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. Status of f e e radicals 
J. L. FRANKLIN 

A survey of the broad-front investigations into 
methods of isolating free radicals and the pros
pects for their practical application. 

R):;CENT STUDIES BY RICE (1, 2) 
and Broida (3, 4) have suggested 
that active free radicals might be 
stabilized and preserved by entrap
ment in a solid matrix. Although the 
chemistry of radicals in gases (5) and 
liquids (6) has been th~ subject of 
many investigations, only in recent 
years has attention been directed to
ward radicals in solids. 

Free radicals. since th~y..J:tav~E.: 
paired electrons, have paramagnetic 
proper~l! .. In recent years paramag
netic, or electron spin resonance, prop
erties of radicals have been studied 
extensively with a view to using such 
information to elucidate questions of 
structure and as an analytical device 
for determining radical concentration 
(7, 8, 9). Electron spin resonance 
measurements have been made in 
the g~.LP!l.~s~~on ...§.u.ch~t~Qk.}ree 
radicals as O2 (10, 11), NO (1J). 
--------~'---------~ 

~nd _ N02 (12), and on such highly 
actlveennties as H(13), N(14), and 
0(15) atoms which can be generated 
in fairly high concentrations in the 
gas phase. Unfortunately, more com
plex radicals are difficult, if not im
pOSSible, to generate in large concen
trations in the gas phase, and so 
measurements of the magnetic prop
erties of gaseous radicals have been 
limited to these few atomic species. 

The problem, then, in studying free 
radicals is to obtain them in sufficient 
concentration and at the same time to 
isolate them from other radicals for 
a sufficiently long time to permit 
control and examination. The early 
studies of Broida (3, 4) and his col
leagues suggested how this might be 
done. In their work they generated an 
afterglow by passing nitrogen through 
a discharge and then passing the 
Bowing gas over a surface cooled to 
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4°K. The gas condensed to a solid 
which glowed with a brilliant green 
color. The glow disappeared a few 
seconds after the electric discharge 
was discontinued but reappeared upon 
warming and persisted, with some 
changes in color, until a temperature 
of the order of 30 to 35°K was 
reached. The emission of light and 
the occasional violent explOSions were 
ample evidence that highly energetic 
species were present, and the most 
reasonable interpretation of the results 
was to attribute this activity princi
pally to nitrogen atoms trapped in the 
solid. Although this view had to be 
modified in detail as a result of sub
sequent studies, it is still essentially 
the correct one. Stemming from these 
observations, a great deal of research 
on the trapping of radicals in solids 
has been and is being conducted. 
Broadly. research on trapped radicals 
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II 
has tried to answer the questions how 
ro generate trapped radicals, how to 
identify the active species present, 
how to measure their concentration, 
and how to recover them from the 
solid. None of these questions has 
been completely answered at this time. 

Generation of trapped radicals 
In general, trapped radicals can 

be prepared in two ways: by generat
ing the radicals in the gas phase and 
suddenly freezing them in a solid 
matrix at low temperatures or; by 
irradiating the appropriate solid with 
either ultraviolet light or ionizing ra
diation. Both methods have been used 
extensively. The generation of radicals 
in the gas phase has usually (and 
moro successfully) been done by elec
tric discharge although both photo
lysiS and pyrolysis of the gases have 
been employed. Both methods give 
similar results although each presents 
problems. When an activated gas is 
condensed, even at very low tempera
ture, it is almost impossible to remove 
the energy from the gas completely 
at each collision of a gas molecule with 
the wall. The result is that the radicals 
strike the wall many times before 
being trapped in the solid, and a 
large number of them will be re
moved by chemical reaction. Further, 
diffusion may occur within the matrix 
or on the surface with resulting loss 
of radicals by recombination. 

Radicals are usually formed by 
breaking chemical bondi, and thus 
they will normally be formed in pairs. 
If tho radicals are formcd by irradia
tion or photolysis of a solid, they will 
be trappcd in pairs in a cago and 
will recombine immediately. It is only 
whon there is an opportunity for 
diffusion so that some radicals can 
escape from the cage, but without 
enough energy to reach a second 
radical, that radiation can successfully 
produce stabilized radicals. In both 
methods, wherever two radicals re
combine a great deal of heat is 
liberated and the matrix in the neigh
borhood will be softened and melted. 
If olher radicals are close by, they 
will have an opportunity to diffuse 
together and react. In this wayan 
energy chain can be initiated causing 
the entire system to react very rapidly. 
Thus, as will be discussed later, the 
problem of trapping radicals in high 
concentrations is a very difficult one 
and has not yet been solved. 

