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FOREWORD

ApvaNces IN CHEMISTRY SERIES was founded in 1949 by the
American Chemical Society as an outlet for symposia and
collections of data in special areas of topical interest that could
not be accommodated in the Society’s journals. It provides a
medium for symposia that would otherwise be fragmented,
their papers distributed among several journals or not pub-
lished at all. Papers are reviewed critically according to ACS
editorial standards and receive the careful attention and proc-
essing characteristic of ACS publications. Volumes in the
ApvaNces IN CHEMISTRY SERIES maintain the integrity of the
symposia on which they are based; however, verbatim repro-
ductions of previously published papers are not accepted.
Papers may include reports of research as well as reviews since
symposia may embrace both types of presentation.
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PREFACE

"I’he symposium, “Positronium and Muonium Chemistry,” was held at
the Second Joint Conference of The Chemical Institute of Canada and
the American Chemical Society, May 29-June 2, 1977. The objective of
this symposium was to assess the rolé of positronium, which is the short-
lived bound state of an electron and its antiparticle, the positron, and
of muonium, which is the combination of an electron with a positive
muon, as nuclear probes to the solution of chemical problems. Thus
participants were requested specifically to aim for comprehensive state-
of-the-art reviews and to emphasize the application of positronium or
muonium atoms to chemical problems in their respective areas of interest.
As a result of this a wide variety of topics ranging from the interactions
of these “exotic atoms” in simple rare gases to the use of positronium in
structure studies of complex biochemical compounds were discussed.

This symposium showed that these nuclear techniques offer great
promise for the study of phase transitions (conformational and other
structural changes) in the microenvironment in inorganic and organic
materials, metals, polymers, and micellar and biomacromolecular sys-
tems. Here they can complement other conventional methods by pro-
viding information not accessible by these latter techniques. They also
have been found to sensitively probe the properties and intermolecular
interactions of molecules, cluster formation, etc. in gases at various densi-
ties. The most dramatic effects can be seen when positronium atoms
(Ps), formed by the combination of an electron with a positron, are
allowed to react with photon-excited molecules. The extremely large
cross section observed for the interaction between positronium and these
species makes this technique applicable to pollution research related to
photochemical reactions in air.

The mechanism of positronium and muonium formation in the con-
densed phase involves a variety of radiation chemical phenomena. Thus,
the investigation of these processes via positronium and muonium chem-
istry provides valuable information on the (very fast) reactions, mech-
nisms, and kinetics of radiolytically formed species in radiation spurs.
The availability of low-energy positrons will be especially fruitful for
these latter studies.

Because of the relative simplicity of the positronium or muonium
atoms, theoretical calculations of the reactions of these species with other
molecules and the structures of the intermediates involved in these reac-
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tions always have been attractive to theoreticians and some of their
results were discussed at this meeting.

In order to provide the reader with a comprehensive treatment of
positronium and muonium chemistry, the editor also invited several
authors who were not able to attend the Montreal symposium but who
had participated in the symposium on “Chemical and Physical Applica-
tions of Positron and Muon Spectroscopy” at the ACS National Meeting
in New Orleans, March 20-25, 1977, organized by the Division of Nuclear
Chemistry and Technology, to contribute to this volume.

The editor is very grateful to his colleagues whose efforts made this
volume possible. He also would like to thank the session chairmen:
B. G. Hogg, The University of Winnipeg; S. J. Tao, The New England
Institute; and especially G. R. Freeman, The University of Alberta, who
initially suggested this symposium and also acted as co-organizer.

Virginia Polytechnic Institute Hans J. AcHE
and State University

Blacksburg, Virginia 24061

March 20, 1979
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Positronium Chemistry: Present and Future

Directions

HANS J. ACHE

Department of Chemistry, Virginia Polytechnic Institute and State University,
Blacksburg, VA 24061

In this review an attempt has been made to critically assess
the present status of positronium chemistry and positron an-
nihilation techniques as a chemical probe in general. Spe-
cifically, the concept that the interactions between positro-
nium atoms and substrate occur primarily via positronium
complex formation and that the rate of this reaction is there-
fore dependent on the nature of the environment in which
they occur, has been developed to a method of determining
the position of probe molecules in micelles and to evaluate
formation constants for inclusion and acceptor—donor com-
plexes of biological interest. Furthermore the positronium
formation process was very sensitive to microphase transi-
tions and was used for the assessment of critical micelle
concentrations in aqueous and reverse micellar systems.

Among the various combinations of elementary particles and their anti-

particles, which have become known during the recent years as exotic
atoms, the positronium (Ps), which is the bound state of an electron and
positron (e'e”), is undoubtedly the most thoroughly investigated species.
This is probably owing to the fact that Ps atoms can be produced easily
following the 8* decay of certain radioactive nuclides, such as *Na. The
properties of this species have been discussed in previous reviews (1-7).

Positrons emitted as a result of such a radioactive decay lose most of
their (initially several hundred KeV) kinetic energy in inelastic and
elastic collision until they reach nearly thermal energies at which point
they can combine with electrons to form the Ps atom, whose binding

0-8412-0417-9/79/33-175-001$11.25/1
© 1979 American Chemical Society

In Positronium and Muonium Chemistry; Ache, H.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1979.



Publication Date: June 1, 1979 | doi: 10.1021/ba-1979-0175.ch001

2 POSITRONIUM AND MUONIUM CHEMISTRY

energy is 6.8 eV. The positronium formation probability depends on the
nature of the environment: in water about 36% of all positrons form Ps,
whereas in benzene the corresponding number is 57%.

Ps can be visualized as an analog of the hydrogen atom, in which the
proton is substituted by a positron, and thus can be considered as the
lightest isotope of the hydrogen (Figure 1). However, in contrast to the
hydrogen atom which is a one-center system, the equal masses of the
electron and positron make the positronium a two-center system, which
leads to drastic differences not only in the physics but also in the chem-
istry of these two species.

Ps exists in two ground states, the singlet (para) Ps with antiparallel
spin orientation (1) (its self-annihilation lifetime is in free space 1.25 X
10 sec and it decays by two-photon emission), and the triplet (ortho)
Ps with parallel spin orientation (11) with a considerably longer intrinsic
lifetime of 1.4 X 107 sec (Figure 2). Its self-annihilation occurs via
three-photon emission. Ortho and para Ps are formed normally in the
ratio of 3:1.

Despite this short lifetime, which rules out conventional product
analysis as e.g. used in the reactions of tritium, the Ps is an excellent
labelled hydrogen atom for the investigation of the properties and the
chemical and physical processes in matter; this is because its lifetime and
the mechanism of its annihilation process are determined by the chemical
and physical states of the environment.

The potential of the positron annihilation and the Ps atom to the
solution of physical problems has been recognized rather early by physi-
cists, and here especially, in the area of solid-state physics, where this
method is now well advanced and has become a standard technique
e.g. for defect studies and for Fermi surface determinations in metals
(8). On the other hand, the development of the positron annihilation

HYDROGEN ATOM POSITRONIUM
p~ e
Me
REDUCED MASS: ~ m, 3
BOHR RADIUS: 0.53 A 1.06 A
IONIZATION POT.: 13.6 eV 6.8eV

Angewandte Chemie (English)

Figure 1. Characteristics of hydrogen and Ps
atoms (5)

In Positronium and Muonium Chemistry; Ache, H.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1979.



Publication Date: June 1, 1979 | doi: 10.1021/ba-1979-0175.ch001

1. ACHE Positronium Chemistry 3
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Figure 2. Ps annihilation characteristics (5)

method as a probe for chemical properties, i.e. the Ps chemistry, has
proceeded rather slowly since the discovery of Ps by Martin Deutsch
in 1951 (9).

It is interesting to note that in the early stages a major contribution in
the area of Ps chemistry was and still is made by scientists trained by
physicists.

However, despite all the pioneering efforts by these groups, chemists
remained rather indifferent to this new atom and it was only during the
past five to seven years that chemists of all persuasions have become more
and more involved in the chemistry of this exotic atom, and have provided
the diversity and expertise to develop this technique to a new general tool
for the solution of chemical problems.

Thus I believe it is rather appropriate at this point in time to assess
what has been accomplished so far in Ps chemistry, what we know about
the reaction of the Ps, and where we are going from here.

As in the case of any new technique one can distinguish two stages.
The first stage can be considered as the study of the basic features of this
particular effect, or, as in this case, as the study of the underlying fea-
tures, chemical or physical processes, which alter the fate of the Ps
atom. The second stage of research carries more significance for the
chemist and is concerned with the question of how we can in turn utilize
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4 POSITRONIUM AND MUONIUM CHEMISTRY

the knowledge gained in the first stage to develop this new technique, or
the reactions of the new atom to obtain new chemical information, over
and above that of what can be assessed by other conventional techniques.

It is my contention that we have successfully finished the first stage
and that we have to direct our attention now to the second stage, a task for
which we need the cooperation of chemists in all areas of chemistry reach-
ing from nuclear and radiation chemistry to bio- and enzyme chemistry.
However, before I venture into a discussion of where or into which areas
I see a special advantage in applying this nuclear technique, I would
like to sumamrize briefly some of the essential features of Ps chemistry.

Basically the chemical information about the environment in which
positron or Ps is formed comes from the observation of two processes:
the Ps formation and the reactions of the Ps atom.

Let me explain the second process first and let us concentrate on the
question of which reactions the ortho Ps (0-Ps) can undergo. (Because
of the extremely short lifetime of the para species, the following discus-
sion is restricted to the reaction of the 0-Ps).

Basic Features of Positromium Interactions with Matter

Quantum mechanics predicts that the annihilation lifetime of the
positron is determined basically by the degree of overlapping of positron
and electron wave functions, which leads e.g. to the intrinsic lifetime of
0-Psof 1.4 X 107 sec.

The laws of conservation of energy and momentum also require that
the self-annihilation of the 0-Ps occurs via three-quantum annihilation.

In the past, several reaction mechanisms were discussed, such as pick-
off annihilation, oxidation, and spin conversion. All these processes result
in a definite shortening of the positron lifetime and in a drastic increase
of the two-photon annihilation rate (Figure 3). (Previous reviews can be
found in References 1-7).

Unfortunately, some of the concepts such as pick-off annihilation and
the bubble model are foreign to the vocabulary of the organic or bio-
chemist. Thus in order to describe the various reaction types between Ps
atoms and molecules we more recently have discussed these reactions in a
scheme which is based on simple gas kinetic principles familiar to every
chemist (10).

As shown in Figure 4 the basic assumption is that in a collision
between 0-Ps and another molecule a more or less long-lived collision
complex is formed, in which the electron density at the positron of the
positron is increased drastically. The average time that the Ps spends in
this complex will depend on the stability of this complex. If only weak
(van der Waals) forces are operative in holding this complex together,
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1. ACHE Positronium Chemistry 7

the Ps will spend only very little time in this environment, and the posi-
tron experiences the effect of the increased electron density only for a
short time. Thus the average lifetime of the Ps appears only slightly
shorter as compared with the intrinsic lifetime of the o0-Ps. On the other
hand, if this Ps collision complex undergoes stabilization involving genuine
chemical forces, e.g. bond formation, then the positron will find itself in
an environment of high electron density for a prolonged period and its
lifetime will be reduced substantially. In other cases this complex may be
just a transition state leading to electron transfer from Ps to substrate, i.e.
oxidation of Ps. The product of this latter process is a free positron, whose
lifetime in condensed matter is considerably shorter (0.1-0.5 nsec) than
that of the o0-Ps. If the substrate is paramagnetic the collision can result
in a spin conversion from o- to p-Ps, whose intrinsic lifetime is only
1.25 X 1071 sec. (Because of the extremely short intrinsic lifetime of the
p-Ps, reactions of this species can be neglected). Thus, one generally can
state that all interactions of the o-Ps with matter lead to a shortening of
its apparent lifetime.

For an accurate determination of the reactivity of thermal Ps toward
various substrates these qualitative predictions had to be developed to a
quantitative method which allows the calculation of the chemical rate
constants for the reactions between Ps and substrate (10).

This can be accomplished by setting up appropriate kinetic equations
and subsequent integration of the resulting differential equations from
which the population of the various states in which the positrons exist as
0-Ps and PsM can be found as a function of time. From these values and
the positron annihilation constants for these states, an equation for the
time-dependent, two-photon annihilation rate can be obtained. This in
turn allows the determination of the chemical reaction rate constants by
utilizing sophisticated nuclear chemical lifetime measurement techniques
as described in the following section.

Experimental Measurements of Positromium Reactions and Formation

In order to observe changes in Ps reaction rates and in the Ps forma-
tion probability two different methods are most frequently used. (A com-
plete discussion of the details of the various methods can be found in
References 1-7.)

Positron Lifetime Measurements. The first step for a quantitative
evaluation of the experimentally accessible positron lifetime data and in
terms of the kinetic parameters and rate constants for the chemical reac-
tion between Ps and substrate molecules is to set up a reaction scheme
which considers the various interactions between the reactants.

In Positronium and Muonium Chemistry; Ache, H.;
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8 POSITRONIUM AND MUONIUM CHEMISTRY

This can be demonstrated by using the reaction scheme on Figure 4
as an example. To simplify the issue we want to assume that the substrate
AB or M is diamagnetic, which excludes spin conversion, and that the
reaction between 0-Ps and molecules M is solely caused by o-Ps—molecule-
complex formation PsM, from which annihilation takes place. If oxidation
occurs, the reaction proceeds via the o-PsM complex as the rate-
determining step.

Thus the process can be described by the following reaction scheme:

annihilation in
solvent K1 A

2y ¢e———— 0-Ps+ M = 0-PsM ———— 2y.
Ap Kg annihilation in
complex

According to this scheme the following reactions have been consid-
ered: reactions of Ps with substrate M to form a Ps complex, PsM (rate
constant K, ); decomposition of PsM (rate constant K,); position annihi-
lation in complex (decay constant A.); and annihilation of Ps in bulk
solvent with annihilation constant A,.

Since the concentration of M remains essentially constant throughout
the experiment, the mechanism can be simplified to:

K, =K:[M]

N Ky Ae
2y <« 0-Ps = 0-PsM — 2y
K2

Appropriate kinetic equations can be set up for the population of the
various states N in which the positron can reside if no oxidation or spin
conversion occurs and if reactions of the p-Ps are neglected because of its
large self-annihilation constant, A,. Ng, N1, Ng, and N¢ denote the free
positron state, the 0-Ps, p-Ps, and the PsM complex (A is the annihilation
constant for free positrons; the self-annihilation of 0-Ps can be neglected).

dg" = — Ar[Ng]

B8 AsIN]

B — — (K/ + %) [Na] + [Ke] [Ne]
oo — Ky [Nal — (K; 4 A) [No]

In Positronium and Muonium Chemistry; Ache, H.;
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1. ACHE Positronium Chemistry 9

Since the time-dependent, two-photon annihilation rate, Ryy, which
is measured by the delayed coincidence counting as discussed below, is
the result of the annihilation’ of free positrons, p-Ps, and the positron
bound in the Ps complex, one has to know the time-dependent population
of each of these states.

This is accomplished by the integration of the differential equations
using the proper initial condition for N, = 0 at time 0:

NF = NFO“’[— )Lpt]
Ng = Ng°e=[ — ast]

and for N.: if (K 4+ A¢c) >> K [M], ([M] is the substrate concentra-
tion), and one can approximate:

No = C(exp [— (ke + Ko)t] + exp [ = (Aﬂ v [M]t)]

since
Ray) = A exp[ —Apt] + B exp[ —Ast] + C exp[— (A + K;) ]

-I—Cexp[—(A,,—I-—I;{%;[M])t].

In condensed matter it is assumed that the annihilation constants for
free positron, p-Ps, and annihilation positrons in the complex are approxi-
mately the same:

K
A1=AF:AS:A¢>><A,,—I- K2-1|i‘ca [M]).

The following two-exponential equation for Ray ;) can be derived from the
above equation:

Ray(ty = D exp[ —Ast] + C exp[ —2qt]

where:

N =+ o2 [M].

N
Kobs

In Positronium and Muonium Chemistry; Ache, H.;
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10 POSITRONIUM AND MUONIUM CHEMISTRY

By determining A, which is identical (in dilute solutions) with A2
measured in the pure solvent, and knowing the solute concentration, [M],
the apparent constant for Ps reaction is given by:

L T
Kobs— [M] .

In order to obtain rate constants for the reaction of Ps (or positrons)
with substrate molecules or to follow changes in the reactivity of a certain
medium towards Ps, the time-dependent, two-photon annihilation rate
(see above) has to be determined. This is accomplished by positron life-
time measurements utilizing conventional fast-slow, y—y coincidence
methods.

The positron emitter used is 22Na, which decays under emission of a
positron to the excited state of 22Ne, which in turn undergoes de-excitation
under emission of a 1.28-MeV photon. The lifetime of the excited *Ne is
only 3 psec, so that for all practical purposes the emission of the positron
and 1.28-MeV photon is considered to occur simultaneously (Figure 5).

g3t 2.60y
Ey | Na22
2+ 1.2746
3 ps _____T,,,, :
Angewandte Chemie (English) E2 BY90%
, 0+ EC 10%
Figure 5. Decay scheme for **Na AN
22 + 0
(3). 1oNe B+ 0.05%

Thus the positron lifetime distribution can be determined by observing
the time elapsed between the generation of the 1.28-MeV photon and the
appearance of the 0.51-MeV photons resulting from the annihilation of
the positron. These time measurements can be carried out by conven-
tional fast—slow coincidence techniques (Figure 6).

The 1.28-MeV photon is observed with a plastic detector, e.g. Naton
136. The output signal from the anode of the attached photomultiplier
serves as the starting signal for the time—pulse height converter (TPHC).
A second, similar type of detector observes one of the two annihilation
photons (0.51 MeV). The signal from this detector serves as the stop
signal for the TPHC. The amplitude of the output signal of the TPHC
is thus proportional to the time difference between the arrival of the start
signal and that of the stop signal in the TPHC. The time calibration of
the system is effected by a built-in delay unit. The signal from the TPHC
passes into a multichannel pulse height analyzer, and is recorded on one
of the channels according to its pulse height, provided that the instru-
ment has been activated by a signal from the slow coincidence unit
(see below).
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12 POSITRONIUM AND MUONIUM CHEMISTRY

A I
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Figure 7. Typical positron lifetime distribution curve as ac-
quired by fast-slow coincidence technique

To reduce the number of random coincidences and to improve the
time resolution of the measuring equipment, a second slow coincidence
circuit should be incorporated. For this purpose, a signal from the dynode
of the photomultiplier, after passage through a preamplifier and a main
amplifier, is led into single-channel pulse height analyzers, one of which
passes only signals corresponding to a photon energy of 1.28 MeV, while
the other passes only signals corresponding to a photon energy of 0.51
MeV. If two signals filtered in this way by the two single-channel pulse
height analyzers enter the slow coincidence unit within a specified period
(usually 1 psec), they activate the multichannel pulse height analyzer
(see above) for a short time and allow the signals arriving from the TPHC
during this time to be recorded. (A more detailed description of the
various components used in these lifetime measurements and further
references can be found in Reference 4.)

A positron lifetime spectrum, Figure 7 recorded in this way should
represent the two-photon annihilation rate and correspond to the two-
exponential equation as discussed above. It can be dissolved into two
components. Several computer programs, such as POSITRONFIT (11),
POSITRONFIT EXTENDED (12), PAL (I3), and others (15) are
available for this purpose.

Consistent with the rate equation for the two-photon annihilation,
the short-lived component with an associated lifetime r; or decay constant
and intensity I; can be attributed to the annihilation of the free positron,
the annihilation of the products formed in the reaction of hot o-Ps, and
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the self-annihilation of p-Ps. The long-lived component displaying a life-
time r,, decay constant, and intensity I, is attributed to the annihilation
of thermalized o-Ps.

If other processes such as oxidation or spin conversion are involved
the reaction scheme will have to be altered and other kinetic equations
generated. Examples for these procedures can be found in several review
articles (1-7).

Determination of Positronium Yields and Positron and Positronium
Reaction Measurements in Two-Quantum Annihilation (I-7). In two-
quantum annihilation the deviation of the angle between the emission
directions of the two-quantum annihilation of the two 0.51-MeV photons
from 180° corresponds to

A® ~ 2v/c

where c is the velocity of light and v is the velocity of the center of mass
of the electron and the positron in the system in question. The deviation,
which is only a few milliradians in all practical cases, can be measured
with the aid of the system outlined in Figure 8. The 0.51-MeV photons
produced in the same act of annihilation are recorded in this system as a
function of A®. The form of such angular distribution curves provides a
basis for conclusions regarding both the various annihilation mechanisms
and the reactions of 0-Ps and its formation.

Free positrons usually annihilate with electrons located in outer shells
of the atom, which have a certain momentum; the angle between the two
annihilation quanta therefore differs considerably from 180°, and leads to
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Figure 8. Typwal experimental arrangement for determining the angu-
lar distribution (A® = deviation from 180°) (5)

In Positronium and Muonium Chemistry; Ache, H.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1979.



Publication Date: June 1, 1979 | doi: 10.1021/ba-1979-0175.ch001

14 POSITRONIUM AND MUONIUM CHEMISTRY
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Figure 9. Angular distribution in two-quantum annihilation:
frequency of 2y coincidences (C(®)) as a function of A®. The
narrow component (1) is shaded (5).

the broad component in the angular distribution curves (Figure 9). The
heavier p-Ps, on the other hand, loses most of its kinetic energy very
rapidly after its formation and has very little momentum left at the instant
of annihilation; the photons emitted in this case deviate only slightly from
180° and are responsible for the occurrence of the narrow component in
the angular distribution curves. The formation of p-Ps can be very readily
recognized from the presence of the narrow component (Figure 9), and
a change in the p-Ps formation yield can be observed by a relative increase
or decrease of the area under the narrow component. However, this
method is not confined to the detection of Ps. It also can be used to follow
its various reactions. Increased ortho—para conversion, for example,
causes more positrons to be annihilated in the form of p-Ps. This causes
increased two-quantum annihilation with a relatively wide angular dis-
tribution; the intensity of the broad component increases, while that of the
narrow component does not change. However, if p-Ps also is involved in
the chemical reaction or in the pick-off (this is generally possible only if

In Positronium and Muonium Chemistry; Ache, H.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1979.



Publication Date: June 1, 1979 | doi: 10.1021/ba-1979-0175.ch001

1. ACHE Positronium Chemistry 15

these reactions are much faster than the self-annihilation of p-Ps), the
result is an absolute weakening of the narrow component instead of a
relative weakening. Computational methods for the analysis of these
angular correlation data such as the PAACFIT program (16) are avail-
able.

Positronium Reaction via Positronium Molecule Complex Formation

The experimental results show pronounced differences in the capa-
bilities of the various chemical substances to annihilate Ps atoms more
or less effectively. The compounds investigated generally can be divided
into two categories (Table I) (11-37). The first one which shows only
weak interaction with Ps K,,, < 108 M sec?), is composed of hydro-
carbons, halogenated hydrocarbons, aliphatic nitro compounds, and dia-
magnetic inorganic ions whose standard redox potentials in aqueous solu-
tion are more negative than —0.9 eV. The second group encompasses
nitroaromatics, quinones, halogens, conjugated anhydrides, tetracyano-
ethylene, organic ions, and inorganic ions with a standard redox potential
of greater than —0.9 eV and displays a strong reactivity towards Ps (Kops
> 108 M sec™).

On the basis of the above reaction scheme (Figure 4) the rather small
reactivity of e.g. the alkanes toward Ps can be explained by assuming that
in these cases only relatively weak attraction (in the collision complex)
exists between Ps and molecules, which is mainly caused by the weak
Van der Waals forces. Since Van der Waals interaction is a function of the
polarizability of the molecule, the stability of the Ps—M complex and
thus the positron lifetime (and the reaction constant for the Ps molecule
reaction) should also be a function of the polarizabilities, a relationship
which has indeed been observed (17) (Figure 10).

Table I. Examples of Chemical Compounds Showing Strong/Weak
Interactions with Thermal Positronium Atoms (10)

Strong Interaction Weak Interaction

Kobg > 108 M! 8-1 Kobg < 18 M 8-1
Nitroaromatics simple aliphatic or aromatic hydrocarbons:
Quinones alkanes, benzene, anthracene, ete.
Maleic anhydride aniline, phenol, haloalkanes
Tetracyanoethylene
Halogens halobenzenes, aliphatic nitro compounds

Inorganic ions in solution phthalic anhydride, benzonitrile
(E, > —09¢eV)
Organic ions in solution (diamagnetic) inorganic ions in solution
(B, < —09¢V)

Journal of the American Chemical Society
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Demonstration of the steric effect on

the Ps rate constants (K,,,) by introducing methyl
groups in ortho position at the nitro group. (Kops
measured in dilute benzene solutions at 20°). (Iso-
lating the nitro group from the = system lowers the
rate constants (M sec1).) (10)
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In the case of the strongly reactive (diamagnetic) neutral organic
substances shown in Table 1 one has to realize that these compounds are
highly conjugated and contain strongly electronegative elements such as
oxygen and nitrogen. All of them are strong electron acceptors and form
stable molecular complexes with conventional compounds. We therefore
suggested that their reactions with Ps can be considered as Ps—M com-
plex formation (10). The reaction mechanism in solution then can be
formulated as follows:

K1
Ps+ M = PsM
K>

annihilation annihilation
with solvent in complex

2y 2y

This analogy is further supported by the fact that the same para-
meters that enhance the stability of conventional molecule complexes as
reported in References 38, 39, and 41 also increase the stability of the
Ps—M complexes, as indicated by the observed complex formation
enthalpies AH. In the series of the nitrobenzene derivatives the AH is
clearly a function of the nature of the derivative and is in the case of the
p-dinitrobenzene—Ps complex about —8 Kcal/mol, whereas the less stable
p-nitroaniline-Ps complex exhibits a AH of only —1 Kcal/mol.

The effect of the electron density distribution in the molecule on the
capability of the molecule to form the Ps—molecule complexes also is
clearly demonstrated in the ortho effect: while the complex formation

SUCCINIC ANHYDRIDE MALEIC ANHYDRIDE = BENZOQUINONE

&
H H H
2C Cz HC’ ’’’’’ -
/N VT
Y
=i O 8'o—c\ ' ot o>
o} o
o
31x107 7.1 x10° 50 x 100

Journal of the American Chemical Society

Figure 12. Demonstration o{ the effect of conjugation on the
Ps rate constants K,,, in cyclic anhydrides (K,,, measured in
dilute benzene solutions at 20°) (10)
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enthalpy AH for p- and m-nitrotoluene is about —4.3 Kcal/mol, the corre-
sponding values for o-nitrotoluene or 2,6-dimethylnitrotoluene are only
—3.8 and —2.0 Kcal/mol, respectively (23,24). The explanation for this
behavior can be seen in the fact that in the latter cases the ortho substi-
tuent prevents the nitro group from being in the plane of the acceptor
ring, i.e. the coplanarity and conjugation will be reduced (Figure 11).
The importance of the degree of conjugation available in the acceptor
also becomes clearly visible by comparing the rate constants for the highly
reactive) fully conjugated maleic anhydride on one hand and succinic
anhydride, where no conjugation exists, on the other hand (Figure 12).
It is also apparent in the case of the (non-conjugated) a-nitrotoluene and
the aliphatic nitro compound, where the reactivity toward Ps is reduced
drastically (10) (Figure 13).

While similar complexes can be postulated for the interaction of the
halogens with Ps the results observed in aqueous solutions of simple
inorganic ions may be understood as electron transfer reactions possibly
proceeding via the postulated collision complex (Figure 4):

Ap™ + Ps— Agg™ D + eag”

2y
o ) ] ]
°\‘3 0 o\%/o O\N 0 O\N Py
CHs HiC CH3
CHj
CHs
2.2 x 10 2.1 x 100 0.85 x 10° 0039 x 1010

Journal of the American Chemical Society

Figure 13. Demonstration of the effect of conjugation on Ps rate con-

stants (K,y,) in various nitro compounds (K,,, measured in dilute benzene

solutions at 20°). (The steric interaction of the methyl group forces the

nitro group out of the plane of the ring. Loss of configuration results in a
reduction of the rate constants (M sec™).) (10)
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Figure 14. Rate constants of Ps atom reactions with various inorganic ions in
aqueous solutions as a function of AG for one-electron transfer (at room tem-
perature)
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Table II. Calculated Positron and Positronium

Positron Positronium
Affinity® Affimity°
eV eV

CeHs —.06 —7.62 = .60
CeHsCHj3 46 —2.32 + .19
CeHsF 17 —2.68 = .36
CeH5NO, —.16 1.11 = 81
CeH;CN 24 —1.84 = .08
C¢H;CHO 44 —0.09 = 47
p-CeH40, —35 —1.88 + .03

® Ref. 43.

® Ref. 47. . .

l‘:[(lincertainties are caused by an incompletely determined parameter, k*), in their
method.

This reaction can take place when it is energetically possible. A
systematic investigation of these oxidation reactions suggests a correlation
between the standard redox potentials and the observed rate constants.
A more refined treatment would have to take into account rearrangement
entropies, etc. (32) from which a hypothetical standard redox potential of
—0.9- —1.1V can be obtained (Figure 14).

Ps also can be formed with excess kinetic energies as discussed
below in which case additional reaction channels become available,
e.g. the reduction of inorganic ions such as Mg,e*', Zn,?', with a standard
redox potential more negative than —0.9 V (28, 33).

Positronium Reactions as a Probe for Intermolecular Interations

How can a study of Ps interactions contribute to our understanding of
chemical reactions in general? From the above discussion of the correla-
tion between the reactivity of the Ps and characteristic properties of the
substrate molecule it is quite obvious that the Ps atom used as a chemi-
cal probe is quite sensitive to molecular properties and in turn can be
used to solve fundamental problems in physical chemistry, e.g. deter-
mination of electron density distribution in molecules, intermolecular
interactions, and the assessment of the role of kinetic and diffusion-
controlled processes in solution.

Fundamentally the studies on Ps—molecule complex formation (10)
as described above can be considered as the first step of a more in-depth
study of the factors governing the intermolecular interaction between
molecules in general by using the Ps as a chemical probe. If it can
be demonstrated conclusively, (and the experiments with Ps in solu-
tion seem to indicate it so far) that the energy of interaction between Ps
and substrate is indeed controlled by the same parameters as in the con-
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Affinities of Benzene and Related Compounds

Positronium AH,, (K/mol) K, for
Affinity™° Obeserved for Ps Reactions with
eV Complex Formation® Compound M s7*
—2.18 = 3.80 <0.1 3.8 X 107
—2.20 = 3.85 <01 3.9 X 107
1.05 =3.25 <0.1 32X 107
0.31 = 4.42 —8.0 2.7 X 10%°
—0.21 =449 <01 5.2 %X 107
3.44 = 3.45 <01 4.9 X 107
3.50 =4.13 —8.0 5.0 X 101
4 Ref. 10.

° Determined at room temperature.

ventional molecular complexes, i.e. by electrostatic and resonance terms,
then it is feasible to use the Ps atom as a powerful probe for the study of
the kinetics and mechanisms of molecule complex formation. Since the
simple nature of the Ps particle lends itself both to reasonably straight-
forward theoretical calculation (42—47) and to relatively easy experi-
mental tests of theoretical models of intermolecular interaction, this
method appears to be uniquely suitable for such an investigation. A com-
parison of the results obtained in some tentative quantum mechanical
calculation (43,47) of the Ps affinity with experimental results (10) is
made in Table II.

Furthermore, the stability of the Ps—M complex is a function of
the nature of the solvent (10,48, 49); thus this method also may be used
to study the solvation capabilities of a series of solvents. It is very im-
portant that Ps reactions, because of the extremely small mass of the Ps,
should occur via tunneling even at room temperature. This would allow
a convenient study of this quantum mechanical phenomenon.

Positronium Reactions as a Nuclear Probe in Biological Systems

A practical application of the Ps interactions which we investigated
recently in our laboratory was the determination of the molecular associa-
tion constants of various molecules of biological interest (50,51). This
opens up an interesting new field for utilizing this new technique in the
study of biological reactions.

This method is based on the fact that the reactivity of an acceptor
molecule toward Ps is altered drastically if it has formed a molecular com-
plex with a conventional donor (Table III) (50, 51,52, 53).

Instead of a two-compound system, in which the Ps reacts either
with the substrate molecule or the solvent, one has now to consider a sys-
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Table III. Complex Formation Constants, K., and Apparent Rate

Nitrobenzene
Compound Koo X 109 M1 571
TCNE 39 =02
TCNE-HMB 1.8 =02
TCNE-mesitylene 0.24 = 0.02
NB 27 =02
NB-HMB 12 +02
NB-mesitylene 0.35 = 0.02

¢ Determined by positron annihilation techniques. .
® Also included are their molecule complexes with hexamethylbenzene and mesi-
tylene in benzene solutions at room temperature.

tem consisting of three components: the substrate in its uncomplexed form
(A), in its complexed form (B), and the solvent (S). This equilibrium
can be described schematically as follows:

Ac Ky’ Ky Ae
2y<PsB=Ps+A+B+S=PsA—>2y
KB A

Ks I K¢
PsS
Lo
2y

By setting up the appropriate kinetic equations it is possible to
correlate the experimentally observed two-photon annihilation rate with
the complex formation constant or molecular association constant. Some
of these examples are shown in Tables III and IV.

This method might prove to be most useful in cases where the un-
complexed donor or acceptor absorb at similar wavelengths as the mole-
cule complex or where the solvent absorption interferes with the spectro-
photometric determination of the complex formation constant.

For example, we were able to measure the complex formation con-
stant for a series of molecular complexes of vitamin K; and e-tocopherol-
quinone with donors such as mono-, di-, and tri-n-butylamines, indol, and
vitamin D in solutions (51). To the best of our knowledge this is the first
time that these constants have been determined.

The molecular association constants of the systems (K.) studied in
this investigation are generally very small, indicating that only very weak
complexes are formed. The K. observed for the vitamin K; complexes
with mono-, di-, and tributylamine decreases in this order. The amines
and indole were chosen because these groups are essential components of
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Constants K,psq for the Reactions of Tetracyanoethylene (TCNE) and
(NB)® (50)

K, M K, spectrophotometric M™!
90 =*=10 12.95 = 0.05
0.094 = 0.01
1.1 =03
0.058 == 0.01

Journal of Physical Chemistry

proteins which are known to act as dornors in molecular complex formation
in biological reactions with vitamin K; which, e.g. are responsible for the
maintenance of the normal blood coagulation.

Since it is believed that the charge transfer in the complexes is accom-
plished by the unpaired electron of the nitrogen to the quinone group of
the vitamin K; (or e-tocopherolquinone), this effect should be enhanced
by the presence of additional n-butyl groups. The fact that the opposite
was observed, namely that K. decreases with the number of n-butyl groups
present, is therefore not the result of an inductive effect, but could be
explained in terms of a steric hindrance which makes the formation of the

molecular complexes with the higher n-butyl-substituted donors more
difficult.

Table IV. Complex Formation Constants, K., and the Apparent Rate
Constants, Kq,s, for the Acceptors Vitamin K,
and a-Tocopherolquinone® (51)

Compound Kops X 10°M1s? K, M1

Vitamin K; in benzene 245

Vitamin K;-indole in benzene 1.51 0.50
Vitamin K, in cyclohexane 1.96

Vitamin K;—n-butylamine in cyclohexane not detectable” 0.72
Vitamin K;—dibutylamine in cyclohexane not detectable® 0.54
Vitamin K;—tributylamine in cyclohexane not detectable® 0.24
Vitamin K;—vitamin Dj in cyclohexane not detectable® 0.83
a-Tocopherolquinone in benzene 2.15

a-Tocopherolquinone—indole in benzene 0.85 0.29

¢ Also included are their various molecular complexes determined by the positron
annihilation technique.

® The reactivity of the molecular complex toward Ps is below the detectable limit
(Kepeobsy < 0.2 X 1010 M-1 571) jnherent to the method of evaluation.

Journal of the American Chemical Society
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Vitamin D3 has been known as a good electron donor in biological
molecular complex formation. The results of the present study where the
formation constants K, for vitamin K;—vitamin D3 complexes have been
assessed in cyclohexane solution confirm this observation and suggest
very similar donor capabilities for vitamin D3 and mono-n-butylamine.

The strong reactivity displayed by a-tocopherolquinone, which is
believed to be one of the major products in the oxidation process of
vitamin E, toward Ps may open up an interesting possibility of studying
the oxidation process of vitamin E.

While o-tocopherolquinone reacts very rapidly with Ps, the rate
constant is 2.5 X 10'° M sec™! in benzene, and is even relatively reactive
in its complex with indole (K,ps = 0.85 X 10'© M sec™!), the nonoxidized
vitamin E shows (in benzene solution) hardly any reactivity toward Ps.
Thus this drastic difference in the behavior of the oxidation product of
vitamin E and vitamin E itself could be utilized for further studies of the
biologically interesting autoxidation of the unsaturated fatty acids.

In summary, these initial investigations of molecular associations in
biological systems by positron annihilation techniques seem to support the
feasibility of this new technique in the study of biological reactions.

Positronium Reactions as a Nuclear Probe for the
Properties of Inclusion Compounds

This type of work can be extended to another group of compounds—
the so-called inclusion compounds. The most prominent compounds in
this respect are the cycloamyloses and their most interesting characteristic
is their ability to complex a variety of guest molecules in a cavity of about
4.5 A diameter which they form and thus catalyze or inhibit certain reac-
tions. The rates of this complex formation has been studied in the past

Table V. Inclusion Complex Formation Constants, K., and Apparent
Rate Constants, Ky, for p-Nitrophenol, Nitrobenzene,
and p-Benzoquinone® (54)

K,
Kops Spectroscopic

Compound (10° M1sec!) K,(M?1) (M)
p-Nitrophenol .88 — —

p-Nitrophenol-CD A1 341 385°
Nitrobenzene 1.38 — —
Nitrobenzene—CD .09 48.6 —
Quinone 1.37 — —
Quinone-CD not determined 6.8 —

¢ Also included are their inclusion compounds with cyclohexaamylose (a-cyclo-
dextrin, CD) at p = 3.5, I — .5 in water solution.
® Ref. 55.
Journal of Physical Chemistry
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mostly with temperature jump techniques and UV spectroscopy. We have
used the different reactivity which compounds like nitrobenzene, p-
nitrophenol, and p-benzoquinone show toward Ps in their uncomplexed
form and after incorporation into inclusion compounds, such as a-cyclo-
dextrin (60), to study the molecular association constants (54).

In the initial study we measured the molecular association constants
by using the positron annihilation techniques and compared, e.g., the con-
stant for the nitrophenol-CD complex with the previously reported con-
stant, (Table V) and found it in agreement with the result of the spec-
troscopic measurement (55).

Positronium Reactions as a Nuclear Probe in Micellar Systems

This technique also can be used for the study of micellar systems.
Surface-active compounds are used frequently to solubilize molecules
which otherwise would not be soluble in water. The mechanism of this
solubilization involves the formation of aggregates of surfactant mole-
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bulk
phase
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Range of~—i
shear Core

surface 10-28R

—= —Stern layer,
up to a few
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Figure 15. A two-dimensional representation of
the regions of a spherical ionic micelle. The coun-
terions (X), the head group (@), and the hydro-
carbon chains (——) are indicated schematically
to denote their relative locations but not their
numbers, distribution, or configuration (57).
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Figure 16. Relative reaction rate constants K,pe/K° s s.

surfactant concentration in aqueous nitrobenzene solutions

(room temperature) (K° ,, rate constant observed without sur-
factant) (62)

cules which are called micelles and in which the solubilizate is contained
(Figure 15). Because of the great practical importance of the micellar
chemistry in detergency processes, tertiary oil recovery, and energy con-
version as well as its relationship to the natural aggregation of hydropho-
bic moieties which form biomembranes, this area of chemistry has been
under active investigation in the recent past. Several reviews describing
micelles and micellar phenomena have been published and can be found
in References 56—61.

While the structure of a micelle is fairly well understood in terms
of an entity with a viscous hydrocarbon-like core and a polar exterior con-
taining the charged head groups of the surfactant molecule, still more
detailed information is needed about the location of the solubilizate in the
micelle as well as about the dynamics of the solubilization process.
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Several techniques such as NMR and fluorescence techniques have
been used to define the location of the solubilizate in the micelle. By
comparing the spectral characteristics of probe molecules observed in the
presence of micellar systems with those which the probe molecules dis-
play in a homogeneous aqueous solution or in an alkane, which would
resemble the hydrocarbon-like core of the micelle, conclusions have been
reached as to the positron of the probe molecules in the micelle.

Since micellar systems catalyze many reactions, extensive studies
were made to evaluate the influence of the micelle on the course of the
reaction by comparing reactions in micellar and homogeneous solutions.
Among other things these studies involved the external quenching of the
fluorescence of probe molecules and the reactions of hydrated electrons.
In the latter case a clear dependence of the reaction rates on the micellar
charge was observed.

In the following section the results of a study shall be reported in
which the reactions of Ps with probe molecules in micellar systems were
investigated as a potential new tool for the determination of the location
of a probe molecule in the micelle and the effect of micelles on the
chemical reaction process (62).

In previous studies we were able to show that Ps—molecule complexes
were stabilized to various degrees in different solvents—a fact which is
reflected in different overall reaction rate constants, depending on the

Table VI. Rate Constants for Positronium—Nitrobenzene
Interactions in Various Solvents (62)

A
[PS + NB]solv = [PSNB]solv - 2')'
k

2

kl)\c
kobs k2 + )\c
Solvent Koo [10°° M1 s71] (at 22°C)
Benzene 2.55
Toluene 2.58
H.O 1.05
Propanol 1.00
n-Pentanol 0.86
n-Hexane 0.30
n-Heptane 0.34
n-Octane 0.69
n-Decane 1.19
n-Dodecane 1.28
n-Hexadecane 1.15
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nature of the solvent (Table VI) (10, 48). Thus the comparison of the
rate constants obtained for Ps interaction with probe molecules in micel-
lar systems with those observed in the aqueous solution or in an appro-
priate alkane should provide information about the location of the probe
molecule in the micelle, since Ps reactions are fast in relation to the time
to transfer the probe molecule from a micellar to an aqueous environment.
Ps is a neutral species that should not be repelled by the charges on the
micelle surface; and it should be able to effectively penetrate into the
micelle.

Thus, the Ps reaction rate constants with nitrobenzene and CuCl,
were determined in micellar solutions of seven surfactants (Figure 16 and
Table VII) at various surfactant concentrations (62). While the reac-

Table VII. Rate Constants for Positronium—Nitrobenzene®
Interactions in Aqueous Micellar Systems (Kp;) in the
(Pure) Liquid Surfactant (Kg,s) and in the Corre-
sponding n-Alkane (K,x) (62)

Surfactant Koic 100 M1 571 Koy 100 M1 577 Koy, 100 M1 571

Anionic
NaLS
(sodium
dodecylsulfate) 0.41 — 1.28 (Cy2)
NaOSA
(sodiumoctyl-
sulfate) 0.90 0.47 0.69 (Cs)
NaOSO
(sodiumoctyl-
sulfonate) 0.60 —_ 0.69 (Csg)
Cationic
CTAB
(hexadecyltri-
methylammo-
nium bromide) 0.48 — 1.15 (Ci6)
CTACI
(hexadecyltri-
methylammo-
nium bromide) 0.73 0.39 1.15 (Cye)
CPyCl
(hexadecyl
yrydinium-
Nonionic
TGT
(tergitol-NPX) 0.53 0.13 _

¢ K°,bs in aqueous nitrobenzene 1,05 X 1010 571,
Journal of the American Chemical Society
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Figure 17. Schematic of location of probe molecule in
micelle

tivity of the nitrobenzene toward Ps is reduced in each of the micellar
systems with respect to its reactivity in water or the corresponding alkane,
neutral and cationic micelles have relatively little or no effect on the Ps
reactivity towards Cu™. The results can be discussed by assuming that
nitrobenzene molecules are preferentially located in the Stern layer (Fig-
ure 17) where they form (complexed) species which show a lower
reactivity toward Ps, and that Cu** ions are absorbed on the surface of
the micelle where their reactivity toward Ps is reduced substantially.

A continuation of this work was the application of the positron anni-
hilation technique to the investigation of the physical and structural
changes which micelles undergo upon addition of solvents (64), in as
much as they might affect the physical and chemical properties of sol-
ubilized species, such as the location of the probe molecules in the micelle
and the permeability of the micelle.

For this purpose a series of experiments was carried out. The rate
constants for the reactions between Ps and nitrobenzene or Cu** ions in
various micellar systems such as sodium dodecylsulfate (NaLS), hexa-
decylpyridinium chloride (CPyCl), hexadecyltrimethylammonium bro-
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mide (CTAB), sodium octylsulfonate (NaOCO), and Tergitol-NPX
(TGT) were determined in the presence of several organic additives
such as benzyl alcohol, benzene, n-hexane, and n-hexanol.

From Figure 18, where the relative changes of the rate constants
Kumie/K’'mic (the rate constants observed in micellar solution containing
the probe in the presence or absence of the additive) are plotted as a
function of benzyl alcohol concentration, it is obvious that the addition of
benzyl alcohol causes an enhancement of the Ps reactivity toward nitro-
benzene in NaLS, CTAB, CPyCl, and to a lesser degree in TGT. No effect
or a slight decrease is seen in the case of NaOSO. Similar trends, although
definitely less pronounced in the case of NaLS, can be recognized if ben-
zene is the additive as shown in Figure 19.

A completely different behavior is observed for n-hexanol and n-
hexane additives, as demonstrated for the CTAB system in Figure 20,
where the changes of Kpyic/K’mic are displayed as a function of the nature
and concentration of the various additives.

RELATIVE RATECONSTANTS Kiyc/Kic.
341 FOR THE REACTION OF Ps WITH -
NITROBENZENE (782 mM) IN_ VARIOUS
" GOUEOLS GMICELLAR NoLS (311 mM) |
30 CONTAINING o 4
BENZYLALCOHOL
| ADDITTIVES -
] exp. erRoR
26} .
- CTAB (231mM) T
(3]
_F22f .
X
S CPyCl (272 mM)-
s
X 18} .
o/
14 A TERGITOL
A (232 mM)
10 2
s = ® Na0SO (229 mM)
0 | | | | |
100 200 300 400 500

mM BENZYLALCOHOL

Journa! of Physical Chemistry

Figure 18. Relative rate constants, K,;./K' i, for reactions
of Ps with nitrobenzene in micellar solutions vs. concentration
of benzyl alcohol additives (at room temperature) (64)
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Figure 19. Relative rate constants, K,;./K ;. for reactions
of Ps with nitrobenzene in micellar solutions vs. concentration
of benzene additives (at room temperature) (64)

Since, as discussed above (10, 48), the rate constants for Ps reactions
with probe molecules such as nitrobenzene are sensitive to the nature of
the environment in which they occur it seems logical to relate these trends
to changes of the environment of the nitrobenzene probe in the micelle.

The absolute rate constants K., at various additive concentrations,
e.g. in CTAB solution, can be compared with those obtained for the nitro-
benzene probe molecule in pure water, benzyl alcohol, benzene, and other
hydrocarbon solutions or mixtures of hydrocarbons, alcohols, and water,
as schematically shown in Figure 21. From this figure it becomes rather
obvious that the addition of benzene to CTAB results in absolute rate
constants, Ko, which are definitely greater than those observed in the
aqueous phase, or in homogeneous mixtures of the corresponding hydro-
carbons with the same amount of benzene present, and approach those
observed in benzene solutions.

In other micellar systems such as NaLS, CPyCl, and TGT the effect
of benzene additives is less pronounced.
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Figure 20. Relative rate constants, K./ K mie,

for reactions of Ps with nitrobenzene in CTAB

solutions vs. concentration of benzene, benzyl-

alcohol, n-hexane, or n-hexanol additives (at
room temperature) (64)

The implication of these results seems to be that the addition of ben-
zene to the micellar systems (most obvious in the case of CTAB) provides
a benzene-like environment for the nitrobenzene probe molecules. One
can visualize that this is accomplished by benzene cluster or benzene gel
formations within the micelle (Figure 22). Evidence for such a benzene
microenvironment in which solubilized species may reside has been ob-
tained recently from optical spectra and the measurement of dielectric
constants in aqueous NaLS$ systems to which benzene was added (63).
The authors postulate that the solubilized benzene is concentrated primar-
ily at the micelle-water interface rather than in the hydrocarbon core.

As discussed above a very similar behavior is observed for the Ps rate
constants in micelle systems containing benzyl alcohol additives (Figure
18). In this case NaLS and CTAB show the most pronounced increase,
with Ko, values exceeding even those obtained for Ps nitrobenzene inter-
action in pure benzyl alcohol solutions as shown for CTAB solutions in
Figure 21. On the other hand a slight decrease is observed in NaOSO
solutions (Figure 18).

If the above assumption, namely that additives such as benzene or
benzyl alcohol are forming clusters at the micelle-water interface in
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which the probe molecule can be located, is correct, then one would
expect that the greatest effect on the Ps-nitrobenzene rate constants is
seen in those cases where the nitrobenzene is initially, i.e. without addi-
tives present, near the micelle-water interface or in the Stern layer.

We have postulated that this is the case in the NaLS, CTAB, CPyCl,
and TGT systems (62), whereas the indication was that nitrobenzene is
located in the hydrocarbon-like core of the NaOSO micelles, which is
consistent with the trends observed in this study.

The fact that the rate constants, K., in the presence of benzyl
alcohol exceed those observed in pure benzyl alcohol solution requires
some additional discussion. The K,y approaches values found typically in

BENZENE

1 e
|

ADDITIVE
- 1.5'» ‘
s BENZYLALCOHOL|
% Ea ADDITIVE |
" ‘
°
[©]
VV)
XS
1.0
i HEXADECANE - BENZENE
H, 0-BENZYLALCOHOL |
05 - o 1 BN Bt 1 L K |
00 200 300 400 500 600
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Figure 21. Absolute rate constants, Ky, for Ps-nitrobenzene

reactions in micellar solutions of CTAB (at room temperature)

in the presence of benzene or benzyl alcohol additives (CTAB,

243 mM; nitrobenzene, 7.82 mM). (Shaded zones represent

rate constants for Ps-nitrobenzene interactions in various sol-
vents or mixtures of solvents.)
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Figure 22. Schematic of probe molecule in additive cluster
in micelle

aromatic solvents, which might suggest that the benzyl alcohol molecules
form aggregates in the micelles showing a particular arrangement, e.g.
with the aromatic ring directed to the center of the cluster and the —OH
group pointing outward. In such a case one could rationalize the similar-
ity of the rate constants observed in micellar systems with benzyl alcohol
additives and in (pure) benzene solutions.

Further substance to the postulate that these additives form clusters
in or at the micelle surface is added by the fact that n-hexanol and n-
hexane additive in the CTAB system decrease slightly the Ps rate con-
stants. This is consistent with the hypothesis that in this case nitro-
benzene is located in a n-hexanol or n-hexane microenvironment, where
the rate constants for Ps—nitrobenzene interactions, as shown schematic-
ally in Figure 23 are considerably lower.

An indication of how the surface of the micelles is changed in the
presence of additives such as benzyl alcohol or benzene can be obtained
by comparing the rate constants for Ps interactions in micellar solution
containing Cu** -ions with or without the presence of these additives.

In Positronium and Muonium Chemistry; Ache, H.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1979.



Publication Date: June 1, 1979 | doi: 10.1021/ba-1979-0175.ch001

1. ACHE Positronium Chemistry 35

As discussed above, Cu** ions are adsorbed on the surface of ionic
micelles because of an electrostatic attraction between surface charge and
Cu™ ions or counter ion charge and Cu** ions. As a result of this adsorp-
tion process the rate constants between Cu* ions and Ps dropped con-
siderably below the values observed in aqueous solutions of Cu*. The
reason for the reduced reactivity of Ps toward adsorbed Cu** may be seen
in the fact that the Cu** when adsorbed on the surface loses the character
of the hydrated Cu** by partial bond formation, complexation, etc. with
the surface molecules, and thus reacts at a different rate with Ps,

Addition of benzene and benzyl alcohol significantly increases the
Ps reaction rates in micellar systems such as CPyCl and CTAB where
previous results have shown a drastic drop in the Cu**—Ps reaction rates
when micelles are formed. This effect is not observed in the case of TGT,
which as a neutral micelle has shown no attraction for Cu** -ions.

HEXADECANE - HEXANOL or

T < HEXADECANE - HEXANE ~.
'§ 10 | /J
= IR
=
2 | |
Xo i
n- HEXANOL
05 ADDITIVE
n- HEXANE
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O|L— . 1 1 N R e T
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Figure 23. Absolute rate constants, K,,,, for Ps-nitroben-

zene reactions in micellar solutions of CTAB (at room tem-

perature) in the presence of n-hexane or n-hexanol additives

(CTAB, 276 mM; nitrobenzene, 9.33 mM). (Shaded zones

represent rate constants for Ps-nitrobenzene interactions in
various solvents or mixtures of solvents)
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It seems that these results suggest that the addition of benzene or
benzyl alcohol to the CPyCl or CTAB leads to drastic changes of the
micelle structure in or close to the micellar water interface. This is caused
by the formation of benzene clusters, etc. (see above) and results in a
release of Cu'* otherwise adsorbed on the micellar surface.

Another advantage of applying the Ps technique to the study of
micellar systems may be seen in its potential to probe the position of ions
and other nonfluorescent materials, where fluorescence probes clearly are
not applicable and especially in biological membranes where probes may
interfere with the cell functions.

Other Applications of Positromium Reactions

Further biological applications may encompass the study of the
structure of enzyme systems, as recently reported by Graf and Handel
(65), and the study of membrane systems as reported by McGrath et al.
(66) and also by our laboratory (67).

Initial attempts to apply Ps interactions to the study of compounds
active in photosynthesis have been done by Dworakowski et al. (68).

This discussion of the interaction of Ps with substrate molecules via
molecule complex formation would not be complete without mentioning
the work by Brandt and his co-workers (69,70) who investigated the
interactions of 0-Ps with phosphorescent impurities in solids and gases.
For example, by illuminating trace amounts of SO, or benzaldehyde in
rare gases with UV light they were able to produce via intersystem cross-
ing these species in their excited triplet states and measure their o-Ps
quenching rates, which turned out to be extremely large.

Besides the interesting theoretical implications of this phenomenon
as a neutral quantum mechanical probe, the extremely high sensitivity of
Ps toward excited triplet states can be used for investigations on gas
pollution, and in particular on H;SO, formation, via the photodynamic
oxidation of SO, and SOj; in air.

Although Brandt (69,70) originally suggested an interaction be-
tween Ps and triplet substrate, Ps—molecule complex formation similar to
eximer formation, remains a real possibility.

In summary one may want to conclude that the potential of the Ps
as a chemical probe on biological and environment work just begins to
show and that undoubtedly more important applications can be found.

General Features of the Positromium Formation Process

So far I have discussed only applications of Ps atom reactions in
chemistry. As I stated at the beginning of this review, the second source
of information about the structure of the chemical and physical environ-
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ment is the Ps formation process itself. At the present time two different
models and a combination of both are being used to explain this process.

Positrons are most commonly emitted as a result of the radioactive
decay of a neutron-deficient nuclide. They lose their high kinetic energy
in collisions with the surrounding matter until they reach thermal or near-
thermal energies at which point the cross section for mass annihilation
with an electron assumes a maximum value. However a certain fraction
of these positrons may enter the bound state of the Ps.

The most widely accepted model for Ps formation is the Ore model
(1-7) which assumes that the positrons slowing down from higher ener-
gies pass through an energy gap in which Ps formation is possible. The
lower boundary of this Ore gap is defined by the expression V-Ip,, where
V is the ionization potential of the surrounding molecules and Ip, the
ionization potential of Ps, 6.8 eV. If the kinetic energy of the positrons
exceeds V it is assumed that ionization of the surrounding molecules
(e + M —> M* + e + €*) becomes more probable than Ps formation
(e + M — M* 4 Ps), so that V constitutes the upper boundary of the
Ore gap (Figure 24). Ps atoms can be formed in the Ore gap with kinetic
energies of up to 6.8 eV and react as a kinetically excited species or after
reaching thermal equilibrium.

Major type of interaction

Kinetic with substrate (M)
energy of (Ionization pot. of subst.=V)
positron (Ey) (Excitation pot. of subst. =E*)
E>V et +MoM* +e-+et
\%
* et+M-oM*+et
E>E %[ or et + MM+ +(ete-)
E* ('?
4
Ex>V-68eV Ol et MM+ +(ete-)
V-6.8 eV
Ex<V-6.8eV No positronium formation
Thermal
energies

Figure 24. Schematic of Ore gap model (energetics of
Ps formation)
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The experimental results, however, suggest that not all positrons
form Ps and several factors have been discussed which could interfere
with and inhibit this process.

The Ore model is based on the simplified assumption that all posi-
trons whose kinetic energy lies in the Ore gap produce Ps. In practice,
however, the Ps formation process in the Ore gap has to compete with all
other processes that can cause moderation of the positron to energies
below the lower Ore limit. The most important of these elastic and in-
elastic collisions with substrate molecules, the energy transferred in the
second case possibly stimulating molecular vibrations and rotations. This
category also includes processes that lead to the positron capture by addi-
tion of positrons to the substrate molecule AB.

e +AB—>e¢'ABorA +¢'B

If the compound formation occurs above or within the Ore gap, the cap-
tured positrons are no longer available for the formation of Ps; therefore
the yield decreased.

A second model for Ps formation which has been suggested recently
by Mogensen is the spur reaction model (71). He assumes that Ps is
formed as a result of a spur reaction between the positron and a secondary
electron in the positron spur. In this model a correlation should exist
between the Ps formation probability and the availability of the electrons
in the spur. The Ps formation must compete with electron-ion recom-
bination and with electron and positron scavenging by the surrounding
molecules as well as with other processes.

A model which combines certain features of both models is Tao’s
modified spur model (72). In this model Tao considers both the possibil-
ity of combination of a positron with an electron created in the spur as
well as the direct formation of a Ps, similar to the mechanism discussed
in the Ore model, if the total kinetic energy of the resulting electron—
positron pair is less than the potential energy between them.

The processes mentioned here, such as elastic scattering, stimulation
of molecular vibrations and rotations in the electron volt range, and the
addition of low-energy electrons (or positrons) to molecules or genera-
tion of electrons in the spur and their subsequent reactions with scaven-
gers, etc., are of the greatest importance to the understanding of elemen-
tary processes in radiation chemistry. Thus several investigations have
been carried out by Mogensen et al. (73,74, 75), Tao (72), Byakov et al.
(76,77), Molin et al. (78,79), Maddock et al. (80,81), and our labora-
tory (82, 83) to demonstrate the interrelationship between the Ps forma-
tion process and radiation-chemical phenomena.

In the past we have interpreted our experimental results in solutions
of inorganic ions in terms of the (modified) Ore gap model (21, 22, 33).
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It was assumed that the energetic o-Ps, which is formed in the Ore
gap with kinetic energies varying between 6.8 eV and thermal energies,
has, as any other hot atom, two alternatives. It may undergo chemical
reactions while still hot, followed by a rapid annihilation of the positron in
the resulting reaction products, or it can lose its excess kinetic energy in
moderating collisions, becoming a thermalized Ps-atom and reacting
as such.

On the other hand, hot reactions between solute and Ps-atoms have
to take place shortly after the birth of the Ps before it becomes thermal-
ized. Thus, the lifetime of the positrons incorporated in Ps atoms taking
part in hot reactions will become indistinguishable from that of the free
positrons or p-Ps.

By using this approach the experimental results obtained in aqueous
solutions of inorganic ions were interpreted by assuming that only a cer-
tain fraction of all Ps-atoms formed have sufficient energy (i.e., hot Ps-
atoms) to overcome the reaction barrier to react with the inorganic ions
(Aa™ + € > A@-D*). In this way the redox potential of the Ps-atom
could be approximated (32, 33).

If one wants to interpret the experimental results in terms of the
simple spur reaction model (71) one would have to consider the com-
petition between positron and electron combination and the reaction of
the electron with the scavenger (inorganic ions).

Thus in analogy with the approach used by Hamill and several other
authors (84, 85) for a simple competition for dry or solvated electrons in
a solution one could derive the following correlation between the o-Ps
formation probability P at a given solute concentration [M], if the o-Ps
formation probability in the pure solvent is P°;

P=P°/(1+K[M])

where K is the rate constant for inhibition of 0-Ps formation.

The K values assessed from this kinetic analysis are summarized in
Table VIII (83) and plotted in Figure 25 on a logarithmic scale as a func-
tion of —AG® for the one-electron transfer process.

A reasonable correlation exists between the free energy changes and
the inhibition constants K as seen from Figure 25.

No apparent correlation, however, seems to exist between the inhibi-
tion constants K and the reported rate constants for the reactions of
hydrated electrons (Table VIII) with these compounds, which makes an
interpretation of the observed inhibition in terms of a competition for
solvated electrons between positron and scavenger, i.e. the inorganic ions,
rather unlikely.

Another possibility would involve the combination of dry electrons
and positrons, in which case scavenger and positron compete for the dry
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Table VIII. Correlation Between the Free Energy Changes and
the Inhibition Constants K (83)

Ion K (M) K (eaq) Mg
Pb* 2.5 3.9 X 10%°
Sn** 1.2 3.4 %X 10°
Cd* 0.37 5.2 % 10
Ag’ 0.35 3.2 X 10%°
H* 0.22 2.4 X 101
TI* 0.10 3.7 X 10
Zn** 0.10 1.3 X 10°
Na* < 0.05 < 108
NOs- 3.5 1.1 X 10%°

Journal of Physical Chemistry

electrons (71, 83). Unfortunately very little is known about the rate con-
stants or dry electron reactions so that no satisfactory comparison can be
made. However, if it can be shown that the positron reacts with dry elec-
trons to form Ps, these Ps inhibition studies should reveal valuable infor-
mation about dry electrons with chemical compounds.

The correlation between the inhibition constants K and free energy
for the one-electron transfer process (Figure 25) is interesting. It could
be interpreted by assuming that the maximum of the cross section curve
for electron attachment to the scavenger ions is closely related to the
free energy change involved in this process.

In K

-3

! Na*

1 1L 1

0] 20 40 60 80 100
-AG (K,q /MOLE)

Journal of Physical Chemistry

Figure 25. The In k vs. —AG for A,™

+ e > A, (2D for various ions in aque-
ous solutions (83)
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Atyg + €ary = Ay

It could be explained also by invoking the modified Ore model. In
this case one could argue that the cross section curve for attachment of
Ps to these inorganic ions, resulting in Ps complex formation or electron
transfer, shows certain maxima which coincide with the —AG values for
the one-electron transfer.

Positronium Formation as a Probe in Biological and Micellar Systems

Although as outlined above the mechanism of the Ps formation
process is not yet understood completely, its sensitivity toward changes
in the microstructure of the environment has been amply demonstrated
in the pioneering work of Graf and Handel (65) in enzyme proteins
where the various phase changes of the surrounding water structure
associated with the denaturation process were recognized clearly by the
positron annihilation method. Furthermore, experiments with liquid
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Filgure 26. 1, vs. surfactant concentration in various micellar

solutions of NaDS (sodium decylsulfate) and DTAB (decyltri-

methylammoniumbromide) (90). NaDS, @; DTAB, O; ex-
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crystals by W. W. Walker et al. (86,87,88) and in our own laboratory
(89) have shown that variations in the mesomorphic phases of the liquid
crystals (a process which may also resemble expected changes in the
layered membrane structures) are sensitively reflected in the positron
lifetime characteristics. The most recent results from our laboratory have
demonstrated that variations in shape and size of micelles also are pre-
sented in the annihilation data (62).

The application of the positron annihilation technique to the deter-
mination of the so-called critical micelle concentration (CMC) is of
special interest. CMC is defined as the narrow range of surfactant con-
centration at which the micelles first become detectable, usually by some
change in the physical properties, such as interfacial tension, electric con-
ductivity, electromotive force (emf), pH-specific heat, viscosity, and the
optical and spectroscopic properties of the solution. These methods gen-
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Filgure 27. 1, vs. surfactant concentration in various micellar

solutions of DAP (dodecylammoniumpropionate) and AOT

(sodium di-(2"-ethylhexyl)sulfosuccinate) (90). DAP-benzene,

®; DAP-cyclohexane, O; DAP-n-hexane, A; AOT-benzene,
O; 1, experimental error.
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erally provide clear evidence for the formation of micelles; however, since
the observed variation of the above physical properties at the CMC is not
abrupt but occurs more or less gradually, extrapolations are required
which in turn introduce an uncertainty in the determination of the CMC.

As shown in Figure 26 and 27, the Ps formation probability as indi-
cated by the I, values (the intensities of the longlived component in the
positron lifetime spectra) drops drastically at the CMC and provides a
very convenient tool for the determination of the CMC not only in
aqueous micellar systems but also for reversed micelle formation (90).

In a similar fashion the glass transition temperature in polymers is
indicated by abrupt changes in the positron annihilation characteristics
as reported recently by Tao et al. (91, 92).

The Positronium Formation Process as a Test of Models
Proposed in Quantum Electron Dynamics

Another interesting example of the usefulness of the Ps formation
process to the solution chemical problems is its application to test certain
hypothetical models in quantum electron dynamics (qed).

One of the most intriguing problems in chemical evolution is the
origin of optical asymmetry in biomolecules. It is a well established fact
that amino acids occurring in natural proteins belong overwhelmingly to
the L series whereas natural sugars are made up almost exclusively of
D optical isomers. However, very little is known about the origin of this
asymmetry.

