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When the spin of an unpaired electron
changes orientation in a magnetic field,
the energy absorbed is a clue to the na-
ture of the molecule (or fragment). By
measuring field strength and the fre-
quency of radiation causing the flip,
chemists can use this relatively new phe-
nomenon to identify radicals, measure
coupling between electronic and nuclear
spins and determine the influence of
surrounding material. The author is
Eugene Higgins professor of physical
chemistry at Princeton University.

By John Turkevich

Electron spin resonance is a relatively new phe-
nomenon in physics and chemistry while free radi-
cals are substances long familiar to organic chem-
ists. Electron spin resonance, discovered by the
Soviet physicist Zavoiski in 1945, is the absorption
of radiation in a magnetic field of certain definite
strength by materials having unpaired electrons.
The absorption has the characteristics of a reso-
nance phenomenon because the differences in the
energy levels of the unpaired electron or electrons
due to the Zeeman splitting are sharp. This split-
ting is given by gj3H where g is the gyromagnetic
ratio (equal to 2.0023 for "spin only" case), (i the
value of the Bohr magneton, and H the intensity
of the magnetic field. On the other hand, this
energy difference is equal to hv where h is Planck's
constant and v is the frequency of the absorbed
radiation. Equating these two conditions, we ob-
tain the resonance condition in conventional units
of F = 2.80 H, with F being given in megacycles
and H in oersteds. Such resonance absorption
is observed in many chemical systems, transition
metal ions, rare earth and actinide ions, conduc-
tion electrons, charred materials, radiation dam-
aged materials, and the free radicals of the organic
chemist. Not only can free radicals be detected
with high sensitivity by electron spin resonance,
but various aspects of this resonance absorption
have given the chemist a powerful tool for the
elucidation of the structure of organic molecules
and of the mechanism of chemical reactions.

Free radicals are substances characterized by the
presence of unpaired electrons. Stable free radicals
are rare chemical species representing at most a
tenth of a percent of all known stable chemical
compounds. The million known compounds of
organic chemistry and thousands of compounds
of inorganic chemistry normally have an even
number of electrons. Free radicals are usually con-
sidered to be compounds containing carbon atoms.
Their existence was postulated in the first half of
the nineteenth century when the chemistry of car-
bon compounds was formulated. At that time they
were merely visualized as groupings of carbon, hy-
drogen, oxygen, or nitrogen atoms which behaved
as units in organic chemical reactions much in the
same way as atoms of chlorine, sodium, phospho-
rus, etc., behaved in inorganic reactions. This view
was firmly established by the classical research of
Liebig and Wohler on the benzoyl radical (1832).
These German chemists showed that the essence
of the oil of bitter almond consisted of benzalde-
hyde and that this material could be transformed
into a variety of related compounds—benzoic acid,
benzoyl chloride, benzoyl bromide, benzoin, ben-
zoyl cyanide, benzoyl iodide, benzamide, ethyl ben-
zoate—all containing a grouping of C7H,0 which
remained unchanged in the transformations and
was called the benzoyl radical. This suggested that
the reactions of organic chemistry are merely re-
shufflings of complex units of a number of atoms
just as the reactions of inorganic chemistry are
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reshufflings of individual atoms. The question
then arose: Can these radicals be isolated in pure
form just as atoms are isolated as elements? At-
tempts to isolate free radicals at the various centers
of organic chemistry were unsuccessful during the
nineteenth century. However, the concept of a radi-
cal was firmly established in the formalism of or-
ganic chemistry.