Identification 
The identification of trapped radi

cals presents many serious problems, 
and, as a consequence, only a few 
have been convincingly identified. The 
difficulties are obvious. First, one can 
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never be certain that only one active 
species is present and, in fact, one 
can imagine few systems where this 
would be true. Second, almost no data 
exist on the effect of the crystal field 
upon the radical trapped in it. The 
principal means of identifying radicals 
trapped in solids have been emission, 
infrared absorption, and electron spin 
resonance spectra. Chemical evidence 
has also been employed, but not 
always successfully. 

'The free ra,dical s):,stems that h!cl~ 
been subjecte4 to:=!lie _!!lost e!'t.e!1si~~_ 

£nvestiga!i_ons ..,!Jave been hyjrog,:n, 
nitrogen,~gen -mr,and meth..>.:!. 
When -'hydrogen gas c ontaIning II 
atoms is condensed at 4°K only a 
very weak glow is observed in the 
gas near the solid and none in the 
solid itself (16). No absorption bands 
can be detected in the near infrared. 
Thus, there is no spectral evidence 
for trapped H atoms. H atoms have 

(22). Livingston irradiated solidified 
aqueous solutions of several acids 
with gamma rays from cobalt-60 at 
77°K, and Matheson and Smaller per
formed similar experiments with ice. 
Both groups measured the electron 
spin resonance of the irradiated solid 
and found spectra characteristic of 
hydrogen atoms, Table 1. The meas
urements on ice, however, gave line 

Table 1. Identification of trapped hy
drogen atoms. . 
RADICAL MATRIX TOK METHOD 

H, D H2 4 esr 
H Ice? 77 esr 
H, D H20-H2SO. 77 esr 
H CH. 4 esr 

separations much smaller than those 
in the gas phase or in the acid-water 
mixture. The discrepancy has not been 
satisfactorily explained. 

Nitrogen atoms have undoubtedlY 
been the most intensively inVeStigate,r - .-... --.--
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Remote at present, free radicals m<lY yet be used for future propulsion. 

been trapped in very low concentra
tion in a hydrogen lattice and have 
been pOSitively identified by Jen et al. 
(17, 18) using electron spin reso
nance. Hydrogen atoms gave a typical 
doublet and deuterium a triplet, 
similar to the spectra obtained in the 
gas phase. There has also been con
siderable speculation as to whether 
the hydrogen and deuterium atoms 
were trapped as Hs or Ds. Some 
electron spin resonance data 08) 
suggest this possibility but are incon
clusive. Attempts to predict the spec
trum of Ha from a priori theoretical 
considerations have also been incon
clusive (19). 

Some interesting measurements 
have been made by Livingston (20, 
21 ) and by Matheson and Smaller 

of any tG'lpped rad~!?aI. Unfor~.nat~,. 
some of the publisheil material IS 

conflicting, and final explanations of 
most of the phenomena have not as 
yet been adduced. The principal ener
getic s~Jes_presentJn the nitrogen 
afterg~w is_ atomic nitrogen in the . 
groun . (is) _st!lte (~~}, and in most_ 
of' the' -studies disc}lssed here _ the .. N_. 
atom concentration_is _in the . order of-· 
2% - (23, 24, ' 25). However, small 
amounts of nitrogen in both the 2D 
and 2p states are present (26), their 
concentrations being, perhaps, 1$ of 
that of the ground state N. The prin
cipal spectrum observed in the nitro
gen afterglow is due to the B8IIr--

+ 
-A8l;u transition of molecular nitro-
gen which in turn arises somewhat 
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indirectly from the recombination of 
nitrogen atoms. 

