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Research in the chemical effects of the nuclear transformations during the past 50 years is 
reviewed. 

Introduction 

Hot-atom chemistry (HAC) is the study of the chemical reactions that occur 
between high-energy atoms and ions and (usually) thermal-energy atoms, molecules, 
ions, and radicals. Studies involve atoms and ions that are produced photochemicaUy, 
by velocity selection as in atomic-beam studies, as well as by nuclear processes. This 
review of a half-century of hot-atom chemistry is concerned only with the last means 
of producton and a more appropriate title would be the Chemical Effects of Nuclear 
Transformations (CENT). In fact, the two phrases, HAC and CENT are often used 

interchangeably in describing the chemical processes that occur when hot atoms, and 
ions are produced by nuclear means. 

SZn.ARD and CHALMERS 1 in 1934 were the first to report a study of CENT. They 
showed-that when ethyl iodine was irradiated with neutrons, much of the 128I 
produced in the 127I(n, 7)1281 nuclear reaction could be extracted by water, 
indicating that the 1281 ruptured from its parent compound as a result of the nuclear 

process. Very few studies were reported during the next 10-15 years, primarily 
because of the lack of availability of neutron sources. As research nuclear reactors 
with high neutron fluxes became available in the late 1940's and early 1950's, interest 
in CENT studies increased markedly and attracted the interest of researchers 
worldwide. Over two thousand articles have been published dealing with all aspects 
of CENT and this review of a half-century of hot atom chemistry provides only a 
sampling of the work in this field. 

A large amount of energy is released a nuclear transformation and a fraction of 
this energy can be imparted as recoil energy to the atom (isotope) undergoing the 
nuclear transformation, causing the activated isotope to dissociate from the molecule 
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to which it was bonded. Typical energies are about 200 eV in the (n, ~/) activation 
process, 192,000 eV for the 3T in the 3He(n, p)3T activation, and even larger energies 
in the production of isotopes by nuclear fission. A 2.0 MeV beta decay can result in a 
recoil energy of up to about 20 eV. And even the relatively weak isomeric transition 
(IT) process can result indirectly in a recoil energy of a few eV since IT is often 
accompanied by the release of a large number of Auger electrons resulting in a 

distribution of positive charge on the molecule with subsequent Coulombic repulsion 
and dissociation of the IT-activated isotope. 

Bond energies are typically less than about 4 eV so that bond rupture is almost 
always assured for the more energetic activation processes. The hot atom usually 
cannot form a stable bond in the first few collisions with room-temperature (0.025 
eV) molecules. Only after sufficient collisions which involve the loss of much of the 

excess energy is the hot atom able to react to form a stable product. Complicating the 
picture is the fact that many if not most of the hot atoms are really not atoms when 
they are formed but more likely are ions in varying ionic excitation states. And, even 
though translational kinetic energy can be lost in sequential collisions, the ionic and 
excitation state of the "slowed down" hot atom may not be known. 

Although atomic and molecular beam studies allow investigating individual 
chemical interactions at selected energies, hot atom chemical studies only allow 
observing the overall chemical processes. However, the judicious use of additives that 
can moderate the reaction by absorbing excess kinetic energy of the hot atoms (inert 
gases for instance) and/or neutralize charged species (additives with ionization 
potentials than are lower than that of the hot atom), has made it possible to sort out 
and describe some of the hot-atom chemical mechanisms. 

Most of the early studies were concerned with the hot atom chemistry of (n, ~)- 
and IT-activated halogen isotopes and 33" activated by the 3He (n, p) 3T process, in 
all three phases: solid, liquid, and gas. In later years interest expanded to include, 
among others, studies of the HAC of metal-organic and inorganic solid compounds, 
other methods of production such as beta decay, and the use of HAC to study 
nudear fission. 

Hot atom studies have relevance to many other chemical studies. Upper 
atmosphere chemistry where high-energy atoms are produced is just one example.2, 3 
Another is ion-implantation. 4-7 Labeling of chemical compounds and radiopharma- 
ceuticals is yet another example. 7-11 

A number of reviewsl2-1, 5 and symposial6,17 on hot atom chemistry have appeared 
in recent years and detail the progress in this field. 
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Experimental methods 

"Since the product isotope in HAC studies is radioactive, radiochemical separation 

methods are used to identify and quantify the products. The earliest studies 

depended on solvent extraction, column and chemical-separation methods. In the 

1950s, radiogas chromatographic 12,18 methods were developed and are now routinely 

used in most studies of gas-phase HAC. Radioion, thin layer, and paper 

chromatography,12,19, 20 as well as electrophoresis and ion-exchange separation are 

usually used when working with solid samples or dissolved molecules that are not 

amenable to gas chromatographic separation. The Moessbauer effect has also been 

used to study HAC products in solids. 21 

Theoretical models 

The activation process usually results in atoms/ions having a wide (and often 

unknown) distribution of initial energies 22 following rupture from the molecule to 

which the atom was initially bound. However, partial cancellation of prompt gamma- 

ray momenta in (n, -y) activation can result in what is usually a small but measurable 

degree of failure to bond-rupture 23 unlike low-energy beta-decay activation, 

unaccompanied by gamma ray emission as in the case of 14C and 3T decay, which can 

result in appreciable non-rupture. 24 

The earliest models of hot atom gas phase reaction kinetics were based on a 

billiard-ball model. 25 ESTRUP and WOLFGANG 26 developed a kinetic model for hot 

atom reactions similar to that used by WIGNER to describe neutron slowing down 

processes. 27 More recent approaches have included contributions for collisional 
dissociation, 28 use of nonequilibrium time dependent theory,29-31 a steady-state 

theory, 32,33 and evaluation of potential energy surfaces. 34 Nonequlibrium theory has 

also been applied to hot atom reactions in liquids and solids. 35 Other models for 

liquids and solids are based on back-diffusion, 36 an exploding lattice, 37 and cage 

effects. 12 Not all of the activated atoms react as hot atoms. Many eventually reach 
thermal energies and become stabilized in conventional chemical reactions, often by 

reaction with chemical scavengers. However, in some cases the thermalized 

atoms/ions may still be in excited electronic states permitting reaction by processes 
not normally occuring in simple room temperature gas-phase chemical reactions. 38 
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Halogen HAC-organie systems 