The search for free radicals was essentially aban-
doned when, in 1900, Moses Gomberg at the Uni-
versity of Michigan unexpectedly prepared the first
free radical. Gomberg set out to prepare what was
envisaged as an inert chemical-hexaphenyl ethane,
(C6H3)3C-C(C6H.)3. Instead he obtained a highly
reactive material which he proved by both chem-
ical and physical methods to be the first example
of the long-sought-for free radical (C^H.^C—. Its
most marked property was its reactivity with oxy-
gen. Unusual physical properties were the varia-
tion of its optical extinction coefficient and molec-
ular weight with concentration of the hexaphenyl
ethane in solution. Gomberg correctly interpreted
these properties as due to the dissociation of the
hexaphenyl ethane into two triphenyl methyl radi-
cals in which the central carbon atom had a val-
ency of three instead of the usual four. Though
in this particular case the dissociation was only
thirteen percent, soon afterwards other compounds
were synthesized in which one or more of the
fifteen hydrogen atoms of the triphenyl methyl
were replaced by other groups such as CH,, CHSO,
C6H5, F, Cl, NO,, etc. These replacements had
varying effect on the degree of dissociation of the
free radical. Other free radicals containing mono-
valent oxygen and divalent nitrogen were also dis-
covered and characterized. Organic chemists theo-
rized concerning the nature of structural factors
which determined the dissociation of a complex
organic molecule into free radicals, and concern-
ing the specific role free radicals played in chemical
reactions. These speculations were sufficiently ex-
tensive to become chapters in treatises of organic
chemistry.

In 1925, G. N. Lewis of the University of Cali-
fornia, concerned as he was with the electronic
formulation of valence, pointed out that free radi-
cals must contain an unpaired electron and there-
fore should be paramagnetic. Static magnetic sus-
ceptibility measurements became an important tool
for investigating free radicals. In 1928, F. Paneth
used a mirror technique to show the transient exist-
ence of the long elusive methyl radical CH.,. Va-
por of tetramethyl lead was passed in a hydrogen
stream through a heated portion of a tube and
produced, by dissociation, the methyl free radical

which could be detected downstream by its ability
to remove a thin cold film of lead previously de-
posited on the sides of the vessel. Disappearance
of such a film was used as a criterion for the pres-
ence of free radicals, and the conditions of flow
and temperature for such a disappearance per-
mitted the characterization of the lifetime of the
unstable free radicals. In the thirties and forties
of this century optical and mass spectroscopic
techniques were also developed lor the study of
free radicals. At the same time the role of free
radicals in the chemical reactions was recognized.

Since most compounds have an even number of
electrons, chemical transformations as ordinarily
observed involve an overall two-electron transfer
process. However, a more careful analysis of the
velocity of many reactions, particularly those of
explosions, oxidation, polymerization, and bio-
chemical processes, indicated that unstable free
radicals must be the intermediates and that the
two-electron transfer step previously postulated
may be, in fact, a succession of one-electron trans-
fer steps detectable if the means of detection is
sufficiently sensitive. The exceptionally high sen-
sitivity and the wealth of information provided by
electron spin resonance makes this the technique
of choice to obtain detailed information about the
electronic structure of free radicals and to uncover
a new world of chemical compounds—compounds
whose lifetimes span the range from milliseconds
to minutes, whereas the chemist previously had
been concerned with molecules whose lifetimes in
the pure state and shielded from radiation, were
infinite.

Free radicals can be either stable or unstable. As
a rule, stable free radicals are organic molecules
of rather complicated structure w'hich can be classi-
fied on the basis of the anomalous valence of one
of their constituent atoms. Gomberg's triphenyl
methyl (C,,H-),C is characteristic of trivalent-car-
bon-atom free radicals. Other radicals of this class
can be made by replacing either the phenyl group
C6H5 with other aromatic fragments, such as di-
phenyl CJ.HJ,, naphthyl C,C1H,(, etc., or the hydro-
gens of these fragments with other atoms or groups.
The number of such free radicals is limited by the
patience of the synthetic chemist. Since the tri-
phenyl methyl free radicals react with the oxygen
of the air, they must be handled in an inert atmos-
phere. An interesting set of free radicals contain-
ing trivalent carbon are the anion free radicals
(positively charged) or cation free radicals (nega-
tively charged). An example of the anion free radi-
cal is the substance produced when anthracene
reacts with potassium metal. Electron transfer
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takes place, giving a positive potassium ion and
a negative radical ion. The free electron trans-
ferred from the potassium atom joins the pool of
the so-called ' V electrons located on each of the
carbon atoms of the anthracene radical. Pi elec-
trons are electrons not directly involved in the
binding of the carbon atoms either to other carbon
atoms or to hydrogen atoms. A w electron on one
carbon atom may exchange with -n electrons on
other carbon atoms, thus becoming a member of
a pool of delocalized -n electrons.