When the glowing nitrogen gas is 
condensed at liquid helium tempera
ture, the principal emission spectrum 
arises from 2D-·S transition of atomic 
nitrogen although many other bands 
are observed (4). The 2p_2D transi
tion of atomic nitrogen has been 
found in the near infrared emission 
spectrum (27). It is interesting that 

+ 
the B3IIg A3LU transition which 
dominates the gas phase afterglow 
is not observed. Unfortunately, im
purities account for much of the 
spectrum observed, and several false 
starts toward interpretation of the 
results are attributable to this fact. 
Thus, one of the principal sets of 
bands originally attributed to one of 
the nitrogen transitions was later defi
nitely proved to be due to the lSo
lD. transition of atomic oxygen pres
ent as an impurity (28). It is signifi
cant that the emission spectra of 
trapped Nand 0 wcre shifted slightly 
toward lower energies, suggesting 
somo kind of stabilizing interaction 
with the solid lattice. Milligan et at 
(29) obtained infrared absorption 
spectra on the glowing solid and at
tributed certain bands to the radical, 
N~. However, both energy and spin 
orbital correlation considerations cast 
some doubt upon N 3 as an important 
method of stabilizing N atoms. Thus, 
we have no spectral observations on 
the most important free radical species 

I presumably present in the solid
i namely N4S-and must rely on other 

methods for its detection. 
Perhaps the most positive identi

fication of trapped nitrogen atoms 
has been made by electron spin reso
nance. Both Cole et aZ. (30) and Fon
er et aZ. (31) measured the electron 
spin resonance spectrum of the con
densed nitrogen afterglow, Table 2. 
Both obtained a triplet similar to that 
of N4S in the gas. Foner et aZ. also 
studied the effect of hydrogen and 
methane as the trapping matrix and 
found a small shift in the hyperfine 
splitting, the shift increasing ~s ~e 
binding strength of the matrlX m
creased. All of the investigators found 
satellite lines which have not yet been . 
satisfactorily explained. 

Oxygen atoms, NH, NH., H<?, and 
OH radicals have been the subJect for 
numerous investigations, but unfor
tunately the evidence bearing on all 
of them is incomplete. Thus, as was 
mentioned above, 0 atoms have been 
found as impurities in the glowing 
nitrogen solid but as yet they have 
not been identified in oxygen that 
has been condensed after passing 

through a discharge. Ozone is evolved 
in copious quantities when the solid 
is warmed (32, 33), indicating that 
o atoms were present at some time 
but there is no convincing evidence 
that they are trapped in the solid. 
The NH radical has been tentatively 
proposed (1, 2) to explain the blue 
color of the solid obtained when hy
drazoic acid vapors are partially de
composed and immediately condensed 
at 77°K. However, its presence has 
not yet been proved although it now 
seems definite that, at most, it can 
be present only in small concentrations 
(34, 35). However, Robinson and 
McCarty (36) have detected both 
NH and NlLz by the absorption spec
tra of the products of a discharge 
through hydrazine and argon con
densed at 4°K. The OH and, especial
ly, the HO. radicals have been sought 
as explanations for the behavior of 
the solid obtained by freezing the 
gases leaving an electric discharge in 
water vapor or hydrogen-oxygcn mix
tures. Electron spin resonance data 
on sueh solids (37) might be at
tributed to OlI or HO., but the as
signment is not definite and the data 

. do not agree with electron spin r~so
nance measurements on gamma-rrra
diated ice (22, 38) which have also 
been attributed to these radicals. Io
dine atoms, CS, CIO, and benzyl 
have been trapped in hydrocar?on 
glasses irradiated with ultraviolet hght 
at 77°K, and their presence identified 
spectroscopically, Table 3 (39, 40). 

Several studies have been made in 
an effort to trap and identify organic 
radicals in various matrices. Unfor
tunately, few of these are completely 
convincing and, in fact, the only 
satisfactory studies have been of the 
methyl and benzyl radicals. In all 
cases except benzyl, attempts at iden
tification have consisted of measure
ment of the electron spin resonance 
spectrum of n solid at low tempera
tures. In most instances the solid is 
first irradiated with gamma rays to 
bring about dissociation and the for
mation of radicals. 

When protons are present in a free 
radical, they will couple or resonate 
with the spin of the unpaired electron. 
If all of the protons couple equally, 
the spectrum will show one line more 
than the total number of protons in 

