figure 1%, Thus the time interval between the channels (delta, A )
can be czlculated by dividing the difference between the two channels

by the delay in naroseconds used to shift the zero channel to the right.
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Figure 14. 'Prompt' Cobalt-60 Calibration Spectrum.




The value Tor delta used irn =<he collection of all the data in this

thesis was 0.07 nsec/channel. The resolution of the instrument can

then be calculated by the product of deliz times the full widih at
50

half maximum for a prompt ~ Co peak. The mesolution for the data

taken in this work was less than 4100 pses. The mesolution could be
improved by narrowing the window around 0.51 leV al the expense of a

v

decrease in count rate,

E. DPositron Lifetime Spectra

.

The counting system Jjust described was used to measure accurately
the two photon time dependent annihilation rate, Rzﬂ(t)' of positrons.
Shown in Figure 15 is a plot ¢f the natural log of the number of counts
(coincidences) on the ordinate axis versus time on the abcissa. The
maximum number of counts appears ir the zero channel (“prompt"),.

A1l of the reactions with positrons in this study were run in the
condensed phase, Thereforxe, the lifetime spectrum of the positrons will

appear as two components. The

Hh

irst or short lived component, Xl,

due to the decay of free positrons which have

&

(steevest slope) will
not formed & bound state, to the decay of p-P_ and possibly to the hot Ps
reaction producis, These three lifetimes cannot be resolved by the
instrument used in this work. The second or long lived component, o
is due tc the decay of ortho-positronium. It is important to note that
even though ortho-positronium is the txipiet state with 3 photon decay,

its positron annihilates as 2 consequence of the various reactions

which the ortho-positronium undergoes with a singlet electron by two

photon emission. As one can see, this can drastically reduce the



1ifetime of ortho-positronium thus giving one valuable information

about the mechanisms responsivle for itc reduction.
4 multicomponent exponenitial spectrum can be represented as the
following:
< "}\..-to \ - . A
H(t) = 2 he "i” + Background (1)
i

where A, 's are the pre-exponential factors which weight each individual
component, and the liﬁs are the rates for the different modes of
positron decay. Since the number of counts as a function of time is
Just the rate for the two photon process, and since we are dealing with

a two component exponential spectrum, Equation (1) can be rewritten as
Ry(t) = E‘eXp(—klﬁ) + C exp(~A,t) + background

where D and C are related <o the number of positrons annihilating with
rates A, and kz,

spectrum, the relative areas under each component is referred to as

respectively. For a two component positron lifetime

the intensities (I). (See Figure 15). The intensity cf the long lived
component, IZ’ can be related to the amount of o-Ps formed, and the

intensity of the shert lived component, Il’ can be reiated to the
number of p-Ps formed, amount of free positrons annihilating and
possibly to the number of Ps undergoing hot reacticns, but these three
components cannot be resolved by the instrument used in this research.
Il and 12 are calculated by integrating the positron lifetime spectrum
from t=0 to + * and compared with the total area of the lifetime

spectrurn, These intensities along with their respective A's can be

calculated by a computer program originzlly written by Cumn1ng34 and
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Tao3” and then modified in ihis labo

1 370/155

Rasically,

computer system at the Vi

g

the program performs & lines

f

eginni

each component in the spectirum n

-

component and then constructs a

(complicated function of the standard de

spectrum to the actual spectrum is less 1

the values of the I's, Afs and the fit will be printed out.

values were calculated using the
modified version of Tao's and Cumming's

these values along with a Calcomp Plot

together with the calculated spectrum

print out for rate constant determinatio

20T €

an

calculated soectrum,

The programs were run on
rrinia Tech Computing Center.
leest squares analysis on

‘s

with

the longest lived
If the fit
viation) of the calculated
than two,; which i

These

DAL program, which is just the

program. Using the PAL progran,

o

of

the experimental spectrun

are obtained as a permanent

ns, A typical Calcomp Plot

of a benzene standard is shown in Figure 16.

This figure is a plot of !

rate versus time which is the

slope, X, , to the rat

'.Jo

of the two components as calcula

0.353 nsec, T, = 3.00 nsec, I, = 63. 5%,

noted that A, = finite

5 l/Ti. Due to the

positron-lifetime measurement fast-slow

program starts the calculations of the parameters

to the xight of the zero channel 1

°

under the two components is

remained fairly constant at 2.8 ns t

se °

the PAL progranm are

etime spectrum,

en logarithm of the coincidence
first order reaction with

e lifetime and the intensity
T

1

It must be

and I, = 36, 5%.

time resolution of the

coincidence circuit, the PAL

s I., kj a few channels

i

The total area

normalized to 100%, In this work, Kl

in the ligquid phase.
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0f chenical interest are the annihilation rates of crtho-

Ead

, and its intensity, I, {emount of o-Ps formed).

, . 36 .

However, several researchers heve used thz program POSITRCON- “T” Lo

my

analyze for three componenis in fhe position lifetime spectrum. This
program can also be used for source corrections when calculating kz
and I, but was not needed here beczuse the nunmber of positrons

annihilating in the glass source is small (less than 2%) and therefore

the PAL program proved sufficient.

F. BSample Preparation

Two different specially designed cylindrical pyrex glass sample
vials were used in the collection cof data., The sample vial used for
the data taken at rocm temperature is shown in Figure 17. This special
vial is about 250 mm long and has a 20 mm i.d. at the top and 10 mm i.d.
at the botitom. A side arm at an angle of 60° was attached to isolate
the glass source from the solution while degassing. This side arm
was used because while freezing the solution, the glass foil would be
broken if it were in the solution. The base of the sample vial 3
V shaped for two reasons: (1) it prevented the vials from cracking

during degassing of solvents which expanded on freezing, (2) and it

prevented the sample from climbing up the sides of the vial while

I

thawing out which would cause some of the sample to adhers to the
sides thus changing the concentration of the sample. 2 ml of the
semple were introduced into the sanple vial by means of a glass
capillary syringe. The top was then put on the vial and was held by

neans of a #35 clanp. The stopcock was clecsed and the vial was
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Figure 17. Sample Vial Used for Data Taken at Room Tempera-
ture. ’
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attached to the manifold cf

sample was frozen in liquid n

o
(5207

liquid nitrogen the stop
the vial to a vacuum atf 10~
present in the vial. sto
nitrogen removed, and
temperature.

removed, Usually thi

accomplished when no air bubbles can

Th rformed

e

0]

ssing was per

that dissoived oxygen in the

h
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‘N

The
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vacuun iine for degassing.

itrogen, and while the sample was still

ck was opened thus subjecting the contents

(

torr, This removed the z2ir initially

s then closed and the liguid

S

peock we

vial was left to thaw out

he

This process was repeated until 211 the dissolved

s talkes about six degassing cycles and is

be seen during the thawing process,

38

0y

3

o~

because Celitans” and Cooper showed

sample causes a drastic reduction in the

lifetime of o-Fs, possibly due to conversion quenching due tc the

unpaired electrons in molecular oxygen.

~
A

tlhen the degzassing was complete

the sample vial was tilted on its side so the liguid sample in the
bottom of the vial flowed to the cide arm where the glass source was

located, Then
photonultiplier
glass souxce,
and the gia
same solvent
acetone

nal washing of was

dried in an oven at 80°C.

4 different

<the sample vial plus

tubes as show

1 was used in the high

S

ample was put between the two

1.

T ne
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n in Figure 18. To minimize the direct

the contents of the vial were poured out

ieft the side arm and
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olution being measured.
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ed and the vial plus glass source was

and low temperature
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Figure 18. Sample Vial in the Counting Position.
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a2 glass btulb. The

a 10/L0 male
glass source is put into the top tler of the vial as shown in Figure
T

19b. The sanmple is introcuced through the top of the vial by means

motten tier of the vial is

vizl extended beyond the female joint by about 10 mm, to prevent the

solution from returning to the sample vial in case any sample happened
<o splech out of thes vial during degassing causing contamination with
stopcock grease, The degassing bulb was 75 mm in diameter and
contained a teflon stopcock tc expose the comtentis of the sample vial
To a vacuunm and was fitted with a male 10/40 ground glass Jjoint for
attaching this system to the vacuum menifnld, After the degassing was
complete, the glass sample vial was sealed with an oxygen-propane torch
while the vial was immersed in liquid nitrogen., The cample vial was
then removed from the liquid nitxogen and the contents of the vial were
allowed to thaw out at room temperature, The sample vizl was then
inverted so that the sample in the htiom tier was zllowed o flow to

the top tier where the glass source was placed, After this, the sample

then placed in a specially designed thermostated dewar

)
1

rning 704 diffusion pump fluid as shown in Figure 21.
thermostat was stable within + 1.0° and the

maximum temperature that could be reached with this apparatus was 200%¢.
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Figure 20. Sample Vial Attached to Degassing Bulb.
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l'o recover the glass sourcs for anothsx use, the vial was turned right

side up (source in top tier, sanrie in totten tier) and immersed in

n break preventing any

"
[¢]
!_l
Q)

damage to the source. After this, the scurce was washed in acetone and
then dried, thus tecoming ready for another use,
For low temperature studies, &z specially designed dewar flask

&£

with a cold finger was constructed as shown in Figure 22. The sample

vial was attached to a glass rod by means of a heavy duty thread and
immersed in the low temperature dewar., A low temperature Fischer
thermometer was employed to measure the temperature, everal liguids

were used along with liquid nitrogen or dry ice to make different siush

39

baths. The dewar was filled with the coclant and the apparaius was
placed between the two photomultipliier Lues and the counting procedure
started, The counting time was usually z=ix hours during which time

avproximately 20,000 counts (coincidences) were accumulated in the

zero channel,

G. Solutes and Sclvents

The water used in this study was doubly distilled, deionized
water, ALl solvents were of the highest purity, i.e., spectro grade,
Pricxr to use, these solvents were dried over molecular sieves for 24
hours. The copper chloride was obtained from Fisher Company. For the

studies with the inclusion compounds, the vH of the solution was

adjusted to 3.5 by titrating an aqueons solution of spectro grade
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phosphoric acid with a soluticr ¢ 0,51 #ali, The final solution had
an lionic strength of 0.5. The C~cyclodexirin was obtained from Aldrich

Chenicel Company in the form of tztrahydrate., The nitroaromatics were

*’D
U:

obtained from Lldrich in the highe:



REACTION® OF MiERMALIZED o-Ps

4, Introduction
When thermalized (XE = .025 V) ¢-Ps atoms react, there will be a
decrease in its lifetime which can be ¢hserved by measuring the slope

&

of the positron lifetinm As nmenticned in Chapter 1, thermal

()
n

3
oD
[
Pt
s
E
]
°

olloving reactions with matter:

—

ortho-positronium can undergo the
(1) Pickoff

: 3 -
Ps+ M - M +e + 2y

—~
N
~
U g

pin-conversion

0-Ps + M + M+ p-Ps ~» 2y

(3) Oxidation

Ps + M = o f(n'l) + e .oy

(4) Compound Formation
(5) Double Decomposition

A1l the work reported in this thesis was mainly concermed with Ps

complex formation and oxidation of ortho-positronium in solution.

