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XopsaTt f. El4 - 12824
0 XxuMMM NErKUX 3K30THUECKMX aTOMOB

B pabore o6CY®AQWLTCA XUMMueckue achekTs oBpasosaHus
Tpex BOAOPOAOMNOAOGHHX 3K3OTUUECKMX ATOMOB: MO3UTPOHUA,
MIOOHHR W pa~ Me30aToMa.. AnA NO3UTPOHMA NPEeRCKa3aHWA no
ABYM MexaHwaMmam obpasoBawvsn, Ope-Mofent ¢ peakuuwsmv ''ropa-
uero'' NosUTPOHMA ¥ TPEKOBaA MOAeNb CPAaBHMBAWTCA C JKCMEpUMeH
TaneHuMy HabnwpeHnAMu B pacTeopax. [lpuMepoM McNonb30BaHWA
P7” meaoaToMa ans  NonyueHWn cBefleHUi 0 CBOMCTBAxX XvMW~
UECKOM CBA3M BOAOPOAE MOTYT CRAYHMUTL MOCNERHME BKCAEDMMEHTL),
BeinonHeHHsie B JIAN OMAW,

Pa6ota sunonHeHa B flaBopaTopuu nAfepHLx NpoBnem OMAU,

Coobuieine Q6rennHesHOro HHCTHTYTa AaepHLix uccnenosanwfl, Ody6ua 1879

Horvath D. El4 - 12824

On the Chemistry of the Lightest Exotic Atoms

The chemical zspects of formation of three hydrogen-
}ike exotic atoms, positronium, muonium, and pionic hydro-
gen are discussed. For positronium two formation mechanisms,
the Ore model with hot-atom reactions, and the spur reacti-
on model are set against experimental observations in solu-
tions. The use of pionic hydrogen atoms in obtaining infor-
mation on the bond properties of hydrogen is iliustrated by
recent experiments performed in JINR.

The investigation has been performed at the
Laboratory of Nuclear Problems, JINR.
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INTRODUCTION This paper briefly examines the
chemical aspects of formation of
three hydrogen-like exotic atoms

having remarkable chemical applications, positronium
(Ps=e"e™ ), muonium (Mu=p*e™ ) , and pionic hydrogen
(pr”) . The use of positrons and muons in solid state re-
search will not be treated here, it has been described in
recent review articles’!1?/ _ op positron annihilation a
complete bibliography is available and an extensive re-
view has been published on positronic and mesonic chemistry
gquite recently %/,

The exotic particles in question, pion, muon, and po-
sitron are linked together in a decay chain (Table 1).
Pions are obtained in proton accelerators at a few hundred
MeV and muons are formed as a result of pion decay in flight

Table 1

Data on the particles discussed in this paper

Particle Lifetime mass decesy mode
m/me m, MeV
-
Tt 26 ns 273 139 {I
M 2.2 xs | 207 106 /:* LR p
et Lstable 1 0:.511 [ @% + g+ ¥

while for positron sources mainly the 22Na.isotope is used.
among them positron is the least expensivé and most popular
particle. The use of positronium, muonium, and pionic hyd-
rogen in chemistry is based mainly on the fact that essen-
tially they are unstable hydrogen isotopes (Table 2). In
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Table 2

Some properties of hydrogen-like atoms

bindirg reduced ifetim
System energy mass free decay mode lifetime
Ps=ete” | 6.8 eV 0e5 para-Ps(td) ~ 2y 0.125 ns
ortho-ps(tf) - 3¢ 140 ne
mu=pte” [ 13.5 ev 0.995 | Hroet 11+ B, | 2.2
H e pe” | 13.6 ev 1 stable
- . (neg/s40%/
pN - 238 p +1"— <1 ps
neJ°/60%/

vacuum Ps decays via self-annihilation; Mu, by muon
decay:

e " op’ (1

and p7_ , by pion capture in proton,
n+ y (40%) (2)
p+r” s
n +n°
L2y, (60%). 3

The investigator registrates characteristic 0.511 MeV pho-
tons from positron annihilation, energetic (~ 30 MeV) po-
sitrons emitted in muon decay (1}, and, usually, pairs of
~ 70 MeV photons from charge-exchange reaction (3). The
experimental data obtained in such a way, the formation
and disappearance rates of Ps, Mu, or pr~ atoms are be-
lieved to give us information on the chemical environment
in condensed media.