Table 2. Identification of trapped nitro· 
gen atoms. 
STATE MATRIX TOK METHOD 

·S H"N.,CH. 4 esr 
2D N. 4 emission 

spectra 
• p N • 4 emission 

spectra 
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~ FREE RADICALS ~ 
Table 3. Identification of various 
trapped inorganic radicals. 
RADICAL MATRIX TOK METHOD 

o N2 4 emission 
spectra 

I glass 77 absorption 

CIO glass 
spectra 

77 absorption 
spectra 

20 absorption 

NH A 
spectra 

4 absorption 

NH, A 
spectra 

4 absorption 
spectra 

the radical. Thus, the spectrum of 
hydrogen atoms is a doublet and of 
methyl, a quart~t. W~t? equal ~ou
pIing the relative mtenSltJes o~ the l~es 
are also predictable, the ratios hemg 
those of the coefficients of the bi
nomial expansion to the power of the 
number of protons involved. These 
considerations form the basis for most 
of the identifications of organic free 
radicals entrapped in various matrices. 
Thus, Gordy and McCormick (41.) 
found a quartet in the electron spm 
resonance spectrum of zinc dimethyl 
irradiated with x-rays at 77°K. Smaller 
and Matheson (42) and Wall et al . 
( 43) irradiated solid methane with. 
gamma rays and found a quartet with 
intensities of the expected order, 
namely in the ratio 1:3:3:1. Jen et aZ. 
(18) passed methane through a mild 
discharge and trapped the products 
at 4 ° K. They Similarly irradiated 
methyl iodide with ultraviolet at 4°K. 
In both cases they obtained a quartet 
in the electron spin resonance spec
trum. The data thus show rather con
clusively a methyl" radical as the 
species trapped, Table 4. 

Several investigators have studied 
more complex systems and have at
tributed the resulting spectra to vari
ous possible individual free radicals. 
Thus, Gordy and McCormick (41) 
obtained a symmetrical sextet from 
irradiated mercury diethyl which they 
attributed to the ethyl radical. Smaller 
and Matheson (42) obtained a quartet 
of triplets on irradiation of ethane, 
ethylene, and ethyl chloride at low 
temperatures, and decided that their 
results were similar to those of Gordy 
and McCormick, except that the lat
ters' spectra involved line broadening 
due to the influence of the matrix. 
They also attributed their spectrum 
to the ethyl radical. It is not clear 
why other radicals would not also 
be formed in a system of this kind. 
Smaller and Matheson (42) have ir
radiated several hydrocarbons in this 
way and Luck and Gordy (44) have 
irradiated various alcohols, amines, 
and mercaptans. In each case, the 
spin resonance speetra were attributed 
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to a single free radical. Gibson et aZ. 
('15) and Ingram and Symons (46) 
have irradiated several alcohols fixed 
in a water-H20 2 glass with 2537 A 
mercury radiation. Apparently the hy
drogen peroxide was decomposed to 
OH radicals which then abstracted 
hydrogen from the alcohol leaving a 
free radical which was identified by 
its spin resonance spectrum. 

Concentration in the matrix 
It is evident from the above that 

the problem of identifying trapped 
free radicals with certainty is a com
plex one which has been solved satis
factorily in only a very limited number 
of cases. The problem of determining 
the number or concentration of 
trapped radicals is even more difficult 
since it involves not only identification, 
but measurement of the numbers in
volved. The most satisfactory methods 
for measuring concentration have 
been magnetic, employing either spin 
resonance or magnetic susceptibility. 
In his studies of hydrogen atoms, 
Livingston (47) estimated the hydro
~en atom content of the irradiated 
frozen aqueous solutions of acids to 
be in the order of 0.1%. He also col
lected the hydrogen evolved upon 
warming the mixture and got satisfac
tory agreement with the spin reso
nance measurements. Matheson and 
Smaller (22) estimated the hydrogen 
atom content of irradiated ice to be 
of the order of 0.05 mole %, and from 
dipolar broadening, Jen et aZ. (18) 
estimated that the hydrogen atom con
tent of the lattice was about 0.01%. 
In neither case were efforts made to 
maximize the hydrogen atom content 
and so the results given are not neces
sarily limiting. 

Perhaps the most convincing meas
urement of the concentration of nitro
gen atoms in a solid deposited from 
the nitrogen afterglow has been made 
by Fontana (48) who measured the 
magnetic susceptibility of the solid 
during deposition .. He found that the 
nitrogen atom content built up slowly 
to concentrations as high as about 
0.5%. Near this concentration the 
situation became unstable and a 
characteristic yellow flash occurred, 
at which point the temperature rose 
and the nitrogen atom content 
dropped precipitously. The atom con
tent would then slowly build up until 
the unstable situation was again 
reached. Wall et al. (48) have esti
mated the nitrogen atom content of 
gamma irradiated solid nitrogen to 
be about 0.1%. Other, and much less 
reliable methods, have led to values 
as high as 4 to 6% (49). However, 
these higher values came from meas-
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urements of total heat release. Be
cause this heat might have come from 
excited molecular species, the analysis 
should be taken with serious reserva
tions. 

