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Trapped Free Radicals and
Electrons in Organic Glasses

Low-temperature studies provide information on

reaction intermediates of radiation chemistry.

When molecules absorb appropriate
amounts of energy, they fragment by
rupture of bonds between atoms or by
loss of electrons. Free radicals, elec-
trons, and positive ions are pro-
duced (for example, CH;CH; — 2CHj;
CH;CH;— CH;CH, +H; CH;CH3;—
CH,;CH;+ +e—). The structures and
reactions of the fragments are of basic
interest and practical significance. In
gases and liquids the lifetimes of these
species are normally very short. Dif-
fusion is rapid, and they combine with
each other on nearly every encounter.
Unless the temperature is low, the
atoms and radicals may also react with
stable molecules. Consequently, the
steady-state concentrations which can
be achieved for study are low. Rapid
analysis after brief, intense pulses of
activating radiation which produce
momentarily high concentrations (/)
has, however, made it possible to ob-
serve the optical spectra and reaction
rates of species with half-lives as short as
10— 11 second. Free radicals present at
steady-state concentrations of about
10—7 molar during the continuous ir-
radiation of liquid hydrocarbons with
high-energy electrons have been studied
by electron spin resonance (ESR), and
the signal of solvated electrons in
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water has been seen by similar tech-
niques {2). Low steady-state concen-
trations of atoms and radicals have also
been observed by ESR in static and
flow systems activated by visible, ultra-
violet, and microwave radiation.

In contrast to the situation in the
gaseous and liquid states, diffusion of
radicals and ions in rigid glassy or crys-
talline matrices is so slow that they
may not encounter each other for min-
utes, or even years, and reaction with
matrix molecules may be precluded by
activation energy barriers. In such sys-
tems the trapped species can be pre-
served for long times and studied at
leisure by relatively simple techniques.

The present article surveys some of
the current knowledge of the trapping
of radicals, hydrogen atoms, and elec-
trons produced in organic glasses by
radiolysis and photolysis. Results in
the field provide information on the
spectra, identity, spatial distribution,
and reaction kinetics of the trapped
species and reveal previously unsus-
pected properties of the matrices, such
as the ability of glassy hydrocarbons to
trap electrons and positive charge.

The work before 1959 on the trap-
ping of free radicals has been reviewed
comprehensively (3). More recent re-
views cover such topics as ionic pro-
cesses in y-irradiated solids (4), the
radiation chemistry of organic solids

(5), reaction intermediates in organic
solids (6), the radiation chemistry of
frozen polar systems (7) and of frozen
nonpolar and slightly polar systems
(8), the spatial distribution of free
radicals in irradiated solids (9), and
free radicals and their reactions at low
temperatures (/0). Many studies of
free radicals deposited on a cold finger
after production in the gas phase, and
examined by their infrared, visible, and
ultraviolet spectra, have also been re-
ported (11, 12).

Trapping and Detection of Radicals

Trapped free radicals are produced
in any glassy organic materials exposed
to x-rays, y-rays, or high-energy elec-
trons at temperatures near or below the
glass transition temperature (viscosities
of about 10'2 poises or higher). Mecha-
nisies of formation include decomposi-
tion of excited states (for example,
C,Hg*— C,Hy + H; the asterisk de-
notes an excited state); proton transfer
(CoHgt + CyHg— CoHyt + CoHy) 5 ab-
straction by hot atoms or radicals
(C,Hg+ H*— C,H; + H,); dissociative
electron attachment (CHgl+e——
CH;+1-); and photolysis of the
matrix or a solute. The yields of
trapped radicals produced in organic
solids by ionizing radiation are typi-
cally about three radicals per 100 elec-
tron volts absorbed; the quantum yields
from ultraviolet irradiation are usually
less than one. The radicals may be re-
tained for years at a sufficiently low
temperature, but they decay increas-
ingly rapidly as the temperature is
raised. In crystalline organic com-
pounds, trapped radicals usually decay
rapidly at temperatures above about
0.8 of the absolute melting point but
are stable for days or years at lower
temperatures.

Electron spin resonance spectroscopy
is by far the most useful method for
detecting and studying radicals trapped
in organic solids. It is sensitive (to ap-
proximately 10—°M radicals) and pro-
vides a theoretically predictable “finger-
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print” for each type of radical. Al-
though the line broadening that occurs
in solids and the overlapping of spectra
are limitations, they have not precluded
studies of the products of radiolysis
and their reactions. Early workers (13)
have reported the spectra of radicals
produced by irradiation at 77°K of
many alkanes, olefins, alcohols, alde-
hydes, ketones, ethers, acids, esters, alkyl
halides, and complex compounds of bi-
ological interest. Infrared analysis for
organic radicals in organic matrices is
generally precluded by the overlapping
absorption bands of the matrix mole-
cules. Visible-ultraviolet analysis has
not been employed extensively with
v-irradiated organic glasses because of
lack of knowledge of the spectra of
radicals of the type formed and am-
biguities introduced by competing ab-
sorptions from cations, carbanions,
trapped electrons, and olefinic reaction
products. The limitations are more
severe in these systems than in those
used for the characterization of many
small frce radicals by their optical

Decay of Radicals

The kinetics of the decay of radicals
in rigid matrices are of three types.
These reflect the spatial distributions
of the radicals that result from the
mechanisms by which they are formed
(5, 6, 14).

