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Abstract: Evidence is presented which supports the reversible formation of molecular complexes between Ps atoms and a se-
ries of nitrobenzene derivatives and p-benzoquinone in solution. The activation energy for the forward reaction step I (Ps +
M (II) = PsM (1)) is generally very small. Eo ~ 1 kcal/mol. AHEgq, the enthalpy of the overall process, ranges from almost
zero, in the case of very unreactive substrates, such as toluene or heptane, to —8 kcal/mol for dinitrobenzene or p-benzoqui-
none. The reactivities of the various substrate molecules toward Ps follow trends as observed in conventional molecular com-
plex formation. Furthermore an attempt has been made to assess the role of the solvent upon the stability of the molecular

complexes.

Positrons which are generated as the result of the ra-
dioactive decay of neutron deficient nuclides with initially
several hundred kiloelectron volts of kinetic energy lose
their energy in elastic and inelastic collisions with the sur-
rounding matter until they become thermalized or nearly
thermalized. At this point the probability for the annihila-
tion as “free” positrons by two-photon decay assumes a
maximum value.? During the slowing down process the pos-
itrons pass through an energy region (Ore gap) where the
translationally excited positron can abstract an electron
from surrounding matter and form the bound state of posi-
tronium (Ps). Ps exists in two ground states The singlet
(para) Ps with antiparaliel spin orientation (4}) has a self-
annihilation lifetime in free space of 1.25 X 1071%sec and it
decays by two-photon emission. The triplet (ortho) Ps with
parallel spin orientation (14) has a considerably longer in-
trinsic lifetime of 1.4 X 1077 sec. Its self-annihilation oc-
curs via three-photon emission. Ortho and para Ps are nor-
mally formed in the ratio 3:1. These Ps atoms are generated
in accordance with the Ore model with kinetic energies
ranging from 6.8 eV down to thermal energies. Thus it
seems quite feasible that a certain fraction of them may un-
dergo chemical reactions while still possessing appreciable
amounts of kinetic energies whereas other Ps atoms may
become thermalized before they react.

In condensed matter, such as in solutions, the thermaliza-
tion time of Ps is of the order of 0.7 nsec (Figure 1).2d Thus,
the presence of the thermalized Ps can be recognized by the
appearance of a second (long lived) component in the life-
time time spectra. Thermal Ps interaction with matter,
which leads to an enhanced annihilation of the positron
(bound in the Ps), results in characteristic changes of the
average lifetime, 73, associated with this long-lived compo-
nent.

On the other hand the lifetime of the positrons incorpo-
rated in positronium atoms taking part in “hot” reactions
(Figure 1) is indistinguishable from that of the free posi-
trons or p-Ps, which have a considerably shorter lifetime in
condensed matter and appear as a part of the short-lived
component.

Recent studies? have shown drastic differences in the re-
activity of thermal Ps atoms toward various categories of
chemical compounds. The first group which is relatively un-
reactive toward Ps comprises, among others, the aliphatic
and aromatic hydrocarbons, alcohols, halogenated hydro-
carbons, aliphatic nitro compounds,?-5 phthalic anhydride,5
and (diamagnetic) inorganic ions in aqueous solution hav-
ing a standard redox potential Eg < ~0.9 eV. This is in
sharp contrast to a second category of molecules, such as ni-
troaromatics,’-!! quinones,!? maleic anhydride, tetracya-
noethylene,® halogens,!? carbonium ions,!4 and certain inor-
ganic ions in solutions,815-22 the latter having a standard
redox potential of Eg > —0.9 eV, which react very rapidly
with Ps atoms.

In the case of the inorganic (or organic) ions present evi-
dence based on the existing correlation between the oxidiz-
ing capabilities of the ions and the observed reactivity al-
lows a satisfactory interpretation in terms of an electron
transfer from Ps to the ion when energetically possible.!8-20
No such obvious relationship seems to exist between the
measured Ps reaction rates and the reported electron affini-
ties of various groups of diamagnetic organic molecules.

Thus in the following the reactions of a number of dia-
magnetic organic molecules, which exhibit a high reactivity
toward Ps, were investigated in greater depth to elucidate
the reaction mechanisms involved and the parameters
which control the reaction.

Monosubstituted nitrobenzene derivatives have been used
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Figure 1. Time scale for the progress of the various types of interac-
tions between e* or Ps and solute or solvent species in solution.
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Figure 2. Schematic representation of possible o-Ps interactions with
matter.

to study the steric nature of the ortho effect, and satisfacto-
ry correlation has been made between the rates for positro-
nium reactions with meta and para derivatives and the
Hammett parameters characteristic of the second nitroben-
zene substituent. The data support the idea of stereospecifi-
city, the reactions obeying the same chemical reactivity cor-
relations as those found for classical, general chemical reac-
tions.

From the temperature dependence of the reaction rate
constants observed in this study it is evident that Ps atoms
form more or less stable complexes with the reactant. It ap-
pears that the observed behavior can at least semiquantita-
tively be interpreted in terms of the electron donor-acceptor
or molecular complex theory.23

Because of the simplicity of the species involved it seems
that the reactions of the Ps atom offer a unique opportunity
for the study of the electron acceptor properties of organic
molecules. This could include an assessment of their elec-

tron affinity in solution, and an evaluation of the role which
the solvent may play in the stabilization of the resulting mo-
lecular complexes.