B. Reactions of Positronium with Diamagnetic Organic Molecules
There are a certain number of crganic molecules which can react
with vositronium, These organic molscules are and include particularly

. . . I Yo I3 os
tituted nitroaromatics., ‘Goldanskii™ pl was the first

the class of subs
tc observe this reaction of the nitroaromatics with Ps wnen he performed
lifetime measurements on dilute soluticns of nitrobenzene in benzene,

a0 . s .
fle™ proposed the following mechanism to account for the reaction

between ortho-positronium and nitro-benzene along with cther strongly



T
LAY

k. =i o+ e > 2vY
oLs /; all ,
Ps + I —m—-zb;,sism)\\ (1)
D N
2 ¥ 2y
reacting compounds where k"b is defined as the observed second o“der
chs

rate constant for the disappeszrance of positronium or the formation of

2y. {See Eguation 2.)

The experimental determination of ko . will be presented in Section D
of this Chapter.

Goldanskii also suggested that positronium may form a complex
between z donor molecule, M, and this donor acceplor mechanism represents
and eleciron transfer from positronium to the molecule M, (upper pathway)
and the lower pathway represents the positron rapidly annihilating

o 42 -
while in the complex. These dlamagnetic compounds are electron
acceptors react with solvated slscirons tut, it must be pointed out that
net all electron acceptors react with pesitronium. For example, benzal-
dehyde, anthracene, napthalene and benzonitrile underge charge transfexr
with alkell metels in a polar solvent but these compounds are inexrt
towarde ortho-positronium. For the rezction to take place in Egquation
(1), Goldansikii suggested that the molecule, M, must have low lying

vacant molecular orbitals. The existence of these orbits was confirmed

L2
P

Ll .
by Ache, ” et al, when they accounted for the reactivity of dizmagnetic

0

compounds by the presence of a trivalent positively charge carbon atom

M + s (3 3 3 3 2
( :C'), the carbonium ion, in the strueture of certain diamagnetie

.

molecules, Madia =~ et al, showed by using melecular ortital calculations,



thet 2 definite relationshin exist betuesn the LUMO, (lowest unoccupied
molecular orbitel) of thes end X . .. This again confirms
oW

the existence of low lying wvacant molecular orbitals on the reacting

nolecuie, For charge transfer © ically possitle the

fnllowing irequality nust be sati
-I + 4 + Q@ + 3 > 0 (3)

where I is the ionization potentizl, A the electron affinity, Q the
coulombic interzction energy tetween icns, and S is the solvation energy
the ions. The ionization potential in Equation (3) is that of the

2

positronium and is constant, Compounds with large electron affinities

(p-benzoquinone = 1,34 eV, tetracyanoethylene = 2.88 eV) should react

w0 some degree with positronium. 3o one can rule out the upper path

[

mechanism for electron transfer on the grounds that most organic
compounds have eleciron affinities less than 2 eV and the ilonization

petential for Ps is 6.8 eV,

C. Positronium Complex Formation
At this time it would be appropriate to characterize itwo groups
of compounds which interact with positronium, strong and weak inter-

actions., 3See Table 1. he first group enconpasses those compounds

which undergo weak interactions with Ps and their rate constants

A &+ ‘181'..'-'1_1 Ml e ds

I . ) are less than 10° ¥ ~s ~, The compounds in this groun are
hydrocarbons, halogenated hydrocarbons, aliphetic niiro compounds ang

Ciamagnetic ions that have standard redox potentials in aqueous

golution thet are more negative than -0.2 eV, Vhen positronium forms



7 i~
e
“

Yo T T

EIF QU Y PR 8

Exanples of Chemica! Uompounds Showing Strong/Weak

¥

2ot

Interactiorns ¥ith Thernal Ps Atoms

Strong Interaction Weak Interaction
§ 8 .~1 -3 - an8 L1 -1
k >10" M ~s * k <10° ¥ s
obs obs
Nitroaromatics, Simple aliphalic or aromatic
hydrocarbons:
Guinones,

Alkanes, benzene, anthracene,
etc.
Maleic anhydride,
Aniline, phencl, halcalkanes,
Tetracyanoethylene,
Haelobenzenes, aliphatic nitro
compe. ,
Halogens,
Phthalic anhydride, benzonitrile,
Inorganic ions in
S

olution (EO>—On9eV), (Diemagnetic) inorganic
inns in solution (EO<-0.9ev)

Organic icns in
solution

From Ref, 5C.
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held together by weak foreces, i,e., van der Uaals forces. Direct

correlations have been made belwesn kﬁhe a6 the polarizablility of

O 05
the zimple hydrocaerbtons in the homolomes series as shown in Figurse 23.

b
Qther reseaxchers 5

.

have alsn establiszhed & correlation between the

annihilation rate, A., and the surface tension of the liguid which is

2!
also related fo the ﬂolaV1zctu ity

The second group encompasses those compounds that display a

; . . 8 -1 -
strong reactivity towards Ps such that R ops > 10" ¥ "s 7. Compounds
=1

n this group are the nitroarcmatics, quinones, halogens, conjugated

anhydrides, orgenic ions and inorganic ions in agueous solution with
standzrd redox potentiel larger than -0.9 eV, The strong reactivity
of the nitroaromatics in this group ars due to the fact that these
compounds are highly conjugated and contain strong elecironegative
atoms such as nitrogen and oxyger.
Madie, ~ et al, showed that the chzerved reactions towards Ps vaxy
with the positions of substituants in the nitroarcmatic systems. They

attributed this behavior to substituant effects which can causs a

}.J
g
o
A
g
ot-
e
o
3
O
Hy
[v]
! e |
()
Q
g}‘
o
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:1
r >

sity in the nitroaromeatic system. On the

basis of these and other resulis, these authors interpreted their results

Eal

in texms of a reaction mechanism whose basic feature is the formation of

>

s Ps-nmolecule complex.

Experiments have showmn that the observed bimolecular chemical

t

ezction rate constants at room temperature for the reactions of
10 I*l -1

thermalized ortho-positronium with metter range from 107 M ~sec

. VAR S A . cosa o

dovn to 10" Il "sec 7, which is the lower detection limit for the
instrumentation used. These values were btased on the following general

mechanism:
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Figure 23. Electronic Polarizabilities,P., of Simple Hydrocarbons :
Plotted Against Rate Constants kobs for Reactions with Ps.
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Ortho-Positronium can eithex re=act wiih the solvent S, or the}solute M,
by forming a collision-type compiex. The formation‘of this complex is
the rate determining step. This is shown schematically in Figure 24.
In a2 collision between o-Ps and another molecule, a collision complex
with a varying lifetime will be formed. In this complex, the electron

density at the position of the positron in o-Ps will be drastically

icreased hence reducing the lifetime of o-Ps, The average time that

[wN
3

o-Ps spends in this complex will depend on how stable this complex is.
If only weak forcss are operative such as van der Waals forces, o-Ps
will spend a very short time in this complex and its mean lifetime

will be slightly shorter than the intrinsic lifetime of o-Ps, IT

strong forces are operative in stabilizing this collision complex,

i.e., bond formation, then the positron will find itself for a prolonged
period of time in an environment of high electron density which will
reduce its lifetime substantizlly. There is a possibllity that this
collision complex may be just a iransition state leading to slectron
transfer from Ps to substrate, i.e., oxidation of Ps, Parts of this
thesis deals with the one electron transfer reactions between o-Ps and
CuCl, and will be discussed in detail later on in Chapter 5. In this
process a free positron will be formed and it will be quickly annihilated
together with an electron whose spin is antiparallel relative to that of
the positron, The lifetime of the positron in condensed metter will be

0.1 ~ 0,5 nsec shorter than o-Ps,
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(CHEMICAL AND/OR PHY-
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s FORMATION
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N - FROM COMPiLFX)
ISPIN CONVERSION
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Figure 24. Gas-Kinetic Model of o-Ps Interactiorlis with Matter.
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D. 4nalysis of Positronium Lifetime Specirum

Development of kinetic egquations will bz based on the faét that
only relatively unreactive solvents will be used. Solutes of'high
reactivity were chosen so that one could see a largé change in the
lifetime of positronium when these solutes were dissolved in solvents
whose reactivity towards positronium is small.

As mentioned above, a more detailed investigation in this labor-
tory47'5o has shown that positronium reactions can generally be
discussed in terms of Ps complex formation with certain molecules.
Those of interest here are the éubstituted nitroaromatics.

L ' . - ‘s
Ls discussed elsevwhere in detail, 7 the mechanism for reversible

Ps complex formation in solution can be represented as the following:

k k. A
2Ye—P _Ps + Il ——=D Psli——C 3 2y (5)
& (annihilation in the complex)

where k. is the rate constant for the Ps complex formation with

l.—l

~

molecule M, k., is the rate constant for the decomposition of the Ps

N

complex, Xc is the annihilaticn constant for positrons in the Ps
comrlex, and XD is the annihilation constant for the Ps annihilating
in the bulk solvent. Since ths concentration of ¥ remains practically

constant throughout the experiment, the mechanism can be simplified <o

A kS A
\j
«Ngé.LPs ;:—"—?*PSM .__c_; 2y (6)
%2

alpsl . (s A,) [Bs] + k, [vst) (7)
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&'éiéil = K [Ps] - (x4 %) iFsh] (&)
A - \, - | (

- éii] - Xc Lesl] ' )

. . 51
These differential eguations can be sclved exactly according to Pyun”
for the time dependence of the concentration of Ps, Psk and 2y. These

solutions are of the form
[Ps] = [Ps] (°2’“1)~l[(5'> k1) exp(-5,t)-(5,-k}) exp(-S,)]
[Ps] = [Ps]oki(sz—sl)-l[eXp(—Slt) - exp(~5,t)] (10)
[2¢] = [Ps]_ [1-5,(5,-5,) ™" exp(-5,t)+5,(5,-5,) ™" exp(-5,t)]

where

5, = (p-0)/2 5, = (pra)/2 (11)
+le 4 +h q = (pz-uki N)/2 (12)

If SI<<SZ’ there will be a simple <ime dependence of [Ps], [PsH
and [2y] which will involve only exp(-SWt) after a brief induction
period. This condition can be met if (k TK )> iy which is equivalent to

invoking steady state conditions for the Psi complex, Then

d[ASI'i] —_—
ey = 0 and
B
fag c kY 4 L X
S 7 Ghgh) 62)

and also S, = I+A .
2 1 Xc
If the steady state assumption is true, then kobs for the

disappearance of Ps is
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To obtain gquantitative infermation of & . , the time-dependent two-

- o DS
photon annihilation rate R, , can te used to determine this quantity.
“e
Since
RZY = Aexp (-Nt) + B exP(-th) (15)

where A and B are scaling factors which are related toc the number of

positrons annihilating with rates kl and XZ’ respectively, Conditions

in these studies were such that the concentration of the substrate,
M, is in the millimolar range and then the following inequality can

1
be assumed: (k2+kc)>>k1 [¥] end A, from Eguation (9) is then given by

the following equation:

S T 1] (26)

Ay = ok ko [M] a7

where KZ ccmes from the measured positron lifetime spectra. The

observed rate constant, can be experimentally determined by

T
1
“obs!

plotting A, versus changes in the concentration [M] and the slope of

~
the resulting line can be calculated from linear least squares analysis
on the data points (usually 8-10) taken which is A(K2 - kp) / A [H]
and thus equal to the rate constant kobs' Such a plot is shown in

Figure 25 for a soluticn of nitrobenzene in 0.30 mole fraction

10 -1 -1

Benzene/Hexane, The rate constant is 0.462 x 107 M ~sec .
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Figure 25. Experimental Determination of k for Ps Reacting

with Nitrobenzene in .3 MF Benzene/Hexane at 21°C.
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< Tor a large number of nitro-

The temperature dependerce of ob
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arcmatics reacting with Ps were measured in severzl solvents by

50 _. . e . .
7 et 21, They showed the® these¢ reactions underwent a

Hadia,

53 section as shown in
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kopg FOR Ps REACTIONS WITH
SUBST. NITROBENZENES AND p-BENZOQUINONE IN

@ JOLUENE SOLUTION vs 1000/T

O NTROBENZENE
(3.67 mi)

€ p-DINITROBENZENE
(7.36mM)

p-NITROANISOLE
(16.12mM)

B p-NITROBENZONITRILE
(202mM)

A 2,6 DIMETHYLNITRO-
BENZENE (20€mM)

) & p-BENZOQUINONE
RT (L.3ISmi)

] ? ! I

29

Figure 26.