POSITRONIUM . Positron lifetime and y-y angu-
lar correlation measurements are
the common experimental techniques

for monitoring the formation and interactions of Ps atoms
in matter. Positron lifetime is measured by the fast-slow
coincidence method’!/ , time resolution about 400 ps (full
width at half maximum) is considered to be good enough for
positronium research. When Ps is formed the positron-annihi-
lation decay curve consists of at least three exponential
components. The singlet (para) Ps decays with a mean life
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of rg = 0.125 ns. For the triplet(ortho} Ps the 2y decay is
forbidden by the conservation laws, its interactions, ho-
wever, with the electrons of the medium result in 2y decays
with a long lifetime r, = 1~5 ns (pick-off annihilation).
In addition, we always have a component due to the annihila-
tion of free positrons on chemically bound electrons (7 =
=0.2-0.4 ns). Usually, the experimental decay curves are
evaluated in terms of three components
2 LY

N{(t) = Sk=01ke (4)
withr, lifetimes and Iy corresponding intensities. 1In the
case of simple pick-off quenching (no chemical reaction
of positronium involved)

1,=314 (5)

and for the Ps formation probability

P =d1,/3. (6)

The width of the angular distribution of annihilation
y -quanta is related to the momentum of the annihilating
e'e” system. When Ps is formed a characteristic narrow

component appears in the angular correlation spectrum su-
perposed on the broad component due to free annihilation
and, probably, pick-off quenching/4/. In addition to the
angular correlation method information on the momentum of
the e'e” system can be obtained by precisely measuring the
energy distribution of the annihilation photons (the Dopp-
ler-broadening method) .

Since 1974 there are two models for the mechanism of Ps
formation: the Ore model and the spur~reaction model. The
Ore mudel is based on the assumption that Ps forms in the
collisions of energetic positrons with atomic electrons’%/
that is in the process

e++A-; PB+A+ . 7

The Ps atoms formed in reaction (7) have kinetic energies
between O and 6.8 eV, the Ps binding energy, thus a signi-
"flcant part of them is "hot" and may enter chemical reacti-
ons forbidden for thermal Ps atoms’®/. In this case the
long~lived component of the lifetime spectrum is contribu-
ted by the pick-off annihilation of thermal Ps only, while



the short components contain, in addition to the fast p-Ps
decay and free annihilation, the annihilation from hot Ps
reactions as well’/®/, By the Ore mechanism a decrease in
Ig at fg = const can be explained in (i) a faster slowing-
down of positrons, (ii) a less effective slowing down of
Ps atoms, or (iii) a more intensive hot Ps reaction with
some constituent. For noble gases the Ore model gives a
quantitative description of Ps formation and explains
guite reasonably the nonformation of Ps in perfect ionic
crystals and metals.

According to the spur-reaction model proposed by O.E.Mo-
gensen’’/ Ps is formed as a result of the reaction bet-
ween the positron and an excess electron produced by the
positron itself in its ionization spur (Fig.l). As spurs
are transient clusters of reactive species (electrons,
positive ions, radicals, etc.) in the terminal spur the
Ps formation

e"+et s Ps (8)

competes with other processes such as recombination
- +
e + M - M (9)

or electron and positive ion scavenging

=)

e +877., 8" (10)

Mt +8 ™. products. (11)

Thus by the predictions of the spur model adding of an
electron or positive-ion scavengers $t-lor 8™ "to the sys-
tem reduces (inhibits) or enhances the Ps formation, res-
pectively.

