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Recent Applications of Electron Spin Resonance in Chemistry *

By A.HORSFIELD
Varian AG, The Research Laboratory, Klausstrasse 43, Ziirich 8 (Switzerland)

Summary

Free radicals, which are molecular fragments having odd,
unpaired electrons, may be detected by observing transitions
between the energy states corresponding to the parallel and
anti-parallel orientations of the unpaired electron in a magnetic
field. This is the technique of Electron Spin Resonance. Inter-
action of the unpaired electron with other magnetic nuclei in
the radical, such as protons, produces e.s.r. spectra having
considerable hyperfine structure. Analysis of the hyperfine
structure often allows identification of the radical and gives
information about the unpaired spin density distribution. The
study of oriented radicals, trapped in the lattices of single
crystals, gives additional information about their structure.
Electron resonance has been used to investigate free radicals
prcduced by the photolysis of chemical systems by visible and
ultra-violet radiation, particularly in low temperature glasses.
Occluded radicals and high energy radiation damage in poly-
mers have been studied. The technique has also been applied
to kinetic measurements involving shortlived free radicals.
Examples illustrating these applications of e.s.r. in chemistry
are discussed.

Before we start our discussion of its applications, let
us briefly remind ourselves about the principles of elec-
tron spin resonance (or e.s.r.).

* Lecture presented at the Technical Congress of the 2nd Inter-
national Exhibition of Laboratory Measurement and Automation
Techniqucs in Chemistry (1LmMac), October 15th to 20th 1962, in
Basel (Switzerland).

A free electron has a magnetic moment. The measur-
able components of the moment in the direction of an
applied magnetic field are gfs, where s is the spin quan-
tum number with the values & 72, §§ is the Bohr magne-
ton and g is a factor, analogous to the spectroscopic
splitting factor, which has the value 2.0023 for the free
electron, In the magnetic field H the magnetic moment
of the electron will be aligned parallel or anti-parallel to
the magnetic field and the two energy levels as a func-
tion of field are shown in Fig. 1.
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with the results of theoretical calculations. In table 1 are
listed some typical results given by molecular orbital
theory calculations and we see that the agreement with
the electron resonance results is quite statisfactory.

The e.s.r. spectra of substituted aromatic systems,
such as 9,10-dimethylanthracene positive and negative
ions in which the methyl hydrogens also give hyperfine
splitting, have been accounted for by molecular orbital
theory 0. Recently the spectra of nitrogen heterocyclic
radical ions such as pyrazine have been investigated!!
and a linear relation, similar to McConnell’s for proton
splittings, was found between the nitrogen splitting and
the unpaired electron density on the nitrogen atom with
a value of 25 gauss for the proportionality constant Q.

Another class of free radicals extensively studied in
solution is the semiquinone type. Para-benzosemiqui-
none is easily produced by oxidation of hydrcquinone
or reduction of quinone.
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In alkaline solution the semiquinone ion 0—C6H4—O‘ is
observed and this radical, with four equivalent protons,
has a well-resolved five line spectrum with a splitting of
2.37 gauss which is shown in Fig. 4. The unpaired elec-
tron in semiquinone occupies a s;-orbital and the ob-
served hyperfine structure is a result of g-n configura-
tional interaction as in the hydrocarbon ions. Because
of the ease with which radicals are formed this type of
compound has proved very convenient for studying the
effects of side-groups in substituted semiquinones, such
as the dimethyl p-benzosemiquinones, and the observed
methyl hydrogen splittings are in satisfactory agreement
with molecular orbital calculations.!?