30 40 50
1000/ T (°K)

Arrhenius and Non-Arrhenius
Behavior of Ps Reac¢ting in
Different Systems.

(From Ref. 50)




SOLVENT EXFECTS Cf THI 3TABILITY (OF POSITRONIUN

COMTLENES TH SOLUTTON

s L NS N oULivL L

A, ntroduction

nave shown that different

“Recent studies in this laboratory
reactions between Ps and various nitrcarcmatics in different solvents

nergies for these

[}

proceed at different rates while the zctivation
reactions remain fairly constant. Various Ps reactions in this
hesis also show the same trend as evidenced by the Arrhenius part

of the graph shown in Figure 27. Thus it seemed interesting to

~s

investigate what effect the solvent plays in stabtilizing the complex

formed between Ps and various nitroaromatics in solution. In order

1

to accomplish these studies, the temperature dependence of k for

obs
the reaction of Ps with nitrobsnzene, and o-nitrotocluene was measured
in various solvents, such as toluene, n-heptane and n-pentanol.

The experiments were performed in such a way that Xz was first
measured in the pure solvent under the same conditions, temperature,
ete., and subsequently with the sciute pressnt. This assures one

'3

gnificantly effected

(B

not s

[=3
1]

that the observed rate constant (kobs)
by changes in the viscosity or by changes in the diffusion rate of the
Ps atom. To show that the temperature inversion was not caused by
decomposition of the solute, the experiments were performed first by

a stepilse increase of the temperature and then while decreasing the
temperature back to the starting point., ALl data points were reprodu-
cible within experimental error and confirm that decomposition &id not

occux,.
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Figure 27. k for Ps Reactions with o-Nitrotoluene and
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Nitrobenzene in Different Solvents VS 1000/T.



B. Evaluation of 3Solvent IHiect
A general scheme for o tyrical Arrhenius plot for the reaction

between ortho-positronium and the nitrvercmatics is shown in Figure 28.

This type of behavior is exnected for the equilibrium reaction expressed

below in Equetion (1).
Iz
A 2 Ao
NP Ps 4+l T F Pl ——> 2y (1)
I
2

In Figure 28, the left side of the curves are due to the fact that

at higher temperatures k >>XC, i.e., kobs = L k /kq, whereas at lower

N,

temperatures, the right side of the durves, A />n2, i.e., kobs = k.

The inversion point in the curves are determined by the relative

+1 f Iz k. an 3 i 1 T = . 7 - . i 1
negnitude of I, k, and A in the term k . k1>c/12 g+ A, is of the
order of 3 - L nsec“1 and was found not to differ significantly

from one compound to another or from one solvent to another and is

considered to be a constant.

According to absolute rate theory, kl and I, are given by:

&~

m o= KET/h exp (Ast/ﬁ) exp (-E, /RT) (2)
“1

. . ,.,% o1 /™

I, = k&T/h exp (szz/“, exp \'ﬁaz/ﬂr) ()

where Ea(l) is the Arrhenius activation energy for the complex
forming step. (See Figure 29.)

The actual measured Arrhenius tlots for several nitrcaromatics
are snhown in Figure 27 and Ea has been determined from the Arrhenius
part of the graph and ie practically constant in all the systems under

investigation (Teble 2). Differences in ky and ky, and thus in the

inversion points should therefore be the result of changes in the



TABLE IT

Thermodynamic Data for the Reactions of o-Ps in

Toluene, n-Heptane and n-Pentanol Solutions.

E o
Compound Solvent K—cja.-i;%i_oT; K—cmﬂ%l_e'
nitrobenzene toluene 0.8 + 0.1 4.5+ 0.3
n-heptane 1.3+ 0.2 4.b + 0.4
n-pentancl 1.3+ 0.2 -3.5 + 0.6
o-nitrotoluene toluene 1.3+ 0.2 -3.7 £ 0.3
n-heptane -— -3.8 £+ 0.3
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Figure 28.
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Typical Arrhenius Behavior for Ps Reacting with
Nitroaromatics Showing the Thermodynamic Param-
eters.
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pre-Airrhenius factor, i.e., dve to changes in the transmission facter

or more likely due tec changes in the entrozies AST Sé which are

~ s .

involved in the formziion of the *transziticr state.

T

In the case of n-heptane and toluene =olvent systems vhere k

3

1

o

the

W

SuLn

the stability of

U'

remnzains fairly constant,
the complex here is meinly determined ty kz, through entropy changes
involved in the decomposition step.
I kz is mainly responsitle for the temperature dependence of
Eous it seemed interesting to study the effect of solvent composition
on k.. These studies were done to show the importance oi entropy and
other thermodynamical factors in Ps complex formation,
In order to evaluate these effects of solvents, a series of
experiments were performed in which k Lops Was measured for Ps reacting
th nitrobenzene and o-nitrotoluene in benzene-hexane nixtures of
various mole fractions at room temperature. In Figure 30 1/k .
observed for Ps reacting with nitrobenzene is plotted as a function
cf the molefraction of n-hexane in benzene, o linear or other simple

< . .

correlztion seems o exist in this case between 1/k and the

obs

not unexpected since the curves

composition of the solvent. This is
in Figure 27 clearxrly indicate that for the interaction between Ps
s+ et . . A e52 . .
and nitrobenzene at room temperature, hob° in toluen is mainly
=
s . . e52 . o bs - .
determined by &k, whereas k in n-heptan is a function of kA /k
1 obs - 1% "2
Thus in a second series of experiments the solvent dependence
of kobs was studied by using o-nitrotoluene in mixtures of benzene-

)

n-hexane at room temperature, It can be seen from Figure 27 that kobs

is given by I /AO (high temperature 1linit) in both solvents, To do

these experiments, AD was first determined in the various pure benzene-
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n-h
cf o-nitrotoluene while keenins the mole fraction of benzene in

n-hexane constant, k . was calculated by pletting A, as a function of

g
[}
o
ct
[()]
o
'—
O
H
o
]
fod
C
n

'’
"

+the concentration of nitrotcluens, This wag re
different mole fractiions of Tenzene in n-hexane thus obtaining values

if & corresponding to the different mole fractions. From Figure

“obs

30 where 1/I: function of the molefraction of

U)

plotted as

IS

»

n-hexane, it can be seen that l/kob° varies linearly with the nole-

fraction of n-hexan

In analozy to the nitrobenzene system where IZ_, and k1 were found
(=2
to be identical in n-hexane and toluene at room temperature, E_(1),
(=%

the Arrhenius activation energy, and kl for the complex forming step,
k

. !
Ps + o-nitrotoluene ——»Ps-o-nitrotoluene, have alsc been assumed

Lo be the same for o-nitrotcluene in these two solvents at room

temperature.
Since AC renains fairly constant, kobs should be proportional to
the rsciprocal of I :

I . = constant/k,
[~ ~

The sireight line in Figure 30, where 1/k is plotted as a function

obs
of the molefraction of hexane, would thus indicate that the equilibriun
entropy changes linearly with the composition of the solvent, which

in turn rules out any preferentiel association of either =sclvent with
the Ps-complex, i.e., there is no indication for cluster formation,

y of these two solvents to assist the complex in

stabilizing itself is therefore determined by the weighted sum of the
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KINETIC COR DIFFUIZION CCOITTROLLED?

A, TIntroduction

reactions of thermal ortho-positronium with paramagnetic and diamagnetic
organic and inorganic compounds in terms of a reversible complex forma-
tion based on the "bubble" or free volume model. UWhereas, on the other

hand, the results presented in this thesis were discussed in terms of

a model which is based on the gas kinetic model as mentioned in Chapter 3.

(=3
3

The sclvent effect was this case considered to be controlled mainly
by entropy differences in the complex formation in the various complexes.
In the past,, several authors have assumed that Ps reactions proceed

nmainly through a diffusion controlled mechanism because in a few cases

the rate constants for these reactions displayed a dependence on solvent

viscosity and the observed activation energies in aqueous systems were
close to the activation energy of viscosity, L ne On the other hand,

the rate constants for the reactions of Ps atoms with simple incrganic

ions varied over a large range. (See Table 3)., & similar wide range of

Hy

'd
wn
ot
Q
[l
%)

rate constants was also found for reacting with nitroaromatics
in various solvents. (See Table 4). Thus it seemed interesting to

evaluate what effect the solvent viscosity plays in these reactions and

o+
o]
1
0]
0]
0]
Y]

ss whether the "bubble model" is valid in predicting rate

constants for Ps reactions in verious systems studied in this thesis.

. Ry

To accomplish this, positronium complex formaticn with diamagnetic and

inorganic compounds were studied as a function of the solvent viscos

}-e

TYo



TABLE ITI
Observed Rate Constants, kbbs' Entropies of Actlivation, Energles of Activation and

Viscosity for Ps—CuClZ Reactions in Various Solutions.

SYSTEMS - & bKD CYISCOSTTY E, Porsc s ¥
(x169 Mnlsecml) (cp) (Kcal/Mole) (e.u. at 21°0)

Aq. KMnOu 18.0 6.5 1.0 3.3 2.0 -

Aq, Cd(01o,+) > 0.1 6.5 1.0 —— 2.0 e

Cu012 in 5
Water 3.6 + 0.5 6.5 1.0 2.8 + 0.8 2.0 =757
Ethanol 7.9 + 0.5 Belt 1.2 2,6 + 0.5 3.2 -6,01
Propanol-1 6.8 + 0.5 2.8 1.5 2.8 + 0.5 4.9 6,31
Propanol-2 8.1 + 0.5 2.8 2.3 2.7 + 0.5 5.3 -5.96
Hexanol-1 7.0 + 0.5 1.3 5.4 2,6 + 0.5 5.1 -6.25
Ethyleneglycol 0.2 + 0.2 0.3 19.9 7.0 + 1.0 15.4 1.29

a) Rete constants at 20°C,

bg Derived from Stokes-Elnstein-Debye Equation (equation 3 )
c) at 20°C.

d) From equation 2,



Observed Rate Constants, k5b°’ Energies for Activation and Viscosity for

TABLE IV

Ps-Nitrobenzene or p-Dinitrobenzene in Various Seclutions.

SYSTEMS

a
RDBS

(x10° M s

e

0”1)

by1SCOSTTY
(cp)

CC
EA

| (Kcal/Mole )

By1se

Nitrobenzene in

H.O
Méthanol
Propanol-1
Pentanol-1
Cyclohexane
n-Heptane
Benzene
Toluene
Acetone
n--Pentane

p-Dinitrobenzene in

Toluene
n-Heptane
Pentanol-1

a
b
c

Rate gonstants al ZOOC.
At 207 C.