One type is shown by methyl radicals
produced from methyl halides (CH;X,
where X represents a chlorine, bromine,
or iodine atom) by dissociative electron
capture (CHzX+e~—>CHg+X~) in
glassy 3-methylpentane (3MP) at 77°K.
The radicals decay by “pure” first order
kinetics (the logarithm of the radical
concentration is a linear function of
time) with a half-life of 16 minutes
(14-16). This is shown by the straight
line of Fig. la. The first order kinetics
require that each radical disappear by
an event which is independent of the
concentration of other radicals in the
system. Events which meet this criterion
are: (i) decomposition of the radical
(this is ruled out by the known stability
of the CHj radical); (ii) abstraction of
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centrations of radicals for the three ex-
periments were in the ratio 2 : 1 :2,

(CH; 4+ C4H,y — CH, + CyHyy); (iii)
recombination of the radical with its
original (geminate) partner (CH; + X~
— CHyX~) before escape of either
from the parent molecular cage in
which they were formed. The abstrac-
tion reaction could occur in the glass
at 77°K at the rate observed only if
the activation energy is much lower
than in the gas phase. In y-irradiated
3MP glass containing CHzX the CH,
yield found after radical decay is much
less than the initial CHy yield (/4).
This result is inconsistent with an ab-
straction mechanism and has led to
interpretation of the decay of radicals
in hydrocarbon and alkyl halide ma-
trices in terms of the geminate recom-
bination mechanism. Evidence for ab-
straction reactions in CHgCN, CH3NC,
and CH3;OH matrices at 77°K is noted
in a later section. Rearrangement of the
radical to a geometry favorable for re-
action must be the rate-controlling step
since the rate of decay in 3MP is in-
dependent of whether the geminate
partner is an iodide, bromide, or chlo-
ride ion (14, 15). The rearrangement
appears to be controlled by thermal
motions of the molecules in the walls
of the cage or their substituent groups.
Decay rates increase with increasing
temperature.

With the exception of CHj radicals
in 3MP, all the radicals produced by
dissociative electron capture in all the
matrices studied show fractional rates
of decay, which decrease as the frac-
tion decayed increases. This, the second
of the three types of decay, is illus-
trated in Fig. 1a for CH; in 2-methyl-
pentane and methylcyclohexane (I4).
The decay curves for samples that
have received different doses, and hence
have greatly different concentrations of
radicals, are superimposable if plotted
as the fraction of radicals remaining
against time. This indicates that the
fate of every radical is determined by
combination with fragments from the
same electron track, since it is unaf-
fected by increasing the number of
tracks. The decrease in the fractional
rate of decay with increasing fraction
decayed indicates that different members
of the radical population have different
probabilities per unit time of achieving
the configuration necessary for recom-
bination with the geminate partner, with
which they are predestined to react.
The decay rates decrease with increas-
ing radical chain length, and sometimes
change from one matrix to another in
a direction opposite to the direction of
change in viscosity (I4). Such reac-
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tions have been called “time-dependent
first order” or “composite first order”
reactions. They are first order in dose
(initial concentration), but not in time.
They may be viewed as governed by a
continuum of first order rate constants
determined by a continuum of types of
restraints placed on the radicals by the
matrix molecules.

Radicals which are not produced
sufficiently close to a reaction partner
to combine within the parent cage,
spur, or track diffuse randomly in the
matrix and combine with each other
by second order kinetics. (The spurs are
small volumes of high-density molecular
fragmentation produced by the low-
energy electrons ejected along the
tracks of the primary, high-energy elec-
trons which are ejected by the v-
rays.) This, the third type of radical
decay, is illustrated by the decay at
87°K of the last approximately 50 per-
cent of the 3-methylpentyl radicals
produced by y-irradiation of 3MP at
77°K (Fig. 1b) (14). The initial 50
percent decay by composite first order
kinetics (/7). These must react within
the parent spur or track, whereas the
radicals decaying by second order
kinetics escape the parent track and
react at random. A sharp contrast in
rate of decay between 3-methylpentyl
radicals produced in spurs with aver-
age distances between potential reaction
partners of several molecular diameters
or more and those born and retained
within the same cage as their potential
reaction partner is illustrated in Fig.
lc (14). The lower curve shows the
decay of 3-methylpentyl radicals pro-
duced by abstraction of hydrogen from
3MP by hot hydrogen atoms from the
photolysis of HI (HI+ Av—>H* +1;
H* + C6H14 hd CGH13 + Hz; hV de-
notes light). This process leaves the I
atoms trapped adjacent to the CgH;,
radicals. The radicals combining with
the atoms decay by composite first
order kinetics, as shown by the super-
imposability of the normalized curves
for different doses. This decay is much
faster than that of an equal concentra-
tion of radicals produced by y-irradia-
tion (see upper curve of Fig. 1c).