The use of the spur model of Ps formation is based upon
the results of radiation chemistry research '’ . The spurs
are characterized by numerous experimental quartities as
Gr+ the number of free electrons per 100 eV energy loss
of the primary particle/7/; G, , the number of electrons
avoiding the initial recombination by trapping in defects
or solvating/a/; b, the range of the secondary electrons
which determines the mean spur size; #. the excess elec-
tron mobility; Vo the excess electron work function in
the solvent/®/, '

As Tao has shown the two models of Ps formation do not
exclude each other.In any substance Ps atoms may be formed
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') SECONDARY ELECTRONS
Fig.l. Formation of spurs along s
the positron ionization track.
e:- electron, et - positron,
M’ - solvent ion, R’- radical, )’,]

S - scavenger/4ﬂ
SPURS""“Iﬁ f ,ZJ
TERMINAL SPUR

AR
by both mechanisms concurrently’19/, For determining which
of them dominates in a system one has to study the depen-
dence of Ps formation probability on hot atom reaction and
spur reaction properties. In gases the spur mechanism can-
not be important because of the low density and great elec-
tron mobility, in ionic solids and metals Ps is not formed
and in molecular solids the formation of positronijum is
under question’®/ . Therefore, the Ps research has been per-
formed mainly in liqguids’ ’6-12/  Below we make an at tempt
to illustrate the effectiveness of the imodels in interpret-
ing some features of Ps formation in solutions.

In pure polar solvents such as water or alcohols the
liquid-solid phase transition leads to a two-fold increase

in Ps formation probabilitylts/ while the liguid - glass-

state transition does not affect Iy . The enhancemerit
at solidification can be explained by an increase in the
free volume available for Ps in the host lattice’!. In
terms of the spur model this transition effect was inter-
preted as a result of a much slower solvation of excess
electrons and as an exception to the rule, naphtalene
(liquid: Ip = 29%, solid: 9%), by electron - solvent mole-
cule reaction’7’. Later, in liquid, solid, and glassy al-
cohols a correlation has been found between Iz and G, ,
which is the number of electrons, avoiding the 1n1tia1
recombination B,
Certain compounds when added to a solution facilitate

a strong reduction in ], at a constant r, . As shown above,
in terms of the Ore model this can be explained by inhibi-
tion of Ps formation or by liot Ps reactions with the so-
lute ' . 0On the other hand, according to the spur model the
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Ps formation may be inhibited by electron or positron sca-
venging only. As the hot atom reactions have threshold
energies the reduction should level off at higher solute
concentrations while such a "limited"” inhibition effect
does not conform with the ideas of the spur model ‘11", Ne-
vertheless, some compounds cause "full" inhibition; and
others, a "limited" one.

Inhibition studies in organic fluids revealed a most
striking feature in Ps chemistry, the antiinhibition ef-
fect '8/, There are active electron acceptors which cause
no inhibition in a solvent but, on the contrary, can re-
move or reduce the inhibition induced by other solutes.

For exauple, 0.06 mole iodobenzene reduces Iy in benzene
from 38% to 18% (inhibition) and adding 0.6 mole CgFg

to the solution leads to an’increase in Iz to 34% that is
CoFg rﬁ§tores the Ps formation probability reduced by
CgHsl ®. The antiinhibition effect cannot be explained
by hot atom processes’8:11/ put it is readily understandable
in terms of the spur model’®, All the antiinhibitors such
as CSg, COg, CgFg , or naphtalene scavenge excess electrons
forming molecular ions in reaction (10). In these ions the
electron is bound loosely (electron affinity¢<1.5 ev’8 )
and so may be given to the positron to form Ps. On the
other hand, inhibitors attach spur electrons in a dissocia-
tive way,

e” + AX+A+ X, (12)

2

forming a stable radical X~. Reactions (10} and (12) mav
have similar cross sections and compete in scavenging the
excess electrons.

In certain aliphatic hydrocarbons CSp behaves as an in-
hibitor at small concentrations and as an antiinhibitor at
greater ones ’®/. 0Sg has an electron affinity too low to
inhibit Ps formation by electron scavenging so its inhibi-
tion effect prevails by reducing the mobility of spur elec-
trons. (These is an'empirical correlation between excess
electron mobility and Ps formation probability’9/). At
highez'CSz concentrations, however, the electron tunnelling
between neighbouring CSy molecules probably enhances the
electron mobility and hence the Ps formation /9! Similar
effects have been observed in aqueous solutions of alkali
halides, KSCN, and Na§/12énd interpreted by inhibition
combined with enhancement of Ps formation due to "positive
hole" (in the given case OH) scavenging.