Free Radicals in Crystals

The coupling between the unpaired electron and a
magnetic nucleus has isotropic (or Fermi) and aniso-
tropic contributions. In solutions the anisotropic part
is averaged to zero by tumbling motion of the molecules
with the result that the hyperfine splitting constant of
the nucleus is scalar. In a system of oriented radicals the
variation of hyperfine splitting with change of the orien-
tation of the radicals in the magnetic field can be studied.
By high energy irradiation of single crystals of simple or-
ganic and inorganic materials, free radicals are produced
which are trapped in the crystal lattice with essentially
the same orientations of the parent molecules frem which
they are formed. McCoNNELL and his co-workers! exam-

10 J,R.Borrton, A. CARRINGTON and A.D.McLAcHLAN, Mol. Physics
5(1962) 31. )

11 A_CARRINGTON and J. DOs SANTOs-VEIGA, Mol. Physics 5 (1962)
21.

12 R.BERSOHN, J. Chem. Physics 24 (1956) 1066.
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ined the free radicals in X-irradiated crystals of malonic
acid—(CO,H)CH,(CO,H). The stable radical left after
annealing the crystal is (CO,H)CH(CO,H), formed by
loss of a hydrogen atom. The hyperfine structure due to
the hydrogen attached to the central carbon consists of
two lines, with a splitting which varies as a periodic func-
tion of angle as the crystal is rotated in the magnetic
field. From the three sets of data obtained by measuring
the splitting at small intervals during rotation of a crys-
tal about three mutually perpendicular axes, which are
usually chosen according to the symmetry of the crystal,
the hyperfine coupling tensor of the magnetic nucleus
may be derived.!® From the measured tensor the hyper-
fine splitting for any given direction of the magnetic field
with respect to the three chosen axes can be calculated.
With the appropriate algebraic manipulation the diag-
onalized coupling tensor (that is, with zero off-diagonal
elements) can be derived from the measured tensor and
for malonic acid the diagonalized hydrogen coupling ten-
sor was found to be:

10.7 0 0
0 22.0 0
0 0 33.0

where 10.7, 22.0, 33.0 are the principal values of the ten-
sor expressed in gauss. The maximum and minimum
hyperfine splittings are given by the principal values
10.7 and 33.0. Since the direction cosines of the principal
values referred to the axes of rotation of the crystal are
also derived by diagonalization, their directions may
be related to the known crystal structure of malonic
acid and it was found that the direction of the prin-
cipal value 10.7 gauss was parallel to the internal bi-
sector of the angle between the methylene hydrogens in
(CO,H)CH,(CO,H) while the direction of the value 22.0
gauss was normal to the plane of the three carbon atoms,
both within experimental error. These are the directions
expected for the C-H bond and the carbon 2p orbital if
the central carbon atom in the radical (CO,H) CH(CO,H)
assumes sp? hybridization. Detailed theoretical calcula-
tions by McCoNNELL and STRATHDEE ! for an sp? hybri-
dized free radical carbon > CH with the electron con-
fined predominantly to the carbon 2p orbital showed
that the large anistropy in the coupling can be explained
by the dipole-dipole interaction between the magnetic
moments of the proton and the electron. They predicted
the smallest and intermediate principal values of the
coupling tensor to be parallel to the C-H bond and to
the carbon 2p orbital, with values of 7.5 gauss and 24.6
gauss which are in satisfactory accord with experiment.

Examination of a y-irradiated crystal of succinic acid?
showed an eight-line spectrum (Fig. 5) indicating cou-
pling of the electron with three non-equivalent hydro-

13 D.H.WHIFFEN, Free Radicals in Biological Systems, Academic
Press, 1961, p. 227.
14 H M.McCoNNELL and J.STRATHDEE, Mol. Physics 2 (1959) 159.
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gens in the radical (CO,H)CH,CH(CO,H). Coupling
tensors for each hydrogen were obtained. One tensor was
found with principal values almost identical with those
obtained for the malonic acid radical and this clearly
belongs to the hydrogen attached to the free radical
carbon (or a-hydrogen). The coupling tensors of the two
methylene hydrogens (or -hydrogens) were much less
anisotropic because the larger distance between the
f-protons and the carbon 2p orbital makes the dipole-
dipole interaction less important. McConNELL and HEL-
LER? suggested that f-hydrogen splittings varied with
the orientation of the methylene group with respect to
the free radical carbon according to the expression
Bcos?{), where B is a constant and ¢ is the angle be-
tween the carbon 2p orbital and the C-H; bond both
projected on to the plane normal to the H,C-CH bond.
Using the isotropic f-hydrogen splittings (the average
of the three principal values of each tensor) of 35.6 gauss
and 28.6 gauss- for succinic acid, B was found to be
42.8 gauss and a 5° twist of the plane of the carbon
atoms ~CH,-CH-CO,H from the symmetrical position
with respect to the methylene group accounted for the
difference in the two §-couplings.