Several theories which do not consider the predominance of the
L-amino acids in natural proteins as a matter of chance have been sug-
gested. One non-chance explanation is based on the unequal decomposi-
tion of optical isomers and the subsequent generation of optical activity
in light-mediated reactions.

In 1959 Ulbricht (93) discussed a possible connection between the
asymmetry at the level of elementary particles and at the molecular level.
He proposed a novel mechanism which would relate the phenomenon of
asymmetry found in biological systems with parity nonconversation in
weak interaction. This mechanism is based essentially on the discovery
by Lee and Yang (94) who showed that electrons emitted in 8-decays
are polarized.

Ulbricht and Vester (95) suggested several possible mechanisms by
which polarized B-decay electrons are interacting in matter to generate
circularly polarized bremsstrahlung which in turn may undergo reaction
with organic matter leading to asymmetric syntheses or degradation.
Attempts by Ulbricht and Vester (96) to induce optical activity with
polarized B-radiation, however, failed to confirm this hypothesis and most
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of the subsequent experiments carried out by several authors (97,98, 99)
to generate optical activity by irradiating racemic mixtures with polarized
B-radiation proved to be inconclusive.

A few years ago Garay and Hrasko et al. (100, 101, 102), postulated
that electrons in optical active compounds possess helicity, i.e., the elec-
tron spins are aligned predominantly parallel to the motion of the electron
in one and anti-parallel in the other enantiomer (helical electron gas
model). A schematic presentation of this model is shown in Figure 28.
The authors further postulate that positron possesses helicity when it
undergoes Ps formation with these electrons. They also assume that the
probability of Ps formation depends on the relative velocity of electron
and positron. Thus, the probability for o- to p-Ps formation will switch
when one replaces one optical isomer by the other as indicated in Figure
29. In other words, positrons which have a parallel orientation of spin and
direction of motion, as emitted in the radioactive decay of certain nuclides,
may interact differently with the p and L isomers of a chiral compound.
This results in slight variances in the Ps formation probability and also
in a change of the ratio or o- to p-Ps formation which may lead ultimately
to the preferential decomposition of one optical form. Initial experiments
carried out by these authors (103) with optically active isomers of amino
acids in the solid state seemed to confirm this assumption.

In order to avoid the difficulties involved with the determination of
the Ps formation probability in the solid state (where crystal defects and
differences in the crystalline structure could obscure the results), we
carried out precision measurements on the o-—p-Ps formation probabil-
ities with seven optical compounds in the liquid phase at various tempera-
tures in our laboratory (104). In each case no significant differences be-
tween the o and L form could be found (Table IX).

ELECTRONS IN CHIRAL MOLECULES POSSESS HELICITY

=
<

L- ISOMER

4—-@-
+«—fF—> 0-1sOMeR

ELECTRONS

—— DIRECTION OF MOTION

[C_> DIRECTION OF POLARIZATION

Figure 28. Helicon electron gas model (after Hrasko
et al., 100, 101)
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1) POSITRON —f—>» § SINGLET OR
ELECTRON ——F» PARA  Ps

2) PosiTRON ——> i TRIPLET OR
ELECTRON —F—>» ORTHO  Ps

PREDICTION :
ORTHO- TO PARA - Ps FORMATION PROBA-
BILITY RATIO SHOULD BE DIFFERENT IN
L— AND D - ENANTIOMER ( I, () # I,(p))

Figure 29. Hypothesis for interaction between posi-
tron and electrons in optical active molecules (after
Hrasko et al., 100, 101)

Therefore, it seems important to consider the possible reasons for this
discrepancy between Garay and Hrasko’s hypothesis and our experi-
mental results—apart from the possibility that the effect may be too small
to be observed.

Basic to the model of interaction between positron and electrons in
helical molecules is that the orbital electrons in the two optical isomers are
spin-polarized (helical electron gas model) differently, for which there
is no independent evidence. Another possibility is that the positron has
lost its helicity when it forms Ps (105) or that if the spur model (71)
applies, that the electrons are ejected from their respective orbitals. An
open question remains whether these electrons retain their helicity which
they might have otherwise possessed when residing in the chiral mole-
cules as postulated by the helical electron gas model.

Table IX. Ratio of I, Values for Various Optical
Isomers at Room Temperature (104)

p-Form L-Form
Compound (%) (%)
Octanol-2 21.91 = 40 21.28 += .32
Diethyltartrate 17.81 = .08 17.61 = .35
Carvone 17.59 *= .52 17.35 = .30
2-Aminobutanol 234 =+ 20 23.15 = .33
2-Methylbutanol 22.18 += .33 22.65 == .33 (p,L)

Journal of Physical Chemistry
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It is certainly tempting to repeat these experiments with slow posi-
trons which have helicity. As reported by Berko et al. (106,107) and
Roelling et al. (107,108, 109), at this meeting slow positrons now have
become available and could be utilized to settle this question.

Summary and Acknowledgment

In summary, I would like to point out that this review cannot possibly
do justice to the accomplishments of the various groups involved today
in Ps chemistry nor was it intended to give a comprehensive survey of
ongoing research in this area. Thus, the literature quoted certainly is
not complete.

The sole purpose of this paper was to present a short discussion of
the present status of Ps chemistry and to indicate some of the future
trends which I, in my personal opinion, feel might turn out to be espe-
cially fruitful.

Other topics and other research trends will be discussed by the vari-
ous authors who contributed to this volume.
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Studies of the Physical Properties of Organic

Compounds Using Positronium as a Probe

WILLIAM W. WALKER

Department of Physics and Astronomy, University of Alabama,
University, AL 35486

Numerous experiments have shown that positronium forma-
tion and annihilation characteristics can be quite sensitive
to the physical structure of the medium surrounding the
positron. A brief survey of positron lifetime experiments
dealing with phase changes and polymorphism in organic
compounds is given. The results of three illustrative exam-
ples of this type of measurement are compared with results
obtained by the more established techniques. These exam-
ples are tripalmitin, the binary system of n-eicosane and
n-docosane, and N-(p-propoxybenzylidene)-p-pentylaniline.
These results show that this technique is an effective means
of detecting solid—solid transitions, of observing polymor-
phic forms exhibited by some organics, and of measuring
solid—solid transformation rates in some cases.

It has been suggested many times in the past twenty-five years that
experiments using positrons may some day be applied as a tool in the
study of the solid and liquid state. However, as noted in 1953 by Bell
and Graham (1), this is not possible until the interpretation of the ob-
served effects is placed on firm ground. With this goal in mind a number
of researchers have investigated the possible application of the positron
and particularly its bound state positronium (Ps) to probe physical and
chemical properties of condensed matter. Although all types of con-
densed materials have been examined, the discussion that follows will
consider only those investigations involving changes in physical proper-
ties of organic compounds.
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There are two major reasons why organic compounds provide an
interesting setting in which to explore the question of whether or not
Ps can probe the physical structure of solids and liquids. First, Ps is
readily formed in reasonable quantity in most organics, and second,
organics provide an abundance of multiple-phase behavior. This second
reason is quite important since one of the major problems limiting the
use of Ps as a probe is the fact that the observed behavior of Ps may be
the result of a combination of effects which cannot be distinguished from
one another by this type of measurement alone. Both polymorphic be-
havior and phase transitions provide physical structural changes with a
minimum of other changes which would further complicate the interpre-
tation of the results.

The lifetime spectra of positrons annihilating in organic materials
usually consist of two or three components. The longest of these com-
ponents is interpreted as the lifetime of the positrons which had initially
formed triplet Ps but were unable to live out their free space lifetime
because of the presence of electrons in their environment. The name
given to the process by which the triplet Ps has its lifetime shortened
in condensed matter is pick-off. In this process the positron in triplet Ps
is not annihilated with its electron partner but with an electron (of
appropriate spin for singlet annihilation) from the surrounding medium.
Because the electron density in the vicinity of the Ps atom is expected
to change as the structure of the material changes (i.e., at phase transi-
tions ), one expects a corresponding change in the pick-off rate. Similar
arguments can be offered to explain the change in the intensity of the
long-lived component which is representative of the amount of Ps formed.

One of the early studies dealing with the effect of a phase transition
of an organic compound on positron lifetime parameters was the experi-
ment on the melting of naphthalene by Landes et al. (2). Both the life-
time and the intensity of the long-lived component were observed to
increase by more than a factor of two at the solid-liquid transition, indi-
cating that considerably more Ps was formed in the liquid and the triplet
Ps was picked off at a much slower rate. In a similar experiment Cottini
et al. (3) found no Ps formation in solid anthracene, yet Ps was formed
readily in the liquid. They attributed the change to thermally induced
disorder.

Subsequently numerous investigations of phase transitions of organic
compounds by this technique have been carried out. For example,
Brandt et al. (4,5) compared the behavior of crystalline, glassy, and
liquid glycerol. The observed results were explained in terms of a free
volume effect in the sense that the overlap between the Ps and lattice
wave functions is of primary importance in determining the pick-off rate.
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Kluth et al. (6) have examined solid-liquid phase transitions in a
number of organic crystals. They observed a correlation between
changes in r, (the lifetime of the long-lived component) and changes
in the specific volume of the samples.

Cole et al. (7,8,9) have used the positron technique to study transi-
tions between solid forms, liquid—crystalline forms, and the isotropic
liquid phase in a number of esters of cholesterol. Solid—solid transitions
were observed to provide large changes in =, in cholesteryl acetate and
cholesteryl propionate. These changes were attributed to changes in the
free volume of the molecular lattice. It also was observed that the solu-
tion-crystallized and melt-recrystallized solid forms of the formate,
butyrate, benzoate, and cinnamate esters were characterized by different
positron lifetime values (10). In p-azoxyanisole and in the various esters
of cholesterol examined, no positron annihilation characteristics changed
at nematic-isotropic liquid or cholesteric-isotropic liquid transitions.
However, the solid-mesophase or solid—isotropic liquid transitions ex-
hibited large effects while the smectic—cholesteric transition showed a
much smaller effect. These observations were interpreted as being the
results of changes in the intermolecular interactions. Later studies of
liquid—crystalline compounds by McNutt et al. (1I) on p-azoxyanisole
and by Nicholas and Ache (I2) on four compounds showed similar
results and were attributed to the same cause. Nicholas and Ache
did find small changes in 7, and I, for nematic-isotropic liquid and cho-
lesteric-isotropic liquid transitions. A correlation was found between
these changes in r, and the corresponding transition entropies, supporting
the contention that the positron annihilation process is affected by varia-
tions in the structural regularities of the environment.

Additional solid—solid transitions have been investigated in such
compounds as cyclohexane (13), cyclooctanone (14), methanol (normal
and deuterated) (15), choline chloride (16), and tristearin (17). Other
phase transition experiments with organic compounds have been per-
formed on methyl mercaptan (I8), n-tetradecane (18), n-hexadecane
(18), n-octodecane (18), 4-butyloxybenzal-4’-ethylaniline (19), 4-4-bis-
(pentyloxy )azoxybenzene (20), and octanol-2 (21). In addition, much
work has been done on phase changes in organic polymers, but these
will not be discussed here.

Several of the papers mentioned above have concluded with an
expression of optimism concerning the future of the positron technique.
For example, Cooper et al. (13) have commented that this technique
provides a rapid method of surveying materials for certain solid—solid
phase transitions while Chuang and Tao (18) have remarked that this
technique could have great utility in the study of phase changes, par-
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ticularly in detecting minor changes, perhaps microscopic, before the
macroscopic change takes place.

In order to demonstrate what information the Ps technique can
reveal about the physical structure of organic compounds, some illus-
trative recent examples will be described. The examples chosen are tri-
palmitin (22), the binary system of n-eicosane and n-docosane (23, 24),
and N-(p-propoxybenzylidene )-p-pentylaniline (PBPA). Comparison of
results obtained by the Ps probe with those found by other techniques
will be given in each case and correlations with physical structural data
will be discussed.

Tripalmitin

Positron studies of tripalmitin were chosen for inclusion in this chap-
ter because its polymorphism has been the subject of many investigations
by different techniques, including x-ray diffraction (25), DTA (26), DSC
(27), IR spectroscopy (28), dielectric measurements (29), and nuclear
magnetic resonance (NMR) (30). Thus the results of positron measure-
ments can be compared with those found by more established methods.

Based on all types of previous measurements, it has been determined
that tripalmitin exhibits three solid forms whose existence depends on
sample preparation. These forms are labeled as o, 8, and g’. B is the
stable phase while « and 8’ are both metastable phases. The « form is
produced easily by quick-cooling a sample from the melt, but g’ is much
more difficult to produce, requiring moderately slow cooling (~ 0.6
°C/min) from the melt of a thinly spread sample. The stable g8 phase
may be obtained by crystallization from a solvent or by heating either
of the metastable phases above their respective transition temperatures.
For the purpose of comparison with the positron data, Figure 1 shows
DSC thermograms obtained for the three polymorphs of tripalmitin.
Observe that the « form converts into 8 form at 45°C, the g’ form con-
verts into the g form at 56°C, and the 8 form melts at 67°C.

The positron lifetime data were analyzed into two components, with
1 and 7, representing the mean lives of the shorter and the longer com-
ponents, respectively. I, is the intensity of the r, component. Figure 2
shows the positron data for a sample initially in the g form. At the
solid-liquid transition (67°C) both 7, and I, show rather large increases.

Figure 3 gives the positron results for a sample initially in the «
polymorph. The unexpected feature of these data is the changes in slope
of ; and I, vs. temperature near 32°C, a temperature which does not
correspond to a transition according to the DSC thermograms. The fact
that the change in r, is gradual rather than abrupt would indicate some-
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(a)

(b)

(c)

Tq TB' TB

TEMPERATURE , °C
Journal of Chemical Physics
Figure 1. DSC thermo%rams obtained for the
three polymorphs of tripalmitin: (a) a, (b) B, and
(c) B’. Melting points are indicated by arrows
along the baseline. (22)

thing other than a simple phase transition. The explanation for this be-
havior was discovered when it was demonstrated by DSC measurements
that prolonged heating (which is necessary for the positron measure-
ments) of the « form at temperatures well below the a — g transition
temperature causes a significant decrease in the relative size of the endo-
therm corresponding to the a« — g transition. Thus the gradual changes
in 7 and I over the range from about 32° to 47°C have been interpreted
as evidence for the gradual conversion of the pure « sample to g form.

Positron measurements on the pure g’ form were obtained only at
room temperature owing to the difficulty encountered in producing (and
maintaining in pure g’ form) samples in a quantity sufficiently large to
permit measurements as a function of temperature.
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Table I. Positron Lifetime Parameters for
the Phases of Tripalmitin (22)

Phase s (nsec) I (%)
« 2.30 = 0.04 19.1 =08
B 223 = 0.04 192 =08
B (1.44 — 1.60) = 0.04 290 +12
Liquid 2.71 =0.03 369 0.8

Journal of Chemical Physics

Table I summarizes the positron lifetime results for tripalmitin. The
fact that the lifetime parameters for metastable forms « and g’ are close
in value implies that these forms have enough structural similarity to
provide almost identical electronic environments as far as Ps formation
and pick-off annihilation of Ps are concerned. X-ray data agree with this
conclusion since it has been found (25) that the strongest short-spacing
lines in the powder diffraction patterns of « and g’ are almost identical
(4.15 and 4.2 A, respectively), while 8 has a significantly different intense
short-spacing line (4.6 A).

Although a detailed crystallographic study of tripalmitin has not
been published yet, the results are expected to be similar to those re-
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Journal of Chemical Physics

Figure 2. Positron lifetime parameters as a

function of temperature in tripalmitin initially in
the B polymorph (22)
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Figure 3. Positron lifetime parameters as a function of tem-
perature in tripalmitin initially in the  polymorph (22)

ported for a similar triglyceride, trilaurin (31, 32). The 8 and B’ forms
of trilaurin have been found to be triclinic and orthorhombic structures,
respectively. It is further known that the area of the ab plane in the g’
form is approximately twice that of the ab plane in the g form while the
interlayer spacing (based on the ¢ dimension) differs very little. From
Table I it is seen that r, in the g’ form is about 50% greater than , in the
B form. Thus the more open structure (8’) has the smaller pick-off rate
(longer lifetime) as would be expected.

Binary System of n-Eicosane and n-Docosane

The binary system of n-eicosane (CzoHy2) and n-docosane (CasHyg)
provides an interesting case for application of the positron technique,
since it exhibits at least six distinct solid phases whose structures have
been reported previously by Liith et al. (33). Their calorimetric and
x-ray crystallographic studies have shown that the two terminal solids
(71 and v,) representing the pure components are triclinic. Samples of
intermediate composition may include the high-temperature orthorhom-
bic phase 8, as well as the low-temperature orthorhombic phases 8, 81,
and B,. These phases may occur separately or in various combinations,
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depending on the eicosane—docosane weight ratio and the temperature.
We have attempted to examine not only the correlation of positron life-
time parameters with the phase diagram of Liith et al. but also the rela-
tionship between changes in the lifetime of the long-lived component 7,
and changes in the crystallographic parameters at phase transitions in
these binary samples.

Figure 4 gives the positron lifetime results obtained at 21°C for 28
samples, as a function of the weight percent n-docosane. Shown along
the baseline are the various phases expected according to the results of
Liith et al. The positron lifetime parameters for certain mixtures did not
remain constant in time, decreasing gradually over a period of days or
weeks. The arrows connect the initial and final values. This behavior
will be discussed in more detail later.

The 7, has the same value in the pure n-eicosane and the pure n-
docosane while mixtures of the two have a larger =, value in every case.
This is not surprising since the pure samples are both in triclinic phases
(71 and ;) while the mixtures are either in pure orthorhombic phases or
a combination of orthorhombic and triclinic phases.

Figure 5 gives the results obtained at 10°C for all samples. At this
temperature r, has its largest value in the low-temperature orthorhombic
phase B, decreases somewhat for the orthorhombic phases 8; and 8;, and
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Figure 4. Dependence of 7, and 1, on sample composition for the
n-eicosane:m-docosane system at 21°C (24)
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Figure 6. Dependence of v, on temperature for eight samples of the

n-eicosane:n-docosane system. Percentage docosane: + =0%; @ = 5%;
B=10%; 0=14%; O = 25%; X = 46%; A = 95%; A = 100%.
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Figure 7. Phase transition temperatures as determined
from positron data are shown as solid circles drawn on
the phase diagram of Liith et al. (33)

decreases still further for the triclinic phases y; and 7,. Observe that =,
is the same in the 8, and B phases, a fact which is not surprising since g,
B1, and B, forms are indistinguishable by x-ray powder diffraction.

Figure 6 gives the r, variation with temperature for eight solid
samples. From the points where a change of slope occurred in these data
the corresponding phase transition temperatures were determined. These
transition temperatures obtained from the positron measurements are
shown in Figure 7 as solid circles drawn on the phase diagram of Liith
et al. (83). The general agreement is fair with the positron-determined
values differing on the average by about 2 degrees from those in the phase
diagram. Possible causes for these differences include the quite different
heating rates used, the large differences in sample sizes, the differences in
the purity of the samples, and the fact that the transition temperatures
were determined by quite different techniques in the two cases.

Upon comparison with the published crystallographic data (33) for
this binary system, it appears that r, variations in the n-eicosane:n-doco-
sane system depend more strongly on the lattice dimensions a and b than
on dimension ¢. This conclusion is supported by the following:
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Positron Lifetime Result

1. The 7, values in pure n-
eicosane and pure n-docosane are
the same.

2. For all compositions of the
Bo phase, =, is approximately con-
stant.

3. At the transition: v,(tri-
clinic) — Bo(orthorhombic) =,
increases about 5%.

4. At the transition: g8 — B,
B1 — Bo, B2 — Po, 7o increases
about 10%.

Positronium as a Probe 61

Structural Comment

1. The n-eicosane and n-doco-
sane have triclinic structures with
the same ¢ and b dimensions; ¢
differs by 2.5 A.

2. For all compositions of B,
the area of the ab plane is approxi-
mately the same; ¢ increases mono-
tonically as the percent of n-doco-
sane increases.

3. At this transition, the area
of the ab plane increases about
85% ; interlayer periodicity (based
on ¢ dimension) increases ~ 10%.

4, At these transitions, the
area of the ab plane increases
~ 3% ; ¢ dimension is virtually un-
changed.

Thus, changes in r, are at least qualitatively related to changes in the
area of the ab plane of the crystalline lattice. Since 7, is the reciprocal
of the rate at which triplet Ps is picked off by electrons of the lattice, this
result agrees with the expectation that longer lifetimes will occur when
the local electron density is decreased owing to lattice expansion.
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Figure 8. Time dependence of r, and 1, for sample containing 5.0%
n-docosane and 95.0% n-eicosane: O = Run I; X = Run 2. (23)
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Figure 9. Time required for sample to reach equilibrium values of
both T, and 1, as a function of sample composition for the n-eico-
sane:n-docosane system (23)

As mentioned previously, samples having compositions ranging from
3.5% to 14% n-docosane exhibit a time dependence in both 7, and Io.
These changes are reversible upon remelting the sample, thus ruling out
oxidation or other chemical reactions as a cause. Liith et al. (33) have
reported a similar behavior for certain mixtures of this binary system
when examined by x-ray powder diffraction. Measurements were made
as a function of the time elapsed since the sample solidified from the
melt, i.e., the annealing time. Shown in Figure 8 are the data obtained
for one of these samples. Figure 9 gives the annealing time required to
reach equilibrium values of both r, and I, for the five samples studied.
From this figure it is seen that samples having higher percentages of
n-docosane have slower rates of transformation. The interpretation of
these positron data is that these samples initially solidify in the 8, phase
and gradually transform into various combinations of the 7y, Bo, and B,
phases. B, is the most open structure of the three, possessing larger
lattice parameters. Thus the decrease of r, and I, during the annealing
time can be attributed to the gradual transformation of the sample to a
more compact structure in which there is a reduced probability of Ps
formation and an increased rate of pick-off of the triplet Ps which is
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formed. These results illustrate another possible use of the Ps probe—
that of measuring phase transformation rates for certain solid-state trans-
formations that occur rather slowly.

N-(p-Propoxybenzylidene) -p-Pentylaniline

As a final example of the positron technique as a probe in the study
of physical properties of organics, a compound for which no previous
solid-phase studies are known to have been published will be discussed.
The compound, N-(p-propoxybenzylidene)-p-pentylaniline (referred to
hereafter as PBPA), is a liquid—crystal-forming material exhibiting the
nematic phase between 34°C and 69°C. A number of studies of the solid
forms of other benzylideneanilines has revealed the existence of a multi-
plicity of low-temperature states, some of which are metastable crystalline
forms while others are referred to as glassy (34, 85,36, 87,38). Most of
these studies have utilized the techniques of thermal analysis, IR absorp-
tion, Raman spectroscopy, or x-ray diffraction.

Solid samples of PBPA were prepared either by slow cooling (about
.3°/min) or fast cooling (sudden immersion in liquid nitrogen) from the
nematic phase. During these measurements the sample holder was con-
tained in a heat-sealed plastic bag to prevent contamination by oxygen
or moisture. Figure 10 shows the results of the positron measurements
on PBPA samples. The values of r, and I, are identical for the slow-

0%
°e 126
° 22
¥\ YEXK yx-X—X— X X=X X {88
%l xS x—x—" s
—xxxxxxx'x’( 1'°
7 18
r M .
2.60} Xt x\xw"‘"-"—x-
~ 220 /
]
> ool /
pN 1.80| -—X&X X Xs.&X x_x_x——x-—x—x—xxx
i
i oooood’s
1.40}
+ C-N N-I
1 1 1 ‘ 1 1 1 ‘I 1

'} I} 1
-20 -I0 (o} 10 20 30 40 650 60 " 80
TEMPERATURE (°C)

Figure 10. The t, and 1, as a function of temperature and sample treat-
ment for PBPA: (X ), slow-cooled sample; (O), fast-cooled sample.
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cooled and the fast-cooled samples except for temperatures below about
—10°C. This difference indicates that PBPA can form two different
solid phases at low temperatures, depending on the rate at which the
sample was cooled from the nematic phase.

To corroborate this finding, DSC studies were made on similarly
prepared PBPA samples. Figure 11 shows a DSC thermogram obtained
for a fast-cooled sample. For a slow-cooled sample the results are the
same except that the broad exotherm is absent. This type of exotherm
is interpreted usually as a slow spontaneous recrystallization into a more
ordered structure. Thus both the positron and the DSC measurements
agree that PBPA has at least two solid forms: (a) a low-temperature
metastable solid which can be obtained by quick-cooling a sample from
the nematic phase and (b) a stable form which can be obtained either
by slow cooling from the nematic or by heating the metastable form. The
fact that different temperatures were obtained for the metastable to
stable transition by the DSC and the positron techniques can be ex-
plained as being a consequence of the heating rates used. For example,
in the DSC measurements the starting temperature of this transition
varied over a twenty-degree interval (from approximately —25°C to
about —5°C) as the sample heating rate was changed.

It is further seen that when the stable solid form transforms into the
nematic phase, the intensity I, is affected at a temperature several de-

EXQ ¢— —» ENDO

20 40 60
TEMPERATURE (°C)

'
H
o

|
n
o
OoF

Figure 11. DSC thermogram for a quick-cooled sample of PBPA: heat-
ing rate = 10°C/min.
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grees below the temperature at which the =, lifetime changes abruptly.
This type of behavior, which probably indicates the presence of pre-
transitional processes, is observed frequently when using this technique.

The transition from nematic to isotropic liquid is marked by a small
increase in I, and a small decrease in .. The size of the effects here
reflects the smallness of the structural changes taking place.

Conclusions

From the experiments which have been described (as well as from
other similar studies), it is clear that the technique of positron lifetime
measurements has already become a useful tool with which to observe
certain physical structural changes in organic solids. For example, it is
a particularly effective means of detecting solid-solid phase transitions
and of observing the different polymorphic forms obtained by various
sample treatments. In some of these cases a qualitative correlation
between changes in crystalline lattice parameters and 7, lifetime changes
has been demonstrated. This technique is also following the progress of
certain extremely slow solid-solid transformations, allowing measure-
ment of transformation rates in some cases. However, before more quan-
titative use of this technique can be realized, further work is required.
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The potential of the positron annihilation methods for
investigating biological systems has been recognized only
recently. This review summarizes the work reported from
various laboratories. The positron is sensitive to the elec-
tron density of matter and probes many properties of
chemical systems. By this novel approach useful informa-
tion has been gained concerning protein conformation and
macromolecular dynamics, phase transitions in model mem-
branes, the behavior of micellar systems, and the formation
of molecular complexes. The origin of biomolecular chiral-
ity, the photosynthetic apparatus, and the structure of cell
water in muscle also have been studied by these techniques.
The sensitivity of the method opens new avenues to explore
the nature of biological systems with minimum perturba-
tion. Future prospects of this approach to biological systems
are discussed.

The existence of the positron was first predicted theoretically by Dirac

in 1930 (1) and observed experimentally by Anderson in 1933 (2).
When the positron, the antiparticle of the electron, enters a chemical
system, it interacts and annihilates with an electron and their combined
masses are converted into gamma photons. Prior to 1951, positron research
was directed primarily toward a further understanding of its fundamental
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properties. In that year, Deutsch observed the existence of a bound state
of the positron and electron called positronium (Ps) (3,4, 5). The unique
nature of Ps and its specific interaction with matter provides information
which otherwise would not be available by more conventional techniques.
The versatile character of Ps reactions (oxidation-reduction, spin con-
version, and pick-off annihilation) allows for the study of a wide variety
of gaseous-, liquid-, and solid-state systems. These studies have been re-
viewed in numerous publications (For general reviews, see Refs. 6,7, 8,
9,10).

There is also a growing number of reports dealing with the applica-
tion of the positron annihilation techniques to systems of direct biochemi-
cal interest. In the early 1970’s such complex phenomena as the inter-
action of cell water with muscle and the photosynthetic process were
investigated with the angular correlation technique. These experiments
showed that this method is applicable to in vivo systems and is capable
of yielding new information. Other work focused on the potential of the
lifetime technique in such diverse fields as amino acids and proteins,
structure—function relationships in biological macromolecules, protein
dynamics, model membranes, micellar systems, and macromolecular com-
plexes of biological importance. The origin of chirality in biological
systems was explored also with the positron annihilation lifetime tech-
nique. These reports show an emerging trend toward key areas such as
the dynamic behavior of macromolecules, their interactions with the
cellular environment, and the nature of regulatory phenomena; further-
more, the use of the positron annihilation methods to study micellar
systems and model membranes bears the promise of eventual applications
in pharmaceutical and clinical research.

Theory of Positron Annibilation

The positron, the antiparticle of the electron, may be considered as
a positive electron. It has the mass and spin characteristics of the electron
but carries a unit positive charge. The mode of annihilation of a positron
and an electron into gamma photons is dependent on the properties of the
medium in which the annihilation occurs. In most studies positrons are
obtained by the radioactive decay of certain naturally occurring nuclei
(e.g., Na-22 and Cu-64). When high-energy positrons of several hundred
KeV enter the sample they rapidly slow down to thermal energies of a
few eV through ionizations and collisions. Positrons approaching thermal
energies may annihilate either in a free state or in a bound state. Positrons
may annihilate freely in a direct encounter with an electron. If the
particles interact with their spins in antiparallel orientation (singlet state,
1S,) two photons are emitted in opposite directions. When the positron
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and the electron have parallel spins (triplet state, 3S,) three photons are
emitted with energies dependent on the angles between them. The free
annihilation lifetime in condensed media is generally 0.1-0.5 nsec. The
ratio of the two-photon to three-photon annihilation, 372/1, is determined
by the relative probabilities of singlet- and triplet-state interactions (9).
Experimentally observed discrepancies from this ratio indicate that the
free annihilation of the positron is not the only annihilation process
involved. The other mode of annihilation involves the formation of an
electron-positron bound state called Ps. Ps can be regarded as the lightest
isotope of hydrogen in which the proton is replaced by a positron. Ps
exists in two ground states, triplet state (ortho-positronium, o-Ps) in
which the particles have parallel spins and singlet state para-positronium,
p-Ps) with antiparallel spins. Triplet and singlet Ps are formed in the
ratio of 3/1. The intrinsic mean lifetime of p-Ps is 0.125 nsec while the
0-Ps has a much longer intrinsic mean lifetime of 140 nsec.

The probability of Ps formation and the details of its subsequent
annjhilation are dependent on the properties of the sample. A useful
model of Ps formation in gases was proposed by Ore in 1949 (1I1). The
energy range in which the Ps formation is most probable (Ore gap)
depends on the ionization potential (I) and the first excitation level (E)
of the substrate molecule. The threshold energy for Ps formation (I —
6.8 eV) is the energy necessary to ionize the substrate molecule minus the
binding energy regained upon Ps formation (6.8 eV). Positrons with
energies greater than the ionization energy ionize the substrate and do
not form Ps; thus the ionization energy establishes the upper limit for Ps
formation. If the substrate molecule has excitation levels in the Ore gap
and the positron has energies above these levels, a significant number of
collisions between the positron and the gas molecules results in the
excitation of the substrate; consequently most of the Ps formation occurs
between E and I — 6.8 eV. The Ore model has been extended to con-
densed systems by taking into consideration factors such as dissociation
energies and intermolecular interactions (12, 13).

Recently, Mogensen proposed an alternative model for Ps formation
(14). According to this model Ps is formed in the positron spur by a
reaction between the positron and an electron. Ps formation competes
with the recombination of electrons and ions and the reactions of the
electrons and positrons with solvent and scavenger molecules. These
reactions are influenced by electron and positron solvation. Mogensen
correlates Ps formation probabilities with the electron properties in the
spur as determined by techniques of radiation chemistry. This model
seems to be in good agreement with experimental results in liquids and
solids and is a useful guide for the design of new experiments. In Mogen-
sen’s view, the spur reaction model does not exclude the validity of the
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Ore model; the positron in the spur may form Ps with a bound electron
if its energy is above I — 6.8 eV. Tao combines certain features of the
two models in a modified spur theory and suggests that only the fraction
of 0-Ps which is able to escape the spur has a long lifetime (15).

The experimentally useful aspects of positron and Ps interactions
with matter are the inhibition and quenching processes. Inhibition of Ps
formation is the result of interactions between positrons and substrate
molecules which lower the positron energies below the threshold for Ps
formation. These interactions include compound formation, ie. attach-
ment of a positron to a molecule, and collisions resulting in rotational
and vibrational excited states of the substrate. Quenching of the Ps life-
time is the result of interactions of the Ps with the substrate molecules.
Owing to the inherent short lifetime of the p-Ps these processes are
largely limited to the 0-Ps. In a quenching process the 0-Ps is converted
to p-Ps or the positron is removed from the o-Ps and undergoes free anni-
hilation. These interactions lead to two-photon emission and to a consid-
erably shortened o-Ps lifetime. The three major quenching mechanisms
are ortho—para conversion, chemical reactions, and pick-off annihilation.

In the presence of magnetic fields or paramagnetic species the 0-Ps
can undergo ortho-para conversion. The reversal of the positron spin
relative to the electron spin may result from two processes, spin-flip or
electron exchange. Either of these mechanisms yields p-Ps which anni-
hilates rapidly with two-photon emission.

The 0-Ps also may enter into chemical reactions with the substrate
molecules. These reactions include oxidation by electron transfer, oxida-
tion by compound formation, oxidation by double decomposition, and
reduction (9). The oxidation process, for example, yields free positrons
with an average lifetime shorter than that of the 0-Ps in the same medium.
The formation of positron or Ps compounds with substrate molecules
results in the quenching of o-Ps lifetimes and leads to two-photon
annihilation.

Another route leading to quenched o-Ps lifetimes is pick-off annihila-
tion. In this case, the positron in the o-Ps interacts with an electron of
the substrate which has opposite spins and subsequently annihilates by
two-photon emission. The quenched lifetime in many substances is
inversely proportional to the electron density of the material. This rela-
tionship has been interpreted in terms of an o0-Ps residing in low-electron
density regions or cavities in the sample (16, 17). The free-volume model
(18, 19, 20) relates lifetimes reduced by pick-off annihilation to structural
defects or to free-volume regions. The bubble model (21, 22,23, 24)
postulates that the o-Ps resides in cavities or bubbles formed by the
strong repulsive forces between the Ps and the substrate molecules. In
systems of simple molecular liquids and binary mixtures, the pick-off
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lifetime can be related to bulk properties of the liquid such as surface
tension and parachor (25, 26).

Most positrons in condensed media annihilate with the emission of
two photons as the result of inhibition and quenching processes. The
angular distribution between the two gamma photons depends on the
kinetic energy of the positron-electron system at the instant of annihila-
tion. If the system is at absolute rest, the two photons are emitted in
exactly opposite directions. In practice, however, the system usually still
has a small amount of kinetic energy which leads to deviations of a few
milliradians from the ideal angular distribution of 180°. This type of
measurement yields information concerning the electronic environment
of the positron since the angular distribution of annihilation photons
reflects the distribution of electron momenta. Free positrons usually have
some kinetic energy when they annihilate, therefore the angle between
the two photons deviates from 180° and leads to a broad component in
the angular distribution profile. The heavier p-Ps loses most of its kinetic
energy after formation and it is responsible for a narrow component in the
distribution profile. Increased ortho-para conversion produces more
positrons which annihilated as p-Ps and leads to the relative increase in
the narrow component. Oxidation and pick-off of 0-Ps, on the other hand,
causes increased two-quantum annihilation with a relatively broad angular
distribution. The shape of such an angular distribution profile yields
information concerning the various annihilation mechanisms.

Experimental Techniques

The two major experimental approaches in positron annihilation
experiments are the positron lifetime technique and the angular correla-
tion technique. In both the nature of interactions between the sample
and the positron or Ps is investigated by detecting gamma-gamma
coincidences (for general reviews, see Refs. 6,7, 8,9, 10).

Positron lifetimes are measured by observing the time elapsed be-
tween the emission of a positron into the sample and its subsequent
annihilation. The most commonly used source of positrons is Na-22 which
has several convenient features. Among these are a half-life of 2.6 years
and decay characteristics which produce a 1.28 MeV y-ray in less than
107! sec after emission of the positron. This high-energy gamma photon
is emitted simultaneously with the positron. The positron lifetime is
determined as the time difference between the detection of the 1.28-MeV
photon and one of the 0.51-MeV annihilation photons using a fast—slow
delayed coincidence system (Figure 1). The fast circuit measures the time
between detection of two photons. The detection of a photon on the start
side triggers the time-to-pulse height converter (TPHC) to begin building
a pulse until a stop signal is received. The amplitude of the TPHC output
is proportional to the time difference between the two signals. This pulse
is stored temporarily while energy discrimination is being performed in
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Figure 1. Experimental arrangement for determining positron lifetimes

the slow circuit. The start-side single-channel analyzer (SCA) is set to
emit a signal when it receives a 1.28 MeV photon and the stop-side SCA
emits a signal upon receiving a 0.51 MeV photon. If these energy
requirements are met, the time signal from the TPHC is routed to the
multichannel analyzer (MCA ) where it is stored in a channel correspond-
ing to its amplitude. A typical lifetime spectrum is composed of about 10°
events. The number of events observed (number of coincidences between
the corresponding gamma photons) is plotted logarithmically as a func-
tion of time, i.e., channel number, where each channel represents a time
elapsed between a start and a stop signal (Figure 2).

Each one of the annihilation processes contributes a decaying expo-
nential with a decay constant, \;, to the spectrum. The lifetime spectrum
is analyzed as a sum of exponentials

N(t) = iznl A exp (—Aid)

where n corresponds to the number of components, A; is the annihilation
rate constant of each component (reciprocal mean lifetime), and A, is a
constant. Associated with each component there is an intensity (I;),
i.e., the percent of positrons annihilating in each process, which is obtained
by determining the contribution of that component to the total area.
Lifetime spectra are resolved normally into two or three components. In
three-component analysis, the shortest lifetime (r;) is ascribed to p-Ps
annihilation, the intermediate lifetime () is attributed to free annihila-
tion, and the longest lifetime (r3) is assigned to 0-Ps annihilation process.
In the case of two-component analysis r, and 7, are combined into the
first lifetime and the longer component is assigned to quenched o-Ps
processes.
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Figure 2. Typical lifetime spectrum. The number of coinci-
dences, N(t), is plotted against time. N(t) values are stored in a
MCA in which each channel represents a discrete time interval.
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Figure 3. Experiment arrangement for determining the angular correla-
tion of positron annihilation quanta
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Figure 4. Typical angular correlation spec-
trum. The number of coincidences, C(0), is
plotted against the angle of deviation, 0, in
milliradians from 180°. The shaded area rep-
resents the “narrow” component.

In angular correlation experiments only the 0.51-MeV annihilation
photons are observed. These measurements are performed using a colli-
mated two-detector, slow-coincidence system in which one detector
remains fixed while the other is movable through small angles of the
order of a few milliradians (Figure 3). The detection of a photon results
in a detector output signal, the magnitude being proportional to the
energy of the detected photon. This pulse is routed to a SCA where
energy discrimination is performed. Only signals arising from 0.51-MeV
photons produce an output signal from the SCA. An event is recorded
when a slow-coincidence unit detects simultaneous output signals from
both the fixed and movable detectors. An angular correlation spectrum
is recorded by measuring coincidences for preset times at several angles
and recording the number of coincidences at each angle (Figure 4).

Applications of the Technique

Ps chemistry may be useful to the biochemist in several ways. The
interaction of Ps with matter reveals a number of physical and chemical
properties which are important parameters in biological systems. Studies
on metal defects (27) as well as polymer systems (28; for potential
applications in organic coatings, see Ref. 29) and polymers in which
defects have been incorporated (16) demonstrated the sensitivity of Ps
to structural irregularities. This suggests that Ps may serve as a useful
probe of natural voids or free-volume regions in biological macromolecules
and supramolecular structures. Studies on proteins, membranes, and the
biologically relevant micelles and liposomes already have yielded interest-
ing results.
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The Ps atom also may react with molecules in oxidation reactions and
complex formation. Electron donor-acceptor relationships between bio-
molecules play a major role in biological processes. Information concern-
ing these relationships may be obtained by studying reactions between
these molecules and Ps. In another approach, molecules exhibiting strong
interaction with Ps can be incorporated into the biological systems. In
such studies the Ps annihilation characteristics reflect certain features of
the local environment of the secondary probe.

These and other biochemical applications of the positron annihilation
techniques will be discussed in the following sections. The major areas
covered in this review include complex formation, micelles, and inclusion
complexes; amino acids and proteins; synthetic phospholipid vesicles and
membranes; and in vivo studies of muscle cell water and photosynthetic
processes.

Complexes, Inclusion Complexes, and Micelles

The positron lifetime spectrum represents the disappearance of posi-
trons in the system. Since the electronic time measurement begins when
a positron is formed, the spectrum can be interpreted in terms of a large
number of positrons being initially present in the sample and disappearing
through annihilation by the various processes. Each mode of annihilation
is characterized by an annihilation constant, A, which is the reciprocal
mean lifetime, , of the positron.

Ps—molecule complex formation can be evaluated in a quantitative way
by setting up appropriate kinetic equations accounting for the reactions
of Ps (30). A simple reaction scheme for 0-Ps reacting with a single
species (M) in solution is given by:

Ap kl Ae
2y < 0-Ps+ M = PsM — 2y
ke

where A, is the decay rate for o0-Ps annihilation with the solvent, k; and
k, are the formation and dissociation rate constants for the Ps-molecule
complex, and A, is the decay rate for annihilation in the complex. The
annihilation rate of the long-lived component can be related to the
complex formation constant by solving the appropriate rate equations for
the system (30). Substances having high electron affinities such as nitro-
aromatics (30, 31), quinones (32), carbonium ions (33), and halogens
(34) show a strong reactivity with Ps.

The reactivity of these compounds toward Ps is reduced when they
form molecular complexes (35,36). Jean and Ache (37) used this
approach to determine complex formation constants for a number of
biological substances. The complex formation constants for vitamin K;
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and a-tocopherolquinone with several electron donor molecules including
indole and Vitamin D; were determined by their different reactivities
towards Ps in their free and complexed form. They found that «-toco-
pherolquinone, which is believed to be one of the major products in the
oxidation of Vitamin E, displays strong reactivity toward Ps. On the other
hand, the nonoxidized Vitamin E shows hardly any reactivity. The
difference in the behavior in the oxidation product and Vitamin E itself
can be utilized for further study of metabolically important biological
reactions. This work is important since it demonstrated the capability of
the positron annihilation method to study complex formations which
cannot be explored by conventional spectroscopic techniques.

The method is not necessarily restricted to donor-acceptor molecular
complexes and Jean and Ache applied it for the study of inclusion com-
plexes (38). Cyclic oligosaccharides have a toroidal shape with a central
void of a few angstroms in diameter. The molecules have an internal
hydrophobic surface and an external hydrophilic face. They are known
for their ability to complex a variety of molecules in the cavity. Inclusion
complexes are capable of catalyzing or inhibiting many chemical and
biochemical reactions. The authors found that complexed molecules show
drastically reduced reactivity toward Ps; thus by observing the difference
in the reactivities of these compounds in their complexed and uncom-
plexed state it was possible to determine the molecular association
constants of the systems. They observed opposite trends in reactivity
between the inclusion complex and the Ps-molecule complex in solution.
These results can be interpreted in terms of either geometric steric
requirements or the nature of the binding forces. If these forces are
hydrophobic, future studies of inclusion complexes with the positron
annihilation technique offer an opportunity to characterize the nature
of this interaction.

The chemical reactivity of Ps toward strong electron acceptor mole-
cules has been exploited recently to investigate micellar systems (39).
Micellar systems are useful simple models of membranes and are used
to study the behavior of aggregates of hydrophobic moieties. The struc-
ture of a micelle is fairly well understood in terms of a spherical entity
with a hydrophobic core and a polar exterior; still, more information is
needed about the solubilizates that can be incorporated into the micelle
as well as about the dynamics of the solubilization process (40). Micellar
systems have been used successfully as catalysts (41) for many reactions
and extensive studies have been performed to evaluate their influence on
the course of a reaction. Jean and Ache (39) recently have reported the
investigation of various micellar systems in which they incorporated
secondary probes (nitrobenzene and copper(II) ion) which exhibit a
strong reactivity toward Ps. Previous studies (31,42) of Ps-molecule
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complex formation reactions show that solvent composition is important
in stabilizing these complexes.

In most cases the reactivity of Ps toward nitrobenzene was reduced
significantly compared with aqueous solutions. However, the rate con-
stants obtained were not the same as those for nitrobenzene in the
corresponding alkane. These results suggest that the probe molecule is
located near the Stern layer where it forms molecular complexes with
the various head groups. In micellar solutions containing copper(II)
ion, little or no effect was observed in micelles formed from neutral or
cationic surfactants whereas in the presence of anionic micelles the rate
constants dropped drastically. Since copper(II) ion is much more soluble
in the aqueous phase than the organic phase a reduction of its reactivity
would be expected only if it interacted with the polar head groups. This
explanation agrees with their experimental findings since, in anionic
micelles, the copper(II) ion would be attracted to the Stern layer where
it can function as a counter ion.

Amino Acids and Proteins

The first application of the positron annihilation lifetime technique to
amino acids and proteins was reported by Chuang and Tao in 1974 (43).
They measured the annihilation parameters in solid samples of amino
acids and several proteins. Their previous study on simple polymer sys-
tems (44) indicated a linear relationship between the molecular weight
of the polymer and the lifetime of the long-lived component. Their study
of amino acids revealed an empirical additivity relationship between the
annihilation rate of the long-lived component and the number of strong
polar groups in the amino acid molecule. However, they could not find
an additivity relationship in the annihilation parameters of the protein
based on the amino acid composition. The calculated values of r, were
always lower and did not follow the same trend as the measured values.

While recognizing the pioneering nature of their work, it is not
surprising that a simple additivity relationship was not found. Biologically
functional proteins exist in an aqueous cellular environment and conclu-
sions drawn from the solid state cannot be readily extended to biological
systems. Moreover, the amino acid composition and sequence of a pro-
tein molecule determines structural domains of preferred orientation and
interactions. These secondary structural domains fold and interact to
yield a unique tertiary structure of the macromolecule. The polypeptide
chain folded in a specific three-dimensional conformation is in intimate
contact with the solvent and the interaction with the environment gener-
ates structural features which are not commonly encountered in polymer
and organic chemistry (45).
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Jain et al. investigated a series of hemoglobins from different mam-
malian sources( 46, 47). Hemoglobin is a quaternary protein composed
of four globular subunits. Each subunit contains a nonprotein heme
moiety. The positron annihilation characteristics were similar in the
lyophilized samples of the hemoglobins. In contrast to the consistency of
the annihilation values found in the hemoglobins, the annihilation param-
eters in Cytochrome c, hemin, and red blood cells were significantly
different. The authors interpreted their data in terms of pick-off annihila-
tion and attributed the low Ps formation probability in hemoglobins, as
compared with other proteins, to inhibition processes which result from
differences in the exposure of the hemes. Their data suggested that Ps
formation is not very sensitive to variations in the amino acid composition
of the proteins. Chuang and Tao’s data (43) also support this conclusion.
The merit of the work of Jain et al. is that the research was directed
toward conformation, and they included in their interpretation the assump-
tion that the o-Ps quenching process in proteins is primarily pick-off
annihilation. The significance of this assumption becomes clear by a
closer scrutiny of the dynamic nature of native protein conformation.

The native protein molecule is a dynamic structure in constant inter-
action with its environment. Recent developments in molecular biology
generated convincing evidence that conformational transitions in macro-
molecular systems are essential for their function (48,49,50,51). The
modern understanding of control, energy transduction, and information
transfer in biological systems is based on the emerging concepts of the
dynamic properties of macromolecules. The unique three-dimensional
structure of a protein molecule is determined by its one-dimensional
sequence of amino acids in a given environment. Under physiological
conditions the folded polypeptide chain is not static but shows some
degree of fluctuation passing through sequences of conformational micro-
states which together constitute an experimentally observable macrostate.
The continuously changing cellular demands are acting as constraints on
the molecular level by selecting subsets of microstates which respond to
the requirements optimally. Transitions between these subsets owing to
temperature, pH, and other perturbations caused by binding of effector
molecules may be monitored routinely by activity measurements. The
nature of these transitions is less accessible to experimental observation.
Many sophisticated techniques have been directed toward this goal, but
there is no direct approach yet which can provide information about the
relationships between these transitions and the overall macromolecular
conformation. A plausible choice is the measurement of an observable
parameter which is subject to fluctuations and is related directly to overall
macromolecular conformations, such as the conformational volume of the
molecule. The volume of a specific protein in solution exceeds the overall
sum of specific volumes of amino acid residues slightly. The additional
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volume, named conformational volume, may reach as much as 3% of the
total volume and its fluctuations may have far reaching effects on bio-
logical activity. The emerging picture is that of a protein molecule which
responds as a whole to perturbations via rapid conformational transitions
and concomitant variations of the conformational volume.

A direct approach to evaluate the empty spaces constituting the
conformational volume or, perhaps more accurately, the extensibility of
hydrophobic centers of proteins, is the positron annihilation lifetime
technique. In 1976, Handel et al. (52) measured the temperature depend-
ence of the lifetime and intensity parameters of the globular protein
carbonic anhydrase in highly concentrated aqueous solutions over a
temperature range of — 20° to 50°C. In all cases the lifetime of the
short-lived component remained constant within experimental uncertain-
ties. The lifetime of the long-lived component ( ;) increased moderately
between 20° and 40°C from 1.7-1.9 nsec and then rose further to 2.0
nsec at 50°C (Figure 5). The intensity (I,) decreased slightly from
27% to 23% over the whole temperature range. The product I, was
constant over the temperature range — 20° to 30°C. Above this tempera-
ture L7, increased rapidly. Simultaneous measurements of the enzymatic
activity of carbonic anhydrase showed a steady increase over the same
temperature range. Qualitative evaluation of these data in terms of the
free-volume model allowed for the following interpretation. The average
lifetime of the long-lived component (0-Ps) is reduced by various inter-
actions with the substrate. In the pick-off annihilation process the posi-
tron is removed from the o-Ps under the influence of the electron cloud
of the surroundings and undergoes free annihilation. In the free-volume
model r, is related to the size of the cavities in which the o-Ps atoms are
confined and I, represents the number of 0-Ps atoms which are formed
and subsequently quenched at these sites. The decrease in the number
of free-volume sites at higher temperatures was interpreted as the redistri-
bution and coalescence of free volumes into a system compatible with the
new conformation and enhanced enzymatic activity at the elevated tem-
perature. Increasing = values correspond to an increase of the average
size of the free-volume sites which is a further indication of the merging
of free volumes. These findings, when correlated with activity measure-
ments, showed that the increase in activity involved conformational
changes in which free-volume regions rearrange or combine. In addition,
thermal denaturation was associated with the overall expansion of the
molecule, since prolonged incubation at 40°C and at higher temperatures
produced inactivation and in the irreversibly denatured protein r, and Ior;
remained high even after returning to lower temperatures.

Still another aspect of protein dynamics is the role that the water
plays in limiting the number and nature of conformational macrostates of
protein molecules. The water at the protein surface is a restraining force
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Figure 5. Temperature perturbation of the lifetime of the

lonf-lived component, t,, in a 500-mg bovine carbonic an-

hydrase sample suspended in 1000 mg of water $46): (O), 74

values in enzymatically active protein; (X), 7, values in heat-

denatured protein. Statistical error, indicated %y the error bar,
is =0.04 nsec.

that lowers the local entropy and maintains the protein within a range of
ordered metastable conformations. Thus the molecule is protected from
denaturation while it remains capable of assuming a variety of conforma-
tions in response to the cellular demands. Although the nature of water—
protein interactions is not well understood, it is clear that the water forms
shells close to the protein surface—the A- and B-shells in Gurney’s model
(53)—and appears to be highly ordered (54). It is postulated that the
adjacent A-shell imposes constraints on protein fluctuation. The more
distant B-shell mediates the flow of thermal energy from the bulk water to
the protein and dissipates the stresses resulting from the expansions and
contractions of the molecule. These stresses, on the other hand, may
induce large changes in the free volume of water.
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Handel's approach to protein-water interactions with the positron
annihilation technique revealed several features of these systems (55).
The effect of the bulk water and the protein on the positron annijhilation
parameters became clearly distinguishable above a critical concentration
of the aqueous protein samples. When the temperature dependence of
the positron annihilation characteristics were compared with those with
protein—-water systems the effect of the protein-bound water could be seen
clearly by the shifting of the ice-water phase transition to lower tempera-
tures. In mixtures where no bulk water was present and all of the water
was tied up in the A-shell and the B-shell of the hydration sphere, these
freezing-point lowering effects reached a maximum, down to — 20°C.
Water of hydration is likely to be bound in such geometrical configurations
that it is incapable of ice formation without extensive rearrangements.
At lower temperatures the bound water joins in the ice state, as indicated
by a steep decrease of r,. The decrease of conformational volume (I,72)
observed upon freezing also could be attributed to the disruption of the
bound water in the A-shell. This phenomenon appears to be similar to
predenaturation transitions observed by several independent techniques
(such as calorimetry ) during thermal denaturations of many proteins (54).

The pH profile of carbonic anhydrase shows that the enzymatic
activity is lowest at extremes of pH and reaches a maximum at pH 6.7
(56). It appears from positron annihilation studies (55) that the activity
dependence on pH is not related to any significant conformational changes
in the protein. In light of this, the strong pH dependence of carbonic
anhydrase activity can be interpreted as being predominantly caused by
the ionization of an activity-linked group in agreement with most of the
mechanistic models proposed for this enzyme.

Before leaving the section of amino acids and proteins, the area of
the origin of chirality should be discussed. When considering the amino
acids as building blocks of proteins one must remember that they occur
naturally and overwhelmingly as L-enantiomers. Similarly, natural sugars
belong almost exclusively to the p-enantiomorphic series. The origin of
the optical asymmetry of biomolecules is one of the most intriguing prob-
lems in chemical evolution. Several theories based on chance and non-
chance explanations have been suggested. One non-chance explanation
is the unequal decomposition of optical isomers through light-mediated
reactions and the subsequent generation of optical activity from racemic
mixtures (57). Following this suggestion a series of experiments was
initiated which also included the positron annihilation method. In 1959
Ulbricht postulated a possible connection between the asymmetry at the
level of elementary particles and the molecular level (58). He proposed
a novel mechanism which would relate the phenomenon of asymmetry
in biological systems with the universal phenomenon of parity noncon-
servation in weak interactions. This proposal was based on the Nobel
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Prize winning discovery of Lee and Yang in 1956 who showed that
electrons emitted in beta decay are polarized (59). However, the
attempts to verify unequivocally Ulbricht’s suggestion with positron
annihilation experiments failed and in 1976 the question still was unre-
solved (60, 61, 62, 63,64). An interesting approach was taken by Lemmon
et al. (65) who studied the interaction of epithermal muonium (Mu) with
enantiomers but were unable to detect in the residual muon polarization
which would indicate selective reactivity. In 1977 Jean and Ache reported
similar negative results in their attempt to detect interactions of positrons
with several optically active organic liquids (66). At the present, at least
on the evidence of positron annihilation and Mu experiments, one should
seriously question the otherwise quite attractive hypothesis that the two
unique chiralities found in the universe are linked causally and the
molecular chirality in the biosphere is rooted in a universal law rather
than in a chance occurrence.

Vesicles and Model Membranes

Positron annihilation lifetime measurements has been applied suc-
cessfully to monitor phase transitions in liquid crystals (67, 68, 69). These
systems undergo changes in their degree of order at characteristic tem-
peratures. The changes of the positron annihilation parameters during
mesomorphic phase transitions can be correlated with the calorimetrically
determined transition enthalpies and entropies. This evidence supports
the assertion that the positron annihilation process is affected by varia-
tions in the structural regularities of the chemical environment. The
capability of the technique to correlate structural changes and phase
transitions in proteins and liquid crystals has been expanded recently
to include model membrane systems. Phospholipid vesicles prepared
by dispersion or sonication in an aqueous environment presently are
used widely as models to study biological transport processes and other
membrane properties. These vesicles undergo reversible fluid-order-phase
transitions at characteristic temperatures. From the analogy between
vesicle and biological membrane properties, it is safe to conclude that
phase transitions are involved in the functioning of cell membranes.
Macroscopically observable properties such as sugar transport in some
biological systems have been studied as a function of temperature and
the results show that cell membranes are liquid crystalline structures (70).
A more thorough understanding of the dynamics of these transitions
recently prompted McGrath et al. (71) and McMahon et al. (72) to probe
vesicle-phase transitions by the positron annihilation lifetime technique.
McGrath et al. found a pick-off lifetime of 3.3 nsec in vesicles which are
fluid at 18°C (e.g.,, dioleoyl phosphatidylcholine) and a lifetime of 2.8
nsec in a dipalmitoyl phosphatidylcholine system which is in the gel
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phase at the same temperature. Above the transition temperature,
dipalmitoyl phosphatidylcholine gave a pick-off lifetime of 3.3 nsec. In
another study performed at 18°C, a 1:1 molar ratio of dipalmitoyl phos-
phatidylcholine and dioleoyl phosphatidylcholine exhibited a lifetime of
3.05 nsec. From these results the authors suggest that the positron may
serve as a useful probe for the extent of phase separation in biological
membranes. McMahon et al., using the lifetime technique, investigated
the phase transition itself over the range from 10°C below to 10°C above
the transition temperature in phosphatidylcholine vesicles. They found
that the method of vesicle preparation affected the results and that cho-
lesterol incorporated into the phospholipid vesicle broadened the tran-
sition temperature.

In Vivo Studies

Since the nature of the interaction of positrons with matter is deter-
mined through the analysis of gamma photons it can be used in the
investigation of in vivo systems. Gustafson (73) studied Ps formation
in muscle tissue using the angular correlation technique to investigate
structure in cell water. The Ps formation rate is sensitive to phase transi-
tions and it is considerably greater in ice than in liquid water (74, 75, 76).
Gustafson’s data for muscle and water at 4°C showed no enhancement in
the Ps formation rate; therefore he ruled out the possibility that cell water
was ordered in a hexagonal ice-like structure. The data for muscle at
— 4°C show enhancement of the Ps formation rate between the values
observed for water and ice. This indicates that most of the cell water
undergoes normal phase transition. However, the possibility exists that
cell water is in an ordered form different from ordinary ice.

Dworakowski et al. (77,78) studied the photosynthetic process by
the angular correlation technique. They observed an enhancement of the
narrow component in irradiated solutions that contained chlorophyll and
either phenylhydrazine or ascorbic acid as reductant. However, no
enhancement was observed in irradiated solutions which contained only
chlorophyll. This was interpreted in terms of the formation of ion radicals
and radical intermediates during the photo-induced reduction of chloro-
phyll, since an unpaired electron in these species will increase the rate of
ortho-para conversion and produce an enhanced narrow component. In
their experiments with green leaves they found a slight decrease in the
narrow component upon illumination with white light. White light
activates the two photosystems. When the leaves were irradiated with
filtered light which activates only Photosystem I, no effect on the angular
correlation spectra was observed. Irradiation with filtered light which
activated Photosystem II (and possibly, indirectly, Photosystem I) dimin-
uated the narrow component. They interpreted these results in terms of
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a model in which Photosystems I and II are located on the opposite sides
of the thylakoid membrane. In this model, excitation of the two photo-
systems by irradiation leads to the formation of a positive—negative (p-n)
type junction inside the thyalkoid membrane accompanied by the genera-
tion of an electric field which inhibits Ps formation.

Brandt and Kliauga (79, 80), using the lifetime technique, investi-
gated the interaction of Ps with photomagnetic molecules, including
photosynthetic materials in vivo such as marine algae and rhododendron
leaves. The excited triplet states induced Ps spin conversion. They con-
cluded that the photomagnetic spin conversion was primarily spin flip.
In experiments with marine algae they observed no effect when they used
a green filter which transmits light between the two absorption peaks of
chlorophyll. In experiments using yellow and blue filtered light, centered
on the chlorophyll absorption peaks, Ps quenching was observed and the
results showed the correct positron action spectrum of chlorophyll.

Future Perspectives

The positron annihilation method is 2 new addition to the impressive
arsenal of complementary techniques available for biological research.
At the same time it provides new insights into biological problems which
cannot be obtained through other approaches. Current research efforts
are already yielding significant information in the areas of molecule
complex formation, micellar systems, macromolecular dynamics, and
membrane behavior.

It is clear that the growing recognition of the importance of dynamic
conformational fluctuations in macromolecular systems and the key role
of the electron donor-acceptor relationship in regulatory and energy
transfer processes will require new approaches and methodology in their
future investigation. The positron techniques appear to be well suited to
study some of these emerging concepts.

Respiration and photosynthesis both require highly organized electron
transport chains for the absorption and transfer of energy. It has been
suggested (81) that the efficiency of these chains may depend on charge-
transfer complex formation. These complexes are often difficult to detect
by conventional spectroscopic techniques and may be investigated by the
positron method.

The charge transfer complexes also are thought to be important in
cellular regulation and have even been implicated in cancer (82). The
investigation of these biological processes also may be approached with
the positron annihilation methods.

The logical extension of these studies to membranes is apparent.
Positron annihilation studies may provide information concerning mem-
brane-bound molecules and structures. The action of many drugs and
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natural bioregulatory molecules such as hormone, quinone, and steroid
compounds are thought to be mediated through membrane interactions
or by interactions with membrane-bound structures.

The future development of Ps biochemistry is linked intimately to
the overall trend of modern biology toward an integrated view of bio-
logical processes and to a deeper understanding of the quantum mechan-
ical aspects of biological events.
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Photomagnetic Positron Annihilation Effects

WERNER BRANDT
Department of Physics, New York University, New York, NY 10003

The annihilation characteristics of positrons in phosphores-
cent substances can be altered by illumination with UV
light. This phenomenon and its quantitative aspects agree
with the idea that some positrons capture an electron to
form ortho- or para-positronium, and that the interaction
with the excited triplet states of the illuminated phosphor
molecules quenches positronium through spin conversion.
Photomagnetic positronium spin conversion cross sections
are very large, approximately 10*za®,. They correspond to
interaction ranges of about 30 A and are symptomatic of the
wave mechanical behavior of positronium in matter. Analy-
sis suggests that the photomagnetic effect proceeds by a
process labeled spin flip in which ortho- and para-positro-
nium interconvert under the simultaneous quenching of the
excited triplet state to the singlet molecular ground state.

It is remarkable that UV light can alter the characteristics of positron-

electron annihilation into high-energy gamma quanta in matter (I, 2,
3). The effect is caused by light-induced changes of the electronic states
from which annihilation can occur. In particular, light can populate
excited triplet states of molecules with singlet ground states. Interaction
of positrons with triplets can affect the spin states of the positron—elec-
tron pairs and, thus, the mode of annihilation in accordance with quan-
tum electrodynamic selection rules. The phenomenon can serve to detect
traces of photo-excited triplet states in matter.

Photomagnetism

Phosphorescence is the slow emission of light in symmetry-forbidden
electronic transitions. They occur from paramagnetic excited triplet
states, with spin quantum number S =1, to the diamagnetic singlet
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ground state, with S — 0, as shown schematically in Figure 1. Triplet
states are populated indirectly. Light is absorbed in allowed transitions
from the ground state to excited singlet states. They can convert into
excited triplet states through intersystem-level crossings, followed by
rapid transitions to the lowest excited triplet state, T;. The lifetime of T,
is determined by the branching ratio for radiationless and phosphorescent
light-emitting transitions to the singlet ground state. The triplet lifetime
of large phosphor molecules can be prolonged by as much as a factor of
10® if they are imbedded in a rigid medium. It impedes intramolecular
motion and thus suppresses radiationless transitions induced by vibronic
coupling to the electronic ground state. This method commensurably
enhances the steady-state triplet concentration under equal illumination
conditions.

Sa
Ts
-
P
S2 —
Internal T
Conversion 2
{
¢
3
{ Intersystem
S, _————
Crossing
Tl
Absorption
Fluorescence
Phosphorescence
So [

Figure 1. Schematic energy level diagram for a typical phos-

phor molecule (Jablonski diagram). Singlet states are labeled

as Sy, Sy, . . . ; triplet states as Ty, T,, . ... The lowest excited
triplet state, T, is denoteci as T in the text.
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Photomagnetism first was demonstrated macroscopically through a
change of the weight of phosphorescent samples in inhomogenous mag-
netic fields under illumination (4), and microscopically through para-
magnetic resonances of the photo-excited triplet states (5).

Positronium

When energetic positrons from a radioactive source penetrate a
medium, they are slowed down by ionizing collisions. In many molecular
substances a fraction can capture electrons into the stable atomic state of
a positron—electron pair referred to as positronium (Ps). In a diamagnetic
milieu, three-fourths of Ps forms as triplet or ortho-positronium (o-Ps)
with § — 1, where one-fourth populates each of the three almost degen-
erate substrates of magnetic quantum numbers m = —1, 0, and +1. The
remaining one-fourth of Ps forms as singlet or para-positronium (p-Ps)
with § = 0and m = 0.

Ps is unstable with regard to positron—electron annihilation into
gamma. quanta. Quantum electrodynamic selection rules permit rapid
annihilation of p-Ps into two gamma quanta, each of energy mc?> = 0.511
MeV, with the rate 8.0 X 10® sec’’. They permit o-Ps to annihilate only
into three gamma quanta, with the slow rate 7.05 X 106 sec™.