Experimental Section

(a) Positron Lifetime Measurements. The positron emitter used
is ?2Na, which decays under emission of a positron to the excited
state of 22Ne, which in turn undergoes deexcitation under emission
of a 1.27 MeV photon. The lifetime of the excited 22Ne is only 3
psec, so that for all practical purposes the emission of the positron
and 1.27 MeV photon can be considered to occur simultaneously.
Thus the positron lifetime distribution can be determined by ob-
serving the time elapsed between the generation of the 1.27 MeV
photon and the appearance of the 0.51 MeV photons resulting
from the annihilation of the positron. These timing measurements
have been carried out by conventional fast-slow coincidence tech-
niques as previously described.?*

(b) Purity and Source of Reagents. All solvents were of highest
available purity (Phillips Research Grade) and when necessary
they were dried by means of a molecular sieve and redistilled.

The other compounds used in this investigation were obtained
from different sources. They were purified by suitable methods,
distillation, recrystallization, and preparative gas chromatography,
until subsequent tests showed a purity of better than 99.5%.

(c) Preparation of Samples. Specially designed sample vials (cy-
lindrical glass tubes 100 mm long and 10 mm i.d.) were filled with
1 ml of sample solution. The positron sources were 3-5 uCi 22Na,
prepared by evaporating carrier free neutral solutions of either
22NaHCOj or 22NaCl (obtained from ICN) onto a thin aluminum
foil. The radioactive foils were suspended in the solutions, and all
solutions were carefully degassed by freeze-thaw techniques to re-
move oxygen. When necessary as in the temperature studies the
vials were sealed off and immersed in a specially designed thermo-
stat which controlled the temperature within £1.0°. For the low-
temperature work the sample vial was immersed in suitable cooling
mixtures in a specially designed dewar vessel.

Special care has been taken to evaluate the potential effects of
heat and irradiation (by the 22Na source) on the substrate com-
pound and source support. Thus in all temperature studies the fol-
lowing procedure was followed. Data points were first obtained at
increasing temperatures. After carrying out the high temperature
measurements the cycle was reversed and data were obtained at
decreasing temperatures. The fact that the data were found repro-
ducible throughout the full cycle clearly indicated that no signifi-
cant changes occurred in the solution or in the aluminum foil.

Results and Discussion

(a) General Aspects of Thermal o-Ps Atom Reactions.
Quantum mechanics? predicts that the annihilation lifetime
of the positron is basically determined by the degree of
overlapping of positron and electron wave functions, which
leads, e.g., to the intrinsic lifetime of 0-Ps of 1.4 X 1077 sec.
Starting from this general principle the following conclu-
sions can be drawn as to the fate of the o-Ps in a solution if
solvent effects are provisionally neglected.

In a collision between o-Ps and another molecule a more
or less long-lived collision complex may be formed, in which
the electron density at the position of the positron will be
drastically increased, Figure 2. 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, the Ps will spend only very
little time in this environment, the positron experiences only
for a short time the effect of the increased electron density,
and the average lifetime of the Ps appears only slightly
shorter compared with the intrinsic lifetime of the 0-Ps. On
the other hand if this Ps collision complex undergoes stabili-
zation involving stronger intermolecular forces, or genuine
chemical bond formation, then the positron will find itself
for a prolonged period in an environment of high electron
density, and its lifetime will be substantiaily reduced. In
other cases this complex may be just a transition state lead-
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ing to electron transfer from Ps to substrate (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 o-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
10710 sec.?2 (Because of the extremely short intrinsic life-
time of the p-Ps, reactions of this species can be neglected.)
Thus, one can generally state that all interactions of the
0-Ps with matter lead to a shortening of its apparent life-
time.

In order to obtain an accurate determination of the reac-
tivity of thermal Ps toward various substrates one has to de-
velop these qualitative predictions to a quantitative method
for the calculation of the chemical rate constants for the
reactions between Ps and substrate.

Consistent with this general concept the following reac-
tion scheme has been applied to assess the reactions of ther-
mal Ps in a dilute solution of a diamagnetic substrate (M).

annihilation in solvent Kl Ae
2y«~——m—— Ps + M = PsM —
A 2
b4

2y annihilation (1)

According to the above reaction scheme?4 the following
reactions have been considered. 1. Reaction of Ps with sub-
strate M to form a Ps complex PsM (rate constant K;). (If
the chemical reaction is the oxidation of Ps, it is assumed
that the reaction occurs via the complex PsM and that the
subsequent electron transfer is fast; i.e., complex formation
is considered to be the rate-determining step.) 2. Decompo-
sition of PsM (rate constant X3). 3. Positron annihilation in
complex (decay constant Ac). 4. Annihilation of Ps in bulk
solvent with rate Ap.