Calculated from Arrhenius part
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risus Solutions of CuCl2
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these reactions occur via oxidation of Ps according to the following

mechanisnm:
kp 1)+
2y<}-——-haﬁ + DPs - +

(1)

- . . . + o, . . .
The positronium (positronide) complex P’ is considered to be Just
a transition state leading teo electron transfer frcm Ps to substrate,

i.e., oxidation of Ps.
- s s PPN . +2 +1. +
The reaction studied in this thesis was Ps + Gu "—3 Cu ~ +

-

— 2y (Rapid annihilation). The standard redox potential for

’_+2‘ - + . , . ) " ) )

Cu ™ +e ——»Cu 1is +0,17 V. and it should react effectively with Ps.
It seemed interesting to study the solvent effect on the reactions

between CuCl2 and Ps in different solvents and to determine the acti-

vation energies for the reaction of Ps with GuClo in different

soivents at different temperatures. 3By plotting log k obs &5 @

function of l/T, the Arrhenius activation energy, Ea’ could be deter-
mined from the slope of the resulting straight line. These plots are
shown in Figures 21 and 32. It is clearly evident that the slopes
are all equal (with the exception of ethyleneglycol as the solvent)

which in turn shows that the activation enexrgy, Ea’ is the same and is

solvent independent.
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Similar trends were observed for Ts atoms reacting with various
nitroaromatics in different sclivents as shown in Figure 33. E
n

he activation energy of viscesity, can be determined for the

-

?-l,

different solvents by pletting the log viscosity vs 1/T as showm
for n-~hexane in Figure 34, It can be szen that in all the cases that
E_ is less than E iy (except for water as the solvent, see Table 3),
which could indicate that these reactions are not diffusien contirolled,

The experiments were performed such that Xz was first measured
in the pure solvent under the same conditions, temperaiure, etc., and
subsequently, with the solute present. There was no inversion of
kobs observed at higher temperatures thus providing no evidence for
any Ps complex decomposition over the temperature range studied. This
may indicate that electron transfer is occuring extremely rapid in the
initially formed Ps-CuCl, complex, (> k,).

ox 2

One can, therefore, conclude that the activation energies which
remein fairly constant for all systems studied, except for ethyl-
eneglycol, cannot represent solely the activation energy of viscoslity,
E n’ and one could safely argue that changes in the forward rate
constant kl’ which should be equal to kobs since k2 < kc, are due
tc a substantial degree ‘o changes in the pre-exponential factor, 4,

of the Arrhenius equation, i.e., by differences in AS#

, the entropy
of activation. The entropy of activetiocn was determined at room

temperature for these systems by using equation 2,

feF . T .
1-.627 = log k,_ -10.753 -log T + E_/k,576T (2)

The results revealed that water has the lowest value

whereas ethyleneglycol has the highest. (See Table 3). The positive
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entropy of activation for recactions of Pz with Cull, in ethyleneglycol
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than the structure of the separsted resactants whereas = negative entiropy
of activation for the reactlon of Ps with CuClZ in the other solvents
(water, hexanol, etc., see Tadle 3) would inply that the structure of
the activated complex has more order than the structure of the separated
reactants. Therelore, this suggests that the PsCuClQ) complex in water
is better stebilized en route to the transition state than in the other
solventis studied in this thesis.

In these systems, the contribution to the sclvent effect could be
attributed to two different causes, The first could be attributed to
the degree of dissociation of CuCl, inte ions in the various solvents.
¥hile in the aqueous sclution,; an almost total dissociation into ions

1 be assuned under the experimental conditions employed whereas on
the other hand complete dissociation is not the case in the organic
(] t.7 v 61 [l
solvents. lorgensen, Eldrup and Shantarovich ~ have shown that Ps
. 9 .~1 =1\ . P
reacts faster with CuCl, (k_, = 12x107 1 ~sec ) than with CuCl
t=]
9 . .-1 -1 +2
7 M “sec ) than with Cu < (k obs

the rate constant for Ps reacting with GuCl

- -1
= 2.7:207 1 sec™ ). Thus,

> in various solvents could

dissociation of CuCl9 in those

[

depend on & certzin degree on th
solvents, Secondly, GuCl2 or the other Cu species might be solvated
these solvents and these solvated species may react differently
with Ps. An increase in temperature could also cause an increase in
dissociation and this should cause the Ps rate constants to decrease
but an cpposite effect was observed. This possibly could be due to

the fact that a complex is being forxmed between Ps and CuCl, and Ps

2

complex Formation is the rate detexmining step.
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C. Bubble liodel and Diffuzion Contreliled Yecheanism

Lccording to Goldanskii and :hﬁh-uvovich,53 positronium is
believed to occupy & cavitry {bubhle) in a large mejority of liguids.

The dependence on temperature and on ihe nature of the solvent is
actually accounted for by formation of a “bubble® around the positronium

in these liquids. Therefore, at the moment of complexation, the "bubble"

<

shrinkts rapidly depending on the properties of the liquid such as

M

surface tension and viscosity. The molecule can penetrate into this
butble and can induce the formaticn of an excited complex which is
quickly stabilized.

The authors assumed that these types of reactions would bs
diffusion controlled, In accordance with the Stokes-Einstein-Debye
theory, the diffusion rate constant, kD’ can be expressed as

¢ = 8RT ~1 -1
kD 3000 1 (M “sec ) (3)

and if a reaction is diffusion contrelled then

( )n("‘)

obs

Goldanslkii’ 75 has shovn that this is indeed the case for several
compounds reacting with Ps in different solvents. To evaluate if the
- reactions studied in this thesis research were diffusicn contrclled
or not, similar calculations were performed according to Equation (&)
and the results are presented in Figure 35 for the CuCl2 systems and
in Figure 36 for the nitroaromatic systems., If the reactions are

iffusion controlled then the plots in these Figures should all be

parallel with the temperature axis., Zoth Figures seem to indicate
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that these reactions are noit diffusion controlled and do not obey

To further investigate ihe natter of whether Ps reactlons are

diffusion ccntrolled, the “bubble model® was also applied to the

experimental resulis for Cull, and various nitroaromatics in different
<
solvents, According to Goldanskii and Snan"carovich,33 the observed

solution can be expressed as (for a stable complex)

ELo= = [

exp(E_/RD)] T (5)

(e}

T
n

where E_ is the activation energy, and B and q are constants and as

(for an unstable complex)

BT YT ’ )»a\ ‘ e -1
kobs = 5 [1+q o (1+ ';L—;) +q e:{p(--:sb/u)] (6)

where kﬁ and ka are the annihilation rate in the complex and bubble

o

m

collapse velocity, respectively. E

= E -E_where E_ 1is the activation
b d Ta
energy for the formation of the (Ps-}) complex, and Ed is the activetion

energy for the reverse process. DRearrangement of Egquation 5 yields
Eope(UL (1) + o /2(1) exn(z/an(2))1 = 22(2) (7)

where the i's correspond to measurements performed at different
temperztures., For 1=3, there are three equations and three unknowns
which can be solved oty Newton's approximation, The experimental kohq‘s

were fitted to Equaticn 7 and the three unknowns, g, B and Ea were



If k_,  experimental is a function of T {(vizcosity) of the solvent,
MO
then kcbs experimental shonld be approximately equal to the calculated
Z:oba over the entire tempersture range in which the experiment was
=

performed. If PO . experimental camnot be fitted to Equation 7, then

E bs experimental is independent of viscosity and kobc Xperimental will
2 =

o

not be equal to kob” calculated, This approach was taken to see how well

the experimental activation energy, Ea’ agree with the activation energy

2

calculated from Equation 5. The results are listed in Table 5.

S

There only seems tc be a close agreement between the calculated

activation energy and the experimental one for the two systems, CuCl2 in

ethylenezlycol and in n-hexanol obtained from the Arrhenius plots in

figures 31 and 32, It must be peinted out that the calculated observed

. ¢ s

rate constant, k y agrees well with the experimental resultis over the

I .

053
entire temperature range studied only in these systens whereas in all
other systens listed in Table 5 it does rot agrse. (See Figure 37).

Thus it seems that the bubble model is only wvalid above a certain
critical value of the viscosity of the sclvent used in the reactions
betwesn Ps and solute., If the bubble model is used below this value,

t would predict a negative activation energy which renders it inapplicable.

l.Jo

s model have previously observed similar values in

Po

The authors cf th
other systems and they have not been able to explain these inconsis-
tencies with their model. The fact that a lower limit of viscosity

. " .

xists for this model to te applicable is substantiated by two

experimental Tacts, First, it seems that a beiter agreement between



TABLE V

Experimental and Calculated Observed Rate Constants, Igbﬁ, and Calculated and Experimental FEnergies

of Activation for Ps-Nitrobenzene and Ps-CuCl? Reactions in Various Solvents,

akobs(exP.) bkobs(calc.) b’fq b8 n CEa bEa
(xlO9 M~lsec_1) (cp) (Xcal/Mole)

Nitrobenzene in ‘s 5

Penzene 40.0 —— 1.3 x 10 5.6 x 10 0.65 10,9
Nitrobenzene in o ﬁ;

Benzene 27.0 —— ——— —-—— 0.65 1.0 o a
Nitrobenzene in e 8

Toluene 23,9 23.9 0.25 6.8 x 10 0.74 0.3 0.8
Nitrobenzene in ol e .

n-Pentanol 8.6 25.7 2.6 x 10 4,5 x 10 0.38 1.3 -36.3
Nitrobenzene in 8

1~Propanol 10.8 10.8 1.1 2.0 x 10 0.93 1.3 - .87
CuCl, in 23 v

EtRanol 7.92 8. 3 4.3 x 10 3.4 x 10 1.2 2.6 =364
CuCl, in 3 8 |

N-flexanol 7.5 7.5 8 x 1077 2.8 x 10 5.4 2.6 3.1
CuCl, in 5 .

Et%yleneglycol 0.5 0.5 L.,2 x 10 9.0 x 10 19.9 7.0 6.1



TABLE V (continued)

b
res - a Cry B
SYSTEMS kobs(exP. ) bkobs(calc. ) b,fq b,g5 n B a
x107 M sec™t (cp) Kcal/Mole
CuCl, in 23 6
Wafer 3.6 2.6 ~2.8 x 10 8.8 x 10 1.0 2.8 38,9
CuCl, in ol 7
1—§ropanol 6.8 7.6 2.0 x 10 6,0 x 10 1.5 2.8 ~-36.8
2-fropanol 8.1 8.1 1.6 x 10 6.9 x 10 2.3 2.7 4111

From bubble model.

From Ref. 53.
From Ref. 50,

R HO QO o ®

In units of (Tnl/2 n)
In units of ( L

From experiment at 21°¢.
(BEquation 5)
From Arvhenius plots.

sec T

thf; N = viscosity in centapoise.

70T
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Ea experimental and Ea calculated can be cbia
of the solvent is greater than 2.3 cp. Tor exemple, in Table 5, the
difference between Ea calculated and E experimental for Ps reacting
with CuCl, in 1-propanol (n = 1.5 cp) is 32.6 /mole, whereas the
difference for Ps reaciing with Cuclh in Z-propanol (n= 2.3 cp) is
considerably less, 13.8 kcal/ro“e. The sscond fact i1s that there is
2 change in slope for a plot of (kobs/T) vs T for Ps reacting with
Cu012 in n-hexanol solution, ( ee Filgure 35) This change seens to
which corresponds to a viscosity of approximately

et 3200 ¥ whic

S
=

occur
2.4 cp.