A positive free radical can be made by reacting
joerylene with sulfuric acid. An electron is trans-
ferred to the sulfuric acid from the pool of - elec-
trons of the perylene, making the latter a free
radical with a positive charge.

Free radicals containing monovalent oxygen are
the phenoxyls or the naphthoxyls which are de-
rived from phenols or naphthols, having the gen-
eral formula:

where the X's may be hydrogen or other substit-
uents such as CH,, OCH3, Cl, NO.,, etc. The hex-
agons are a conventional representation of an aro-
matic system with carbon atoms at the apices. The
dotted orbits within hexagons represent the IT elec-
tron system. Free radicals can also be obtained
having monovalent sulfur in structures analogous
to those producing monovalent oxygen free radi-
cals.

Free radicals containing divalent nitrogen are
derived from R,N-NR (the hydrazyls), the R,N,
and the R2NO (the azotosyl radicals); R is usually
a C6H, group in which one or more of the hydro-
gens is replaced by CH3, OCH:j, Cl, NO.,, etc.,
groups.

The free radical par excellence for ESR studies
has been DPPH diphenyl picryl hydrazyl,

NO

N — N NO,

NO,

not react chemically with oxygen at room tempera-
ture. It was discovered in 1922 by S. Goldschmidt.
Its paramagnetic behavior and its ability to cata-
lyze the ortho-para hydrogen conversion (into mol-
ecules with spins one or zero) were investigated in
1941 by Turkevich and Selwood. Measurements
of its dielectric constant by Turkevich, Oesper,
and C. P. Smyth in 1942 indicated the delocaliza-
tion of the electron in the molecule. In 1950, its
ESR resonance was determined by C. H. Townes
and Turkevich in a communication appearing
simultaneously with that of the Bell Telephone
Laboratory results of A. N. Holden, C. Kittel, F.
R. Merritt, and W. A. Yager. The ready avail-
ability of this radical, its stability, and the sharp-
ness of its ESR resonance have made DPPH the
favorite radical for study of ESR phenomena. In
the subsequent discussion of the various features
of the ESR techniques, it will be used as the main
example.

One of the great advantages of the ESR tech-
nique is the number of observables that can be
measured and these in turn used to characterize
the free-radical system.

The sensitivity of detection is high. If the ESR
spectrometer is operated in the X-band (9000
Mc/s) where most free-radical investigations are
carried out, the limit is 101" spins with a line width
of one gauss and with a signal-to-noise ratio of five
to one. The broader the resonance line, the more
difficult it is to identify it in the noise. An amount
as small as 10fJ g of DPPH has been detected. In
Q band spectrometers (36 000 Mc/s) the limit of
detection drops to 10° spins. A method of further
decreasing the limit of detection is to scan through
the resonance region repeatedly and to store the
information in a digital computer. Since noise is
random in character, any spurious peaks will be
eliminated, and one can then detect signals much
weaker than the overall noise.

The position of the lines in the ESR systems
with unpaired electrons is determined by the g
factor which, for a free atom, is given by

g = 1 + +

This divalent nitrogen radical is readily made, and
is completely dissociated in the solid state. It does

2/(7+1)
where L, S, and / are respectively the orbit, spin,
and total quantum numbers. The "spin only"
case gives a g equal to 2.000 and, when radiation
field effects are considered, a g of 2.0023. The ex-
perimentally observed values for free radicals are
just slightly above this value. For DPPH it is
2.0036. The deviation from the theoretical value
is attributed to the spin-orbit interaction and the
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Now Varian brings you a 1/H Sweep Unit —the
only one of its kind. It provides a means of
sweeping the magnetic field in a 1/H manner,
the sweep being linear with respect to time.
Phenomena that are functions of the reciprocal
of the field are more conveniently studied and
results are immediately available. You don't
have to waste time on tedious computations —
your V-FR2511 does it for you. With de Haas-
van Alphen oscillations, for example, the period
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of the oscillations can be recorded linearly with
respect to the swept field.
The 1/H Sweep Unit can beused with any Varian
magnet power supply equipped with FIELDIAL™
Magnetic Field Regulator (with or without its
own sweep unit). It provides a wide selection of
sweep ranges and sweep speeds and allows
either up-field or down-field scans. For com-
plete information contact your nearest Varian
Field Sales Office.
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influence of excited states. The calculation of this
configurational interaction is complicated but can
be represented in approximate form by