Since the concentration of M remains essentially con-
stant throughout the experiment the mechanism can be sim-
plified to

A, Ky e
2y «— DPs - PsM —» 2y (2)
K' = KI[M]

d[Psl/dt = — (K, + 2)[Ps] + K,[PsM]  (3)
d[PsM]/d¢t = K,'[Ps] — (K, + »)[PsM] (4)

and appropriate kinetic equations can be set up. By inte-
grating the resulting differential equations, the population
of the various states in which the positrons exist, 0-Ps and
PsM, can be found as a function of time. From these value
and the positron annihilation constants for these states, the
time-dependent two-photon annihilation rate R», can be
calculated.? It is represented by the following two-exponen-
tial equation

R,, = A exp(-\1) + B exp(-Xy) (5)

A and B are scaling factors, related to the number of posi-
trons annihilating at a rate A; or A,.

A1 is a composite of the annihilation rates for free posi-
trons, self-annihilation of p-Ps and includes the annihilation
rates of positron compounds formed as a resuit of “hot” Ps
reactions,!?

Under the experimental conditions in this study, where
the concentration of the substrate, [M], is in the millimolar
range, the following inequality can be assumed: (K3 + A)
> K1[M].26 A, is then given by the following expression

K

Ay =2+ 7{2—1:%;[1\4] (6)

KX/ Ky + ) = Kopsa
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Table I. Examples of Chemical Compounds Showing Strong/Weak
Interactions with Positronium@

Weak interaction
kobsd < 108 M 'sec™

Strong interaction
kobsd > 10 M™! sec™

Nitroaromatics. quninones, maleic
anhydride, tetracyanoethyl-
ene, halogens, inorganic ions
in solution (£, > —-0.9 eV),
organic ions in solution

Simple aliphatic or aromatic
hydrocarbons: alkanes,
benzene, anthracene, etc..
aniline, phenol, haloalkanes,
halobenzenes, aliphatic nitro
compounds, phthalic an-
hydride, benzonitrile, (dia-
magnetic) inorganic ions
in solution (£, < -0.9 eV)

@ Data measured in this study are in general agreement with those
reported previously, ref 3-22.

or if
A, >> K, thenr, = A, + K|[M] ("

By determining A, which is identical (in dilute solutions)
with A2 measured in the pure solvent and knowing the so-
lute concentration, [M], the apparent constant for Ps reac-
tion is given by

A = A
[M]

The Kobsa quoted are the average values obtained from at
least 9-10 lifetime measurements taken at different solute
concentrations [M].

Az is the slope of the long-lived component in the time
spectrum and can be accurately obtained by computer anal-
ysis.

(Since \; as well as A, are temperature dependent, both
types of experiments have to be carried out under identical
conditions.)

(b) Reactivity of Thermal Ps Atoms toward Nitroaromat-
ics (Correlation with Hammett’s Constants and the Ortho
Effect). In the first series of experiments the reactivity of a
number of diamagnetic compounds toward Ps was mea-
sured by the technique described above. The results which
generally agree with those reported by other authors show
that these compounds can be generally divided into two
categories (Table I). The first one which shows only weak
interaction with Ps (Kobsd < 108 M~! sec™1) is composed of
hydrocarbons, halogenated hydrocarbons, aliphatic nitro
compounds, and diamagnetic inorganic ions, whose stan-
dard redox potentials in aqueous solution are more negative
than —0.9 eV. The second group encompasses nitroaromat-
ics, quinones, halogens, conjugated anhydrides, tetracya-
noethylene, organic ions, and inorganic ions with a standard
redox potential of greater than —0.9 eV and displays a
strong reactivity toward Ps (Kopsq > 108 M~1sec™!).

Perhaps the simplest explanation for this behavior, at
least so far as the neutral molecules are concerned, can be
provided by discussing the results semiquantitatively in
terms of the electron donor-acceptor or molecular complex
theory.2? According to this model the intermolecular bind-
ing energy of such a molecular complex is given by the sum
of the electrostatic energy (which also contains the contri-
bution from electrostatic repulsion), and the charge-trans-
fer resonance energy. As mentioned above the lifetime of
the positronium atoms will be determined by the time it
spends on the average in a location of increased electron
density, e.g., in a Ps complex, and will thus be directly relat-
ed to the stability of such a Ps complex.

If we consider first the neutral (diamagnetic) molecules
listed in Table I, it can be seen that the group of compounds
which show only weak interactions with Ps are also those
known as weak acceptor molecules.??

Kobsd = ( 8)

Madia. Nichols, Ache / Complex Formation of Positronium and Organic Molecules
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RELATIVE RATE CONSTANTS FOR Ps
REACTIONS WITH SUBST. NITROBENZENES
vs HAMMETT CONSTANTS &(p,m)
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Figure 3. Relative rate constants log (Kobsa/ K NBobsa) plotted as a func-
tion of Hammett’s constants o1 and og*. Temperature, 20°; reactions
were carried out in dilute benzene solutions. The substrate concentra-
tion ranged usually from 0 to 50 mmol,

In the case of the simple aliphatic hydrocarbons which
have no dipole moments one would expect that mainly Lon-
don dispersion forces are operative in holding the Ps-sub-
strate complex together and the stability of these complexes
should therefore be very small and mainly related to the
electronic polarizability of the substrate molecule (if differ-
ences in the collision frequencies are neglected). Such a cor-
relation has indeed been found between the rate constants
Kobsd for Ps reaction and the electronic polarizibilities of
these molecules.?#27-28 Since parachor and surface tension
are also closely related to the polarizability, it is not surpris-
ing that other investigators found similar correlations be-
tween these parameters and the Ps reactivities toward these
molecules,!3.27-30

On the other hand the highly reactive (diamagnetic) neu-
tral organic substances listed in Table I are uncharged =
electron compounds and contain highly electronegative ele-
ments such as oxygen and nitrogen. All of them have been
shown to be strong electron acceptors and form stable mo-
lecular complexes.