Deuteration and Structure Effects

Deuterated radicals and protiated
radicals with the same structure [for
example, CD3 and CH; (14); or C,D;,
CD3;CH,, CH,CD,, and C,Hy (18)],
produced by dissociative electron cap-
ture in 3MP glass at 77°K decay at
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equal rates. Deuteration of the matrix,
however, causes a dramatic decrease
in rate. The half-life of CH; and CDj4
radicals in C4H;4, (3MP-h,,) at 77°K
is 16 minutes, and in C4D,, (3MP-d,,)
it is 150 minutes (14, 19). That of
C,H; is 300 minutes in CgH,,; and
1500 minutes in CgDyy (I4). All of
the values are for matrices irradiated
immediately after quench cooling at
77°K. The decay rates in matrices that
have been allowed to stand for several
hours at 77°K before irradiation are
slower. The rates of decay of the four
isotopic ethyl radicals in their respec-
tive parent matrices of ethyl iodide
glass become progressively slower as
deuteration of the matrices increases
(Fig. 2a). The viscosities and molar
densities of CgHy, and C¢D,, are iden-
tical, within the accuracy of the deter-
minations (20). Thus, it appears that
differences in the rotational or vibra-
tional frequencies of the molecules or
their groups must control the rates of

recombination of the geminate pairs.
Whatever the property of the matrix
responsible for the matrix isotope ef-
fect, it plays a less important role as
the temperature is raised; the rates of
decay of methyl radicals in C¢H,, and
C;D,4 approach equality at 87°K (/4).
Current work (21) indicates that the
rates of decay of CH; radicals in C4Dy,
glass at 77°K are different for different
geminate partners (I—, Br—, Cl-), in
contrast to the identity of decay rates
in CGH14'

If, as postulated, the rate of radical
decay is determined by the rate at
which radicals retrieve the configura-
tion necessary for combination with
their geminate partners, it would be
expected to vary for isomeric radicals
of the same mass. Such an effect is
observed for the isomeric butyl radicals
formed from the isomeric butyl chlo-
rides by dissociative electron capture in
3MP-d,, glass at 77°K (Fig. 2b) (18).
However, differences dependent on
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Fig. 2. (a) Decay of isotopic ethyl radicals in y-irradiated glassy ethyl iodides at 77°K
(18). (b) Decay at 87°K of isomeric butyl radicals formed by dissociative electron
capture by 1 mole percent butyl chlorides in 3MP-di, (18). (c) Decay at 77°K of iso-
meric butyl radicals in y-irradiated glassy butyl chlorides (18). (d) Decay at 87°K of

C:H:, n-C;H,, and n-C:sH}, radicals formed by

dissociative electron capture by 1 mole per-

cent alkyl iodides in 3MP-d., (18). (e) Decay at 77°K of CiHis, C;Hu, C.H,, C;H:, and
C.H; radicals in y-irradiated glassy n-CeHuCl, n-C:H.Cl, n-C;HsCl, n-C:H.Cl, and
C.HCl, respectively (18). (f) Decay at 77°K of CsHu radicals in glassy n-CsHuCl,

'n-C;-.HuBr, and n-CsHul ( 18) .

555



radical structure are outweighed by dif-
ferences dependent on matrix structure
when the latter is changed; the decay
rate of secondary butyl radicals changes
from slowest to fastest when the radi-
cals are observed in matrices of their
parent isomeric butyl chlorides (Fig.
2c) rather than in 3MP-dy,. Other
structural effects on decay rates include
a decrease in rate with increase of the
chain length of radicals decaying in
3MP-d,, (Fig. 2d), a deviation from
chain length dependence for ethyl radi-
cals among radicals decaying in their
parent alkyl chloride glass matrices
(Fig. 2e), and a decrease in decay
rate of ethyl radicals as the matrix is
changed from ethyl chloride to bro-
mide to iodide glass (Fig. 2f) (I8).

In contrast to alkyl radicals produced
by dissociative electron capture by
alkyl halides in glassy alkanes and
alkyl halides, methyl radicals in crystal-
line CH4CN, CHZNC, and glassy
CH30H decay by abstraction of hydro-
gen from the matrix (22), forming
CH,CN, CH,NC, and CH,OH. The
temperature dependence of the rates
corresponds to activation energies of
about 1 kilocalorie per mole, compared
to approximately 10 kcal mole—?! in
the gas phase, and there is a very large
isotope effect, the rate being vanish-
ingly small in the completely deuterated
compounds. These abstraction reac-
tions appear to result from quantum
mechanical tunneling (22, 23), the
only alternative being a reduction in
activation  energy resulting from
changes in molecular configuration in
the solids compared to the gases. Cal-
culations for one-dimensional tunnel-
ing for different potential energy bar-
riers support the tunneling hypothesis
(23).

In crystalline organic compounds,
where decay of trapped radicals is
usually very slow at temperatures be-
low about 0.8 of the absolute melting
point, rapid decay sometimes occurs on
warming through a solid-state transi-
tion which occurs at a much lower
temperature (24). The decay is appar-
ently aided by the structural and vol-
ume changes at the transition. The on-
set of decay is sharp in samples
annealed at the transition temperature
while cooling; but in quench-coolsd
samples, which may have islands of
the high-temperature phase present in
the low-temperature phase, it occurs
below the transition temperature. In
this range, decay proceeds rapidly on
heating to each new temperature and
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Fig. 3. Growth and decay of ESR signals
attributed to C.H; radicals in quench-
frozen (77°K) +-irradiated polycrystal-
line C.HsI when the temperature of the
sample is raised to 134°K. The “central
lines” are the C.H; signal; the outer lines
of the spectrum, which is 1000 gauss
wide, are tentatively assigned to a species
such as C.HsI*, which vyields C.H: and
I. on reaction with I. Each curve repre-
sents a different ESR line.

then falls to zero, which suggests a
series of activation energies for the
matrix equilibration processes that
facilitate the decay (24).