where A is the energy separation to the nearest
upper excited state and A is the spin-orbit energy.
For organic free radicals, A < 0 and A is large. The
result is that g for free radicals is greater than two
and differs from 2.0023, the value for the free
electron, by two or three units in the third place
if the free radical contains only light atoms such
as H, O, C, D, N. For radicals containing heavier
atoms such as S, which have a larger spin-orbit
coupling constant, the g value differs from that of
the free electron by two units in the second deci-
mal place. Since the value of the g factor can be
determined with great accuracy, the effects of sub-
stituents on the value of the g factor have been
determined. Thus, introducing oxygen in the free
radical (with a A equal to 152 cm"1) increases the
value of the g factor of the free radical, while in-
troducing a methyl group CH3 (with A for carbon
of 28 cm"1) decreases the value of the g. The g fac-
tor also varies with the temperature of measure-
ment and the orientation of the free radical in the
magnetic field.

Hyperfine structure appears in dilute solutions
of free radicals, and is due to the interaction of the
unpaired electron with whatever nuclei possess
nuclear magnetic moments. If the spin of the nu-
cleus is equal to / in a fixed magnetic field, it can
assume 2/ + 1 orientations and consequently pos-
sess 2/ + 1 different energy sublevels. Since the

orientations of the nuclei remain unchanged dur-
ing an electronic transition, the nuclear interaction
produces a hyperfine structure of 2/ + 1 lines with
a constant separation between the lines. In free
radicals, the unpaired electron moves in a highly
delocalized orbit which may embrace a number of '
nuclei possessing magnetic moments. Each one of
these nuclei will interact with the unpaired elec-
tron to produce a hyperfine splitting. The final
spectrum can be quite complicated. Most free
radicals, however, show one of two types of inter-
actions. In one type the interaction with one nu-
cleus of spin /j is much larger than that with an-
other nucleus of spin I2. The hyperfine structure
will consist of 1lx + 1 well separated lines due to
the strong interaction, while each of these is split
into 2/2 + 1 super-hyperfine lines due to the weaker
nuclear interaction.

In the second case, the interaction is equally
strong with n identical nuclei of spin I. This re-
sults in a hyperfine structure of 2nl + 1 lines with
a maximum at the center and a symmetrical in-
tensity of lines about the center. If the nuclei are
equivalent protons, the hyperfine structure will
consist of n + 1 equally spaced lines with an in-
tensity distribution which follows the law of bi-
nomial coefficients.

DPPH in dilute solution shows a structure of
five lines with a ratio of intensities of 1:2:3:2:1M
indicating approximately equal interaction of the
unpaired electron with the two nitrogen atoms ''
with a splitting of 8.9 oersteds. A more careful I
analysis of the hyperfine structure showed that the
two atoms of nitrogen are not equivalent, having]
two splitting constants a^ = 9.35 and an = 7.85.

Fig. 1. Electron-spin-resonance spectrum of a
saturated solution of diphenyl picryl lijdra/vl
in tetrahydrofurane. The single line is due to
exchange interaction between the unpaired elec-
trons of neighboring molecules.

Fig. 2. Electron-spin-resonance spectrum of di-
phenyl picryl hydrazyl in a tetrahydrofurane
solution obtained by diluting a saturated solu-
tion a thousand times. The five peaks of the
hyperfine structure are due to nuclear spin in-
teraction of the two nitrogen atoms.
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Properly designed and properly fabricated
photographic windows are becoming in-
creasingly important for high-resolution
photographic systems. The Perkin-Elmer Cor-
poration has developed new window tech-
nologies which have already accomplished
major advances in the performance of oper-
ational systems.