To check whether these two arguments are velld, a series of
experiments were performed with Ps reacting with Cu”l2 in mixed solvents
of ethanol ( n= 1,2 cp) and ethylenegiycol (n= 19.9 cp) at room
temperature, By varying the ratio of these two solvents the viscosity

of the mixture was changed. It is interesting to note that i
Figure 38 where Lobs is plotted as a function of viscosity for Ps
reacting in these systems can be obssrved as a linear bshavior of the
resulting plot from 19.9 cp to approximately 4.0 cp. The deviation
fron linearity L,0 cp could possibly suggest thatal a viscosity belos
with Gu012 in verious solutions are not diffusion
below this

L,0 ep Ps reaction

controlled and that the bubble model cannot be applied

the kinetically controlled region.
solute reactions

viscosity, i.e,, in
his argument could be extended to other Ps-
formation model in which

Ps~-molecule complex

However, the
asona

in solution.
the correlation of log Kops VS 1/T results in re
the Arrhenius activation energies can be obtained seems to

from which
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tempreratures and corresponding

In summery, there seems %o ™ no simple correlation between the

'd

various macroscopic solvent parometers suveh as viscosity and the
observed rate constants for Ps atoms reacting with different solutes
in d@ifferent solvenis. As was shown in the previous Chapter, the
differences in the observed rate constants for Ps rezcting with CuCl2

in different solvents may be attributed to the entropy of activatio

in the absclute rate theory equation, Preliminary results seem to



STUDY OF INCLUSICH COMPLEX FOIMATION

A practicel application of the positronium complex formation can be
found in the experimental determination c¢f X _ (the molecular asscciation
constant). In this determination, the Ps atom acts as a probs by

ampling the molecular environment. 3y using certain highly reactive

nolecules to form 2 complex with a substrate molecule, one can use Ps

to determine how strongly these molecules complex.
Inclusion compounds zxre formed when the cyclic oligosaccharides
€2
accomodate a guest molecule in its cavity. The cyclic oligesaccharide

studied here was cyclohexazamylose (@-cyclodextrin). The molecular
dimensicns of this compound are shown together with those of other
cyclodextrins in Table 6. The structures of these compounds are toroid
shape with a hydrophobic (water hating) cavity and surface along with
hydrophilic (water loving) faces., (See Figure 39). Due to the lack of
frees rotation about the glycosidic bend which connects the glucose units,
the cycloamyloses are not perfectly cylindrical molecules but are some-

£
. i . . 63,64
what coned shaped. 4ccording to x-ray studies, 7

the sizn-hydroxyl
fact is somewhat narrower than the 2,3-hydroxyl face, 4lso x-ray
studies together with nmr studies have shown that the glucose rings are
in the CL(D) chair conformation and that <he >-hydroxyl hydrogen is
hydrogen bonded to the 2-hydroxyl oxygen of an adjacent ring, These
studies have also confirmed that hydrogen bonding still persists in

solution along with the CL(D) chair conformation. This means that

intramolecular bonding is responsible for the cone shape.

109
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TABLE VI

Molecular Dimensions of Cycloamyloses

Number o
of glucose Cavity dimensions (A4)
Cycloamylose residues Diameter Depth
Cyclohexaamylose 6 L.5 6.7
Cycloheptaamylose 7 7.0 7.0
Cyclooctaamylose g 8.5 7.0

From Ref. 62,
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Figure 39. Cyclohexaamylose
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The ability of the cyclecamyloses to lbind molecules in its cavity
is due to hydrogen bonding, van der hzels forces, and hydrophobic
st 3 65966 b 1 a vl foprn A dlnd L) - bl
interactions. Z-ray aznalysis has confirmed that the guest mole-
cule is bound inside the cavity forming 2 1:1 complex. These guest
molecules can range in size from noble gases up to large molecules
such as azo dyes. Experiments have also indicated that the cyclo-

11 s . .67 o §
anyloses can bind small inorganic ions such as ClO4 , OC , I, Er
and NO3—' The stability of these inclusion compounds will depend on
the size of the guest molecule. Thus, if a substrate is too large it
will simply not fit into the cavity and, therefore, not bind to the
cycloamylose. On the other hand, if a substrate is too small it will

pass in and out of the cavity with little binding. The generxral

equilibrium mechanism for this process is

K

C
+ D Z (1)

&

where (D) is the host molecule (cyclchexazamylose), (Q) is the guest
molecule (nitrobenzene derivatives) and KC(M-l} is known as the
formation constant; cr in some of the literature as the association
constant., A list cf different guest molecules binding in cyclo-
hexaamylose along with their respective KC velues are shown in Table 7.
Up until now, the basic way of determining n was by NMR and
UV spectroscopy. The Ps atom as a probe now offers a very sensitive
method to determine KC, which has the additional advantage that it does
not perturb the system. By studying the changes in the lifetime of

rositroniunm, one accurately determines values of K_ which are within

c
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TAZLE VIX
Inclusion Complex Fexrmetion Constanis, K for
Various Guest Molecules Binding in the

Cavity of Cyclohexaamyloss

Guest Compound " L Ref,
p-Nitrophenol 341 68
Nitrobenzene L9 68
p-Benzogquinone 7 68
o1 N.3B. 67
@o,” 29 67
NOB_ | 1.4 67
Benzolc 4cid 1000 62
Acetic Acid 6310 62
Pyridine 158 62
®pzo Dye 270 65
2,6-Dinethyl-L-Nitrophenol 568 65

2) Measured at 21°G.

b) 3'-Ethyl-L'-Hydroxyphenylazo-1-X laphthalene-4-Sulfonate.



experimental error of the valuegs quoted in the literature, In fact,
Jean and Ache68 studied some inclusion compounds and they experimentally
determined‘KE for p-nitrophencl binding in cyclohexaamylose to be

341 M-l which is in excellent agreemernt with the velue obtained by

69

spectroscopic methods, The vrinciple of using the o-Ps ztom as a
probe in these sysiems is based on the fact that it reacts vexry rapidly
with certain compounds, such asz nitroarcmatics to form a Ps-molecule
complex, but these compounds lose most of their reactivity toward Ps
when they are already complexed with another molecule to form a

charge transfer complex such as the nitrobenzene-cyclchexaamylose

complex., From this, the differences in the reactivity of these compcunds

in their complexed and uncomplexed forms towards Ps can be used as a

|.J

new tool to determine molecular asscciation constants (Kt).

B. Kinetic Equations
The general mechanism for a medium consisting of three components,

@, D and S, the various Ps reactions can be set us as the following:

k k
D Q Ac
. —_— N
2\"5-—-}-C—-—PSD< ’Ps+Q+D+S<____.7P,gQ—————?-2y (2)
k - ‘ k
D kS; \V I{S Q
Ps3

The reactions with Ps to consider are: (1) Reaction of Ps with substrate
Q (guest) or D (complex) or with the solvent S which results in the forma-

tion of the Ps complexes PsQ, PsD, or PsS with rate constants kci kD’
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or k_, respectively. (2) Decomresition ¢f PsQ, PsD or PsS with rate

constants k! kﬁ or k; , respectively, (3) Positron annihilation

Q.

in the complex (decay constant A _); A is considered to be independent

C

—

ct
h

- 0 - .
of the type of complex formed (PsQ, P, ?sS)‘7 Since the concentra-
tions of @, D, and S remain practically constant in reactions with

Ps, then the following kinetic equations can be set up:

-d[psl/at = ko [PSIIQ) + kp [Ps][D] + k_ [Ps][S] - (3)
k;z [PsQ] - k; [PsD] - K_ [PsS]

P = kP ¢ (A, + kg ) [PsQ] (4)

-d[ftsD] = -ky[Ps][D] + (A + k;) ) [PsD] (5)

-a[Ps8] = -k [PsI[S] + (A, + kg ) [PsS] (6)

dt
70
According to previous calculations performed in ouxr laboratory,
a good approximetion for solving these differential eguations is by

invoking steady state cenditions; i.e.,

alPs@l _ dlpsD] _ A PsS] _
dt Tdt T oat = 0 (7)

With this, the number of positrons populating the Ps state can now
be derived by solving Equations (4-6) for PsQ, PsD, and Ps3S, followed
by the substitution of these values into Equations (2) and (3) and

one obtains the following relation:

kA kA kA
d [Ps] Qe Dc . S'c -
g = Yo B fyxms Pliym B (8)
c Q ¢ D c S
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The experimental conditions are such thalt 2ll solutions are dilute

n large excess and its concentraticn

e

(mM range), i.e., the soivent is
remains falrly constant throughout the experiment and the third term

in Equation (8) can be simplified to

(kA /e HIs] = - (9)

Integrating Equation (8) gives the time dependent concentration of Ps :

kA SN
- . 8 Dc x
[.L’S_.L] = [Pso] exp - { )\P + X%ﬁi; [Q] + .)_\—C""IC{D [D] } L (10)

As mentioned earlier in the previous chapter, the time-dependent
two-photon annihilation rate (RZX) can be represented by the following

two~-exponential equation

Ry, =4 exp (-xqt) + B (-xzt) (11)
The annihilation rate for o-Ps, A,, cen te related to Dquation 107 by
kA k_A
Q¢ Dc
Ay = A+ == [Q] + =—=— [D] (12)
2 p }LQ l)\c I’;,D +l\c
kQ (obs)

kp (obs)

Equation (12) predicts a linear relationship with two compounds
present, This was found to be valid in separate eXperiments where
various mixtures of m-nitrobenzene and o-nitrotoluene were allowed to

X
. o . (=
react with Ps in benzene solution.



C. Celculation of X (Molecular Complex Formation Constant)

iet QD be the equilibrium concentration of the complex QD, and let
a be the initial concenirations of the guest (Q) and host

Q

o)

(D) molecules, respectively., The formation constant <K5) of the

complex is given by

K [gp]

- (1
c (lQI-[Qp1){ [D1-([QD]) (13)

|

It must be pointed out that this equation is only valid for a 1:l1

complex, Under the experimental conditions used in these studies,
the host (D) was always in excess relative to that of the host,

(92 mM host, 6 mM guest). Then QD can be approximated as:
[@]= [Qp] & /(1+ D] K, ) (14)

Beczuse the amounts of @, D, or QD reacting with Ps are negligible

as ccmpared to the concentrations [Q], [D], or [QD], one can safely
say that The complex formation equilibrium is not shifted by the
reaction with Ps, The final equation for XZ can be written taking

into account the equilibrium concentration of the uncomplexed molecules
[q] - [@D] by

lQmox,
b2 = Ay Eglons) [ T TETEE, Bap(ovs) T Fa(ons)) (15)

According to Jean and Ache,72 the first two terms in Equetion (15)
can oz obtained by measuring the annihilation rate of the guest in

water without any host present
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S IR ) (16)
Substitution of Equation (16) into (15) gives
1 1 1
~ ~Q0 = ~ I I + r -t (l?>
hymhy K IR DI(E gy 1) Eg( o) 193 (kgn 5 bs) Hg(obs)

where 12 is the difference between the annihilation rate of the host
(XZ host) and the annihilation rate of the complex (kz host & guest)
and KZO is the difference between the annihilation rate of the guest
in water (A, guest) and the annihilation rate (kD) in the buffered
solution of pH 3.5.