Figure 3 illustrates two solid-state
reactions that occur in y-irradiated
quench-cooled polycrystalline C,H;l
when it is heated to 134°K (about 0.8
of its melting point). A complex ESR
spectrum of more than 30 lines sud-
denly decreases in intensity, while the
6-line spectrum of the C,H; radical
grows rapidly and then decays (I38).
No such growth occurs in samples
frozen slowly at the melting point
(165°K) or in quench-cooled samples
warmed to 145°K before irradiation
at 77°K. It may be speculated that
the growth is due to a reaction such
as CoHzI+ + C,HgI~ = 2C.H; + 1, fa-
vored by structural reorganization in
the strained samples. In the absence of
strain the reaction occurs at higher
temperatures, where the C,H; radicals
decay too rapidly to be observed.

Differences in crystal structure of
otherwise similar matrices sometimes
cause major differences in the relative
stability of different reaction intermedi-
ates. This is illustrated by the “odd-
even effect” in y-irradiated polycrystal-
line alkyl iodides. In the glassy state
all of the iodides give the ESR spec-

trum of the corresponding alkyl radi-
cal. The polycrystalline iodides with
an uneven number of carbon atoms
(Cs, C5, C;) also give the alkyl radical
signal, but the polycrystalline C,, C,,
C,, and Cg iodides give completely dif-
ferent and more complex spectra,
which must involve the interaction of
unpaired electrons with iodine nuclei
(25).

Other examples of the sensitivity of
reaction pathways to matrix structure
include: (i) the formation of isobutyl
radicals in the glassy state as con-
trasted to tertiary butyl radicals in the
polycrystalline state, when mixtures of
92 mole percent isobutane and 8 mole
percent 3MP are irradiated at 77°K
(26); (ii) radical formation predomi-
nantly by the rupture of secondary
C-H bonds rather than the weaker
tertiary or more abundant primary
bonds when glassy 3-methyl alkanes
are exposed to y-irradiation, hot atom
attack, hot radical attack, or photo-
sensitization by aromatic solutes (27);
and (iii) other unexpected bond selec-
tivity effects in 2-methyl alkanes (10,
28).

In y-irradiated 3MP glass containing
dissolved O, or Cl, at 77°K, the spec-
trum of the 3-methylpentyl radical
gradually changes to that of the peroxy
radical in the case of O,, and to a
spectrum attributed to a complex be-
tween a 3-methylpentyl radical and a
chlorine molecule in the case of Cl,.
The rates of reaction have been used
to estimate the diffusion coefficients of
the O, and Cl, in the matrix (29). A
similar conversion of alkyl radicals to
peroxy radicals was observed when
radicals formed in a rotating cryostat
were exposed to gaseous O, (10).

Growth of Radicals

During y-irradiation of glassy hydro-
carbons the concentration of trapped
radicals grows in direct proportion to
the dose up to radical concentrations
of at least 5 X 10—4M (30). In other
matrices—including  ethylene glycol
(31), C,H;I (32), and C,Brg (33)—
the rate of growth decreases with in-
creasing dose. For example, the rate of
Br, production during y-radiolysis of
C,Br; decreases by a factor of 10 as
the dose is increased from 0.2 X 101
to 5X 101 electron volts per gram.
One interpretation of this decrease is
that radicals are preferentially formed
near defect sites where other radicals
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have already been formed, with each
cluster disappearing by combination
when it reaches a critical size (31).
In another model it is assumed that
the radicals are formed in convention-
ally distributed tracks and spurs and
that radiation-catalyzed removal of
radicals occurs because energy or
charge deposited in the matrix during
continuing irradiation migrates, en-
counters the spurs, and hastens radical
recombination within them (32). A
model has been developed for the
quantitative evaluation of the compet-
ing growth and decay reactions (34).

Distances between Radicals

Irradiated oximes (28), polymers
(35), crystalline normal alkanes, and
glassy squalane (CgHgp) (36) give
ESR signals of transitions character-
istic of the triplet state of radical pairs
with separations between pair partners
of 5 angstroms to 7 angstroms. In these
characteristic transitions the spin mag-
netic quantum number My changes by
2: AMy = 2. Pair formation relative to
the production of isolated radicals
varies with the chain length and other
properties of the matrix. The most
probable mechanisms for pair forma-
tion appear to be (i) ejection of a hot
hydrogen atom from a C-H bond, fol-
lowed by its attack on an adjacent
molecule to form Hy; and (ii) proton
transfer to an adjacent molecule
(RH+ +RH—R +RH,+, where R is
a group such as CgH,3 from the CgH, 4
molecule), followed by the reaction
RH,*+ +e~—R+H,. First order ki-
netics have been reported for decay of
radicals in polymers, as expected for
decay by recombination with geminate
partners (37). )

There is little evidence on ESR sig-
nals corresponding to triplet state tran-
sitions with AMg =2 from ion pairs,
although this would be of great inter-
est. It appears that the ESR spectrum
of y-irradiated single crystals of maleic
anhydride can be explained in terms
of species formed by electron transfer,
but not by neutral radicals (38).