The thorough understanding and careful
evaluation of structural, thermal, and optical
requirements are necessary to achieve ulti-
mate mission success. Multiple-glazing con-
figurations and hard, durable, low-emissivity
coatings control heat transfer problems in-
duced in both conventional and supersonic
vehicles. Thermal gradients are reduced to
tolerable limits by proper mount design.
Visible transmission is maximized by the ap-
plication of hard, durable anti-reflection
coatings.
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Window assembly for North American Aviation RA-5C

The successful fabrication of large glazings
is routinely achieved with optical qualities
such that transmitted wave-fronts are dis-
torted from their original shape by less than
1/10 wave over large apertures—even for
windows as thin as V4 inch! Furthermore, in-
terferograms of the transmitted wave-front
shape can be supplied to demonstrate
performance.

Engineering analysis techniques, manufac-
turing and testing capabilities, and success-
ful completion of many window programs
demonstrate a "total capability" which exists
and is available at Perkin-Elmer.
For design assistance and detailed informa-
tion on this and other precision optics and
coating services, write or phone Optical
Operations, Electro-Optical Division, Perkin-
Elmer, 736 Danbury Road, Norwalk, Conn.
(203) 847-0411.
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If a carefully dehydrated and degassed solution of
10 s mole DPPH in a liter of tetrahydro furan is
measured, a large number of lines are found on
each of the five nitrogen hyperfine lines. This
super-hyperfine structure is due to the weaker in-
teraction of the protons of the phenyl groups and
the picryl group with the unpaired electrons.

The distance between the hyperfine lines, in
wave numbers, or the hyperfine splitting constant,
characterizes the degree of interaction of the elec-
tron with the nuclei having a magnetic moment.
The constant can be interpreted as an averaged
local field produced by the nucleus at the locale
of the unpaired electron. This is possible only if
the unpaired electron is located in an atomic s
orbit or a molecular a orbit since only in these
orbits is the density of electrons not equal to zero
at the nucleus. Fermi calculated this constant,
which is isotropic, as

where y and y, are the gyromagnetic ratio of the
electron and the z'th nucleus, /? and /?, are the elec-
tron and nuclear Bohr magnetons, and |^(0)|2 is
the density of the unpaired electron at the position

of the 2th nucleus. If the electron is in a pure p
orbit, its eigenfunction has a node at the nucleus
and \i*(0)\2 = 0; there will be no isotropic hyper-
fine splitting. If, however, there is an admixture
of s orbit in the p orbit, this will produce a split-
ting and the magnitude of this splitting will .be a
measure of the s character of the p orbit.

One of the unexpected results in the study of
the ESR of the free radicals was finding a hyper-
fine structure associated with the protons in the
free radical. This was mentioned previously in the
super hyperfine structure of carefully prepared
solutions of DPPH. The effect is best brought out
in the case of triphenyl methyl, a free radical that
should show only one ESR line since its unpaired
electron is in a p orbit or an sp orbit around the
carbon nucleus, which has no nuclear moment.
Actually over a hundred lines are observed. This
complicated structure of lines is undoubtedly due
to the interaction of the unpaired electron with
three para protons, six meta protons and six ortho
protons. Ortho, meta, and para positions in a ben-
zene ring are positions on the next carbon atom,
the carbon atom once removed, and the carbon
atom twice removed from the ring carbon atom
on which the main substituent is located.

Fig. 3. Electron-spin-resonance
spectrum of diphenyl picryl
hydrazyl in de-aerated dilute
tetrahydrofurane solution ob-
tained by diluting the satu-
rated solution a hundred times.
The concentration of the free
radical was further decreased
by heating the solution. The
superfine structure is due to
nuclear-spin interaction with
protons on the benzene rings.