First, kz was determined in the buffered solution. Then XZ
was determined for different concentrations of the host, cyclOamylose,
in the buffered solution without any guest present. Then XZ Was
determined and hence kQ(obs) for a known concentration of guest
present without any host. After 211 this was done, KZ was determined
by keeping the guest concentration constant while varying the
concentration of the host. The results for six different nitroaro-
matics are shown in Figure 40, where -l/(kz-izo) is plotted as a

functi f1/[@D]. By extrapolating 1/ID] to zero conce ntration, one

l-

can obtain the intercept 1/[Q] <kQD(obs) - kQ(obsO by linear least
J

squeres analysis, Since kQ(obs) was determined separately without

any host present and one knows the concentration of the guest [Q].

s : £ e is 1/K
gD(ob y can be determined, The slope of the plot is _/IC I1q]

(kQD(obs) - kQ(obs

determined by simply dividing the intercept by the slope. The results

9 and the complex formation constant, KC, can be

of these experiments are summerized in Table 8. As expected the



119

90

M-Nitrophenol(7.84 mM) O
O-Nitrophenol(4.50 mM) A

P-Nitrobenzyl Alcohol(7.96 mM) [
M-Nitrobenzyl Alcohol(7.96 mM) @
0-Nitrobenzyl Alcohol(7.99 mM) &

10

A | 1 ! ; |
20 40 60 80 100 120
1/(D]

Figure 40. ()\; - )\2)—1 VS 1/[Cyclohexaamylose] for the Det-—

ermination of KC (Molecular Formation Constant)
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TABLE VIII
Inclusion Complex Formation Constants, Kc, and Rate Constants,
k 4 ~
QD(0ES)’
Various Nitroaromatics with Cyclohexaamylose (CD) at pH 3.5,

for the Interaction of the Inciusion Complexes of

e~ .. . - . 0
Ionic Intensity 0.5, in Aqueous Sclution at 227C,

Inclucsion Compounds

qd(obs)

Compound 1&0 1 -1 Ka M&
p-Nitrophenol 0.88
p-Nitrophenol-CD 0.11 301
n-Nitrophenol 1.15
n-iitrophenol- CD 0.28 Q1
o-Nitrophenol 0.99
o-Nitrophenol- CD b 19

p-Nitrobtenzyl Alcohol 1,46
p-liitrobenzyl Alcohol- CD b 43
n-Nitrobenzyl Alcohol 0.9%
n-litrobenzyl Alcohol- CD 0.18 28
o-Nitrobenzyl Alcohol 1.14
o-Nitrobenzyl Alcohol- CD b 7

2) From Ref. 68.

b) Not detectable, The reactivity of the molecular complex uowgrds

Ps is below the detectable 1limit (P s <0 05 x 10L0y~1g-1 )} inherent

to method of evaluzticn.
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results also show that the reactivity of guest molecules in their

0]
H

Or nore.

cl

complexed form is reduced bty a factor of

D, DGteric and Geometric Fectors

The molecular association constants (g ) for the compounds in
Table § can be put in the following oxrdsr according to the magnitude
of ¥_: p-nitrcphenol > m-nitrophenol > nitrobenzene > p-nitrobenzyl
élcohol > o-nitrophenol > p-benzogquincne. 3But the reactivity of these
compounds with Ps shows a reverse trend as listed in Table 9 which
is somewhat surprising since one would expect Kc to follow the same
order as the reactivity. If one assumes that similar forces are
operating for the complexation of nitrobenzene and other nitroaromatics
With Ps or with cyclohexaamylcose, then these drastic differences in KC
would have to be attributed to steric hinderance and geometric factors.
The size of the p-nitrophenol meclecule approaches the dimensions of the
depth of the cavity in cyclohexaanmylose thus providing the best fit of
all the compounds studied, thus providing the largest . On the other
hand cempounds such as nitrobenzene and p-benzoquinone might be tco
snall to undergo efficient binding in the cavity due to their size.

73

Bergeron and Pillo have shown that substituted nitrobenzenes
bind nitro end first into the cavity of a-cyclodextrin. As mentioned
earlier, the diameter of c-cyclodextrin is 4.5 Z whereas its depth
is 6.7 & and the substituted nitrobenzenes should fit into this
cavity. The formation constant (KC) can be used to see how effective
the binding of substituted nitrobenzenes in this cavity. A high value
(Kc = 341) as compared %o a low value (K, = 7) can be interpreted as

relatively strong binding of the substituted nitrotenzenes into the

a-cyclodexirin cavity.
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TABLE IX

Comparison of Different Rate Constants kobs) for

ct

Ps Reacting with Various Guest Holecules in Aqueous
Solution at pH 3.5, Ionic Intensity 0.5 and Inclusion
Complex Formation Constants, Kc, fecr the Interaction

of Various Guest lolecules in the Cyclohexeamylose

Cavity.
Guest Molecule k. x 107N Tsec T By M
obs c

p-litrobenzyl Alcohol 1.46 43
41 trobenzene 1.38 L8
ap-Benzoquinone 1.2 7
m-Nitrophenol 1.15 91

o-Nitrophenol 0.69 19

& p-Hitrophenol 0.88 %1

a) From Ref. 68,

, o
b) at 21~ .



reduced for the substituted

0

69 : .
Bergerori© has shown that £ i

cr—

bstitution is on the benzene

n

itrobenzenes depending on wnere the
ring (p,m). Bergeron and Pillcr have also shown that several
substituted nitrophenols show a drastic decrease in Kc depending
on the position of the substituants on the benzene ring. (See Table 10)
In several cases the substitution resulted in no complex being formed.
Both papers attribute this decrease in binding to steric hinderance
of the guest molecules,

The effect can be seen in going from p, m, to o with an
accompanying drastic decrease inK.C or weaker binding of the guest
molecule into the a-cyclodextrin cavity. The results from this study
follow the same trend which confirms the argument of steric hinderance
which lowers the effectiveness of the nitro end to bind in the hydro-
phobic region of the a-cyclodextrin cavity.

Looking at the models in Figure %1, one can see how the effective-
ness of the binding of the guest molecules are affected by steric
hinderance.

Another reascn for a lowerx Eé can be seen if one looks at the
moleculzr dimensions of the guest molecules, Since nitrobenzene is

hort as compared to p-nitrophenol and since p-nitrophenol has two
ends which it can bind in the cavity, one would expect it to have a
righer KE than nitrobenzene. The length of p-nitrophenol is 6,54 2
and the depth of the cavity is about 6.7 % and one can see this is

almost a perfect fit, Looking at p-nitrobsnzyl alcohol one notices

1o

ts dimensions to bte  8.02 & long which means it does not f£it well

into the a-cyclodextrin cavity thus lowering its ability to bind,



s
Influence of the Steric Zffect in Lowering the
Inclusion Formation Constants,

Guest Molecules in the Cavity of Cyclohexaamylose.

o

o]
1

KC, for Various

Guest Molecule e Ref.
p-Nitrophenyl Acetate 83 69
nm-Nitrophenyl Acetate 53 69
2,6-Dimethyl-4-Nitrophenol 568 69
3, 5-Dimethyl-4-Nitrophenol N.B. 69
p-Nitrophenol 341 68
m~-Nitrophenol 9l -
p-Nitrobenzyl Alcohol 43 -
m-Nitrobenzyl Alcohol 28 -




P-NITROPHENOL
KC=341

M-NITROPHENOL
KC=91

O-NITROPHENOL
KP=19

P-NITROBENZYL ALCOHOL
Kc=43

Figure 41.

M-NITROBENZYI, ALCOHOL
KC=28

Steric Factors Involved in Lowering of K

O-NITROBENZYL ALCOHOL
K =7
Cc .

c

€zT
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thus producing a lower value of Kc which is tornme out by the
experimental results

Now considering c-nitrcrhencl and o-nitrobenzyl alcohol, one
can see that two factors might e responsible for the much lowe*
value of K and the weaker binding. One being that.the incorporation
of these mclecules into the cavity are drastically sterically hindered.
The second factor being the possibility of intramolecular hydrogen
bonding in the guest molecule, which can compete with intermolecular
hydrogen bonding between the guest molecule and the hydrophobic

cavity inside the host molecule. This competition can reduce the
strength of binding and hence give rise to a much lower value of Kc.

It must be pointed out that the water inside the cavity of the
host is different from the bulk water, A reaction in which a solvent
tecomes rmore disordered will usually proceed with a favorable change
in entropy but the disordering of the solvent will be accompanied by
the breaking of at least soms solvent-solvent bonds which will resﬁlt
in an unfevorable enthalpy change. The driving force for birnding in
the cavity could also be attributed to the fact that the water removed
from the carboxy-group or in the cyclodextrin cevity becomes bulk water
and as such is hydrogen bonded. The net result will be a gain in the
nunber of hydrogen bonds and uafavorable entropy changes might result
in the greatexr ordering of the "kicked out" water molecules in the

bulk water structure. A large value of Ré can be attributed to a

compound that is effective in "kicking out" water molecules from the

nother theory proposed ty Bergeron to account for binding in the

cavity, is that the guest molecule relieves the ring strain energy in
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the cavity. So the only reauirements for a molecule to bind in the
cavity are size, displacement of the high-energy cavity water and the
lowering of the ring strain energy in the cyclodextrin,

Sumnarizing then, the mechanism For the formation of an inclusion
complex can be divided into severzl steps: (1) the approaching of the
guest molecule to the cyclodestrin molecule; (2) breakdown of the
water structure inside the cyqlodextrin cavity and subsequent removal
of some water molecules out of the cavity; (3) breakdown of the solvated
water molecules around the guest molecule, which also includes this
process in the cyclodextrin cavity, and subsequent transport of some
water molecules into the bulk; (&) interaction of the substituents on
the guest molecules with the hydroxyl groups on the rim or on the
inside of the cyclodextrin cavity; (5) possible formation of hydrogen

bonds between guest and cyclodextrin (hydrogen bond formation has been
shown to be very fast and cannot be the rate determining step for
inclusion compound formation); (a (€) reconstruction of the water
molecules around the exposed parts of the guest molecule after the
inclusion complex is formed. In steps 1, 4, and 5, steric factors
play an important role in the stability or rate of fo:mation of the
conplex, The results in this thesis showed that this is indeed the
case.,

These inclusion compounds play an important role in chemistry and
biochemistry because of their ability to inhibit or catalyze different
reactions. The cyclodextrins seem to bind a 2large number of substrates
and if specificity of substrate binding is a necessary criterion for
a workable model for substrate binding to enzymes, then the cyclo-

dextrins fail to satisfy this criterion.
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In 211 the exanples studies so fexr, a itrend is seen to develop.
Fron Tavle8 and from other studies  dene on donor-acceptor complexes,
it cen be seen that complex formation resuiied not only in a reduction
of reactivity towerds Ps, but this reduction in reactivity was more
pronounced if a weaker complex (smaller Kc) was formed than when strong

o

rst case, most of the complexing capa~

o

complexing occurred. In ihe
bility of the guest molecule is used Tor binding and very little will

left to interact with Ps, whereas a strong complex can itself

o

complex with Ps, thus forming a stirong double complex.
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A.  Summary
The thermal reactions
aronatics in various sclvent

environment whose effect was

related

ISIONG

with

found

4.

[Be)

certain highly reactive nitro-

-

(98]

be dependent on the solvent

activaticon which

the entropy of

in turn is due to the stabilization of the Psif complex by the solvent.

This entropy term in the pre-Arrhenius factor was assumed to be mainly

sible for the diff nces in the rate constants for these reactions

as been found that all the reactions investigated had the same

This wes also found to be true for Ps reacting

-

in various solvents.