The high-energy electrons (averaging
approximately 5 X 105 ev for 6°Co)
ejected by y-rays are believed to dis-
sipate their energy by ejecting electrons
of much lower energy (approximately
100 ev) at intervals of 1000 A or so
along the electron track. The low-
energy electrons excite and ionize
molecules within a relatively small vol-
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ume, the spur. Studies of saturation of
the ESR signals of trapped electrons
have been used to make estimates of
the maximum size of the spurs by
determining the y dose at which the
relaxation time [(T,T,)%5 where T,
is the spin-lattice relaxation time and
T, the spin-spin relaxation time] begins
to decrease as a result of spin-spin
relaxation between electrons from dif-
ferent spurs. For trapped electrons in
3MP glass, the data imply spur radii of
more than 130 A, and in methyltetra-
hydrofuran (MTHF) radii of more
than 63 A are inferred (39). Similar
data obtained from ESR spectra of
free radicals show relaxation times at
low doses which are shorter than those
for electrons and do not change at the
highest doses tested. This suggests the
possibility that many of the radicals
are formed in pairs.

Photochemical Reactions of Radicals

Potentially, the trapping of radicals
at substantial concentrations in rigid
mairices opens the way to a study of
photochemically activated reactions of
such radicals. Examples of such reac-
tions include the isomerization of ter-
tiary butyl radicals to isobutyl radicals
in y-irradiated isobutyl bromide at
77°K, and photoinduced radical con-
versions in polymers; also, enhanced
yields of certain products are obtained
from alcohols exposed to ultraviolet
light at 77°K following y-irradiation
(40). Progress in the field has been
hindered by lack of knowledge of the
optical absorption spectra of free radi-
cals, and the difficulty of determining
these in y-irradiated systems because
of interference from overlapping spec-
tra of carbanions, cations, trapped elec-
trons, and radiation-produced olefins.

Trapped Hydrogen Atoms

Trapped hydrogen atoms produced
by y-irradiation of methane at 4°K
(41) are stable for hours at that tem-
perature but disappear on warming to
30°K (42). Systematic attempts to
produce them by the y-irradiation of
other rigid hydrocarbons at 4°K or
above have given negative results (42),
but they can be produced by photolysis
of HI in perdeuterated 3MP at 50°K
or below. The kinetics of their growth
and decay suggest that the rate-con-
trolling step is the detrapping, and that

retrapping is improbable (43). The
absence of trapped H atoms in radio-
lyzed 3MP-d;, containing HI, whereas
the ESR signal of the H atom appears
when the HI is photolyzed, indicates
that radiolysis of the solid does not
produce H atoms or, if it does, that
they all react with matrix molecules to
form HD, or are of too low energy
to be trapped (43). In contrast to the
photolysis of HI in 3MP-d;,, no
trapped H atoms are formed when HI
is photolyzed in 3MP-h,,. This matrix
isotope effect is due to a reduction in
the yield of thermal H atoms because
the photochemically produced H
atoms can abstract H from C-H bonds
more readily than D from C-D bonds
(44).

Several investigators have observed
and studied trapped H atoms in acidic
ices at 77°K and below (45).

Electron Trapping

Electrons produced in a medium by
ionization of its molecules may have
only a transitory existence before re-
combination with the positive ions, or
these free (mobile) electrons may be-
come stabilized by nonspecific inter-
actions with groups of surrounding
molecules. The lifetimes of stabilized
electrons (46) range from years for
solvated electrons produced by the ad-
dition of alkali metals to compounds
such as liquid ammonia and for “F”
centers in alkali halide crystals, to
microseconds for electrons in irradi-
ated liquid water (47) and in liquid
alcohols and hydrocarbons (48).

In the glassy state of many organic
materials at low temperatures, trapped
electrons are stable for days. Concen-
trations as high as 1017 g—1 in 3MP
(49) and 10'® g—1 in ethanol (50)
have been observed after y-irradiation.
The techniques by which they can be
investigated include ESR and optical
spectroscopy, thermally and photo-
chemically stimulated Iuminescence,
and electrical conductivity (4—6). Elu-
cidation of the nature of the potential
wells that prevent the electrons from
migrating rapidly to the equal popula-
tions of cations in the matrices now
challenges investigators. Questions to
which answers are being sought experi-
mentally include: Do the matrices con-
tain preformed trapping sites, or does
the electron “dig its own hole” by
orienting molecules by polarization
forces? What trap depths are indicated
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by the wavelengths capable of produc-
ing photobleaching? Are all traps in a
given matrix of the same depth? Do
they have bound excited states to
which the electrons can be raised with-
out being detrapped? Do electrons re-
act with the cation population at ran-
dom, or only with their geminate
cations? Can trapped electrons tunnel
to cations and scavenger molecules?

Nature of Electron Traps

Pulse radiolysis studies (51, 52) and
effects of temperature on the optical
and ESR spectra (53, 54) of electrons
produced in organic glasses at 77°K
and below indicate that they are
trapped in less than 10—7 second, but
that the initial trapping environments
are subsequently altered by the polari-
zation forces. The absorption spectrum
of electrons in glassy ethanol immedi-
ately after a 12-nanosecond radiation
pulse at 77°K (Fig. 4A) is dramatically
decreased at the longer wavelengths
and increased at the shorter (solid line
of Fig. 4A) after 4 microseconds. This
suggests an increase in the energy of
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Fig. 4. (A) Transient absorption spectra
of trapped electrons following pulse ra-
diolysis (12 nsec) of ethanol glasses at
77°K (51): (dashed line) spectrum at
the end of the pulse; (solid line) spectrum
after 4 usec. (B) Absorption spectra of
trapped electrons in ethanol glass at 4°K
after y-irradiation at 4°K (53). Spectrum
a was obtained before photobleaching
and spectrum b after bleaching with
1200-nm radiation. Spectrum c¢ was ob-
tained when irradiation and measurement
were done at 77°K with the same v dose
used at 4°K.