Estimates of oxygen atom content 
in the solid condensed after passing 
oxygen through an electric discharge 
have led to values as high as 11%. 
It must be emphaSized, however, that 
oxygen atoms have never been posi
tively identified in the solid and the 
mcthods used for estimating their con
centration are indirect and extremely 
doubtful. Thus, calorimetric methods 
(49) lead to oxygen atom contents 
of the order of 6%, and interpretations 
based upon the formation of ozone 
(88) have led to values in the order 
of 11%. The calorimetric method is 
questionable because of the possibility 
that the heat released came from 
sources other than atomic oxygen, and 
the high value of 11% obtained by 
inference from chemical reaction is 
probably of no value since infrared 
spectra have shown that no change in 
ozone content occurred during warm
up of the solid (50). 

Wall et aZ. (43) found both methyl 
radicals and hydrogen atoms upon 
irradiating methane with gamma rays 
from cobalt-60 at 4°K. The total 
radical content of the solid was esti
mated, by electron spin resonance 
methods, to be of the order of 0.08%. 
Upon warming, the hydrogen atoms 
disappeared more quickly than the 
methyl. 

From the above it is evident that 
the best data uniformly point to very 
low free radical contents. This is 
especially disappointing to those in
terested in the use of trapped radicals 
as jet fuels. It should not be surprising 
since it is necessary that the radicals 
be separated by a rigid matrix if they 

. are to be prevented from recombining 
and since any recombination is prob
ably sufficient to set off a chain reac
tion, resulting in the disappearance of 
essentially all of the radicals. Statistical 

J. l. Franklin was 
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post of research as· 
sociate at Humble 
Oil & Refining when 
it was established 
in 1947. He recent
ly spent eighteen 
months with NBS, 
as guest scientist 
on the free radicals 

project. Frankli n has published in the 
fields of reaction kinetics, thermody· 
namics and electron impact phenom· 
ena. He is now on the advisory board 
for a new series of reference books on 
Advances in Petroleum Chemistry and 
Refining. A member of the farady Soci
ety. ASTM, and a fellow in the Physical 
Society. he is also a former chairman 
of A.I.Ch.E.'s South Texas Section. 

studies have been made by Jackson 
and Montroll (51) and Golden (52) 
in an effort to ascertain the probability 
of laying down an array of radicals 
on sites that would be sufficiently 
isolated from other radicals t() b!, 
stable. The results have shown a 
maximum of about 10-15% radicals in 
the solid. A more sophisticated treat
ment by Jackson (53), employing a 
model based on autoignition, has de
duced a maximum nitrogen atom 
content of about 0.3%, in good agree
ment with the value obtained experi
mentally by Fontana (48). Thus, it 
seems doubtful at this time that there 
are any reasonable prospects of ob
taining high concentrations of radicals 
in the near future. 

The effect of matrix material upon 
the stabilization of radicals has not 
been established although there have 
been small advances made in this 
field. In general, the higher the melt
ing point, or the higher the energy 
of vaporization of the matrix material. 
the more effective is the matrix in 
stabilizing radicals. This was indicated 
above in the effect of hydrogen, nitro
gen, and methane on the hyperfine 
splitting of nitrogen atoms (17. 18). 
It has also been observed by Pimentel 
and his colleagues (54, 55) who 
found that stabilization increases in 
the order nitrogen, argon, krypton, 
and xenon as would be expected 
fcom their melting points and heats of 
vaporization. However. there are es
sentially no data on the stabilization 
of radicals in strongly-bound matrices 
such as might be expected of water. 
An exception has been noted in the 
studies of irradiation of ice and 
aqueous solutions of acids at 77°K, 
where small concentrations of hydro
gen atoms were trapped. It is interest
ing that in Wall's studies of irradiation 
of methane, the hydrogen atoms dis
appeared at temperatures far below 
77°K. Glasses have been used in 
several studies and have been found 
to be effective in trapping radicals, 
but no systematic study of their ef
fectiveness has been made. It is evi
dent that much work still needs to 
be done to define the effect and mode 
of action of the matrix in trapping 
radicals. 
Recovery of trapped radicals. Very 
little has been done to develop me
thods of recovering radicals from a 
matrix. In fact, tlle author knows of 
only one brief paper on this subject. 
Broida and Peyron (56) collected 
the glowing nitrogen solid at 200K 
then let the solid warm slightly and 
distill to an adjacent surface at about 
1.2°K. The redistilled solid, collected 
at the lower temperature, showed the 
characteristic spectral lines of the 2D_ 
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'S .transition of nitrogen atoms, thus 
indicating that nitrogen atoms can be 
vaporizcd from a solid and recon
densed. The second solid also exhib
ited a faint glow indicating that 
other active species were probably 
transferred also. 
Chemical Reactions 