Fig. 4. Electron-spin-resonance spectrum
of diphenyl picryl hydrazyl in de-aerated
highly dilute 6 x 10'M tetrahydrofurane
solution.
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It was well established by valence theory that the
unpaired electron was a p electron and was situ-
ated in the carbon atoms of the rings. The expla-
nation for the interaction with the protons was
found in a configurational interaction which had
been previously invoked to explain the hyperfine
structure of the Mn(II) ion and for the deviation
of the g value from the "free-electron" value of
2.0023. The configurational interaction consisted
of including in the wave function of the system
not only the ground state of the system but also
the excited states whose electronic configuration
retains the same spin and orbital moment char-
acteristic of the ground state. Thus, in the C—H
bond of the aromatic compound, the ground state
is <rj7r, where crB is a bonding a orbit holding the
carbon atom to the H atom, while - is the orbit
of the unpaired electron. The excited state is
oB™A< where a A is an antibonding orbit breaking
this bond between the C and H orbits and thus
producing a spin density on both aA and <jB orbits.

McConnell has shown that the magnitude of the
splitting of the proton aH must be proportional
to the spin density p,. of the unpaired electron in
the 7T orbit of the carbon atom neighboring the
hydrogen atom,

where QH is the magnitude of the splitting of the
electronic level of a pure 5 electron at a hydrogen
atom (512 oersteds) and A.2 is the probability of
the excited configuration. Theoretical calculations
of Q give a value equal to 23 oersteds. Thus, by
observing the hyperfine interaction, the spin den-
sity in the carbon atoms of the free radicals can
he calculated. This theoretical approach was sub-
jected to two refinements—one of negative spin
density and another of hyperconjugation.

The McConnell formula implies that the total
breadth of the hyperfine structure should not ex-

ceed 23 oersteds. However, many cases were ob-
served in which this value was exceeded. McCon-
nell and Chestnut interpreted this to indicate that
certain carbon atoms in the radical had negative
spin density. An unpaired electron situated in
some - orbit can interact not only with a electrons
of the C—H bond but also with the other - elec-
trons of the same radical. This -—IT interaction
implies that the unpaired electron may occupy
other molecular orbits of higher or lower energy
and this may bring about a negative spin density.
A positive value of the spin density at a given point
in a molecule indicates that the spin of an un-
paired electron at that point has the same direc-
tion as the total electron spin of the radical, while
a negative value of the spin density indicates that
the direction of spin at that point is in the oppo-
site direction. Furthermore, it was shown that this
type of configurational interaction gives a sign of
spin density for the protons of a sign opposite to
that of the carbon atom.

Hyperconjugation was another refinement that
had to be introduced into the theory of hyperfine
splitting in order to account for splittings produced
by protons which are not directly attached to the
carbon atoms of the aromatic rings of the free radi-
cal (such as the a and fi protons in the figure).

A configurational interaction had to be invoked
in which the - orbit oi the unpaired electron in
the carbon of the ring interacts with a pair of s
orbits of the C—H bond of the same pseudosym-
metry as the -n orbit.

The spin densities of many free radicals have
been measured and the results so obtained have
been compared with quantum-mechanical calcula-
tions based on models of varying complexity. An
overall concordance has been found. The resulting
data have indicated to the organic chemist how
various substituents influence the spin density of
various atoms of a complex molecule. Evidence
is accumulating to indicate that the most reactive
carbon atom in a molecule is one in which the
spin density is the greatest.

The width of the resonance line can be used as
a measure of the interaction of the free radical
with its surroundings. The natural width of the

ESR line Av ^ — - = — where - is the relaxation
Tl T

time. If r is very short, the line is too broad to be
observed experimentally. If r is very long, the ESR
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signal is again difficult to observe because of the
saturation of the excited state. Ward and Weiss-
man obtained, from the line width of the free
radical immersed in an excess of its parent, the
second-order rate constant of 10" 1/g-atom/sec for
the exchange reaction between the radical and the
parent,
[naphthalene]- 4- naphthalene naphthalene -f [naphthalene]-.

Actually the width of the ESR line is consider-
ably greater than the natural width since the radi-
cal interacts with its surroundings and thus de-
creases the relaxation time. These interactions are
determined by two processes, the spin-lattice inter-
action characterized by T1 and a spin-spin inter-
action characterized by r.,. Thus Av = 1 / r 1 + 1/T2,
and either one or the other interaction will play
the dominant role in a given case.