Thus we have two models of Ps formation: the Ore model
with hot Ps reactions and the spur reaction model., The for-
mer gives an adequate description of Ps formation in gases
and explains its nonformation in crystalline sciids. In
fluids, however, the spur mode:r has won a great popularity
although the simultaneous proceeding of both formation
processes cannot be excluded.

MUONTIUM The positive muons are produced

in the decay of positive pions

in flight having complete pola-
rization. In the muon decay reaction (1) the positrons are
emitted preferentially in the direction of the muon spi 245/
When polarized muons are stopped in matter the direction
and magnitude of their polarization can be measured by ob-
serving their asymmetric decay as they precess in a tran-
sverse magnetic field. The muon spin rotation (uSR) tech-
nique involves stopping polarized muons in the sample and
counting decay positrons in a glven direction as a function
of the time spent by the muons in the medium. The spin pre-
cession in the magnetic field results in characteristic
oscillations in the uSR spectrum.

Three types of muonic species can be identified from
their precession signals/13/:

(i) Free muons in diamagnetic environment give rise to
nuclear Larmor precession at 13.55 kHz/G. This diamagnetic
signal occurs for all liquids.

(ii) In low magnetic fields ( <10 G) one half of the
free Mu atoms precesses at the frequency 1.4 MHz/G, the
frequency of the other half is too high to resolve. Muonium
has been identified in various substances.

(iii) Using high magnetic fileids (about 1 kG) several
muonic radicals have been observed due to theilr characteris-
tic “splitted Mu" frequencies’2.14/,

According to the generally accepted model Mu is formed
in an energetic state and may enter epithermal reactions
before thermalization. In solutions of bromine and iodine
in hexane, for example, more than 10% of Mu atoms were
attributed to forming diamagnetic compounds ’n epithermal
reactions/e/. There are indications, however, that Mu atoms
may be formed in spur processes as well /213,157, Percival
et al.”13have observed the inhibition of Mu formation by
adding electron scavengers to water. On the basis of the
spur model of Mu formation several predictions were made
by Mogensen 16/ thus the spur reaction model has come into
action in muonium chemistry, too. 9



PIONIC HYDROGEN Pionic hydroger atom (P7~ ) forms
when negative pions are stopped
in a sample containing hydrogen

as a result of Coulomb capture of the pion on an atomic
orbit around the proton. The neutral and very small b7~

atom leaves the molecule in a highly excited state, having

a considerable kinetic energy, and collides with other atoms.
The P7~ atom never reaches its ground state as the Pion
capture by proton takes place from the levels N4 . In
collisions the plon can be transferred to a heavier atom 2,

pr~ + 2 4 p +2Za” (13)

with subsequent nuclear capture of the pion in nucleus Z .
The event of the capture of a stopped pion in proton
can be easily detected by the nuclear charge-exchange re-—
action (3). According to the model of "large mesic meclecu-
les"/18/an electron of the bound hydrogen atom should be

replaced by the pion to form pr~ . As is shown by the
earlier measurements of V.I.Petrukhin et al. summarized in
reviews /4.18~18/  the W probability that in a system con-
taining hydrogen the pion is captured in proton is closely
related to the properties of the chemical bound of hydro-

% //P/{/: IT
Azl

0

X w——me
K <4 Illlll
]: -qu-

S

F ig.2. The experimental set-up of pionic hydrogen measure=
ments. M; ,Mz, Mg scintillation counters monitoring the

pion beam, D- beam moderator (degrader), T - target, Cy sGCy-
~ total-absorption Cerenkov detectors’18/,
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Ngy (R) Fig.3. ° —meson yields vs. modera-
tor thickness in LiH and crystal-

L , line hydrate targets. The peak po—
¢ LiH (:107") Ped PO -
s LiCt- 116 KO sitions correspond to pion-stop ma
CaiNO, ), -37H,0 xima.
200
150
100
50
4
° 5 10 15
R, arb. units

gen, particularly to the electronic density in a bound hyd-
rogen atom.