558

binding of the electrons, resulting from
orientation of the dipolar alcohol mole-
cules in the walls of the traps. Irradia-
tion of ethanol glass at 4°K induces a
stable spectrum (Fig. 4B), qualitatively
identical with the initial transient spec-
trum in the pulse experiments at 77°K.
The electrons responsible for this spec-
trum must be trapped in sites present
before irradiation, since rapid orienta-
tion of dipoles is precluded at 4°K.
Photobleaching at long wavelengths
appears to detrap selectively the more
weakly trapped electrons (Fig. 4B).
When samples irradiated at 4°K are
warmed to 77°K the spectrum shifts
(53) to that obtained when the irradia-
tion is done at 77°K; this indicates
that, as the matrix softens, the polari-
zation forces are able to deepen the
traps.

In agreement with the evidence from
optical spectra, the ESR line of trapped
electrons in ethanol irradiated and ob-
served at 4°K is much narrower (6.7
gauss) (54) than that for irradiation
and measurement at 77°K (14 gauss).
Variations in both the optical and
ESR spectra with the nature of the
medium indicate that the trapped elec-
tron interacts with the surrounding
nuclei. The maximum of the optical
absorption band shifts to shorter wave-
lengths (Fig. 5a) and the ESR line
width broadens (Fig. 5b) as the polar-
ity of the matrix increases (55). The
ESR line width in C,H;OH glass at
77°K is 14 gauss and that in C,bH;OD
glass at 77°K is 6 gauss (54, 56), indi-
cating that the molecules in the walls
of the traps are predominately oriented
with their hydroxyl groups toward the
electrons. Glassy mixtures of isopropyl
alcohol and ethylene glycol (static di-
electric constants 18.6 and 37.7) show
a single optical absorption curve for
each composition, which shifts to the
blue and narrows with increasing ethyl-
ene glycol concentration, suggesting a
random orientation of the two types of
molecules in the walls of the trapping
site. By contrast, in mixtures of n-
propyl alcohol and 3MP the two peaks
characteristic of the independent sol-
vents are found, suggesting aggregation
of the alcohol molecules (55). The
optical absorption spectrum of trapped
electrons in C,H;OH glass at 77°K is
similar to the spectrum of solvated
electrons in liquid ethanol, except that
it is narrower and shifted to shorter
wavelengths (55, 57). This suggests
that the electrons are held in similar
molecular cages in the two media, the
volume being smaller in the glass. The

much shorter lifetime of the electron
in the liquid is presumably due to a
combination of thermal turnover of the
cage structure, rapid diffusion to cat-
ions, and chemical reaction with
C,H;OH.

The stable optical spectra of trapped
electrons observed after relaxation of
the dipolar environment at 77°K (Figs.
4 and 6) might result from: (i) a
continuum of trap depths, with only
photons of energy in excess of the trap
depth being absorbed; (ii) uniform
trap depths, with the threshold energy
for detrapping being at the long-wave-
length end of the spectrum; or (iii)
traps with bound excited states ac-
counting for absorption at the longer
wavelengths of the spectrum, with the
photothreshold for detrapping being at
lower wavelengths. If there were a
continuum of trap depths, changes in
spectral shape might be expected dur-
ing thermal decay and during photo-
bleaching with selected wavelengths of
monochromatic light. Slight shifts have
been reported (50, 58), but they are
small, suggesting that all traps in the

Emax (ev/photon}

Methylcyclohexane

20 gauss

Ethanol

Fig. 5. (a) Photon energy (Emax) at the
maximum of the optical absorption spec-
trum of trapped electrons at 77°K as a
function of the static dielectric constant
(D.) of the organic matrices. The matrices
ranged from 3MP (D.=2) to glycerol
(Ds = 43). (b) Electron spin resonance
spectra at 77°K of trapped electrons in
glassy methylcyclohexane and  glassy
ethanol (55). In each case the central
singlet is the electron signal.
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same medium are very similar, Photo-
bleaching thresholds of approximately
1.4 and 0.75 ev have been indicated
for detrapping of electrons in glassy
MTHE (58) and 3MP (59), respec-
tively. In each case the spectrum ex-
tends to much lower energies, this por-
tion being attributed to absorption
which results in exciting electrons to
bound excited states of the traps. There
is evidence that in MTHF an electron
in a bound excited state may absorb a
second photon which detraps it, pro-
ducing bleaching and photoconductiv-
ity (60). For 3MP there is new evi-
dence that the detrapping threshold is
about 0.53 rather than 0.75 ev (61).
The initial quantum yield for bleaching
rises continuously from about 10—2 at
0.53 ev to higher values at shorter
wavelengths, suggesting that the proba-
bility of a detrapped electron “finding”
a cation rather than being retrapped
may increase with the amount of en-
ergy it is given in excess of the trapping
energy. During photobleaching of the
first 50 percent of the trapped electrons
in MTHF glass, the relative quantum
yields for bleaching decrease by a fac-
tor of 20 (58). In 3MP glass the abso-
lute quantum yields decrease from 0.8
to 0.3 during bleaching of the first 50
percent of the electrons (59). These
interesting changes have not yet been
satisfactorily explained.