In solids, the spin-lattice relaxation can be con-
sidered as the interaction of the free radical with
the ensemble of oscillators which represent the
elastic vibrations of the lattice. The lattice is a
huge reservoir of thermal energy. There are two
mechanisms for such an interaction: (1) a direct
resonance in which a quantum of excited spins
is transferred to those oscillators whose energy-
level differences match this energy AE, and (2) a
two-phonon interaction in which a spin quantum
disappears by virtue of the disappearance of a
phonon (lattice vibration) of energy hv., and ap-
pearance of a phonon (lattice vibration) of hvx so
that AE — h(v2 — vj . The relaxation time T1 is
given by

the system having a magnetic moment. If there
are two paramagnetic particles at a distance r-t be-
tween them, then each of them will experience,
in addition to the external magnetic field, a local
field due to the other. This is given by

where for the resonance process M is equal to 4
and N is equal to 1, while for the two-phonon
process M is equal to 6 and iV to 7. In free radi-
cals the value of A, the energy increment to the
next excited state, is large, while A, the spin orbit
constant, is small, so that r, is usually as long as
several seconds. However, other specific effects per-
mit transfer of magnetic energy to thermal energy.
One such effect is the exchange interaction in solid
DPPH, which is more important than the spin-
orbit coupling and gives a value of \0~" sec for TV

In solutions, there are the tumbling motions of
the molecules and the chemical-exchange interac-
tions, which play an important role in the spin-
lattice relaxation.

The width of the electron-spin-resonance line
usually is determined mainly by the spin-spin di-
pole interactions between the electrons and less so
by those between the electrons and the nuclei in

cos2 0t -

where /x, is the z component of the magnetic mo-
ment of the paramagnetic particle. The external
magnetic field along the z direction is Hn, and 8, is
the angle that the line joining the two particles
makes with the Hn direction. This results in a
spread of magnetic field from HQ to Hn ±Hh and
leads to the broadening of the resonance line. If the
magnetic particles are identical, the rotating com-
ponents fXj. and py will produce a variable field of
resonance frequency, leading to exchange of the
orientation of moments, thus decreasing the life-
time of a given Zeeman state and producing a mag-
netodynamic line broadening, T, depends on the
concentration of the paramagnetic species and the
line sharpens as the concentration decreases be-
cause the )", increase. The magnetodynamic broad-
ening also decreases with a decrease in concentra-
tion. The effect of temperature on these broaden-
ing effects is negligible.

Another spin-spin interaction is between the
magnetic moment of the electron and that of the
nuclei. In liquid systems this anisotropic broaden-
ing is removed by rapid isotropic rotation of the
radical. However, if the frequency of rotation is
not sufficiently great and is comparable to the
width of the line, this type of interaction may
widen out the hyperfine structure, particularly that
of the outer components and lead to what is known
as symmetrical broadening.

Magnetic nuclei of neighboring molecules can
also produce a widening. This effect is averaged
out if the frequency of the motion of these mole-
cules relative to the radical is large compared to
the frequency of the resonance radiation. This
effect can be shown best by comparing the width
of the line in solution with the width of the line
in a rigid lattice, where the motions are retarded.
Analysis of the temperature dependence of the
width of line gives information about the nature
of motion in a matrix. This has been particularly
useful in studying the internal motion of segments
of polymers.

An interesting effect of the interaction of free
radicals with the solvent is the uniform variation ^
of the width of the individual components of the
hyperfine structure. This effect was explained by
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SWEEP TIMES: continuously variable from 12 sec-
onds to 200 minutes, in 1-2-5 sequence with ver-
nier (3% accuracy, 0.5% linearity)

Available in enclosed console with power source at
these power levels:
MODEL 40-50F

MODEL 40-1 OOF

MODEL 40-150F

MODEL 40-200F

MODEL 40-250F

2 KW, 50 amps $3900
(Model 40-50A,
current regulated $1975)
4 KW, 100 amps $4900
(Model 40-100A,
current regulated $2975)
6 KW, 150 amps $5900
(Model 40-150A,
current regulated $3975)
8 KW, 200 amps $6900
(Model 40-200A,
current regulated $4975)
10 KW, 250 amps $7900
(Model 40-250A,
current regulated $5975)