The measurements to be reported here were performed in
the 80 MeV negative pion beam of the JINR synchrocyclotron.
The experimental set-up is shown in Fig.2 /18] The fast pions
are slowed down in scintillation counters M, M2 and Maand

a plexiglass moderator of variable thickness and get into
the target where a part of them is stopped. The photons
from the n° decay are detected by two total-absorption Ce-
renkov counters. Altering the thickness R of the moderator
the #°-yields from reaction (3} N,, (R) can be measured as
a function of the pion beam energy. For hydrogeneous targets
Nyy(R) consists of a peak corresponding to the maximal
number of pion stoppages and a more-or-less linear backgro-
und (Fig.3) while for hydrogen-free samples the peak is ab-
sent (Fig.4). The probability of the charge-exchange reac-
tion of stopped pions with composite nuclei (except SHe )
is strongly suppressed; by our -ilew data it is rmaller than
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6-10 Y for carbon and (1-3)-10~% for a1, v, Cu, Zr, Sn,
Ta, an Pb . The method of mathematical evaluation of the
experimental Nyy(R) spectra is described in’20/

The atomic capture and transfer of pions have been stu-
died in gas mixtures of hydrogen/21’and methane, ethane,
ethylene/22/ with noble gases. The dependence of the rate of
the trangfer reaction (13) on the concentration and the

atomic number of the noble gas could be approximated by the
same function; the transfer rates, however, were twice hig-
her in the case ofHg than of CHy, CoHg, and Cz Hy. This dif-
ference can be interpreted with different conditions of for-
mation of P#~ atoms in hydrogen and hydrocarbons. The pio-
nic hydrogen atoms are formed in less excited states at

the disintegration of mesic molecule CH,»~ , etc., than at
that of Ho#~ . This implies a reduction in the transfer
cross-section and an increase in the pion capture rate by

Ny
™ ]

-]

Fig.4. 7° —meson yields
vs. moderator thickness
in various elements.For
copper the yields of

L single photons are also
presented indicating the
location of pion-stop

o ' n —t " maximum’ 1%,
[ 1% 0 0 » E)
R,gem™ C
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the collisicns of the hot ps~atoms with other protons, com-
peting with the transfer process 27,

Below the electronic structure studies will be descri-
bed, performed last years for pure water/28%and aquacomple-
xes #%by our group in Dubna.

A special feature of hydrogen is its ability to 1orm
hydrogen bonds Z-H...X when atom X hasa.lone electron pair
and can play the role of electron donor/25/, The H-bond for-
mation is accompanied by changes in the physico-chemical
properties of the system; by those changes, however, the
character of alteration in electron density near the proton
when H-bond forms cannot be unambigously termined’ 23’

Among the compounds with hydrogen bon... water is the
most frequented one. There are indications that the bonds
0-H..O of water break at heating. In terms of the bond-
breaking model of Haggis et al’?8’the structure of water can
be characterized by parameter [y- the concentration of bro-
ken H-bonds at temperature T. In ice all the protons are
bound in H-bonds, fp.g=0 , in liguid water at melting point
lp = 9% and it increases with increasing temperature up to
fp= 100% atT »374°C, the critical temperature of water.

In the course of our experiments we have measured the
relative change pTof probability W of pion capture in water
hydrogen as a function of temperature T in comparison with
25° ¢ (Fig.5).

pT=(WT =W, )/we5 . (14)

The experimental details have been described in"#’, 10 avoid
systematic errors Wp and Wp; were obtained in each case by
measurements under the same geometric conditions.

On the basis of the bond-breaking model, probability W
in water can be approximated by a sum of the contributions
of hydrogen atoms in H-bonds and out of them:

wTawin(l_rT)+woutrT' (15)

Using relation (15) in (14} we obtain
fp ~ fag
P = —FBo _ (16)
T -1
foy +(Q-1)

where Q=W,, /W, and the f{q values are taken from’26/
Parameter Q can be estimated by eguation

Q=W(T > 374 °C)/W(T<0)=20+ 0.1, (17)
13



s H,0

L)
T,C
Fig.5. The temperature dependence of the relative change
P of the probability W that a pion stopped in water is
captured by a proton.m — ice, o -~ liquid water, ® -super-
critical fluid ’23/. The solid curve corresponds to equa-
tion (16) with f, values taken from 26" and Q= 2.