Spatial Distribution of Traps

As with the free radicals discussed
in an earlier section, trapped electrons
produced by y-irradiation of an organic
glass might be expected to be present
in spurs, that is, in local concentrations
higher than the average concentration
in the system. Estimates of the average
distance of separation of the electrons
from other entities with unpaired spins,
made from studies of the power satu-
ration characteristics of the ESR sig-
nal, yield values of 40 to 50 A (62)
and 60 A (39) in MTHF, more than
130 A in 3MP, and 100 A in triethyl-
amine (39). They suggest that the
electrons are more dispersed than the
free radicals, and that the separation
increases with decreasing polarity of
the matrix (39).

Three types of evidence indicate that
each electron is trapped so close to a
particular positive ion that it must in-

evitably combine with that ion. One is-

that the fraction of the electrons that
decay per unit time after a short ir-
radiation is independent of the inten-
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Fig. 6. Absorption spectra of trapped
electrons in v-irradiated 3MP at 77°K.
(Circles) Five minutes after irradiation;
(squares) 45 minutes after irradiation,
when approximately 50 percent of the
electrons had decayed. The absorbancies
for the two spectra were normalized at
1560 nm (81).

sity of the irradiation and hence of the
concentration of electrons and cations
(5, 6). The decay curves for samples
with widely different doses are super-
imposable after normalization for dose.
Similarly, the decrease in the quantum
yield for photobleaching with increas-
ing fraction bleached is independent of
the initial electron concentration (58).
The second type of evidence for gemi-
nate recombination comes from ob-
servation of the polarization of the fluo-
rescence emitted when electrons pro-
duced in 3MP glass by photoionization
of a solute by vertically polarized light
are photobleached in the presence of
a large population of cations produced
by horizontally polarized light (63).

The fluorescence is predominately
vertically polarized. The solute used
was tetramethyl-p-phenylenediamine
(TMPD). The trapped electrons pro-
duced from it give the same optical
and ESR spectra and decay rates as
those produced by y-irradiation (64),
indicating that the characteristics of
the electron traps in glasses are not
dependent on the nature of the cation.
Studies with TMPD have given addi-
tional evidence for geminate pair trap-
ping; that is, the application of an
electric field to a photoionized sample
produces a burst of luminescence
which is not repeated by a second ap-
plication with the same polarity, but
is repeated when the polarity is re-
versed before the second application
(65). This is interpreted as indicating
that all electrons are trapped within
the Coulomb field of the geminate cat-

ion and that, for those on the negative
side of the cation relative to the ap-
plied potential, the potential couples
with the Coulomb force of the cation
in overcoming the potential barrier of
the trap in the direction of the cation.
It is concluded from the data that the
trapped electrons are distributed in the
range of 10 to 50 A from the cations.

Evidence for Electron Tunneling

There has been a problem (5, 6, 66)
of reconciling the concept of geminate
pair trapping with evidence that elec-
trons produced by y-irradiation or
photoionization travel thousands of
angstroms before being trapped. The
long ranges are implied by the effi-
ciency of electron scavenging solutes,
which compete for electrons that would
otherwise be trapped; for example,
10—% mole fraction of biphenyl in
3MP glass reduces the yield of trapped
electrons almost to zero (4, 67). Cor-
relation of the two seemingly contra-
dictory lines of evidence appears to
be provided by evidence (66, 68) that
nearly all newly produced electrons are
trapped before being scavenged, and
that the scavenging process occurs as
a result of subsequent tunneling to
scavenger molecules which have a
greater electron affinity than the trap
depth. In matrices where no decay of
trapped electrons occurs in the absence
of a scavenger, transfer from traps to
scavenger molecules has been observed
over a time scale of 1 usec to 10 min-
utes; the kinetics observed are as pre-
dicted for a tunneling process, approxi-
mately equal concentrations decaying
per order of magnitude increase in
time. Other evidence that indicates tun-
neling includes: (i) the enhancement
of the yield of the anion of a scavenger
of high electron affinity as the con-
centration of a scavenger of lower
electron affinity is increased (66); (ii)
temperature-independent isothermal
luminescence decay rates in y-irradi-
ated organic glasses over the range
from 4° to 77°K (69); (iii) the evalu-
ation of a tunneling model for organic
glasses and of decay rates of trapped
electrons and oxide anions (0O-)
in irradiated 10M NaOH glasses (70);
and (iv) the reactivities of electrons in
ethylene glycol-water glass (71).

uring  y-irradiation of organic
glasses the concentration of trapped
¢lectrons increases, passes through a
maximum, and then falls gradually to-
,ward zero (72). In the meantime the
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concentration of trapped radicals con-
tinues to grow nearly linearly. The de-
crease in the concentration of trapped
electrons is thought to be due to the
increasing probability of tunneling to
a radical as the radical concentration
increases (66). The radicals are be-
lieved to act as electron scavengers
forming carbanions. Assuming that
three free radicals are produced per
100 ev absorbed, and that they are
uniformly distributed, the average dis-
tance between trapped radicals in a
glass that has received a dose at which
the concentration of trapped electrons
begins to decrease is approximately 13
molecular diameters, and the average
distance of an electron from a radical
is approximately five molecular diam-
eters (about 25 A). In the same system
the average distance of electrons from
trapped cations, assuming uniform
spacing of the latter, is approximately
six molecular diameters. At this dis-
tance the Coulomb attraction of an
isolated pair would be about 0.2 ev.