If the slowing-down conditions are shifted, for example, through
additives with lower ionization potentials than that of the matrix mole-
cules, the total Ps yield can increase or decrease depending on the details
of the Ps formation process. Once formed, a Ps state can be quenched,
i.e., its lifetime shortened, by interactions with the medium. They may
be discussed as follows.

(1) Electron pick-off from the medium by positrons bound in the
long-lived o-Ps state, leading to rapid paradecay into two gamma rays.

(2) Oxidation or dissociation to unbound positron states and subse-
quent paradecay with an electron bound in the medium.

(8) Compound formation with molecules leading to paradecay.

(4) Spin conversion in external magnetic fields or on paramagnetic
molecules through the mixing of the magnetic sublevel m =0 of the
0-Ps triplet state and the p-Ps singlet state which are separated by a gap
of only about 107 eV.

This suggests that photomagnetism can affect positron annihilation.

Commonly Studied Annihilation Characteristics

Lifetimes. Positrons are implanted in a sample from a radioactive
source, usually 22Na. It emits simultaneously with each positron a 1.28-
MeV gamma ray which is detected. The time delay until coincidence
with one of the 0.511-MeV annihilation gamma rays from the paradecay
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of the positron in the medium is recorded. The distribution of some 10°
time delays constitutes the positron lifetime spectrum in this sample. The
spectrum is decomposed into i components with intensities, I, They
represent the probabilities with which positrons populate states with
distinct disappearance rates I;. Spectra for molceular substances are
analyzed often in terms of two (i = 1, 2) or three (i = 0, 1, 2) compo-
nents. The longest-lived component, i — 2, usually can be attributed in a
consistent manner to the decay of o-Ps through electron pick-off or other
Ps-quenching reactions.

Angular Correlation. The two 0.511-MeV gamma rays from para-
decay emerge in opposite directions from the annihilation site to conserve
momentum. Deviations from = rad, of the order of milliradians, are
detected in coincidence experiments. They measure the momentum
distribution of the annihilating pair in the laboratory frame. The p-Ps
formed with probability (1/4)8p, decays by rapid self-annihilation. The
gamma rays carry away the momenta of the thermal Ps, resulting in a
narrow component in the angular correlation of relative intensity Fy —
(1/4)Bps. Positrons bound in 0-Ps annihilate mostly in paradecay via
pick-off of electrons bound to molecules in high momentum states. This
gives rise to a broad component in the angular correlation of intensity
(3/4:1/4) relative to the narrow component. Inhibition of Ps formation
or Ps quenching by chemical reactions reduce the narrow component and
thus lower the coincidence count rate, P, at = rad.

Doppler Shift. The energy distribution of the electrons annihilating
with positrons can be measured by the Doppler shifts relative to the
0.511-MeV gamma ray energies as emitted in the positron-electron rest
frame. They convey equivalent information to the momentum distribution
extracted from angular correlation measurements.

Criteria for Positronium Conversion

Table I summarizes the expected changes in Ty, I, and P induced
by various causes. Spin conversion of 0-Ps enhances I'; and feeds the p-Ps
population which increases P. Only a small fraction of the much shorter-
lived p-Ps population survives to convert to o-Ps. It is not enough to
offset the increase in P owing to the conversion of 0-Ps to p-Ps, but it
enhances the o0-Ps population I,. Other Ps-quenching processes give
different patterns of change.

The rate of 0-Ps annihilation into three gamma quanta is propor-
tional to I,/T,. Since both I, and T, are expected to increase under
illumination, changes in the three-gamma rate are not specific for spin
conversion. Magnetic fields quench triplet states. The efficiency is
proportional to the energy separation between the triplet and the singlet
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Table I. Changes in Positron Annihilation Characteristics Caused by
Positronium Quenching Through Different Processes’

Ps
Oxidation or Ps Spin
Characteristic Change Compound Inhibition Conversion
0-Ps disappearancerate AT, + 0 +
0-Ps lifetime intensity Al 0 — +
= rad angular correlation AP — — +

¢ The symbols —, 0, + denote decrease, no change, and increase of the charac-
teristic, respectively.

states. As mentioned, it is 10" eV between the ground states of 0-Ps and
p-Ps. In phosphor molecules, the separation between excited states is
about 0.1 eV. Therefore, application of a magnetic field can demonstrate
only the well-known magnetic quenching of 0-Ps, but not the reduction
of photomagnetic Ps spin conversion through the quenching of excited
triplet states.

The specificity of the conversion process is demonstrated through the
action spectrum, that is, light affects positron annihilation only to the
extent that it is absorbed by the phosphor molecules.

Prolegomena

In designing experiments to demonstrate photomagnetic positron
annihilation effects, we consider light of frequency » and intensity Lo(»)
entering, at x = 0, a sample of thickness D. It consists of inert diamag-
netic molecules of density n and of phosphor molecules at small concen-
tration, c, and density cn << n. At depth x < D, the light produces a
steady-state concentration, cr, of randomly distributed phosphor molecules
in the excited triplet state, T. Assuming that the Lambert-Beer law is
valid, one has

en(z0) — ¢ —2re (@) Lo () exp[ —e(w) enz] )
’ 1 4 ¢rrre(w) Lo (o) exp[ —e(w) cnx]’
where ¢r is the triplet-state formation efficiency, = the triplet lifetime,
and ¢(w) the photoabsorption cross section which is proportional to the
usual extinction coefficient. Normally conditions are far from saturation
such that ey << ¢, implying that the denominator can be set equal to 1.
Positrons from a #?Na source enter the sample through the opposite
surface at x = D. (The experiment also can be performed with both
light and positrons entering at x — 0, with equal results.) Positrons are
stopped in the sample between x and x 4 dx with probability «, X exp
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[~ a.(D — x)]dx, where a, is the positron absorption coefficient, with
the value «,(?Na) — 42 d cm™, d being the mass density of the sample
in grams per cubic centimeter. They form Ps with the probability

dpps (x) = a+Bpse'°‘+(”"’”’dx, (2)

where Bp is the Ps yield. The positron fraction fs =1 — fw = 1 — exp-
(— «,D) annihilates in the sample, while the fraction fw passes through
the light entrance surface and annihilates in the sample wall.

As Ps and T interact, p-Ps is quenched at the rate x,(x,0) and o-Ps
at the rate x,(x,0). Assuming that spin conversion changes p-Ps to 0-Ps
and 0-Ps to p-Ps with efficiencies «, and «,, respectively, one can set

Kkp(Z,0) = aprner(Zw); ko (Z) = agrrnc(T,0). (3)

The volume rate, vy — vpsor, depends on the thermal Ps velocity, ve,, and
the spin interaction cross section op. Given the annihilation rates in the
dark of p-Ps, 1%t — y, — 8.0 X 10° sec’?, and of 0-Ps, I';*!f = y,, the rates
under illumination become

Ty (z0) =Yy + kp(T0); T2(T0) = Yo + xo(Z0). (4)
The Ps lifetime spectrum at x is
dnpg (T,0; t) = dpps(2) [11(2,0) eT2@ 4 Gy (T0) €T @], (5)
where the intensities

Iy (x)“’) —Y
Tr(z0) —Ta(@0)’ ©®

a(Z0) =1 —1,(z0) =

are linked to the rates through the spin-averaged rate constant y — (1/4)
X vs + (3/4)70

Inasmuch as the 0.511-MeV gamma ray detector averages over
sample, the recorded time-delay distribution becomes

n(t) = fwe ™™ 4 fo(1 — Brs) et 4 f P08 gy (1)

The annihilation rate in the wall material is denoted by I'y, and the mean
disappearance rate of unbound positrons in the sample by I's. It is con-
venient to arrange the sample assembly such that either fw << fs or
T'w=2Ts.

In Positronium and Muonium Chemistry; Ache, H.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1979.



Publication Date: June 1, 1979 | doi: 10.1021/ba-1979-0175.ch004

4. BRANDT Photomagnetic Positron Annihilation Effects 95
Analysis of data presents n(t) in the form

n(t) = LieTet + LpeTs, (8)

The component I; with mean rate T; > I'; subsumes the unresolved

short-lived components fw, fs(1 — Bps), and i;. The intensity of the long-
lived component, I;, can be approximated in terms of Equation 7 as

—1 =T, — foBp 1Y
Io=1—1T1;=fsBrs T, —T, (9)
with
Ti=7% +x; T2=7%+ . (10)

The sample-averaged spin conversion rates
Kp,o = ap,othﬁTrTcnff (e(w) ,0 ;D)e (0)]p(0)do (11)
depend through the function

1 — exp[— (ccn — ) D] (12)

. ~ -a*D
f(e,a+ ,D) =~ a+De (ecn — a+)D

on the overlap between the T profile and the positron implantation
profile in the sample when illuminated with a light source of intensity
dLy(0) =1y(0)dwe in the frequency range between o and o + dw. The
overlap function has the following properties.

(1) The light extinction is weak over the distance D and so small

compared with the positron attenuation that ecn << a,; then
f~1—e*P = fs(D) (13)

is equal to the fraction of positrons stopped in the sample, independent
of e(w), and

Kp,0 = ap,ovrdrrrenfsfe(w)lo (o) do (14)
is proportional to the light absorption rate A = fe()ly(»)do.
(2) The extinction in the phosphor absorption band is comparable
with the positron attenuation, ecn ~ «,; then

f =~ a,De D (15)

with maximum overlap when o,D ~ 1.
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l53) The extinction in the absorption band is so strong that ecn >>
a,; then

f~ E—(w‘i)c—n ee.D, (16)

and Equation 11 depends only on the total incident light intensity in the

frequency range of the absorption band where e(w) is large, Lo —
f lo(w)d“”

Kp,o =— ap‘oVT¢TT’1‘a+e-a+DL0. (17)

It is independent of the details of the spectral distribution, lo, of the
lamp and of the absorption spectrum, ¢(w), of the phosphor, its concen-
tration, c, and the sample density (n).

Most processes subsumed in (I,,I;) are independent of «,,.. Differ-

ences in (I,T'y) between light-on and light-off can be measured to yield

ALz _ K (18)
Ty Yo

and

I, AT,

—_ A~

AIZ I, — Y

~ 4 — K (19)
3% — Yo

The intensity of the narrow component in the two-gamma angular

correlation distribution, Fy, increases similarly as

AFy 3k, 3AT,
—_ 20
Fx Yo Ty’ (20)

which is proportional to AP/P.

Phosphorescence lifetimes of organic molecules, rr, are typically of
the order of 10 sec. When frozen into solid matrices, vibrational and
rotational degrees of freedom are restricted, and the lifetimes can be
extended to seconds or longer. Therefore, the first experimental evidence
for photomagnetic Ps quenching was sought in dilute solutions of phos-
phor molecules in solid matrices. Still, the effects on AT'2/T: and Aly/I,
are small and precariously close in magnitude to the inherent uncertainties
of the decomposition of lifetime spectra of condensed samples, where
T2 ~ 1 nsec? is not significantly smaller than I'; ~ 3 nsec™.

In gas samples, where T; ~ 107T;, one can experimentally integrate
Equation 8 over times ¢ > t. chosen such that 1 << T'at. < < Tife, to
register the counts

N(tC) = Ile-Fltc + Ize-r2te ~ Ige-rstc. (21)
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The choice of t, implies, by Equations 18 and 19, that Aly/I, << ATqf,
and bars experimental access to k,. But the photomagnetic effects on T,

oL N(t)
Arz—Ko—- tc log Non(tc) 5 (22)

can be measured directly without analysis, and with high statistical
accuracy.

Experiments with Condensed Samples

Dilute solutions (cn is approximately 102 mol/L) of phosphor mole-
cules were prepared in the solvents cyclohexane, glycerol, and boric acid.
A solution was pipetted into a cell consisting of thin quartz walls pressed
against a Teflon spacer. The spacers had thicknesses, D, in the range
1-2 mm. A #Na positron source backed by a metal strip was affixed
inside to one wall at x — D. The assembly was submerged in liquid nitro-
gen inside a quartz Dewar vessel.

/.LSEC'I D
160 | (mm) -

140 -

120
RO
100 |

80
60 |
a0 b

20

T 1 1
0 0.2 0.4 06 0.8 1.0
Relative Light Intensity

Physical Review Letters

Figure 2. Measured changes of annihi-
lation rate, AT, in solids are interpreted
as mean o-Ps spin conversion rates. «,
(Equation 18). (Benzene: @, s rho-
damine B: O, ——-.) They change lin-
early as a function of the light intensity,
L,; the relative slopes vary with sample
thickness, D, as predicted by Equation
17. With the constants listed in Table
11, the slope determines the o-Ps spin
conversion volume rate, a,y, with uncer-
tainties of ca. = 50%.
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Table II. Photomagnetic Quenching of Positronium

L,
érrr D  «De«® (10 photons
Solute Solvent (sec) (mm) (X10%) cmZsec?)
Benzene — 24 1.5 22 39
Quinone cyclohexane 0.5 23 04 3.9
1,2 Benzan-
thracene  cyclohexane 08 23 04 39
trans-Stilbene cyclohexane 0.5 2.3 3.7 3.9
Bopq® cyclohexane 3 X 10% 15 3.6 621
Chlorophyll cyclohexane 1 X 10°% 1.5 3.6 320
Chlorophyll ice 1Xx10°% 12 3.3 320
Marine algae water 1X10% 08 3.3 100
Rhodamine B glycerol 0.6 0. 6.2 210
Fluorescein  glycerol 2 0.8 6.2 190

Fluorescein  boric acid 2 0.8 1:3 190

® Characterized by the constants necessary to evaluate Equation 17. Experiments
performed at 77 K, except algae in water at room temperature. Superscript “off”
denotes experiments in the dark. Statistical uncertainties are quoted in parentheses.

The light source was a high-pressure mercury lamp. It illuminated
the sample through a quartz wall opposite to the positron source at
x=0. Two 8-cm thick water filters cooled the light by IR absorption.
Gray and interference filters could be interposed between the water filters
and the Dewar to change 1y(») uniformly, or to select frequency ranges
for the study of action spectra. The conditions were those of Equations
16 and 17. The absolute light intensity, Lo, was measured with a double-
beam spectrophotometer calibrated against a National Bureau of Stand-
ards light source. During the experiments, the intensity was monitored
with a radiometer to correct for aging of the lamp, and to measure the
reduction in intensity by gray filters. The light-on and light-off lifetime
spectra were stored concurrently in the halves of a 400-channel analyzer.
The duration of the light-dark cycle was about 60 sec, which was long
compared with rp, which is about equal to 2 sec, but short enough to
avoid significant temperature fluctuations in the sample.

The %, data displayed in Figure 2 are the measured changes of AT,
according to Equation 18. They depend on the experimental conditions
as expected from Equation 17, in that they rise linearly with Lo =
[lo(w)dw, irrespective of whether 1y(w) was reduced uniformly with gray
filters, or in spectral ranges with colored filters. The solid lines indicate
that the slopes depend on the sample thickness D as exp(—a.D). Data
on other samples agree also with Equation 17; some are listed in Table II.

Experiments with Gas Samples

A cylinder chamber of dimension D = 25-cm and 10-cm diameters
was covered at the light entrance surface, x — 0, with a quartz window
and at x = D with a copper plate which held the positron source of 5-xCi
2Na in an Al envelope. The light source was the same as that in the
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Lifetime Data Under Various Experimental Conditions®

I‘goﬂ Arg 120/f AIg QoVT 'a_p
(wsec)  (sec?) (%) (%) (107 cmisec?) ‘o
916 (30) 158 (43) 101 (0.7) 3.6 (1.1) 1X 10° 12
615 (22) 131 (31) 6.7 (0.5) 0.9 (0.7) 4 X 10! 6
767 (15) 55 (22) 9.0 (0.4) 0.8 (0.6) 5 X 10? 9
627 (21) 29 (30) 8.1 (0.5) 0.4 (0.7) 2 X 10% 9
577 (21) 144 (32) 7.5 (0.5) 1.6 (0.7) 3 X 10 8
723 (30) 138 (42) 11.0 (0.6) 1.0 (0.9) 2 X 10 4
595 (21) 156 (30) 6.3 (0.5) 1.5(0.8) 2 X 10t 9
554 (15) 37 (21) 215(06) 1.7 (1.0) 3 X 10° 12
855 (31) 103 (47) 8.7 (07) 1.3 (1.0) 1102 8
988 (36) 103 (53) 124 (1.1) 23 (1.5) 3103 10
553 (9) 22 (13) 115(04) 0.5 (0.5) 3X 103 11

® Bis-butyloctyloxy-p-quaterphenyl.

solid sample experiments, with gray and interference-color filters. The
conditions were such that Equation 13 applied, and AT, was related to
the illumination as given by Equation 14. The rate of light absorption

A = [lp(0)e(0)do (23)

was calculated from the known absorption spectra, ¢(), of the phosphors
and the measured absolute lamp intensity distribution ly(o).

A pumping and gas-mixing station permitted the filling of the
chamber with a carrier gas containing a concentration of phosphor mole-
cules. A heating mantle kept the cylinder and the gas sample at constant
temperatures between 300400 K.

The 1.28-MeV gamma-ray detector of the lifetime delayed-coinci-
dence apparatus was placed behind the positron source, and the 0.511-
MeV detector was kept next to the cylinder wall. Coincidences for times
longer than t., which is about equal to 30 nsec, were summed and stored
separately for light-on and -off in cycles of about 60-sec duration, until
more than 10* counts were accumulated. Variations of ¢, between 20 and
100 nsec changed the necessary data collection time, but did not alter the
effect of illumination in the sense of Equation 22.

The chamber was charged successively at 295K with 760 torr of
Ar, N, and air at 48% relative humidity. The admixtures were SO.
or benzaldehyde—CgH;—CHO, abbreviated as ®CHO. The data dis-
played in Figure 8 demonstrate the linear increase of —In(Nor/Nott)
~ (Noft — Nen) /Netf with light absorption A. It was changed relative to
its maximum value, Ao, with gray filters (full symbols) or by altering
ly(w) with filters that transmitted frequencies either lower than the
phosphor absorption edge (right open symbols) or higher than the
absorption edge (left open symbols).
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Figure 3. Light-induced changes of count-
ing rates in gases are proportional to k,, by
Equation 22. They change with the iight
absorption A (Equation 23) as predicted
by Equation 14. The maximum absorp-
tion is A, = 4 X 10* photons sec’! per
benzaldehyde and A, = 7 X 107 photons
sec! per SO,. Full symbols denote data
taken with the full lamp spectrum and in-
tensities varied with gray filters. The speci-
ficity of the action spectrum is demon-
strated through data taken with filters
passing light at lower frequency than the
phosphor  absorption ecg e (right-hand
olzen symbols) and at higher frequencies
(left-hand open symbols). The nomo-
graphic abscissae give the relations be-
tween A and cp in Ar at 1 atm and T =
300 K. Experimental uncertainties are less
than the size of the symbols (3).

Measurements under other conditions are summarized in Table III.
They agree with those shown in Figure 3. The effects depend only on
the triplet density ny — opn, but are independent of the carrier gas. The
gas functions merely to slow down positrons to form significant amounts
of Ps in the chamber.

The nomographs in Figure 3 plot the respective triplet concentrations.
Th(la mlethod can detect a few triplet-excited molecules in 10%® gas
molecules.
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Results

Measurements of the rate increment under illumination, AT, = «,,
via Equation 14 give information about .y, the product of the volume
rate, vy, of Ps—T interaction, and the effectiveness, a,, of the conversion
0-Ps to p-Ps. High accuracy during reasonable counting times can be
achieved with gases. Changes in the two-gamma angular correlation
according to Equation 20 yield similar information. When the corre-
sponding increments under illumination of the intensity, Al,, of this
positron lifetime component can be measured, Equations 18 and 19 may
be combined to give the ratio of the para-to-ortho Ps photomagnetic
conversion efficiency, a,, to the ortho-to-para Ps conversion efficiency,

ag, S
@ 3 (Y 1) (T2 (AL
ol <:/: 1) ( an ) (5ot ) (24)

unencumbered by uncertainties in yy. While the propagation of experi-
mental uncertainties in AT, and Al is apparently linear in Equation 24,
spurious correlations between changes in I, and T, may be introduced in
the data analysis through the decomposition of lifetime spectra into
different components. The changes of positron annihilation characteristics
observed under UV illumination comply with the criteria for spin conver-
sion listed in Table I.

Table II lists a,vr values culled from the lifetime data of the nearly
30 condensed systems investigated. Figure 4 displays a,»r measured on
two species of excited molecular triplet states in gases as a function of
temperature under the conditions summarized in Table III. They are
clearly insensitive to the nature of the carrier gas, and appear to rise with
temperature, T, as T*.

The last column of Table II indicates that «,/a, =9 on the average,
so that &, <0.1. The volume rates, then, in polycrystalline nonpolar
matrices and in gases are yp2 (10° — 105)cm3/sec. The combined
evidence supports estimates based on elastic Ps-Ar scattering cross sec-
tions, namely, that the mean free path for Ps scattering in such matrices
is large compared with the range of spin conversion interaction between
Ps and T, and one sets vy — vpeop. Under the conditions of the gas
experiments, the group velocity of the thermal Ps wave packet,

vps = (BkpT/m*ps)% = 8.1 X 10[ T (K) /300 K]*% cm/sec, (25)

with effective Ps mass mps* = 2m,, accounts for the dominant temperature
dependence of vr.
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Table III. Summary of Experimental Conditions for

érrr Carrier Parameters
Phosphor (1073 sec) Gas® Varied
Benzaldehyde 2 Ar T,Ang,t.
(¢CHO) N, T,A
air T
SO, 0.03 Ar TA

¢ Constants pertain to the evaluation of Equation 14. .
® At density ne = 2.45 X 1019 molecules/cm3 corresponding to 760 torr at 295 K.
Measurements at 0.5 n¢ and 2 ne showed no change in aovr.

The cross sections for Ps spin conversion by excited triplet states,
o = VT/UPs ~ (].03 — 104)11'302, (26)
given in units 7a,2 = 0.88 X 10716 cm?, are insensitive to vp,. They signify

interaction ranges, Ry, between 20 and 50 A, which are considerably larger
than the sum of the Ps deBroglie wavelength, Ap, —H/mpsvp, ~ 5 A, and

cmd

sec| | 1 I
|
i

0.4 -

0.21 B

i 1 1 J

300 350 400 °K
TEMPERATURE

Physical Review Letters

Figure 4. Volume rates, vy'= a,yy, for spin
conversion of o-Ps with thermal velocity vpy(T)
(Equation 25) as deduced according to Equa-
tion 14 from data as those displayed in Figure
3 with the constants listed in Table 1I. The
solid lines are based on a heuristic model and
give roughly the T% dependence of vpy(T) (3).
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Photomagnetic Positronium Quenching in Gases®

CT° aoVTa or
(ppm) (1078 cm? sec™) (um?)
0.05-20 12+03 1504

0.05-0.1
0.1
0.02-0.04 0.6 =0.2 09 #+=0.3

¢ Triplet concentration is given by cr = ®rrrcA.
4 Mean value in range 300—400 K, cf, Figure 3.

the approximate extension of an excited molecule, approximately 5 A.
Importantly, oy is insensitive to the proximity of inert molecules, whether
they are so close in condensed systems as to hold the phosphor molecule
in place, or as distant in gases as the Ps—T interaction range.

The low vy values in glassy solids suggest that the mean free path
for Ps diffusion is small compared with Ry. In a diffusion-limited regime
the Smoluchowski relation

vy = 4xRDp, 27

applies. The data for molecular glasses are consistent with Ps diffusion
constants, Dy, in the range Dp; = (0.01 — 0.1)cm?/sec.

To gain perspective one may compare a,0r With cross sections for
other 0-Ps quenching processes. Examples for gases are given in Table
IV. The first two entries pertain to electron pick-off on diamagnetic
(S =0) molecules. The third and fourth are spin conversion by electron
exchange with molecules in triplet (S — 1) and doublet (S = %2 ) ground
states. By comparison, photomagnetic Ps spin conversion has giant cross
sections.

Table IV. Comparison of 0-Ps Quenching Cross Sections
in Gases of Ground-State Molecules®

Cross Section
(units wa,? = 0.88

Molecules S Dominant Process X 1018 cm?)  Reference
N, 0 electron pick-off 1.3 X 103 6
Ar 0 electron pick-off 1.6 X 10°® 7
(03 1 electron exchange 1.1 102 8
NO b7 electron exchange 8.4 % 1073 9
NO, Y electron exchange 2.8 X 10! 9
S0,* 1* spin flip 6.8 X 102 3
¢CHO* 1* spin flip 1.1 X 10® 3

® With a.or of molecules in photo-excited triplet states (*).

In Positronium and Muonium Chemistry; Ache, H.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1979.



Publication Date: June 1, 1979 | doi: 10.1021/ba-1979-0175.ch004

104 POSITRONIUM AND MUONIUM CHEMISTRY

Quantum Spin Statistics
Suppose the 0-Ps wave function, ¥s™(S = 1; m = —1, 0, 1), and the
molecular triplet state, T, ®™(S—=1, m= —1, 0, 1), interact in the

initial magnetic substates ¥,! of o0-Ps with magnetic quantum number
m = 1 and &,° of T with m — 0. The result is direct, simple scattering
with wave function amplitude D, or an electron-exchange interaction
with amplitude E. Considering all possible exchanges between the molec-
ular electrons and the Ps electron yields

®,°%,! — (D — E)®,°¥,! + E®,'¥,° — E®,'¥°. (28)

The minus sign of the electron exchange amplitude E accounts for
exchanges between electrons of identical spin orientation as required by
the Pauli principle. This example implies the following.

(1) Simple scattering leaves 0-Ps and T unchanged, ®,°¥,! — &,°¥,,
and proceeds by a direct process with amplitude D, and an electron

exchange process with amplitude E. The coherent amplitude D — E
gives a scattering cross section (D — E)2.

(2) Exchange interaction scatters both o-Ps and T into a different
magnetic sublevel, ®,°¥;! = &,'¥,° with amplitude E and cross section E2.

(8) Electron exchange also converts 0-Ps into p-Ps, ®,°¥;! — &;'¥,°,
with amplitude —E and cross section E2; T has been scattered into a
different sublevel, m — 1, without changing multiplicity. This can be
termed catalyzed Ps spin conversion.

Analysis of scattering from each of the (2S + 1) = 9 possible initial

0-Ps-T wave function combinations leads to the result that exchange

Table V. Positronium Spin-Conversion Processes*

Conversion
Reactants Mechanism Products Cross Section
8Ps + 3M* exchange 1Ps + SM* 15 E?
spin flip Ps + M 15 F2
Ps 4 3M* exchange 3Ps 4 SM* E2
spin flip Ps + M F?

0, =0(*Ps = 'Ps) = 14 (E? + 14F?)
ap=0c("Ps—> %Ps) — E? + F?

Thus,
F2/E2 0 1 0
o'p/oo = ap/ao 3 % 9

s Between 0-Ps (3Ps) and p-Ps(1Ps) and excited phosphor molecules in the triplet
state (3M*) and the singlet state (M) via catalytic electron exchange (E) (the ex-
cited molecular triplet 3M* retains its multiplicity) and via spin flip (F) (3M* con-
verts to the singlet ground state 1M).
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Figure 5. A plot of all light-on and light-off experimental positron life-

time data on solid samples in the form Y = 3(y, — Ty)Al, vs. X =

41,11AT,, with y, = 8.0 nsec’’. The slope, by Equation 24, measures

ay/a, and the lines drawn for the values 9, 4.5, and 3 represent the three

limiting cases of quantum spin statistical conversion modes discussed in the
text and summarized in Table IV (2).

scattering never changes the multiplicity of the molecular triplet wave
function. In short, Ps spin conversion by electron exchange proceeds only
via spin catalysis.

Excited triplets, in contrast to ground-state triplets, can change
multiplicity during Ps spin conversion by exothermic transitions to the
singlet ground state. We refer to this as spin flip. It amounts to phos-
phorescence quenching through Ps spin conversion, e.g., ®;°%;! = ®°¥%,°,
with a scattering amplitude F and cross section F2. One can compile the
contributions from Processes 1 to 3 and from spin flip under the assump-
tion that the total spin angular momentum is conserved in the scattering
event. The resulting cross sections, ¢, can be deduced in terms of sums
of squares of the partial scattering amplitudes as quoted in Table V.
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The ratio «p/a, depends on the relative magnitudes of F2 and E2. If
F2 — 0, one has the well-known value ap/a, — 3 for Ps quenching on
paramagnetic ground-state scatterers. For excited triplet scatterers, ap/a,
can range from 3 to 9 depending on the relative probabilities for catalytic
spin exchange, E2, and spin flip, F2. The last column in Table II suggests
that F2 > > E2. If, following Equation 24, one plots Y = 3(y, — T'»°)Al,
vs. X = 4I,°AT,, with y, — 8.0 nsec™, the available data points shown
in Figure 5 scatter symmetrically about the straight line representing the
slope a,/a,=9. The data for photosynthesizing phosphors fall also in
this range, and not near 3, as it would be if the O, produced in photo-
synthesis were the dominant Ps quencher. This suggests that spinflip
dominates light-induced Ps spin conversion.

Summary

UV light can change the annihilation characteristics of positrons in
phosphorescent media. Experimental evidence on gases and solids sug-
gests that such changes are caused by Ps spin conversion in interaction
with excited triplet states. The cross sections for this process are very
large, about 10*ra,%. The effect is specific in that only light absorbed by
the phosphor molecules causes Ps quenching. Although still burdened
with large experimental uncertainties, the trends in the changes of posi-
tron lifetime spectra for solids point to a new process labeled spin flip.
Through Ps-T attachment or Ps scattering on T, Ps spin conversion pro-
ceeds with high efficiency, possibly through a transition from the excited
molecular triplet state to the molecular singlet ground state.

Photo-induced Ps quenching appears to be a general phenomenon
that occurs in gases and solids. It could help elucidate the role of excited
triplet states in photosynthesis and in the energy transport of other
biologically interesting processes. The sensitivity in gases over a wide
range of exeprimental conditions opens the possibility of applications in
pollution research related to photochemical reactions in air. The giant
cross sections for Ps—T spin interaction and the ratio of about 9 of para-to-
ortho Ps spin conversion probabilities in such encounters pose intriguing
new quantum-theoretic questions about the scattering of leptonic atoms
on excited electronic states of matter which merit study.
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Position lifetimes have been measured in polymerizing
media of several solid vinyl monomers, such as dimethyl-
itaconate, acrylamide, methylmethacrylate, and N-vinyl-
carbazole. Both the annihilation rate and the intensity of
the long-lived component changed during the polymeriza-
tion. It has been shown that the annihilation rate is deter-
mined by two major factors; the size of free volume and
the reaction rate of ortho-positronium with active species
produced by the irradiation. The intensity is determined
by the amount of free volume available for ortho-positro-
nium. The mean separation among such free volumes is
also an important factor for determining the value of the
intensity. Furthermore, the active species seems to inhibit
positronium formation. Some discussion has been made on
positronium migration in amorphous substances.

When solid monomers are irradiated with ionizing radiation such as

-rays, active species such as ions or free radicals are produced in
them and it is then possible to convert the monomers to polymers even
at low temperatures (I,2). This particular topic of chemistry has been
studied extensively since the latter half of the 1950’s owing to the fact
that strong radiation sources such as x-rays and y-rays became available.
Chemists were interested in the possibility of obtaining a new kind of
polymer which might not be produced by ordinary catalytic methods.

0-8412-0417-9/79/33-175-109$05.00/1
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On the other hand, the study of the solid-state polymerization also raised
some fundamental problems in the field of the physical chemistry of solids:
the mechanism of the solid-state reaction, the effect of solid structures
on polymerization, etc.

Various research techniques have been used for the study of solid-
state polymerization. In order to observe and identify the active species,
ESR and various spectroscopic methods have been used successfully.
Calorimetric methods have been a powerful tool for studying the thermo-
chemical aspects of the polymerization. For the study of the solid
structures of the monomers and polymers, x-ray diffraction, electron
microscopy, and NMR have been used.

Some other methods also have been used in our laboratory; that is,
the study of the effect of high pressure on polymerization, measurement
of radiation-induced thermoluminescence of irradiated solid monomers,
etc. It also seemed promising to apply the position annihilation method
to the study of solid-state polymerization. Among various features of
positron annihilation, the so-called free volume effect and the effect of
phase transitions on positron annihilation parameters are thought to be
important in conjunction with solid-state polymerization. Since free
volumes change during polymerization, the pick-off annihilation rate of

ortho-positronium is expected eventually to change. Solid-state poly-
merization is accompanied also by the accumulation of active species,
which may also affect the annihilation rate of 0-Ps or the formation proba-

bility of positronium (Ps), about which we have little knowledge at the
present.

It has been our interest to know how all these factors can affect e’
annihilation mechanism in some practical cases. Although we presently
can interpret the experimental results only qualitatively, they are full of
suggestions for both the future possible direction of the application of
measurements of positron annihilation and limitations upon it. This
article is a review of our earlier works which have been published
separately (4,7, 9, 10).

Experimental

Several monomers have been chosen as the sample: N-vinylcarbazole
(N-VCz), dimethylitaconate (DMI), acrylamide (AAm), and methy-
methacrylate (MMA). N-VCz and DMI were purified by recrystalliza-
tion from solvents, MMA was purified by distillation and AAm was puri-
fied by sublimation. N-VCz, DMI, and AAm, which are solid at room
temperature, were pressed in the form of pellets. A drop of an aqueous
solution of 2NaCl was deposited on one side of the pellets. After drying,
they were faced together on the deposited side and placed in a glass
ampoule which then was evacuated and sealed off. The monomer crystals
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were used as obtained by crystallization or, when the crystals were too
large, they were ground only slightly. This was done so that if the crystals
were ground to very fine powder, the amount of 0-Ps annihilating on the
surface of the crystallites might become substantial. We do not, o%course,
need surface Ps for the present study.

MMA, which is liquid at room temperature, was introduced into a
glass ampoule in which a positron source (22NaCl sealed in 3-u thick
nickel foil) was placed in advance. This was evacuated by a freeze-thaw
method and was sealed off.

The time resolution of the lifetime measurements was 0.6-0.9 nsec
(typically 0.7 nsec) at full width at the half of maximum (FWHM)
depending on the different set-ups of the experimental system. Since the
time resolution was not good, only the lifetime, ,, and the intensity, I,
of the longer-lived component were extracted from the experimental data.
I, was defined as the ratio of the area under the exponential function to
the total counts. Therefore, care must be taken since I, can be over-
estimated when 7, is decreased because of chemical interaction of o-Ps
(8). The lifetime measurements were performed at relatively low tem-
peratures (0°C for N-VCz, DMI, and AAm and —78°C for MMA) in
order to prevent post-polymerization during the measurements. AAm
also was measured and irradiated at —78°C for comparison. Polymeriza-
tion does not take place at this temperature. This will be discussed later.

Results and Discussion

Dimethylitaconate. The first example is DMI (4). The intensity
of the long-lived component in the pure monomer solid is small (2-3% ).
This may be caused by a small amount of 0-Ps annihilating on the surface
of crystallites. Excepting this small component, there is no long-lived
component in DMI monomer solid. This is to be expected since the
density of the crystalline DMI is large. It may be that there is no free
volume available for 0-Ps in DMI monomer solid.

Polymerization takes place when the monomer solid is irradiated
with y-rays. As with most other vinyl monomers, the state of the polymer
thus obtained is amorphous. The conversion ratio is not proportional to
the dose of irradiation as is usually the case with solid-state polymeriza-
tion (Figure 1). The lifetime spectrum changes with the irradiation dose
as shown in Figure 2. Clearly the intensity of the long-lived component
increases with irradiation dose, but the lifetime is unchanged. The volume
change in the solid DMI was measured also as a function of the irradiation
dose by dilatometry (Figure 1). The bulk volume of the monomer solid
increases as polymerization proceeds, indicating that the free volume is
larger in the amorphous polymer phase than in the cyrstalline monomer
phase. Thus the intensity of the 0-Ps component seems to be determined
by the amount of free volume available for 0-Ps. In a free volume in the
polymer phase or in the disordered region of the polymerizing medium,
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Figure 1. The conversion of polymerization and the

volume change during the solid-state polymerization of

DMI. Irradiation temperature, 30°C; dose rate, 2.5 X
10° R/hr.

0-Ps decays with a slow pick-off rate. However, in crystalline regions
where the size of the free volume is not large enough, 0-Ps may decay
rapidly or it may not be formed at all.

I, is plotted against the yield of polymers in Figure 3. I is not
proportional to the polymer contents; rather the increase in I, is con-
spicuous in the earlier stage of the polymerization where the yield is
small.

In another experiment, poly-DMI, obtained by the solid-state poly-
merization, was dissolved in DMI monomer at 50°C (mp of the DMI
monomer is 35°C), and the solution quickly was solidified at — 196°C.
The result of the lifetime measurement for the mixtures thus prepared
also is presented in Figure 3. I also is increased by the presence of dis-
solved polymer chains. From the result for 10% poly-DMI mixture, I,
is much larger than is expected from the result for y-irradiated DML
However, when this mixture was annealed at room temperature for ten
days ( V in Figure 3), I, decreased appreciably.

The above results indicate that the value of I, is strongly dependent
on the degree of disorder in the solid. To understand these phenomena
it seems important to consider Ps dynamics in solids. We assume, fol-
lowing a theory by Brandt and Paulin (5), that o-Ps is formed even
in the closely packed crystalline regions and migrates by random walks
in the substance until it is annihilated or escapes into the disordered
regions. The pick-off annihilation rate of 0-Ps in the crystalline DMI is
comparable with the free annihilation rate of €, but 0-Ps in the large free
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Figure 2. The change of the positron lifetime spectrum

during the solid-state polymerization o{ DMI. (1) Before

irradiation; (2) 4.5 Mrad irradiated; (3) 11.7 Mrad irradi-
ated; (4) 17.0 Mrad irradiated.

volume regions (disordered regions) decays at a slower pick-off rate. I,
is thus a function of both the diffusion constant of 0-Ps and the mean
separation of the disordered regions. Furthermore, when the fraction of
the disordered region is large, we cannot disregard o-Ps which is formed
intrinsically in the disordered regions. Therefore, I, is also a function of
the amount of disordered regions. I, will be described then by the fol-
lowing equation:

IL=&(1 —f) It + f I¢ (1)
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where f is the fraction of the disordered region with large free volumes
and I,° and I, are the assumed formation probabilities of 0-Ps in the
crystalline and disordered regions, respectively. The @ is the probability
of 0-Ps in the crystalline regions escaping into the disordered regions.
Clearly when there is no disorder in the system, I, =0, because f =0
and ® = O. The exact expression for ® was given for the case in which the
region with small free volumes can be treated as spherical particles (5):

i
e=7p[0—p)+ 1+p%)e?] (2)

o]

where 8 =4/ Dr/R; D and r are the diffusion constant and the lifetime
of 0-Ps in the small free volume regions, and R is the radius of the particle.
This expression cannot be applied strictly to the present case where the
polymer content is small. However, an important result obtained from
this expression is that & is an increasing function of g, and the increase
in @ is rapid when R becomes comparable with or smaller than the mean
migration distance v/ 2Dr. We can extend this concept to our system, i.e.
when the mean separation between the disordered regions becomes com-
parable with v/ 2Dr, & increases rapidly. The rapid increase in I, when
the polymer content is small (Figure 3) may be explained as the result
of formation of many disordered regions, the mean separation being of
the same order as v/ 2Dr. There is little knowledge of the diffusion
constant of 0-Ps in organic substances. However, by using the value

I.
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Figure 3. The intensity, I,, of long-lived component against the conversion
of polymerization or polymer content in the mixtures of mono- and poly-DMI:
(O), polymerization in solid state; (X ), mixture of mono- and poly-DMI.
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D 2 4.5 X 10* cm? sec! estimated for polypropylene (PP) (6) and by
taking » = 1.1 nsec, we obtain R = 100A.

Equation 1 may provide a good model when the amount of polymer
content is large. Because the crystallites are small in this case, ® can be
taken as equal to unity, i.e., practically all 0-Ps produced in the crystalline
regions migrates into the disordered regions. In this case we have

I, = I + f(I* — I5). (3)

Fitting this equation to the linear part of Figure 3 (f > 25% ), we have
I* = 0.13 and I,? = 0.36. Thus the formation probability of o-Ps is about
three times larger in the disordered region than in the crystalline region
of DMI. As shown in the next section, it is the opposite for the case of
AAm; the formation probability is larger in the crystalline region than
in the disordered region.

Acrylamide. The second example is the polymerization of acryl-
amide (AAm) (7). Contrary to DMI, the density of AAm monomer
crystal is smaller than that of polymers. This is shown by the result of a
dilatometric study of the y-irradiated AAm in Figure 4. It is known from
the x-ray diffraction studies (8) that molecules of AAm form layers via
hydrogen bondings of the type N-H—O among the amide groups, and
there is a free volume of substantial size between the layers. The shape
of such free volume is of plane geometry with the vinyl groups constitut-
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Figure 4. The conversion of polymerization
and the volume change duri:j the solid-state
polymerization of AAm. Irradiation tempera-
ture, 30°C; dose rate, 2.0 X 10° R/hr. Note
that the scale for the volume change is % de-
crease while the scale in Figure 1 is % increase.
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ing the surface of the walls. It may be because of this existence of suffi-
cient free volume that the intensity of the o-Ps component in the mono-
mer crystals is substantially large.

When AAm crystals are irradiated with y-rays at 30°C, both A, and I,
decrease (Figure 5). Propionamide (PAm) also was studied for compari-
son. PAm is a saturated compound of AAm and, therefore, neither poly-
merization nor phase change takes place with irradiation, but only the
free radicals similar to those observed for AAm are accumulated. The
results of the lifetime measurements are shown in Figure 6 by the closed
circles. I, decreases in irradiated PAm, but A, does not decrease. We

(ns"z) |
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"
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Figure 5. The annihilation rate, Ay, and the in-

tensity, I,, of the long-lived component in irradi-

ated solid AAm as a function of irradiation dose.

Irradiation temperature was 30°C (O) and —78°C
( ®) with a dose rate of 2.0 X 10° R/hr.
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Figure 6. A, and I, in irradiated AAm (O) and

PAm (@) as a function of irradiation dose. Irradia-

tion temperature was —78°C with a dose rate of
2.0 X 10° R/hr.

therefore conclude that the causes for the decrease in A, and the decrease
in I, are of different origin. Free radicals may be responsible for the
decrease in I, and the decrease in A, may be related to formation of
enlarged free volumes in irradiated AAm.

It is interesting to note that A, in AAm irradiated at — 78°C (Figure
6) decreases. At such a low temperature, the molecular motion of
monomers is hindered to some extent and the polymerization does not
proceed beyond a few units of monomers, i.e., only the oligomers are
produced. It is further known from ESR studies that in this case the
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oligomerization takes place among the monomer molecules in the same
layer in which the vinyl groups come in close contact with each other.
Then a free volume of substantial size will be formed around the oligomer,
and this will be added to the pre-existing, plane-shaped free volume.
Such free volume will look like an open space formed by connecting
through a hole of the molecular layer between the neighboring two plane
free spaces or an open space swelled out into the wall of the layer. The
0-Ps possibly can be accommodated in the larger space of the newly
formed free volume, and is annihilated with a slower pick-off rate.

Here a question arises as to whether or not 0-Ps reacts with the free
radical which should be present on the end of the oligomer chain.
Although we have little knowledge of the reactivity between o-Ps and
free radicals, we cannot a priori assume that o-Ps does not react with free
radicals. The following fact seems to indicate that the reaction between
0-Ps and free radicals is really taking place. Solid AAm monomers,
y-irradiated at 30°C, were dissolved in water and the polymers were
precipitated with excess methanol. Poly-AAm thus obtained was dried
and pressed into pellets, and the e* lifetime measurement in it was carried
out. The result was A, (poly-AAm) = 0.61 = 0.03 nsec’ and I,=
6.4 = 1.0% (13). This value of A, is smaller than A, in y-irradiated AAm
at high conversion (Figure 6): Ay(y-irradiated AAm) =0.72 nsec™.
Therefore, the following explanation is suggested. The effect of the free
volume exceeds the effect of reaction with radicals, and the overall effect
leads to a smaller A,.

Ao =20 A <A

where AT, and ¢, are the pick-off rates in the newly formed and crystalline
free volumes, respectively. The A, is the rate of the reaction. On the
assumption that the effect of free volume is not very different for
y-irradiated AAm and poly-AAm, the difference of Az: Ay = Ao(7y-
irradiated AAm) — xy(poly-AAm) = 0.11 nsec™! will be ascribed to A..

Methylmethacrylate. The third example is MMA (9). I in solid
MMA is small (~ 5% ), a result similar to that found for DMI. But when
poly-MMA (PMMA) is dissolved in the liquid monomer before solidifi-
cation, or when a polymer is produced by y-irradiation of solid monomers,
I, increases as shown in Figure 7.

Under the condition of this experiment at — 78°C, the rate of solid-
state polymerization is small. A large dose of irradiation is required to
produce polymers. Therefore a substantial concentration of free radicals
is accumulated before polymerization takes place.

The variation of 7, as a function of irradiation dose is shown in
Figure 8. The 7, decreases at first and then increases again. The initial
decrease in 7, is thought to be caused by the reaction between o-Ps and
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Figure 7. The intensity of the long-lived component in solid MMA (O)
or in 1% PMMA-MMA (@) and 5% PMMA-MMA mixtures (X) as a
function of the irradiation dose at —78°C

the free radicals formed; the later increase is ascribed to enlarged free
volumes in polymers formed by irradiation. The variation in 7, becomes
more conspicuous when the degree of disorder is increased by introducing
a small amount of PMMA before irradiation. In such systems, polymer
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Figure 8. The lifetime, 74, of the long-lived component in solid MMA
(O) or in 1% PMMA-MMA (@) and 5% PMMA-MMA (X) mixtures as
a function of the irradiation dose at —78°C
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chains are suspended in the monomer matrix and the structure around
the formed polymers is sparse. It may be that the mobility of o-Ps in
such a sparse structure is somewhat larger than that in normal crystalline
regions.

Thus two major factors, the pick-off rate of o-Ps in free volumes and
the reaction rate of 0-Ps with trapped radicals, again seem to be the
dominant factors in determining the lifetime in the polymerized organic
solids.

N-Vinylcarbazole. In the following section we show an example in
which an attempt was made to determine the contributions from the
pick-off term, A,, and the reaction term, )., separately for the case of

N-vinylcarbazole (N-VCz) (10). The variation of A, in N-VCz monomer
solids as a function of irradiation dose is shown in Figure 9. The A,

begins to decrease at ~ 5 Mrad, and with the irradiation of more than 13
Mrad, A, increases again. These different dose ranges correspond to the
induction period (0-5 Mrad), the propagation period (5-12 Mrad), and
the termination period (more than 12 Mrad for N-VCz) of solid-state
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Figure 9. Change of the annihilation
rate, Ay, in solid N-VCz as a function of
the irradiation dose. The pick-off rate,
X,, and the reaction rate, A,, are assumed
to be the components of A,-. From the
variation of A,, the change of the parame-
ter Voa® has been estimated for spherical
and cylindrical free volumes.
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polymerization, respectively. In the propagation period in which a sub-
stantial amount of polymer is formed, free volumes of increased size are
produced resulting in a decrease in the pick-off rate, A,. In the termina-
tion period in which polymer formation ceases and only free radicals are
accumulated on the polymerizing medium, the chemical interaction term
Ar becomes significant.

We assume that the interaction term A, can be interpolated linearly
to zero dose, and by subtracting A, from A, we get the variation of A,
Ap is shown to decrease even in the induction period suggesting that free
volumes with increased size are being produced. We presume that such
free volumes are closely related to the formation of nuclei of polymers,
i.e. oligomers. We already have mentioned the relation between the
decrease in A, and the formation of free volume around oligomers in the
case of AAm. The structure of crystalline N-VCz is different from that of
AAm, but in either case the role of the oligomers is the same in the sense
that additional free volume of substantial size is formed around them.

In order to roughly estimate the mobility of o-Ps, we measured the
spin concentration, [R], in irradiated N-VCz by the ESR method. The
[R] increased linearly with irradiation dose up to 20 Mrad. Assuming that
the reaction term A, in Figure 9 is proportional to the spin concentration,
i.e., A = k[R], we have for the rate constant k — 4.9 X 1071° cm?® sec™
spin™’. If the Smolkovskii formula is to be applied for the reaction rate,

k=ow-"4nr (I‘ps + I‘R) (Dps + DR) (4)

where r is the radius, D is the diffusion constant, and  is the probability
factor for the reaction. For a rough estimation we assumed r,, — 1A,
rg=2A,0=1,and Dy « D, and we have

D,, = 1.3 X 107 cm? sec™. (5)

A similar treatment was made by us for o-Ps in irradiated n-eicosane and
polyethylene (PE) (11), and the diffusion constant was estimated to be
0.6-1.8 X 10 cm? sec™ which is much smaller than the D,, in N-VCz.
Diffusion constants also were evaluated in a similar way by Gol'danskii
et al. for 0-Ps reacting with O, in solid cyclohexane and solid benzene at
— 196°C, and the result was D, = 0.7-1.2 X 10 cm?® sec™ (12). This
value is close to our results in the N-VCz system (10).

Thus the reported values of the diffusion constants of o-Ps range
from 10 — 10°% cm? sec™. It also must be pointed out that the reaction
between thermalized o0-Ps and free radicals in DMI was not observed.
These facts may suggest that the method using Formula 4 for the evalua-
tion of reactivity of 0-Ps with trapped radicals is not appropriate for o-Ps.
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In applying the Smolkovskii equation it is assumed that the free radicals
are distributed homogeneously and o-Ps undergoes many random walks
over all possible sites. However, o-Ps may not be migrating through every
free volume equally. Generally speaking, the larger the size of the well,
the lower the ground state energy is of a particle confined in a potential
well. The 0-Ps may not be an exception to this general rule, and it will
be better stabilized in larger free volumes. It is quite probable, there-
fore, that 0-Ps is migrating from one large free volume to another. It will
be worthwhile in this connection to recall the experimental fact that A,
in poly-AAm (A, =061 nsec!) is smaller than A, in AAm monomer
crystals (A2 = 0.85 nsec™), although the specific volume of poly-AAm is
smaller than the monomer crystal (13). In the amorphous phase of poly-
AAm there may be a broad distribution in the size of free volumes. If we
assume that o0-Ps migrates through only the large free volumes, it is easy
to understand why A is smaller in poly-AAm than in mono-AAm which
has less overall density. It will be of great importance, therefore, to
consider the disposition of active species with respect to the migration
path of o-Ps.

The variation in A, in Figure 9 is interpreted to be a measure of the
change of free volume in the irradiated N-VCz. However, if 0-Ps prefers
to stay in large free volumes as has been mentioned previously, A, is an
averaged value with larger weights on larger free volumes. Thus A, in
Figure 9 has a complicated meaning. In spite of this complexity, it is
worthwhile to estimate the average value of the size of such large free
volumes. One way to do so will be to use a simplified model of free
volume (I4). In this model o-Ps is treated as a particle confined in a
potential well of appropriate geometry. We approximate the free volume
either with a spherical or cylindrical potential well of radius a and poten-
tial height Vo. According to Reference 14, the calculation of A, is reduced
to a calculation of the probability, P, of finding o0-Ps in the excluded
volume

Ap=2Xo P (6)

where \o is the annihilation rate of o0-Ps in the excluded volume. The
probability P is calculated as a function of the parameter Voa®. For a
temporary estimation we have chosen Ao — 3 nsec™ as was done in Refer-
ence 14. The change of the parameter Voa? is shown in Figure 9 for each
model of potential well. The increase in Voa? is very large at the later
stage of polymerization. For a definite estimation of the radius a, we
must know Vo. The value of Vo so far reported is 0.7-0.9 eV for Ps in
spherical bubbles of various organic liquids (15) and 0.05-0.5 eV for
large cavities in PP (6). In Reference 10 we reported a value of Vo —
3.1 eV for 0-Ps in N-VCz, but since it was based on several assumptions,
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no great significance should be placed on the absolute value. At present
there is a significant uncertainty in the evaluation of Vo. After more
data are accumulated and further improvement of the free volume model
is made, it may become possible to know the size of the average free
volume by this method.

Concluding Remarks

The lifetime of 0-Ps in the solid substances studied seems to be
affected by two major factors. One is the pick-off annihilation rate in the
free volumes available for 0-Ps and the other is the reaction rate of o-Ps
with active species. In the positronium chemistry of liquids it generally
is accepted that the annihilation rate of 0-Ps can be separated into two
terms, the pick-off rate and the reaction rate. Our results show that the
same also holds basically for o-Ps in solid substances, but much is left to
be studied about positronium dynamics, the migration scheme, reaction
rates, free volume model, etc.

The intensity of the long-lived component also seems to be strongly
dependent on free volume or the degree of disorder. For some sub-
stances I, is larger, because the degree of disorder is larger, but for other
substances (mostly polar substances) I, becomes smaller when the degree
of disorder is increased (13).

Finally we would like to mention an important problem which seems
to be raised by the present results—the mechanism of the decrease in I,
in irradiated AAm, PAm, and MMA. It also has been shown by several
authors that the intensity of the o-Ps component is decreased by free
radicals in polymers (11) or hydrocarbons (16) for which no decisive
explanation has yet been given. Although it is important to accumulate
experimental data, it seems a general phenomenon that I, is decreased
in irradiated organic substances. Probably either of the following con-
cepts may explain the results, i.e. reaction of hot-Ps with the free radicals,
capture of spur electrons by the free radicals, or direct annihilation of
positrons with the unpaired electron in free radicals.
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Positron Annihilation in Irradiated
Polystyrene and Polyethylene

F. H. HSU and J. H. HADLEY, ]R.
Department of Physics, Georgia State University, Atlanta, GA 30303

Ionizing radiation is shown to produce significant changes
in the positron annihilation lifetime spectra of polystyrene
and polyethylene. Lifetime measurements were carried out
at room temperature for samples irradiated and observed
both in vacuum and in air. In each case the spectra were
fit to three lifetime components. Thermal annealing was
used at various stages of the experiment to check reversi-
bility and aid in correlating the changes in lifetime spectra
with the free radicals present. Primary free radicals pro-
duced in vacuum and stable products evolving from peroxy
intermediates both reduce the intensity of the longest-lived
component, without reducing the lifetime itself, indicating
the inhibition of positronium formation. The experiment
indicates the formation of a positron—carbonyl bound state
in polyethylene.

Positron annihilation has proven useful as a nondestructive probe for
the study of solids and defects in solids. The longer-lived positron
lifetime components are sensitive to the nature of the annihilation site
in solids. Very low concentrations of radiation-induced defects can have
a profound effect upon the formation of positronium (Ps) in solids.

The present study attempts to gain some knowledge of radiation
damage in polystyrene (PS) and polyethylene (PE) from positron anni-
hilation lifetime measurements. While the effects of ionizing radiation
upon positron decay are often quite large, they are not understood well
at this stage in the development of positron annihilation as a useful tool
in the study of polymers. For this reason it is of primary importance to

0-8412-0417-9/79/33-175-125$05.00/1
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relate the results of positron annihilation studies to information obtained
from more frequently used techniques such as electron spin resonance
(ESR), IR spectroscopy, and linear energy transfer measurements. One
can hope to gain a better understanding of the various positron decay
mechanisms in polymers, and thereby make positron annihilation an even
more valuable method.

Several authors have reported on positron annihilation studies in
solid polymers. An article by Hamielec et al. (1) gives a reasonably
complete list of contributors. Since then several other papers have been
published (2-7). Recently it has been established that the positron
annihilation lifetime spectra for some polymers such as Teflon and PE
possess at least three components (2-5,8-13). Several attempts have
been made to identify the various positron decay mechanisms responsible
for each of the lifetime components. It generally is agreed that the long-
est-lived component of the lifetime spectrum is associated with the pick-off
decay of ortho-positronium (0-Ps). However, considerable disagreement
remains with respect to the assignment of the remaining lifetime com-
ponents (2-5,6-11). A paper by Kerr (5) discusses some of the argu-
ments associated with the intermediate-lifetime component.

Considerable work remains to be done to help understand the effects
of radiation damage upon positron annihilation in polymers under various
experimental conditions. There is disagreement as to the role of free
radicals in determining the positron decay modes in polymers. The
present work attempts to clarify that role.

Cross-linking is the most important result of ionizing radiation in
PS and PE, and free radicals are the major intermediates in the radiation
process. If oxygen is admitted to an irradiated polymer, the radicals
(produced in vacuum) are converted to peroxy radicals. The peroxy
radicals are unstable and lead to the formation of carbonyl and hydroxyl
groups.

Polystyrene. Polymer chemists generally consider cross-linking to
be the most important radiation process in polystyrene (PS), and there is
evidence that free radicals are intermediates in the process (14, 15). Two
free radicals (observed by ESR) are produced in PS which are stable at
room temperature in vacuum (16). These are di-substituted benzyl radi-
cals (denoted as Type A) formed by hydrogen extraction from an «-posi-
tion carbon of the chain,

H
|

—CH,-C-CH,-C-
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and a cyclohexadienyl-type radical (denoted as Type B) formed by
hydrogen addition to the ring,

T
—CHz—?—CHz—

Clox

H

The radical yield for Type A is about ten times that for Type B for gamma
doses up to 8 X 10° rad. When irradiated PS is exposed to air, oxygen
destroys the primary free radicals, and peroxy intermediates are formed.
The peroxy radicals decay with the generation of stable C==0O and OH
groups (17).

The physical properties of PS are relatively insensitive to moderate
amounts of ionizing radiation (18). A slight decrease in crystallinity has
been observed for very heavy doses (larger than those used in this work)
of ionizing radiation (19).

Earlier positron annihilation studies of PS (20, 21) have used two-
component lifetime fits, while three-component fits were used on some
polymers such as Teflon (1I1,12). The longest-lived component is
attributed to the pick-off decay of o-Ps (9,21). The intermediate com-
ponent in Teflon is probably caused by a bound state other than Ps
(9, 10).

Thosar et al. (22) have reported on positron studies of neutron-
irradiated PS. They used a two-component lifetime fit and reported a
decrease in the intensity of the long-lived component. This was attributed
to the destruction of benzene ring sites for PS. They observed no effects
owing to y-irradiation and assumed that the free radicals produced did
not affect the PS since they were outside the ring. The present work
disagrees with the findings of Thosar et al. for y-irradiated PS.

Polyethylene. For moderate radiation doses, two free radicals are
produced in polyethylene (PE) with significant yields (23,24). One is
an alkyl-type radical (denoted as Radical B):

~CH,-CH-CH,~
and the other is an allyl-type radical (denoted as Radical R):

—CH,~CH-CH—CH-CH,—
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Radical B is produced more readily than Radical R but decays very
quickly at room temperature (both are stable in vacuum at 77 K). In
vacuum, two B radicals can combine giving rise to a cross-linked product.
In air, both B and R radicals form peroxy radicals. The peroxy radicals
then proceed to form OH or C=0 groups (25). When oxygen is present
during irradiation, one would expect to have the oxidized products of
both Radicals B and R formed. On the other hand when oxygen is not
admitted until after vacuum irradiation, only an appreciable number of
R radicals would remain to be oxidized. PE, therefore, is a good subject
for the study of the effects of various radiation products upon positron
annihilation lifetime spectra.

Several studies of the effects of ionizing radiation upon positron
annihilation in PE have been reported (7, 26, 27, 28). However, in most
cases the spectra were resolved into only two components, yielding no
information concerning the intermediate lifetime component (7, 26, 28).
Another experiment (27) was performed in air.

Experimental Procedure

Annihilation lifetime spectra were obtained at room temperature
using conventional fast-slow coincidence circuitry with naton scintillators
(29). The time resolution of the apparatus under actual experimental
conditions was 0.35 nsec at full-width at half-maximum (FWHM). A
2Na positron source of about 30 uCi was sandwiched between two disc-
shaped pieces of polymer. The samples and source were mounted in a
chamber that could be evacuated and remained in the chamber during
irradiation and lifetime measurements.

PS samples used were obtained by aging the monomer in the
presence of light; they were annealed in vacuum at 70°C for 24 hr to
insure uniform polymerization. The high-density samples obtained were
ordinary amorphous PS of low crystallinity. Commercially available
high-density PE was used. Samples were irradiated at room temperature
with ¥Cs gammas at a dose rate of 105 rad/hr. All thermal annealings
were for 24 hr at 70°C (for PS) or 80°C (for PE), which were below the
glass-transition temperatures.

Three sets of runs were made on each sample: (1) irradiated and
observed in air, then annealed in air; (2) irradiated and observed in
vacuum, then exposed to air, then annealed; and (3) irradiated and
observed in vacuum, annealed in vacuum, then exposed to air. In each
case the spectra can be well-resolved into three lifetime components using
a six-parameter, least-square fitting program.
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Results and Discussion

Polystyrene. Figure 1 compares the lifetime spectra for PS before
and after y-irradiation in vacuum. The computer-fitted lifetime param-
eters are given in Table I-a. Irradiation in vacuum reduces the intensity,
I, of the largest-lived component. This indicates an inhibition of Ps
formation and probably is caused by the presence of stable free radicals.
This inhibition by free radicals has been observed in other molecular
solids (30, 31, 32) and polymers (13). The vacuum irradiation produced
no significant changes in the other lifetime parameters. The fact that I,
was not affected by the irradiation is evidence that the intermediate-
lifetime component is not caused by PS, but rather to another bound
state (11, 12).

The evacuated sample then was annealed. This should have caused
essentially all of the Type B radicals and most of the Type A radicals to
decay. As expected I3 returned approximately to the pre-irradiation value.
This sample then was opened to air, producing another decrease in Is.
It is assumed that oxygen reacted with the remaining (mostly Type A)
radicals, producing an oxygen-stabilized system that also inhibits the
formation of Ps.

Another sample, first irradiated and observed in vacuum, was then
opened to air and its spectrum observed before annealing. In this case
(see Table I-b) I3 returned only partially to its original value. The
remaining inhibition probably is caused by peroxy radicals and residual
primary radicals in the interior of the sample. Finally, annealing destroys
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Figure 1. Lifetime spectra for PS before (1) and after (II) y-irradiation in
vacuum
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Table I.

Treatment

a. Invacuum
No irradiation
8 X 10%rad
70°C anneal
Open to air

b. Invacuum
No irradiation
8 X 10%rad
Open to air
70°C anneal

¢. Inair
No irradiation
8 X 10%rad
70°C anneal

POSITRONIUM AND MUONIUM CHEMISTRY

Annihilation Lifetimes and Intensities for Positrons

T T2
(nsec) (nsec)
0.27 = 01 0.87 == .02
0.28 = 01 0.84 == .02
0.26 = 01 0.86 == .02
0.26 = .01 0.87 = .02
0.26 = .01 0.88 == .02
027 = 01 0.84 == .02
0.26 = .01 0.84 = .02
0.26 = .01 0.84 = .02
0.26 = .01 0.82 =+ .02
0.27 = 01 0.80 = .02
0.27 == 01 0.79 = .02

most of the remaining radicals, both primary and peroxy, and I3 returns
to the pre-irradiation value.

A third PS sample was irradiated in air. Lifetime spectra before and
after irradiation are shown in Figure 2, and the parameters for this run
are given in Table I-c. As was the case for the samples described above,
radiation reduces the intensity of the longest-lived component, indicating
inhibition of Ps formation. A small reduction in the lifetime itself (r3)
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Figure 2. Lifetime spectra for PS before (I) and after (11) y-irradiation in air
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in Polystyrene y-Irradiated in Vacuum and in Air

TS Ig I.!
(nsec) (%) (%)
2.36 = .02 215 +1.1 33.8 .7
2.32 = .02 20.1 =1.0 293 = .5
227 = 02 20.3 = 1.0 335+ .6
2.28 + .02 216 +=1.0 304 = .5
2.36 = .02 204 1.0 332+ .6
231 = .02 205 x1.0 282+ 5
2.30 = .02 21.1 +=1.0 31.1 = .5
227 = 02 209 +=1.0 328 .5
233 = .02 209+1.0 341+ .6
227 = .02 213x1.0 290 = .5
2.23 = .02 217 1.0 340 %= .5

was observed also. Such a reduction would be expected if the free volume
associated with the Ps site was to be diminished (33,34). Increased
cross-linking and attached carbonyl and hydroxyl groups, produced as
final products upon the decay of the primary and oxygen-stabilized
radicals, could be responsible for the reduction in free volume. Annealing
kills the remaining radicals and restores the original value of I5, but it
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Figure 3. Measured values of I, and I, for PS

samples following various experimental steps: irra-

diated in vacuum and annealed I:lf[ore exposing to

air (X); irradiated in vacuum and exposed to air

before annealing (O); and irradiated in air and
annealed (®).
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does not affect the final stable products, leaving r3 at its reduced value.
The step-by-step values of I, and I3 for each of the three PS samples
following each stage of the experiment are plotted in Figure 3. For all
three samples I, is unaffected.

Polyethylene. The experimental procedures for PS (see Table II)
were similar to those used for PS. When PE was irradiated in vacuum
I; was reduced by about 10% (for a radiation dose of 5 X 10°rad). This
inhibition of Ps formation is caused by the presence of free radicals. In
this case the only radicals left at room temperature are the R-type ones;
the B radicals having decayed—primarily by combining to create cross-
linkages. The other lifetime parameters were not affected by the vacuum
irradiation. Annealing the still-evacuated sample destroys most of the
remaining R radicals, and I3 returns nearly to the pre-irradiation value
(Table II-a). As expected, no further change in I was produced by
exposing the sample to air after the radicals had been annealed out.
When the sample was opened to air prior to annealing (Table IIb), I3
also remained unchanged. Evidently the oxygen-stabilized R radicals
have an inhibiting effect comparable to the primary R radicals them-
selves.