The effect of the nature of the acceptor species on the re-
activity toward Ps follows broadly the order as expected
from the stability of these molecular complexes with con-
ventional donors.2? In the case of substituted nitrobenzenes
the rate constants of their reactions with Ps reflect the elec-
tron-withdrawing power of the substituent group in the ac-
ceptor molecules. This is shown in Figures 3 and 4 where an
attempt has been made to fit the observed rate constants
(Kobsd) for the para- and meta-substituted nitrobenzenes to
the linear free energy function varying the nature of the pa-
rameter or (resonance contribution) as defined by Ehrens-

0 = pop + pProg
on et al.! The quality of different fits was tested and the bi-
linear equation
log Kiysa/Knpobsa = P11 + PrOR

solved to obtain p; and pgr, where Kopsd is the rate constant
for a particular nitrobenzene derivative and Knpopsd is the
rate constant for nitrobenzene. The p; for the meta deriva-
tives should equal the p; for the para derivatives because

f T T T [T T '*

RELATIVE RATE CONSTANTS FOR Ps ’
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vs§ HAMMETT CONSTANTS &(p.m) ’
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Figure 4. Relative rate constants log (Kobsa/ KNBobsd) plotted as a func-
tion of Hammett's constant or(a) and o1. Experimental conditions
same as in Figure 3.

any differences are only due to resonance effects (pr). The

best fits were obtained using or* values (electrophilic at-

tack), Figure 3, and or(pa) values for or (Figure 4). For
+

OR

0, = 0.340; + 0.400y*, SD = 0.053, f = 0.20

O 0.340; + 0.110y%, SD = 0.029, f = 0.21

The para derivatives give a large resonance effect as ex-
pected, the ratio pr/p1 for para derivatives being 1.18 in
comparison to a value of only 0.33 for meta derivatives, For
OR(BA)

0, = 0.330; + 0.710g(za,» SD = 0.089, f = 0.34
= 0.330; + 0.190g4,, SD = 0.037, f = 0.28

Ql

m

giving a ratio, pr/p1, for para derivatives of 2.15 compared
with 0.58 for meta derivatives.

This is consistent with the expected trend that resonance
effects are of less importance in meta-substituted com-
pounds. (SD is the standard deviation and f is defined as
the standard deviation divided by the root mean square of
the data points.)

Further evidence for the contention that the Ps reactions
obey normal chemical reactivity scales has been obtained
from the stereospecificity of the Ps reactions.

As shown in Table II where the observed rate constants
K psa are listed for a series of nitrobenzene derivatives, sub-
stitution on a carbon adjacent to a nitro group causes in sev-
eral cases a significant lowering of the reaction rate that
can be attributed to steric effects. This effect is most pro-
nounced, as expected, when there is a bulky substituent
ortho to the nitro group. For example, Kobsd for o-nitrotolu-
ene is definitely smaller than that for m- or p-nitrotoluene.
Similar steric effects are observed for the ortho isomers of
dinitrobenzene, nitrobenzoic acid, nitroanisole, iodo-,
bromo-, chloro-, and fluoronitrobenzenes, and nitro-o,c,c-
trifluorotoluene, nitrobenzyl alcohol, and nitroaniline. (The
latter is compared with its meta isomer.)

The ortho effect and steric inhibition of the positronium
reaction can be associated with the degree of coplanarity of
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Table II. Rate Constants Kopsq for the Reaction of Thermal 0-Ps Atom with Nitrobenzene Derivatives in Dilute Benzene
Solutions (at 20°)¢
Rate Rate Rate
constant constant constant
K x107'°, K x107'°, K x107'°,
M sec™! M sec™! M sec™!
Compd (£0.2) Compd (x0.2) Compd (20.2)
Nitrobenzene 2.7 1-Fluoro-2-nitrobenzene 2.9 2-Nitrophenyl acetate 2.3(x0.1)
1-Fluoro-3-nitrobenzene 3.5 4-Nitrophenyl acetate 2.6 (x0.1)
2-Nitroaniline 1.0 1-Fluoro-4-nitrobenzene 2.7
3-Nitroaniline 1.9 2-Nitrobenzoic acid 2.0
4-Nitroaniline 0.51 (0.06) 1-Chloro-2-nitrobenzene 2.5 3-Nitrobenzoic acid 2.8
1-Chloro-3-nitrobenzene 3.5 4-Nitrobenzoic acid 2.9 (x0.5)
3-Nitro-

N.N-dimethylaniline 1.8 1-Chloro-4-nitrobenzene 3.1 2-Nitroacetophenone 3.0
2-Nitrophenol 33 1-Bromo-2-nitrobenzene 2.2 3-Nitroacetophenone 3.0
3-Nitrophenol 2.6 1-Bromo-3-nitrobenzene 3.6 4-Nitroacetophenone 3.8
4-Nitrophenol 1.3 1-Bromo-4-nitrobenzene 3.2