A few studies of chemical reac
tions of trapped radicals (other than 
simple recombinations) have been 
made. Klein and Schcer (57, 58) 
have studied the chemical reactions 
occurring when H or D atoms from 
the gas phase impinge upon and dif
fuse into thin layers of solid olefins 
at 77°K. With propylene and 1-
butene they found that the atom 
added to the terminal carbon yielding 
a sccondary radical which could then 
add n second II ntom, ciimerize, or 
disproportionate. Doth the structure 
and molecular weight of the olefin 
affected the results significantly. 

Using the matrix isolation technique, 
Pimentel (59) has studied the cis
trans isomerization of HNO. at 20oK, 
and at the same conditions Drown 
and Pimantel (60) studied the photo
lysis of nitromethane and methyl ni
trate. They concluded that the nitro
methane isomerized to methyl nitrite 
which then decomposed giving formal
dehyde and HN02 as principal prod
ucts. 

It was mentioned earlier that oxy
o~n gas containing 0 atoms produces 
ozone in large yields at low tempera
tures, although it is not certain that 
this reaction occurs in the solid phase. 
Similarly, water vapor or hydrogen
oxygen mixtures when passed through 
a discharge and condensed at 77°K 
produce considerable amounts of hy
drogen peroxide, but we are not 
certain that the reaction occurs in 
the solid. It is evident, however, that 
at very low temperatures only those 
reactions which involve very low ac
tivation energies can occur at signifi
cant rates. Thus, the techniques of 
carrying out chemical reactions at 
very low temperatures offer an op
portunity, in some instances, to obtain 
very high selectivities with low yields 
of undesirable by-products. But, 
much remains to be done bp-fore prac
tical applications can be expected. 

Table 4. Identification of some trapped 
organic radicals. 
RADICAL MATRIX T"K 

CH. Zn(CHa)2 77 
° 

CHa CH. 4 . 
CH20H glass 77 

0 

(CHa)2COH glass 77 . 
CH2 = CH-CHOH glass 77 

Table 5. Concentration of trapped radio 
cals. 
RADICAL MATlIlX TOK 

H,D H2 4 
CH, 4 
H20 77 
1I 20·naSo, 77 

N N2 4 
N2 4 
N2 4 
CH. 4 

Practical applications 

CONCENTIIA-

TION, % 
0.01 
0.05 
n.05 
0.10 
0.1 
0.5 
6.0 
0.032 

The advantage of using free radi
cals as rocket fuel arises from tl1e 
possibility of obtaining high tl1rust. 
Thrust depends primarily upon the 
energy rclease rer unit of mass and 
consideration o ' the various radicals 
that might be used reveals that only 
hydrogen ntoms or helium in the 
triplet (or higher) excited state would 
have any Jarge thrust advantage over 
more conventional fuels, The very 
low concentrations of trapped radi
cals obtained to date make this appli
cation very remole although, of course, 
some unexpected discovery might im
prove the prospects. 

If trapped radicals are ever con
sidered for commercial chemical proc
ess applications, several problems will 
demand serious consideration. Among 
the most serious of these are the very 
low temperatures involved and the 
accompanying problems of heat econ
omy. Most of the successful trapping 
of radicals so far has been at 4-
20oK, a temperature very difficult and 
expensive to achieve. The trapping 
agents employed have been charac
terized by rather weak matrix binding 
forces. In a few instances radicals 
have been stabilized at higher tem
peratures (77-125°K) in ice or cer- · 
tain glasses. It seems probable then, 
that by proper choice of matrix, 
higher, and hence more economic, 
temperatures can be employed. No 
serious study of this problem has been 
made, however, and a systematic in
vestigation would seem to be both 
desirable and necessary if any com
mercial application is to be achieved. 
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