An equivalent radiation dose in air (Table IIc) reduced I, by about
30%. For irradiation in air both the B and R radicals form peroxy
radicals. Evidently the final products of the peroxy intermediates associ-
ated with the B radicals reduce I significantly. Annealing has little
effect upon these stable products, and I3 remains substantially reduced.

Table II. Annihilation Lifetimes and Intensities for Positrons

T1 T2
Treatment (nsec) (nsec)

a. In vacuum

No irradiation 0.29 = 01 0.78 = .02

5 % 106 rad 0.30 = .01 0.77 = .03

80°C anneal 0.29 = 01 0.76 = .03

Open to air 0.30 = .01 0.78 = .03
b. In vacuum

No irradiation 029 = 01 0.79 = .03

5 % 108 rad 0.30 = .01 0.78 = .03

Open to air 0.29 = .01 0.72 = .03

80°C anneal 0.30 = .01 0.73 = .02
¢. Inair

No irradiation 0.28 = .01 0.79 = .03

5 X 10%rad 0.30 = .01 0.72 = .02

80°C anneal 0.30 == .01 0.74 = .02
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A reduction in 7, was observed for PE samples irradiated in or
exposed to air following irradiation in vacuum without annealing. The
2 was not reduced for the sample irradiated and annealed in vacuum
prior to exposure to air. This reduction in 7, is a newly observed effect,
and it is clearly caused by the oxygen-stabilized final products. It can be
explained by a new bound state, with a lifetime shorter than that of the
intermediate component in the pre-irradiated sample generated by the
oxygen-stabilized system. One of the final results of the peroxy inter-
mediates is a carbonyl group attached to the polymer chain. Because of
the large electronegativity of the oxygen atom, the carbonyl would be a
favorable site for a positron-molecule-type bound state. The lifetime of
this new bound state could be shorter than that of the other bound state
responsible for the r, component in the pre-irradiated PE. The observed
lifetime then is an average value of these two lifetimes.

Summary

The experiment has shown that moderate doses of ionizing radiation
make appreciable changes in the positron annihilation lifetime spectra of
PS and PE. Changes in the physical properties of these polymers pro-
duced by the radiation were insignificant and were probably not responsi-
ble for the observed changes in the positron decay. The intensity of the
longest-lived component, I3, was reduced for both PS and PE. This

in Polyethylene y-Irradiated in Vacuum and in Air

T3 Iz I.s
(nsec) (%) (%)
2.61 = .02 188 =14 18.7 = 3
2.61 = .02 19.0 = 1.3 16.5 = .3
2.58 = .02 200 =1.3 179+ 3
2.61 = .02 190 +13 174 = 3
2.61 = .02 184 14 190 = 4
2.59 = .02 188 =13 172 = 3
2.58 = .02 19914 170+ 3
2.58 = .02 192 +13 178 = 3
2.62 = .02 189 +14 19.1 = 4
2.59 = .02 192 +1.3 135+ 4
2.62 = .02 183 =14 152 = 4
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reduction, indicating inhibition of Ps formation, can be associated with
both primary free radicals produced in vacuum and oxygen-stabilized
radicals.

When PS was irradiated in the presence of oxygen, there was a small
reduction in r;. This probably was caused by a reduction in free volume
associated with final products produced in the decay of peroxy inter-
mediates. The fact that I, is not affected by the radiation is further
evidence that it is caused by the decay of a positron-bound state other
than Ps. The reduction in 7, observed for PE irradiated in air may be
caused by an additional bound state involving the positron and a
carbonyl group.
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Positron Annihilation Processes in Diatomic

and Polyatomic Gases

J. D. McNUTT and S. C. SHARMA
Center for Positron Studies, University of Texas, Arlington, TX 76019

This chapter reviews some recent advances in our under-
standing of the annihilation behavior of positrons and posi-
tronium atoms in several diatomic and simple polyatomic
gases. The major experimental findings for positrons are: (1)
the observed annihilation rates are higher than those ex-
pected for direct annihilation, (2) these rates can be sensitive
functions of temperature and density, (3) the “shoulder
width” in the positron lifetime spectrum for N, is density
dependent, (4) the addition of Ne to H, gas at 77 K can
affect the positron-H, annihilation process. These results are
discussed in terms of positron-molecule collision complexes
and positron—molecule cluster states. Measurements of posi-
tronium formation fractions and ortho-positronium annihi-
lation rates are also reported and are discussed in terms of
chemical and conversion quenching, density fluctuations,
and positronium-induced cavity formation.

-As the scattering and annihilation of low energy positrons in noble gases
have become better understood, increased experimental and theo-
retical attention has been devoted to positron interactions in molecular
gases and in monatomic-molecular gas mixtures. Several of the most
interesting annihilation features reported for the noble gases also have
been encountered with molecular gases but are often modified by the
existence of excited molecular states and by positron-molecule resonance
processes. Aspects of the annihilation process that are unique to molecular
gases have been observed also.

This chapter reviews some recent advances in our understanding of
the annihilation behavior of positrons and positronium (Ps) atoms in

0-8412-0417-9/79/33-175-137$06.75/1
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several diatomic and simple polyatomic gases (1,2,3). Although refer-
ence sometimes is made to the results of two-photon angular correlation
and positron—-molecule total scattering cross section measurements as
well as to calculations of positron cross sections, positron—molecule inter-
actions are discussed primarily in terms of their influence on positron
lifetime spectra.

In addition to a constant background contribution, the lifetime spectra
for positrons annihilating in gases can be resolved into three exponential
components. The longest lived component, with annihilation rate A,
results from the annihilation of positrons bound in ortho-positronium
(0-Ps) atoms whereas the shortest lived component results from the
annihilation of para-positronium (p-Ps) and of positrons in the metal walls
of the experimental chamber. The intermediate lifetime component, with
annihilation rate A;, is attributed to annihilations in the gas of positrons
that do not form Ps. In the noble gases and in some molecular gases, the
latter component is preceded by a nonexponential region, usually called
the shoulder region, which corresponds to the slowing process for posi-
trons in the gas and the variation of the annihilation cross section with
positron velocity.

Thermalized Positrons in Pure Molecular Gases

The annihilation behavior of slow positrons in many gases can be
attributed to annihilations during positron-molecule (or positron-atom)
collisions. This process, often referred to as the “direct annihilation” of
free positrons, is characterized by an annihilation rate, A(E), which is
directly proportional to the density of the gas and which depends also on
the kinetic energy, E, of the annihilating positron. This rate can be
expressed as

ME) = w1 en Zege (E) (1)

where 7, is the classical radius of the electron, c is the speed of light, and
n is the molecular number density of the gas. The unit “amagat” is the
number of gas molecules per unit volume at a temperature of 273.2 K and
a pressure of 101.3 kPa (atmospheric); 1 amagat ~ 2.7 X 10%* m™.
Ze:(E) is an empirical constant, which for direct annihilations is inde-
pendent of gas density and can in that case be interpreted as the effective
number of electrons per molecule available for singlet annihilation during
collisions with slow positrons. The measured rate, A, corresponds to the
average annihilation rate of positrons in thermal equilibrium with the gas.
Because of polarization attractions, Z is generally observed to be slightly
larger than Z, the actual number of electrons per molecule, and to increase
with decreasing positron energy.
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Of greater interest, however, are those measurements that indicate
the presence of more complex annihilation processes. More than a decade
ago, Paul and Saint Pierre (4) and Osmon (5) observed that the Z. for
thermalized positrons in some molecular gases were several orders of
magnitude greater than Z. More recently, strong temperature and density
dependencies have been observed for Z. in several molecular gases.
These effects for Z,; measured in NH; gas at different temperatures (6)
can be seen in Figure 1. At the peak, Z.s, is more than 1800 times Z.

Qualitatively similar behavior has been observed with gaseous CH,4
and Hp. The ratio of A, to density, which is proportional to Z, is shown
in Figure 2 for CH, (7) whereas the annihilation rate, A;, measured in
H; (8,9) is plotted in Figure 3. At low densities of these gases and at
sufficiently high temperatures A; varies linearly with the gas density
(7,9,10, 11), thus corresponding to density-independent values of Zs
and indicating the interaction of positrons with single molecules. How-
ever, the low density Z., values for CHy and H., being about fifteen
(7,10) and eight (9,11) times Z, respectively, are greater than those
expected for direct annihilations. For example, a recent theoretical study
by Baille et al. (12) of the interaction of low energy positrons. with H,
molecules, which incorporates a sufficiently strong empirical polarization
potential to produce total elastic cross sections in reasonable agreement
with experiment (13), predicts a Ze at thermal energies that is an order
of magnitude less than the measured values.

20
A NH3 (-19%1)°C
o NH3
16 ® NHz-Ar (22.5+0.5)°C
X o O NH3 (95+0.5)°C
2 2t
~ (o]
8
< 8¢ [ heta
'\? + =] DOA
[ o D% 60
z 4+ o Q
0 q: (Y oﬂ oon o o
0 | 2 3 4 5 6

NHz DENSITY (1073 g/cm3)

Journal of Chemical Physics

Figure 1. Z,, for slow positrons annihilating with NHy molecules vs. NH; gas
(partial) density at —19°, 22.5°, and 95°C. The statistical standard deviations
fall within the symbols unless otherwise indicated (6).
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Figure 3. Annihilation rate of slow positrons vs. H, gas density at 77 K (9).

The line represents a weighted least-squares fit to data (not all shown) below 19 ama-

gat that is constrained to pass through the origin. The insert shows the annihilation

rate of slow positrons vs. H, gas density at 250 and 293 K. The lines represent a

weighted least-squares fit to the combined data below 21 amagat at 250 K and 47 ama-

gat at 293 K that is constrained to pass through the origin. The statistical standard
deviations fall within the symbols unless otherwise indicated.

Smith and Paul (10) showed that annihilation during resonance
scattering of positrons on unbound levels could produce the high annihila-
tion rates observed for CHy4 at room temperature. They proposed that a
positron during a collision with a CH, molecule could form a virtual,
vibrationally excited positron-CH; compound. Assuming a narrow, iso-
lated S-wave resonance and a Maxwell-Boltzman positron energy distri-
bution, they used the Breit~-Wigner single-level formula to calculate the
slow positron annihilation rate. The resonance energy for formation of
such a compound should be less than the vibrational excitation threshold
(0.162 eV) for CH, by an amount equal to the binding energy of the
positron in the positron-CHy virtual state. However, it was later demon-
strated that the Z, for CH, remained essentially unchanged from the
room temperature value (153.7 #0.9) to temperatures as low as —28°C
(7), and that under the influence of an applied electric field, ¢, the room-
temperature Z, decreased linearly with the ¢/density ratio (7, 14). It is
possible that the Z., for CH4 molecules increases rapidly enough with
decreasing positron energy to compensate reduced contributions from the
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resonance at the lower thermal energies. However, the electric-field
results offer strong evidence that the single-level resonance picture, at
least near vibrational threshold energies, does not apply for positrons
in CH,.

The lowest excitation threshold for H, is that for molecular rotation
at 0.044 eV. This threshold energy is not far above the thermal energy
distribution at 300 K, but it is more than six times higher than the most
probable positron energy at 77 K. However, (see Figure 3) the Ze;
measured for H, at 77 K (19.3 =0.3) is about 30% greater than that
measured at both 250 and 293 K (14.8 =0.4) (8,9). Here it seems very
unlikely that the energy dependence of Z. in Hy, (12) could be strong
enough to produce the observed net increase in Ze at 77 K if there were
a large accompanying reduction in the contribution to Z, from resonances
near the rotational threshold. Therefore if excited positron-H, complexes
are responsible for the high Z values measured at low H, densities, the
positrons must enter into these complexes during thermalization. This
possibility is discussed further below. The enhancement in Z, at 77 K
might result from more stable complexes or more probably from those
positrons that have remained free experiencing a higher Z, at the lower
thermal energies.

Z.ss values measured for thermalized positrons in gaseous N, at 77
and 300 K are plotted in Figure 4 (15). At the lowest densities at 77 K,
Zes is measured to be approximately constant as 40 =1, which is higher
than the value of about 30 observed at room temperature (16,17,18).
This temperature dependence of the low density Ze values is similar to
that observed for H, gas. However, in N,, the Z values exceed Z by
Zs¢ is measured to be approximately constant at 40 =1, which is higher
factors of only about 2 at room temperature and approximately 3 at 77 K.
Considering that the spherical and anisotropic polarizabilities and the
quadrupole moment of N, are more than twice as large as the correspond-
ing values for H, and that the effects of the quadrupole and polarization
interactions reinforce each other for N, whereas they cancel for H, (19),
it might be expected that the observed annihilation rates could result
entirely from direct annihilations on polarized N, molecules. The calcula-
tions of Darewych and Baille (20) offer some support for this idea. These
authors investigated the interaction of low energy positrons with N; in the
adiabatic (fixed nuclei) approximation, using one-center formalism that is
similar in all respects to the positron-H, calculations (I12) discussed
above. Including the effect of the distortion of the electronic cloud by
the incoming positron through the use of empirical, velocity-independent
polarization potentials, they calculated Ze values of approximately 29 and
23 at thermal energies at 77 and 300 K, respectively. These values are less
than the experimental values by only about 25%, and the calculated
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dependence of Z.s on positron energy is in good qualitative agreement
with experiment.

However, the calculations of Darewych and Baille yield total scatter-
ing cross sections that appear to have the wrong shape in the energy
range 3-10 eV. Gillespie and Thompson (21) further investigated the
positron-N; scattering problem, and they attribute the failure of Darewych
and Baille to predict the correct energy dependence of the cross sections
to the use of a very strong attractive potential. Using a weaker potential,
they calculated positron-N cross sections that are in fair agreement with
experiment. Although they reported no Z values, comparison with
positron-atom scattering calculations leads them to suppose that their
potential will be too weak to yield the large thermal energy values of Zs.

Thus, it is not possible at this stage in positron-molecule scattering
theory to decide whether or not the large thermal energy values of Zet,
measured at N, densities where A, is directly proportional to density, can
be attributed totally to the polarization distortion of the molecular elec-
trons. The above discussion indicates, however, that should positron-N,
scattering involve the formation of collision complexes, then either the
formation process cannot be highly probable or the resulting states must
be short lived relative to the lifetime of the bound positron.

At gas densities above specific temperature-dependent values, the
annihilation rates of thermalized positrons in CH,, H,, and N, deviate
from the linear dependence on density observed at lower densities. For
example, for N, gas at 77 K, at densities greater than about 2.3 amagat,
Zess is seen (Figure 4) to increase rapidly with density, indicating the
interaction of positrons with two or more N, molecules. The same
behavior is shown for CH, as a function of temperature in Figure 2.
Calculations for N, have shown that at the pressures and temperatures
involved, N, dimer formation would contribute negligibly to the annihi-
lation rates (15).

It has been demonstrated recently, both experimentally (22) and
theoretically (23, 24, 25), that in He gas near the gas-liquid critical point,
attractive electrostatic forces cause the clustering of He atoms about low
energy positrons, leading to a gas-liquid-like phase transition at tempera-
tures both below and above the critical temperature of ordinary He liquid.
The minimum gas densities at which this self-trapping of positrons in high
density clusters begins increase with temperature. The onset of cluster-
ing is seen as an increase in A; from the linear density dependence
observed at constant temperature at lower densities to values correspond-
ing to liquid He densities (22, 26). The positron localized within the
droplet samples an effective density, which is obtained by weighting the
density profile of the droplet with the square of the positron wave
function.
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Figure 5. Annihilation rate of slow positrons with NHs molecules vs. NH,
density at 22.5°C (6). The statistical standard deviations fall within the sym-
bols unless otherwise indicated.

The similar breaking down of the linear density dependence of the
annihilation rate for positrons in CHy, Ho, and N, indicates the possible
beginning of molecular clustering about positrons in these gases. The
annihilation rate of slow positrons in NHj at 22.5°C is shown in Figure
5 (6). Molecular clustering in this case is even more pronounced in that
the annihilation rate in low density NH; gas is approximately the same
as that measured in the liquid state at several hundred times greater
density. Thus, positrons in this gas density region must be annihilating
in a time-averaged environment of liquid NH; electron density.

The concept of molecular clustering about positrons was first tested
quantitatively for CH; molecules using the Atkins (27) snowball model,
although it was known that this macroscopic model fails to produce a
self-trapped state for positrons in He (26). If the gas is treated as a
continuum that is electrorestricted about a positron, then the density
n(r) at distance r from the cluster center can be calculated approxi-
mately as

n(r) = N/v (2)
where

’

f " vdp — %N e e(r). 3)
¥4
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Here N, is Avogadro’s number, ¢’ is the molar volume at distance r with
ambient gas pressure p, ¢(r) is the positron’s electric field, and « is the
molecular polarizability of the gas. From the viewpoint of cluster states,
changes in A; are now interpreted as being caused by changes in cluster
density whereas Z.s is taken to be a constant at a given temperature:

M(r) = a1l ¢ n(r) Zegs. (4)

Using a nonlinear least-squares method, this simplistic cluster model was
fit to the A, vs. density data for CHy4 at 22°, 4.5°, and —28°C in density
regions where clustering was thought to dominate the annihilation process.
The best fit, which agreed well with the data, was obtained for an
“average” r = 3.9 =0.1 A and Z.;, — 14.7 0.4 (7). This Z, is in good
agreement with the value of 14.5 0.6 predicted for the direct annihila-
tion of positrons in liquid CH4 by the empirical method developed by
Cova and Zappa (28). The subsequent extrapolation of the model, with
the above parameter values, to —50°C was also in good agreement with
experiment. For CH, the temperature and density dependence of the
cluster model thus appears to be substantially correct.

Thermalized Positrons in Monatomic—Molecular Gas Mixtures

It has been reported that for Ar concentrations up to about 0.90, the
presence of neither of the gases in CHy~Ar (7) or NH;-Ar (6) mixtures
seems to affect the annihilation process occurring with the other. The
annihilation rate measured in the mixture, minus that calculated from
Equation 1 for the appropriate partial density of Ar, was equal to the
annihilation rate measured in the pure parent gas at the same density.
This feature was exploited to measure annihilation rates with CH, and
NH; at densities so low that without the additional positron stopping
power of the added Ar, statistically useful lifetime spectra could not be
obtained. CO concentrations ranging up to 0.12 in Ar are also known not
to influence the annihilation process with either of the gases (11).

A similar situation was observed when Ne was added to N, gas at
77 K. Canter and Roellig (29) showed that Ne gas at 77 K is very well
behaved in that the annihilation rate remains linear in density up to near
liquid Ne densities and Z.; S Z, indicating that only a direct annihilation
process is operating. If, as discussed above, the appropriate annihilation
rate with Ne is subtracted from that measured for the N;—-Ne mixture,
the results shown in Figure 6 are obtained (15). The line in Figure 6 is
a smoothed fit to the Z vs. density data for pure N. (Figure 4) whereas
the points were measured in mixtures containing 1.8 amagat of Ne. The
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Ne concentration ranged from 0.34 to 0.66. Thus, the annihilation process
for thermalized positrons in 77 K N, both in the low density region where
Z.ss is constant (A, linear in density) and at the higher densities where
Z.y is a strong function of density, is unaffected by the presence of even
large concentrations of Ne.

The results were very different when Ne was added to H, gas at 77 K.
This experiment is shown in Figure 7, where the line is a smoothed fit to
the Z vs. density data measured with pure H,, and the points represent

80r 77K H2+ Ne
A4 32:8am Ne
®52:4 am Ne

60}
40¢
20t
N O
= 77K Hy+ Ne
601 e 6:8am Ne
“ 4 |01-Oam Ne

100 200 300
Hy, DENSITY (amagats)

Physical Review

Figure 7. Z.; for thermalized positrons annihilating with

H, molecules in H,—Ne mixtures containing 6.8, 32.8, 52.4,

and 101.0 amagat Ne at 77 K vs. H, ias partial density (9).

The statistical standard deviations fall within the symbo

unless otherwise indicted. The lines represent a smoothed
fit to the Z,;; vs. density data for pure H, at 77 K.
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the Zes; values measured in the Ho-Ne mixtures (9). It is seen, particu-
larly at the low H, densities, that the presence of various partial densities
of Ne can affect the positron-H, annihilation processes dramatically.

A positron undergoing an elastic collision with a Ne atom suffers a

fractional energy loss that is very small compared with those suffered

during rotational excitation of H; molecules. Therefore, it is tempting to
hypothesize that Ne is primarily effective in moderating more positrons
into narrow resonance energy regions associated with the formation of
positron-H resonance states, thereby enhancing Z. at low H, densities
and reducing the number of positrons available for cluster formation at
the higher densities. These effects are now under further study.

Nonthermalized Positrons

The intermediate components (annihilation rate A;) of the lifetime
spectra of positrons annihilating in low density H, (30) and N, (15, 16,
18, 31) gases are preceded by nonexponential shoulder regions. Several
such spectra for N, are shown in Ref. 18. As mentioned above, the
shoulder region results from the annihilation of nonthermalized positrons
and the variation of Z.¢; with positron energy. The details of the shoulder
region can be observed better by investigating the instantaneous annihi-
lation rate A, (¢) or, equivalently, the instantaneous Z.(t), defined by

M (6) =712 on Zua(t) — [—dN (8)/dt] | [ 1-avw)/aar. o)
t

The term [ —dN(t)/dt]dt is the rate of annihilation of positrons between
times ¢ and ¢ 4 dt and is found by subtracting the 0-Ps component and
background from the measured lifetime spectrum. The results so obtained
for Z.;(t) with N, gas at 77 K are plotted against time-density in Figure
8 for two gas densities (15). The horizontal lines represent the equi-
librium Z, values given by Equation 1 for the annihilation of thermalized
positrons with N,.

The nonexponential regions of positron lifetime spectra are generally
characterized by the “shoulder widths” (SW), which are estimated from
the Z(t) data as the time required for Zes(t) to reach [0.9(Zest)equitibrium
~+ 0.1(Zett) min], which is the criterion of Paul and Leung (32). The
shoulder width represents the time required for positrons from #Na to
slow to near-thermal energies in the gas. The shoulder widths (in time-
density units) and the reciprocal shoulder widths (in inverse time units)
are plotted vs. N, density in Figures 9a and 9b, respectively (15). Also
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Figure 8. Z(t) vs. nsec-amagat for N, gas densi-

ties of 3.0 and 3.7 amagat at 77 K (15). The lines

represent the equilibrium Z,;, results for the annihi-
lation of thermalized positrons with the N, gas.

shown are shoulder-width results measured with No-Ne mixtures and
calculated from an appropriate modification of Equation 5. Within errors,
the shoulder widths measured for pure N, agree with those measured for
N;-Ne mixtures containing the same partial densities of N, and having
Ne concentrations in the range 0.34-0.61.

Shoulder widths have now been measured accurately for positrons
in all the noble gases through Xe (33). When expressed in time-density
dimensions, they are found to be independent of the gas density, with
values ranging from 200 nsec-amagat for Xe to >2300 nsec-amagat for
Ne (33). [The shoulder width in Ar has been observed recently to have
a density dependence (34).] Density-independent shoulder widths have
also been measured for low density room temperature H, (30) and N,
(16, 18, 31), with values of about 2 and 14 nsec-amagat, respectively.
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The solid and dashed lines in Figure 9 represent appropriately
constrained least-squares fits to the data. As shown, the shoulder widths
in time-density units for N, gas at 77 K are also independent of density
for N, densities S2 amagat, with a value of about 14 nsec-amagat. This

N
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(@ #

S.W. (nsec amagat)
o
T
|
|
|
I
I
——t
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i

5
| | ] 1 | | |
(b
20t
-Io i
L]
-
(Y]
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= ,
~ L /
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7
| | 1 | | | |
0 | 2 3 4

Dy, (amagat)

Physical Review

Figure 9. (a) Shoulder width vs. (partial) density of N
gas in pure N, (circles) and in N,~Ne mixtures (squares,
at 77 K (15). Bars indicate estimated errors. For clarity,
symbols have not been used for the four highest density
point. The three highest of these are derived from N,—
Ne mixtures: (——5, obtained from a weighted least-
squares fit to the reciprocal shoulder width data of Fig-
ure 9b for N, (partial) densities below 2 amagat that is
constrained to pass through the origin; (——), repre-
sents a weighted average of the reciprocal shoulder
width data of Figure 9b for N, densities above 2 amagat.
(b) Reciprocal shoulder width vs. (partial) density of N
in pure N, and N,~Ne mixtures at 77 K. Symbols a
lines are as described for Figure 9a.
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value agrees with the room temperature result for N;. For N, densities
2 2 amagat at 77 K, the measured shoulder widths in nsec-amagat units
are no longer constant but now increase approximately linearly with N,
density. [A similar effect has been observed recently in N, gas at room
temperature (35).] As shown in Figure 9b, the shoulder width at the
higher densities is now approximately constant in time units at approxi-
mately 7 nsec. Assuming that the occurrence of changes in the density
behavior of both the annihilation rate (Figure 4) and the shoulder width
at about 2 amagat of N, is more than coincidental, it is possible that the
onset of self-trapping of low energy positrons within clusters is responsible
for both effects (15).

Ortho-Positronium in Pure Molecular Gases

The rate, Ay, at which positrons that form o-Ps annihilate in many
gases is described at low densities by

Ae =X + an (6)

where ), is the annihilation rate of 0-Ps in vacuum and gq is the quenching
rate per unit density, which is a measure of the increase in A, that results
from o-Ps-molecule collisions. Of the several types of quenching processes
that are known to occur with gases, the most common is called “pick-off”
quenching. It occurs during an o-Ps-molecule collision when the positron
bound in the 0-Ps atom annihilates with a molecular electron of the
opposite spin and thereby reduces its lifetime. For some gases, g from
pick-off quenching remains constant up to high densities. In NH; gas
(6) at 95° and 22.5°C, for example, A, has been observed to be linear
with density up to liquid density, with ¢ — 4.8 X 10™* (nsec-amagat)™.

The existence of other 0-Ps quenching mechanisms is sometimes evi-
denced by quenching rates that are considerably higher than would be
expected for the pick-off process. For O (36,37) and NO (37,38),
quenching rates of approximately 4.7 X 1072 (36) and about 15.0 X 1072
(38) (nsec-amagat)™, respectively, have been observed. These high rates
are accompanied by an intensification of the narrow, low momentum
component of the two-photon angular correlation curves (37) and are
attributed to the conversion quenching (39) of o-Ps to p-Ps, wherein the
electron of the o-Ps atom is exchanged during collision with the unpaired
electron of the paramagnetic molecule.

Quenching rates that are two to three orders of magnitude greater
than those typical for conversion quenching have been reported for
several molecules. For example, the quenching rates for I, (40) and N2O4
(38) are about 10 and 460 (nsec-amagat)~, respectively. In these cases
quenching is accompanied by an increase in the broad, high momentum
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component of the angular correlation curves (41). This suggests strongly
that quenching is predominantly a chemical process resulting from the
formation of Ps compounds.

In contrast to those processes that enhance the quenching rates
considerably over those typical of pick-off annihilations, there exist mecha-
nisms by which o-Ps atoms can reside for appreciable times in regions of
less-than-average molecular density, thereby reducing the total annihila-
tion rate. At densities less than certain “critical values,” p*, which
decrease with temperature, A, in CH, shows a temperature-independent
linear dependence on gas density (7), with ¢ — 3.5 X 10" (nsec-amagat)™.
At densities greater than p*, however, the ), vs. density data deviate from
linearity and decrease nearly exponentially with gas temperature. It has
been shown recently (42) that this annihilation behavior in CH, results
from nonuniformities in the spatial distribution of molecules associated
with density fluctuations that are characteristic of an imperfect gas.
Figure 10 is a plot of the deviations, A\, — Ay’ — X2, of the measured
0-Ps annihilation rates from those rates, A/, calculated at the same density
by extrapolation of the linear density dependence found at low densities
vs. the fractional deviation, Ap — (p — p1)/p1, of the measured gas density
p from the ideal gas density, p;, calculated at the same pressure and
temperature (42). The deviations of the actual densities from the corre-
sponding ideal gas values serve as a measure of local density fluctuations
in the gas, resulting in the production of numerous small regions of
condensation and rarefaction. If these regions of density inhomogeneity
have a large enough correlation length and are of sufficiently long dura-
tion, 0-Ps atoms can reside in regions of less than average electron density,
with an accompanying reduction in the annihilation rate. This is evi-
denced by the temperature-independent linear increase of A\ with Ap
seen in Figure 10 for values of Ap greater than the single value (0.13)
corresponding to the different values of p* at the three temperatures. For
relative density fluctuations smaller than that occurring at p*, the local
regions of density dilatation are apparently too small and short lived to
influence the 0-Ps annihilation process significantly. The importance of
density inhomogeneities to the annihilation of 0-Ps was further confirmed
by correlating A) directly with the density fluctuation distribution within
the gas as computed from the isothermal compressibility of the gas at the
equilibrium pressure. If this effect proves amenable to a more complete
theoretical treatment, the positron annihilation technique might prove
effective for further studies of local density inhomogeneities in imper-
fect gases.

The annihilation rate of positrons that form o-Ps in H, gas at 77 K
(9), shown in Figure 11, has a linear dependence on density up to about
40 amagat, with ¢ — 1.6 X 10 (nsec-amagat)™’. This quenching rate
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Figure 10. Deviations AN = Ay’ — A, of the measured o-Ps
annihilation rate, Ay, in CH, gas at 295, 278, and 245 K from
the annihilation rate A, calculated for the same density by ex-
trapolation of the linear density dependence observed at low
densities vs. the fractional deviation Ap = (p — p;)/p; of the
measured CH iz gas density, p, from the ideal gas density, py,

calculated at the same pressure and temperature (42). (——),
Represent a weighted least-squares fit to the combined data
for Ap = 0.13.

agrees with those found for H, at 250 and 293 K for densities up to about
120 amagat (8). At densities greater than about 45 amagat, A, in 77 K H;
deviates from linearity with density in a manner that appears very similar
to that observed for CH,. However, over the range of H, pressures that
were investigated at 77 K, the maximum fractional deviation of the meas-
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ured density from the corresponding ideal gas density is <0.07. There-
fore, the nonlinear behavior of A, does not result primarily from density
fluctuations.

The formation of a cavity about an excess electron, either free or
bound to a positron, can occur in nonpolar fluids at suitable temperatures
and pressures when the short range Pauli repulsions dominate the long
range polarization and quadrupole interactions. This condition is known
to exist for H, (43, 44) but not for the more polarizable CH, molecule
(45). If the cavity is assumed to be totally devoid of molecules, the
annihilation rate A, of 0-Ps atoms in cavities can be expressed as

A2=Po()‘o+qn)+(1—Po))\o=/\o+Poqn (7)

where P, is the fraction of the o-Ps probability density that extends
beyond the cavity into the gas. P,, computed from Equation 7, can thus
be treated as the measured quantity that is to be accounted for by any
proposed cavity model.

In the simplest and most frequently investigated approach to o-Ps-
induced cavity formation, the potential barrier presented to the o-Ps
atom by the gas molecules outside a cavity of radius R is represented by
a spherical square well of radius R and depth V (26). Minimization of
the total energy of the system, together with the values of P, measured at
each gas temperature and density can then provide corresponding values
for R and V. For example, R — 132 A and V = 0.06 eV for 5.4 K He at
0.023 g/cm® (26). The V derived for several densities of He gas at ~5
K (26) are in reasonable agreement with theory (46), but the V found
for higher He temperatures (26) and the dependence of V on density
found for Ne at 45 K (29) and H, at 77 K (9, 47,48) are clearly incor-
rect. It is also known that the energies calculated with this model are
incorrect for o-Ps atoms trapped in cavities (49). Therefore, it seems that
more sophisticated approaches will be required to describe quantitatively
0-Ps-induced cavity formation in gases. In fact, the claim that o-Ps cavities
exist in gases is quantitatively supported only by the results of Ho-Ne
mixture experiments discussed below.

Ortho-Positronium in Monatomic—Molecular Gas Mixtures

For some gas mixtures, the contributions to the total quenching rate
from the different gases are additive, so that

Ae=Xo + 1M1 + @2N2 + * * ° (8)

where n; are the partial densities of the gases, and g; are the quenching
rates per unit density measured for the pure gases. The presence of very
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small concentrations of a strong 0-Ps quenching agent in a gas of relatively
low quenching power, for example a slight O, contamination of a noble
gas (50), can significantly increase Ao.

Within experimental error, Equation 8 applies when Ar concentra-
tions of 0.50-0.95 are added to room temperature CHy at a low density
where )\, measured in pure CH, varies linearly with density (7). Equa-
tion 8 also describes A, measured in H,-Ne gas mixtures at 77 K at low
H, densities. The A, values found for the Ho-Ne mixtures are plotted in
Figure 12 vs. the partial density of H, for four Ne partial densities (9).
The Ne concentrations ranged from 0.02 to 0.98. The wide-dashed line is
a smoothed fit to the A, data measured for pure H, (Figure 11). The
narrow-dashed lines are the annihilation rates calculated from Equation
8. As mentioned, these calculations agree well with the measurements at
low H, densities. At densities greater than that at which cavity formation
begins in Hj, however, the predictions of Equation 8 at the highest Ne
partial density are much too high.

Although no evidence of cavity formation has been observed for
pure Ne at 77 K up to densities over twice the maximum Ne density
used here (29), it is unrealistic to assume, as was done in writing Equa-
tion 8, that the Ne in the H)-Ne mixture is not also excluded from the
cavity. Assuming this to be the case and further assuming that the
average cavity radius in the mixture is essentially unchanged from that
in pure H, the solid lines in Figure 11 are computed from

A2 =Py (A + quonmy + qneline) + (1 — Po) Ao =
[)\2]H2 + PoQNenNe (9)

where the subscripts H, and Ne refer to hydrogen and neon quantities,
respectively. [A2]m, is the annihilation rate measured for o-Ps in pure
77 K H, at density ng,, and P, is obtained from Equation 7 for pure 77 K
H, at density ng,. It is felt that the good agreement of Equation 9 with
the experimental Ho-Ne data constitutes an important verification of
0-Ps-induced cavity formation in gases.

Positronium Formation Fractions in Molecular Gases

Using a method developed by Coleman et al. (51), which corrects
for the differences between the detection efficiencies of the two-photon
and three-photon annihilation processes, accurate values for the fraction
of positrons that form Ps can be deduced from measured positron lifetime
spectra. The Ps formation fraction, f, measured for room temperature N,
gas increases linearly with density from 0.19 near zero density to approxi-
mately 0.43 at 72.5 amagat (16). It has been suggested (16) that this
large variation of f with N, density might result from the formation of Ny’,
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which is known to form readily in electron collisions with N.. If the N4
were to be bound by 0.3 eV, the Ps formation threshold energy would be
lowered sufficiently to allow f to rise to the maximum values observed.
The maximum value of f predicted for N, by the Ore gap model (52) for
Ps formation is 0.44.

As shown in Figure 13a, f for H, gas at 250 and 293 K increases from
approximately 0.35 at low H, densities to about 0.49 near 80 amagat. The
low density value is in reasonable agreement with previously measured
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Figure 13. (a) Ps formation fraction vs. H, gas density at

293 K and 250 K (9). The statistical standard deviations fall

within the symbols unless otherwise indicated: (- ), rep-

resents a weighted least-squares fit to the combined data

above 80 amagat; (b) Ps formation fraction vs. H, gas den-
sity at 77 K.
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room temperature values (53, 54). Above 80 amagat, f remains constant
at an average value of 0.49 up to the highest density of 135 amagat investi-
gated at 250 K. This f is in agreement with the value of about 0.48
derived from two-photon angular correlation measurements on liquid Hp
(55). The maximum f predicted for H, by the Ore model is 0.44. The
higher-than-expected yield of Ps might result from: (1) resonant positron—
H. collisions occurring at energies above the Ore gap, resulting either in
free positrons being preferentially scattered into the Ore gap or in the
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Figure 14. Ps formation fractions in Hy,—Ne mixtures con-

taining 52.4 and 101.0 amagat Ne vs. the partial H, gas den-

sity at 77 K (9): (- ), a smoothed fit to the Ps fraction data

for pure H, at 77 K; (- — -), Ps formation fraction for pure Ne
at room temperature (51).
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direct production of Ps with low kinetic energy or from (2) an enhanced
probability at high densities for collisional stabilization of Ps atoms formed
by positrons having energies above the Ore gap.

The Ps fraction results for gaseous H, at 77 K, as shown in Figure
13b, display a completely different density dependence than that found
at 250 and 293 K and constitute the first observation of a temperature
dependence for f. At low H; densities the Ps fraction seems to be roughly
constant at about 0.55, but it then falls with increasing density to approxi-
mately 0.37 at densities near 400 amagat. This decrease in f with density
might be associated with the Ps-H, repulsive potential responsible for
cavity formation. This potential would, in effect, raise the Ps formation
threshold and thereby reduce f. However, neither this model nor certain
e'-H, interactions, which can be hypothesized as qualitatively affecting
the formation of Ps in the observed manner, now appear to be without
quantitative difficulties. Therefore, the complex temperature and density
dependence of f in gaseous H, is not understood. Although the spur
reaction model for Ps formation (56) has not been applied quantitatively
to the gaseous state, it is not expected to be operative at very low gas
densities (57). Its application, however, might be essential to an under-
standing of Ps yields at higher densities.

Figure 14 shows the effect on the total Ps formation fraction of the
addition of Ne to H, at 77 K for two partial densities of Ne (9). The
solid line is a smoothed fit to the Ps fraction data measured for pure 77 K
H, (Figure 13b), and the dashed line represents the Ps fraction found
for pure Ne at room temperature (51). Although the variation of f with
Ne and H, partial densities can be interpreted qualitatively on the basis
of the spur model, a semiquantitative explanation in terms of the Ore
model is possible. An approximate calculation, which assumes that f for
pure Ne at 77 K has a density-independent value of 0.26 and that at most
two e'-Ne or e'-H, collisions in their respective Ore gaps result either in
the production of Ps or the scattering of the positron out of the Ore gap,
yields Ps formation fractions for the H,—(101 amagat) Ne mixtures in
reasonable agreement with experiment. In terms of the Ore model, both
Ne and H; molecules in the mixture contribute to the total fraction at low
H, densities whereas at high H, densities the Ne Ore gap is essentially
closed to Ps formation because of competitive inelastic e’~H; collisions.

Final Remarks

It is apparent from this review that a variety of interesting annihila-
tion processes are available to positrons in diatomic and simple poly-
atomic gases and that several of these processes are, at best, understood
only qualitatively. A quantitative understanding awaits much additional
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investigation of the physics and physical chemistry involved. In particular,
further investigations of positron annihilation processes in gas mixtures
and in pure gases in the presence of applied electric fields show promise
of providing significant new information. It is clear that positron research
in gases is still a wide open field with many unexplored areas and with
strong potential for new and exciting discoveries.
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Positronium and Positron Reactions in

Positron Radiation Spur

S. J. TAO
The New England Institute, Ridgefield, CT 06877

The study of positronium and positron reactions provides an
alternative means to investigate hot radical reactions in the
radiation spur. Positron and positronium react with radicals
or others in the radiation spur created by the energetic
positron itself. The positron may compete with other
electron acceptors for electrons to form positronium. The
positron also may be captured by a positron acceptor. The
positronium formed may react with a radical or others to
form a positronium compound. These reactions can be
investigated by using the methods of positron annihilation,
e.g. lifetime, angular correlation, and Doppler broadening
measurements.

The experimental results by Shearer and Deutsch, who observed the
lifetime of positrons from 22Na in various gases, first suggested an
appreciable amount of positronium (Ps) formation in these gases (I).
Then Ore followed the suggestions by Fermi and made a thorough theo-
retical study on annihilation of positrons in gases (2). During this study,
Ore described the possible formation of Ps in gases on the basis of the
law of conservation of energy and the general aspects of collision theory.
This is the well-known Ore Gap model. The statistical weights of triplet
and singlet states indicate that three-fourths of these Ps atoms formed
will be in triplet ortho state with lifetimes of 140 nsec decaying into three
coplanar gamma quanta and one-fourth of them in singlet para state with
lifetimes of 0.125 nsec decaying into two colinear gamma quanta (3).
The conversion of a Ps atom from ortho to para and para to ortho
during a collision with a gas molecule and by radiation has been dis-
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cussed by Ore (4). The probability of conversion per collision with a
paramagnetic molecule is only of the order 107. Obviously, if ortho-
positronium (0-Ps) is converted to para-positronium (p-Ps) because of
the shorter lifetime of p-Ps, the lifetime of o-Ps is reduced, or o-Ps is
quenched, and two-quantum instead of three-quantum annihilation takes
place. This kind of reaction was observed by Deutsch in his studies on
three-quantum decay of positrons in oxygen (5).

Meanwhile, in order to explain the anomalous dependence of the
lifetime of positrons on gas pressure in CCL,F, at pressures below 0.4 atm,
Deutsch has made the hypothesis of positron attachment to CCLLF; (5).
Ore studied the stability of the positron compound, indicated e*Cl" may
be stable (6), and established a dynamical stability of a lower limit of
0.07 eV to the dissociation of e'H™ (7, 8). Positronium chloride (PsCl)
was claimed to be stable in the calculation by Simons (9). If a Ps com-
pound is formed the o-Ps lifetime will be reduced considerably because
of the availability of electrons of both spin state to positron in the posi-
tronium compound.

When an 0-Ps atom collides with a molecule, the positron in the
0-Ps atom may sense electrons in the molecule in addition to its own
electrons; therefore, more annihilation may occur through the two-
quantum process. The possibility of this kind of pick-off quenching to
0-Ps was mentioned by Garwin (10) and Dresden (11), and discussed
thoroughly by Ferrell (12). Pick-off quenching reduces o-Ps lifetime in
liquid media to several nanoseconds or less.

Positron and Ps reactions can be studied by using the common
methods used in positron annihilation studies, annihilation lifetime
measurement, angular correlation, or Doppler broadening of the colinear
two-gamma quanta. The quenching rate and fraction of o-Ps formed
can be measured from the lifetime change and fraction intensity of the
0-Ps component (in general, the longest lifetime component) in lifetime
spectrum. The fraction of p-Ps formed and certain information regard-
ing the quenching rate of p-Ps can be estimated from the intensity and
the shape of the p-Ps component (in general, the narrow component)
in either angular correlation or Doppler broadening spectrum. The reac-
tion-rate kinetic equation of conversion was considered some years ago
by Dixon and Trainor (13). It has been studied by many workers. For a
thorough discussion of the kinetic equations, including the chemical and
other probable reactions, the reader is referred to the review by
Goldanskii (14).

The earlier works regarding Ps chemistry and positron annihilation
were collected in a monograph (15) and the proceedings of the first
International Conference on Positron Annihilation (16). Many review
articles have appeared during the last ten years and a partial list is
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referred to here (14-21). This article will briefly review recent studies
on Ps formation and Ps reactions in the radiation spur created by the
energetic positron.

Positronium Formation

Ore Gap Model. Using argon as an example, energetic positrons lose
energy quickly by collisions with argon molecules (atoms) to several
tens of electron volts (22). Then a positron may lose energy by ioniza-
tion either by inelastic and elastic collisions with argon, or it may pick
up an electron from argon,

e* 4+ Ar — Ps (e'e’) + Ar* (1)

Since positron and Ps are both very light, during Reaction 1 the energies
possessed by Ar and Ar* can be neglected. From the law of conservation
of energy we have

E(e) + I(Ps) = E(Ps) + I(Ar) (2)

where E is the kinetic energy and I is the ionization potential. Since all
the energies mentioned here can be only positive, we obtain the threshold
energy for e* at which it is able to carry out the above reaction, as

E(e") th = I(AI‘) —_ I(PS) . (3)

Because the ionization potential of most of the gases is higher than the

ionization potential of Ps (6.8 €V) in most of the media an energy thresh-

old (E(e*):n) exists at which positron is able to form Ps through Reaction 1.
From Reaction 2 we have

E(Ps) = E(e*) 4+ I(Ps) — I(Ar). (4)

If the energy possessed by the formed Ps (E(Ps)) is greater than the
ionization potential of Ps (I(Ps)), the Ps atom formed is not stable and
is easily dissociated upon consequent collisions. Therefore, only when
I(Ar) > E(e*) > (I(Ar) — I(Ps)), is there a chance for a positron
being able to form Ps through Reaction 1.

Positrons possessing energies higher than the lowest excitation level
of argon lose energy quickly through inelastic collisions and Ps formation
is not favorable. Therefore, only positrons with energies less than the
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lowest excitation level of the medium atoms, Ex(Ar), and higher than
the threshold energy, I(Ar) — I(Ps), stand a good chance of forming Ps.
This was the argument given by Ore (2). The energy range was named

Ex(Ar) > E(e’) > [I(Ar) — I(Ps)] (5)

Ore Gap by Ferrell (12). From the above considerations, the fraction
of Ps formed (I) is roughly within the following limits:

I(Ps)/I(Ar) > I, > [Ex(Ar) — I(Ar) + I(Ps)]/I(Ar)  (6)

As summarized by Green and Lee (15) the above model provided a
qualitative estimate of the fraction of positrons forming Ps in some simple
gases. The above theory was not expected to hold in compound gases,
dense gases, or liquids. Because of a lack of a satisfactory theory, it was
modified in order to provide a certain theoretical explanation for the
formation of Ps in media other than dilute simple gases.

Goldanskii considered the two competing slowing down and Ps for-
mation processes and incorporated some parameters which assessed the
effect of the slowing down process in the Ore Gap model (14). Tao and
Green described the effect of hot Ps reactions on the final yield of Ps (22).

As more experimental data are gathered, it becomes obvious that the
formation of Ps in condensed media is somewhat related to the positron
or Ps reactions with the hot radicals in the radiation spur produced by
the positron itself. Ache and his colleagues pointed out that the change
of free energy of electron-capturing reactions of many cations is related
to the saturation intensity of the long lifetime component (o-Ps com-
ponent) in aqueous solutions of the cations (23). They explained this in
terms of the Estrup—Wolfgang theory (24, 25) used for hot radical reac-
tions and obtained

— 0} 11 — Qreact ®mod - const
[ln(12/12 )] I + I- Sreact : Xreact (7)

where aeact = average logarithmic energy decrement per collision be-
tween Ps and solute species, amoqa = average logarithmic energy decrement
per collision between Ps and solvent (H:0), I = the reactivity integral,
S — the collision cross section of solute with Ps, X eset = the mole fraction
of the solute, I, — the intensity of the long lifetime component, and I,° =
the intensity at C = 0.
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Spur Model. Later, Mogensen suggested that Ps is formed when a
thermalized positron is under the coulombic attraction of an electron
in the radiation spur created by the positron so that they move together
(26),

e+ e — Ps. 8)
Based upon the Onsager equation the fraction of Ps formed is

P=1—exp(—ry/7:)
and

e = €2/e&kT (9)

where r, is the distance between a thermalized positron and a thermalized
electron in a medium with a dielectric constant of e, 7, is the critical
distance at which the potential energy of the pair is equal to the thermal
energy kT, and e is the electron charge. This is the spur model. This
model could explain the fact that the fractions of Ps formation in simple
liquid hydrocarbons are much higher than the simple Ore Gap theory
predicted. However, its usefulness is still somewhat qualitative. In a
medium with low dielectric constant such as nonpolar compounds, the
value of r, changes very little with density, while the value of r; reduces
with the increase of density. Therefore, this theory predicts an increase
of Ps formation with density in a dense, gaseous medium.

A modified spur model was proposed in order to bridge the gap
between the Ore Gap and spur models (27). It is proposed that in
condensed liquid media both Reactions 1 and 8 occur. Reaction 8 is
competing with the positive ions and electron scavengers, if present, in
the spur for the electrons

e +M->M* (10)
e -+ Sg— Sg (11)

where M* is a positive ion produced by the ionization effect of the positron
or other secondary electrons and Sg is an electron scavenger particle in
the spur. Therefore, Reaction 1 is not affected directly by the concen-
tration of an electron scavenger in the medium. In addition, because of
the presence of positive ions the maximum fraction of Ps may be formed
through Reaction 6 in only approximately o/ (« + 1), where « is the aver-
age number of ion pairs produced in the positron spur. From the above
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model a theory based upon a linear kinetic equation was developed. This
theory explained the Ps formation fractions in several homologues of
simple organic compounds better than the simple theory (27).

Other Recent Developments. Byakov has found that the relationship
between the intensity of the long lifetime component and solute concen-
tration is similar to that between G(H;) and solution concentration (28).
He and his colleagues also studied the role of dry electrons in Ps forma-
tion in polar liquids (29,30). One of their views, which is shared by
Tao (27) and many others, is that most of the electrons are still dry
when they combine with positron to form Ps.

Anisimov and Molin also studied the inhibition of Ps formation by
many electron acceptors (31, 32, 33).

Reaction kinetics show that equations governing the Ps formation
processes including Reactions 8, 10, and 11 are not linear. Based upon
this, Tao derived a nonlinear theory to describe the reactions in the spur
regarding Ps formation (34). From the shape of the calculated intensity
of the long lifetime component against the concentration of an electron
scavenger (acceptor) in a solvent, it can be deduced that there are at
least three kinds of electron scavengers existing in the spur competing
with the positron for electrons. One kind includes ionized and highly
excited particles which can be produced only from the primary reactions
by the energetic positron in the spur. The number of these particles is
limited and they cannot be replenished after being depleted. Therefore,
the intensity of the long lifetime component decreases with the concen-
tration of the electron scavenger very slowly at low concentrations and
decreases more rapidly at higher concentrations.

The second kind includes lowly excited particles which can be
produced in the spur via secondary reactions. The number of these
particles in a spur can be larger. The third kind includes nonexcited
particles. They are always there in the spur. If one of them is removed,
another may move into the spur by diffusion. Only for the third kind of
electron acceptors could there be strict correlation between the Ps yield
and rate constants of reactions with a solvated electron.

Certainly there are other views. In addition to the ones mentioned
before, Duplatre suggested that there are two kinds of electrons
which may react with positron to form Ps; one is dry electrons and
another, damp electrons (35).

Recent work on positron annihilation in dense Xe gas indicated that
at low Xe density the intensity of the long lifetime component (o-Ps) is
6% (36) and it increases with density to ca. 23% at 242 amagat (37).
This clearly indicates that 6% of o-Ps forms via Reaction 1 and the rest
of 0-Ps forms via Reaction 8. This kind of increase in the intensity of the
long lifetime component also has been observed when nitrogen is added
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to pure NO of low density (38, 39). More work on Ps formation in dense
gases and gas liquid transition will shed much light on the processes of
Ps formation in radiation spur.

Positronium Compounds

Owing to the short annihilation lifetime of positrons in a Ps com-
pound, it is difficult to identify a Ps compound by normal methods of
chemistry, even though the Ps compound may be stable in a chemical
sense. Ps compound formation usually is detected by the anomalous
characteristics in the annihilation processes. In gaseous media, because
of the long but separable lifetimes of 0-Ps and free positrons, their char-
acteristics are much easier to detect than those in condensed media. The
annihilation rate of the free positrons, A(€*), its equivalent effective elec-
tron charge, Z.«, and the o-Ps quenching rate, Aq(0-Ps) of some simple
gases are summarized in Table I.

The free positron annihilation rate in a gaseous medium should be
roughly the value calculated from the average density of electrons in the
medium provided other interactions are neglected. From Table I, the
values of Z obtained for some gases, such as Ar, N,, and O, are very
close to the number of electrons in their molecules. However, as men-
tioned before, the values of Z for CCLF; and particularly some chem-
ically active gases, such as NO, and Cl,, are much higher than their
number of electrons per molecule. This can be explained only by a

Table I. Annihilation Rates of Some Simple Gases®

Ae') Ag(0-Ps)
Gas Z ns! amagat™ Zegy nst amagat™

Ar® 18 0.0053 26 0.000255
Ny° 14 0.0058 29 0.00022
0. 16 0.0046 23 0.023
CO,° 22 — 24 0.00025
NOf 15 0.0069 34 0.029-0.15
NO,’ 23 — 720-1090 460
Cly* 34 — 1920 ~ 100"
Br,* 70 — ~ 24000 ~ 400
CCLF," 58 0.18 860 0.0068

‘; 11\{/[any earlier values can also be found in a review by P. A. Fraser (40).
ef. 41.
° Ref. 42.
4 Ref. 43.
° Ref. 44.
" Ref. 38.
? Refs. 43 and 456.
* Refs. 6 and 46.
¢ Shoulder and short tail part, the long tail part is only about 0.34 ns™! amagat™1.
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certain positron attachment (5) or positron compound forming during
the collisions, such as CCl,Fze* and NO,e*. This kind of positron com-
pound may be just a collision complex or in meta-stable state. However,
once positron is attached to this compound its annihilation rate increases
considerably to approximately 3 X 10° sec? because of high electron
density there. As soon as the chemical lifetime of the positron complex
or compound is longer than the collision time its effect will be detected.

The highest known ratio of the Z/Z is only ca. 300. In terms of
collision cross section, it is of the order of about 108 cm?. The variation
among the quenching rates, A,, of different gases to 0-Ps is much greater.
The ratio of the highest to the lowest A, reaches 10°. The collision cross
section calculated from the quenching rate reaches 107 cm? or the
dimension of the molecules. The high value of the collision cross section
indicates that nearly every collision is effective. During the collisions
there are two possibilities; using NO; as an example, one is the removal
of electron from the o-Ps,

Ps 4+ NO; » NO;” + €' (12)
and another, a compound formation,

Ps + NO, = NOge* + e (13)
or

Ps 4+ NO; — NO.Ps. (14)

If the electron removal (Reaction 12) is the case, the free positrons
produced by the reaction should annihilate at the lifetime of free positrons.
Consequently, the intensity of the free positron component in a gas with
high density of NO, should be nearly the total intensity of the positrons
annihilating there, or the intensity of the free positron component plus
the intensity of the 0-Ps component which appears at lower densities of
NO; in a gas or gas mixture of the same total density. Experimental
results have shown that the intensity of the free positron component
remains nearly unchanged before and after the emergence of the o-Ps
component when the density of NO, is varied in an NO, and N; mixture
of the same total density (38, 39, 43). Therefore, this is not the case.

If Reaction 13, the formation of a positron compound NO.e* is
assumed, a situation similar to the last one will result owing to the fact
that NO.e* is not expected to be a highly chemically stable compound
since the free positron annihilation rate in NO, is much lower than the
0-Ps quenching rate in NO..
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Therefore, it leaves the formation of a Ps compound, NO.Ps, the
most likely process. The annihilation lifetime of a Ps compound is
expected to be roughly 3 X 1071 sec. The o-Ps component separates
from the prompt peak when the concentration of NO, is reduced to a
point such that the lifetime of the o0-Ps component is long enough and
separable from the prompt peak.

For Cl,, the 0-Ps component consists of two parts at high Cl, con-
centrations (42,43). One part appears at a higher Cl, concentration as
a small shoulder and a short tail attached to the prompt peak, and another
part appears as a long tail at lower concentrtion. The quenching rate at
the shoulder and short tail part is about 300 times higher than that at the
long tail part. The high quenching rate at the shoulder must be caused
by some Ps reactions which take place only when Ps is hot. It can be
attributed to the reaction of

PS + Cl, - PsCl 4 Cl. (15)

If the dissociation energy of PsCl is lower than that of Cl, (2.5 eV),
Reaction 15 is endothermic and only Ps atoms with energy greater than
the difference between the dissociation energy of Cl, and that of PsCl
can undergo this reaction. Once a Ps atom is slowed down below this
threshold energy, it is not effective. Since the threshold energy is esti-
mated as not very high, about 0.5-1.0 eV, the dissociation energy of PsCl
is estimated to be ca. 1.5-2.0 eV. The possible bound state of positron
halides has been studied by Mogensen and his colleagues (47, 48).

On the theoretical side, recently the binding energies of some organic
positron and Ps complexes have been calculated by Ache and his col-
leagues using approximate molecular orbital theory (49). A similar study
has been made by Goldanskii and his colleagues (50). A more thorough
study for positron affinity, Ps affinity of many organic as well as inorganic
compounds and binding energy of some Ps compounds have been carried
out by Schrader and Wang (51). Calculations for Ps halides also have
been carried out by Cade and Farazdel (52).

Positronium Reactions

There are two kinds of Ps reactions which are important in the posi-
tron radiation spur. First, there are the very fast Ps or positron reactions.
Secondly, there are the hot radical reactions, and the hot radicals can be
positron, Ps, or the radicals created inside the spur.

The very fast Ps reactions such as the reaction between Ps and NO,
can happen both inside and outside the positron spur. If the concentra-
tion of the reactant NO; is high enough, most of the reaction happens
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inside the spur and no o-Ps can escape the spur before being reacted.
However, this kind of reaction can be detected easily by its fast reaction
rate in very dilute concentrations of the reactant, such as NO,, and in an
inert solvent, such as N,.

The hot radical Ps reactions mainly happen inside the spur. Using
Cl; as an example, some of the possible reactions are shown below

Ps (hot) 4+ Cl; — PsCl1 4 Cl (15)
Ps 4 Cl — PsCl (e'Cl") (16)
Ps+ Cl-> e 4 CI 17

e" + Cl— e'Cl (18)

e + ClI"— e'Cl (19)

Ps (hot) 4+ Cl; > e* 4 Cly . (20)

Reaction 15 has been discussed in the last section. The chlorine
radical Cl in Reactions 16, 17, and 18 is the product of the dissociation of
chlorine molecules by the energy inside the spur and the chlorine ion CI
is the product of the chlorine radical accepting an electron in the spur.
Except for Reaction 15, the other reactions are not likely to happen in
dilute or moderately dense gaseous media because of the large size of
the radiation spur and the fast diffusion of all the species produced inside
the spur. However, in dense gaseous or condensed media the situation
should be different.

Reaction 16 is expected to happen readily in dense media. Whether
the product is a Ps compound PsCl or e*Cl" or a highly dissociated e* and
CI" (Reaction 17) will depend on the total energy possessed by the PsCl
collision complex.

If the energy is low, PsCl is expected to be stable. If the energy is
high, a highly dissociated state of e* and Cl- may exist under their mutual
coulombic attraction. During the de-excitation or slowing down of e’
and CI, if they move toward each other, a PsCl will form; if they move
apart because of collision with other particles, ' may be separated from
CI' with very little interaction between them. Reaction 18 is possible
providing Cl is a positron aceptor. At present, there has been no indica-
tion that Cl is a positron acceptor. However, other species of radical
positron acceptors may exist. Reaction 19 may occur if both e* and CI°
are nearly thermalized and under the attractive influence of each other.
However, this is the consequence of an electron-scavenging reaction of
this type of reaction (11).
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If the electron attachment energy is smaller than the ionization
energy of Ps, a hot Ps is required to react through the reaction (20). This
is a type of hot Ps reaction used by Ache and his colleagues to describe
the reduction of the intensity of the o-Ps long lifetime component in many
oxidizing agents in aqueous solutions (23,53). Part of this has been
mentioned in Section II-B. They considered the reaction of the follow-

ing type

Ps (hot) > e* ¢
A'te—-A . (21)
A* + Ps (hot) > "+ A

Using a similar concept, the change of the free energy in the redox
process is related to the intensity of the long lifetime component for
many redox pairs in aqueous solutiens, and the redox potential of Ps is
evaluated (23).

Any hot radical Ps reactions which take place inside the spur will
change the intensity rather than the lifetime of the o-Ps component,
particularly in condensed media, where o0-Ps lifetime is short. Therefore
it is difficult to distinguish this effect from the effect of electron scav-
enging by radicals which reduces the fraction of 0-Ps formed. In addi-
tion, many radicals or species which are good electron acceptors, are
naturally good Ps acceptors from an energy point of view. If Reaction 11,
using Cl as an example,

e+ Cl->ClI
is exothermic, Reaction 16

Ps + Cl— PsCl

also should be exothermic because Reaction 19
e* 4 Cl"— (e*CIl")

must be exothermic. There is a possibility that Reactions 11, 16, and 19
all occur in the spur if a strong electron acceptor is present.

However, it has been shown that strong electron acceptors are not
necessarily either strong Ps formation inhibitors or strong Ps lifetime
quenching agents (27,54). One reason could be that only reaction of
reactions type 10 and 11 are involved for the electron scavenging (or
accepting) process, but many more reactions are involved for the reduc-
tion of Ps formation. Besides, Ps formation inhibition reactions only
happen inside the spur before solvation takes place. Although this situa-
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tion may make the Ps formation and fast Ps reaction processes quite
complicated, these processes possibly can be sorted out clearly as shown
by the case in NO, (38, 39). If so, much information about hot radical
processes in the radiation spur can be obtained.

Outlook

The development of the Ore Gap model, spur theory, and their
subsequent studies and modifications have brought Ps chemistry directly
into the realm of hot radical chemistry happening in radiation spur. The
information gathered from positron and Ps annihilation studies are dif-
ferent from those obtained from purely electron reaction studies. How-
ever, these two distinct paths of knowledge are complementary.

From the study of reactions of Ps and positrons, it is expected that
some properties of fast hot radical reactions happening in the radiation
spur in the first 10 psec or so, including the dry electron or damp electron
reactions, can be investigated.

In order to separate the various processes more clearly, the work
should be performed in dense gaseous media and gas-liquid transitions
as well as in dilute gases and condensed media. It also is hoped that
more theoretical calculations on positron and Ps compounds or complexes
can be performed to determine the exact positron wave function in these
compounds as well as the stabilities of them.
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Verification of the Spur Model of Positronium
Formation and Fast Reactions of Spur Electrons
as Studied by the Positron Annihilation
Technique

YU. N. MOLIN and O. A. ANISIMOV
Institute of Chemical Kinetics and Combustion, Novosibirsk 630090, USSR

The following experimental facts that support the spur
model of positronium formation were verified: (1) the
inhibition effect of transition metal cations; (2) the inhibition
effect of electron acceptors in liquids and its absence in
gases; (3) a higher intensity in polycrystalline alcohols than
in liquids or glasses; and (4) a decrease of the intensity in
some liquids under an electric field. Weak electron acceptors
either remove or reduce the inhibition effect of strong elec-
tron acceptors. The anti-inhibition effect should be used to
study fast spur electron reactions.

For many years much attention in the application of the positron annihi-

lation technique has been given to studies of the reactions of posi-
tronium (Ps) atoms (see, e.g., Refs. I and 2 and the other chapters in
this volume ). These are the simplest analog of the hydrogen atom. The
problem of Ps formation has attracted much less attention since the
mechanism of Ps formation seemed to have no analogs among the usual
chemical processes. Lately the situation has changed sharply. Mogensen
(3) and, independently of him, Byakov et al. (4, 5) assumed that in the
condensed phase Ps is formed as a result of a spur reaction between the
positron and a secondary electron in the positron spur but not by the
Ore model (6), which is realized in the gas phase. This new model,
known as the spur reaction model, opened a wide field for application of
the Ps method—studies of fast spur reactions—which holds great interest
for specialists in radiation chemistry.

0-8412-0417-9/79/33-175-179$05.75/1
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We discuss briefly the features of the two models mentioned above
and the interpretation of basic experimental facts within the spur model.
Discussion of experimental data in terms of the Ore model is in Refs. 1
and 2.

In the Ore model Ps is formed during the slowing of the positron
when an electron is “picked off” of a neutral molecule of the medium.
Ps formation is endothermal by V — 6.8 eV, where V is the ionization
potential of the molecules, and 6.8 eV is that of Ps. Hence, the posi-
trons only that have an energy not less than Epyy = V — 6.8 €V can
form Ps. On the other hand, at a high kinetic energy of the positron its
slowing, caused by ionization and excitation, prevails over Ps formation.
Therefore, it is assumed that the maximum energy of Ps (Epax), at which
Ps formation is still possible, equals either the ionization potential, V, or
the first excitation potential, E*. If the kinetic energy distribution of the
positrons is random after the final excitation act (ionization), we have
the following expression for the probability of Ps formation:

me—Emn A
PPS= aE ! =E (1)

where A is the width of the so-called Ore gap. At Epax = E*, A = E* —
(V — 6.8 eV). If the electron excitation is neglected and account is taken
of only ionization, then E,,x — V and A — 6.8 eV. Hence, in the Ore
model the Ps formation probability, Pp,, lies in the interval

68 E* — (V —63)
V > PPs > Eq» . (2)

Equation 2 usually predicts a correct value of Pp,. In a number of
cases, however, a lower value is observed experimentally. For example,
Pp, decreases when small amounts of some substances are added. In the
Ore model a decrease in Pp, (inhibition of Ps formation) is associated
with many factors. For example, it is assumed that not all positrons that
enter the Ore gap as they slow, form Ps. Positron capture by the mole-
cules, annihilation upon encounters with the electrons, and the slowing
that removes the positrons from the Ore gap must compete with this Ps
formation. In the condensed phase the probability of Ps formation must
decrease because of the absence of free volume that can be occupied by
the Ps atoms formed. Formally, this situation can be described by Equa-
tion 2 with account taken of the energy of positron and Ps affinity of a
given medium (i.e., the energy required to take a positron (Ps) out of
this state and remove it from the medium). Finally, according to the Ore
model, the Ps atoms formed can have excess kinetic energy. These “hot”
atoms may enter chemical reactions so fast that experimentally the results
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are observed as inhibition of Ps formation. Taking into account the above
considerations, the Ore model describes satisfactorily the results of vari-
ous experiments. However, the parameters used (e.g., cross section of
the capture of positrons and hot Ps atoms, the positron and Ps affinity of
condensed media) are generally unknown. Therefore, interpretations
are often speculative.