The HAC of all four halogen atoms: flourine, 39"44 chlorine, 45-51 bromine, 62-59 and 

iodine, 60-64 have been in organic systems in all three phases and comparise a major 
portion of the hot atom literature. A variety of activation processes have been used, 
including: (n, 7), (7, n), (n, 2n), as well as isomeric transition: (IT), especially for Br, 
which has two stable isotopes that can be easily activated. Various 
hydrogen/deuterium and halogen isotope effects were also observed. 65-68 

It is not uncommon for a number of organic products to be formed in the HAC 
reactions with organic target molecules. For instance, irradiation of a gaseous 
mixture of Br 2 and propane results in more than eight detectable organic bromide 
products. Different inert gases, mixed at various mole-fractions, provide information 
on how hot-atom thermalization processes effect the yield of each the products. 
Results are usually given in terms of the total "organic yield", which is the fraction of 
the activated radioactive halogen found in organic form, as well as in terms of the 
fraction of the radioactive halogen found in the various organic chemical forms. 

Malogen HAC-inorgantc systems 

Early studies were concerned with the chemical fate of hot halogen atoms in 
alakli halides and oxyhalides. 69-72 More recent research involved studies of other 
solids such as NH4IO3, mixed solids, aqueous solutions at various pH, the effect of 
thermal annealing of the irradiated crystals, and reactions of hot halogen originating 
from inorganic salts soluble in organic solvents. 73-8~ 

Other metal organic/inorganic solids 

Studies of the HAC of metal-containing solids is extenaive and consist of more 
than 300 articles; two recent booksl2,14 summarize modern developments in the field. 
The majority of the studies of inorganic solids are concerned with the HAC of the 
fn'st-row transition metals 81-92 and in particular chromium, manganese, and cobalt 
compounds, with fewer studies of the second and third row transition metals. Studies 
of rare-earth compounds have received very little attention unlike the group IIIA- 
VIIA metal compounds, and especially those of mercury, tin, selenium, tellurium, 
cadmium, silicon, and arsenic. 
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TritiumHAC 

High-energy tritons can be generated in the gas phase by the 3He(n, p)3T reaction 
and in condensed phases by the 6Li(n, ~)3T reaction. As in conventional chemical 
studies, the HAC of hydrogen (in this case tritium) has also been studied extensively 
and a few hundred articles are devoted to studies of the HAC of tritium, mostly for 
gas-phase reaction systems. 93 In addition, chemical studies of hot hydrogen or 
deuterium atoms produced by photodissociation of hydrogen or deuterium halides 
provide complimentary information. Because of the elctronic simplicity of hydrogen 
atoms, it has been much easier to postulate mechanisms. 94-103 Reactions with a 
variety of target molecules and additives have been reported) 04-n5 

Carbon, nitrogen, phosphorus and sulfur HAC 

Studies of the HAC of these four elements are of particular interest because of 
their relevance to labelling of organic compounds and radiopharmaceuficals. Carbon- 
11 can be generated by a variety of means including the laN(p, ~)llC and the 
12C(n, 2n)llc processes whereas carbon-14 is usually produced by the 14N(n, p)laC 
reaction. I16-119 Nitrogen-13 is produced by either the 12C(d,n)13N or the 
14N(n, 2n)13N reaction. 120-122 Sulfur-35 is usually produced by the 34S(n, ~)358 or the 
35C1(n, p)35S process)23,124 The HAC of recoil sulfur-38 pruduced by the 
4~ 3p)38S process is yet another example 125 and, like 3He(n, p)3T activation, 
permits use of an inert-gas nuclear target in gas-phase studies. The 32S(n, p)32p, 
35CI(n, o032p, and 31p(n, ~/)32p reactions have been used for the production of 
phosphorous-32.126-129 

Fission-activated HAC 

Uranium and other fission processes have been utilized in HAC studies. Tile 
HAC reactions of fission products, coupled with fast separation techniques including 
gas chromatography, have also been used to study the properties of fission 
products. 130 Various studies of iodine and bromine fission isotopes 131q35 as well as 
other elements 136-142 have been reported. 
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Other HAC activation processes 

Act iva t ion  by i somer ic  transition, pr imari ly  of  the  b r o m i n e  isotopes,  was 

summar ized  ear l ier  in this review. In  addition, be ta  decay 143-149 as well  as posi t ron 

and e lec t ron-cap ture  150-153 H A C  act ivat ion processes  have b e e n  investigated. The  

dissociat ion pat terns  154 and the chemis t ry  re la ted  to the p repara t ion  155 of  label led 

compounds  have b e e n  discussed. Lastly, pos i t ronium and m u o n i u m  are  among  the  

o ther  H A C  studies that  have been  repor ted .  156-158 
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