2-Nitrobenzaldehyde 3.2
2-Nitroanisole 0.49 (x0.08) 1-lodo-2-nitrobenzene 2.3 3-Nitrobenzaldehyde 3.5(x0.1)
3-Nitroanisole 2.7 1-lodo-3-nitrobenzene 3.5 4-Nitrobenzaldehyde 4.0
4-Nitroanisole 1.3 1-Iodo-4-nitrobenzene 3.2

2-Nitro-a,a.a-trifluoro- 2.5 (x0.1)

toluene

3-Nitro-a,a,a-trifluoro- 3.8 (x0.1)

toluene
2-Nitrotoluene 0.85 (20.20) 2-Nitrobenzyl alcohol 2.0
3-Nitrotoluene 2.1 3-Nitrobenzyl alcohol 2.4
4-Nitrotoluene 2.2 4-Nitrobenzyl alcohol 2.5 (20.1) Nitromethane 3.5

Nitroethane 5.0
2-Nitrobenzonitrile 3.9 1,2-Dimethyl-3-nitrobenzene 0.34 (:0.06)

1-Nitropropane 5.2
3-Nitrobenzonitrile 3.9 1,2-Dimethyl-4-nitrobenzene 1.8

2-Nitropropane 4.9
4-Nitrobenzonitrile 3.9 (x0.1) 1,3-Dimethyl-2-nitrobenzene 0.039 (x0.003)

Anisole 4.4

1.3-Dimethyl-5-nitrobenzene 2.2

Benzaldehyde 5.1
1.3-Dinitrobenzene 4.7 2,4-Dinitrophenylhydrazine 3.1(x0.5) Acetophenone 6.1
1.4-Dinitrobenzene 5.0 2.2-Diphenyl-1-picrylhydra- 3.8 (x0.1)

zyl (DPPH)
1,3.5-Trinitrobenzene
1-Nitronaphthalene
Nitrosobenzene
Benzil
a-Nitrotoluene

5.5

2.65

3.5
0.138 (£0.020)
0.015 (£0.002)

2Measurements were carried out over a wide concentration range depending on the reactivity of the compound usually from 0 to 50
mM, except in the case of very unreactive solutes where higher concentrations were used. Rate constants quoted are the average of at least
eight measurements (made with different solute concentrations). The intensity of the long lived component, 7,. varied only slightly under
these conditions. Its value usually decreased by no more than 10% of the initial value observed in the pure solvent, which was 38% in

benzene (at 25°).

the nitro group and the aromatic ring. Rotation of the nitro
group out of the plane of the benzene caused by the pres-
ence of a bulky substituent ortho to the nitro group lowers
the amount of w-electron overlap between the nitro group
and the ring, and thus reduces the reactivity.

The halonitrobenzenes clearly illustrate the ortho effect
of such bulky substituents toward positronium annihilation.
In the case of the fluoronitrobenzene, the smali size and
smaller steric effect of the fluorine atom causes a weaker
ortho effect of the fluoro derivative in comparison with the
ortho halogens.

A similar explanation can be invoked for the nitrobenzo-
nitriles where the size of the linear cyanide group is rela-
tively small and no steric effect occurs. This importance of
delocalization between the nitro group and the ring is fur-
ther supported by the rate constant data for the nitrophenol
derivatives. The rate constant data are the reverse of the
usual ordering and have kp < km < ko. This can be attrib-
uted to hydrogen bonding between the hydroxyl group and
the electronegative nitro group in the ortho derivative. Thus
the nitro group is rigidly held in the plane of the benzene
ring by this bond; hence no ortho effect is observed.

An even more dramatic demonstration of the effect of the
various degrees of steric interaction can be found in the case
of the isomers of the dimethylnitrobenzene. The small
changes in the rate constants of 1,3-dimethyl-5-nitroben-
zene and 1,2-dimethyl-4-nitrobenzene can be attributed to
the inductive effects of the methyl groups, since no steric in-
teraction is expected. However, as the nitro group is gradu-
ally surrounded by methyl groups going from 1,2-dimethyl-
3-nitrobenzene to 1,3-dimethyl-2-nitrobenzene the steric ef-
fect lowers the rate constants tenfold and a hundredfold, re-
spectively (Figure 5).

In this conjunction it seems interesting to note that when
the nitro group is separated from the aromatic ring by a
CH, group or attached to an aliphatic group (Figure 6) the
reactivity toward Ps is greatly diminished. This again em-
phasizes that the combination of nitro group and conjugat-

-ed system is responsible for the enhanced reactivity toward

Ps.

The importance of the degree of conjugation available in
the acceptor for Ps reactivity or Ps complex formation be-
comes also clearly visible by comparing the rate constants
for the fully conjugated p-benzoquinone, maleic anhydride,

Madia, Nichols, Ache /| Complex Formation of Positronium and Organic Molecules
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THE STERIC INTERACTION OF THE METHYL GROUP FORCES
THE NITRO GROUP OUT OF THE PLANE OF THE RING. LOSS OF CONJU-
GATION RESULTS IN A REDUCTION OF THE RATE CONSTANTS

(M sec™)
@o\ﬁ  0° eo\ﬁ/o@ NP NP
9 @ OW
CHa
CHs
22 x10° 2.1 x 10 085 x 101 0039 x 101

Figure 5. Demonstration of the steric effect on the Ps rate constants
(Kobsd) by introducing methyl groups in ortho position in the nitro
group. (K gpsd measured in dilute benzene solutions at 20°.)