In the spur model it is assumed that Ps is formed as a result of a
spur reaction between the positron and a secondary electron in the posi-
tron spur. The positron, losing the last 100-200 eV of its kinetic energy,
creates several secondary electrons and the corresponding positive ions.
After thermalization of the electrons and the positron, one of the electrons
can interact with the positron, owing to coulombic forces, and form Ps.
This process competes with recombination of the electrons and the posi-
tive ions and also with diffusion of the electrons out of the spur. Reac-
tions of the electrons or the positron with the solvent molecules or with
scavengers in the spur as well as solvation of the electrons and the posi-
tron or their “trapping” in the solid matrices also will decrease the proba-
bility of Ps formation. In general, this probability depends on any process
that influences the conditions of charge recombination in the spur. Some
of these processes are:

e'+ e = Ps;
M+ e —> M;
Ac+ e —>Ac

S+e—>e.

The spur model of Ps formation allows us to give a new interpreta-
tion to most experimental data on the probability of Ps formation in con-
densed media. Mogensen (3,7) pointed out that most of the inhibitors
of Ps formation are good electron acceptors, and the inhibition efficiency
usually correlates with the reaction rate constants of the solvated elec-
trons with these inhibitors. Byakov and others (4, 8) showed that the
inhibition efficiency correlates even better with the rate constants of the
corresponding reactions of the “dry” electron, which were obtained by
picosecond radiolysis. These facts can be interpreted naturally by the
spur model.

The well known decreased Ps yield in polar liquids vs. nonpolar
liquids was accounted for (8) by solvation of the electrons (probably
of the positrons too). This correlates well with a decreased probability
of the initial recombination of the electrons and the parent jons in radia-
tion chemical processes. A considerable difference in the Ps yield in the
liquid and crystalline phases of water and methanol also is associated
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with solvation effects (3). The anomalously small values of Pp, in liquid
inert gases were ascribed to larger sizes of the spur (8). Finally, a de-
crease in Pp, under an external electric field in polymers (9,10) and
paraffins (10) finds its natural interpretation within the spur model in
Ref. 11.

Later, new data that fit the spur model were published. The correla-
tion of the inhibition effect of some electron acceptors with the excess
electron work function, V,, in nonpolar solvents was found and discussed
in terms of the spur model (12, 13). An increase in the probability of Ps
formation when proton scavengers (dioxane and triethylamine) were
added was observed (14). Jansen (13) proposed that the proton scaven-
gers react with the positive parent ions and form products that cannot
capture electrons. This increases the probability of electron reaction with
the positron.

Although there are now many facts that favor the spur model, there
are some that contradict it. Some exceptions to the correlation between
the inhibition efficiency and the rate of the electron capture by the mole-
cules were observed. For example, the inhibition effect is anomalously
small or absent for such effective scavengers as CS,, naphthalene, acetone,
cysteine, sodium salicylate, and others (3,15, 16). At the same time, a
weak electron acceptor such as SeO,? is a strong inhibitor of Ps forma-
tion (16).

As shown in Ref. 17, it is difficult to explain in terms of the spur
model the specific form of the concentration curves of the Ps yield in
C,H,I and C,H;Br solutions. For these inhibitors, as well as for many
other halogen-substituted hydrocarbons in nonpolar solvents, the Ps yield
stops decreasing when a certain concentration is reached. These facts,
also observed for many metal cations in water solutions (18), were inter-
preted successfully (17,19) by the Ore model and the concept of the
“hot” Ps atom.

Most of experimental data on the probability of Ps formation in
condensed media can be accounted for in terms of both models, as has
been done in some recent papers (19, 20). At the same time, Tao assumed
(15) that the mechanism of Ps formation must combine the Ore and the
spur models; the reactions of the positrons and electrons with the free
radicals in the spur were an important complicating factor.

Therefore, it is important to find methodical criteria and to carry
out special experiments so that a choice can be made between these two
models. This procedure will allow one to outline the range of problems
that can be solved by the Ps annihilation technique. The aim of this
chapter is to contribute to verification of the spur model and to propose
some applications of the Ps technique to studies of the fast reactions of
spur electrons.
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Experimental

In our experiments, information on the value of the probability of
Ps formation was obtained by an analysis of the positron lifetime spectra.
Positron annihilation follows several mechanisms; therefore, the lifetime
spectrum represents a superposition of several exponents, each charac-
terized by its own lifetime =. Since the component of the spectrum that
corresponds to the positron annihilation via ortho-positronium (o-Ps) for-
mation is characterized by the longest lifetime, this time (72) can be
calculated readily from the “tail” of the time distribution curve, which
is described by an exponent with a lifetime r,. The experimental spectrum
is given by a set of points that are somewhat spread; hence, to calculate
a correct 75, one needs an averaging procedure. The most accurate 7,
estimated from the exponential curve can be obtained if one divides the
first moment of the curve by the area under the curve (the sum of decays
on the tail). This method was used in our measurements (21). Knowing
2 and the sum of decays on the tail, by extrapolating the exponential
curve to zero time distribution, we obtained the intensity of the long
lifetime component of the spectrum, I,. A correction was introduced,
which took into account the prompt coincidence resolution curve. Since
the statistical weight of p- and 0-Ps are 1/4 and 3/4, respectively, I, —
3/4 Py, if 0-Ps is not involved in chemical reactions before annihilation.
Otherwise, the relationship between I, and Py, is more complicated (7).

The Ps lifetime spectra in condensed matter were recorded by a
setup made by the standard scheme of fast—slow coincidences using a
Nokia LP 4840 analyzer. As a source of positrons we used *Na, with an
activity of about 5 uCi, as the NaCl salt, sealed into a thin Mylar film.
Plastic scintillators, 4 cm thick and 6 cm in diameter, and FEU-30 photo-
multi})lier tubes (USSR) were used. The first moment of the curve was
calculated using a specially designed block. The first moment and the
sum of decays on the tail were calculated separately for the studied and
the background (CCly spectrum with I, — 0) curves. After processing
the data as described above, the reproduction of the measured values
(with the decays on the tail being 5000-10,000 pulses) was Ar; = 0.05
nsec and Al, = 1% (absolute %, i.e., in the units shown in Figures 2-8).
The time necessary to gather these statistics for most of the liquids under
study was about 10 min. The time resolution of the equipment was about
1 nsec (FWHM). The stability of the equipment allowed shorter times,
0.4-0.5 nsec, to be measured after the background curve was subtracted.
The positron source and the samples were placed between the scintilla-
tors in ampules whose diameter was 1-2 cm. The solutions were not
degassed. At low temperatures all measurements were done in a Dewar
flask (1 cm id, 2 cm od). The reagents were CP grade.

Results

Inhibition Effect of Transition Metal Ions in Solutions. Among the
experimental data used to verify the spur model, those on the influence
of scavengers on the long lifetime component intensity (I,) appear the
most often. As noted, these data are consistent in most cases with the
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spur model. However, for transition metal cations there are discrepancies
that demand additional investigation.

The inhibition effect of some cations in water solutions was observed
(18, 22, 23, 24) before the spur model was developed and was attributed
to the reactions of nonthermalized Ps atoms with the cations. Later,
Mogensen (3) and Byakov (4) interpreted these facts in terms of the
spur model by spur electron capture. Refs. 4, 5, 7, and 8 give arguments
in favor of the fact that the electron does not have enough time to be
solvated and reacts as a “dry” electron. From the analysis of data on
inorganic ions, which are strong quenchers of Ps (in particular, transition
metal cations), Tao concluded that these cations have no inhibition
effects (15). He believed that this result contradicts the spur model since
the cations in question effectively accept the electrons. On the other
hand, Mogensen and others contend that a thorough analysis will reveal
the quenching and the inhibition effects in similar systems (7).

The above contradiction is probably associated with difficulties of
I, measurements in solutions of strong quenchers. The introduction of a
quencher decreases the time, 72, and as r, approaches the free positron
lifetime, the accuracy of I, measurements falls sharply. Therefore, for
strong quenchers the range of pronounced changes in I, may lie beyond
the limits of available measurements.

To overcome this difficulty, it is necessary to diminish the quenching
effect of the cations—i.e., to diminish their reaction rate with the thermal
Ps atoms. For this purpose we used two methods. One was to increase
the solvent viscosity. Since the quenching effects of transition metal cat-
ions is probably limited by diffusion, the rate constant of the thermal Ps
atom must decrease with increasing viscosity. The other method was to
use water—higher alcohol mixtures as solvents. Shantarovich et al. (25)
showed that in water—propanol mixtures the rate constants of thermal Ps
atom quenching by cations are 0.1-0.02 times those in water solutions.

Therefore, water-2-methyl-2-propanol mixtures (12 mol % alcohol)
and glycerol were used as solvents. Co?*, VO*, Mn*, Ni*, Fe®, and
Cu?* salts served as typical quenchers. In the range of concentrations
studied the time, 7., for all the salts in glycerol and for CoCl,, NiCl,, and
VOCI; salts in water-2-methyl-2-propanol was practically the same as in
pure solvents (7, — 2.2 nsec in glycerol and r; = 3.2 nsec in 12 mol %
2-methyl-2-propanol-88 mol % H;0). For stronger quenchers, FeCl; and
Cu(ClO,),, in water—alcohol mixtures we observed a small decrease in 7;
however, in all cases 7, was not less than 1.5 nsec.

The results of I, measurements in water-2-methyl-2-propanol are pre-
sented in Figure la. In Figure 1b all the curves are transformed to one
curve by changing the scale along the concentration axis; the transforma-
tion coefficient, g is the measure of the relative influence of various cations
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Figure la. Cation inhibition effects in water—2-

methyl-2-propanol and in glycerol. Plots of 1,/1,°

vs. concentration of cations (C) in 12 mol % 2-methyl-
2-propanol-88 mol % water (26).
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Fiiure 1b. Cation inhibition effects in water—2-methyl-2-propa-

nol and in glycerol. Plots of 1,/1,° vs. the reduced concentration

(BC) where B is the coefficient of changing the scale along the
concentration axis (26).
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Figure lc. Cation inhibition effects in water—2-

methyl-2-propanol and in glycerol. Plots of 1,/1,°

vs. C for glycerol with 4% water, (V) (26). (Some

curves for 2-methyl-2-propanol-water mixture are
given for comparison, (V).)

on I,. Figure lc gives experimental data for Co(ClO,). and FeCl; in
glycerol. The water content in glycerol was 4% this gave a viscosity of
approximately 700 cp at 21°C.

The results (26) show that all Ps quenchers studied are simultane-
ously strong inhibitors of Ps formation. Thus, these results fit the data of
Ref. 7 and contradict those of 15. Since the cations studied are effective
solvated electron scavengers, our results agree with the spur model. In
Table I the inhibition efficiency, 8, is compared with the rate constants,
K., of the solvated electrons with the corresponding cations. According

Table I. Relative Efficiency of the Inhibition Effect 8 and the Rate
Constants of Solvated Electron K.- in Water Solutions (26)

Cation B K, 10, M sec™ (27)

1 2 3

Fed* 1 —

Vo 0.56 —

Cu® 0.33 3.3

Ni 0.14 2.3

Co* 0.10 1.3

Mn? 0.08 0.008

Khimiya Vysokih Energii
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to the spur model, large values of K.- correspond to higher inhibition
effects. At the same time, there is no direct proportionality between g
and K.-. This is perhaps because in Ps formation, as assumed in Refs. 4
and 7, dry, not solvated, electrons participate. Also, in comparing 8 and
K.-, one must take into account the possible influence of the anions on
the probability of Ps formation (28, 29).

The inhibition effect of transition metal cations can be interpreted
also in the Ore model on the basis of nonthermalized Ps atom reactions
(23,24). Thus, our results agree with the spur model but do not exclude
the Ore mechanism.

Phase Transition Effects. The spur and the Ore models lead to
different conclusions concerning the influence of the phase transition on
the probability of Ps formation. This discrepancy can be used for addi-
tional experimental verification of the spur model.

Gas-LiQumn. At present there is probably no doubt that the Ore
mechanism is the only possible one for Ps formation in gases. The spur
mechanism cannot be important here since the spur electrons leave the
range of effective coulombic interaction with the positron because of the
low density of the medium. However, according to the spur model, re-
combination of the electron and the positron in liquids is the main channel
for Ps formation. Thus, if the inhibition effect of scavengers in the liquid
phase is associated with spur electron capture, it must vanish in the gas
phase.

To verify this prediction, we studied typical electron scavengers,
Freon 12 (CF;Cl;) and SFg, in the liquid phase. In the gas phase Ps
formation for these substances was studied in detail earlier. CF,Cl, and
SF¢ gases show no inhibition effect, and their values of I, are 36 and 32%,
respectively (30,31). These values are close to those estimated in the
Ore model. The results of I, measurements for solutions of CF,Cl, in
1-decane and SFg in 1-hexane are given in Figure 2. Both compounds
show the inhibition effect. The value of =, does not change with inhibitor
concentration. The value of I, measured in liquid Freon 12 at —29°C
is 4%.

The results agree with the assumption that in the liquid phase the
Ore mechanism is replaced by the spur mechanism. Indeed, CF,Cl, and
SFe capture the electrons in a dissociative manner and form Cl° (32)
and F~ (33). In the spur mechanism this capture results in the inhibition
of Ps formation.

On the other hand, in the Ore model the mechanism of inhibition of
Ps formation by scavengers (positron capture, reactions of epithermal Ps
atoms, and so forth) might remain effective in both phases. The assump-
tion that Ps formation is hampered in liquids by the decreasing free
volume might be an alternative interpretation within the Ore model.
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Figure 2a. CF,Cl, and SF; inhibition effects. Plots of 1, vs. the mole fraction
of CF,Cl, in decane; the point for pure CF,Cl, was obtained at —29°C.

However, in many liquids of different densities, the Ps yields are high
(I; = 40-50% ); Ps yields are approximately the same in the gas and
liquid phases of ethane and propane and are about 40% (7). From this
viewpoint it is difficult to explain the inhibition when small amounts of
Freon 12 and SFs are added to the liquid (Figure 2). Thus, the experi-
ments provide evidence for the spur mechanism of Ps formation in liquids.

The saturation of the curve of I, vs. SF¢ concentration can be ex-
plained readily in terms of the spur model. It is known from gas experi-
ments (33) that a SF¢ molecule captures an electron in both a dissociative
and a nondissociative way. As shown below, the latter mechanism may
not lead to inhibition of Ps formation.

LiQuip, GLAsS, AND POLYCRYSTALLINE PHAsEs. According to the spur
model, the probability of Ps formation must depend on the phase of the
condensed substance because the phase influences the charge recombina-
tion in the spur. The spur electron (positron) capture or solvation results
in a considerable slowing of the recombination of the electrons captured
(10°® sec) as compared with the fast initial recombination (107 sec).
Since the free positron lifetime in a condensed medium is 1071 sec, the
electron (positron) solvation or capture must prevent Ps formation. Thus,
it follows from radiation chemical data that the number of spur electrons
that are avoiding the initial recombination is determined by the yield,
G.-, of the electrons solvated or captured by traps. For polar substances,
such as water and alcohols, this value is G.- =— 1-3 electrons/100 eV for
the liquid and glassy phases. In the crystalline state G- ~ 0 for some
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substances since the concentration of defects that can trap the electrons
is small. Thus, the spur model predicts a considerable increase in Ps yield
in the crystalline phase as compared with that in the liquid phase. At the
same time, no such difference is observed between the liquid and glassy
states.

Table II shows the intensity and the lifetime of the long-lived com-
ponent of Ps annihilation in the liquid, glassy, and crystalline phases for
some alcohols and water at various temperatures (34). This table also
presents the values of G- taken from Ref. 27. The samples represent
sealed, thin-walled ampules with the substance and a positron source.
These were frozen in a Dewar flask that was filled with liquid nitrogen
or cooled acetone. Glassy methanol at 77 K was obtained by adding 4%
water. The results of repeated experiments were reproduced well in all
cases except for frozen 1-heptanol. This discrepancy was associated per-
haps with incomplete identity of crystallization conditions in different
experiments.

Table II shows that the long lifetime component intensity, I, in the
crystalline state is larger than in the liquid or glassy states. At the same

Table II. I, Measured and G.- in Liquid, Polycrystalline,
and Glassy Alcohols (34)

Ge-
T electron I, s
System Structure (K) 100 eV (%) (nsec)

Water liquid 293 2.6 26 1.8
polycrystal 255 0 50 0.8

Methanol liquid 293 1.1 17 3.0
polyerystal 77 0 34 08

glass 77 2.2 15 1.7

tert-Butanol  liquid 300 — 20 3.2
polyerystal 188 0 38 1.2

77 0 44 0.8

n-Heptanol liquid 293 — 21 3.1
polyerystal 77 0 34 1.0

77 0 31 1.1

77 0 36 0.9

Ethanol liquid 293 1.0 22 3.0
glass 77 2.3 22 1.3

n-Propanol liquid 293 1.0 21 3.0
glass 77 — 24 1.3

tso-Propanol  liquid 293 1.0 22 3.2
glass 77 1.1 24 1.3

n-Butanol liquid 293 — 21 3.0
glass 77 — 23 13

Khimiya Vysokih Energii
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time, on freezing (particularly in the crystalline state) r, decreases. In
discussing these results one should remember that the nature of the long
lifetime component in crystalline organic substances is still questionable.
Some authors (15, 35) believe that a short time, ., and the absence of
the narrow component in the spectrum of the angular correlation of
annihilated gamma quanta indicate that in organic crystals no Ps is
formed. On the other hand, it has been found (36) that the long lifetime
component in ice results from Ps formation. Brandt and Wilkenfeld have
theorized that a decrease in 7, and a broadening of the annihilation long
lifetime component on freezing are associated with a decreasing volume
available for localization of Ps, and they do not remark on its absence (10).

If we assume that in all the substances studied the long lifetime
component corresponds to o0-Ps, the results obtained agree perfectly well
with the spur model. Indeed, in polycrystals, where Ge- ~ 0, no spur
electron capture occurs, and the probability of Ps formation is maximum.
Note that the probability of Ps formation in liquids at room temperature
and in glasses at liquid nitrogen temperatures is approximately the same.
An important conclusion for radiation chemistry can be drawn from this
fact in regard to the spur model. Obviously, during the times of electron
and positron initial recombination (about 1072 sec), liquids and glasses
behave identically. Thus, the molecules of the liquid do not have enough
time for reorientation so that the initial electron (positron) capture
occurs in liquid alcohols as in glasses—i.e., by the traps that already exist.
This conclusion agrees with results obtained by Byakov et al. (8), who
showed that I in liquid alcohols is temperature independent.

An increase in the long lifetime component intensity, I,, has been
observed recently (37) in the crystallization of various amides. This
observation agrees with the spur model. On the other hand, in nonpolar
substances—e.g., in hydrocarbons—freezing either does not influence I,
or it decreases it (35, 38). In nonpolar substances, as known, the spur elec-
tron capture is hardly probable (G.- ~ 0) independently of the phase
state. A decrease in I, in these substances is most likely associated with
a decrease in the free volume.

Influence of an Electric Field. Comparatively sparse available data
on the influence of an electric field on the probability of Ps formation in
the condensed phase have been analyzed in detail by Mogensen (11) on
the basis of the spur model. He showed that a decrease in the Ps yield
in an electric field observed experimentally is in good agreement with
the spur model and cannot be explained in terms of the Ore model.

The spur model interprets these results as follows. The field removes
the positron and the electron from the positron spur and prevents their
recombination—i.e., Ps formation. Similar effects were observed in radia-
tion chemical experiments, which showed that an electric field decreases
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the probability for initial recombination of the electron and the parent
ion in the electron spur. Our results (39), which are considered below,
verify this assumption.

We studied the influence of an electric field on the probability of Ps
formation in liquids—tetramethylsilane, isooctane, 1-hexane, benzene,
and hexafluorobenzene. The field strength, E, varied from 0 to 40 kV/cm.
The liquid and the positron source were placed between the capacitor
plates, which were 0.5 cm apart. The results of I measurements are
given in Figure 3. In all the liquids (except hexafluorobenzene) I, falls
with increasing E, which conforms to the spur model. The scale of the
effect corresponds approximately to the results obtained by Brandt and
Wilkenfeld for 1-hexane and other linear liquid hydrocarbons (10). The
absence of the effect in hexafluorobenzene must be attributed to the fact
that its molecules capture the electrons and form anion radicals Ce¢Fg.
This capture, as shown below, does not prevent Ps formation. However,
it may accelerate the slowing of the spur electron and thus decrease the
initial distance between the electron and the positron in the spur, which
leads to a decreasing influence of the electric field.

To interpert the results qualitatively, let us assume that, as in radia-
tion chemical processes, in a low electric field the probability of recombi-
nation of the positron and the electron decreases by the factor (40)

P — exp(—rc/7,) (er./2kT) E (3)

where 7, is the initial distance between the charges in the pair, r. = €2/
kT is the critical distance corresponding to the equality of the energy of
the coulombic charge interaction and the thermal energy, and ¢ is the high-
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frequency dielectric constant of the medium. If Ps is formed, the situa-
tion becomes more complicated since the electron interacts with at least
two particles, the positron and the parent ion. If, as a first, rough approxi-
mation one takes into account only the electron—positron interaction, the
influence of an electric field on I,, according to Equation 3, must be
described by:

I,(E)/I5(0) =1 — exp(—rc/To) (ere/2kT) E. (4)

With this formula and the data of Figure 3 one can calculate 7,, the
initial distance between the electron and the positron after their thermali-
zation. In all cases (except hexafluorobenzene) calculations give approxi-
mately the same value of r, ~ 100 A, which is close to the intercharge
distance in the electron spur of nonpolar organic liquids known from
radiation chemical experiments. Thus, the results are in accordance with
the spur model. Note, however, that the distance, r,, does not increase
with electron mobility in the systems studied, as predicted (1I) on the
basis of the spur model.

Anti-inhibition Effect. The spur model predicts that in a general
case, electron (positron) acceptors must decrease I, since they capture
the spur electrons and compete with Ps formation. Indeed, as noted
earlier, most electron acceptors are inhibitors of Ps formation, and the
inhibition efficiency indicates the reaction rate between the electron and
the acceptor. However, there are some exceptions (see e.g., Refs. 3 and
15). We have shown (42) that active electron acceptors such as CO,
and C¢F¢ have no inhibition effect. However, these facts must not be
considered arguments against the spur model. Additional experiments
with such compounds provide one of the most convincing evidences for
the spur model.

We have found that the compounds mentioned either remove or
reduce the inhibition effect under certain conditions. We call this phe-
nomenon an anti-inhibition effect. Some results are listed in Table III.
As shown, those molecules that have an electron affinity possess anti-
inhibition properties—i.e., fluorobenzenes, perfluoropyridine, naphthalene
and its substituents, CS,, and CO,. The anti-inhibition effect increases
with the concentration of these substances. Molecules that possess no
electron affinity (dioxane, 2-methyl-2-propanol, and argon) do not influ-
ence the inhibition effect.

The anti-inhibition effect cannot be understood within the Ore model,
but the spur model gives a natural interpretation. Indeed, the reactions
of CS,, CO,, C¢Fe, and naphthalene with the electrons result in molecular
anion radicals with comparatively small electron-binding energies [elec-
tron affinity of molecules usually does not exceed 1.5eV (42)]. However,
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Table III. I, in the Presence of Inhibitors

Inhibitor
Concentration
Solvent Inhibitor (M) Addition

1 2 3 4

Benzene CeH5I 0.06 CeFg
0.06
0.06
0.06
0.06
0.45
0.45
Hexane 0.06
Benzene CeH;NO, 0.007
SnCl, 0.012
0.012
CGH5I 0.06 C5F5N
0.06 CF3;CsH,CF3
0.06 Ce¢FsH
0.06 m-CngH.;
0.06
0.03 CS,
0.03 CioHsg
0.03 a-naphthylamine

the cross section of the interaction with the electron may have the same
value as that for inhibitors. Therefore, such acceptors, which bind the
electrons weakly (anti-inhibitors), must compete with inhibitors for elec-
tron capture. On an encounter with the positron, an anti-inhibitor mole-
cule returns an electron to the positron.

On the other hand, typical inhibitors of Ps formation have much
higher electron affinities. Thus, alkyl and phenyl halides capture elec-
trons according to the mechanism of dissociative capture:

RX+4+e—>R+X".

As a result, the electron is bound to the halogen atom so firmly (EA 2 3
eV) (42) that the positron fails to pick it off.

We think that the anti-inhibition effect can be used to solve many
problems associated with the Ps formation mechanism. For example, is
Ps formed in the condensed phase only by the spur mechanism or to some
extent by the Ore mechanism? According to the above hypothesis, weak
electron acceptors do not influence that fraction of Ps that could be
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and Anti-inhibitors in Solutions

Addition L: 7%
Concentration Solvent -+ Solvent + Inhibi-
(M) Solvent Inhibitor tor ++ Addition
5 6 7 8
0.11 38 18 26
0.21 38 18 31
0.31 38 18 32
0.41 38 18 34
0.6 38 18 34
0.4 38 3 21
08 38 3 26
0.4 39 20 38
0.4 38 30 37
0.5 38 23 32
1.0 38 23 34
0.4 38 18 33
0.4 38 18 33
04 38 18 32
04 38 18 29
0.8 38 17 28
04 38 22 36
0.7 38 21 33
0.8 38 21 33

formed by the Ore mechanism. Therefore, in studying the concentration
dependencies of the anti-inhibition effect, one can distinguish between
the contributions of the two mechanisms to Ps formation.

Figure 4 shows the I, recovery when anti-inhibitor C¢F is added to
C;H;I-benzene solution. It is seen that I, at sufficiently high concentra-
tions of CgFg, tends to its initial value in the pure solvent. This experi-
ment probably shows that at least in benzene the spur mechanism gives
the main contribution to Ps formation. Note that in experiments similar
to that above, one should use anti-inhibitors such as C¢Fg with a high
efficiency of electron capture in the region of thermal energies (43). If
the maximum cross section corresponds to higher energies, the anti-
inhibition effect must be much weaker (shown below).

Another problem for experimental study is whether positron capture
influences inhibition or anti-inhibition during the positron’s slowing or
after its thermalization. To answer this question, it is useful to experiment
with those molecules whose positron affinity is predicted theoretically
(44).

In Positronium and Muonium Chemistry; Ache, H.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1979.



Publication Date: June 1, 1979 | doi: 10.1021/ba-1979-0175.ch009

196

POSITRONIUM AND MUONIUM CHEMISTRY

40

S

>

=

g 20 O CgHg

= © C Hg + 006MC H,l

([ J CGHS'POAM CGHSI

L 1 1
0 0.2 0.4
MOLE FRACTION OF CGFE
Figure 4. 1, vs. the concentration of anti-

inhibitor C,F'¢ in benzene and in benzene
with 0.06M and 0.4M C,H;I

(%)

INTENSITY

MOLE FRACTION
OF ANTIINHIBITOR

Figure 5. 1, vs. the concentration of anti-inhibi-
tors in benzene containing 0.IM CCl,

In Positronium and Muonium Chemistry; Ache, H.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1979.



Publication Date: June 1, 1979 | doi: 10.1021/ba-1979-0175.ch009

9. MOLIN AND ANISIMOV Spur Model of Positronium 197

Investigation of Fast Spur Reactions. Here we discuss some possi-
bilities of the anti-inhibition effect as it is applied to studies of fast spur
electron reactions. We restrict ourselves to the treatment of experimental
facts in terms of the spur model only.

From experiments for the gas phase it is known that the electron
capture by many molecules is resonant, with the cross section reaching
its maximum at a certain energy. At thermal energies the capture may,
in fact, be absent. This is the case, for example, for fluorobenzenes (45).
Investigation of the anti-inhibition effect shows whether or not this phe-
nomenon is preserved in the solution. Spur electrons have a wide energy
spectrum. However, electrons with energy > E* (where E* is the first
excitation potential of the solvent) are rapidly slowed. Thus, the energy
spectrum of the secondary electrons is within 0-E*. If the resonant level
of the electron-acceptor capture, e, is above the thermal energies but
below E*, only some fraction of electrons can be captured during their
slowing. Electrons whose initial energy is > e can get to the region of
resonant capture during their gradual slowing. Those with energy < e
are not captured at all. Thus, the higher the energy of the resonant
electron capture, the less is the anti-inhibition effect.

Figure 5 represents results of our experiments on the concentration
dependencies of the anti-inhibition effect of various fluorobenzenes. It is
seen that I, reaches a constant value, which for C¢F§ corresponds approxi-
mately to I, in the pure solvent; for the other compounds it is lower.
Thus, mono- and dihalobenzenes capture only a portion of the spur
electrons. Consequently, as in the gas phase, the molecules capture the
electrons in a resonant manner. A considerable portion of the initial
electrons whose energies are not sufficiently high are not captured in the
region of inhibitor concentrations under study. The plateau levels in
Figure 5 correspond to the sequence of the resonant energies of electron
capture by the corresponding molecules in the gas [CeF, 0 eV; m-CeH F2,
0.8 eV; CeF;H, 1.4 eV (45)]. This correspondence can be considered as
additional evidence for the validity of the interpretation proposed by the
spur model.

Note that the results obtained do not obviate the possibility of ther-
mal electron capture by the acceptors studied. As shown by Allen et al.
(46) in liquids, because of polarization effects, thermal electron capture
by acceptors with negative electron affinity is possible. The low anti-
inhibition efficiency of mono- and difluorobenzenes can be explained here
by electron transfer from these molecules to the inhibitor molecules
(CCly). This reaction must be favored energetically because the electron
affinities of C¢FsH and Cg¢F,H, are lower than that of CCl,.

The existence of two regions of inhibition effects is shown in the
CeH;Cl-C¢Fs system, where the concentration dependence of I, is S
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shaped (Figure 6). We can assume that at low concentrations the anti-
inhibitor competes successfully for the electrons, with the cross section
of their capture by C¢H;Cl molecules being small. At high C¢F¢ concen-
tration other mechanisms probably become important.

Figure 7a gives experimental data that show how sensitive the elec-
tron-capture mechanism is to a slight change in molecular structure.
m-Fluorochlorobenzene, similar to chlorobenzene, shows the inhibition
effect. In accordance with the gas-phase data (47), this result can be
treated as a dissociative electron capture, followed by formation of CI-.
Unlike the meta derivative, p-fluorochlorobenzene shows no inhibition
effect. On the contrary, in systems that contain an inhibitor the anti-
inhibition properties of this compound are revealed (Figure 7b). Thus,
either the electron capture here is not followed by dissociation, or the
dissociation time gets much longer than the time of Ps formation (107
sec). Chemically, it is not surprising that the substituent in the para
position influences the properties of the C—Cl bond more than the sub-
stituent in the meta position. Direct evidence for the interpretation pro-
posed might be obtained from experiments on electron capture by p-
fluorochlorobenzene in the gas phase.

Figure 8 demonstrates an interesting fact that the same compound,
p-CeH,Cl,, can show either inhibition or anti-inhibition properties under
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different experimental conditions. In benzene, as the concentration of
p-CeH,Cl, increases, I, decreases from 38 to 15%. When p-C¢H,Cl, is
added to the benzene solution of C¢H;l, the intensity of I,, however,
increases. It is possible that p-C¢H,Cl; molecules capture some portion
of electrons by the dissociative mechanism and the other portion by for-
mation of molecular ions.
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Figure 7b. Plots of 1, vs. the concentration of
halobenzenes in benzene with 0.IM CCI,
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Conclusion

The experimental data given here agree well with the spur model.
We obtained the following facts, which verify the spur model:

(1) inhibition effects are observed for transition metal ions, which
are typical electron acceptors;

(2) electron acceptors CCl,F,; and SFe show the inhibition effect
in the liquid phase and not in the gas phase;

(8) the intensity of the long lifetime component, I,, in alcohols
increases in crystalline phase as compared with the liquid or glassy phase;

(4) the probability of Ps formation decreases in nonpolar liquids
under the influence of an electric field; and

(5) the anti-inhibition effect is observed for molecules that possess
a weak electron affinity (EA S 1.5€V).

Together with the literature data, these results are strong arguments
in favor of the spur model for Ps formation in condensed media.

The spur model shows the relationship between Ps formation and
radiation chemical experiments. This opens interesting possibilities for
application of the Ps method to studies of the elementary radiation chemi-
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cal reactions in the spur. One of the principal advantages of this method
is the possibility for studying superfast spur reactions with relatively sim-
ple experimental equipment. The lifetime of a free positron in condensed
media is approximately 1071° sec; the recombination time of spur electrons
and positrons is perhaps < 107! sec. Thus, the Ps method fixes processes
at times of the order of 1071-10"'2 sec, i.e., when solvation processes are
not over. The present paper shows that the Ps technique makes it possible
to study superfast spur reactions, including probably epithermal electron
reactions in the condensed phase.

Some problems of the Ps formation mechanism within the spur model
are not clear. For example, it is not clear whether or not it is necessary to
take into account positron capture together with spur electron capture.
In the analysis of experimental data here it was not necessary to use the
supposition on the spur positron capture. Practically all the results were
in good agreement with the well-known information on the electron
reactions. However, the positron reactions might create difficulties when
experimental data are analyzed in terms of the spur model.

One more problem concerns the possibility of the Ore mechanism
in the condensed phase. The available data do not allow us to ascertain
unambiguously whether or not the Ore mechanism contributes to Ps
formation in the condensed phase or at much lower densities. It is not
quite clear why the Ore mechanism is so ineffective in the condensed
phase. Perhaps the spur model will propose a different approach to the
problems of free volume, hot Ps atoms, their energy spectra, and so forth.
Solutions to these problems will be an important contribution to the
application of the Ps method to fast reaction chemistry.
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Theory of the Structures of Intermediates in

Positronium Chemistry

D. M. SCHRADER
Chemistry Department, Marquette University, Milwaukee, WI 53233

Different mechanisms for positron annihilation in a chemical
medium are distinguished by different intermediates. Allmeas-
ured annihilation properties (lifetime, angular correlation,
etc.) are in fact properties of that intermediate which exists
just prior to annihilation. The structures of these inter-
mediates have been studied quantum mechanically as an
adjunct to laboratory measurement of annihilation proper-
ties. The quantum mechanical studies involve calculating
approximate wave functions for one-positron, many-electron
systems. Some scattering states have been studied in this
way for atoms, but all molecular studies so far focus on
bound positrons or positronium atoms The questions of
whether such bound states exist for particular molecules,
and of the properties of those bound states which do exist,
have been addressed in several studies. The most successful
of these (1) permits one to examine positron/positronium—
molecule interactions at a more fundamental level than was
hitherto possible.

Positron/positronium (Ps) chemistry takes place somewhere between
the beginning of the initial positron/Ps-reactant molecule encounter
and annihilation. What happens in the intermediate region of the reaction
coordinate is of great interest to the chemist. If we can understand this
region at the level of positron/Ps interactions with individual molecules,
we can map out the whole of positron/Ps chemistry.

Our knowledge of this intermediate region is presently very hazy.
The experimental literature contains many speculations about structures
of intermediates. Frequently these speculations are quite sensible and are
widely and uncritically accepted by the community, but are incorrect. A
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number of examples are given later in this chapter, but two may be
profitably presented here: (1) positrons bound to conjugated molecules
are widely assumed to occupy = molecular orbitals. This notion is very
sensible, for in that way the positive positron can avoid the repulsive
nuclei and be close to the polarizable = electrons. However, our calcula-
tions suggest that the positrons find a way to avoid the nuclei and reside
in the sigma system at the same time. (2) It is widely assumed that if a
positron binds to a polar molecule, the positron is localized at the negative
end of the molecule. This is also very sensible, and probably correct for
ionic molecules. However, for polar covalent molecules our calculations
suggest that the positron finds another part of the molecule more hospit-
able for reasons of differential polarizability which are discussed below.

The key to understanding the structures of intermediates is, we
believe, afforded by quantum mechanical calculations in interaction with
certain kinds of experimental work such as angular correlation measure-
ments and studies of substituent influences (e.g., 2). In this chapter we
describe our own efforts to develop a useful quantum mechanical method
for understanding the interactions of positron/Ps atoms with complex
(i-e., simple organic) molecules.

In order to be useful, a quantum mechanical method (or any
chemical method, whether experimental or theoretical) must be reason-
ably inexpensive, generally applicable, and reliable. Our method is quite
inexpensive but is only acceptable in the other two areas, and much work
remains to be done in its development. However, judging from our
success in agreeing with experiments in those few cases where comparison
is possible, we believe our present approach accounts at least qualitatively
for the leading quantum mechanical features determining positron/Ps—
molecule interactions. In short, our method seems to be a useful quali-
tative tool at present, but is not yet a quantitative tool.

In the following sections we review previous work on positron/Ps—
molecule interactions in order to place our method in historical perspec-
tive. We discuss the structural features of interest to us and describe
tactics to get at these features. We describe our method; we discuss our
results with emphasis on comparisons between our work and experimenta-
tion. Finally, we discuss possible extensions and new applications of our
approach.

Previous Work

Some significant theoretical work on positron/Ps-atom interactions
has been done; here we restrict our attention to positron/Ps interactions
with molecules and discuss atomic calculations only if they bear directly
on the molecular problem. A considerable amount of early work on
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molecular crystals takes the positron “wave function” or orbital to be a
constant (3,4). This work is not of interest to us because the focus of
our work is the detailed intramolecular character of the positronic orbital.
Columbino, Fiscella, and Trossi (5) made an approximate ad hoc correc-
tion for the intramolecular structure of the positronic orbital in graphite;
but the approach used by these authors contains large uncertainties and
is difficult to justify from first principles.

The earliest work known to us in which the interatomic structure of
the positronic molecular orbital is considered is that of Chuang, Holt, and
Hogg (6). These authors, in a calculation on methane, integrate a
Schrodinger-type equation for the positronic orbital y, inside spherical
cells centered at each nucleus with radii equal to the quantum mechanical
average electronic radius for each isolated atom. By imposing the
boundary conditions y, — 1 and y,” — 0 at the cell boundaries: they
match an assumed y, = 1 outside the cells. In this way the positron
density is reduced inside each atom in accordance with the static potential
of that atom.

The Fourier transform of the products of appropriate hybrids of
electronic atomic orbitals and these positronic functions are calculated
and then squared, added together, and integrated over angles to yield
the spherically averaged momentum distributions which are compared
with the results of angular correlation measurements. The reduction of
¢, inside the atoms calculated by these authors improves the agreement
with experiment very markedly in the high-momentum region. The same
technique is applied to ammonia (7), hexane, and decane (8) with
similarly encouraging results.

The principal defect in this approach is that the procedure for
combining the contributions to the momentum distributions suggests that
the authors are not properly taking into account the overall molecular
symmetry. This symmetry plays a very important role in determining the
momentum distribution of oriented molecules (9), although it is possible
that spherical averaging reduces its importance.

One should recognize that, despite this defect, Hogg's group at
Winnipeg pioneered in providing the first method for calculating posi-
tron/Ps—-molecule interactions, which was widely applicable to a variety
of molecular systems, based upon sensible quantum mechanical argu-
ments, and gave results in good agreement with experiments.

More recently, the complete neglect of differential overlap (CNDO)
method (10) was parameterized for positron/Ps-molecule-bound states
(11). This is in very much the same spirit as our own work, described
in this chapter. By calculating positronic molecular orbitals (PMOs),
Madia et al. endowed the positronic charge density with a symmetry
corresponding correctly to the molecular symmetry, thus avoiding the
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deficiency in the Winnipeg calculations noted above. The work of Madia
et al. differs from ours mainly in the parameterization for the positron:
they used no experimental positron/Ps-atom input, but instead resorted to
an argument involving the virial theorem to relate the positron—core
interaction integrals to the electron—core interaction integrals. This pro-
duced unphysical positron and Ps affinities (PsA’s) for some molecules,
and it was generally difficult to relate their calculated results to experi-
ments.

Structural Features of Interest and Tbheoretical Tactics

The intra-atomic behavior of the positron was successfully incorpo-
rated into the wave function by Hogg and co-workers, and Madia et al.
showed how the interatomic features were to be treated. The principle
outstanding problem has to do with the details of the motion of the
positron in a milieu of electrons.

Although each electron is strongly attracted to the positron, the
electrons avoid each other because of the exclusion principle and their
mutual repulsion. These effects are accounted for reasonably well by
applying the conventional Hartree-Fock Theory to the electrons. How-
ever, using this method for the positron introduces an unacceptably large
error in the wave function.

The electron—positron attraction corresponds to a local maximum in
the exact (and unknown) wave function when the positron is close to
an electron. This maximum is missed completely by the Hartree-Fock
method because it is an independent-particle method, whereas the attrac-
tion is a two-particle effect. The resulting errors in calculated positron
and PsA’s and annihilation rates are quite large: affinities often have the
wrong sign, and the rates are often too small by an order of magnitude.
Reference to Ps hydride (PsH) (a proton, two electrons, and a positron )
illustrates the problem. In Table I we have arranged several PsH wave
functions in the order of increasing quality as indicated by the total
energy. The Hartree-Fock calculation gives a binding energy of the
wrong sign and an annihilation rate that is too small by a factor of eight.

One also see a monotonic relationship between the calculated anni-
hilation rate and the binding energy. This is not surprising since both
quantities depend strongly on building up the local maximum in the
wave function mentioned above. In spite of the inability of the Hartree-
Fock method to provide this maximum, Cade and Farazdel (21) have
calculated some Hartree—-Fock wave functions for Ps fluoride (PsF), Ps
chloride (PsCl), Ps bromide (PsBr), and Ps iodide (PsI). The best
estimate of the Ps binding energy, or PsA, is given by

PsA =PA 4+ EA —68¢eV (1)
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where PA™ is the theoretical estimate of the positron affinity of X~ from
Koopmans’ theorem, EA is the experimental electron affinity, and 6.8 eV
is the binding energy of Ps. The Hartree-Fock values of PA™ are definitely
too low because of the deficiencies of that method noted above, so the use
of Equation 1 will provide a lower bound for PsA. To this Cade and
Farazdel apply a small correction for differences in electron correlation
between PsX and X", and report lower bounds of PsA’s of 1.66, 0.80, 0.19,
and —0.45eV for PsF, PsCl, PsBr, and PsI, respectively. Thus, PsH
seems to be an unfavorable system for an application of the Hartree—Fock
method, and PsF, PsCl, and PsBr are almost certainly bound.

While these results are very useful, it is preferable to calculate
directly the local maximum in the wave function and thus avoid the error
in the calculated value of PA~. A theory for this has been presented (22),
but the method is so difficult to execute that no application has yet
appeared in the literature. However, a perturbative approach has been
applied in some positron-atom elastic-scattering calculations (23).

Table I. PsH Binding Energies and Annihilation Rates for
Several Approximate Wave Functions

Total Binding Annihilation
Energy (au) Energy (eV) Rate (nsec™)
Hartree-Fock® —0.6675 —2.24° 03°
Modest configuration- —0.750128 +0.00348 0.82°
interaction®
Valence bond-like’ —0.7584 -+0.228 2.02°*
Modest Hylleraas-type* —0.7742 +40.658 2.10
Ambitious configuration —0.7842 +40.931 2.20
interaction*
AmbitiousHylleraas-type’  —0.78679 +1.001 2.33
Exact calculation ? ? ?
Experiment ? ? ?
° Ref. 12.

® An alternative value, —0.849 eV, is obtained from Equation (1).
° Ref. 18.
¢ Ref. 14.
° Ref. 15.
" Ref. 16.
? Ref. 17.
* Ref. 18.
* Ref. 19.
7 Ref. 20.
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In contrast to calculated annihilation rates, calculated momentum
distributions are frequently given very well by Hartree-Fock wave func-
tions. This apparent anomaly has an explanation: the measured and
calculated momentum distribution is that for the center of mass of the
annihilating particles. They are certainly strongly accelerated about each
other (which produces the maximum in the exact wave function and
hence determines the rate of the annihilation process) but the momentum
associated with this acceleration is only relative between the two particles,
and has no component in the center of mass frame. Two men who
are arm wrestling on a floating raft to not affect the motion of the raft.
Thus the very motion which the Hartree-Fock method ignores is not
transmitted to the annihilation photons (except as an infinitesimal energy
shift), and as a consequence simple wave functions are often adequate
for calculating momentum distributions. Using their Hartree-Fock wave
functions for Ps halides, Farazdel and Cade (24) have calculated annihila-
tion rates and momentum distributions. While the former are too small by
factors of 740 (24), the calculated momentum distributions are in better
agreement with experimentation, especially for observations on aqueous
chloride ions (25).

The point of this section is to emphasize the importance of somehow
getting the local maximum into the wave function for calculations of
positron/Ps affinities or annihilation rates. In our approximate method
for structure calculations of positron/Ps-molecule complexes, we put this
maximum into the wave function indirectly, by parameterizing our theory
to experimentation. Our method is based on an approximation to the
Hartree-Fock method, so the logical inconsistency is obvious: the very
form of our assumed wave function limits the accuracy of the result, but
we are parameterizing the method to experimentation. Although this
approach is obviously and quite frankly inconsistent, its spirit has a long
and wide history in applications of quantum mechanics in chemistry. The
most successful recent example is Dewar’s modification of intermediate
neglect of differential overlap (INDO) (26, 27). Pople’s original CNDO
parameterization was more logical; he tried to fit ab initio calculations
(10) which corresponded to the form of the CNDO wave function.

We feel justified in accepting these inconsistencies because of the
paucity in our present knowledge of the structures of positron/Ps-mole-
cule bound systems. Since almost nothing is known, a theory which
provides only low-quality information is still useful. Our approach is the
advantage of being very inexpensive; only about 1/1000 as much com-
puter time is required for one of our calculations compared with an ab
initio Hartree—Fock calculation. Therefore, we can treat large numbers of
molecules and study trends in positron/Ps interactions as functions of
substituent changes, small changes in structures, etc.
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PMO/1: An Approximate Method for Studying
Positron/Positronium—Molecule Interactions

Full details of the parameterization scheme have been given already
(1), so we will simply outline the high points here. The basis for the
purely electronic part of the theory is unchanged from that originally
given by Pople and Segal (10). Our task, then, is to append a positron
to the existing theoretical framework, using a set of approximations and
parameterization schemes resembling Pople’s original as closely as pos-
sible. Our reasons for not originating a new method at this time is simply
because the systems we are dealing with are so novel and poorly under-
stood that we want a method which is understood completely as possible;
otherwise we will have one equation with two unknowns, so to speak.
CNDO/2 is an attractive method for a number of reasons, among which
is that it is a “valence only” theory: core electrons are not treated explicitly.
A binding positron certainly will not be found in the core, so we can
focus our efforts on the important interactions—the positron with valence
electrons.

To keep things as simple as possible, we treat only first-row atoms
(i.e., hydrogen plus lithium through fluorine), we consider only closed
electronic shells, and we use notation as close as possible to that of Pople
and Beveridge (28).

The wave function for the positron/Ps-molecular complex we take
to be

¥ = y,(p)a(p) X [Slater determinant of EMOs]. 2)

The ¢, is the positronic molecular orbital (PMO) and o indicates spin
up for the positron. The bracketted term is a familiar Slater determinant
of doubly occupied electronic molecular orbitals (EMOs), y;. Each type
of MO is expanded in a linear configuration of atomic orbitals (LCAO)
basis set:

Y1 = 3uCuidu
¥p = 2uCupu”.

The ¢, is a Slater-type atomic orbital and the positronic basis function
¢u is described below. The coefficients are arranged in columns,

Cli Clp
Ci— [C.zf] Co— [sz] (@)

called column vectors. These are determined as eigenvectors of the
Roothaan-Hartree-Fock Equations (29, 30),

(3)
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(F—e 1) =0 .
( rF;)_fpﬂ_)Qp':O

one for each MO. The matrices in Equation 5 are described next, but
first we note that each effective Hamiltonian above,H~ and ff5, depends
implicitly upon the whole set of MOs ; and (C,. Thus we must solve
Equation 5 self consistently, and in so doing we account for the distortion
of the EMOs owing to the presence of the positron.

The Hamiltonians H- and f, are greatly simplified from their full-
fledged Hartree-Fock form by introducing the approximation that the
product of two different orbitals, ¢.4., is identically zero everywhere in
space. This is a much stronger statement than orbital orthogonality, and
this zero differential overlap (ZDO) approximation gives CNDO its
distinguishing characteristics.

This approximation is applied everywhere except in one place: The
off-diagonal elements of = and f-, are taken to be, for ¢, and ¢z on
atom A, and ¢, and ¢, on atom B#4,

(5)

-3 o 1
Fuo= % Suv (,BA -+ BB ) — ’é‘ Puv‘)’AB
(6)

Frr=

Ser K (Ba° + Bs°)

N =

where Sy, and S are calculated overlap matrix elements (i.e., ZDO is
not used in Equation 6). Note these overlap matrix elements do not
appear in Equation 5 because when ZDO is applied tora}) , the unit
matrix ] results. The Ba° are atomic-bonding parameters (10) and X is
a constant to be determined from experimentation.

The diagonal elements of F~and =, are

1
Fau= — % (I £ Aw) — 2 Quyan — & (Pu)vas — 2 Prsyas

wwr— — PAz + };’ QpYie + Yia- (7)

These matrix elements represent the interaction of an electron (positron)
with atom A. Similarities in the two equations are evident. The dominant
part of Fy, is the (negative of the) average of the ionization potential
and electron affinity for an electron in orbital ¢,, — 1/2(1, + A,); the
corresponding part of Fzzis the (negative of the) positron affinity of the
ion A for a positron in orbital ¢z, — PA7= These quantities are taken
from experiments. The second term of each matrix element represents
the attraction (repulsion) of the electron (positron) with other atoms in
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the molecule. Qg is the net charge of atom B, being the difference between
the core charge Zgp and the valence electron population Pgg. Pople and
Segal parameterized this interaction in terms of the electronic repulsion
integral,

_/ 1 N
m—\muwz)\ e (8)

where ¢, is on atom A and ¢, on atom B, and ¢, and ¢, are both taken
to be s-type Slater-type orbitals (STOs) for the purpose of calculating
this integral. Similarly, we parameterize the positron—core interaction in
terms of the electron—positron interaction integral,

2=’ o) | L ) D
ya = ouD60) || (1) g0(p) . ©)

The third terms of F,, and Fgrare a correction to the first terms, and
(for the electron) a correction for exchange. P, is the electron population
attributable to the STO ¢,. The fourth term of F,,, which is contained
in the second term of Fzj is the electron—positron interaction, Psg being
the positron population on atom B.

Equations 6 and 7 are developed with full supporting arguments by
Schrader and Wang (1). The important thing to note here is that F~,
contains some of the same parameters as -, and is derived in a spirit
identical to that of Pople and Segal. The parameters which remains as a
vehicle for calibrating our theory with experiment are K, the proportion-
ality constant in Equation 6 and the positron affinity of A-, PA,~in Equa-
tion 7. Before proceeding to a determination of these parameters, we
need to specify a basis set for the PMOs, {¢z}.

Fortunately, a basis set which is extremely convenient computation-
ally is also very sensible. They are the STOs—identical to those for the
electron except for the exponential parameters. STOs are convenient
because we can use the existing computer code with new exponential
parameters to calculate the matrices Szr and yis. STOs are sensible
because the 2s and 2p STOs, being zero at the nucleus, keep the positron
away from the repulsive core. For the hydrogen atom, we use a 2s-type
STO instead of a ls-type for this reason. However, we emphasize that
these 2s- and 2p-type functions are meant to describe the lowest positronic
orbital.

The argument for determining the exponential parameters {x is as
follows: in the atom PsA, the positron is probably orbiting at a radius
equal to that of the extra electron in A~. Therefore, we fix ¢z so that the
positronic orbital ¢z is stretched out to overlap maximally with the extra
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electron in A~. The desired value of ¢; is simply the electronic value times
ra”/7a, the ratio of the radii of A~ and A. The radius of the fluorine ion
is known, and the others can be estimated (1), giving values for all the
¢x except ¢i for which a superior determination is possible (see below ).

This argument is perfectly sensible but it is another example of the
surprises in store for those who try to understand what the positron. is
doing in atoms and molecules, for the Hartree-Fock calculation of Cade
and Farazdel (21) show that the positron in PsF is actually more than
twice as extended as our argument suggests. The limitations and strengths
of the Hartree-Fock method are fairly well understood, and it seems most
unlikely that the shape and approximate size of the positronic charge
density is very much in error, despite the lack of electron—positron
correlation (unless long-range dipolar polarization of the fluoride ion
core by the positron plays a surprisingly important role). Thus, PMO/1
should be regarded as provisional until an improved positronic basis set
is contrived to agree more with the Hartree-Fock orbitals. The great
strength of semiempirical methods is that inadequacies in one area such
as this are compensated for when the parameterization to experiment is
performed. Thus, correcting this defect in our basis set will change values
of other parameters in the theory but probably not the final results, at
least not by very much. The calculations of Cade and Farazdel were not
available to us when we were formulating PMO/1.

Using ¢z obtained from our argument, one calculates Sz and yas
for Equation 7. The effect of using basis functions {¢z} which are too
large around the nuclei should not vitiate our conclusions for the
following reason: our calculated yz; are higher than they would have
been using the more extended Hartree-Fock orbitals for the positron; but
since the latter orbitals include no electron—-positron correlation, their use
to calculate yzi would give values which are too low. Correlation en-
hances the interaction integral, so our calculated values might not be too
bad. The Sz values which we calculate are automatically correct for one-
atom integrals, and the effect of using more extended positronic orbitals
will push some of the two-atom S; integrals up and reduce others as com-
parisons with the work of Madia, Schug, Nichols, and Ache (11) have
shown. Therefore, the effect of not using more extensive orbitals for the
calculating of ® is unclear.

Now we proceed to input values of PA,~ from experiment. These
can be related PsA’s, with Equation 1. The experimental information on
PsA’s of our eight atoms (hydrogen plus lithium through fluorine) is very
sparse indeed. There are only two highly uncertain experimental PsA’s,
one rather good theoretical PsA, and one negative bit of information. The
hydrogen atom will not bind a positron (31). The totality of knowledge
of positron and Ps affinities of our eight atoms is given in Table II. A
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glance at this table would convince even the most optimistic researcher
that he doesn’t have enough data. Careful interpolation procedures are
required, and the farther we get from the known values in Table II the
more uncertain our results. Table II reveals the greatest weakness of
PMO/1, and suggests a magical brew of art and science will be needed
to fill in the unknown quantities. Thus our parameterization problem is
quite different from that of Pople and Segal (I10) in parameterizing
CNDO/2. These workers had every atomic energy level needed as well
as a great many diatomic data.

An important quantity which is buried in the theory is Usg the
repulsion between a positron and an atomic core. The positron affinity of
A~ (PA,=) can be related to Ussby (1)

Ussi= —PAZ + (Za + 1)¥ia (10)

where Z, is the core charge of atom A. PAz can be related to PsA by
Equation 1. Substituting values gives, for oxygen and fluorine

Uz (0) =7 y50 —6.63 eV an
s (F) =8 yfr —6.20 €V,

Since yzx are already in hand, Uszfor O and F are obtained from experi-
ments in this way. Inadequacies in the basic set described above reflected
in values of yzrare at least partly cancelled at this point in the calibration
of our theory.

Table II. Available Binding Data for Our Eight Atoms

Atom Positron Affinity Positronium Affinity

H <o* 1.01 eV®

Li ?° ?

Be ? ?

B ? ?

C ? ?

N ? ?

0 ? 22 +05eV*

F ? 29=*+05eV*’
¢ Ref. 31.
® Ref. 20.

° A recent calculation by Clary (19) on positronic lithium, e*Li, yields 0.854 eV
as the positron affinity of Li. This result, which should be easily improvable since it
lies 0.558 eV above the Ps + Li* threshold, appeared after the formulation of PMO/1,
and so is not part of its parameterization.

¢ Ref. 32.

° Cade and Farazdel’s (21) calculated lower bound is 1.75 eV, consistent with the
older experimental value.
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Uscan be calculated also:
--cac_/ — _l 2 _Z__ —\
Uss 10 — \4’23 2 V + r 2Jls ¢2s/ (12)

(Z is the nuclear charge and J,, is the potential of a core 1s electron).
The values obtained from Equation 12 are only 8.2% higher than those
from Equation 11. This kind of comparison provides one of the few
available tests of the quality and internal consistency of a semiempirical
method, and the concordance here is very encouraging. Similar com-
parisons of the corresponding electronic quantities, Ugs and Ugs®®¢, can
be made for all eight atoms, thus providing a means of extrapolating from
fluorine and oxygen through lithium (1).

Positron and PsA’s can be calculated now for these atoms using
Equations 1 and 10. Our results, which amount to predictions for these
quantities, are very rough indeed, and yet might be of some interest as
higher quality information becomes available. They are given in Table
III. The positron affinities given there are noted to be linearly related to
the electron affinities of 2s holes as averaged over states by Pople and
Segal. Extrapolating to hydrogen gives — 1.20 eV as its positron affinity,
consistent with the findings of Aronson, Kleinman, and Spruch (31). We
can relate this value to Usg" (H) and ysm using the proper variants of
Equations 1 and 10:

Uss(H) — yau =120V (13)
Similarly, from the PsA, 1.01 eV (20), we can write
Uss(H) — 2 yain — — 7.07 eV (14)

A simultaneous solution of these two equations gives Uss (H) and yas,
and from the latter quantity one can infer ¢g, thus completing the atomic
parameterization, except for the problem of finding values of Ugs

This quantity is not very crucial because the 2p positronic orbital is
considerably higher in energy than the lowest s orbital, so PMOs contain
little 2p character. Nevertheless it must be determined and the procedure,
which is somewhat similar to that for choosing values of Ug; is given
elsewhere (1).

The last undetermined parameter in our theory is K, the proportion-
ality constant between the atomic bonding parameters 8,° for electrons
and their positronic counterparts. This is the sole bonding parameter for
the whole group of atoms because we have just one diatomic datum
from experiments: the PsA of the OH radical, which is said to be less
than 1.5 eV (32).
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In principle the procedure for determining K is simple: do a series
of calculations on PsOH with various values of K until the desired
PsA (which we somewhat arbitrarily take to be 1.0eV) is produced.
From Equation 1 we see that the PsA is the sum of the positron affinity
of OH" and the electron affinity of OH (less a constant). The latter is
1.825 = 0.002 eV (834, 35), and the former is gotten by applying Koop-
manns’ theorem in a PMO/1 calculation: PA~ is the (negative of the)
eigenvalue of the occupied PMO in PsOH. A simple calculation gives
—5.97 eV as the desired value of ¢, in Equation 5. Unfortunately, we
find that no choice of K yields this value! As an expedient, we use
Koopmanns® estimation of the electron affinity in place of the experi-
mental value. This estimation is —¢ (Equation 5) for the highest occu-
pied EMO in OH". Madia, Nichols, and Ache (2) resorted to the same
expediency. This procedure will be followed consistently in applica-
tions of PMO/1 to other molecules, so perhaps some of the uncertainties
in using the approximate theoretical value will cancel out.

For PsOH, the expediency admits not one, but two, values of K,
namely = 0.136. The choice of sign is immaterial for the energy of PsOH
(but not for the PMO) because of the quantum mechanical simplicity of
CNDO and OH, but the choice is very important for most other mole-
cules. Had we chosen the positive value, we would have calculated
unphysically large positron affinities for most molecules with the positron
being concentrated in the interatomic regions. We know the positron will
avoid these regions for the same reason electrons are attracted there.
One way nature has to reduce charge density in an unfavorable region of
a molecule is to put a wave function node there. K= — 0.136 does
this, and that is our choice.

This completes the parameterization of PMO/1, so we turn now to a
discussion of our application of this technique.

Results of PMO/1

We have calculated wave functions for about 65 different molecules
M, for each of M", e'M, and PsM (In most cases we have taken our
geometrics from Bowen et al. (36) and Sutton et al. (37)). Thus we have
calculated electron affinities and positron affinities for Equation 1, and
PsA’s from Equation 1. Some overall features of our results can be
pointed out now.

Table III shows a markedly increasing repulsion for e* in going from
hydrogen to fluorine. Presumably this is a reflection of the decreasing
polarizability and relatively decreasing nuclear shielding. Thus the most
electronegative element in this group of eight is the least attractive for
positrons. In a compound containing fluorine, we therefore will see
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Table III. Estimates of Missing Affinities from Table II

Positron Affimity Positronium Affinity

Atom (eV) (eV)

H —1.20*° Table IT

Li —1.51° —2.11

Be —1.83 —2.65

B —3.22 —1.35

C —4.54 +0.07

N —6.46° +1.16

0 —8.48° Table 1T

F —11.05 Table 11

¢ Equation 13 and preceeding text. .

® These estimates are consistent with the results of Golden and Epstein (33).

° Recently Clary (19) calculated 0.854 eV for the positron affinity of lithium. Our
value is thus much too low. Clary’s value does not imply the stability of e*Li, be-
cause his energy is 0.558 eV above the rearrangement threshold for Ps + Li*. Thus,
even 0.854 eV 1s apparently too low.

opposing effects influencing positron binding: the fluorine atom will
attract electrons to itself and thus become more attractive to the positron;
but according to data in Table III, it has a large deficit to overcome. The
obvious question is: how much extra charge must an atom acquire to bind
a positron? The answer will not provide a quantitative guide to positronic
bonding in molecules owing to the influence of neighboring atoms, but
it will help us to understand qualitatively the nature of positron-mole-
cule interactions.

The interaction between a positron and an atom with g excess elec-
trons is, within the framework of PMO/1,

Uss — (Za+ @) Yia. (15)

We have used this expression before: for example, Equation 13 has g =
0 and Equation 14 has ¢ = 1. The critical number of electrons for bond-
ing, qo, is gotten by equating Expression 15 to zero:
Uss

Qo= Yia Zy (16)
All the quantities on the right side are available, and Table IV gives the
results. There we see that fluorine has to acquire a very large charge
indeed in order to present a bonding site to a positron. This magnitude
of charge shift does not occur in covalent compounds. Even hydrogen,
the most hospitable element to a positron, rarely acquires enough extra
electrons in covalent compounds to bind a positron directly. Clearly, if
any neutral molecule is going to bind a positron, the source of the
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binding will either be a large polarization of the electronic charge by the
positron, or some more subtle effect. In any case, one does not expect
any covalent molecule to have a large positron affinity.

Although this concept of critical charge for binding a positron is
instructive, it is at the same time somewhat artificial because it is well
known from quantum mechanics that even an arbitrarily small attractive
charge will support an infinite number of bound states of an interacting
particle (33). Therefore the quantity g, in Table IV should rigorously
be regarded not as an actual charge, but rather simply as a parameter
indicating the relative importance of core repulsion (Uss) and valence
electron attraction (yza) for a positron.

Question: Why Do Positrons Bind to Some Molecules and Not to
Others? Answer #1. Long-range dipolar binding plays an important
role. Theoretically, a point dipole will bind an electron (and hence,
alternatively, a positron) if its dipole moment is larger than a certain
critical value, namely 1.625 D (39, 40, 41, 42, 43). The same is true of an
extended structureless dipole (44), and of a point dipole surrounded by
any charge distribution which is spherically symmetrical and overall
neutral (42). Crawford (45) and Crawford and Garrett (46) discuss
electron affinities of more realistic molecular models, and it seems clear
that their conclusions should be qualitatively the same for positron
affinities: nonsphericity of charge distributions, vibrations, and rotations
should be expected usually to make only small changes in the critical
dipole moment for binding.

Thus NH;, H,0, and HF are on the borderline (1.47, 1.85, and 1.82
D, respectively), but LiH, LiF, and BeO (6.33, 6.19, and ~ 6 D, respec-
tively) are unambiquous positron binders. Our calculations give only
very modest success with this latter group: the calculated positron
affinities are 4 0.45, — 0.81, and — 1.09 eV, respectively; i.e., LiF and
BeO are calculated not to bind a positron. This is certainly incorrect, and
further modifications of PMO/1 are necessary. One can actually make a
reasonable estimate of the positron binding energy of simple dipolar

Table IV. Critical Atomic Electron Population for
Binding a Positron

Atom  q, (Equation 16)

H 0.145
Li 0.280
Be 0.269
B 0.359
C 0.415
N 0.494
0) 0.561
F 0.640
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Table V. Comparison Charge Distributions and
Bonding in LiH and e'LiH

L:H e'LiH

Electron population

Li 73 .62

H 1.27 1.38
Positron population

Li — 25

H — .75
Dipole moment (debye) ® 6.19° 6.40°
Covalent bond orders*®

electronic 1.23 1.18

positronic — 79

total 1.23 1.97

¢ Calculated values.

® Experimental value is 5.88 D (49).
° Ignoring the positron.

¢ Equations 17 and 18.

molecules from data given by Wallis, Herman, and Milnes (47) and by
Turner, Anderson, and Fox (48). Our next parameterization of this prob-
lem, PMO/2, will incorporate this important dipolar binding mechanism;
until then, one should apply PMO/1 to ionic system with considerable
caution.

Notwithstanding, it is interesting to compare the charge distribution
and bonding in LiH and e*LiH. The relevant numbers are given in Table
V. The highly dipolar electronic charge in LiH is polarized even more
by adding a positron, which itself resides 75% on the hydrogen. Some
will take this number to be too low. A widespread assumption, especially
in the older literature, is that the positron resides completely on the anion
in ionic crystals (12, 50, 51, 52, 53).