It was shown that Ps reacting with various nitroaromatics and

in solution are not solely diifusion controlled as was

of the observed extiremely fast rzte constants for

these reactions. The "bubble shrinkege model" ¥ tested using the

results obtained in the reactions of Ps with various incrganic and

orgenic molecules in different solvents and it was found that this

ain

model is definitely not applicatle below a certain criticel viscosity

of the solvent and appears to be restricted to diffusion controlled

=9m
alll

rezctions. It was a2lso shown that in zlmost all the cases that the

I
LN

Arrhenius activation energy, 0 Was always less than the activation

energy of viscosity, b Furthernore, the rate of reaction bestween

.

0-Ps and varicus nitroaromatics and CuCl2 in different solvents does

not seem to be related to any properties of the sclvent such as surfzce

.
-

tension, dieleciric constant, and viscosity,

129
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Positroniwm can be used as a probe to sample the environment and
to obtain veluable informaticn ahout how effectively certain nitro-
aromatic guest molecules bind in the cavity of cyclohexaamylose to form

g of these guest molecules

[¢)]
w
o
4
(8]
&
gl
o8
O
*h
&)
'J-
3
£
o

an inclusion compound, The
in the cavity is strongly dependent on gecreiric and steric factors.
The usefulness of using Ps as a probe to determine Ko (molecular forma-

tion constant) comes into play when current existing techniques cannct

be applied to the systems.

B. Tuture Possibilizties

[

further studies of the reactions between Ps and inorganic or organic
molecules in different mixtures of solvents would be necessary to corre-
late the rate constants for these reactions with the properties of the
solution and to find out more about the coniributions made by diffusion
r kinetically controlled processes to the overall reaction. This can
be accomplished by verying the composition of the solvent mixture which
allows to change the viscosity of the solution over a large range. OFf
special interest are those cases where strongly reacting molecules are
undergoing reactlons in a scluticn displaying a low viscosity because
in these systems, the reaction is completely kinetically controlled.
The factors responsible for the reactivity of subsirate molecules
towards Ps can then be accurately eveluated. This could 2dd to a better
understanding about what factors control the reactions of Ps in solutions.
The study of gas phase reactions betiween Ps and varicus substrates
could also provide a better understanding about the mechanism responsible

for Ps complex formation, This study could also be complenmented with



nformation about the nature
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angular correlation experimenis tc provide

hilation of the

e

¢f the electrons which are responsible for the ann



REFERENCES

Direc, P.M., Cemb. Phil. Soc., 2§, 361 (1930).

Anderson, C.D., Phys. FRev., 41, 405 (1932); Phys. Rev., 43, 491
(1933); Phys. Rev., bl, 205 (1933).

Feynman, R.P., Phys. Rev., 76, 743 (1949).
Joliot, F. and Curie, I.. Nature, 133, 201 (1934).

Hamilton, J.H., Langer, L.M. and Smith, W.G., Phys. Rev., 112,
2010 (1958).

Fermi, E.Z., Physik, 88, 161 (1934).

Tee, T.D. and Yang, C.N., Phys. Rev., 105, 1591 (1957).
Teo, S.J. and Green, J.H., J. Chem. Soc., 4, 408 (1968).
Goldanskii, V.I., Atomic Energy Rev., 6, 3 (1968).

Heilter, W., The Quantum Theorv of Radiation, Clarendon Press,
Oxford, England, 1954,

Ore, A. and Powell, J.L., Phys. Rev., 25, 1696 (1949).
Mohorovicic, S., Astronn. Nachr., 253, 9% (1934).

Deutsch, M., Phys. Rev., 83, 866 (1951).

Ruark, A.E., Phys. Rev., 68, 278 (1945).

McGervey, J. and De Benedetti, S., Phys. Rev., 114, 495 (1959).
Ore, 4., Univ, Bergen Arbtok Neturvitenskap. Rekke, 9, (1949).

Gitvleman, B, and Deutch, M., Ann. Prog. Report, Lab, Nucl. Sci.,
M.I.T., 139 (1958).

Morgensen, 0.E., J. Chem. Phys., 60, 298 (1974).
Wild, R.E., Ph,D. Dissertation, VPI & SU., 1976.
Tao, S.J., &ppl. Phys., 10, 67 (1976).

Cook, C.E., Grey, P.R. and Sturm, C.P., J. Chem. Phys., 48,
1145 (1968).

132



\]
N

4t
\Q
0

Bexrk S., Brandt, Y., and Welker, W.W., Phys. Rev., 120, 1289
Henderson, G.A. and Millstt, W.E., Bull. Am. Phys. Soc., 7, 58
(1962).

Johnson, P,D., Stump, R. and Wilson, R.K., Phys. Rev., 129, 2091

(1963).

Stevens, J.R. and Mao, 4.C.. J. of Appl. Phys., 41, 4273 (1970).
Stewart, A.J., Can. J. Phys., 35, 168 {1957).

Ferrell, R.A., Rev. Kod. Phys., 28, 308 (1955).

Chuang, S.Y. and Hogg, B.G., Cen. J. Phys., 45, 3895 (1967).
Ferrell, R.A., Phys. Rev., 110, 1355 (1938).

Siegbehn, K., Alpha - Beta - Gamma-Ray Spyectroscopy, Vol. 2,
North-Halland Publishing Co., Amsterdam, 1968,

Bell, R.E. and Green, R.E., Nucl. Instr,, 3, 127 (1958).

Ledexrer, C.K., Helliander, J.M. and Perlman, I., Table of Isotopes,
6th, Ed., John ¥iley and Sons, Inc,, N.Y.C., N.Y., 1967,

Dezei,; I., Kajesos, Z. and lMolnair, B., Central Research Institut
for Physics, H-1525, Budapest, Hungary,

Cumming, J.D., BNL Report No. 6470,
Tao, 5.J., IEEE Trans. Nucl., 175, (1958).

Kinkegaand, P, and Eldrup, M., Comp. Phys. Comm., 3, 240 (2972

~—
°

Celitens, G.J. and Lee, J. Chem, Phys., 44, 2508 (1966).
Cooper, A.M., J. Chem. Phys., 46, 2441 (1967).

Fondeau, R.E., J. Chem. and Eng. Deta, 11, 124 (1965).

Goldanskii, V.I., Mogensen, C.E. and Shantarovich, U.P., Phys.
- ~
Lett., 32, 98 (1970).

Goldanskii, V.I,, Positron Annihilation Conference,; Kinston,
Canada, Sept, 1971.

Gordon, J., Hart, E.J. and Thomas, J.X., J. Ch P
1272 (19645. ' d 1 Ce em. Phys., §§



us,
49,
500

51.

-

S

Ache, H.J. and Partal, L. ., J. Fhys. Chem., 77, 2050 (1973).

Media, W.J., Nichols, 4.L. znd Ache, H.J., Appl. Phys., 3, 189
(1974).
Teo, S.J., Appl. Phys., 3, 1 (197%).

Eagii~ -

Madiz, W.J., Nichols, A.L, aad Ache, H.J., J.4.C.3., 97, 5041

(1975).

Madia, W.J., Nichols, 4.L. and Ache, H.J., J. Chem. Pays., 60,
185 (1974).

Jean, Y.-C. and Ache, H.J., J. Phys. Chem., 81, 2093 {1977).
I’iadia, W.J‘, Ph.Do Disse.ﬁa‘tion, ’J.PaIc & S-Ue| 1975

, Nichols, A,L. and 4&che, #.J., J. Phys. Chen., 78,
[ ]

Pyun, C.W., J. Chem. EZd., 48, 194 (1970).

Toluene was substituted for benzene and n-heptane was substituted
for n-hexane in the temperature studies so as to expand the
temperature range. It does not effect the positron lifetime
spsctra to any significant degree.

Goldanskii, V.I. and Shantarovich, V.P., Appl. Phys., 3, 335

(1974).

Bartal, L.g., Nicholas, J.B. and Ache, H.J., J. Phys. Chem., Zé,
1126 (1972).

Bartal, L.J. and Ache, H.J., Radiochimica Acta, 17, 205 (1972).
Bartal, L.J. and Ache, H.J., Radiochimica Acta, 19, 49 (1973).

Kicholas, A.L., Wild, R.E., Bartal, L.J. and Ache, H.,J., 4ppl.,
Phys., 4, 37 (1974).

NeGervey, J.0., Positron Annihilation, A.T. Stewart, L.O. Roellig,
BEd,, Academic Press, H.Y.C., N.Y., 1967,

Herstman, H., J. Inorg. Nucl, Chem,, 27, 1191 (1965).
Bartal, L.J. and Ache, H.J., J. Inorg. Nucl, Chem., 36, 922 (1974),

Eldrup, M., Shantarovich, V.P, and Mogensen, O.E., Chem. FPhys,,

11, 129 (1975).



For recent reviews on incluSion compournds, S€e, €.Z., (a) Bergeron,
R. d., J. Chem. Ed., 54, 20% (1977); (%) Griffiths, D.W, and Bender,
M.L., Adv. Catal., 209 (1973).

von Dietrich, H. and Cramer, F., Chem, Ber., 87, 806 (1954).

Hybl, A., Rundle, R.E. ané Villiams, D.E,, J.A.C.S., 87, 2779
(1965).

Cramer, F., Angew. Chem., 73, 49 (1967).
Nemethy, C. and Scheraga, H.A., J. Chem, Phys., 36, 3401 (1962).

Reohrbach, R.P.; Rodriquez, L.J., and Eyring, E.M., J. Phys. Chem.,
81, 94k (1977).

Jean, Y.-C. and Ache, H.J., J. Phys. Chem., 81, 2093 (1977).
Bergeron, R.J., J. Chem, Ed.,, 54, 204 (1977).

Madia, W.J. and Ache, H,J., J. Phys. Chem., 80, 451 (1976).
¥adia, ¥.J., Nichols, A.L. and Ache, H.J., J.A.C.5., 97, 5041 (1975).
Jean, Y.,-C. and Ache, H.J., J. Phys. Chem., 80, 1693 (1976).
Bergeron, R.J. and Pillar, D.M., J.A.C.S., 99, 5146 (1977).

Schwary, G., J. Hol. Biol., 11, 64 (1965).



R
APPENDIX



APPENDIX:

DATA TABLES

A. Rate Constants for the Reaction of Thermal Ortho-Positronium with

Nitrobenzene or o-Nitrotoluene in Various Molefractions of

i ) o)
n-Hexane/Benzene Sclutions at 21 C.

Solute_ind Solvent

k., (M

Nitrobenzane

. 2MF

20.8 + 1.2

Nitrobenzene

Nitrobenzene

. 35MF

17.5 + 1.

Nitrobenzene

.4MF

18.9 + 1.

Nittobenzene

.45MF

2.9 + 0.

Nitrobenzene

. S5MF

10.5 + 0.6
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Solute a?d SolYent
k, (M “nsec )

Nitrobenzene

. IMF
4.6 + 0.3

Nitrobenzene

. 8MF

2.9 + 0.2
o-Nitrotoluene

1.6 + 0.2
o-Nitrotoluene

. 5MF

.66 + .03

o-Nitrotoluene
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Concentr-
aticn, mM

C.

"

LU .
30C.
40.

8
e

3a.
10.
20.
30.
40,

0.
200.
300.
4£00.
500.

100.
200.
400.
500.

400.
500.
800.

100.
200.
300.
400.
500.