ISOLATING THE NITRO GROUP FROM THE T
SYSTEM LCWERS THE RATE CONSTANTS (M~'sec™)

®O\®/O® ’|\102 fIJOZ
N CH, CI:HZ
R
R
27 x 10° 146 x 108 -H 347x107
-CHs 455x107

-CH,CH3 5.7 x 107

Figure 6. Demonstration of the effect of conjugation on Ps rate con-
stants (Kobsa) in various nitro compounds. (Kopsa measured in dilute
benzene solutions at 20°.)

EFFECT OF CONJUGATION ON Ps RATE CONSTANTS
(M~ sec™)
BENZOQUINONE

SUCCINIC ANHYDRIDE MALEIC ANHYDRIDE

K
H H H H
ac ¢ 2 ——
/N U TN
s
o=c\ /c:o zE‘o—c\+/‘c—os‘
o) o
-
31x 107 7.1 x 108 50 x 10©

Figure 7. Demonstration of the effect of conjugation on the Ps rate
constants Kobsa in cyclic anhydrides. (Kopsa measured in dilute benzene
solutions at 20°.)

and benzil molecules with those of succinic anhydride and
acetophenone, where no conjugation exists (Figure 7).

All these results closely parallel those which have gener-
ally been observed for conventional chemical donors with
the same acceptor molecules. They, by analogy, suggest
that the interaction between Ps and these molecules pro-
ceeds via a complex similar to those postulated for typical
molecular complexes.

(c¢) Temperature Studies. To further characterize and to
provide simultaneously additional supporting evidence for
the Ps complex model a series of temperature studies was
carried out with a selected number of these molecules.
From Figure 8 or 9 where K4 is plotted vs. the reciprocal
of the temperature (in °K) it can be seen that at low tem-

[Kops FOR Ps REACTIONS WITH SUBST |
INITROBENZENES AND p-BENZOQUINONE
IN TOLUENE SOLUTION vs 1000/T

NITROBENZENE
(9.67mM)
p-DINITROBENZENE
(7 36mM)
p-NITROANISOLE
(1612mM) B
a P-NITROBENZONITRILE
(202mM)
» 2.6 DIMETHYLNITRO-
BENZENE (206mM)

|
|

& P-BENZOQUINONE
RT. (1315mM)

|O7 1 1 |
20 30 40 50

1000/ T (°K)

Figure 8. Observed rate constants {Kopsa) for thermal o-Ps reaction
with various substrates in dilute toluene solutions as a function of the
reciprocal temperature {(in °K).

- 7 T

Kogs FOR Ps REACTIONS WITH
NITROBENZENE IN DIFFERENT
SOLVENTS vs 1000/ T

NITROBEINZENE
(967 mM) iN TOLUENE

NITROBENZENE
(1955 mM} IN HEPTANE

i @ P-OINITROBENZENE

| . {736mM) IN TOLUENE
. o-DINITROBENZENE

~ (181mM) IN HEPTANE

10° - A TOLUENE (PURE LIQUID} -
& HMEPTANE (PURE LIQUID}
o e e %
sk A——a
RT.
107 : it L TL 1 U
25 30 35 40 45 50 55
1000/ T (°K)

Figure 9. Observed rate constants (Kopsa) for thermal o-Ps reaction
with nitrobenzene or p-dinitrobenzene in dilute toluene and heptane so-
lutions as a function of the reciprocal temperature (in °K).

peratures Kopsd increases with increasing temperatures in
accordance with the Arrhenius equation. At higher temper-
atures’ Kobsq Shows a maximum and declines with a further
increase of temperature.3? This type of deviation process in-
volves an equilibrium as indicated in eq 1 and thus can be
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Figure 10. Plot of log Kobsa vs. 1000/ T (schematic representation).

taken as supporting evidence for the postulated Ps complex
formation-decomposition model,33:36

At low temperature, one can postulate that A, the anni-
hilation constant for positron bound in the complex, is con-
siderably larger than K3, the rate constant for decomposi-
tion of the Ps complex, and Kobsa will therefore be equal to
K (Figure 10). Thus from this part of the plot the Arrhen-
ius activation energy, E 4, for the process

LS
Ps + M — PsM

and since E 4 is related to the enthalpy change AH? for the
activated complex by the equation Eo = AH! — RT, AH?
can be assessed (Figure 11).

As can be seen from Table III the activation energies are
very small, ~1 kcal/mol, and constant (within the experi-
mental error) for the series of nitrobenzene derivatives stud-
ied and for p-benzoquinone. K, however, and thus AG?, the
free energy of activation, shows again a distinct dependence
on the chemical nature of the compound. It follows roughly
the same pattern as previously discussed (vide supra) for
Kobsd, the reactivity showing the following trend, p-dinitro-
benzene > nitrobenzonitrile > nitrobenzene > p-nitroani-
line.