The electronic bond orders given in Table V are calculated, following
Mullikan (54) and convention, from

PaB = 2 u§) BY Pquuv~ (17)

That is, the electron population attributable to the overlap charge distribu-
tion involving atomic orbitals ¢, and ¢, is multiplied by the calculated
overlap integral and summed over all ¢,-¢, pairs for x on atom A and v
on B. We define the positronic bond order as:

Pap=—2 u(ZA:) y?};':) PuSus. (18)
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The negative sign is crucial because we know that if a positron contributes
to bonding, it will do so by avoiding the repulsive internuclear region and
by squeezing the molecule together from the outside, which is the
opposite from electrons. Therefore, positive bonding contributions are
given by PMOs having an internuclear node, hence the negative sign
above. It is not clear that the numbers obtained from Equations 17 and
18 can be compared as though they are in the same units, but we do so
here until a more rigorous interpretation is formulated. One should
definitely not compare our calculated bond orders with our calculated
atomic electronic/positronic populations. The latter quantities are calcu-
lated in the ZDO approximation and add up to the number of electrons/
positrons present.

The numbers in Table V suggest the positron contributes a surprising
40% of the total Li-H bond strength in e'LiH. One also notes a slight
reduction in the electronic bond order in e'LiH compared with LiH,
owing in this case to an increase in the polarity of the EMO. Still the
total bond order in e*LiH is 60% larger than in LiH. If the positron had
been entirely on the hydrogen, there would have been a zero-calculated
contribution to the bond order.

Equations 17 and 18 do not include ionic contributions, which are
surely very important for this molecule. The electronic contribution to
the ionic bond strength in e'LiH is 1.98 times larger than in LiH, shown
by comparing the products of net core plus electron charges. However,
in e'LiH, both atoms have positive net charges when the positron is
counted, so the ionic contribution to the total bond strength in e'LiH
is negative. It is 3.20 times larger in magnitude than the ionic contribution
to binding in LiH.

Thus by adding a positron to LiH one greatly strengthens the
covalent contribution to the bond and weakens the ionic contribution.
Clearly an ab initio calculation on this simple system would be very
useful in sorting out these large, opposing effects.

Trends within a group of related molecules should be revealed by
PMO/1 despite its weakness as a predictor of absolute properties. There-
fore our calculations on the fluoroethylenes would seem to be useful if
interpreted properly. We calculated positron affinities for ethylene and
all possible fluoro derivatives. The results (Table VI) indicate that none
of them bind, and that there is no discernable relationship between dipole
moment and (lack of) binding. The only trend visible is a strong correla-
tion between the number of fluorine atoms and the strength of the
positron-molecule repulsion—another manifestation of the critical charge
concept (Table IV).

ANswer #2. Positrons can substitute for missing hydrogens in
radicals if the radicals are big enough and/or contain no atoms with a
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Table VI. Calculated Positron Affinities of Ethylene
and Its Fluoro Derivatives (1)

Positron Affinity Dipole Moment

Molecule (eV) (D)*
C.H, —0.01 0
C.H3F —0.07 1.43
C2H2F2 (trans) — 0.64 ]
CzHng (CiS) -_ 062 242
C,H.F,(1,1) —0.30 1.38
C.HF; —0.72 1.40
C.F, —2.89 0
® Ref. 49.

g, (Table IV) larger than that of carbon. The radicals C;H; - and C¢H -
bind a positron, phenyl more strongly than ethyl. These radicals are large
enough to permit enough electron relaxation to generate a binding poten-
tial for a positron. Methyl and C,H; - are too small, and the radicals
NH;, OH, and HO, do not bind a positron because either they are too
small or they contain an atom so repulsive (see Table IV) that the
positron cannot find a binding site. The data is in Table VII. The
geometry used for these calculations is that of the parent molecule, with
one hydrogen atom simply erased; i.e., geometries appropriate to the
structure of the radical were not used. Table VII also gives a comparison
with observed proton affinities of these radicals. There is no correlation
between our calculated positron affinities and these proton affinities, which
is puzzling in view of the correlations found for weak acids (see below).
Perhaps the lack of correlation here is caused by our choice of geometries.

For the two bound species in Table VII the bound positron is highly
localized on hydrogen atoms, but there is a major difference: for C.Hj -
the positron binds near the missing hydrogen, but in C¢H * the positron

Table VII. Calculated Positron Affinities of Some Simple Radicals®(1)

Positron Affinity Proton Affinity
Radical (eV) (eV)®

CH; —0.16 5.39 = 0.01
C.Hj3 —0.01 7.33 = 0.05
C.Hj; -+ 0.09 6.44

CeHj + 0.27 9.33 =0.11
NH, —0.14 80 =0.1
OH —0.78 6.37 = 0.12
HO, — 0.66 6.35 = 0.06

¢ Geometries are those of the parent compound with one hydrogen atom simply
erased.
® Calculated by Schrader and Wang (1) from data listed by Franklin (66).
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binds across the ring. Figure 1 gives the electron(positron) charges of
R - and e'R ‘. In the case of C¢Hj -, the carbon from which the hydrogen
atom is missing has acquired a substantial negative charge, — 0.05, and
the positron polarizes the radical so strongly that the electronic contribu-
tion to the total dipole moment is more than reversed in e'R - compared
with R -. This result illustrates the dangers in trying to deduce where a
positron will go in a molecule by looking only at the molecule itself (a
procedure used by Goldanskii and Shantarovich (56); and it shows the
importance of allowing for the polarization of the electronic charge cloud

Mk 03 (-2;)H H H.0s
\\C c/mq __e% \\ /

C C<

-.06 E PA=0.09ev -.09 \
H

06
01 H (8%

-.05

i3

Figure 1. Electron (positron) charges in the radicals
C,H;', CiHye, e'C,H;-, and ¢*CsH;-. Values not shown
are evident from symmetry or are insignificant.

by solving Equation 5 with full electron-positron self-consistency. This
polarization is evidently the difference between binding and not binding
a positron.

Our calculations show that the PMO in e'C¢H; - is in the sigma
system, and that the atomic charges in CgHs - are dominated by the
sigma system, not pi. By adopting a sigma-type PMO, the positron is
able to avoid the repulsive interior of C¢Hs + and avail itself of the less
repulsive (Table IV) hydrogens.

It is interesting that, even though the positron is in a sigma MO, it is
polarization of the pi electrons which accounts for binding (Figure 2).
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-09 -.08

o systern

Figure 2. Electron (positron) charges in the sigma and pi sys-

tems in C;H;- and e*C;H;-. The positron adopts a sigma MO,

but it is the polarization of the pi electrons which provides an
attractive potentialp for the positron.

ANswER #3. A positron will bind to any anion, in particular to
anions of acids. We studied 12 weak acids and found an average positron
affinity of 6.82 = 0.68 eV, suspiciously close to that of the electron (6.80
eV), but much less than that of a fixed-point negative charge (13.60 eV).

The 12 acids appear to fall into two sets, each of which shows a strong
correlation between pK, values and positron affinities (Figure 3). One
expects a weaker acid, which binds a proton more strongly, to also bind
a positron more strongly. But we do not know why this expected correla-
tion is manifested in two separate sets of acids. For the acids in the
larger set, the acidic proton is bound to a fairly electronegative group
(e.g., all the acids with COOH groups are in the larger set), whereas in
the smaller set the oxygen which releases the proton is itself bound to a
group which is not very electronegative.

We don’t know quite what to make of these observations. Perhaps
we should interpret these correlations with caution since the positron
affinity is a gas phase quantity, where pK, involves the solvent, and hence
contains entropic contributions.
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Figure 3. Correlation between positron affinities of weak acid
anions and pK,

ANswER #4. Although the positron does not appear to be a typical
electrophile in reactions with aromatic systems, it seems to bind readily
to monosubstituted benzenes. Studies on eight such molecules show that
the positron binds to seven. For these the positron is highly localized
on the ortho hydrogen syn to an acyl oxygen; or, if there is no acyl
oxygen, the positron binds to the para hydrogen. This is shown in Figure
4, where the eight molecules are arranged according to the effect of the
substituents on aromatic substitution, the strong activators coming first.
Some of the charge distributions shown in Figure 4 are sensitive to small
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Figure 4. Electron (positron) charges in C;H;X and e'C H X.
Values not shown are evident from symmetry (or are significant).
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geometry changes. Since we did not fully investigate this effect, the details
of the distributions shown there should be regarded as provisional.

Polarization of the electronic distribution by the positron seems to
dominate the metal director characteristics of the last four molecules in
Figure 4, except for nitrobenzene. There is a correlation between the
calculated positron affinities and the strength of the ring activators for
these six molecules without an acyl oxygen, and another similar correla-
tion for the two with oxygen. The correlation is not a strong one, but the
ring activators without an acyl oxygen (1, 2, and 3) have an average
positron affinity of 0.46 = .04 eV, while the deactivators without acyl
oxygens (4 and 7) have an average positron affinity of only 0.20 = 0.04
eV. Single acyl oxygens (5 and 8) seem to stabilize the positron strongly
(PA = 0.48 = 0.04 eV) but nitrobenzene will not bind a positron at all
despite its large dipole moment. This large dipole attracts the positron
electrostatically to a region of the molecule which the positron finds
relatively unpolarizable (high g, values, Table IV), so the positron sees
opposing forces. Apparently there are too many of these high g, atoms
near the ortho hydrogens in nitrobenzene, whereas in benzoic acid and
benzaldehyde there are fewer, and they tend to have higher electron
populations. The positron can sit on a friendly hydrogen and still partici-
pate in the large negative charge accumulated at the nearby oxygen.

The small positron affinity of fluorobenzene (0.17 eV) and the large
Ps affinity of F (2.9 = 0.5 eV) beg the question: is e'C¢H;F stable enough
to dissociate to C¢Hs + and PsF? Estimates of the C-F bond strength (5.1
eV (57)) and the ionization potential of C¢Hj; - (8.76 €V (55)) can be
combined with the calculated affinities and the binding energy of Ps (6.8
eV) to yield a value of about 4 for eV for AE for the reaction

e*CeH,r,F -> CGH5+ —I— PsF. (19)

Thus the reaction is very unfavorable.

It is interesting to study the molecular orbitals in e'CsHzF as a
prototype. The molecule has C,, symmetry and 33 MOs with the follow-
ing symmetry: A, (15), A, (2), B; (5), and B, (11). The pi MOs are
A; and B;. Widespread assumption puts the positron in a pi orbital as
noted above, but our calculations show the bound PMO to be A, a sigma
orbital, and that there are twelve ¢ PMOs lower than the lowest pi. The
positronic 1a; MO is shown roughly in Figure 5, lower right corner. It
has a large number of nodes between bonded atoms, in particular on the
para C-H bond. This contributes positively to the covalent bond order
(Equation 18), the positronic contribution to this bond order being 0.25
(compared with the electronic part, 1.36). The la,; PMO is similar in
appearance to the 15a; (upper left corner of Figure 5). Also, the 15a,
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Figure 5. EMOs (left side) and PMOs (right side) of e*CgHF. Shown are
all eigenvalues together with coefficients of s-type MOs in the lowest and
highest of each, with nodes (——-).

PMO, the highest of the 33 PMOs, is nodeless, and appears much like
the lowest EMO, la;. At first it is slightly disorienting to try to associate
highly noded MOs with strong binding and nodeless MOs with strong
antibonding, but that’s the way the positron is.

Benzene itself will not bind a positron, nor will parabenzoquinone or
borazine. Perhaps these molecules are too symmetrical, not providing a
unique site for the positron, which it seems to need for binding.

SuMMARY OF PosrTroN BinDING ENERGETICS. These results show that
dipolar binding is one of several effects involved, and the others may be
dominant for some molecules. The explanation of positron binding is not
simple, and calculations (perhaps with an improved parameterization)
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on more molecules with and without solvent sheaths, geometry optimiza-
tion, etc., are called for. Our most dissappointing failure is in not getting
more reasonable binding for highly dipolar molecules, for which theory
appear to provide an unambiquous answer (45,46). This was not
apparent to us when we constructed the parameterization for PMO/1.
Polarizability plays an important role, including differences in polariza-
bilities of parts of molecules. In this regard the concept of the critical
charge for binding (Table IV) is useful.

Several features which have come out of our calculations seem real
despite the very approximate nature of the theory. One of these is that
if a positron binds to an aromatic system, it goes into a sigma orbital. Its
orbital in any bound molecule is highly exteriorized and usually localized
on a single hydrogen. Strangely, even though a bound positron is strongly
localized, it nevertheless seems to require a large molecule for binding:
of twelve neutral diatomics studied, only one, LiH, binds a positron in our
approximation; of six neutral triatomics, none binds a positron; aside from
LiH, the smallest neutral positron binder is C,Hjs, the ethyl radical; but
out of eleven aromatics studied, seven will bind a positron in our approxi-
mation. Of 46 neutral molecules for which positron binding was studied,
ten were found to bind. Seven of these are monosubstituted aromatics,
two are radicals, and one is LiH.

Being localized on a large molecule implies the molecule can’t be
very symmetrical. Apparently benzene, parabenzoquinone, and borazine
are too symmetrical to provide a unique site for localization of a bound
positron.

It is very clear that a positron does not behave as a kind of light
proton: It is so much lighter that it has a quite different behavior (see
Figure 1, e.g.). Many other aspects of positron-molecule energetics and
structure are much less straightforward. In this connection, Cade’s project
of calculating SCF wave functions for positronic molecular systems (58)
should provide valuable insight into positronic charge distributions.

Question: Why Do Ps Atoms Bind to Some Molecules and Not to
Others? A molecule which binds a Ps atom is doing two things, at least
in the sense of a Born-Haber cycle: it is acquiring an extra electron, and
then the anion is acquiring a positron. The electron affinity is much
smaller than the positron affinity of the anion (6.8 = .7 eV, see above
discussion on weak acids); in fact, the statistical spread (0.7 eV) of the
latter quantity is larger than many molecular electron affinities. This
variation in positron affinity from one anion to another depends upon
several factors, all of them poorly understood. Polarizability, dipole
moments, and other structural features are sure to be involved. At any
rate, it is just this deviation of PA~ (positron affinity of the anion) from
6.8 eV which, together with the electron affinity, determines the PsA of
a molecule:
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PsA = (EA) + (PA" — 6.8¢V). 1)

Each parenthetical quantity is small and uncertain, so our calculation of
PsA’s is less certain than that of positron affinities.

In our original work (1) we quoted an uncertainty in each of our
determinations of PsA. This uncertainty was in connection with the use
of an alternative Born-Haber cycle which yields the expression

PsA —EA(eM) 4+ PA — 68¢eV (20)

where EA(e'M) is the electron affinity of the complex e'M. Of course,
the two equations should give the same result, except when the various
affinities are calculated with an approximate method, as in the case here.

We now believe that we should not have used Equation 20. We now
hold this view because the determination of the bonding parameter K is
based upon Equation 1, not Equation 20. Therefore, calculations on all
molecules should follow Equation 1. The use of Equation 20 to determine
K would have lead to a different value, and this second value should have
been used in conjunction with Equation 20 to calculate PsA for molecules.
In future work, this correction will be made. Meanwhile, in this work
we will quote only PsA values calculated with K = — 0.136 and Equa-
tion 1.

For two molecules, the quoted uncertainties in our earlier work gave
rise to an uncertainty of sign in PsA. These ambiguities are now removed,
and our calculations of PsA for these two molecules are:

ozone, PsA = +0.65 eV

(21)
benzaldehyde, PsA = —0.56 eV.

That is, we now predict that ozone will bind a Ps atom by 0.65 eV, and
that benzaldehyde will not bind Ps. In the case of ozone, one should
note the PsA of the oxygen atom (2.2 = .5¢eV, Table II) and the bond
strength in ozone (1.04eV) show that the complex PsO; is probably
unstable to dissociation.

PsO;— PsO 4+ 0;, AE = —05=*x05¢eV. (22)

Similarly, the attachment of Ps to ozone is dissociative:
Ps+0;—>PsO+0; AE=—11*+05¢V. (23)
Answer #1. Pswill bind to many (most?) radicals made by remov-

ing a hydrogen atom from a closed shell molecule. We studied fourteen
such molecules and found that the radical binds Ps in thirteen cases. The

In Positronium and Muonium Chemistry; Ache, H.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1979.



Publication Date: June 1, 1979 | doi: 10.1021/ba-1979-0175.ch010

230 POSITRONIUM AND MUONIUM CHEMISTRY

exception is NO which repels Ps very strongly indeed (PsA ~ —10.0
eV). The thirteen Ps binders are radicals from a wide variety of com-
pounds: hydrocarbons, acids, (strong and weak), bases, water (the PsA
of OH is our one molecular input datum from experiment) and H,Os,.

In the case of formic as well as acetic acids, Ps will bind whether the
acidic or a covalent hydrogen is removed, but with some differences in
energetics. The only strong acid in the six studied in this way has a
radical with a calculated PsA typical of the whole set, so there is no
correlation between acid strength and PsA among the acids studied.

The data is in Figure 6, which also shows the calculated electron and
positron atomic charges. Several features can be noted, but not all of
these are easily explained. First of all we see that, in positronic com-
pounds which have overall electrical neutrality, in contrast to those
reviewed above with an overall charge of + 1, the positron is not con-
strained to be on the periphery of the molecule, nor is it constrained to be
localized on a hydrogen atom. In Figure 6 we see quite a different pat-
tern: in a neutral positron-anion system, the positron may see one or
more atoms with an accumulation of negative charge larger than that of
the critical binding charge (Table IV). These molecules are numbered
2, 4,5, 7, and 8 in Figure 6, and the atoms with an excess electron
population larger than the critical value are starred. We see for those
molecules that the positron is as frequently localized on an adjacent atom
as on a starred atom. The expected populations are shown by 2, 4, and

1 - unbound
0 N (PsA=-g99e)
2 N o & PsA=17aev
/ ()
O-24
(02)
A\
3 - PsA=
st o ('.??) e
/ (72)
0 {133)
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Figure 6. Calculated electron (positron) charge for com-
pounds PsR, and PsA’s for some radicals R with acidic parents
HR. In the parent compound HR, the hydrogen is bonded to
the right-most atom in each radical above. The geometries
used in the calculation are those of gaseous HR with the H

erased.
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8, and the unexpected by 5 and 7. Thus the critical charge concept is not
so useful for rationalizing positron populations of neutral positronic com-
pounds as of those with a net positive charge.

A dominant pattern seems to be: the positron sits on a central carbon
or nitrogen bonded to two or more highly negative oxygens, even if the
central carbon or nitrogen is far from its own critical charge (Table IV).
The only clear counter example is 8; 2 is the borderline. This seems to
be a strong trend, evidenced even in cases for which the central atom has
a deficit of electrons (3, 5, and 7). The trend is shown also by nitroben-
zene and ozone (see below).

Figures 7 and 8 show the data for some radicals R - from nonacidic
parents HR. There are no central atoms with two or more bonded
oxygens for any molecules in Figures 7 or 8. The atomic populations in
Figure 7 seem reasonable on a simpler basis than that found in Figure 6.

Figure 8 has only hydrocarbons, and for them the populations are
regular, simple, and expected. The positron and the extra electron, and
hence the Ps atom, is highly (60-65% ) localized on the carbon from
which the hydrogen is erased. On the other hand, for the molecules in
Figures 6 and 7, the positron is localized on the atom from which the
hydrogen was erased for only half the cases (2, 4, 6, 8, and 9; counter

&)
9, N PsA=0.99
/ \ [s601ev]
H H (;:)
10. -8 p-12 PsA=0386
Q“)O H (59 [5.3840.12¢V]
H =03
e 79)
1. - PsA=218
-.501 O [3.84 20.05¢v)

)

Figure 7. Calculated electron (positron) charges and
PsA’s for some compounds PsR, where HR is not acidic.
Hydrogen atom affinities (55) are given in brackets.
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Figure 8. Calculated electron (positron) charges
and PsA’s for molecules PsR, where HR is a
hydrocarbon.

examples are 3, 5, 7, 10, and 11), and for those examples (except 6) the
extra electron is localized on the same atom as the positron and not for
the counter examples (Table VIII). Thus if the Ps population can be
assigned to a single atom in a molecule (2, 4, 8, 9), that atom is the one
missing the hydrogen (except for 6). All the hydrocarbons (Figure 8)
are examples of this. The positron population in C¢HsPs (Figure 8) are
starkly different from those in e'C¢H; (Figure 1).

Our results suggest that Ps will bind to almost any radical formed by
removing a hydrogen atom. This property is not at all specific. Even in
the cases of formic and acetic acid, Figure 6, Ps binding is indicated
whether the acidic or a covalent hydrogen is removed. The Ps-R bond
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Table VIII
and the Identifiability of Positronium®

Concordance between Where the Positron Sits

Positron Localized )
On Adjacent to Ezxtra Electron Localized on
the Atom from Which H Same Dnfferent
Has Been Erased Atom as Positron
2 3 2 3
4 5 4 5
6 7 8 6
8 10 9 7
9 10
@ The numbers refer to the molecules in Figures 5 and 6.
= o
4 Ps \6;“ V
0. > =12
3'\ PsA=065ev \6")\
(o] (0]
D=119 D=o097

D=436

D=442

Figure 9. Calculated electron (positron) charges and Ps
azinities for PsO; and PsC,H;NO,. Dipole moments are
also calculated. Experimental values (49) are 0.52-0.65 D

for Og and 4.27 D for nitrobenzene.
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seems to be stronger if the acidic hydrogen has been removed, and the
resulting molecules (CHCOOPs and CH3;COOPs) seem to be more stable
(than CPsCOOH and CH,PsCOOH), although geometry optimization
(which was not performed) may alter these observations.

The Ps binding energy in CH3;COOPs, 3.01 €V, is the largest PsA
we have calculated to date.

Answer #2. Ps will sometimes bind to a molecule containing a
unique atom bound to two oxygens. All the radicals with two or more
oxygens in Figure 6 are examples, and besides these we have found two
closed shell molecules (ozone and nitrobenzene). Benzoic acid is a
counter example( PsA — — 1.03 eV). We do not claim to have dis-
covered a trend for closed shell molecules on the basis of two examples
and one counter example, but the populations in these two examples are
interesting, and seem to follow a pattern shown in Figures 6, 7, and 8.
The population and affinities are given in Figure 9.

In both cases the positron is localized on a central atom bonded to
highly negative oxygens. This central atom in ozone is of course another
oxygen, and it has a smaller electron population than its neighbors. In
PsC¢H;NO,, the nitrogen has a positron population of 0.69 even though
it has a deficit of electrons. This apparently anomalous behavior has
already been noted for PsNO,, CHCOOPs, and CH;COOPs (Figure 6).

One wonders, since PsNO, is so stable (Figure 6), whether the
attachment of Ps to nitrobenzene will be dissociative:

?
Ps + CGH5NO2 - C(;H5‘ + PSNOg. (24)

A rough estimate of the C-N bond strength in nitrobenzene is obtained
by averaging C-N bond strengths for some simple compounds where the
carbon is hybridized sp? (59) and by ignoring AH — AE differences.
This number (approximately 2.5 eV) combined with the calculated PsA
of NO, (1.7 eV) suggests that Equation 24 is unfavorable by about 0.8
eV. Apparently Ps will not split off NO,.

We now consider the charge and bond order shifts when nitrobenzene
combines with Ps. The covalent bond orders, calculated with Equations
17 and 18, are shown in Figure 9. The ionic bond order. given by qags/
R,z can be studied also, although we do not relate numerical values for
bond orders for the two types of bonds here. Figure 9 shows that the
electron in Ps goes almost half (.39) to nitrogen and about half (.46) to
the two oxygens, and the positron goes 69% to the nitrogen and 30% to
the oxygens. The positronic charge of the NO, group is thus about 99.
The net electron population of the NO, group is not .85 (= .46 4 .39)
but 1.04 owing to an accumulation of .19 in nitrobenzene itself. On this
basis one might say Ps is approximately 99% localized on the nitro group
in PSC6H5N02.
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The dipole moment of a large molecule (nitrobenzene) which binds
a localized neutral group (Ps) will not change much, as shown by our
calculated moments in Figure 9. Ozone shows similar behavior.

The electronic part of covalent bond orders (shown in Figure 9) is
seen to suffer slightly between N and O and to remain essentially constant
elsewhere in the molecule. Presumably this is because the added electron
must go into a low antibonding orbital which is localized in the NO,
group. But the positronic contribution to the N-O bond is considerable
(26% ), resulting in a net increase in the covalent bond order of 19%.
The N-C covalent bond is likewise augmented by 13%. The only
significant ionic contribution to binding in C¢H;NO, and in PsC¢Hs;NO,
is in the N-O bond which doubles its ionic character when Ps is added.
Thus Ps overall makes a definitely positive contribution to bonding in

Figure 10. Sigma and pi contributions to the charges and
bond orders in Figure 9
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PsC¢H;NO,. The contrast to the contribution of e* to bonding in e'LiH
(discussed above) is marked.

The sigma and pi contributions to the charges and covalent bond
orders are given in Figure 10. We have assumed that the two oxygens
contribute three electrons and the nitrogen one to the pi system to arrive
at the indicated net electronic charges. It is interesting and puzzling that
the electron in Ps goes into the pi system of PsC¢H;NO; and the positron
into the sigma system. Nevertheless both particles go to the NO, group.

SumMmARy oF Ps BinoinG ENercerics.  This discussion is but a sample
of the possible studies which might be made of Ps—molecule interactions.
The picture emerging is fairly simple: the Ps atom can behave as an
ultralight hydrogen atom in the sense of being localized near the position
in the molecule where a hydrogen atom might find a stable site. A second
and less general type of binding site is an atom bound to two oxygens.

Comparisons with Experiment

A compendium of experimental cross sections for quenching ortho
Ps (0-Ps) recently has been given by Klobuchar and Karol (60). We have
reproduced that portion of their compendium for those molecules for
which we have done calculations. This is given as Table IX. Pick-off

Table IX. Comparison between Observer Quenching Ability and
Calculated Positronium Affinities of Some Small Molecules

Quenching Chemical vs.  Positrontum
Cross Section Spin-Flip Affinity®

Molecule (A?) Quenching® (eV)
H, 0.44 X 10°%° — 5.25
N, 1.0 X 1073 — 1240
CO. 14 X 10%° — 1145
CH, 1.8 X 105 — 6.03
Oy 1.0 x 10°%° 0% — 911
NO 84 X 103! 0% — 9.99
03/0 1.6%¢ + 11t
N204/NO, 26* 25%* + 1.2’

¢ Ref. 61. The value 25% is for NOa.

® Ref. 1.

° Ref. 62.

4 Ref. 63.

° Ref. 60.

! Ref. 64.

? Value for ozone.

» —AE for the process Ps + O3 - PsO + Oq. Ps affinities of Oz and O are 0.65 eV
(this work) and 2.2 = 0.5 eV (Table II).

¢ Value for NOa.

4 —AE for the process Ps + N304 - PsNOz + NO2. Ps affinities for N2O4 and
NOg2 are —3.84 and +1.74 eV, respectively (1).
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Table X. Comparison of Positronium Affinities for
Three Substituted Benzenes

Observed Calculated
—AH,, for Positronium Positronium
M Ps+ M =PsM* Affinity® Affinity°
Toluene ~00eV — 251
Nitrobenzene 0.20 = 01 0.16 = .01 eV 0.30
p-Benzoquinone 0.33 = .02 — 192
¢ Ref. 2.
® Ref. 65.
°Ref. 1.

quenchers have cross sections of the order of 10A2, and spin-flip quench-
ers, 10°A2, The two molecules with quenching cross sections on the order
of their geometrical cross sections are those which evidently chemically
combine with Ps. Our calculations of PsA’s are in perfect accord with this
picture, indicating nonbonding for the pick-off and spin-flip quenchers,
and bonding for the others.

Recently Madia, Nichols, and Ache (2) have measured AH for the

Ps - M = PsM (25)

equilibrium for a large variety of molecules M. Of these we have studied
three: toluene, nitrobenzene, and parabenzoquinone. Goldanskii, Kevdina,
Shantarovich, and Petersen (65) have interpreted their observations on
nitrobenzene in terms of a model which permits them to estimate the PsA.
These results and our own are collected in Table X, which show nearly
quantitative agreement between theory and experiment for nitrobenzene,
complete agreement for toluene, and disagreement for quinone. We
suspect that geometry optimization is not the reason for the failure of
the theory for quinone. A full treatment of this problem waits for PMO/2.

Nichols, Madia, and Ache (66) find it probable that Ps attack of
nitrobenzene is at the NO, group. Our calculations, summarized in Figure
9, indicate that Ps is about 99% localized on NO,. The agreement is
complete.

The Future

One expects that our information about positron/Ps—atom and -mole-
cule interactions will improve with time. As we find out more about the
structure of bound complexes, we will be able to improve procedures for
extrapolating to larger systems. One such procedure is PMO/1, and since
its formulation two years ago, we have already learned enough to warrant
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a new parameterization. A good deal of this new information comes from
the Hartree-Fock calculation on PsF by Cade and Farazdel (21). One
reason why expensive calculations such as this should be performed on a
few systems is precisely what we are saying here: to provide input to
the much less expensive semiempirical methods. We hope that this kind
of information will continue to be produced and freely exchanged in the
spirit of good science.

Probably the highest quality information available on positron/Ps—
atom interactions aside from the Ps hydride work (20) are scattering data:
theoretical phase shifts for elastic e* —H (67,68,69,70) and e'—He
scattering (71,72), and experimental elastic scattering cross sections for
e'—Ne and e'— Ar collisions (73,74). In view of the great need for
positron/Ps—atom interaction parameters, this information should be
incorporated into PMO/2. We are presently working on this problem.

It is very easy to criticize PMO/1 with the aid of hindsight of the
two years since its formulation. Many of its defects and weaknesses have
been described above. For example, better positron and PsA’s of the
atoms and diatoms are needed, including for those values which are
negative; the positronic basis functions should be extended to be more
like Cade’s SCF orbitals, but augmented in some way to give the effect
of electron-positron correlations; we need 2p orbitals for the positron on
hydrogen; we need to get the binding energies for simple dipoles right; etc.

Despite all these problems, PMO/1 gives agreement with experiment
more frequently than not. One feels that it must incorporate the essential
features of positron/Ps-atom and -molecule interactions in some fairly
satisfactory, if only qualitative, way. In Tables IX and X we have
moderate to good agreement with experiment both for large and for
small molecules.

Our interpretation of the results of our calculations in terms of
detailed analyses of electron and positron populations and bond orders,
and positron/PsA’s has undoubtedly gone farther than the reliability of
PMO/1 warrants, at least in some cases. Yet no alternative to investigat-
ing details of structure and energetics of positronic complexes exists at
this writing. Therefore we must choose between somewhat speculative
interpretation of results of uncertain basis and a barren insistence on rigor.
The speculative choice is much more tempting and we have succumbed
happily, hoping meanwhile that we do not unduly mislead the unwary.
Our choice is risky in that it invites criticism and leaves one vulnerable
to being corrected later. We accept the risk in order to open some
questions, stimulate discussion, and (who knows?) even inspire further
research.
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Temperature-Dependent Behavior of Positron

Annihilation in Metals

M. J. FLUSS, R. P. GUPTA’, L. C. SMEDSKJAER, and R. W. SIEGEL

Materials Science Division, Argonne National Laboratory, Argonne, IL 60439

The experimental techniques used to study defects by
positron annihilation spectroscopy (PAS) are described
briefly. Application of the two-state trapping model (TSTM)
to the extraction of monovacancy formation enthalpies,
H,,T, in metals from PAS data is shown to have limitations.
The parameters entering the TSTM are potentially tem-
perature dependent, and a degree of uncertainty in these
parameters is reflected in the determination of H,F. A
practical consequence of these uncertainties is a present
limitation of 3-5% in the accuracy of PAS measurements of
H,,” in metals. Lifetime experiments yield one method by.
which the uncertainties in the temperature-dependent
parameters of the TSTM, except for the trapping rate per
unit concentration of vacancies, can be taken into account
naturally.

The positron has found wide application as a probe for atomic and
molecular systems. The positron itself is the antiparticle of the
electron, and hence an electron-positron pair is unstable and will anni-
hilate, emitting one or more gamma rays. The use of the positron as a
probe is based on the detailed study of this emitted annihilation radiation.
Since energy and momentum must be conserved in the annihilation
process, the emission of just a single gamma ray is improbable, requiring
the proximity of a “third” body, such as a nucleus. What is usually
observed is the two-gamma ray annihilation. The three-gamma decay is
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also observed very seldomly and only if two-gamma decay is forbidden
owing to angular-momentum conservation rules.

Application of the positron is based on two possible positron—electron
states—positronium (Ps) and the “free” positron. In the Ps state the
positron is bound to a single electron, a situation that is analogous to that
with the hydrogen atom. This system was postulated (1) and named (2)
before its eventual confirmation by Deutsch (3). In the free state the
positron interacts with many electrons and, therefore, the description of
the state has the character of a many-body problem. Both the positron
and the Ps atom are light particles and thus are difficult to confine to a
small region of space according to the Heisenberg uncertainty principle.
They will, therefore, sample large regions of their surrounding structure
and are thus versatile probes. The delocalized feature of Ps in a perfect
lattice has been nicely demonstrated both for quartz (4, 5) and for ice(6).
In imperfect structures the Ps atom or the free positron tends to localize in
regions of low electron density away from the ion cores. This localization
is reflected in the subsequent annihilation radiation and provides the
basis for the application of positron annihilation to the study of defects
in solids.

At present, positrons are usually obtained from radionuclide sources,
which emit the positron with sufficient energy to penetrate most materials
to a few hundred microns, thereby permitting studies of their bulk
properties. Recently, low energy positron sources have also been devel-
oped (e.g., see Ref. 7) that produce positrons that annihilate in the
surface region, opening the possibility for studies of surface properties by
positrons. This potential application has been reviewed recently in this
SEriEs by Brandt (8).

The development of the application of the positron to materials
problems involving defects has been a consequence of the localization or
trapping of the positron at atomic vacancy (or vacancy-like) sites in the
bulk of metals and the formulation of a discrete-state model, commonly
called the two-state trapping model (9, 10, 11), to treat these problems.
This model has been the basis for interpreting almost all experimental
positron data involving metallic systems in which vacancy-like defects are
present. The application of positron annihilation spectroscopy (PAS) to
the study of atomic defects in metals has developed rapidly since the
discovery of positron trapping in vacancy-like defects (12, 13), principally
because it was recognized that PAS could provide a way to measure the
formation enthalpies of atomic vacancies under equilibrium conditions.
However, the ultimate utility of PAS depends largely on establishing a
physical understanding of the positron in metals. For an extensive review
of the applications of positrons in metals see Refs. 14, 15, 16, 17, 18; for
reviews of the use of PAS for solids in general see Refs. 19 and 20 for two
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more complete treatises. A recent review by Siegel (21) discusses PAS
in comparison with other methods for studying atomic vacancies in metals.

Positron Anmnibilation Spectroscopy

Two types of information can be obtained from positron annihilation
experiments: (1) that related to the electron density and (2) that related
to the distribution of electrons in momentum space. A schematic of
positron annihilation is shown in Figure 1. A lifetime experiment yields
information related to the electron density ( a typical lifetime apparatus
is shown in Figure 2) since the decay rate of the positron is proportional
to the positron-electron density overlap. Angular-correlation or Doppler-
broadening experiments (shown in Figures 3 and 4), on the other hand,
yield information regarding the distribution of corresponding electron
momenta.

Figure 2 shows a schematic of the type of lifetime apparatus used
in several laboratories. Lifetime measurements use (in the case of 22Na)
the 1.28-MeV gamma ray, the so-called “birth gamma,” to start a time-
to-pulse height converter (TPHC). The stop signal for the TPHC is
derived from the detection of one of the two 511-keV annihilation gamma
rays. One of the major experimental problems that arises in precise
lifetime measurements is the ability to maintain the long term stability
of the electronic equipment, which often operates at its design limits.
Some aspects of this problem have been overcome recently by new
data acquisition techniques (22, 23).

It is generally accepted that the positron is thermalized when it
annijhilates (24, 25). The momentum of the annihilating positron—electron
pair is thus mainly that of the electron. The momentum of the positron—

POSITRON ANNIHILATION

P

%)IGAMMA Figure 1. The positron is emitted

| 1.28 MeV from a #*Na nucleus and penetrates
et ' several microns into the solid. Its
annihilation with an electron results
in the emission of two 511-keV gamma
rays. The distribution of time differ-
ences between the 1.28-MeV birth
gamma and 511-keV  annihilation
gamma is used to measure the positron
lifetime. The deviation from collinearity
and the Dopler shift of the two S511-
keV gamma rays are related to the
momentum distribution of the annihi-
lating positron—electron pair and are
used in angular-correction and Doppler-
broadening experiments, respectively.
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electron pair with respect to the laboratory frame of reference causes a
Doppler shift in the energy of the annihilation gamma ray. The observable
manifestation of this shift is a broadening of the 511-keV line beyond
that caused by the finite resolution of the gamma-ray spectrometer. Thus,
the resolution of the detector is of paramount importance. Presently, the
typical resolution obtained with Ge(Li) or intrinsic Ge detectors is 1-1.5
keV at 511 keV. The two annihilation gamma rays are exactly antiparallel
in the center-of-mass frame. However, because the center of mass moves
with respect to the laboratory frame, a small angular deviation, § —
pe/mc, between the emitted gamma rays is observed, where p. is the
momentum of the electron, m is its mass, and c is the velocity of light.
A typical resolution for angular-correlation equipment is 0.2-0.5 mrad,
which is adequate for most applications. As a rule of thumb, a 4-mrad
geometric resolution can be thought of as being equivalent to 1 keV
energy resolution. Thus, in an angular-correlation experiment one can
obtain a much better resolution than with Doppler broadening. It should
be kept in mind, however, that although the resolution of Ge detectors is

LIFETIME
SOURCE

1.28 MeV 0.511 MeV

[
DETECTOR DETECTOR

| ]
TIMING SAMPLE TIMING

PREAMP PREAMP

DISCRIM, DISCRIM,
AMPLIFIER AMPLIFIER
DELAY
DISCRIMINATOR IW DISCRIMINATOR

GATE
—L_r_l

MULTICHANNEL
ANALYZER

Figure 2. Schematic of a lifetime apparatus (26). Timing signals are

derived from the birth and annihilation gamma rays using fast plastic

scintillators coupled to suitable phototubes. These time intervals are mea-

sured with a time-to-pulse height converter (TPHC), and their distribution

is stored in a multichannel analyzer. Some energy selection or gating is

required to obtain suitable timing resolution. These “side-channel” dis-
criminators are shown.
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Figure 3. Schematic of anjular correlation equipment (26).
Lead collimators are represented as cross-hatched objects. Typical of
such long parallel-slit instruments (note that the slits are perpendicu-
lar to the page) is the use of remote sources that are suitably shielded
from the detectors’ view. The detectors are Nal(Tl) scintillators of
sufficient length to allow integration over one component of the mo-
mentum distribution. The commonly used peak-count parameter, F,
is defined diagramatically in its experimental sense as the normalized
peak-count rate determined by integrating a small central region
under the peak.

comparable with the effect being measured, the counting rate is very high.
For angular correlation the situation is reversed to some extent. There-
fore, the choice between these two methods is in no way obvious since
poor resolution can often be offset by good statistics if the resolution
function is known.

Defects in Metals

PAS methods have found application in equilibrium and non-
equilibrium studies of defects in metals. Experiments on metals in
nonequilibrium states have revealed significant qualitative information
regarding complex defect systems because of the defect-specific nature
of the positron toward vacancy-like sites (e.g., vacancies, vacancy clusters,

voids, and dislocaﬁons)Amiem}eﬁéﬁﬂéHs area recently has been on

Scciety Library
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DOPPLER BROADENING

SOURCE
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Figure 4. Schematic of a Doppler-broadening appa-
ratus using a sandwich source (although remote sources
also can be used (26)). Such equipment provides high
count rates with poorer resolution than is obtained with
angular-correlation instrumentation. Electronic instabilities
must be monitored and removed either with online or offline
techniques. Also shown is the instrumental resolution repre-
sented by the 514-keV gamma-ray line, which is compared
with a 511-keV annihilation spectrum. Note that the resolu-
tion is similar in width to the Doppler-broadened data itself.

the annealing behavior of radiation damage introduced into various
metals (for a bibliography and an example of such experiments see Ref.
26). Particular attention has been given to the behavior of positrons in
voids or aggregates of vacancies (27-33).

Another type of nonequilibrium experiment, which is useful in study-
ing the propagation of the positron in metals, is the measurement of
positron annihilation at a fixed ensemble of trapping centers. In this type
of experiment one hopes to study the positron trapping rate per unit
concentration of defect traps, p, as a function of temperature. It is
important in such experiments to demonstrate that the trapping centers
remain the same in nature and concentration during the entire tempera-
ture cycle. Only a few such experiments designed to study the specific
trapping rate, p1v, at monovacancies (34, 35, 36, 37) have been performed
to date although their fundamental importance has been recognized for
some time.

In the past decade considerable effort in using PAS to study defects
in metals has concentrated on the quantitative determination of the
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temperature dependence of equilibrium vacancy concentrations in pure
metals. The equilibrium concentration of monovacancies, in atomic
fraction, as a function of temperature and pressure is given by,

Clv = exP[— (ElvF + 1')VlvF - TSlvF)/kT] (1)

where E,.F, V,.F, and S,;,F are the monovacancy formation energy, en-
tropy, and volumes, respectively. Until recently, equilibrium experiments
have focused on studies in which temperature alone was varied. For these
studies the vacancy formation enthalpy, Hi,F = E;;¥ + PVy,F, was
measured. At atmospheric or lower pressures the term PV, is negligible
(<103 eV), and hence H,,F ~ E;,F since Hi,* ~ 1 €V in metals. Now
pressure-dependent experiments are also being carried out, and measure-
ments of the vacancy formation volume in indium and cadmium (38, 39)
using PAS have been reported recently.

The utility of PAS to determine the vacancy formation enthalpy
depends on the fact (already mentioned) that the positron in most metals
can be trapped at vacant sites with significant changes in its annihilation
characteristics (21). At the time of thermalization the positron is expected
to be found in a Bloch state, which is extended throughout the crystal.
In the presence of vacancies one would expect to find the positron in an
energetically favorable lower energy state, localized in a vacancy. How-
ever, this is not always the case since the relaxation time associated with
this localization in a single vacancy is much greater than the positron
lifetime. The transition to the localized state proceeds through the
trapping process, probably governed by the golden rule (40), and the
fraction of positrons that are trapped at vacancies depends on the con-
centration of vacancies. At low vacancy concentrations (<$1077) the
positron is in an extended Bloch state while at high vacancy concentra-
tions (210™) it is almost always localized in the vacancy at the time of
annihilation. At intermediate concentrations of vacancies the positron
could be found in either the Bloch or vacancy-trapped state. It is this
probability distribution and its connection to the vacancy concentration
that is the basis for the application of PAS to vacancy-defect problems
via the two-state trapping model.

The Trapping Model

The two-state trapping model (TSTM) is shown schematically in
Figure 5 and is described by two first-order differential equations,

dNb/dt = —Nb)\b —_ Nb K (23)
dNy/dt = 4+Npx — Ny Ay (2b)
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BULK Nyt

VACANCY N, (1

Ap Ay

2y 2y
Fy Fy

Figure 5. Positron two-state trapping
model (TSTM). A positron in the bulk or
Bloch state either annihilates at a rate \»
or is trapped by vacancies at a rate «,
where it eventually annihilates at a slower
rate N\v. The corresponding peak-count
parameters, Fy and F., for annihilations
from the bulk and vacancy-trapped states
are indicated.

where N, and N, are the fractions of positrons in the bulk and vacancy-
trapped states, respectively, and A, and A, are the two-gamma decay rates
from these states. The quantity « is the total trapping rate of the positron
from the bulk to the vacancy-trapped state.

The mean lifetime of the positron can be expressed in terms of the
two-gamma decay rates (41,42) as,

F—Tym+ Iy 3)

where 7, — Ay and 7, = A, ! are the positron lifetimes in the bulk and
vacancy-trapped states, respectively. The intensities, I, and I,, are the
probabilities that a positron will annihilate from these respective states
and are related by I, + I, — 1. Note that I, = Ap(As + &)™ Various
shape parameters, F, are used to describe the momentum distributions
observed in angular-correlation or Doppler-broadening measurements.
Many of these shape parameters are expected to be a linear combination
of signals from the positron annihilation in the bulk and vacancy-trapped
states, This relationship is expressed by,

F=LF,+ILF, (4)

where F, and F, are the shape parameters that represent annihilation
from the bulk and vacancy-trapped states, respectively. For example, one
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such shape parameter, a peak-count parameter, F, can be defined as
shown graphically in Figure 3. Clearly, Equations 3 and 4 demonstrate
that mean-lifetime and line shape-parameter experiments are similar.
Since both mean-lifetime and Doppler-broadening experiments describe
the system by a single parameter (7 or F), these should be distinguished
from more complete lifetime experiments, in which the spectra are
resolved into their components, yielding Ay, Ay, and «.

The quantities Fy, Fy, A, and A, are related to the electron-positron
overlap. Clearly, these must be different for the two states if a significant
change in the annihilation characteristics is to be observed experimentally
as a result of positron trapping . The positron densities in the bulk or
Bloch state and the vacancy-trapped state of the positron for aluminum
are shown in Figures 6 and 7. The results shown were obtained from an
augmented plane-wave (APW) calculation (43,44). It can be seen that
in the Bloch state the positron is distributed throughout the crystal,
where it prefers the interstitial regions because of its repulsion from the

ALUMINUM

0

\©

POSVTRON DENSVTY

o

8

Iy

- %
69

[olO]

Figure 6. Spatial distribution of the positron den-

sity in the Bloch state of the positron in aluminum

for the (001) plane (44). A network of only 13 atoms is

represented. There are three atomic sites each along

[010] and [100] axes as indicated by crosses. The repul-

sion of the positron by the ion cores and its accumulation
in the interstitial regions is seen clearly.
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Figure 7. Spatial distribution of the positron den-
sity in the oacancy-trapﬁed state of the positron in
aluminum in the (001) plane (44). The vacancy is rep-
resented by the absence of an aluminum atom at the
center of the network of atoms described in Figure 6. A
large pileup or localization of the positron is evident at
the vacant site. The anisotropy in the positron density
arising from the presence of nearest neighbor ion cores is
also visible.

jon cores. On the other hand, the positron finds itself bound to the
vacancy site, with a binding energy of about 3.3 eV and a density
distribution that is highly localized. The consequences of this localization
are: (1) a smaller overlap with the electrons since the electron density
is relatively low in the vacancy, leading to a longer positron lifetime;
and (2) an increase in the contribution to the angular-correlation or
Doppler-broadening spectra from the low momentum components relative
to the high momentum ones, owing to the missing ion core in the
vacancy. This, in turn, gives rise to an increase in the shape parameter,
F, as usually defined. Thus, both7 and F increase with increasing positron
trapping in vacancies and, hence, increasing vacancy concentration.

The quantity x, shown in Figure 5 and entering into the rate equa-
tions (2a and 2b), is the probability per unit time that a positron will
become trapped in a defect and is proportional to the defect concentra-
tion. For a sufficiently dilute concentration of monovacancies—so dilute
that clusters of more than one vacancy can be neglected—one obtains
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k = p1,C1y, where pyy is the specific trapping rate per unit concentration
of monovacancies and Cj, is the concentration of monovacancies. If piy
shows only a weak temperature dependence compared with Ci,, the
measurement of « as a function of temperature will, according to Equation
1, result in the determination of H,,F(= E;;* + PV,,F). The accuracy to
which the formation enthalpy can be determined will depend therefore
not only on the experimental uncertainty in x but also on the degree to
which the temperature dependence of p;y is unknown.

The rate equations (Equations 2a and 2b) of this model are identical
to the simple parent-daughter relationship found in nuclear decay, with
a branching for the parent. Upon solution, these yield the familiar
expression for this type of scheme, representing the fraction of positrons
surviving in the system at time £,

N(t) = No(t) + No(t) = I, exp(—Ast) + I, exp(—Aqt) (5)

where I; + I, = 1, and the I and A values can be obtained from the
data if the spectra are resolved into two components. Note that the
measured intensities, I; and I,, differ from I, and I, in Equations 3 and
4. Note also that resolution of a lifetime spectrum into its respective
components involves deconvolution of the data. This makes the uncer-
tainties on the I and A values quite large since resolution of the equip-
ment is often of the same magnitude as the signal itself.

The physical parameters of the TSTM can be expressed directly in
terms of the parameters obtained from a lifetime experiment by solving
Equations 2a and 2b with the boundary conditions, Ny(t = 0) = 1 and
Ny¢(t = 0) = 0. The relationships are

Ab=11 A +12A2 (63)
Av=A; (Gb)
k=1I (A; — As). (6c)

In contrast to Equation 6c, the determination of x from either
momentum or mean-lifetime experiments involves additional assumptions,
as shown in the equations that relate x to+ and F, as follows:

km, = (F —Fy)/(Fy — F) (7a)
k= (7 — )/ (v — 7). (7b)

In the shape-parameter analysis of momentum experiments the quantity
™ = Ap”! is not measured at all. The quantities F), and F, can be deter-
mined only at the low and high temperatures, respectively, and must be
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extrapolated to the intermediate region where a significant vacancy signal
exists. A similar observation holds for the 7 analysis with regard to m,
and r,; however, in this case 7, = Ap! can at least be measured at
temperatures below the vacancy-sensitive region. In conclusion, since #
or F can be measured to a very high precision, they provide a way to
obtain a precise determination of x from Equation 7b or a quantity
proportional to x from Equation 7a provided the assumptions about s,
Fy, and F, are correct. Unfortunately, there is no way of knowing from
these experiments themselves whether or not the assumptions are correct.
On the other hand, lifetime experiments in which the spectrum is resolved
into its components determine x without any assumptions, except those
of the TSTM itself, but with considerably increased uncertainty.

Comparison of Momentum and Lifetime Experiments

An example of positron annihilation data obtained with Doppler-
broadening equipment is shown in Figure 8 (45). Two cases are repre-
sented: polycrystalline copper at 435°C and at 1020°C. The first case

COPPER oo
6000+
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COUNTS PER CHANNEL

2000+ . . 1

¢
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....... Se,

1980 1990 2000 2010 2020
CHANNEL NUMBER

2%aa

Journal of Physics F,
Metal Physics

Figure 8. Positron annihilation data obtained in a Doppler-

broadening experiment for copper (45). Open circles are data

taken at 435°C, and closed points are data taken at 1020°C. These

represent the extreme cases of no vacancy si%nal present and com-
plete trapping, respectively.
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Figure 9. Lifetime spectra in magnesium with a sandwich source and an

internal source produced by activation (46). The figure indicates the addi-

tional component in the spectrum attributed to the source component present
with sandwich sources.

represents the type of data obtained when there are effectively too few
trapping centers for which the positron can be sensitive; the second case
represents the situation in which all the positrons apparently annihilate
in the trapped state. Momentum measurements can be carried out with
either the radioactive source of positrons in a sandwich configuration
between two samples (as shown in Figures 2 and 4) or, preferably, with
a remote source (as shown in Figure 3), which can avoid many questions
concerning source component and sample contamination by material from
the radioactive carrier.

In contrast, lifetime experiments can be carried out only with the
sandwich source-sample arrangement at present since time of flight of the
positron and efficiency problems prohibit the use of remote sources. Life-
time experiments are very valuable because they provide direct informa-
tion about the bulk and vacancy-trapped states of the positron. Also the
annihilation information from positrons in extraneous places (e.g., surfaces
of the sample) can be removed from the data as long as these annihila-
tions result in a distinctly resolvable lifetime component in the spectrum.
Such a lifetime component has been identified by Weisberg and Berko
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(46), as shown in Figure 9. Here the lifetime spectrum obtained with an
internal source produced by activation is compared with that obtained
with a sandwich source. This advantage of lifetime experiments is not
available to the momentum experiments, which raises a question about
the effect that any possible temperature dependence of such extraneous
components can have on the interpretation of momentum data.
Qualitatively, lifetime and momentum measurements do seem to
respond to the change in the concentration of vacancies in strikingly
similar ways. As an example of this similarity over a wide temperature
range we have chosen the data of Herlach et al. (47) taken on gold
(Figure 10). The two sets of data correspond to the Doppler-broadening
wing parameter (the fractional area of selected regions in the wings of
the Doppler-broadened line) and the mean lifetime, measured by observ-
ing the shift in the centroid of the lifetime spectrum (centroid-shift
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Figure 10. Mean lifetime, 7, and the line shape

parameter W (wing parameter) as a function of tem-

perature for gold (47). The dominant feature of both

functions is the S-shaped response to the presence of
thermally generated vacancies.
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Figure 11. Mean lifetime, 7, vs. the peak-count line shape

parameter, F, from Doppler broadening for aluminum (41).

The data shown include the temperature region in which posi-

trons are sensitive to the presence of thermally generated
vacancies.

method), each as a function of temperature. The vacancy-sensitive
region is typified by the S-shaped behavior that dominates the higher
temperature region of the curves. Even at the lower temperatures the
data exhibit similar behavior. Determination of the monovacancy forma-
tion enthalpy from these data involves fitting all components of the
observed curve. This means that one must have a physical understanding
of the upper and lower temperature regions that surround the vacancy-
sensitive region so that the vacancy response alone can be isolated from
the total signal.

The two sensitivities of the positron, one to electron momenta and
the other to electron density, cannot be expected a priori, to respond in
the same way to the relative changes in the contributions from valence
and core electrons in the bulk and vacancy-trapped states of the positron.
This will result in different temperature dependences , and Fy, as well as
v and Fy. A further complexity, which also might affect a comparison
between lifetime and momentum measurements, is the existence of high
momentum components associated with the valence electrons themselves.
This is a consequence of the delocalization of the positron and the non-
uniform nature of the electron density. An experiment in which two
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components of the momentum were measured for aluminum, carried out
by Mader et al. (48), resulted in the first detailed study of these high
momentum valence signals in the angular distribution.

Figure 11 shows the result of a combined study of the momentum
peak-count parameter, F, and the mean lifetime, 7, calculated according
to Equation 3, in aluminum (41). The curvature observed could be
caused by the temperature dependencies of v, Fy, v, and F,. However,
the simple TSTM may give an inadequate description of the system
investigated.

In contrast to positron lifetimes, which have a clear physical signifi-
cance, various shape parameters, not always possessing such significance,
have been invented to describe the changes in the momentum distribution
as a function of temperature. These types of parameterizations of data
have been reviewed recently in some detail by Campbell (49). The
arguments often presented for the choice of one parameter over another
are based on statistical rather than physical criteria. Statistically optimized
parameters can be highly sensitive; however, comparison between different
parameters (e.g., peak-count and wing parameters) can be difficult
because their physical meaning is not clear.

Prevacancy Effects

The observation with PAS of the thermally generated vacancy-
trapped state is not universal for all metals (14, 21). For example, a metal
that does not exhibit trapping is magnesium, as shown in Figure 12 (18).
The weak temperature dependence observed here was attributed to
effects from the lattice expansion with increasing temperature. However,
the picture of a simple weak temperature dependence of the bulk state
of the positron, depending only on thermal expansion of the lattice, was

T T T T T T T T T T T
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0 100 200 300 400 500 600
TEMPERATURE (°C)
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Figure 12. Normalized peak counts, F, as a function of tem-
perature for magnesium (18)
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Figure 13. Positron mean lifetime, 7, as a function of

temperature in cadmium (53). Note the nonlinear be-

havior of T in the prevacancy region and the start of a

rapid rise of T in the vacancy-sensitive region above
approximately 350 K.

shaken by the observation of highly nonlinear temperature dependences
discovered in cadmium (50, 51). Confirmation of the effect reported for
cadmium was obtained with both angular-correlation (52) and lifetime
measurements (53) (the latter shown in Figure 13). The angular-corre-
lation measurements on cadmium by Kim and Buyers (52) were inter-
preted as showing that the positron becomes more localized in this
intermediate temperature region. The localization was established by
observing the “smearing” of the momentum distribution at the Fermi edge.

The existence of a similar effect in copper, as reported by Lichten-
berger (51), could not be confirmed in work reported by Smedskjaer et
al. (54) and Rice-Evans et al. (45). In the work by Smedskjaer et al.
both lifetime and Doppler-broadening experiments were reported (see
Figure 14). The possibility of differences in the method of parameteriza-
tion can be raised. However, for cadmium both the parameter used by
Lichtenberger (51) and the peak-count parameter used by Kim and
Buyers (52) seem to have had the same sensitivity to the prevacancy
effect.

It has been reported recently (55) that indium exhibits a prevacancy
nonlinearity even more distinct than that observed for cadmium. The
results, obtained from peak-count Doppler-broadening data, show an
almost plateau-like behavior. No corresponding lifetime experiments on
this material have been reported in this temperature region. However,
the possibility of more subtle effects regarding source components or
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Figure 14. Top: positron
lifetime in copper as a func-
tion of temperature in the
prevacancy region. The data
reveal a linear temperature
dependence over the tem-
perature range of the experi-
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ond-order moment (a shape
aramete(ri) of the Doppler-
roadened spectrum in cop-
per as a function of tempera-
ture. The full curve is the
linear least-squares fit that
passes through the data
points. Both curves are from
Ref. 54.
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sample purity have now been raised by the contradictory results of
Rice-Evans et al. (56), who observed no such nonlinearity. Recent
experimental evidence indicates that in cadmium other effects that are
equal to the static lattice expansion play a role in the reported anomalous
behavior (57).

The nonlinear temperature-dependent behavior in cadmium has
resulted in a search for the origin of this effect, and attempts have been
made to explain it in terms of the propagation mechanism of the positron
through matter. There are, of course, obvious effects expected from
temperature changes. With increasing temperature the ion cores move
further apart, thus reducing the overlap of the positron with the electrons
of the metal. In addition, the lattice is also a dynamic structure, and the
positron-electron interaction should be affected by the changing phonon
spectrum of the metal with temperature. The delocalized nature of the
positron thus leads to the possibility that the positron preferentially
occupies the more open (dilated) regions of the lattice (see Refs. 58
and 59 and a number of recent papers reviewed in Ref. 60). As an
extreme example of such an effect, Seeger (61) has interpreted the
anomalous behavior in cadmium in terms of the existence of a metastable
state, in which the positron is “self-trapped” by a strong interaction with
the lattice. This proposal, however, has not been universally accepted
(62,63).

The effect of lattice vibrations on the positron lifetime in the Bloch
state, r,, was investigated by Tam et al. (58, 59), using a Debye model
for the phonon spectrum, and by Stott and West (64), using an Einstein
model. This subject has been considered most recently by Gupta et al.
(65). In cadmium the core contribution to the total annihilation rate,
A = 7%, is large, about 39% of A, (20). Contrast this value with a
relatively small core contribution of approximately 19% of A, in aluminum
(20). This large core contribution to A, in cadmium is expected to result
in a significant change in the core contribution to A, from phonon interac-
tions with both the core electrons and the positron, owing to the localized
nature of the core-electron density. Larger effects from phonons for cad-
mium than for aluminum are indeed predicted theoretically (58, 59, 64, 65).
Further, the phonon contributions to the positron annihilation charac-
teristics for both lifetime and momentum measurements have been shown
(65) to be larger than the contributions from static lattice expansion.
However, when the magnitude of the contribution from phonon-coupling
effects is added to that expected from lattice expansion, the resulting
value still does not account fully for the magnitude of the observed
temperature dependence of ,(T) in cadmium, although it seems to in
aluminum (65). The effect of positron-phonon interactions on the posi-
tron lifetime in the vacancy-trapped state, on the other hand, is not
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expected to be significant, owing to the localized nature of the trapped
positron and to the stabilizing influence of the positron trapped in the
vacancy (66).

Testing the Two-State Trapping Model

Neither temperature nor pressure is an explicit variable of the
trapping model. However, the parameters Ay, Ay, and « that appear in
the TSTM are potentially temperature and pressure dependent. Lifetime
measurements in which all the component lifetimes are measured by
deconvolution techniques are uniquely important because direct model-
dependent information about the two states of the system is provided
by such experiments. Thus, one way of partially testing the validity of
the TSTM, with the assumption of single-state population at ¢ = 0, is to
compare the bulk lifetime obtained using Equation 6a (remembering
that the I and A values are experimentally determined quantities) with
the known or expected variations of the bulk lifetime with temperature
and/or pressure.

Experiments of this type have been carried out on two metals, lead
(67) and aluminum (41), under equilibrium conditions, in which signifi-
cant positron trapping at vacancies was present. The results reported
for lead indicated a possible temperature dependence for the bulk
lifetime beyond that expected from simple linear extrapolation from
low temperatures. Subsequent measurements at the same laboratory
have, however, indicated that the magnitude of this observation is
sensitive to some experimental uncertainties, one of which is the nature
of the source component (68). A better established temperature depend-
ence was determined for the bulk lifetime in aluminum (Figure 15).
In this case the uncertainty limits for this effect, arising from the uncer-
tainty in the instrumental resolution function, were determined. Even
very large estimates of this uncertainty (shown in Figure 15) could not
remove the anomalously large temperature dependence of the bulk
lifetime. However, it is not clear whether or not the deduced bulk-
lifetime temperature dependence in lead and/or aluminum is real or
whether or not the TSTM, its assumptions, or the analyses based on it
are just too simple. The possibility has been raised that the trapping
model could be modified to include a finite slowing-down time of the
positron (69), during which trapping in vacancies is enhanced; this
might explain such an effect. Further work is needed to answer the
questions raised by these experiments in lead and aluminum.

In their different analyses (41,67) the two groups of workers also
extracted the temperature dependence of the vacancy-trapped positron
lifetime, r,. These results are shown in Figures 16 and 17 for lead and
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Figure 15. Bulk lifetime, t,, vs. temperature T, for alumi-
mum (41). The points and their error bars were obtained using
the most likely resolution function.
same data using extreme estimates of the uncertainty in the resolu-
tion function. (——), The temperature dependence obtained from
the APW calculations of Ref. 43 on the basis of lattice expansion

alone.
_ L T . AID T
8 400 -
£
w
Y s00F v by .
[ Soty—ve
w
ra n 4
3
| N N B B |
’2000 100 200 300
T (°C)

Physics Letters

Figure 16. Measured temperature
dependence of the vacancy-trapped
positron lifetime r, for lead (69):
(——), the negative temperature de-
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Figure 17. Positron lifetime in the vacancy-trapped state,
7, for aluminum vs. temperature, T (41).
Description of the points and the (- - -) are the same as for Figure
15 ), shows the temperature dependence obtained from APW

calculations of Ref. 43 on the basis of lattice expansion alone.

aluminum, respectively. For aluminum the temperature dependence of
v is very weak. The data for lead, however, show a significant negative
temperature dependence for r,, possibly attributable to the greater lattice
relaxation around the vacancy in lead than in aluminum, and/or to
expected differences in anharmonic effects (47).

Gupta and Siegel (43,44) investigated the change in the positron
lifetime associated only with the static volume expansion of the lattice
in aluminum 250°-650°C. The fractional increase in the positron lifetime,
both in the Bloch state and the vacancy-trapped state, was slower than
expected from the fractional volume change (AV/V) caused by thermal
expansion alone. The increase was linear and was about 75% of (AV/V)
for the Bloch state of the positron and approximately 50% of (AV/V)
for the trapped state. The results of these calculations are compared with
the experimental data shown in Figures 15 and 17. The calculated
variation of =, with temperature is seen to be consistent with the experi-
mental measurements of the vacancy-trapped positron lifetime in alumi-
num. In addition, the variation in =, from lattice expansion when
combined with the change caused by positron-phonon coupling (66) is
in quite good agreement with the temperature dependence measured
experimentally below 370°C in aluminum (41).
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The Trapping Rate

As mentioned above, using the assumption that x = p1,Cyy, it is
possible to deduce the monovacancy formation enthalpy directly from
the temperature dependence of «. Arrhenius plots of In (x/XA,) vs. T
obtained from peak-counting angular-correlation data (70) are shown, as
an example, in Figure 18. Although these plots exhibit straight-line
behavior, this result is not tacit proof (however desirable) that their
slopes necessarily yield accurate values of H;,* for the metals indicated.
Inherent in these and similar plots of PAS data, which are derived with
assumptions regarding the temperature dependences of Fy and F,, are
often additional assumptions about the temperature independence of =,
and p1y (see Equation 7a). Specific experiments designed to measure the
temperature dependences of these parameters are required.

Apart from the possible temperature dependences of m, 7, Fp, and
F,, that of u;, must also be considered. Three models have been proposed
for the temperature dependence of p;,: (1) a T dependence based on a
diffusing positron scattered by phonons (71), (2) a T° dependence based
on the assumption that the positron behaves in a fully quantum-mechan-
ical manner (72), and (3) a T* dependence based on the idea that the
positron encounters vacancies at a rate that is related to its classical
velocity (73). For a review of these models see the paper by Bergersen
and Taylor (74). On the basis of quantum-mechanical models McMullen
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Figure 18. Arrhenius plots of (k/\) for five

metals (70) deduced from peak-counting angu-

lar-correlation experiments. The slope of a line

corresponds to tfe vacancy formation enthalpy
if uyy and X, are temperature independent.
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(75) has shown that i, is temperature independent both for freely
propagating (no scattering from phonons) and diffusing (scattered from
phonons) positrons. This conclusion is valid for the case of monovacancies,
regardless of the strength of the trap within reasonable limits (75).