OO OO0

OO oo

[oNoNeNoNe M)

OO OO O [oNeNeNoNo

oNoNeRoNe)

[oNoNeNe] [oNeNoNeNe) O OOOo OO O OO0 [eNeNoeNoNo)

OO OO OoOo

nsec

.305
. 388
.463
.489
.531

. 306
.327
. 360
.30
415

.332
697
. 789
.990
.067

.311
.375
424
.594

.626

. 280
.391
.415
.512

.279
. 300
.325
.377
.336
426
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B. Temperature Dependence of the Annihilation Rate, A,, for the React-
ion of Thermal Ortho-Pesityonium with Different SolIvents.

Solvent T,OC A ,1'1sec-l 1. ,%
2 2
Ethanol 21 0.331 18.8
47 0.325 19.2
51 0.323 19.4
72 0.319 19.2
21 0.333 18.9
1-Propanol 21 0.317 21.8
27 0.314 22.2
34 0.318 21.6
44 0.311 22.3
56 0.316 22.4
64 0.309 22.5
75 0.312 22.7
83 0.306 22.7
21 0.318 22.3
2-Propanol 20 0.295 22.3
27 0.298 22.6
39 0.298 22.8
7 0.290 22.4
60 0.295 22.4
70 0.292 22.7
20 0.295 22.4
n-Hexanol 20 0.400 20.1
31 0.400 20.3
42 0.401 20.2
52 0.402 20.1
62 0.404 20.3
74 0.401 20.0
80 0.410 20.1
90 0.415 20.4
100 0.408 20.5
20 0.401 20.2
E.O 21 0.586 26.9
“ 32 0.629 28.4
43 0.604 28.0
49 0.619 28.3
65 0.630 29.7
24 0.572 27.5
21 0.580 26.5



Solvent

Ethyleneglycol

0.92 MF Ethanol/
Ethyleneglycol

20
32
45
55
66
74
94
108
120
138
150
173
192
20

20

)., smsec

QO OO0 DOOOOOC

424
.460
L4487
447
L449
.450
.459
L6449
442
.435
.433
424
L421
.430

.303

19.

20.
21.
21.
22.
23.
23.
23.
24,
24,
25.
25.
20.
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Temperature Dependence of the Observed Rate Constants for the
Reaction of Ortho-Positronium with CuC17 or Substituted Nitroa-
romatics in Differnt Solvents. -

Solvent and Sulute T,OC A9,nsec-l ._12,% k,M_lnsec.l
Ethanol 20 0.407 18.2 7.9
27 0.424 19.7 9.8
33 0.419 18.8 9.4
CuC12,9.6 mM 42 0.432 19.5 11.0
49 0.435 19.7 11.5
55 0.437 19.8 11.9
64 0.405 < 18.0 14.2
20 0.405 18.0 7.9
1-Propanol 21 0.432 21.7 6.8
34 0.460 22.2 8.4
44 0.491 23.6 10.2
CuC12,17.5 mM 54 0.506 22.7 11.0
' 64 0.531 24.5 12.5
74 0.564 25.0 14.3
21 0.432 21.8 6.8
2-Propanol 21 0.402 19.7 8.1
35 0.440 20.1 11.0
41 0.453 20.7 12.0
CuC12,13.2 mM 54 0.454 20.3 12.0
65 0.403 20.4 8.2
75 0.533 22.2 18.0
21 0.404 20.0 8.1
n-Hexanol 20 0.467 31.7 3.7
31 0.488 32.3 5.0
42 0.509 29.2 6.3
CuC12,16.6 mM 52 0.541 28.7 8.2
62 0.558 28.5 9.2
74 0.595 28.0 11.5
80 0.611 29.7 12.4
90 0.678 32.6 16.5
100 0.694 32.7 17.4
20 0.465 32.0 3.7
H20 20 0.653 22.6 3.6
32 0.761 26.2 5.5
44 0.758 24.7 6.4
CuC12,24.O mM 66 0.825 26.2 8.1
76 0.843 24.1 9.7
89 0.930 30.5 14.8
96 0.926 29.1 14.7
20 0.660 23.2 3.7



Solvent and Solute

Ethyieneglycol

1-Propanol

Nitrobenzene, 10 mM

n-Heptane

o-Nitrotoluene, 400 mM

0.14 MF Ethanol/
Ethyleneglycol

0.22 MF Ethanol/
Ethyleneglycol

0.49 MF Ethanol/
Ethyleneglycol

0.76 MF Ethanol/
Ethyleneglycol

-t

Q

=3
@

-

oY U e o
O NI~ O

-20

21
30
40
48
58
68
79
%0
103
21

20

20

20

20

[3S]

-1 . - -1
2,1qec 12 % k,M "nsec
0.436 20.3 .51
0.457 20.7 .56
0.485 20.3 .84
0.482 21.4 1.97
0.475 20.6 1.53
0.500 21.7 2-.81
0.502 21.5 2.82
0.512 21.3 2.98
0.525 22.1 4.27
0.552 23.1 6.38
0.579 24.7 8.20
0.430 20.7 <5
0.413 18.9 10.0
0.421 19.3 10.8
0.419 19.2 10.6
0.422 19.7 10.9
0.427 20.2 11.4
0.416 19.7 10.3
0.387 19.9 7.4
0.380 20.2 6.7
0.410 18.8 10.0
0.579 25.0 7.1
0.481 19.1 5.2
0.445 22.8 4.5
0.425 23.4 4.1
0.338 22.6 2.1
0.332 23.1 2.1
0.341 25.6 2.4
0.316 26.5 1.9
0.304 29.2 1.8
0.293 29.8 1.6
0.281 29.7 1.5
0.451 22.7 4.6
0.420 22.4 -
0.380 21.5 -
0.371 22.1 -
0.343 21.2 -



Solvent and Solute

Toluene

o-Nitrotoluene, 40 mM

Ethyleneglycol
CuClz, 12 mM
Viscosity = 20 cp

0.14 MF Ethanol/
Ethyleneglycol
CuCl,_, 13.5 mM
ViscOsity = 18.1 cp

0.22 MF Ethanol/
Ethyleneglycol
CuCl,, 14.3 mM
ViscOsity = 16.2 cp

0.49 MF Ethanol/

Ethyleneglycol
CuClz, 11.56 mM
Viscosity = 10.6 cp

0.76 MF Ethanol/
Ethyleneglycol
CuCl, , 15.0 mM
ViscGsity = 4.9 cp

0.92 MF Ethanol/
Ethyleneglycol
CuCl,, 15.2 mM
Viscosity = 1.6 cp

=59

-20

20
30
39
49
57
65
73
82
94
20

20

20

20

20

20

,nsec I?,% k,M_ nsec
0.904 42.3 13.8
0.899 40.6 13.8
0.818 40.8 11.2
0.736 51.8 10.3
0.654 49.9 8.4
C.591 47.9 7.0
0.537 51.8 5.8
0.509 55.3 5.2
0.467 52.7 4.3
0.433 52.6 3.6
0.416 51.5 3.3
0.415 54.8 3.3
06.740 51.3 10.3
0.431 20.1 0.9
0.400 20.3 1.3
C.391 20.7 1.5
0.375 21.0 2.8
0.373 20.9 3.8
0.388 20.4 5.6
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Reactions of Thermal Ortho-Positronium with Nitroaromatics,

Cyclohexaamylose (CH) or Inclusion Complex (Nitroaromatics + CH)

in HZO at 2100, pH 3.5 and Ionic Intensity 0.5.

Cyclohexaamylose

a) Average of ten different runs. (+.002)
b) Average cf five different rums. (+ .003)

System Concentration, mM Xz,nsec-l IZ,Z
Cyclohexaa- 6.8 0.551 26.4
mylose 3.0 0.548 26.3
9.2 0.541 26.5
11.6 0.543 27.0
12.5 0.545 27.3
16.7 0.547 26.8
18.4 0.547 26.7
25.0 0.533 26.8
50.0 0.531 26.4
69.3 0.538 26.5
75.0 0.533 27.0
92.1 0.534 26.6

H,0 pH 3.5 a
Ionic Intensity 0.5 - 0.550 27.3
7.84 mM 0.0 P0.640 25.8
n-Nitrophenol+CH 6.8 0.625 26.0
11.6 0.610 26.4
26.4 0.585 26.0
49.3 0.576 26.4
69.3 0.566 25.9
92.4 0.559 26.3
4.5 mM 0.0 b0.593 26.5
o-Nitrophenol+CH 8.3 0.589 26.4
9.2 0.589 27.0
12.5 0.595 27.3
18.4 0.577 26.6
25.0 0.577 26.7
50.0 0.541 26.8
92.0 0.526 26.1



Cyclohexaamylose
System Concentration, mM

p-Nitroben-
zyl Alcohol + CH
7.96 mM

N WO U IO 00O
U1 O L Oy O

O &~ Do

8.5 mM m-Nitroben~ 0
zyl Alcohol + CH 8.
9

[
oo oouINd WO

a) Average of five different rumns. (+ .003)

k?,nsec IZ,Z
20.666 26.0
0.630 25.7
0.620 25.8
0.622 26.0
0.605 25.9
0.547 26.1
0.534 26.0
20.637 27.0
0.638 27.1
0.634 26.6
0.621 26.4
0.605 26.7
0.591 26.7
0.583 26.8
0.563 26.9



Cyclohexaamylose -1

System Concentration, mM Xz,nsec I?,%
8.0 mM o-Nitroben- .0 %0.641 27.0
zyl Alcohol + CH 8.6 0.641 27.0
9.2 0.634 27.4

12.5 0.630 27.9

18.4 0.624 26.7

25.0 0.610 27.6

50.0 0.591 26.8

75.0 0.583 27.0

92.0 0.569 27.1

003)

a) Average of five different rumns. (+
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POSITRONIUM CCMPLEX FORMATION: MECHANISHS, SOLVENT EFFECTS

AND ITS APPLICATION TO THE STUDY GF [QLICULAR PHENOMENA

Lugens Stephen Fall

One of the most widely studied "exXotic atoms" in Chemistry and

Physics is positronium, DPositronium {Ps) is the tound state of an

[

electron and positron., It is formed in iwo ground stales, para-

positronium (p-Ps) and ortho-vositronium (c-Ps) whose lifetimes in

Hh

ree gspace are 0,125 nsec and 140 nsec respectively,

hen thermalized o-Ps foxms a complex with a molecule, the eleciron
density at the position of the positron will be drastically increased
thus shortening its lifetinme,

A study was performed to evaluate what role the sclvent plays i

73

atilizing the complexes formed between Ps and nitroaromatics in

lution and the various thermodynamic variables associa ed with these

8

Lol
H
d

cesses, This study also included the evaluation of the effects
displayed by several different solvents on complexes formed btetween

and CuClZ. The interpretation of the sclvent effects of Ps reactions
in terms of the "bubble shrinkage model" was tested using the resulis
cttained in the reactions of Ps with various inorgenic and organic
molecules in different solvents, It was found that this model is
definitely not applicable below a certain critical viscosity of the

d

o e restricted to diffusion conirolls

i

sclvent and appears



The fact that the reactivitiy of Fs tewards nitroaromatics is
drastically reduced when the latier molecules are already complexed
with other conventional molecules can ke utilized to determine the
molecular formation constant, KC, Tor inclusion compounds., 4 study
was made using Ps as a prote to provide valuabdle information about the
influence of steric factors on the ability of guest molecules to bind

in the cavity of cyclohexaamylose.
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