The particularities of the experimental method em-
ployed, in which A; is first measured in the pure solvent (A,
= Ap, see above) under the same conditions, temperature,
etc., and subsequently with the substrate present, assure
that the observed rate constant is not affected by viscosity
changes or changes in the diffusion rate of the Ps atom.

Therefore the activation energies which are fairly con-
stant for all systems studied cannot represent the activation
energy of viscosity and one would have to argue that the
changes in the forward rate constant K, are caused to a
substantial degree by changes in the preexponential factor,
A, of the Arrhenius equation or by differences in AS?, the
entropy of activation.

From Figure 8 it can be seen that the high-temperature
part of the plot log Kopsq vs. 1/7T results again in a series of
straight lines. Since the lifetime of the positron in the Ps
complex is solely controlled by the electron density at the
location of the positron and not by normal thermodynamic
factors, one can make the reasonable assumption that the
energy of activation for positron annihilation (EA’) is zero.
Then according to the proposed Ps complex formation-de-
composition model from the slope of these lines AHgq, i.e.,
the enthalpy associated with the equilibrium process

Ps + M == PsM

can be evaluated (Figures 10 and 11).38
These enthalpies, AHEq, are listed in Table III. They
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k
Ps+Mk='PsM ——>\i->2y+M

ENERGY

REACTION COORDINATE

Figure 11. Energy diagram for the process (schematic) Ps + M = PsM
— 2.

Table III. Thermodynamic and Kinetic Data Obtained for the
Reactions of Thermal 0-Ps Atoms with Various Substrates in Dilute
Toluene or Heptane Solutionsa

K, x107'°
Ea. AHEQ- M sec™!
kcal/mol kecal/mol (at -23°)
Nitrobenzene derivative
(in toluene)
p-NO, 1.120.2 n.d. 2.2:0.2
p-CN 1.0:0.1 -6.0+0.5 2.0+0.2
H 0.8+0.1 -45+03 1.6+ 0.2
p-CH,0 09:+01 -36203 11:02
2,6-Dimethyl -2.7+0.3
p-NH, -1.1+0.1
(In heptane)
H 1.3:0.2 -4.4:04 1.6 £ 0.2
p-CH,0 1.2:04 -29:04
p-NO, 1.0+02 -80:06 3.0:02
p-Benzoquinone 1.0+ 0.3 -7.5+0.5 1.8+0.2
(in toluene)
Toluene (pure) ~0.0
Heptane (pure) ~0.0

a K, values at —23° obtained from graph Kopsg vs. 1/T. E4 =
energy of activation for process Ps + M — PsM. AH gy = enthalpy
change associated with the equilibrium Ps + M = PsM. E 5’ = energv
of activation for positron annihilation of positron in complex
assumed to be zero.

confirm the order of complex stability that one would ex-
pect from the electron withdrawing or donating properties
of the substituents in the nitrobenzene derivatives.

This also is consistent with the proposed model that in
the case of toluene, heptane, or other unreactive substances
AHEgq approaches 0; i.e., these compounds show very little
tendency to act as acceptor molecules in molecular com-
plexes.

(c) The Role of Solvent Effects in Ps Complex Formation.
So far solvent effects have been provisionally neglected.
However, it is quite clear that solvating effects should play
an important role in the case where the formation of the Ps
molecular complex may result in a partial electron transfer
and build-up of positive or negative charges on the two
components. The presence of a solvent may thus stabilize
the complex to a different degree depending on the nature
of the solvent.

Figure 9 shows a plot of Kopsq vs. 1/7 for nitrobenzene
and p-dinitrobenzene in toluene and heptane. An evaluation
of Ea and AHgq (Table III) shows no significant changes
in these two parameters; however, Figure 9 reveals definite-
ly a drastic change in Kopsd = KiAc/(K2 + Ac). If one as-
sumes that A¢ is not affected by the solvent change and K,
only slightly so (see Figure 9), then changes in K> and thus
in AG! for complex formation must be mainly responsible
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for the observed differences in the two solvents. Since
AHgqg was found to be rather solvent independent for a
given substrate molecule (see Table III), this would indicate
that entropy effects determine to a major extent the varia-
tion of the stability of these complexes in different solvents.

Conclusion

Positronium atoms behave in much the same way as nor-
mal chemical compounds. They undergo chemical reactions
(equilibria and competition reactions) in reactive media,
where Ps molecular complex formation is strongly favored
by the presence of an appreciable amount of intermolecular
interaction energy. They are fairly unreactive in an environ-
ment where such forces are relatively small.

The activation energies for the process

Ky
Ps + M — PsM

are very small (~1 kcal/mol). Differences in the observed
rate constants have to be attributed to the preexponential
Arrhenius factor.

The enthalpy associated with the equilibrium involved in
the formation of the Ps complexes studied in this investiga-
tion ranges from O for toluene or heptane to 8 kcal for the
most reactive species p-dinitrobenzene or p-benzoquinone.

Solvent effects seem to be responsible for a variation of
the stability of these complexes in different media. They
have been tentatively attributed to changes in the entropies
involved in the Ps complex formation.