In terms of the model of large mesic molecules this effect

shows that the formation of the hydrogen bond involves a
substantial reduction in the electron density of hydrogen
atoms, 1.e., in the covalency of bond O-H. This cpnclusion
is in agreemtn with the theoretical estimations % that the
formation of a (HgO)p dimer with one hydrogen bond leads to
a decrease of electron density about (0.03-0.04)e~ on the

proton involved. The liquid water has a fused-ice structure
forming large polymers which results, virtually, in a fur-
ther reduction of the mean electron density in the bound
hydrogen atoms.

In aquacomplexes the water molecules are bound to the
cations by ion-dipole forces and coordination interaction
and, possibly, to the anions by hydroygen bonds. The coor-
dination involves an electron transfer from the ligands
to the central cation’?’/. The probability W of pion cap-
ture in water hydrogen has been measured by us for 21 aqua-
complexes and suppressions were observed in W as compared
to free water molecules. Calculating the suppression values
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we took into consideration that a part of the pions are ab-
sorbed in the salt atoms of the complex. By the suppression
values ¢ the complexes studied can be divided into four
groups 24/, Group 1 consists of compounds of alkali cations
with weak suppressions (¢ = 3). Group 2 is composed of the
chlorides and sulphates of di- and trivalent cations as
AlClz3 6Hy0 or CoS04.7HpO (¢ = 5). In Group 3 (e= 10)
the complexes with nitrate and perchlorate anions have been
included (e.g., Co(NOg)g:6H,0 or Fe(ClO,), -6H,0 ) while
Group 4 { ¢ 2 20) contains two complexes with Cu2+ cations
and Crp (804)3 +6H,0.

According to the model of large mesic molecules the sup-
pressions observed should be connected with a reduction of
the electronic density in the hydrogen atoms of water mole-
cules. In the alkali metal complexes (Group 1) the water
molecules are bound via ion-dipole forces weakly affecting
the electronic structure of the ligands. For the other
groups the suppression is due to, mainly, coordination by
the cations ’27/ . The difference betweeen Groups 2 and 3,
however, indicates the effects of the anion probably through
hydrogen bonds. This is clearly illustrated by comparing
suppressions ¢ for series of analogous complexes of type
MX.nH 0 (Table 3). The high ¢ values obtained in Group 4
for copper hydrates can be possibly explained by the ability
of copper to form particularly stable complexes/27/. As to
Ory50,); -6H, 0  its two cations Cr¥ cooordinate six li-
gands which means twice greater cation charge per water mo-
lecule than in the complexes of Group 3.

Table 3

Suppressions of the probability of pion capture by
protons of water molecules coordinated in complexes

MX +nH ,0
M n { Xe (cl')2 X= sof’ X = (1:05)2 X = (clo;)2
cat |2 ; 5.0 x 1.3 4.4 £ 1.3 - -
ca?t |4 | 5e1 2 009 - 1723 + 743 -
g<t | 6 - Se1 4 0ud | 93+ 105 | 131 & 444
pect 6 - 506 & 005 - 13,6 + 3.5
co?*| 6 | 407 £0:6 | 5.2 4 0.9 8.6 2 1.9 -
W2 6 ' 3.8 + 004 | 5.6 4 0.9 17.4 & 3.6 -
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CONCLUSIONS There are several similarities
in positronium and muonium re-
searches. The nuclei in these

atoms are replaced by positive particles, they can enter
chemical reactions as light hydrogen isotopes. In gases,
apparently, they are formed by picking up atomic electrons,
in liquids, however, a considerable part of them forms pro-
bably in spur reactions. The spur reaction model has helped
the positronium investigators to ask new questions and find
new effects and has made a great contribution to developing
an interaction with radiation chemistry research.

While positronium and muonium investigations relate to
the chemical environment in a system, the pr™ atom is an ex-
tremely sensitive tool for obtaining information on the bond
properties of hydrogen in various compounds. This has been
demonstrated by the study of the effects of hydrogen bond
and coordination on the electron density of hydrogen in
water. Thus positronium and muonium inform us on a macrosco-
pic or intermolecular level while pr~ does it on an intra-
molacular one.

The author is indebted Lo Dr. Béla Iévav for stimulating
discussions and to Drs. V.I.Petrukhin, V.N.Pokrovsky, and
I.A.Yutlandov for critical remarks concerning this paper.
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