When an electron trapped in an or-
ganic glass is detrapped by light, or
tunnels or diffuses and combines with
a cation or radical, the energy of com-
bination may appear as luminescence.
The spectrum, temperature, and time
scale of appearance of the luminescence
provide valuable information on the
nature of the combination processes
involved (73). The migration of
trapped charged species as diffusion
sets in during warm-up and when elec-
trons are detrapped or detached from
anions by light has also been investi-
gated by observing changes in the
electrical conductivity of thin samples
of organic glasses (74). Measurements
of the heats of reaction of electrons,
anions, and radicals in organic glasses
by differential thermal analysis show
promise of yielding information on the
energetics of the trapping and combi-
nation processes (75).

The theoretical rationalization of the
observations that electrons are stabi-
lized in matrices containing cations at
concentrations such that each electron
experiences a Coulomb attraction
greater than its thermal energy, kT,
starts with the recognition that there
must be potential wells in the matrix
where the electron has lower energy
than mobile electrons before trapping
(76). In nonpolar hydrocarbon glasses
there must be volume irregularities
propitious for a favorable balance be-
tween the repulsive force between elec-
trons and matrix molecules and the
attractive force due to electronic po-
larization [and to the orientation of the
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weak dipoles (77)]. In more polar
matrices the potential wells are deeper
as a result of the stronger molecular
dipoles. Progress has been made in the
theoretical treatment of the observed
phenomena, but additional correlation
of theory and experiment is needed.

Other Properties of Organic Glasses

In addition to the discovery that or-
ganic glasses can provide potential
wells for the physical trapping of elec-
trons, trapping studies are producing
other new information about matrix
properties. This includes the following:
(i) mechanisms must exist for the
stabilization of positive charge in or-
ganic glasses, such stabilization being
favored by olefins or other solutes of
slightly lower ionization potential than
the solute (4-6, 78); (ii) neither elec-
trons nor positively charged species are
observed in polycrystalline organic
matrices with fewer than ten carbon
atoms per molecule (79), indicating
that either the electrons or the positive
charge or both can migrate readily,
with resultant neutralization; (iii) ma-
trices as similar as 3-methylpentane and
3-ethylpentane differ by a factor of 3
in their ability to trap electrons ejected
by y-irradiation (72); and (iv) anneal-
ing a 3MP matrix at 77°K for 250
hours after quench cooling before y-
irradiation can change the initial half-
life of the decay of trapped electrons
by as much as a factor of 5, the initial
value and the change depending on
the size and shape of the sample (80).

Summary

Free radicals, hydrogen atoms, and
electrons produced in rigid organic
glasses at sufficiently low temperatures
have lifetimes of minutes to years.
They can be studied by their electron
spin resonance spectra and, in the case
of electrons, by their optical spectra,
recombination luminescence, and elec-
trical conductivity. The decay kinetics
of these reaction intermediates serve to
distinguish those trapped as geminate
pairs or in spurs of high concentration
from those formed with random distri-
butions. Electron spin resonance studies
of relaxation times and of the spectra
of radical pairs provide further evi-
dence on geometrical distributions. The
decay rates of radicals combining with
reactive geminate partners are depen-
dent on the size and shape of the radi-
cal, the temperature, and the nature of

the matrix. Decay is much slower in
deuterated matrices than in protiated
matrices. The factors that control the
physical trapping of electrons in or-
ganic glasses are under intensive in-
vestigation. There is evidence that
many electrons trapped relatively
weakly during irradiations at 4°K
deepen their traps by orientation of
dipoles when the matrix is warmed;
that most electrons are trapped in the
field of the geminate positive ion; that
in some matrices the traps have a
bound excited state to which the elec-
tron can be promoted without detrap-
ping; and that trapped electrons can
tunnel to solute molecules with a high-
er electron affinity than the trap depth.
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Cross-Linking of Collagen

Endogenous aldehydes in collagen react in several ways

to form a variety of unique covalent cross-links.

The connective tissue protein, col-
lagen, is the most abundant protein in
higher animals where it occurs pri-
marily as extracellular, insoluble fibers.
These fibers account for a large part
of the organic mass of skin, tendon,
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of disciplines and specialties ranging
from such applied areas as suture pro-
duction and leather manufacture to the
more fundamental aspects of polymer
chemistry and the structure-function
studies of the protein chemist. In this
article I discuss in some detail the
structure and function of collagen. In
particular I present arguments that (i)
the insolubility of collagen fibers is pri-
marily a conseqence of covalent cross-
linking; (ii) the covalent cross-links
arise from modified amino acids which
contain carbonyl groups; and (iii) the
molecular packing of collagen mon-
omers into the polymer (fibril) prob-
ably specifies which cross-links are
formed.

Collagen Behavior

Although all proteins are unique in
their structure and action, there are
often similarities among proteins which
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