In conclusion it could be stated that with our enhanced
understanding of the Ps reactions new methods have been
opened up by which the electron acceptor properties and re-
lated parameter such as the electron affinities, electron ac-
ceptor abilities, etc., of a large number of molecules can be
conveniently studied in solution or in the gas phase. Fur-
thermore, positronium reactions provide a rather simple
technique to investigate the stabilizing effect of the solvent
on the molecular complex and should allow a scale to be set
up for the effective solvating power of solvents.

Last but not least it should be pointed out that positro-
nium chemistry might well provide the extra impetus to ob-
serve tunneling since the tunneling ability of Ps is very high
because of its low reduced mass. While low temperatures
are required for a proton to tunnel significantly, the Ps
atom tunnels at high temperatures, well above room tem-
perature. Experiments to study this phenomenon by Ps
reactions are presently being carried out.
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Abstract: Using a competitive technique, rate constants for the gas phase reaction of O(°P) atoms with selected monoter-
penes, unsaturated aldehydes, and olefins have been determined relative to that for the reaction of O(*P) atoms with cyclo-
pentene at 296 + 2 K. The rate constants obtained, relative to cyclopentene as unity, were: propylene (0.181 % 0.010), a-pi-
nene (1.38 + 0.05), S-pinene (1.30 £ 0.05), d-limonene (5.61 + 0.45), 1-methylcyclohexene (4.21 + 0.17), 1,3-cyclohexa-
diene (4.33 £ 0.20), ketene (0.024 £ 0.003), acrolein (0.020 % 0.002), and crotonaldehyde (0.044 % 0.005). These relative
rate constants have been placed on an absolute basis using the recent literature room temperature rate constant for the reac-
tion of O(3P) atoms with propylene, k(propylene) = 2.10 X 10% 1. mol™! sec™!, and those for ketene, acrolein, and crotonal-
dehyde are compared and discussed with existing literature values.

The reactions of ground state oxygen atoms with simple
olefins, alkenes, and, to a lesser extent, aromatic hydrocar-
bons have been extensively investigated.!-> However, little
work has been reported on the products and rate constants
for the reaction of O(*°P) atoms with unsaturated aldehydes
and the naturally occurring monoterpene (Cio) hydrocar-
bons, 1.2

Recently there has been considerable interest in these
systems, not only from the fundamental grounds of struc-
ture and reactivity but also because of their possible signifi-
cance in the chemistry of polluted atmospheres. Thus for
example, the monoterpene hydrocarbons such as a-pinene
(I), B-pinene (II), and d-limonene (III) have been shown to

e ® -0

be emitted into the atmosphere by plant life,# and on a glo-
bal basis have been proposed to be the major source of at-
mospheric hydrocarbon.# Accordingly, the role that these
terpenes may play in air pollution chemistry has been stud-
ied by a number of investigators.#-10 Terpenes have been
shown to form large amounts of aerosol when photooxi-
dized> or allowed to react with ozone in air,® and the aerosol
from their reaction with ozone is thought to be the source of
the blue haze phenomenon observed in forested areas.” Fur-
thermore, peroxyacetyl nitrate and aldehydes have been
found as products in the photooxidation of pinene.® Recent-
ly NO, photooxidation® and ozonolysis rate studies®10 for a
number of monoterpene reactions have been reported which
show these compounds to be highly reactive.

The oxidation of unsaturated aldehydes and ketene are
also of particular interest both fundamentally and because
of their role in photochemical smog. Thus ketene, acrolein,
and crotonaldehyde are toxic and are powerful lachryma-

tors. Indeed, acrolein has been detected in ambient air!!
and is considered to be one of the contributors to intense eye
irritation accompanying photochemical smog because of its
stability to photochemical oxidation and direct photolysis.'?
The possible presence of ketene in polluted urban atmo-
spheres has been previously postulated,'* and ketene has
been shown to be produced from gas phase ozone-olefin
reactions under a variety of conditions.!4-17

Because of the considerations cited above, as part of a
broader investigation into the rates and products of the
reactions of O(°P) atoms with unsaturated organic com-
pounds involved in the formation of photochemical air poi-
lution, we have determined room temperature rate con-
stants for the reactions of O(?P) atoms with ketene, acrole-
in, crotonaldehyde, «-pinene, B-pinene, d-limonene, 1-
methylcyclohexene, and 1,3-cyclohexadiene relative to that
for the reaction of O(’P) atoms with cyclopentene. The
reaction of O(?°P) atoms with cyclopentene has been thor-
oughly investigated!® and has been extensively used to de-
termine relative O(?P) atom reaction rate constants by
Cvetanovic and coworkers.! 19

In order to test the experimental system and to place the
relative rate constants on an absolute basis, propylene was
included in the compounds studied, as its absolute room
temperature rate constant is known to a high degree of ac-
curacy.3.20-23

Experimental Section

Ground state O(3P) oxygen atoms were generated by the mercu-
ry photosensitization of nitrous oxide at 2537 A:

Hg(6'Sp) + hv — Hg(6%P)) (Ta)
Hg(6%P)) + N.O — Hg(6'So) + N, + OC3P) )

In order to minimize short wavelength photolysis of the reactants
and products, the 2537 A resonance radiation from a low pressure
mercury arc was passed through a Corning 7-54 filter to remove
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