Utilizing a compensated Hall effect sens-
ing element—provides 6 digit direct dialing
field settability-regulates the field to 5 parts
in 107—broad, linear sweep ranges —modu-
lar design-available with 2, 4, 6, 8 and 10
KW power sources.

alpha offers advanced design power sup-
plies, magnets, gaussmeters and EPR in-
strumentation. Contact alpha or your local
alpha representative.

alpH SCIENTIFIC
LABORATORIES, INC.

940 DWIGHT WAY • BERKELEY, CALIFORNIA 94710 • PHONE 415 848-5355
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A Global Communications Receiver has been developed for
the U.S. Army Satellite Communication Agency (SatCom),
Fort Monmouth, New Jersey. This compact, ultra-sensitive,
remotely tunable receiver has been designed and supplied
by TRG, Incorporated, a subsidiary of Control Data Corpora-
tion. Use will be in the transportable ground terminals of
the SatCom system.

The antenna-mounted portion of this system contains an
integrated parametric amplifier/cryogenic refrigerator com-
bination. The cryogenic refrigerator is the new, self-contained
Norelco CRYOGEM—a light weight miniaturized refrigerator.

This Stirling-cycle unit is ideally suited for industrial and
military applications with guaranteed performance in all
attitudes. Continuous cooling can be provided for IR detec-
tors, parametric amplifiers, lasers and other solid state
devices. The CRYOGEM is an air-cooled refrigerator—that
can be adapted to any application or design requirement.
Write today for additional information.

CRYOGENICS

NORTH AMERICAN PHILIPS COMPANY, INC.
Mendon & Angell Roads, Ashton, Rhode Island 02805

McConnell in terms of the anisotropy of the g
factor of the "solvated free radical" and the spin
correlation time of its Brownian motion. An inter-
esting consequence of the McConnell theory, con-
firmed experimentally, is the dependence of the
width of the components of the hyperfine structure
on the value of /,, the nuclear magnetic quantum
number. Asymmetric widening may also be due
to the Brownian motion around the different axes
of the molecule which brings about only a partial
removal of the anisotropy of the hyperfine struc-
ture and a consequent dependence of the width of
the individual components on the I, values.

In classical organic chemistry electrons and pro-
tons were assumed to be fixed on certain atoms in
the molecule. Modern organic chemistry envisages
certain molecular situations in which not only the
electrons are mobile (TT electrons) but also protons
can exchange. The width of the components of the
hyperfine structure also depends on the frequency
of delocalization of the electrons in the bond sys-
tem of the radical. If, for instance, the radical con-
tains two protons far removed from each other, and
the frequency of delocalization is low, the hyperfine
structure will appear as if due to one proton. How-
ever, at sufficiently high frequency of delocaliza-
tion, the effect of the two protons will be seen in
the spectrum. The magnitude of the splitting of
these protons will be the lower limit of the fre-
quency of delocalization.

Interorbital exchanges which produce negative
spin densities also lead to a sharpening of the com-
ponents of the hyperfine structure. The smaller
the difference between the energy levels, the higher
the frequency of this exchange and the narrower
the line width. Furthermore, the greater the width
of the individual lines, the more symmetrical the
structure of the radical.

In general, weak electron spin-spin interactions
lead to a widening of the resonance lines. How-
ever, a strong interaction, such as that produced at
high concentration of the radical, leads to a drastic
sharpening of the lines due to exchange forces as
in DPPH. For, at distances between the radicals
comparable to the size of the molecules themselves,
the overlap of the orbits of the unpaired electrons
leads to the averaging of the local fields and a con-
sequent sharpening of the resonance line. The
hyperfine structure disappears at concentrations at
which the frequency of exchange, determined by
the exchange integral divided by Planck's constant,
is of the same order of magnitude as the hyperfine
splitting constant.

I wish to thank Professor Y. Fujita for help in
obtaining the spectra used in this article.
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