Experiments that can differentiate between these proposed tempera-
ture dependences are difficult to perform. McKee et al. (35) performed
an experiment on quenched gold samples and interpreted their results as
supporting a T° dependence. Some doubt, however, has been raised
about the validity of this experiment since the vacancy clusters could
have dominated the positron trapping in their samples (34). In contrast,
the work of Hall et al. (34), also for quenched-in vacancies in gold,
suggests a positive temperature dependence for p;y at T*-T!. The tem-
perature dependence of u;, seems to be an unsettled question. Fortu-
nately, however, the theoretically suggested temperature dependences
are all weak in comparison with the exponential temperature dependence
of Cyy. Thus, as discussed below, neglect of any temperature dependence
in pyy for the present is likely to have only a small effect on the determina-
tion of H,,* in metals by PAS.

Vacancy Formation Enthalpy

The annihilation behavior of the positron in a metal is sensitive to a
number of temperature effects. The problem considered here is: to what
extent do the various temperature-dependent effects and uncertainties
regarding them affect our ability to deduce vacancy formation enthalpies
with an accuracy approaching that of the statistical precision (about 1% )
of current PAS experiments. The prevacancy effects, the uncertainty in the
temperature dependence of u,,, and the anomalous behavior observed in
the bulk lifetimes in lead and aluminum each contribute to this problem
to a greater or lesser degree. Further, the temperature-dependent effects
associated with lattice expansion and phonon coupling of the positron
enter this problem through the temperature-dependent behavior of the
parameters ,, 7y, Fy, and F, in different ways, depending on whether one
is performing lifetime or momentum (angular-correlation or Doppler-
broadening) experiments.

Dramatic changes in the propagation mechanism of the positron in
the same temperature region where vacancy sensitivity is observed could
certainly be important to the validity of such experiments. Whether or
not the observed prevacancy effects in indium and cadmium indicate that
such a problem exists is still an open question. However, detailed
theoretical considerations of this topic tend to indicate that although self-
trapping is a possible mechanism, it is unlikely for most metals, including
cadmijum and indium (62, 63).
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The effect of the temperature dependence of the positron trapping
rate at monovacancies, while remaining an open question, can be investi-
gated from the pragmatic viewpoint of establishing the sensitivity of the
deduced vacancy formation enthalpy to the range of proposed temperature
dependences of p;,. Hall et al. (76) estimated this effect for their data
in aluminum and gold, measured with a lifetime technique. An uncer-
tainly of approximately 5% in H,,F for gold could be assigned to the range
of likely temperature dependences for py,. Herlach et al. (47) found that
their value for H,,* in gold would be increased by about 4% if a tem-
perature dependence of u;, « T were assumed instead of a constant ;.
For aluminum, the data of Fluss et al. (41) indicate that a variation of
3% in H,,F could be attributed to these two choices. Thus, the effects on
H,,F are small.

The anomalously strong temperature dependence of the bulk lifetime
of the positron observed in aluminum and lead (4I,67) raises serious
questions concerning the TSTM and its related assumptions (discussed
above). The data obtained at the highest temperatures in aluminum,
where there is a dramatic change in the apparent bulk lifetime, do not
contribute significantly to the determination of the vacancy formation
enthalpy. This point is discussed in Ref. 41 by a comparison of H;/F
values obtained by various PAS methods. Clearly, this high temperature
data region can also be avoided, as it was in Ref. 41, at least until this
problem is understood. Even if, as suggested by Warburton and Shulman
(69), a prethermalization-enhanced trapping were invoked to explain this
problem, the deduced value of Hy.F for the case of lead would be affected
by 4% at most, assuming a thermalization of 20 psec (69).

The temperature dependencies of the bulk and vacancy-trapped
state lifetimes are inherently taken into account by the application of
Equation 6¢c. Lifetime experiments using Equation 6¢ involve the mini-
mum number of model (TSTM) assumptions because the temperature
dependences of =, and r, are implicitly included in the analysis. On the
other hand, shape-parameter analyses involve curve fitting. Thus, it is
not surprising that for indium significantly different results were obtained
for H,,* when the prevacancy effect observed in Ref. 55 was not found
by Rice-Evans et al. (56). In the prior case (55) a value of Hy,F
= 0.48 eV was reported while for the latter (54) H,F = 0.59 eV was
found, a difference of 20%. For a more representative case, Rice-Evans
et al. (45) investigated the consequences of the various curve-fitting
assumptions regarding F}, and F, as applied to Doppler-broadening meas-
urements in copper, in which no prevacancy effect was observed by the
authors. For the range of common assumptions about temperature de-
pendences, the deduced monovacancy formation enthalpy varied from
1.32 to 1.26 eV, a range of only 5%.
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Summary

Positron annihilation spectroscopy (PAS) has been established as a
useful new technique for studying defects in metals under equilibrium
and nonequilibrium conditions. Various special methods now have been
developed for applying PAS momentum and lifetime measurements to
such studies although lifetime measurements -are somewhat more well
defined with respect to the two-state trapping model. A period has.
apparently been reached in the development of PAS when more detailed
physical understanding of the positron in metals would be helpful in
making PAS as accurate as it can be precise. Improvements in experi-
mental and data analysis methods should lead to further testing of many
of the analysis assumptions. For the present, experimental uncertainties
exist, but they tend to be outweighed by physical uncertainties arising
from our lack of complete understanding of the various temperature-
dependent effects to which the positron is sensitive. A practical conse-
quence of these uncertainties is a present limitation of 3-5%, under
favorable circumstances, on the accuracy of PAS determinations of
vacancy formation enthalpies in metals.
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ANNPEAK: A Program for Lineshape
Analysis of Doppler Broadening of Positron

Annihilation Photons
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A flexible program for the lineshape analysis of Doppler
broadend spectra of positron annihilation photons was
developed to calculate the lineshape parameters Q, W, L,
FWHM, p, and o™ from a normalized annihilation spectrum.
An improved linear selection method was used to limit line-
shape dependence on the background correction. This pro-
gram was used to analyze the Doppler broadened annihila-
tion spectra obtained with a spectrometer using two-point
digital stabilization. Nuclear lines of '*Ba and *"Bi were
used for energy calibration purposes. The program de-
scribed has convenient options for optimization and output
of data.
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ositron annihilation spectroscopy (PAS) is becoming widely used in
applied and fundamental studies in chemical physics, applied physics,
materials science, and energy-related research (For a comprehensive bib-
liography of the field, see Ref. 1). The Doppler broadening of positron
annihilation photons with high-resolution Ge(Li) detectors is now gain-
ing acceptance, though its use has been advocated strongly for several
years (2). The methods of lineshape analysis are often unique to a given
investigator and are generally semi-empirical (2-11). We have incorpo-
rated a variety of the lineshape parameters that have been used previ-
ously into an analytical routine called ANNPEAK. Our experience with
this program and the instrumentation used to develop it is described.
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Doppler broadened lineshapes can be approximately represented as
a distribution comprised of the convolution of the instrumental resolu-
tion function and the superposition of an inverted parabola and a Gaus-
sian. The difference between positron(ium) annihilation with low
momentum conduction electrons (inverted parabola) and high momen-
tum conduction electrons are extracted by a measurement of the dif-
ferences between the extremes. Figure 1 illustrates a sample normalized
spectrum and depicts the arbitrary channel boundaries used for the
determination of the lineshape parameters denoted by the letters Q, W,
and L, and the full width at halfmax (FWHM). The regions of maxi-
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Figure 1. Definition of lineshape parameters for Doppler broadened
annihilation photons
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mum change in the normalized spectra are in the area (A) of the narrow
central region and in the areas of the wings associated with the broadest
part of the distribution. Q is the ratio of the area (A), the sum N; of
events, in the central region of thepeak divided by the integral area (I)
in the complete normalized spectrum. W is sensitive to changes in the
fraction of annihilation events occurring with high momentum electrons
(C-B) divided by (I) in the spectrum. C and B are chosen to be sym-
metrical regions of the wings of either side of the central region to the
area of the spectrum. The definition of Q is identical to MacKenzie’s (2)
definition of S. However, the notation S has not been consistently used
to denote a value identical to the L parameter (11).

The selection of the channel boundaries for A, B, and C are selected
arbitrarily to enhance changes in Q, W, or L. To a rough approximation,
Q is a reflection of annihilation with conduction electrons, whereas W
is a reflection of annihilation with core electrons. L can be related to the
ratio of conduction-to-core electrons (L = Q/W) provided the boun-
daries of A, B, and C are selected properly.

The centroid (x) and the variance, i.e., second moment (g.M) are
calculated by

p— I(3N;) and on? — IH(3(i — 4)N)

where I is the area of the spectrum and N; represents the number of de-
tected events in channel i of the annihilation spectrum. The total energy
of the annihilating system can be calculated from p; whereas om® is an
indicator of the shape of the spectrum. Campbell (7) has discussed the
statistical properties of four lineshape parameters.

The purpose of this chapter is to make the data reduction routine
available to other workers in the field and to facilitate increased uni-
formity in the manner in which lineshape parameters for the Doppler
broadening of positron annihilation photons are reported (Singru, Lal,
Tao, and Lambrecht have tabulated Doppler broadening results which
have appeared in the 1949-1975 literature) (11).

Experimental

Spectra were collected with a PGT intrinsic Ge detector having a
resolution of 1.098 keV for the 511.865 keV nuclear line of 1%Ru. A Can-
berra spectroscopy amplifier (2010) and a Northern Scientific (NS 720A)
4096 channel pulse height analyzer equipped with a two-point digital sta-
bilizer (NS-454) were operated at a dispersion of approximately 63 eV
channel™’. Our approach has been to stabilize on nuclear lines rather than
on a pulser, and to avoid gain stabilization on the 511-keV annihilation
peak. In our experiments, zero stabilization was performed on the 356.005-
keV line of 133Ba and gain stabilization was performed on the 569.670-keV
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line of 27Bi. The background from 133Ba and 2’Bi in the region of annihi-
lation photopeak is low and linear. We are cautious of using %Ru (497
keV) for gain stabilization because of its proximity to the annihilation
photopeak, and the distortion it can introduce on lineshape analysis of the
511-keV photopeak.

A linear calibration of each recorded spectrum is obtained by use of
the 356.005 and 383.851-keV photons of 1**Ba and the 569.670-keV photons
of 27Bi. These nuclides are useful because of their suitability for two-
point stabilization and for use in establishing the energy calibration of
each spectrum. ANNPEAK can handle an arbitrary number of calibra-
tion and stabilization reference peaks. The dispersion of the system has
proved stable to three parts in 10%, when the laboratory temperature was
monitored at 22° =+ 1°C,

We observed that for the large total count rate, the apparent line-
shape of the annihilation photopeak was sensitive to count rate, but that
for low total count rate it was essentially independent of count rate. This
is an important consideration. The calibration was independent of the
low count rate maintained in the references. The multichannel analyzer
(MCA) was interfaced to an NS-708F control unit, and the data was
recorded automatically by a Wang Co. Mod 7/8 magnetic tape drive.
The tapes were subsequently reduced on a CDC 7600 computer by
ANNPEAK, using the tape reading routines provided.

Results and Discussion

The background substraction problem for solid-state detectors has
been a subject of considerable discussion (see for example Refs. 3-10
and 14-18). One must avoid introducing an artificial shape dependence
into the lineshape parameters. Generally a least-squares analysis is used
to remove a linear background. If the regions from which the back-
ground is determined are preset, fixed intervals, then relatively more
will be subtracted out of a wide peak than a narrow peak. The use of
a linear background usually can be justified if care is taken to select the
endpoints for the least-squares analysis such that artifacts of lineshape
dependence are minimized. The method used by ANNPEAK is to supply
a background optimization option with an arbitrary number of trial
widths (AWIDTH) which are marked off symmetrically from the maxi-
mum count rate channel of the 511-keV photopeak. The calculation of
the lineshape parameters is repeated for each AWIDTH. The optimum
AWIDTH is then located by examination of the AWIDTH dependence
of lineshape parameters. Figure 2 depicts the dependence of the FWHM,
Q, W, L, and the centroid on the value of AWIDTH. The same type of
lineshape parameter dependence on AWIDTH also was observed using
a Ge(Li) detector with a resolution of 2.5keV for the 514-keV line of
8Kr. Therefore, AWIDTH is preferably chosen on the flat portion of all
the plateaus as illustrated in Figure 2. The smallest least-squares linear
background is then subtracted from the wings of the photopeak without
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Figure 2. Dependence of lineshape parameters on AWIDTH (in
channels) utilized for background subtraction (see text)

influence from the other features of the spectrum. The AWIDTH optimi-
zation procedure incorporated into ANNPEAK minimizes the shape de-
pendence introduced into the various lineshape parameters and enables
a more satisfactory comparison of spectra taken under different experi-
mental conditions. The data in the spectra are normalized (in our case,
to peak channel counts) before the lineshape parameters are extracted.

The definitions of the regions A, B, and C (in Figure 1) usually are
selected to maximize an effect, and are arbitrary to that extent. An opti-
mization parameter OPTIM provides for optimizing AWIDTH or for
varying the integration widths (A, B, and C) to suit a given experimental
application. Once the boundaries of the lineshape parameters have been
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selected, the boundaries for the system are retained while the influence
of another variable parameter, e.g. temperature, additive concentration,
etc. is studied.

Typically three or more successive runs are obtained for a given
experimental condition. For each group of runs, the first may be selected
for an optimization run of ANNPEAK. The program then can be used
for each individual spectrum to calculate the channel location of each
reference; the energy channel™ calibration factor; the total and annihila-
tion photopeak count rates; the annihilation photopeak channel; and
the lineshape parameters (FWHM, centroid, second moment, Q. W, and
L). If the spectra are designated identical (NID — 1), the averages and
standard deviations of the annihilation peak parameters for a specified
group of spectra are tabulated. The output option provides several con-
venient combinations for printing the main results: the raw and reduced
data of the annihilation and/or reference peaks and a line printer plot of
the annihilation peak. The last is useful for judging the smoothness of
the central channels for visual inspection of the stability of the system.

Notes on ANNPEAK Card Structure. An initial block of com-
ments in the main program provides the details of the input data. The
following is provided as clarification. The first five cards supply the con-
trol and optimization parameters. Note that NCHAN is the total number
of data points contained in the spectrum (4096 in our case). BWIDTH
represents the trial width in channels chosen around the reference peaks.
The BWIDTH card is omitted if NCAL — 0. The next NCAL - 1 cards
contain the starting channel and number of channels in subgroups cen-
tered on each of the reference peaks and the annihilation peak (last).
NCAL may be 0. The number of channels to be analyzed must be larger
than 2 - BWIDTH + 2N for the references and 2 - AWIDTH + 2N for
the annihilation peak. N is the number of points (about 20) used for the
linear fit and it determines the endpoints of the background line. The
next group of cards gives the energies in keV of the NCAL (if any) ref-
erence peaks in the same order as the preceding group. The next card
(NID =1) or group of cards (OPTIM — 1) supplies AWIDTH. The
next group of cards contains the identification numbers that label each
spectrum. The data are then supplied on magnetic tape, with the format
described in the reading routines, or on cards in 10(17) format. The pro-
gram decks consist of 1050 cards, including comments and a subroutine
for reading tapes generated on the Northern Scientific equipment. Except
for the tape-reading routines, the program has been converted to FOR-
TRAN ANSI standard. The execution time of a spectrum on the CDC
7600 is about 1 sec. Several hundred spectra have been analyzed with
ANNPEAK. The program is available on request from Brookhaven
National Laboratory on cards, magnetic tape, or a floppy disk compatible
with a PDP 11/34 computer.
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Additional Comments. Figure 3 illustrates a typical Doppler broad-
ened spectrum collected with a 22Na source sandwiched between two
silicon crystals. The lineshape parameters obtained for B- and P-doped
(p- and n-type) Si of 100 and 111 orientations were independent of the
dopant and orientation (12). A test case is provided with the program.
Also shown in Figure 8 is our instrumental resolution as determined
using 1%Ru. We advocate the adoption of 1Ru in the description of the
characteristics of spectrometers used for measurement of Doppler broad-
ening of positron annihilation photons because of its 269-day half-life, and

DIFFERENCE ENERGY, keV
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Figure 3. Normalized spectra depicting the detector resolu-
tion for 196Ru (511.865 keV) and the Doppler broadened posi-
tron annihilation photopeak in Si
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its ideal principal photon at 511.865 keV. !%Ru is inexpensive and readily
available. An accurate description of the resolution function is required
for the deconvolution of Doppler broadened spectra (13-18). Doppler
broadening of positron annihilation photon spectroscopy has proved to
be complementary to positron lifetime spectroscopy in chemical systems
in which Ps is formed. Perhaps the first example of success is studies
of aqueous solutions of 22 different simple anions of sodium and silver
salts (19,20). Detailed results will be presented elsewhere.
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Muonium Chemistry—A Review
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The muonium atom can properly be regarded as an ultra-
light isotope of hydrogen, in which the proton nucleus is
replaced by a positive muon of only one-ninth its mass.
Within the Born-Oppenheimer approximation, the chemical
identical up to differences in reaction dynamics; thus, mu-
onium chemistry studies greatly extend the range of observ-
able mass-sensitive effects in chemical kinetics. The theo-
retical background of muonium chemistry is presented and
applied to thermal kinetic studies in both gas- and liquid-
phase systems, drawing on current experimental results
(primarily from TRIUMF and SIN) which reveal both nor-
mal and inverse dynamic isotope effects. Associated phe-
nomena such as muonium hot atom reactions are also dis-
cussed.

Chemical reactions of hydrogen atoms constitute some of the most
elementary processes in physical chemistry. The theory of the
absolute rates of such reactions often has been clarified by measurements
of isotope effects, differences in the reactions of the three naturally
occurring isotopes of hydrogen: protium, deuterium, and tritium. The
positronium (Ps) atom has been thought of as an ultralight isotope of
hydrogen, but the analogy is poor, since chemical binding of Ps is a
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qualitatively unique process. However, there is a true light isotope of
hydrogen available for study in the form of the muonium (Mu) atom.
The nucleus of Mu is the positive muon (u'), an unstable elementary
particle with a lifetime of 2.20 usec and a mass 0.1126 times that of the
proton. Mu (u'e’) atoms almost always form when positive muons are
stopped in matter (1,2,3), and usually react soon thereafter to form
chemical bonds with molecules of the medium (4-16).

This chapter provides the historical and experimental background
for a discussion of Mu chemistry and the u* depolarization technique. A
convenient theoretical structure is developed which relates the thermal
chemical reactivity of Mu to several observable effects on the p* polariza-
tion. This theory is applied to experimental data in extracting rate
constants for thermal reactions of Mu in both liquid- and gas-phase
systems. In this chapter the thermal reaction rates of Mu are compared
with corresponding hydrogen (H) atom values, epithermal reactions of
Mu are discussed in some detail, and the present and projected status of
Mu chemistry studies is evaluated.

Muons, Muonium, and Depolarization

The muon has enchanted particle physicists for years as the inexplic-
able heavy electron; except for lifetime and mass its properties are
identical to those of electrons (or, in our case, positrons). Indeed, the
negatively charged muon acts exactly like a heavy electron, forming
muonic atoms in which the p~ orbits tightly about the nucleus, well
inside any electronic orbits (17, 18, 19). Muonic hydrogen, consisting of
a proton and a p~, chemically resembles a neutron and is a poor analogue
of atomic hydrogen in any conventional chemical sense. The positive
muon, on the other hand, is more of a light proton than a heavy positron.
Its mass is much closer to that of a proton than to that of a positron, and
it does not annihilate with electrons. Furthermore, when it forms an atom,
the nucleus is still some 207 times as heavy as the orbiting electron.
Unlike the Ps atom (20,21) which has no proper nucleus, the Mu
atom has almost exactly the same size and binding energy as the H atom,
and to high precision satisfies the Born-Oppenheimer picture of a nearly
massless electron adiabatically screening a heavy, quasistationary nucleus.
From a chemical point of view, then, muonium differs from hydrogen
only in mass and in small corrections for nuclear motion or possible effects
of its different nuclear magnetic moment.

The weak interaction is both the source and demise of muons. Most
muons originate in pion () decay, along with a muonic neutrino (v.) or
antineutrino (%), depending upon the charge. Here we will be concerned
only with positive muons. Thus the reaction in which our p* is born is
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w*-—)p*-l—vu. (l)

A striking feature of weak interactions is parity violation, an example of
which is the fact that all neutrinos have negative helicity—that is, their
spins always point in the direction opposite to their momentum. Since the
pion has zero spin, the muon’s spin must cancel that of the neutfino;
simultaneously, the momenta of the muon and neutrino must be equal
and opposite in the pion’s rest frame; thus, the muon from pion decay
is forced to have negative helicity as well. This is of great significance
experimentally, for it insures that a muon beam coming off in a given
direction from pion decay at rest will be nearly 100% polarized opposite
to its momentum.
The muon later decays in the reaction

w=>e +ve + . (2)

Here again the unique helicity of the neutrino leads to a parity violation;
in this case the (easily detected) decay positron has a tendency to come
off along the spin of the muon, in a pattern of the form

dN./dQ ~ (1 4 a cosf) 3)

where a is the decay asymmetry and 6 is the angle between the p* and e
emission direction (3, 22, 23, 24, 25). The decay asymmetry has an aver-
age value of one-third, giving a rather sensitive indication of the degree
and direction of polarization of the muon spins. This effect was observed
first in 1957 (22, 23, 24, 25), at which time it was noticed that the degree
of residual polarization of the stopped muons depended strongly upon
the stopping medium.

Several earlier theoretical papers (26, 27, 28) pointed the way to an
understanding of the measured residual polarization as being caused by
a process of fast depolarization of positive muons in condensed matter—
the result of brief formation of Mu atoms in which the hyperfine coupling
of the muon with the electron leads to rapid motions of the muon spin.
The depolarization is incomplete only because of chemical reactions of
the Mu atom which place the muon in a diamagnetic environment, a
feature of the process which was early recognized (4, 5, 6,7) to provide
an opportunity for study of the chemistry of Mu.

Liquids were the first media in which Mu chemistry was studied
extensively—initially by a group at Dubna (4, 5, 6, 7) and later by a group
at Lawrence Berkeley Laboratory (LBL) (3,8,9).

Early gas phase experiments were carried out at high pressure as
part of an effort to measure the hyperfine structure of Mu (1, 2,29, 30), a
highly successful program still active today (31). Historically, gas-phase
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studies near 1-atm pressure were extremely difficult (32) owing to a low
stopping density of high momentum conventional p* beams derived from
7' decay in flight. More recently, a low-momentum surface u* beam has
been developed (33). Gas-phase Mu chemistry near 1-atm pressure was
studied first at LBL using such a beam (10).

With the advent of higher-intensity meson factories such as Tri-
University Meson Facility (TRIUMF) in Vancouver and Schweizerisches
Institute fiir Nuklearforschung (SIN) near Zurich, comprehensive studies
of Mu chemistry have become increasingly feasible. In addition to the
continuing program of liquid-phase Mu chemistry measurements at
Dubna, an impressive series of experiments in liquids has been performed
at SIN by a group from the University of Zurich (11,12, 13, 14). Liquids
are also being studied at TRIUMF; however, the main thrust of the
TRIUMF program has been in gas-phase studies, where the unique com-
bination of high intensity and a surface u* beam which stops in a few
inches of gas at 1 atm has allowed very gratifying investigations of Mu
chemistry in gases (this will receive special emphasis in this review).

Experimental Method

Several approaches have been taken to study the effects of the stop-
ping medium upon the muon’s apparent initial polarization (3). Each
relies upon the asymmetric decay and the coupling of the p* spin to an
external magnetic field through its magnetic moment. We will not attempt
a comprehensive review here, but only describe briefly the transverse
field techniques used in the measurements to be discussed.

Muon Spin Rotation (p'SR). In this method, a beam of polarized
positive muons is stopped in a target in a uniform magnetic field perpen-
dicular to the u* spin polarization direction. If the muons stop and
stabilize in a diamagnetic environment, their spins precess in the plane
perpendicular to the magnetic field at the free muon Larmor frequency.

oy = 27 y,B, where y, = 0.0136 MHz/ G (4a)

Eventually the muon decays and the decay positron is most likely to be
detected by an array of scintillation counters in the plane of precession if
the ' spin is pointing in their direction. The e* detection probability
thus oscillates in time as the muon polarization sweeps past the counter,
with 6 in Equation 3 given by (wuit + @,), where @, is the initial phase
angle of the muon spin with respect to the e* counters. A high-resolution
clock is started by the signal in one counter array as the muon enters the
target, and stopped by the signal in the positron counter, if and when
the decay positron is detected. The resultant measured time intervals are
binned into a time histogram which is equivalent to the detection prob-
ability as a function of time. This distribution falls off exponentially
because of the decay lifetime of the muons, and has a superimposed
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Figure 1. Typical experimental time spectrum
showing u* precession (u*SR) in 100 G external field.
The target is CCl,. The data, obtained at LBL, is
grouped into 10 nsec bins for graphical clarity.(3)

oscillation whose phase and amplitude are a measure of the direction and
magnitude of the apparent initial muon polarization. Of course, real
detectors have finite dimensions and there are various solid angle correc-
tions to Equation 3. There are also corrections owing to target geometry
and beam polarization. In practice, these can all be absorbed into the
empirical asymmetry, A,, which replaces a in Equation 3. An example
of an experimental time histogram is shown in Figure 1 for muons stop-
ping in CCL, where virtually no depolarization occurs.

The quantity measured in this way (usually in liquid targets) is
called the residual polarization (Py.s) of the p* in its final (diamagnetic)
environment; P, depends markedly upon the chemical characteristics
of the stopping medium (as mentioned earlier) because of the reactivity
of Mu, the depolarizing agent. One then must develop a theory (9, 27, 28,
34, 35, 36) to relate P, to the concentration of reagent in solution, allow-
extraction of biomolecular rate constants for thermal chemical reactions
of Mu atoms.

Muonium Spin Rotation (MSR). In oxygen-free liquids (11, 12, 13,
14,37), some solids (3), and in many gas targets (1,2, 10, 15, 16, 30),
stopping muons capture electrons from the medium forming long-lived
Mu atoms. In contrast to the free pu* precession described above (x'SR)
one now is able to observe directly the precession of Mu atoms themselves.
In the Mu atom, the spins of the p* ancF the e are coupled together by the
hyperfine interaction which may be thought of as the effect of the field
(Bo = 1585 G) owing to the u* magnetic moment on the magnetic mo-
ment of the e In weak fields (B << B,), this interaction locks the
muon and electron spins together to form a net spin of F = 0 (singlet)
or 1 (triplet). In the triplet state, the net spin is twice that of the free
muon, while the net magnetic moment is approximately that of the
electron, which is ca. 207 times larger than the muon’s. The notable
result is that the Mu atom triplet state precesses ca. 103 times faster than
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the free muon in the same magnetic field, as long as the field is too weak
to compete with the hyperfine field, B,. That is,

oMy = 27ymuB, where Yy = 1.39 MHz/G. (4b)

This fast precession is reflected in the positron distribution from muons in
Mu—defining the MSR technique. A sample MSR time spectrum is
shown in Figure 2 for muons stopping in argon gas in a field of 2G. It is
qualitatively similar to that for the free p* precession shown in Figure 1
at a field of 100 G, except that the amplitude is decreased by a factor of
two owing to the half of the Mu ensemble which forms in the mg = 0
state, which does not precess.

1050 T T T T T T T T

900+
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NUMBER OF EVENTS
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BIN NUMBER (20 NANOSECONDS/ BIN)

Figure 2. Typical experimental time spectrum

showing Mu precession (MSR) in a field of 2.2 G. The

target is Ar gas at 1 atm pressure. The data, ob-

tained at LBL, fit to an expression of the form of
Equation 5.

General Transverse Field Method. In general some muons will be
in diamagnetic environments while others are in Mu atoms. In finite trans-
verse ﬁelcgi the time dependence of the yu* spin polarization in Mu becomes
complicated, as discussed below. Furthermore, a complete description
has to take into account the evolution of the p* polarization through
several stages of environment, such as p* = Mu — diamagnetic molecule,
which begin and end at times which are distributed statistically. This
leads to a rather elaborate expression for the time dependence Pu(t) of
the u* ensemble spin polarization component in a fixed direction, which
will be derived in the next section. In any case the experimental distribu-
tion of positron detection times will be of the form

dN,(t)

= — (NL[BG + e/7u (1 4 APu(t))]) (5)
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where N, — a normalization factor, BG — time-independent background
from accidental counts, etc., 7, — p* lifetime (2.2 psec), and A, is an
empirical maximum asymmetry parameter (typically about 0.3).

Time Dependence of the Muon Polarization

Since the coupled spin system of the Mu atom plays an ubiquitous
role in most x'SR phenomena, our first task is to describe the motions of
that system in some detail.

Time Dependence of the ' Spin in Muonium. The polarized muon
generally captures an unpolarized electron from the medium, so that Mu
is formed in two spin states with equal probability: [A) = |3) and
|B) = |Z), where  refers to the u* spin and — or « refers to the €
spin direction. We have used an unusual notation to emphasize that the
original spin direction is perpendicular to the magnetic field. Shortly we
will use Z, the field direction, as a quantization axis, defining X as the
initial muon spin direction. First however, we can describe equally well
any spin state in terms of its total angular momentum along the original
spin direction, using the notation [F.M),. In this basis [A) = |1, 4+ 1),,
which would be a stationary state of the hyperfine Hamiltonian in zero
field; but the state describing the other half of the ensemble is a super-
position of two zero-field eigenstates: [B) = ([|1,0); + [0,0),)/ V2.
Thus, even in zero field, it would oscillate between |2) and [§) =
(]11,0), — 10,0y, )//2 at the hyperfine frequency v, — 4463 MHz,
which may be thought of as the frequency of precession of the muon in
the field of the electron’s magnetic moment. As a result of this fast
hyperfine oscillation, half of the free Mu ensemble appears to be com-
pletely depolarized within about 10°%° sec. and |B) is an eigenstate of the
Zeeman Hamiltonian (1, 2,3), and the motion of the spins becomes more
complex. In order to describe it, we first express |A) and |B) in the basis
|F,M)|| labelled according to total angular momentum along the field
direction, Z. The basis |F,M)|| is obtained from the basis |[F,M), by a
simple rotational transformation of =/2 about the y axis. The resultant
expressions for the initial state vectors can be expressed in terms of the
basic states |m,,m,) referred to the Z quantization axis as follows:

A 0)) =3 (D) + M) + D) + [
(6)

[B(0)) =3 (—HM) + M) — [4) + 1WA
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Again we use a menmonic notation using arrows to denote spin direction.
Then we expand our states in the Zeeman eigenstates |i) corresponding
to energy eigenvalues E; — Hiw;. These are given in terms of |m,,,me) by
(1,2,3):

1) = [t
12) = st + el
13)= [L1)
[4) = c[t) — sli1)

(7)

where

A=l ®

and

o]

= (we+wu)/wo=B—o.

Here, w, = 2urv, is the hyperfine frequency in Mu (2.8 X 10" rad/sec);
we = (mMe/My)wy =~ 207w, is the electron Larmor frequency. As men-
tioned previously, B,— 1585 G and may be thought of as the field at
the electron owing to the muon’s magnetic moment. Having made this
final transformation of basis, we can write down the time dependence
by inspection, since each eigenstate has the simple exponential depend-
ence exp ( —iot):

A () = e [ 1)+ o | 2)

+ % elwst | 3) — '3 e iod | 4)

1 9)
[B(t)) = -5 etort | 1) 4 g e7lont | 2)

+_%_e-lwat | 3) + . elwd | 4)

where « = (s + ¢)/2 and B8 = (s — ¢)/2, and the frequencies are
given by
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w1=2;£—|-w-

wm ) e
(10)

Here 0. = 1/2 (we = wu).

In order to relate the time dependence of the state vectors to the
motion of the muon polarization, we must take the expectation value of
the muon’s Pauli spin operator: P, — <ow>. For this, it is most con-
venient to work in the basis |m,,m.), where the effect of the Pauli matrices
is simply defined. We are interested only in the muon polarization in the
(* — ) plane perpendicular to the (z) field direction; it can easily be
shown, in fact, that if there is no initial polarization along the field, none
will develop. Thus we can pack all the interesting information into a
single complex quantity, using the compact notation

P.=PHLiP*. (11)

This “complex muon polarization” (of the p* in Mu) can be evaluated
from the definition of the expectation value:

Pum 2 (AW +ic)| AD)
(12)
+3 B[ +io[BE)).

Substituting Expressions 9 for [A(¢)) and |B(t)) (using the [m,m,) basis)
Into Equation 12 yields the following result (2, 3,38, 39,40):

‘\P’u(t) — _;_ [cz(e“""‘ + e'iwut) + sZ(eiwgat _I_ eiwut)] (13)

where vy = o; — w;, using the definitions in Equation 10.
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This expression can be rewritten via trigonometric identities and
previous definitions as follows:

i!u(t) = 1ot ¢os <% t)[cos (% + Q) t — idsin (%—I— Q) t] (14)

where
f—? — e —
° Vite
and

o=§(w23—wu)=%ﬂ(x/1+x2—1).

The weak field (¥ << 1) limit of Equation 14 is especially interest-
ing, both for conceptualization and because most experiments are per-
formed in this region:

‘lz”u(t) - % elo-t {cos Qt + cos(w, + Q) t}. (15)

z->0

The motion of the muon polarization thus can be factored into two
parts: an overall precession in the x — y plane at the free Mu Larmor
frequency o_, multiplied into two terms whose time dependences are pure
modulations. The modulation frequency Q is relatively slow; in low field
it can be approximated by @ — w,2/w,. The other modulation frequency,
o, is extremely high, well beyond the time resolution of the experimental
apparatus.

The low-field time dependence described in Equation 15 can be
examined conveniently from two points of view: in the limit of very
early times (fast viewpoint), cos Ot ~ 1, and the motion consists of a fast
hyperfine oscillation modulated by slower Mu precession. Experimen-
tally, the positron detector is fixed in the plane of precession, so that we

observe only the % or § projections (i.e., the real or imaginary parts) of
the muon polarization, so precession is not distinguished from modulation.

Figure 3 shows the time dependence of Re 'l‘D'u(t) which we would expect
to observe for free Mu in a 100 G applied field if our apparatus had
sufficient time resolution. Practically, the hyperfine oscillations are too
fast to see (period = 0.225 nsec), and we observe motion only on a longer
time scale. This brings us to the slow viewpoint, in which cos(w, + @)t
averages to zero and the motion apparently consists of a Mu precession
signal modulated by a beat frequency Q.
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Figure 3. Time evolution of the real part of the

muon polarization in free Mu in a 100-G transverse

field. The fast oscillations at the hyperfine frequency,
w,, are not directly observed experimentazy.(3)

Here we will deal directly with this slow viewpoint only in the
extreme low field limit (a few gauss) where the beating also can be
neglected and Mu precession treated simply as a faster version of the p*
precession mentioned already.

The slow and fast viewpoints each relate to a separate type of appli-
cation to the study of chemical reactions of Mu atoms. The fast viewpoint
finds its application to Mu chemistry in studies in the liquid phase (x'SR)
whereas the slow viewpoint provides the basis for MSR studies in both
gases and liquids.

Muonium Precession and Chemistry in Gases and Liquids. Pre-
cession of Mu atoms on the slow time scale described above can be
observed if free Mu is exceptionally stable (uncombined for 21077 sec)
and unaffected by magnetic interactions such as spin exchange (see
Figure 2). Mu precession has been observed only recently in liquids
(11,87) but it is a familiar phenomenon in some solids (3,38, 39, 41)
and inert gases (10, 15, 16,30, 32). In such cases a relatively slow chem-
ical reaction of Mu atoms with scavenger molecules is reflected directly
in the exponential decay of the amplitude of the Mu precession signal:
like the microwave power absorption in an ESR experiment on transient
radicals, the amplitude of the Mu precession is proportional to the prob-
ability of the active species remaining uncombined at the time of observa-
tion. Although experiments with muons are radically different from ESR
transient studies, in many ways they are formally identical. With the
most convenient time scale between 1077 and 107 sec, the MSR technique
is ideally suited for measuring quite fast reaction rates of free Mu atoms.
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Normally a time spectrum like that shown in Figure 2 is corrected
for any constant background and for the exponential decay of the muons
themselves, and the remaining MSR signal is ideally fitted to the form

P.(t) = e™ Re fu(t) (positron detectors || to beam direction (16)

or

P.(t) = e™Im ’\P!,,(t) (positron detectors 1 to beam direction,

where flgu(t) is given by Equation 15, usually in its extreme low field
limit (2 =0), and X is a pseudo first-order chemical rate constant. The
empirical form actually used in Equation 5 in these instances includes a
background free p* precession term, and can be written simply as

AP (t) = A, cos(wut — ) + Ape™ cos(wmat + 9) (17)

It is from the relaxation rate A that information is obtained about the
chemical reactivity of Mu atoms, by varying the concentration of scav-
enger molecules. Recent results in gases and liquids are discussed in the
next section.

Residual Polarization Studies and Muonium Chemistry in Liquids.
The main distinction between studies of Mu chemistry in gases and
liquids is that in liquids the Mu precession signal itself is rarely seen,
because of the rapidity of chemical reactions in the denser liquids. Only
in carefully prepared inert solutions (37) do Mu atoms remain uncom-
bined at observation times (typically about 50 nsec after the muon ther-
malizes, allowing measurement of the MSR signal (11,12,13,14). We
can much more easily detect the slower precession of the y* itself, which
by this time is incorporated into a diamagnetic molecule and is magneti-
cally free. The amplitude and phase of this precession, extrapolated back
to t —0 (the time at which Mu is formed initially), constitute all the
available information in the form of the residual muon polarization, Ppe.
Thus, ironically, it is via experimental observation of u* precession on the
extremely long time scale of microseconds that one can infer information
about the reactions of Mu atoms on the fast time scale of a few hyperfine
periods (approximately 10 sec or less).

Since each Mu atoms reacts chemically at a different time, each
muon emerges from the Mu environment with a different spin direction,
so that the residual polarization generally is reduced and rotated with
respect to the initial muon polarization. We will keep account of both the
magnitude and direction of P, by letting it be a complex quantity in
keeping with the foregoing formulation of P,(¢): the real part is the
polarization component along % (the original spin direction) and the
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imaginary part is the component in the g direction, perpendicular to both
the X and the external field. Most data of this type has been taken with
positron counters in the u* beam direction; we will treat only this case.
Here the observable precession signal is the real part of P(¢), the exact
(complex) time-dependent polarization of the entire muon ensemble. As
mentioned earlier, in the 'SR (P,es) technique, observation of this signal
begins long after the rapid motions of the muon spin in Mu have set-
tled down to the slow precession of the free muon spin in a dimagnetic
environment; thus, on the time scale of the chemical interactions of the
Mu atom, the observations take place at ¢ — «, and we can define the
observable quantity as

Pos(t) = lim Re P(¢). (18)

t>wo

The experimental precession signal is fitted to the form (recall Equations
3and 5

Pobs(t) = |Pres| Cos (“’M' + 4’); (19)

which is equivalent to

Pobs(t) = Re {Pres eia:/,,t}

with the definition

tan ¢ = Im(Pres) /Re (Pres). (20)

Thus we can derive P, from P(t) by dividing out the free ' precession
as if it had started at £ = 0, and taking the limit:

Pres = lim P (¢) exp (—iwgut). (21)

t>wo

Thus the theoretical task is reduced to a calculation of P(t).
AN AnaLyTIC EXPRESSION FOR THE RESIDUAL POLARIZATION. The en-
semble muon polarization at time ¢ is formally given by

P(t) = X f, Pq(t), (22)

where q represents the fate of a fraction f, of the muon ensemble, and
Py(t) is the polarization at time ¢ of that fraction. In general, the muon
is expected to undergo many different kinds of reaction channels often
involving radical species as intermediates (9, 34, 35, 36). Ultimately, the
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' must find itself in a diamagnetic environment on a time scale 1078 sec
in order to contribute to the observable residual polarization. For brevity
we sketch here the theoretical development of the simplest reaction proc-
ess—namely, one in which the p* is placed in a diamagnetic environment
in a single rate-determining reaction of the Mu atom (e.g.,, Mu + I,
— Mul + I).

In this case, there are only two types of fates of interest: muons still
in uncombined Mu atoms at time ¢ and muons in diamagnetic products
following reaction at times ¢ < t. Since the probability of reaction per
unit time, A, is constant, the probability of a Mu atom remaining free until
time ¢ is e™, and the probability of a reaction within d¢’ of time ¢ is
Ae™dy. Thus the still uncombined Mu atoms give a contribution to
P(t) of

Pi(t) — e Py (t), (23)

while those muons which evolve in Mu until time ¢ react and then precess
as free muons until time ¢, give a contribution

dP, (t',t) — Ae™ B, (¢) ewutt-t2de,

Recall that'f"u(t) is the complex p* polarization in free Mu atoms (Equa-
tion 12). The latter class of contributions can be summed over ¢’ < ¢
to give the net contribution from all such fates,

t ~
Py(t) — f A B, () eloutt- Oy, (24)

In the limit of t - « (i.e., for At >> 1), P1(¢t) = 0 (i.e, all the Mu
atoms react eventually ); meanwhile, the term exp( —iw,t) in the definition
of P (Equation 21) cancels the term e“# under the integral in P,(¢).
Thus Equation 21 takes the form (dropping the prime on ¢’)

Pres — A f " Pu(t) expl— (n + iwu) t]dE. (25)

Substituting Equation 13 into Equation 25 allows a general calculation of
P..s but the resulting expression is somewhat unwieldy in this form (40).
However, many residual polarization experiments are carried out in low
fields, in which case the approximate form of Equation 15 can be used
for Pu(t)(cos Ot — 1 in the fast viewpoint discussed earlier) resulting in

1 A
PreS(x<<1)~%[A,—iw- + )x2—|—w02:|. (26)
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By fitting both the phase (see Equation 20) and the magnitude of the
residual ' polarization, we are able to extract an experimental value for
the pseudo first-order rate constant A and hence a value for the true
bimolecular rate constant k.

Certain qualitative features of the residual polarization technique are
immediately apparent from the form of Equation 26. For the case of an
ultrafast reaction (A >> w, >> w_.), one obtains the expected result,
Pres > A/2(1/X 4 A/A%) = 1. That is, if all the Mu atoms react at ¢ ~
0, the polarization has no chance to change from its initial value (see
Figure 3). Over most of the convenient range of reagent concentrations,
however, reactions are slow (A << w,) and we obtain

A 1 1 1 .
Pum3(2m) 2 (rgom) 0@

where + = 1/A is the mean chemical lifetime of a thermal Mu atom.
Equation 27 has two interesting limits. First, for o.7 << 1 (reaction
faster than Mu precession),

P... ->-;- (1 + io.7)
or (28)

|Pres| —-)—;— and ¢— ot

That is, the hyperfine oscillations average the muon polarization to one-
half and the muons get a chance to precess through a small average angle
o.r while in Mu. This feature is readily apparent in the experimental
results and will be referred to again in the discussion to follow. A second
limiting situation is w.r >> 1 (reaction slower than Mu precession),
for which
i
Pra= 5ur

or (29)
|Pres| >0 and ¢ —=/2.

In this case the large angle of phase shift combines with the vanishing
magnitude of the residual polarization to produce frustration on the part
of the experimenter who wishes to observe the distinctive phase shift
by ,u."SR.
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Hot-AtoM REeactions. So far we have discussed only the fates of
those muons which thermalize in free Mu atoms. There is also a signifi-
cant probability that newly formed Mu atoms will participate in hot-atom
reactions while still epithermal (about 1 — 10 eV). These reactions will
be discussed in more detail below; their effect on P, is mentioned here.
Since such reactions occur at t ~ 0 (the slowing down time is approxi-
mately 1072 sec (3)), there is no opportunity for these muons to be de-
polarized. The fraction h of muons underoging hot-atom reactions thus
contributes a constant unrotated component h to the overall residual
polarization, while the contribution from thermal reactions of Mu atoms
must be multiplied by a factor (1 — h) representing the remaining frac-
tion of the ensemble. Thus

Pres (overall) = h + (1 — k) Pres (Equation 25). (30)

For the typical situation of moderately dilute reagents in solution, it is
assumed that hot-atom reactions (3,8,9) take place only with solvent
molecules and thus contribute a constant fraction h independent of the
chemical lifetime . In H,O, for example, h ~ 0.6, which would be the
value of P at zero concentration predicted by Equation 30. However,
more recent results (12, 13, 14) suggest a possible concentration depend-
ence of Mu hot-atom reactions. Moreover, hot atom reactions placing the
" in a radical environment also may be possible. These effects will be
referred to again in the following discussion.

Results and Discussion

Treatment of the reaction kinetics of Mu atoms in the ensemble of
events comprising the experimental sample is simplified greatly by the
fact that there is literally one Mu atom at a time in the target. Even
over an entire run, only about 10® muons are stopped in the target, com-
pared with typical reagent concentrations of approximately 10'® cm™ in
the liquid phase and 10 cm™ in the gas phase. This permits the correct
use of pseudo first-order kinetics so that the reaction rate, A, of Mu is
exactly proportional to the reagent concentration, [X]. The constant of
proportionality is just the bimolecular rate constant, k:

r=k[X] (31)

This relationship holds in the following discussions of both gas- and
liquid-phase results.

Studies of the Gas Phase. Gas-PuHASE EXPERIMENTAL TECHNIQUES.
One problem which plagued early gas-phase muon studies was the
momentum spread of conventional beams, in which muons are produced
from pion decay in flight; after an appropriate energy degrader, these
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muons enter the target with kinetic energies from zero to several tens of
MeV. This necessitated the use of high pressures of moderator gas
(Table I and Reference 42) to stop a sufficient number of muons. This
inconvenience has been eliminated using surface muon beams, developed
initially at Lawrence Berkeley Laboratory (LBL) (10, 33) and now in
use at TRIUMF (15, 16) in which muons originate from pions which
have come to rest in the production target. Such a beam provides 4.1
MeV muons which are effectively monoenergetic, nearly 100% polarized,
and will stop in about 25 cm of Ar gas at 1-atm pressure. This creates an
improved environment for gas-phase studies of atomic physics and
muonium chemistry, since theoretical calculations are more reliable in
the ideal gas regime near 1-atm pressure.

A diagram of the apparatus used at TRIUMF is shown in Figure 4.
Surface muons are transported in vacuum, trigger a (thin) counter, and
stop in the center of the gas target (an Al cylinder of 36-1 capacity fitted
with a thin mylar window). The target vessel is placed in the center of a
pair of Helmholtz coils as shown in the diagram, which provide a field
of < 80 G uniform to better than 1% over the stopping region. The
incident p* triggers a start pulse to a high frequency time-digital con-
verter (clock), which is interfaced through CAMAC to a PDP-11/40

” ~—BEAM VACUUM PIPE

~— 1
—t— 8

RGON CHAMBER (~1 ATM)

el
e -Bsm
L3 L2 \ R1 R2 R3
u
REGION

2" CARBON 2" CARBON

ABSORBER ABSORBER

L/ HELMHOLTZ

COoILS
TO GAS RACK

Figure 4. Diagram of the apparatus for gas-phase studies. The

incident p* beam is transported in vacuum and triggers a thin

(0.015”) start counter denoted ‘B’. Later, a decay e* may trigger

either the left (L1 - L2 - L3) or right (R1 - R2 + R3) counter tele-

scopes. The magnetic field is out of the paper (the vertical
direction).
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Table I. Fraction of Free Muon and of Muonium
Formed in Rare Gases’

Target Gas Pressure (atm) fu* (%) fuu (%)
He 50 99 (£5) 1 (*5)
He + .015% Xe 50 83 (=15) —

He 4+ .09% Xe 50 25 (%=9) 75 (£9)
Ne 26 100 (=%2) 0 (*2)
Ne + .15% Xe 26 19 (%x3) 81 (=%3)
Ar 30 35 (£5) 65 (£5)
Xe 44 10 (%=5) 100°

N, 1 ~ 100°

¢ From Ref. 42.

* No error estimate given.
¢ Preliminary result from TRIUMF.

computer. Decay positrons are detected by two sets of counter telescopes
placed symmetrically at 90° to the incident »* beam. The clock is stopped
by an electron coincidence in either the right or left counters, and the
resultant time interval is routed accordingly in the computer. The time
distributions accumulated from about 10¢ such events form p*SR or MSR
time spectra, a typical example of which has been shown earlier in
Figure 2.

MuontuM FORMATION AND CHARGE ExcHANGE. The typical gas-phase
Mu experiment uses an inert moderator gas in which the p* slows down
and eventually (within about 10 sec) thermalizes. In most cases the p*
will pick up an electron from a gas atom and thermalize as neutral Mu,
which then manifests itself in the low field precession signal of an MSR
spectrum. However, in pure helium (He) and neon (Ne) there is no
Mu signal in the MSR spectra, indicating the absence of free thermal
Mu in the target (42). Moreover, in high-field u*SR spectra there is a
large p* precession signal, indicating that most muons thermalize as posi-
tive ions.

This observation can be understood qualitatively in light of the ioni-
zation potentials ¢; of Mu, He, and Ne, which are 13.5 eV, 24.5 eV, and
21.5 eV, respectively. Once the kinetic energy of the p* falls below the
value A = ¢ (Moderator) —e(Mu), it cannot obtain an electron from
the moderator. This effect is familiar as the Ore gap phenomenon in Ps
formation. However, such a qualitative explanation of Mu nonformation
breaks down when we consider the formation of Mu in argon (Ar) mod-
erator, where about 70% of the muons thermalize as Mu atoms, despite
the fact that A = 2.3 eéV. To understand these results properly we must
describe the atomic physics of charge-changing collisions between ' or
Mu and gas atoms at various energies; for this we resort to analogy with
a rather impressive body of data on the collisions of hydrogen isotopes
(43, 44, 45).
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In a collision between a hydrogen isotope and a heavier gas atom or
molecule, the charge-changing cross section generally is assumed to
depend only on the velocity of the impinging light species, not on its
mass (43,44,45). Thus we can expect a p* or Mu atom with kinetic
energy T. to experience the same charge-changing cross sections as a
proton or H atom with the same velocity—i.e., with a kinetic energy T,
= (Mp/M,)T, — 885 T,.. The cross sections for electron capture
(o10) and electron loss (o0;), characterizing the reactions

010
vw+2Z—> Mu+ 7
and (32)

701
Mu+-2Z - p+17,

are plotted in Figure 5a as functions of proton or muon kinetic energy
for several moderator gases Z. The curves are taken from References 43,
44, and 45 and represent the results of proton transmission experiments
down to a kinetic energy of T, ~ 2 KeV.

A proton or muon slowing down in one of these gases will be more
likely to end up in the neutral state at thermal energies if o0 is larger
than oo, at low energy, and vice versa. This can be seen explicitly in
Figure 5b, which shows the fraction of protons in the neutral state as a
function of energy. Although these data do not extend to very low
energies, the trends are clearly in the direction of the observed final
charge state of the muon in the various moderators (Table I).

Some qualitative experimental information about the energy depend-
ence of Mu formation (¢19) cross sections has been obtained by adding
small xenon (Xe) impurities to He and Ne gas targets and measuring
the Mu and p' precession amplitudes as functions of Xe concentration.
This procedure was first adopted in a high-pressure gas study at Los
Alamos Meson Physics Facility (LAMPF) (42) and is now being used at
TRIUMF for measurements near one atmosphere pressure. It is assumed
that the x*SR and MSR asymmetries A, and Ay, obey the normalization
Ay + 2 Ayu = A, where A, is the empirical maximum asymmetry, so that
the fraction of muons in charge state u* or Mu can be expressed as f, =
Au/A, and f,— 2 Ayu/A,. Table I summarizes the experimental data in
this form.

One conclusion can be drawn immediately from the results listed in
Table I and from the TRIUMF data in Figure 6a: Mu forms with high
probability in epithermal collisions with Xe, but comparatively rarerly in
thermal collisions, even though the reaction

v+ Xe— Mu + Xe* (33)
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Figure 5a. Charge-exchange total cross
sections for H (and Mu) in various gases.
Energy decreases from left to right; pro-
ton kinetic energy is plotted at the top,
with the e uivaint muon energy at the
bottom. Electron-capture cross sections,
(——); electron-loss cross sections, (——-)
(from Refs. 43, 44, and 45).
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is exothermic by 1.4 eV. If this were not true, one would observe a u"SR
signal with a fast relaxation owing to the conversion of ' to faster-pre-
cessing Mu, and no MSR signal. Certainly the only way both signals can
be seen in the same sample is if the p* ensemble is differentiated at ¢
~ 0 (i.e., during thermalization) into u* and Mu components which do
not interconvert after thermalization. This is what is observed.

From elastic scattering on neon atoms with a hard sphere cross sec-
tion oa(Ne) ~ 10715 cm?, one expects the y* to take only about 200 colli-
sions to slow down from 200 eV to 0.05 eV; with about 100 ppm of Xe im-
purity added to the Ne, one can expect only about 0.08 (o10(Xe)/ca(Ne))
Mu-forming collisions with Xe in this region. Yet, as can be seen from
Figure 6a (and supported by the data in Table I), the actual probability
of forming Mu is more than 50% in this system. This shows that ¢10(Xe)
is at least 10 times oo (Ne) over a wide range of energies. Since the elec-
tron probably is captured from the attractive tails of the Lennard—Jones
potential, which extend far beyond the repulsive hard core, and since Xe
is a much larger atom than Ne, this seems quite plausible. This model is
also in accord with the fact that it takes relativel y more Xe to cause Mu

XENON DOPED NEON: &= p'. ®= MUONIUM X2
0.20 T 1 T T T T ] T ]

ASYMMETRY
o
o

0.05

L 2

0.00 | | 1 J | | | | |
0.0 0.2 0.4 C.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

XE  CONCENTRATION (ATOM-CM™) X 107®

Figure 6a. Muon and Mu asymmetries in Ne doped with Xe as a

function of Xe concentration. The non-zero asymptotic muon asym-

metry at high Xe concentration is probably due to muons that have

scattered into the walls of the aluminum gas target vessel. The curves

shown are based on a very simple model of velocity-independent
cross sections. Data are from TRIUMF.
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formation in He than in Ne; since the p* is moderated approximately 5
times faster in He than in Ne, such an effect is expected for epithermal
(not thermal) reactions.

As mentioned above, it is surprising that Reaction 33 proceeds epi-
thermally with such high efficiency but only slowly, if at all, after the u*
thermalizes. A proposed explanation is that the p* does not thermalize
as a free charge, but forms x*Ne molecular ions, which are expected to be
bound by about 1.8 eV. The first vibrationally excited state also should
be bound, by about 1eV. Thus the reaction

#*Ne 4+ Xe - Ne + Mu + Xe* (34)

is endothermic from the groundstate, but might be equally exothermic
from the first excited state. Recent unpublished results from TRIUMF
show a relaxation rate for the u'SR signal which increases linearly with
Xe concentration (see Figure 6b), indicating a thermal process of reac-

u* IN XENON DOPED NEON

RELAXATION RATE X (1S™)

0.0 | | I
0.0 0.5 1.0 1.5 2.0

XE IN ATOM-CM™® X 107'®

Figure 6b. The rate of free muon relaxation in

Xe-doped Ne as a function of Xe concentration at

295 K. This corresponds to the thermal production

of Mu with a bimolecular rate constant k = 2.4 = 0.3
X 10711 ¢m? atom™ sec™.
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tion Type 33 or 34 in addition to the (dominant) epithermal process.
Temperature-dependent measurements should show if this effect is really
caused by reactions of Type 34 for the first excited state of u'Ne—a very
interesting possibility.

As a tool for probing the details of atomic physics, the p* offers little
competition to existing atomic beam techniques, as a glance at the
literature shows. However, the u'SR/MSR technique is particularly
sensitive to one parameter of general interest: what fraction of H isotopes
will thermalize as neutral atoms? This may prove useful to atomic
physicists.

For most gas-phase Mu experiments, there are only two requirements
that the moderator gas must fulfill: it must provide copious amounts of
Mu and it must not be chemically reactive with added reagent. In this
regard we initially used Ar as a moderator but more recently we have
turned to N, because of its larger signal amplitude.

MvuontuMm CHEMISTRY IN THE Gas PHASE. In the gas-phase chemistry
experiments, a small amount of reactant (e.g., Cl,) is added to the
moderator gas by the following simple technique: a small reservoir of
known volume is filled with reagent gas to a measured pressure of be-
tween about 100 and 800 torr; the reagent then is flushed with moderator
gas into the previously evacuated target vessel (36-L capacity) to bring
the total pressure up to just over 1 atm (a slight positive pressure is
maintained to prevent possible O, contamination). Typical concentra-
tions for fast reactions are approximately 10'® molecules cm™ but in some
cases of very slow reactions (e.g., HCl) pure reagent (10 molecules
cm™) was used.

In pure inert moderator gas, the MSR signal caused by coherent Mu
precession is long-lived, as shown in Figure 2 and Figure 7 (top). The
background relaxation rate in pure moderator, A, is probably caused by
field inhomogeneities. Reactive collision of a Mu atom with a reagent
molecule, e.g.,

Mu + Cl; » MuCl 4 Cl (35)

places the muon into a diamagnetic environment, breaking the muon-
electron hyperfine interaction. This causes a further relaxation of the
MSR signal owing to the removal of these muons from the ensemble of
precessing Mu atoms, as shown in Figure 7 (bottom). This relaxation
caused by spin dephasing is described by A = 1/T, in Equation 17, in
analogy with NMR and ESR. Parenthetically, the minimum observable
value of T, is ~ 100 nsec, which is much longer than the slowing down
time of the p' in the gas; therefore, Mu definitely is thermalized before
it reacts. The overall relaxation rate is given by
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A=), + k[X] (36)

where k is the bimolecular rate constant for the reaction of interest. The
predicted linear dependence of A on reagent concentration [X] is shown
in Figure 8 for the reaction of Mu + Cl, (15, 16) and in Figure 9 for the
reaction of Mu + HBr.

At TRIUMF, we have measured room temperature (295 K) bimolec-
ular rate constants for the reactions Mu + Br, (10), Cl, (15, 16), Mu +
F., Mu +4 HI, and Mu 4 HBr, and have obtained an upper limit for
the Mu -+ HCI reaction rate constant. In addition, we have measured
the room temperature rate constant of Mu + O, (see Figure 10). This
reaction is fundamentally different from the others cited—we believe it

0.20 T T T T T T

.00 - L\ 1

ASYMMETRY
o

ASYMMETRY

-0.20 | I ! | | |
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

TIME IN uSEC (20 NSEC/BIN)
Chemical Physics Letters

Figure 7. TRIUMF MSR signal in pure Ar (top) and in Ar with 18.9 X
10°°M Cl, present (bottom). The magnetic field is 3.0 gauss. (16)
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MU IN CL, WITH AR MODERATOR AT 295K
4.5 T T T T T T T

RELAXATION RATE A-X\, (MSEC™)

0.0 1 1 | | | ] |
O 10 20 30 40 50 60 70 80

CL, CONCENTRATION (uM)
Chemical Physics Letters
Figure 8. Chemically induced Mu relaxation rate A —
A, as a function of Cl, concentration: data from LBL,
(A); data from TRIUMF, (O). The straight line is a
x2— minimum fit to the data giving k = (5.2 £ 0.4) X
1019 l/mol-sec. (16)

is primarily caused by spin exchange with the paramagnetic O, and not
to a chemical reaction.

Of primary importance to the study of chemical reactions is a mea-
surement of the temperature dependence of the reaction rate, which is
expressed usually by the familiar Arrhenius equation.

k = A e E/ET (37)

Thus, raising the temperature increases the reaction rate of the bimolec-
ular reaction, as illustrated in Figures 11 and 12 for the reaction of Mu -}
F, between 295 and 385 K. The measured activation energies (E,) for
Mu + Cl, and Mu + F; are 1.4 and 0.9 kcal/mol, respectively. The Mu
-+ F, result provides good evidence for an important contribution from
quantum mechanical tunneling to the reaction kinetics. This will be
discussed later in the chapter.
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MU IN HBR WITH AR MODERATOR AT 295K

(L SEC™H

RELAXATION RATE A
w
o

0.0 1 | ] | | |
0.0 1.0 2.0 3.0 40 5.0 6.0 7.0

HBR CONCENTRATION (X 107 M)

Figure 9. Mu relaxation owing to chemical reaction

with HBr in Ar at room temperature corresponding to a

bimolecular rate constant of (9.1 = 1.0) X 10° I/mol-sec.
The data were obtained at TRIUMF.
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MU IN 0, WITH RRGON MODERATOR. 285K
6.0 T 1 I T T

RELAXATION RATE A WSEC™H

0.0 | | | | |
0 5 10 15 20 25 30

0, CONCENTRATION (uM)

Figure 10. TRIUMF data showing Mu relaxation

owing to O, in Ar at 295 K corresponding to a bimo-

lecular rate constant o£ (1.6 £ 0.6) X 10" 1/ mol-sec.

The relaxation is probably caused by spin exchange

between the Mu and paramagnetic oxygen rather than
chemical reaction.
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MU IN F,/N,: 4= 295K. ®= 383K
7.0 T T I T T

RELAXATION RATE A (SECH

90 1 1 | : |
00 05 1.0 1.5 20 25 3.0 3.5

F, CONCENTRATION (X 107 M)

Figure 11. The effect of temperature on the rate of
Mu reaction with F, in N,. 295K yielding a bimolecu-
lar rate constant of (1.4 £ 0.1) X 10'° l/mol-sec, (A);
383K yielding a bimolecular rate constant of (2.0 £
0.1) X 10% l/mol-sec, (O). Data from TRIUMF.
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ARRHENIUS CURVES: %= CL,/AR. 4= F,/N,
T I I

RATE CONSTANT X 107°L/MOLE-S

1 | I | J
2.5 2.7 2.9 3.1 3.3 3.5

1000/ TEMPERATURE (K™

Figure 12. Arrhenius plots for the reaction of Mu
with F, in N, and Cl, in Ar, obtained at TRIUMF.,
The Arrhenius expression for the F, reaction is log,,k
= (10.83 %= 0.20)(200 £ 50)/T and for the Cl, re-
action is (11.72 * 0.14) — (297 = 44)/T.
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Table II. Reaction Rate Parameters for

Muonium
Reaction k(295°K)* E«(kcal/mol)
F, 1.4 +0.1 0.92 +=0.23
Cl, 5102 1.36 = 0.21
BI‘2 24 =3 -_—
H-atom Reaction Type
HCI < 0.000034° abstraction
=+ 0.000005
exchange
HBr 09 +0.10 abstraction
exchange
HI 25 =+0.1 abstraction
(02% 16.0 = 0.7°
¢k(X 1010 1/mol sec).
® Upper limit only.

° There exists a stoichiometric ambiguity of a factor of 2 (see Ref. 80).

The TRIUMF gas-phase Mu reaction rate parameters obtained to
date are summarized in Table II. Rate parameters for the corresponding
H atom reactions are included in the table; a comparison of these is dis-
cussed below.

ComPARISON oF MuoNTuM AND HYpROGEN RATE CONSTANTS. As stated
earlier, Mu and H are isotopes of the simplest atom, chemically similar in
every respect except for their masses, which differ by a factor of 8.84.
One can treat both accurately in the Born-Oppenheimer approximation.
A detailed comparison of chemical reaction rates for Mu and H thus pro-
vides a unique opportunity for testing models of dynamic isotope effects
in chemical kinetics. Such comparisons between H and D (deuterium)
already have revealed large differences in reaction rate which in some
cases are considered indicative of a quantum mechanical tunneling con-
tribution to the rate (46, 47,48, 49). The much lighter Mu atom displays
marked tunneling behavior, further elucidating the role of that process in
chemical kinetics. Comparisons of H and tritium (T) have been made
also, but since T usually starts out as a hot atom (50, 51), these studies
are somewhat more difficult to interpret. Only the thermal reactions of
the Mu and H atoms are compared here.

In gases (at normal pressure) the mean free path of a Mu atom is
many molecular radii, and the concepts of collision rates and cross sections

In Positronium and Muonium Chemistry; Ache, H.;
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Muonium and Hydrogen in the Gas Phase
Hydrogen

H Atom
k(295°K)* E«(kcal/mol) kyu/ku(295°K) Ref,
0.20 = 0.05 24 0.2 5.2-10 7678

0.09 = 0.01 22+0.1 13-19 79
1.7 0.6 1.8 +0.3 2.1-4.8 76
0.41 =+ 0.04 1402 11-14 80
1.15 = 0.15 1.15 0.1 3.8-5.3 81,82
22=+15 1.0 +05 5.7-38 10
2(0.0021° 31+03 4(0.013-0.020) ° 83-85
=+ 0.0002)
0.000018° > 40 ~19 86
=+ 0.000018
0.21 = 0.02 26 +=0.1 3.5-56.3 87
< 0.0023 56 350440 87
0.86 = 0.39 12+04 1.9-5.7 88, 89

4 Upper limit (i.e., < 3.6 X 10° 1/mol sec).
° Probably spin exchange, not chemical reaction.

are well defined. Thus the rate constant for a specific relative velocity of
the reagents is proportional to that velocity and the reaction cross section

k(‘U) ~ ‘Uo(‘U) (38)

where ¢ is generally a function of velocity owing to dynamic effects such
as activation energies and tunneling probabilities. Of course, in a thermal
process we observe the average of k(v) over the thermal velocity
distribution

k = <k(v) >y ~ Voer, (39)

where v is the mean thermal velocity and oy is an effective average
reactive cross section. If we temporarily neglect dynamic effects in o,
we can treat oo as a constant geometrical cross section. Although this
hard sphere collision model is inaccurate, it is conceptually useful. For
example, the rate constant is proportional to the mean velocity, v; this
in turn is proportional to m™*/2 where m is the mass of Mu or H, neglecting
the motion of the (heavy) scavenger molecules. This produces a kinetic
enhancement factor of v/ myg/my, ~ 3 in the ratio of the reaction rates,
kuu/ka, which is referred to as the kinetic isotope effect. Any additional
differences in ky, and kg are then probably caused by dynamic isotope
effects related to o
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Advances in Chemistry; American Chemical Society: Washington, DC, 1979.



Publication Date: June 1, 1979 | doi: 10.1021/ba-1979-0175.ch013

310 POSITRONIUM AND MUONIUM CHEMISTRY
Table II summarizes the reaction rate data for the general reactions

Mu + X, » MuX + X, X = F, C, Br (40)

and

Mu + HX — MuH + X, X = Cl, Br, I. (41)

The rate parameters for the analogous H atom reactions are included as
well as the isotope effect ratios, kyu/ka. A number of comments on the
data in Table II should be made. For the Mu + HX reactions, we cannot
differentiate between abstraction (Equation 41) and exchange (Mu +
HX — MuX + H), and therefore the Mu entries in the table represent
the total reaction rate for both reaction channels. Separate entries for
the analagous H atom reaction rates for abstraction and exchange are
given where available. The very slow reaction of Mu + HCI is at the
lower limit of the MSR method and only represents an upper limit to the
reaction rate constant.

Large inconsistencies exist in the literature values for the H atom
reaction rate parameters. In some cases, such as the H + Br, reaction,
the reaction rates have never been measured directly but have been
obtained by measurement of ratios of competitive reaction rates. Even
the reaction rates that have been measured directly have widely varying
reported values; for example, two recent measurements of the H + Cl,
reaction (52,53) give room temperature rate constants differing by a
factor of four. The source of ambiguity in directly measured reaction
rates is competitive interference reactions caused by the presence of
several reactive species in relatively large concentration. Wall recom-
bination of H or X atoms are common examples. Since MSR is a one-
atom-at-a-time technique, these kinds of interferences do not exist in the
Mu reaction rate measurements. The precision of the MSR results is
about = 10%, but since these measurements in gases are presently being
performed only at TRIUMF, we have no independent check of their
accuracy. An estimate of the reproducibility of the MSR technique was
obtained in our study of the Mu + Cl, reaction which was performed
first at LBL and, later, at TRIUMF using the same technique but a
completely different experimental apparatus. The rate constants at 295°
K were k=25.5=0.3 and 4.7 = 0.6 X 10° L mol*sec? at LBL and
TRIUMF, respectively.

In spite of the experimental uncertainties, it is clear from Table II
that the reaction rates of Mu + X, exceed the analogous H atom reaction
rates by more than the nominal kinetic isotope factor of three, indicating
the presence of a dynamic isotope effect. The only detailed theoretical
calculation of a Mu reaction is that owing to Connor, Jakubetz, and
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Manz (54, 55) who compared collinear reaction rates of Mu and H with
F.. Atroom temperature, they predict the ratio of kyy/kn to be 5.9 which
is in accord with the experimental value of Albright et al. (see Table II).
Furthermore, they calculate apparent activation energies of 1.1 and 2.1
kcal/mol at 300°K for the Mu and H reactions respectively, in good
agreement with experiment. These calculations show that the Mu + F,
reaction rate is dominated by quantum mechanical tunneling at room
temperature. The effect of tunneling in these calculations is demonstrated
further in the curvature of the Arrhenius plot shown in Figure 13 for Mu,
H, D, and T reactions with F,. By extrapolating the tunneling contribu-
tion to the isotope effect from F, to Br,, one would expect the order of
isotope effect ratios ky,/kg to be F; > Cl, > Br,, the same order as H
activation energies. The deviation from this order for Br; in the table is
probably a manifestation of the uncertainty in the H atom reaction rate
which has never been determined directly.

The reactions of H atoms with hydrogen halides are dominated by
abstraction for the cases of HCI, HBr, and HI, and this also should be
true for Mu reactions with HBr and HI. In the case of HC], however,
the H atom reaction is near a thermodynamical limit as evidenced by the
fact that it is 100 times slower than the HBr reaction. For Mu, this limit
is crossed since the much higher zero point energy of MuH makes the
Mu + HCI reaction endothermic by about 6 kcal/mol. This accounts for
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Figure 13. Theoretical Arrhenius plots
for the reactions of T, D, H, and Mu
with F,. At high temperatures the
ratio ky,:kg:kp is determined by the
mean of velocity; but near room tem-
zerature the Mu + F, reaction is en-
anced owing to quantum tunneling.
(From Refs. 54, 55).
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the observation that Mu reacts more slowly with HCI than H does in the
abstraction reaction. Perhaps the Mu + HCI reaction is dominated by
exchange rather than abstraction, in which case it is probably faster than
the corresponding H atom exchange reaction.

It is not clear whether the Mu + HX reactions reveal any dynamic
isotope effect or whether such an effect enhances or retards the rate.
These exchange reactions suggest an inverse dynamic isotope effect. The
hydrogen analogue of the Mu 4 HCI reaction has been cited as an
example for transition state theory in which a quasi-bound intermediate
molecule is formed (56, 57, 58). In such a reaction intermediate, the zero
point motion for the Mu-activated complex would be higher than the zero
point motion for the analogous H complex giving rise to a larger activa-
tion energy. This could account for such an inverse isotope effect.

Thermal Muonium Chemistry in Liquids. MSR STuDIES. Assuming
the rate constant for Mu + O, spin exchange to be the same in the gas
(Figure 10) and liquid phases, typical dissolved O, concentrations of
2 % 10 M at room temperature lead to Mu relaxation times of only 30
nsec, too fast to be readily observable. However, by degassing the target
sample it has been possible to observe directly the MSR signal in inert
solvents such as water and some alcohols (12,13, 14,37). These results
also have been confirmed recently at TRIUMF. In exact analogy to the
above description of MSR studies in the gas phase, one can monitor the
disappearance of the Mu precession signal in the liquid phase to obtain
bimolecular rate constants for the reactions of Mu in different solvents.
Such studies are being actively pursued by the group at SIN (11, 12,13,
14).

However, the amplitude of the MSR signal in liquids is considerably
weaker than observed in gases; for runs with modest statistics (about 10°
events) it is often only revealed through its Fourier transform. A time
and frequency spectrum obtained at TRIUMF is shown in Figure 14 (see
Reference 37 also). The weaker Mu signal amplitude is not completely
compensated by the diamagnetic " fraction; SIN results indicate Pu" =
0.62 and Py, — 0.20, for the polarizations of x* and Mu components in
H,O, respectively, leaving a missing muon fraction of 0.18. We return
bneﬂy to this point in the ensuing discussion, noting here that it surely
reflects some very early stage of Mu depolarization, possibly via the
formation of short-lived muonic radicals.

Despite the weak MSR signals seen in liquids, the SIN group has
managed to obtain a number of very interesting results (11, 12, 59, 60).
A sample of their data is shown in Figure 15 for aqueous solutions of
fumaric acid. As in the gas-phase studies discussed previously (Figure
7), the amplitude of the MSR signal clearly relaxes faster with increasing
fumaric acid concentration; the solid curves fit to the data using essen-
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tially the same expression as in Equation 17. As in Figures 8 and 9 a
plot of A vs. concentration should be a straight line, as shown in Figure
16 for the SIN data. Since the initial Mu amplitude is 4 to 5 times lower
than that obtained in the gas phase, one must acquire approximately 20
times as many events to achieve the same accuracy for individual deter-
minations of A. Nevertheless, least-squares fits to SIN data yield rate
constants with precision comparable with TRIUMF gas-phase results
(= about 10% ). Recent SIN results are presented in Table III; rate
constants for Mu reactions are compared with corresponding H atom
values as well as with Mu rate constants obtained earlier by the residual
polarization technique (8,9, 34). Later we will discuss the comparisons
between Mu and H atom rate constants.

Table III. Muonium and Hydrogen-Atom Rate Constants
in Aqueous Solutions®

kMu kHb
Substrate (M sec) (M1 sec?) kyu/kn

Methanol < 3 X 10¢ 2.5 X 108 < 0.01
Ethanol < 3 X 10° 2.1 X 107 < 0.015
2-Propanol’ ~ 7 X 10° 6.8 XX 107 ~ 0.01
2-Butanol® 1.1 X 108 1.3 X 108 0.01
Formate ion (pH > 7) 7.8 X 108 1.2 X 108 0.07
Maleic acid (pH 1) 1.1 X 10 8 X 10° 14
Fumaric acid (pH 1) 1.4 X 1010 7 X 10° 2
MnOy~ 2.5 X 1010 2.4 % 10%° 1
Ag* 1.6 XX 10 (1-3) X 10 ~1
NOj- 1.5 X 10° 9% 108 ~ 170

(1.2 x 101)*

(1.7 X 101%) °
Acetone 8.7 X 107 2.8 X 108 30
Ascorbic acid (pH 1) 1.8 X 10° 1.7 X 108 10
OH" 1.7 X 107 1.8 X 107 1

(1.8 X 109 °
ClOy < 107 — —

(3.8 X 101) ¢

(1.2 X 10%°
H*, Na*, CI’ < 2X10° < 10° —_

° Refs. 11 12,13, 14.

® Ref.

° Mu values are preliminary.

¢ Ref. 8. From P:.,—may involve radical reactions, etc.
°Ref. 7. From P;.,—may involve radical reactions, etc.
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Figure 15. MSR signals for aqueous solutions of fumaric acid. The data
were taken at SIN (Refs. 12, 13, 14).
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P.s (»'SR) StupiEs. The residual muon polarization which results
when the p* is placed in a diamagnetic environment by the simplest sort
of process has been treated already. To recapitulate, it is not the free
Mu precession signal that is observed directly but only the result of Mu
atom reactions occurring at very early times. The experimental observ-
able then is the residual u* polarization, from which we infer the nature
of the chemical reactions that produced it via a suitable theoretical trans-
form. Qualitatively, if Mu reacts very quickly then we expect a large
P.s and a small phase angle from the brief Mu precession; conversely, if
Mu reacts slowly, the u* will be depolarized effectively when placed in
its final chemical environment, giving a small P, and a relatively large
phase angle for the thermal reaction component. In practice, P ap-
proaches the hot atom fraction h (no phase rotation) for very slow
reactions.

Figure 17 shows experimental data for P, as a function of I, con-
centration, obtained for the reaction of Mu + I at 103 G in methanol;
the upper half shows the magnitude of P., (Equation 21) while the
lower half shows the phase (Equation 20). The solid curves are theo-
retical fits using Equation 30. The hot atom fraction is 0.52 = 0.02. Both

1.0

-15 ] ] ] |
00001 0001 001 O.l 0 10

[12] (moles/ liter)
Academic Press

Figure 17. Experimental data from
LBL and best fit for dependence of
residual polarization upon concentra-
tion of I, in methanol at 103 G (Left-
most points are for pure methanol
(P,es = h) and_are therefore actually
infinitely far off scale.) (3)
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the plateau effect in P,.; and the phase dip are ubiquitous characteristics
of this simple depolarization mechanism, which historically has been
called the proper Mu mechanism (7, 9, 27, 28). The formalism developed
earlier is in good agreement with the experimental data. The extracted
bimolecular rate constant at 103 G is (13.1 == 1.6) X 10 L mol™ sec™.
A weighted average of fits to the data obtained at other fields at both
TRIUMF and LBL, using the expression in Equation 30, gives k = 14 =+
2 X 10 (40) in excellent agreement with the value obtained previously
by fitting essentially the same data with a much more general theory
involving diagonalization of the spin density matrix (8,9, 34).
The thermal reaction involved is presumably

Mu + I > Mul +1 (42)

by analogy with the corresponding reaction for the H atom, for which the
rate constant in aqueous solution is reported (61, 62, 63) to be 2 X 10 L
mol™? sec™’. If differences between solvents can be neglected, one con-
cludes that Mu reacts with I, in solution about 7 times as fast as H does,
although if there are large uncertainties in the rate measured for the H
atom reaction there may well be little real difference in these numbers.
Such a large rate constant is close to or at the diffusion-controlled limit and
lends support to the contention that in solution Mu acts chemically just
like H. It is important, however, to measure the rate constant for this
reaction by the direct MSR technique. We turn now to a brief discussion
of the effect of radicals on the depolarization of the y'.

The mechanism for u* depolarization considered above is the simplest
one possible, i.e., placing the p* in a diamagnetic environment in a single
step, as exemplified by Equation 42. In general, we may expect the overall
reaction scheme to be more complicated, possibly involving intermediate
p* radicals as suggested for the thermal reaction scheme of Mu with Br,
in benzene (8,9, 34, 64):

ka
Mu + Br, - MuBr -+ Br (43a)
ks
Mu + C¢Hg - CeHsMu (43b)
ke
CsM¢Mu + Br; — diamagnetic compounds. (43c)

Here there is competition between these reactions; but ultimately the p*
must find itself in a diamagnetic environment in a short time compared
with the period of Mu precession if any polarization is to remain. Indeed,
attempting to reproduce the measured P,.s on the assumption of just the
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proper Mu mechanism discussed above (i.e., Equation 43a only) fails
badly, as shown by the dashed lines in Figure 18. On the other hand,
assuming that the complete reaction scheme involving free radicals gives
much better fits to the data, as shown by the solid curves in the same
figure. Similar studies of Mu chemistry in aqueous solutions of H,O,,
ClOy-, and NOj;™ revealed the presence of free radical mechanisms as a
general feature of Mu chemistry in liquids (8, 9, 34, 35, 36).

It has been pointed out (35) that such general reaction schemes as
that represented in Equation 43 have more parameters than can be
determined both uniquely and precisely from fitting the P,., data usually
available, and thus are more appropriate for qualitative than for quantita-
tive analyses. There are several large discrepancies between rate con-
stants extracted from P, and MSR data; a dramatic example is the rate
constant for Mu 4 ClO;™ in H,O: the value extracted by the Py, tech-
nique is at least 105 faster than that extracted from the direct MSR
method. The source of these discrepancies is not yet known, but the
MSR technique is clearly more precise when applicable. Thus, while the
P,.; method is both qualitatively and quantitatively useful in simple Mu
mechanism studies, it is mainly valuable qualitatively in complicated
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Figure 18. Residual muon polarization
in benzene as a function of the concen-
tration of dissolved bromine. Data from
LBL. Best fit without radicals, (——-);
best fit with radicals, (—).(3)
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problems. In particular, there may be many situations in which short-
lived radical intermediates cannot be detected by the MSR technique,
but leave an unambiguous qualitative signateur in the P., data from
w'SR. The residual polarization technique therefore remains an important
tool despite its limited numerical precision in complicated cases. It is
particularly useful for studying the hot-atom fraction h.

DiscussioN oF THERMAL MvuonNiuMm Reactions iIN LiQuip WATER.
Table III gives the values of k for the reaction of thermalized Mu atoms
with several solutes in aqueous solution obtained from the dependence of
the Mu atom lifetime on solute concentration (11-14,59,60). They are
compared with published data for the analogous H atom reactions. The
reactants may be divided into at least three groups. In the first group
(first five reagents) the H atom reaction is regarded as an abstraction
reaction, in which an H attached to a C (carbon) atom is abstracted.
It is clear that H is much more efficient than Mu at this process. Further-
more, it is possible that the fastest of these Mu reactions, with formate,
is an addition rather than abstraction reaction. Apparently Mu does not
abstract H efficiently in solution. In this respect Mu more closely
resembles solvated electrons than hydrogen atoms.

Of the next four reactions, the rate constants for both Mu and H are
of the order of 10 L mol™ sec? and consequently they are close to the
expected diffusion-controlled limit. Since these reactions evidently occur
on almost every collision no isotope effect would be expected in so far as
the diffusion constant itself may be slightly higher for the lighter particle.
Indeed the ratio ky./ku ranges between 1 and 2 for those diffusion-
limited rate constants. It is interesting to note that the reaction with
maleic and fumaric acids should be addition reactions to a C=C double
bond, whereas reaction with MnO4~ and Ag' (silver) should be simple
reduction by electron transfer.

In fact the rate constants for the reaction of H, Mu, Ps, and solvated
electrons (e,,") with MnO,~ (which is the only reagent for which all four
rate constants are readily available) are very nearly the same. They all lie
within the range 2-3 X 10%° L mol ™ sec™ (11, 65) which is regarded—for
Ps and e,,” at least (66)—to be essentially the diffusion-controlled limit.
This implies that both the diffusion coefficients and interaction radii are
very nearly the same for the three uncharged species.

The reaction of Mu with nitrate, acetone, and ascorbic acid are much
more efficient than are the corresponding H atom reactions. The isotope
effect, however, is much too variable in these three examples to warrant
comment at this stage. It might be noted also that e,,” reacts much more
efficiently than Mu with NO;™ and acetone but less so with ascorbic acid;
so there is no general analogy between the types of reactions exhibited
by Mu and e,
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Mu and H have the same rate constant for reaction with OH~. This
is a particularly interesting reaction in that it represents the interconver-
sion of Mu as an acid to its conjugate base, which is e,,~. Perhaps like
H (67)

Mu + OH" — e + MuOH

Mu has a pK, < 9.7.

Hot Atom Reactions and Epithermal u'SR Studies. EXPERIMENTAL
TREATMENTS AND ResuLts. One quantity of considerable interest that
emerges from a study of the residual polarization in liquids is the hot-
atom fraction, h, the low-concentration limit of P, (X). This is shown
in Figure 17 (for Mu + I, in CH;0H) and in Figure 18 (for Mu + Br,
in benzene) to yield h = 0.54 = 0.02 and 0.13 = 0.01, respectively. In
the analysis of References 8 and 9, based on the theoretical formulation
given in Reference 34, this fraction is assumed to be entirely caused by
hot-atom reactions in the solvent which place the x* in a dimagnetic
environment essentially at ¢ =0. Therefore h is assumed to be inde-
pendent of both reagent concentration (even for very concentrated solu-
tions, up to 10M in some cases) and applied magnetic field. The hot
atom fraction defined in this way varies from a minimum of h approxi-
mately equal to 0.13 in benzene to a maximum of h about equal to 1.0 in
CCl;. We do not know just how hot the Mu atom is when such reactions
occur, but evidence from gas-phase studies (see above discussion) sug-
gests that stable Mu first forms at kinetic energies of about 200 eV. Lower
energies are sampled then as the Mu atom slows down by collisions.

How does one distinguish between epithermal and thermal processes
in liquids? In the direct MSR technique discussed earlier, this is, in
principle, straightforward. Any differences in epithermal processes be-
tween solvents would be reflected in a change in the initial amplitude of
Mu precession, as opposed to the relaxation of the signal owing to thermal
processes. However, as noted above, the signal amplitudes are weak
(S2%) and care must be exercised in the interpretation of these
numbers.

In our P, studies, we have assumed the epithermal process to be
caused entirely by reactions with the solvent. These can be distinguished
from a possible thermal process (with the solvent) by observing the
magnetic field dependence of P,s and/or by measuring the phase depend-
ence of Mu precession in the limit of zero reagent concentration. Since
epithermal processes are expected to occur at very early times (¢ < 107
sec) they will be unaffected by magnetic fields (in sufficient time for Mu
precession) and, more crucially, the phase angle 6 in Pry — |Pres|€?
represented by Equation 20 should return to zero in the limit of zero
reagent concentration (because of the constant, unrotated hot-atom
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contribution). A good example of the latter effect can be seen in Figure
17 (bottom) for the reaction of Mu with I, in methanol. The magnetic
field independence of h for this reaction has been verified (8,9,40); h is
0.54 = 0.02 for fields varying between 103 and 4500 G.

On the other hand, there are some difficulties created with this
concept. The missing muon fraction has prompted a different interpreta-
tion of h, which casts further doubt on the previously mentioned contribu-
tion of u* radicals in the overall n* depolarization process. For example,
Percival et al. (11, 12,13, 14) have presented a consistent interpretation
of the reaction of Mu with NO;~ and MnOy" in aqueous solution which
involves no p* radicals, contrary to the LBL interpretation (for NO3")
discussed earlier (Table III). Percival et al. claim that h depends on
solute concentration, with full (re)polarization (Pyy + Pur = 1) observed
for NO;™ concentrations as low as 0.1M. Evidently in these solutions the
missing polarization fraction of 0.18 may be restored by some fast process
involving NO;~. These effects have lead the authors to suggest that free
radical reactions in the spur at the end of the x* track (68) may obscure
epithermal processes in certain solutions.

This section of the chapter concentrates on epithermal reactions in
pure liquids. In some cases the epithermal reaction hypothesis has been
checked directly by either field or phase variations as noted above and is
reinforced by the observation of long-lived Mu, for example, in H,O and
some alcohols (12,13,14,37) (see also Figure 14). Consequently, it
seems reasonable to identify the measured residual polarizations in such
media with the diamagnetic hot-atom fractions, hp. It should be noted,
nevertheless, that it is much more difficult experimentally to determine
with accuracy the amplitude of the x*SR (or MSR) signal than its relaxa-
tion. Corrections for beam polarization, target thickness, counter geom-
etry, etc., need to be correctly normalized before the values of hp can be
obtained. For instance, the target thickness can affect both the polariza-
tion of stopping muons (owing to the momentum spread in conventional
muon beams) and the measured electron asymmetries (thicker targets
preferentially absorb lower energy positrons, which have smaller asym-
metries). The standard procedure, noted previously, is to normalize Pres
by the asymmetry found for CCl, under identical experimental conditions.
The use of CCL as the normalizing medium in liquid chemistry is
justified by the fact that it gives essentially the same asymmetry as the
maximum found in simple metals such as copper (Cu) or aluminum (Al).
In the case of thick targets, corrections must be made for the different
stopping power for both muons and positrons.

In order to circumvent the need to apply such stopping power correc-
tions to obtain P,.,, at TRIUMF we have used the nearly monoenergetic
(4 MeV) surface muon beam in conjunction with the thin cell (4 mm)
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depicted in Figure 19. This cell was placed at 45° to the incident muon
beam with two positron telescopes at 90° (as in Figure 4). The samples
were thick enough to stop all the muons but sufficiently thin so that the
spectrum of emitted positrons was not influenced seriously by the density
of the liquid being studied. Data obtained by the above method compares
well in fact with data obtained from different laboratories using conven-
tional muons corrected for density. A sample of the results is given in
Table IV, which, along with values in Table V, forms the basis for the
subsequent discussion. The data in Table V comes from several sources,
including recent (corrected) results from TRIUMF using conventional
muons. Data obtained at LBL in mixtures of CH;OH with CHCl; and
with benzene are given in Figures 20 and 21. We have plotted the
measured asymmetry as a function of volume fraction, rather than of
mole fraction as was done previously (3, 69). Volume fraction is a more
appropriate variable for this discussion since it is approximately propor-
tional to the fraction of time during the slowing down process that the

i
7 SURFACE "
Pierilas [ ——s8eAm

VACUUM
PIPE

THIN
TARGET

L HELMHOLTZ COILS

Figure 19. Sketch of the thin Teflon cell used at TRIUMF

with “surface” muons and its arrangement with respect to

the counters (TC is the thin counter which defined the u*

beam; L1, L2, and L3 are the leit-hand-side counters and
R1, R2, and R3 are the right-hand-side counters ).
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Table IV. Comparison of Data Obtained on P, from TRIUMF
Using Surface Muons with Data from LBL, JINR® (corrected
Ps 0° mode), and SIN, Where Possible®

Target Liquid TRIUMF LBL JINR SIN
CCl, 1 1 1 1
CHCl; 086 +=.04 085 =*=.04 0.80=*.06
H,0 061 .02 059=+=.02° 062=*=.04 0.62=.01
D0 057 .04 0.59 = .02 0.57 = .03
CH;0H 056 .04 054=+=.02° 058=x.05 0.61=*.01
(CH;),CHOH 061 =.04 0.64=* .01 0.57 = 0.5°
C-Ce¢H;, 068+=.04 0.67=*.02 068=+.05 067=*=05"
C-C¢H,o 0.47 = .03 0.48 = .05
CeHs 012=+.02 013=.01° 0.15=*+.03 021 %= 0.05°
CS, 016 =.03 0.11 =% .01 0.18 = 0.05
(CH,).CO 0.54 = .05 0.50 = 0.05
Si(CHj) 4 0.54 = .03
Cs;Hi, 0.64 = .04
C7Hye 0.65 = .04
Clon:z 067 =+ 05
2,2, 4-Trimethyl- 0.61 == .05

pentane

s ¢ JINR is the Joint Institute for Nuclear Research, Dubna, USS.R., Refs. 4, 6,
, 7.
® The errors quoted arise from the uncertainty due to the statistics of the experi-
ment and do not take account of other possible sources of error.

° These data were obtained as limiting in values titration curves and therefore
required no density corrections.

4 Preliminary values.

epithermal Mu atoms spend in contact with each ingredient. (Mole
fraction takes no account of the relative sizes of the molecules involved.)
Asymmetries in the mixtures can be correlated with hp because the phase
change measurements did not show the characteristic dip which would
occur if thermal reactions of Mu were involved.

Discussion. What chemical or physical properties of the target mate-
rials influence Prs? Why do epithermal Mu atoms react efficiently to
form diamagnetic products with liquids such as CCl, or CHCIl;3 and quite
inefficiently with others such as CS; or benzene? Let us consider some
possibilities.

Bond Energy. Could it simply be that the efficiency of reaction
increases as the strength of the bond to be broken decreases? Care must
be exercised in considering this question for two reasons: firstly, most
molecules contain more than two types of atoms and more than one type
of bond, and it is not known which bond is broken. Secondly, the epi-
thermal Mu atom will thermalize more rapidly during collisions with
lighter atoms so that as the chemical constitution is changed the number
of collisions made during thermalization will change. Consequently it is
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Figure 20. Data from LBL on CH;OH/CHCI,
mixtures, plotted as measured asymmetry and
P, against volume fraction of the mixtures. The
data were taken in a transverse field of 100 G.
(The dotted line indicates how the asymmetry is
expected to vary if selective reaction by CHCl,
were possible, or if spur scavenging by CHCI,

occurred).
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Figure 21. Data from LBL (100 G) and JINR

(50 G{ showing asymmetry and P,,, as a function

of volume fraction in CH,OH/benzene mixtures.

(The dotted line indicates how the asymmetry

should change if benzene gave “sponge-like” pro-
tection to CH;OH.)
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Table V. Collection of Residual Muon Polarization
Data from Various Sources

Target ) S Reference and Comments
CCly 1 By definition. B. E. =78
SiCl, 0.48 TRIUMF® B.E. =91
SnCly 0.99 TRIUMF B.E.=76
TiCl, 1.00 TRIUMF B.E.=102
Cyclohexane 0.68 Table IV

Cyclohexene 0.47 (0.55) JINR®

1,4-Cyclohexadiene  0.40 (0.47) JINR
1,3-Cyclohexadiene  0.32 (0.38) JINR

Benzene 0.15 (0.18) JINR
Hexane 0.62 LBL
Hexene 0.50 LBL
Hexyne 0.43 LBL
2-Propanol 0.62 Table IV
Acetone 0.54 Table IV
CeHj 0.15 (0.18) JINR®
CeH;Cl 0.23 (0.27) JINR
CeH;Br 0.38 (0.45) JINR
CeH;1 0.49 (0.59) JINR
C¢H;CH,C1 0.35 (0.42) JINR
C¢H;CHCl, 0.46 (0.55) JINR
CeH;5CCl; 0.57 (0.68) JINR
CHCl; 0.85 Table IV
CH,Cl, 0.70 LBL
C¢H;0H 0.38 LBL
Glycerol 0.75 LBL

¢ Obtained using conventional muons at TRIUMF.

® Original values (Refs. 4,5,6,7) were measured relative to CHBr3 and are given
in parenthesis. The values in column two are normalized to the TRIUMF value for
cyclohexene from Table IV.

¢ As in @ but normalized to JINR value for benzene from Table IV.

not meaningful to attempt to compare CCL, for instance, with C¢Hg on
the basis of bond energies because both of the above factors are involved.

However, CCl, can be compared with the other tetrachlorides of
Group IV elements since all are believed to be bonded tetrahedrally.
They differ only by virtue of the size and mass of the central atom (and
hence of the whole molecule); but there is a regular progression of this
down the series. Table V gives the P, data for CCl, (1.0), SiCl, (0.48),
and SnCl; (0.99) whose bond energies follow the same order—78, 91,
and 76 kcal mol™?, respectively. Silicon (Si), which forms considerably
stronger bonds with chlorine (Cl) than do the other two, has a much
lower hot fraction. But this simple correlation breaks down completely
when one includes TiCly, which has equivalent tetrahedral bonding. Here
the bond strength is even higher than in SiCly, being 102 kcal/mol, yet P,
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is 1.0. There may be additional reasons for P, in TiCly being high, or
in SiCly being low, but if both are given equal weight then there is no
simple correlation between bond energy and P, evident from this series.

w-Bonding. There is a very striking correlation here. First, Pr.s has
a value less than 0.49 only in compounds with =-bonding; second, the
greater the extent of r-bonding the smaller P, is. For example, hexane
has P, = 0.62, hexene, 0.50; and hexyne, 0.43. Also 2-propanol has
P.s = 0.63 compared with acetone which is 0.54. Third, P.., decreases
with increasing =~ bond conjugation. Thus, for cyclohexane P — 0.68;
for cyclohexene, 0.47; for 1,4 cyclohexadiene, 0.40; 1,3 cyclohexadiene,
0.32; and for benzene, 0.15. The presence of =-bonding evidently plays
a very significant role in reducing P, Perhaps the relatively low lying
electronic energy levels enhance the thermalization process thereby cur-
tailing the lifetime of the Mu atom in an epithermal state.

Two comparisons are worth noting. Firstly, in radiation chemistry
the radiation yields of H; in cyclohexane, cyclohexene, and benzene are
5.6, 1.3, and 0.039 mol/100 eV, respectively (68). Yields of other prod-
ucts (such as total C;; molecules) show a similar trend, namely that
chemical decomposition and chemical change decrease sharply with
increasing unsaturation and particularly conjugated unsaturation. Sec-
ondly, in tritium recoil studies (50, 51) addition reactions at unsaturated
bonds tend to dominate the overall chemistry in alkenes and alkynes.
Addition reactions may occur also with hot Mu atoms but the species
formed in such reactions during the lifetime of the muon generally will
not be diamagnetic.

Solvent Mixtures—Thermalization Times. The linearity of the Pre
against volume-fraction plots for both CH;OH/CHCI; and CH;O0H/C¢Hg
(Figures 20 and 21) strongly implies that epithermal reactions of Mu
proceed quite indiscriminately—simply according to the bulk composition.
If during their period of reactivity the hot Mu atoms interacted with either
component in alternative (competitive) ways then the plots would have
been curved in the sense indicated by the dotted lines of Figures 20 and
21: that is, benzene would have partially protected methanol in these
mixtures, and Mu would have reacted preferentially (selectively) with
chloroform in its mixtures with methanol.

This lack of discrimination suggests that the epithermal Mu has only
a very short period of time in which to react during the thermalization
process. During that time period it is essentially in contact with only one
molecule, so that its probability of reacting in that one instance depends
simply upon the molecule with which it happens to be in contact. In this
way the observed linear fractional sum of these probabilities in the
mixtures can arise. We conclude therefore that a period of the order of
time taken to travel one or two molecular diameters is all that is available
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for chemical reaction to give diamagnetic species at epithermal energies.
Put another way, this suggests that the energy range over which epither-
mal reactions occur is of the order of the energy loss per collission.

Again, a comparison with radiation chemistry may be made drawing
on two examples. In mixtures of benzene and cyclohexane the yield of
H; is a markedly nonlinear function of composition, with benzene showing
sponge-like protection of cyclohexane (70). The yield of solvated elec-
trons in liquid mixtures is dominated by the solvent of higher dielectric
constant, owing to competitive scavenging over most of the composition
range (71,72,73). These examples highlight the significance of the
nonselective reactions observed for epithermal Mu atoms.

Spur Reactions. Epithermal reactions often are distinguished from
thermal reactions in being unaffected by the presence of scavengers in
moderate concentrations (up to approximately 2M). This method, how-
ever, would not distinguish epithermal reactions from spur reactions,
where the latter could involve the interaction of the thermalized muon
with an ion or radical present in the large spur at the end of the muon
track. As noted earlier, the SIN group is actively pursuing such reactions
as an explanation for the missing muon fraction, although involving very
fast thermal reactions. For instance, an electron formed from one of the
last ionizations of n* would rapidly give Cl" in CCL so that the intraspur
combination of y* with Cl- could be mistaken for an epithermal reaction
of Mu with CCl,.

However, the mixtures discussed above seem to totally exclude this
as a possible explanation for the hot atom processes. Providing the
mixtures are nearly ideal (intimately mixed on the molecular level), in
CH;0H/CHCI; mixtures, for instance, CHCl; will capture spur electrons
quite adequately over the range 0.3-1.0 in volume fraction, with the
result that P,., would be nearly invariant over that range. Consequently
the data would have resembled the dotted Inie of Figure 20. Equally,
methanol and benzene should interface with each other’s spur reactions.
Apparently spur reactions as the source of Pr.s can be excluded, at least
for those compounds whose mixtures give linear plots like Figures 20
and 21.

Other Factors. The probability of an epithermal reaction taking
place during a thermalizing collision should depend strongly upon the
actual chemical composition of the medium—perhaps on the polarizability
of the atoms involved, on the electron density, the molecular or bond
dipoles, and possibly other factors. Certain trends are evident from the
data available, some of which is in Tables IV and V. Thus P, increases
progressively with mono-, di-, tri-, and tetrahalo substitution; P, increases
in the order H, Cl, Br (bromide), I (iodine), when these are substituents
in aliphatic or aromatic hydrocarbons. The OH group, whether in H,O
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or the aliphatic alcohols, gives P,e; — 0.61 = 0.04. This is slightly lower
than the corresponding unsubstituted hydrocarbon, as if the presence of
OH actually depresses Pr,. Yet three OH groups increase P substan-
tially (glycerol has P,.; = 0.75) as does an OH on benzene (phenol has
P.., = 0.38 compared with benzene, 0.13).

Concrusions. The fact that P, varies from approximately 1.0 to
about 0.1 for a range of common liquids has in fact been known for many
years (22,283, 24, 25) but there is still no overall satisfactory rationaliza-
tion of these data.

Our basic conclusions are the following. Epithermal Mu atom reac-
tions are assumed to occur and as such they have to occur over a very
short time span (perhaps narrow energy range) comparable to the
typical time for one or two collisions in the liquid phase. Consequently
there is no preferential interaction with one component in mixtures.
When the target molecules contain = bonds the probability of reaction
is reduced further. There does not seem to be a direct dependence of the
probability of reaction on the strength of the bond being broken; but
certain empirical trends are evident, particularly with regard to number
and nature of the halogen atoms present.

Moreover, no obvious correspondence exists between the efficiency
of hot Mu and hot T reactions; but it should be noted that the two
methods involved are concerned with the fate of Mu or T on quite
different time scales—Mu incorporated (perhaps temporarily) in dia-
magnetic molecules during times < 107 sec and T finally residing in stable
molecules hours after the primary reactions.

Concluding Remarks

The experimental results and theoretical interpretations reviewed
here provide solid evidence that studies of Mu chemistry are a practical
and exciting reality. In both the gas and liquid phase, reaction rate
constants can be measured by the MSR technique to a precision of 10%
(and better). Such measurements in the gas phase have really only
become possible with the development of surface u* beams (33) which
stop in a few inches of gas at 1 atm of pressure. Also, the amplitude of
the Mu precession signal in inert gases is relatively large and the method
is established now for a detailed study of the chemical reaction rates of
the Mu atom (10, 15,16). Atomic physics studies of muon charge
exchange and spin flip collision processes (e.g., Mu + O,) also can
proceed in parallel. In the liquid phase, the MSR signals are much
weaker, for reasons which are not yet understood; and there appears to
be a significant missing muon fraction (11, 12, 13, 14). Such weak signals
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may have the disadvantage of curtailing the wide applicability of the
technique in different solvents. In contrast to this, the u'SR(Pres) tech-
nique (8,9, 34) can be studied in most common solvents and generally
yields large signal amplitudes, which can be used to study both epi-
thermal and thermal reaction processes. The P, technique still holds
considerable promise for liquid-phase Mu chemistry, but present ambigui-
ties in the theoretical interpretation of the reaction path, particularly
those involving u* radicals, need to be clarified before its quantitative
predictions can be treated with confidence. While the results discussed
herein indicate the reliability of the method, more measurements (e.g.,
of temperature and solvent dependence of the reaction rates) are needed
to firmly cement the foundations of Mu chemistry. Such studies are
being undertaken for liquids and gases at several meson-producing
laboratories, notably TRIUMF and SIN.

It is possible that these techniques will find more direct applications
in the field of H atom chemistry. For instance, studies of Mu chemistry
in liquids can complement H atom investigations in which the H atoms
commonly are produced by radiolysis of hydrogenic materials (e.g., water)
and followed via their ESR signal (74, 75). The yu* depolarization tech-
nique has some distinct advantages. Mu atoms can be introduced into
any medium, including proton-free liquids or highly alkaline solutions
(bases convert H atoms to solvated electrons—though they probably
also do so with Mu); literally one Mu atom is in the sample at a time—
therefore, there is relatively little radiation damage and the various
recombination problems which can complicate H-atom studies are non-
existent. There may be many interesting reactions which can only be
studied by Mu methods. This technique also lends itself quite naturally
to a study of hot-atom reactions, with implications for hot H and other
atoms.

An important goal of investigations in Mu chemistry is a better under-
standing of the physical processes involved in the chemical reactions of
the simplest atom, and perhaps the simplest types of reaction. Of par-
ticular interest is tunneling in these reactions. Isotopic comparisons may
be limited by the availability of precise values for the absolute reaction
rates of H and D atoms (which in the cases of Mu studies thus far are
known with less accuracy than those of Mu). Since the muon mass is
only one-ninth the size of the proton, the Born-Oppenheimer approxima-
tion should be applicable (contrary to Ps) and tunneling is bound to
be relatively more important than it is in the case of the H atom. Since
Mu, H, and D differ in mass by factors up to 18, this series is bound
to provide the most exacting tests of theoretical models of isotope effects
in chemical reaction dynamics. Indeed, present results on Mu + F,
have already revealed the potential of the technique (54, 55). In this
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case the room-temperature reaction rate is predicted to be dominated by
tunneling and the calculated ratio of kyu/kg is in good accord with the
experimental results.

Although the background of this subject lies in intermediate energy
physics, the results it is producing are having a striking impact on the
understanding of basic chemical reaction mechanisms and dynamics.
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of Muonium in Liquids

PAUL W. PERCIVAL, EMIL RODUNER, and HANNS FISCHER
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The muonium chemistry research performed at the Swiss
Institute for Nuclear Research is reviewed. Muonium has
been detected in water and other liquids, and rate constants
for reactions in aqueous solutions were determined. Com-
parison with hydrogen atom data reveals marked isotope
effects, and these are discussed in terms of transition state
theory. Relaxation of the muonium signal in ice below 160 K
is consistent with slowing of the translational diffusion of
muonium atoms. The distribution of muon polarization be-
tween muonium and muon-substituted diamagnetic mole-
cules has been investigated in water, ice, and aqueous nitrate
solutions. It is suggested that muonium or the free muon
itself interacts with transient radicals produced in the ter-
minal spur of the muon track.

The background and underlying principles of muonium (Mu) chemistry

have been dealt with in a preceding paper (1), as has the experimen-
tal technique, known as u*SR. Therefore, except for the brief notes in the
next paragraph, this chapter is confined to the description and discussion
of experimental results. These stem from work carried out at the Swill
Institute for Nuclear Research (SIN). The SIN muon channel supplies
a continuous high-energy (10-60 MeV) beam of longitudinally spin-
polarized muons. The facility is, therefore, well suited to the study of
dense target materials as opposed to the “Arizona Mode” beam at
TRIUMF (1), which is ideal for gas-phase studies. Accordingly, we have
investigated the liquid-phase chemistry of Mu, with the main effort
centered on water and aqueous solutions.

0-8412-0417-9/79/33-175-335$05.25/1
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In general the spin polarization of positive muons that are stopped
in an experimental sample can give rise to two precession signals, which
are observable by p'SR. (A third type of precession signal has been
detected since the Montreal symposium. It arises in certain organic
liquids and is attributed to muonic free radicals (2).) The first, present
in all but a few substances, is the simple nuclear Larmor precession of
the muon (13.55 kHz/G). It arises from bare muons or muons incorpo-
rated in diamagnetic molecules, and we refer to it here as the diamagnetic
signal. The second signal comes from muons that have combined with an
electron to form Mu (Mu = p'e’). Mu signals have been observed only
in a limited number of substances. Their nature is described below.
Diamagnetic and Mu signals are characterized by their frequencies,
phases, amplitudes, and decay rates. In samples of chemical interest the
frequencies are determined by the external field only and thus merely
serve to identify the signals. Similarly, except in a few cases, the phases
are of no interest. The amplitudes are very important, however, since
they lead to determination of the fractions of initial muon polarization
carried over into the different muonic species. We label the Mu and
diamagnetic polarizations Py and Pp, respectively. The rates of decay also
contain valuable information since they are determined by spin relaxa-
tion and chemical reaction rates.

Muonium in Liquids

The allowed transitions between the energy levels of a Mu atom in a
field transverse to the initial muon polarization give rise to four precession
frequencies. Two of these are too high to be detected under normal
conditions (the typical resolution of u*SR assemblies is 1 nsec). At very
low field (S 10 G) the two observable frequencies are degenerate and
take the value 1.4 MHz/G. At higher fields a splitting is evident, and
this gives rise to a beat pattern in the precession signal. This is shown
clearly in Figure 1, which shows the Mu precession signal for a sample
of quartz in a transverse field of 101 G.

Although Mu has been identified in both gas (3,4, 5,6,7) and solid
(8,9,10,11,12) phases for more than a decade, it escaped detection in
liquids until our first experiments at SIN in 1975 (13). Weak precession
signals were observed in the Fourier transforms of 'SR histograms
accumulated for a sample of water at a number of different fields. Anal-
ysis of the splitting of the observed frequencies supported assignment of
the signals to Mu atoms that exhibited a muon-electron hyperfine fre-
quency consistent with the vacuum value (4463 MHz). A more recent
example of Mu precession, as evident in the Fourier transform of a 'SR
histogram, is shown in Figure 2. Figure 3 displays a time spectrum
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Figure 1. Mu precession in quartz at 101 G

showing the degenerate Mu precession arising in water at about 4G
applied field. The constant amplitude of the signal demonstrates lack of
chemical reaction or spin relaxation on the microsecond time scale.

The Mu signal in water accounts for 20% of the initial muon
polarization (only half of which is actually detectable at the observable
frequencies). This is clearly one reason why its detection came so much
later than for solids and gases, where up to 100% of the initial muon
polarization occurs in Mu. A second pitfall is the presence of dissolved
oxygen in undegassed liquid samples. Oxygen is expected to both undergo
fast chemical reaction with Mu and to cause rapid spin relaxation via
Heisenberg spin exchange.

0 40 80 120 160 200 MHZ
Figure 2. Fourier transform showing splitting of the Mu
precession frequencies in water at 30 G
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Figure 3. Mu precession in water at about 4 G

Since its detection in water, Mu has also been observed in methanol,
ethanol, diethyl ether, and dioxane (14). Water, as all other liquids so
far studied, also exhibits a diamagnetic precession signal; more than 60%
of the initial muon polarization manifests itself in this way. However,
the sum of diamagnetic and Mu polarizations, Pp and Py, is significantly
less than unity. This also applies for methanol and ethanol (see Table I).
The problem of the missing fraction of polarization is discussed later.

Table I. Muon Polarizations in Pure Substances

Sample Py’
H,0, liquid 0.622 =+ 0.006
H,0, ice (T > 160K) 0.48C == 0.004
D»0, liquid 057 = 0.03
D,0, ice (T > 160K) 0.393 = 0.005
CH,0H 061 =+=0.01
CD,;0D 051 =0.02
C.H;0H 0.59 *=0.03
Aluminum, granular 0.990 == 0.007

¢ Relative to Pp = 1.0 for CCly.

In Positronium and Muonium Chemistry; Ache, H.;

Py*®

0.196 == 0.003
0.52 = 0.02
0.18 +=0.01
0.63 =+=0.01
019 == 0.02
0.31 =*=0.06
020 =0.04
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Muonium Kinetics in Aqueous Solution

Since Mu is long lived in pure water (on the microsecond time scale
dictated by the muon lifetime, 2.2 usec), it is possible to study its rates
of reaction with dissolved substrates by simply following the rates of
disappearance of the precession signal (15). The interest in such a study
lies in the comparison of Mu rate constants with those of the hydrogen
atom. The magnitude and direction of the measured kinetic isotope
effects provide useful tests of chemical reaction theories. Mu kinetics
has thus become a major part of our research program, with about 20
rate constants determined to date.

Experimental Method and Results. The experimental method is
entirely analogous to that described by Fleming et al. (1, 16, 17) for their

gas-phase kinetic measurements. Experiments were always performed at
low magnetic field, so that the u*SR histogram was given by (16)

S=N{B+ et [1+4 Ape*7T2ncos (wpt + ¢p) +
Ay e Tou cos (oxt + ¢u) 1} (1)

where N is a normalization factor, B is the background (usually < 0.01),
and r is the muon lifetime. Ap, wp, and ¢p represent the asymmetry (i.e.,
the amplitude),, frequency, and phase of the diamagnetic signal and
Ay, oy, and oy are the aspmmetry, frequency, and phase of Mu. In
addition, the decays of the muon and Mu precession signals are charac-
terized by effective relaxation times Typ and Toy. Relaxation of the
diamagnetic signal is negligible in nonparamagnetic aqueous solutions
(15). The Mu decay rate A = T2y ! is given by

A= x(o) + K[X] (2)

where k[X] is the rate of the pseudo first-order reaction with substrate
X, and A(0) is the decay rate in pure water. During an experiment 108
muons at most are stopped in a few milliliters of solution, so there is a
negligible change in the concentration of X.

Mu precession signals for three concentrations of fumaric acid are
shown in Figure 4 together with the best fits to Equation 1. The increase
in A with solute concentration is clearly visible; extracted values are
plotted in Figure 5. The straight line is the least-squares fit of the data
to Equation 2, and its slope gives the rate constant, k = 1.4 X 10"°M™
sec’’, In the same way rate constants have been determined for reactions
with a variety of substances in aqueous solution. The results are gathered
in Table II, where they are compared with literature values for hydrogen
atom reactions. We have determined further that k < 2 X 10°M™ sec™
for H*, Na*, and CI" since there was no visible Mu decay in SM solutions
of HCI and NaCl. Similarly k < 1 X 10’M"* sec™ for ClO4 was deduced
from the lack of decay in 0.1M HCIO,.
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Figure 4. Mu precession signals in aqueous solu-
tions of fumaric acid
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Figure 5. Mu decay rates at different concentrations of
fumaric acid. The rate constant is given by the slope of the
least-squares line.
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Table II.

Muonium in Liquids

Hydrogen Atoms in Aqueous Solution

Hydrogen abstraction

methanol
ethanol
2-propanol
2-butanol
formate ion

Bromine abstraction
bromoacetic acid (pH 1)
2-bromopropionic acid (pH 1)
3-bromopropionic acid (pH 1)

Hydrogen addition to olefins
maleic acid (pH 1)
fumaric acid (pH 1)
ascorbic acid (pH 1)
dihydroxyfumaric acid (pH 1)

Diffusion-controlled reactions
Mn04
Ag'

Further reactions
acetone (pH 1)

HO-

NOj~

kg
(M1sec?)

kMu
(M1 sec?)

10*
10°

<3 X
<3 X
~ X 10°
X
X

341

Comparison of Rate Constants for Muonium and

ki
kM u

> 83
>170
100
118
16

0.17
0.24
0.6

0.06
0.06
0.06

1
0.7

0.03
1
0.006

Discussion. The substrates in Table II are grouped according to
type of reaction with hydrogen (18, 19). The Mu reactions are assumed

to be analogous and are:

hydrogen atom abstraction

RH + Mu— R+ 4+ MuH;

bromine abstraction

RBr + Mu— R: 4 MuBr;

addition to olefinic double bonds

N / | /
C=C 4+ Mu—> Mu—C—C-;
7N I~

In Positronium and Muonium Chemistry; Ache, H.;
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fast oxidation at or close to the diffusion-controlled limit

MnO;” 4+ Mu - u* + MnO,* (6)
and
Ag' + Mu— p* + Ag°; (7)
and the miscellaneous reactions
(CH,):CO 4+ Mu — (CHj;),COMu (8)
OH™ + Mu— MuOH + ey (9)
NO;” + Mu = MuO™ + NO.. (10)

The (assumed) diffusion-controlled reactions show little or no kinetic
isotope effect. This is in accord with the nearness of the Mu and hydrogen
atomic radii, which is expected to lead to close similarity in diffusion
constants and reaction radii. Almost all other reactions show marked
isotope effects; hydrogen abstraction is lower for Mu while bromine
abstraction and addition to an olefinic bond are faster.

Transition state theory states that the rate constant for the reaction

A + B - products (11)
is given by
_p.RT. Q% B
k=T Nr 0,05 P ( RT) (12)

where T is a transmission factor (including the effect of tunneling), Qa,
Qs, and QFare the molecular partition coefficients of the reactants and
the transition state (excluding the vibration equivalent to translation
along the reaction coordinate), and E is the activation energy for the
reaction—i.e., the difference between the ground state electronic and
vibrational energies of transition state and reactants:

E—E —E,—Ea (13)

When this theory is applied to the hydrogen atom abstraction as in
Equation 3, the predicted isotope effect becomes

ka Tu  Qx Qinx . ex {(E;bmx _E¢HX)vib} .

kM o F_M QII Q MX RT
(Ex — En)a
exp { BT } (14)
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Table III. Comparison of Experimental Isotope Effects with BEBO
Calculated Values for the Fourth Factor in Equation 14

Substrate ku/ku BEBO
Methanol > 83 103
Ethanol > 70 73
2-Propanol ~ 100 37
2-Butanol 118 37
Formate 16 8

where the difference in activation energies (Ex — Ey) has been factored
into its vibrational and electronic parts. The first factor on the right of
Equation 14 is 1 if tunneling is unimportant and otherwise favors the
reaction of Mu. A ratio of translational partition functions comes next;
its value is 1/27 in the gas phase and presumably is somewhere between
this value and 1 for liquids. The total partition functions for the transition
state should be very similar at room temperature, so that the third factor
is not much different from 1. The fourth factor arises from the difference
in vibrational zero-point energy in the transition states; it is the only
factor that can have a value much greater than 1. Finally, the electronic
activation energies are equal within the Born-Oppenheimer approxima-
tion, thus predicting a value of 1 for the last factor. In reality it should
be a little less.

Since hydrogen atom abstraction is slower for Mu than for hydrogen,
the fourth factor of Equation 14 must be of overriding dominance. To
estimate its magnitude, bond lengths and force constants for the transition
states were estimated by the bond energy-bond order method (BEBO)
(20), assuming the usual linear structure Mu - + - H - - - R and treating
R as a single heavy atom, Table III lists the predicted values of the
dominant factor of Equation 14 and compares them with the experimental
isotope effects. The predictions clearly account for the approximate
magnitude of the isotope effects and demonstrate that tunneling in
particular must play only a minor role in the hydrogen abstraction reac-
tion at room temperature.

The remaining reactions in Table II have not been subjected to
theoretical analysis, but we suspect that tunneling will be found to be
important. This is thought to be the case for hydrogen addition to
olefins (21).

H,O and D,O Ices

Experimental Results. The Mu precession signal in H,O and D,O
ices is much stronger than in the corresponding liquids. This is partly
the result of a smaller diamagnetic fraction in the ices (see 'Table I) but
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also because all the initial muon polarization is accounted for—i.e., there
is no missing fraction, as is the case for liquid H,O and D,O. Examples
of the diamagnetic and Mu signals in ice are in Figure 6.

The initial amplitudes of the two signals lead to values of Pp and Py,
and the results are plotted as a function of temperature in Figures 7 and
8 for H,O and D,O ices, respectively. The dashed lines drawn through
the points are intended as guides only and are based on the more precise
Py, values. The Mu polarization, plotted as 1-Py;, is scattered about the
dotted lines, confirming the absence of a missing fraction over the whole
ice temperature range. Py and Pp are essentially constant between the
melting point and 160 K, but below this temperature Py seems to grow
at the expense of Py,

Relaxation rates Toy! and Top™ were also determined, assuming
exponential decay kinetics. Values of Tp of approximately 0.12 X 108
sec! were found for H,O above 160 K, with an increase to 0.23 X 10°
sec’! at 98 K. Diamagnetic relaxation in D,O ice above 160 K was negli-
gible (<0.05 X 10°sec™), as in liquid water, but again an increase was
found at lower temperatures (0.13 XX 10°sec? at 96K). In D;O Toy™?
was constant at 2 X 108 sec! over the whole temperature range whereas
in HoO T2y increased from the same value above 160 K to about 5 X 10°
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Figure 6. Muon (at 199 G) and Mu (at 3.6 G)
precession in H,0 ice at 240 K
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at 132 K and 73X 10° at 96 K. Gurevich et al. (22) reported values of Tay™
= (2.0 = 0.2 X 10%sec’! and (5.7 = 0.9) X 10°® sec* for D,O and H,O
ice, respectively, at 77 K.

Discussion. The temperature dependence of our ice results shows
intriguing similarities to the results of Shiraishi et al. (23)for hydrogen
atoms. These authors performed ESR studies on hydrogen atoms in
neutral and acidic ice over the same temperature range. They found a
large increase in the ESR line width (which is proportional to the
electron spin relaxation rate T,.!) below 160 K; they also found dramatic
changes in the magnitude of the observed chemically induced electron
spin polarization (CIDEP) below and above this temperature. Both
results are interpreted as being caused by the trapping of the hydrogen
atoms that undergo translational diffusion at higher temperatures. Spin
relaxation is caused by modulation of the dipolar coupling between the
unpaired electron on the hydrogen and the protons of the surrounding
water molecules.

It is instructive to assume that Mu is subject to the same dynamics
as hydrogen atoms in ice and thus to estimate Tay'. In very low fields
the Mu relaxation is given by one-half of the electron spin-lattice rate
T:.!, which in the motional narrowing region (wer <1, where r is
the motional correlation time) is equal to Ts.%. If a simple exponential
correlation function is assumed for the fluctuating dipoles, then the
T2e! at low field is twice that at high field (3 kG) where the ESR
measurements were made (24). Thus, Toy'(exp) should be equal to
the T, measured by Shiraishi et al. This means that Toy? is predicted
to be 1 X 107 sec! at 160 K and 6 X 107 sec?! at 110 K. Clearly the
magnitude of the dipolar relaxation mechanism is more than enough to
account for the observed values of Tay!; indeed, we might propose that
the correlation time for Mu translation is somewhat shorter than for
hydrogen at the same temperature. A further prediction is that there
should be faster relaxation in H,O than in D;O because of the larger
proton magnetic moment. The effect is observed but is weaker than the
expected factor of 16. This discrepancy and the lack of temperature
dependence in D;O are consistent with the existence of a further relaxa-
tion process that is both isotope and temperature independent. It is
dominant for Mu in D,O and in H,O above 160 K, but its nature is
unknown. Gurevich et al. (22) analyzed their measurements of Ty at
77 K exclusively in terms of the dipolar mechanism and concluded from
the relatively small isotope effect that Mu does not diffuse in ice at 77 K.

Although trapping of diffusing Mu atoms can explain part of the
observed relaxation behavior, it fails to explain the temperature depend-
ence of the Mu and diamagnetic fractions. Since no polarization is lost
in the muon distribution process (in ice), the process must be over in a
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time that is short compared with the inverse hyperfine frequency (3 X
10" sec). One possibility is that the diamagnetic fraction arises from
the products of epithermal Mu reactions. Thus, the muon distribution
reflects the competition between reaction and thermalization of energetic
Mu atoms. It has been suggested that the diamagnetic fraction in ice
is lower than that in water because of a greater efficiency of the hydrogen-
bonded water structure in slowing Mu (25).

This seems unlikely. The observed temperature dependence of the
muon distribution below 160 K would have to be attributed to the
thermalization process—i.e., a change in the nature or magnitude of the
hydrogen bonding. We know of no such change. Further, it has been
reported that the fraction of recoil atoms that react epithermally (79% )
is the same for water and ice (26). If this is also true for Mu, any
(temperature independent) epithermal contribution to the diamagnetic
fraction in water must be small. Other possible causes of the muon
distribution in water and ice involve the radiation chemistry of the muon,
and this is considered below.

Radiation Chemistry

Scavenging Experiments. MoOTIVATION AND METHOD. As men-
tioned, there is a missing fraction of polarization in pure water in contrast
to ice. This problem clearly calls for explanation as does the whole
question of the factors governing the distribution of muons and their
spin polarization among the various muonic species. The fate of the
muon and its polarization are decided at times that are short compared
with the earliest that are directly observable by u'SR (107 sec). The use
of large concentrations of scavengers to study fast processes in radiation
chemistry is well established (27), and we have begun to apply this
method to Mu studies. As an illustration, we describe our most thorough
scavenging study to date, which utilized sodium nitrate.

Since 5M sodium chloride has no effect on the Mu and diamagnetic
fractions found in water, we assumed from the start that the effects about
to be described are caused by the nitrate rather than by the sodium ion.
We wished to measure Py and Pp as a function of nitrate concentration,
but as shown earlier (Equation 10 and Table II), Mu reacts with nitrate.
Therefore, it is impossible to tell directly whether or not the initial Mu
fraction (designated hy) is influenced by large NO;~ concentrations.

In certain circumstances hy can be determined by the residual
polarization method. Residual polarization is that part of the muon
polarization originally in reacting Mu that is carried into the diamagnetic
products. A mathematical treatment can be found in the chapter by

Fleming et al., so an examplafﬁgﬁtsgﬁxefm erﬂﬁﬁff 9 shows the computed
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Figure 9. Computed magnetic field dependencies of the
residual polarization for various rates, A, of the reaction
Mu > diamagnetic products

residual polarization for the single-step reaction, Mu — diamagnetic prod-
ucts, as a function of reaction rate and applied magnetic field. The initial
Mu fraction, hy, was taken as 1. Reaction rates between 0.01 o, and o,
give rise to characteristic field dependencies; the span of the field de-
pendence for a given A reflects hy. The total diamagnetic fraction as
measured in an experiment, Py, is equal to the sum of the residual polari-
zation and any (field-independent) initial diamagnetic fraction hp.
ResuLts. Pp was measured for pure water and nitrate concentrations
between 0.1 and 5.0M, and for magnetic fields between 50 and 1600 G.
The results are shown in Figure 10. The lines drawn through the
experimental points represent best fits according to the following scheme:

very
Mu* — hpD; + (1 — hp) Mu (15)
fast
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A
Mu — Ds. (16)

Mu* is some unknown precursor, which, in a very short time (<w,™),
gives either the diamagnetic product, D,, or thermal Mu. (In previous
publications (13, 28) we have assumed Mu* to be epithermal Mu.) The
thermal Mu fraction reacts at rate A to give further diamagnetic products,
D,.

The results of a computer analysis are shown in Table IV. The rate
2 was equal to ky[NO;], where ky is the rate constant determined by
the direct method (Table II). Fits in which A was a free parameter
showed no significant improvement and led to the same mean value for
ky. Similarly, no improvement was found by allowing hy to vary

Ik
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Figure 10. Muon polarization in aqueous nitrate solu-
tions
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Table IV. Best-Fit Values of hp for Nitrate Solutions

Concentration, M hp
0.1 0.64
0.3 0.66
0.5 0.70
1.0 0.72
3.0 0.85
50 0.95

independently of hp; best results were always obtained with hy + hp =
1. Thus, in contrast to pure water, no missing fraction was found for the
nitrate solutions. Since hp for 0.1M NO; is only a little larger than that
in pure water, the missing fraction has been replaced by an increase in
hy. This suggests that the missing fraction observed for pure water is
really the result of depolarized Mu and that 0.1M NOj;™ suffices to quench
the depolarization process. At higher NO3~ concentrations hp increases at
the expense of hy. Again it seems that NO;~ interferes with the muon/
Mu chemistry of water by quenching or scavenging some reactive species.

The Missing Fraction. The only reaction partners for Mu in pure
water are those produced along the track of the incoming muon. Of
these, the excess electron (presolvated e and hydrated e, ") is the most
reactive with NO;™ (29):

eaq” (€7) + NO;3~ > NO;*" ko =1 X 10°M 1 sec™. (17)

Here we examine whether or not interactions between the hydrated
electron and Mu can give rise to the missing fraction observed in water.
The role of the excess electron in determining the muon distribution is
considered below.

The reaction of a hydrated electron with Mu can be assumed to be
analogous to the reaction with hydrogen (19).

Mu + e, — MuH + OH" (18)

We propose, however, that not every encounter between Mu and ey~
will lead to reaction. In particular, it is reasonable to expect that an
encounter that leads to a triplet radical pair will be unreactive (30).
During the encounter the electronic spin functions will evolve because
of the electron—electron dipolar interaction, so that the electron-spin
polarization in each species will, in general, have changed after separation.
A related effect is the chemically induced electron-spin polarization
(CIDEP) often observed in ESR spectra taken during radical reactions
(31). In our case the strong muon-electron hyperfine coupling leads in
low field to an oscillatory transfer of the initial muon polarization to the
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Mu electron and back. The nonreactive encounter should then result in
loss of part of this polarization to e,~. Preliminary calculations show
that this rudimentary model can account for part, but not all, of the
missing fraction (32); a more sophisticated theoretical treatment is
required to handle a realistic model.

According to the above hypothesis nitrate scavenging of e,,~ quenches
the missing fraction, 0.1M being sufficient. This can be tested against the
predictions of the diffusion kinetic model of the radiation spur in water
(33). Intraspur radical recombination is found to be 80% complete at
107 sec, but a scavenger concentration of 0.1M is sufficient to provide
appreciable competition.

Possible Origins of the Muon Distribution. The observed increase
in hp occurs at higher NO;~ concentrations than that necessary to com-
pete with the Mu depolarization process. Thus, the reactions leading to
the distribution of muons between hp and hy must be correspondingly
faster. Further, the absence of depolarization at this stage implies reac-
tion rates 210" sec’. We propose, therefore, that the scavenged species
is the dry electron, e-, (34) rather than e,,". A possible reaction scheme
is shown below (Scheme I).

Scheme I
. Mu*
MuOH
[Mu . . ey’]
has / \ ho
missing
fraction

Shortly after formation, Mu* is in the neighborhood of e~ and OH
which wer created in the terminal spur of the muon track. Reaction with
OH leads to hp, complete escape gives hy, whereas encounter with the
electron (in the mean time hydrated) can bring about depolarization.
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Addition of NOj3™ results in scavenging of e,q", and at larger concentrations
e, which otherwise serves to remove OH. The increased lifetime of the
OH radical favors the Mu 4+ OH combination, and thus hp increases at
the expense of hy. A weak point in this scheme is that at 5SM NOs~ 95%
of the muons contribute to hp (see Table IV), and thus there remains
only a small probability that Mu* escapes reaction with OH.

An alternative hypothesis, inspired by the spur model of positronium
formation (see other chapters in this volume), is summarized in Scheme II.

Scheme II

[e...un ... OH]
€aq / \ \ OH-
Mu I’oaq+

\ MuOH
[Mu . . ]
hM hD
missing
fraction

The important difference from Scheme I is that we start with x* in
the terminal spur itself rather than Mu*. Mu formation competes with
escape and hydration of the electron and muon. Muon hydration leads,
via fast proton transfer to a neighboring water molecule, to MuOH and
thus contributes to hp. It is this reaction branch that is favored by dry
electron scavenging by high nitrate concentrations. In ice, hydration
(more generally trapping) processes are much slower, and a higher
Mu fraction (without depolarization) is predicted. Further, the reported
slower trapping of electrons in D,O- than in H,O-ice (35) is consistent
with the observed larger Mu fraction in the former.

Muon Thermalization in Liquids. The involvement of transient
species created in radiation spurs is common to Schemes I and II pro-
posed above. This fundamental assumption is very much open to question,
however. In the past it has been assumed that Mu formation occurs at
such high energies (10*-10% eV) that the neutral atom escapes the

In Positronium and Muonium Chemistry; Ache, H.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1979.



Publication Date: June 1, 1979 | doi: 10.1021/ba-1979-0175.ch014

14. PERCIVAL ET AL. Muonium in Liquids 353

radiation damage caused along the muon track. This idea stems from
theoretical and experimental results for the gas phase, however (see
Ref. 1); little or no direct information is available for liquids. Although
much of the above discussion is pure speculation, it seems impossible to
explain the experimental observations regarding missing fraction and
muon distribution without recourse to transient reaction partners for
Mu or the muon itself. Should our ideas be supported by further results,
Mu chemistry will provide a powerful means for studying end-of-track
effects in radiation chemistry.

Conclusions

It has been shown that Mu can be detected directly in water and
other liquids. Rate constants for Mu reactions were determined, and
comparison of results with hydrogen atom data reveals large kinetic
isotope effects. Thus, Mu kinetic studies promise to be of great value in
testing chemical reaction theories for the liquid phase. The initial muon
polarizations of the various fractions in water, aqueous nitrate solutions,
and ice can be understood only in terms of interactions of Mu or the free
muon with radicals produced in the terminal spur of the muon track.
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