Confirmation of the B cos?$ relationship was provided
by the radical CH,CHCO,H formed in irradiated crystals
of alanine.!> At room temperature the methyl group is
rotating making the three -hydrogens equivalent with
an splitting of 25.0 gauss. When the crystal is cooled
down to 77°K however, the rotation of the methyl group
is quenched with the three f-hydrogens in non-equivalent
crystallographic positions and with three separate hyper-
fine couplings which may be fitted to the Bcos?{} expres-
sion with the value 49.3 gauss for B.

The radical (CO,H)CH,CH,CH(CO,H) was found in

irradiated glutaric acid!® and the eight line spectrum

obtained showed that y-hydrogen couplings from the
extra methylene group are too small to be resolved in
this type of radical. The detailed results for this crystal
were similar to those for the succinic acid.

The examples we have considered of free radicals in
solution and in crystals illustrate the considerable detail
that may be obtained about the orbital of the unpaired
electron. This is of great importance in theoretical chem-
istry since it provides a practical means of checking cal-
culations and we have already noted the success of mo-
lecular orbital theory in explaining the spectra of aro-
matic ion-radicals in solution. This work is also very
valuable in building up a background of well-established
results which can be applied to other chemical systems
where interpretation of the e.s.r. data is not unambig-
uous. For example, in polycrystalline or amorphous sam-
ples where the free radicals are randomly oriented, the

15 A.HorsrFIELD, J.R.MorTOoN and D.H.WHIFFEN, Mol. Physics 2
(1959) 159. I.Mryacawa and K.ItoR, J. Chem. Physics 36 (1962)
2157.

16 A.HoRsFIELD, J.R.MorTOoN and D.H.WuirreN, Mol. Physics 4
(1961) 169.
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spectra obtained are the average over all the random
radical positions and if the hyperfine splittings have
large anisotropies much detail may be blurred out in
the average spectrum. Identification of radicals in such
circumstances may be difficult and often requires iso-
topic labelling for confirmation.

Free Radicals Trapped at Low Temperature

A number of highly reactive radicals, such as hydro-
gen atoms and NH, radicals, have been stabilized at low
temperatures. One method used is to freeze the products
of a gas discharge on to a sapphire rod!” cooled to liquid
helium temperatures which can then be inserted into a
microwave cavity at low temperature. In this way the
doublet spectrum of hydrogen atoms from a hydrogen
discharge was observed and the hyperfine splitting of
about 509 gauss measured.® The expected triplet hyper-
fine structure from the *N nucleus (with a spin of 1)
was observed!8 with nitrogen atoms trapped by the
same technique. NH, radicals were obtained by ultra
violet photolysis of ammonial® in a matrix of solid
argon at 4.2°K. The well resolved nine-line spectrum
obtained from the NH, radicals which are not regularly
oriented in the argon matrix shows that their rotational
motion is not quenched even at 4.2°K,

Radicals have been obtained by ultra violet irradiation
of compounds in rigid glassy solvents at higher tem-
perature (~77°K) in which the radical fragments se-
parate and become trapped—in random orientations—
after dissociation of the photolysed molecule. INGRAM
et al.?® obtained electron resonance spectra from u.v.
irradiated compounds such as benzyl chloride in hydro-
carbon glasses but radical yields are often low and the
spectra complicated because of reaction between the
primary radicals and solvent molecules. Where the pri-
mary radicals can react readily with the surrounding
solvent molecules, large concentrations of secondary free
radicals can be built up. For this purpose hydrogen
peroxide is very convenient since it can be decomposed
with 3650 A radiation from a mercury lamp to give
primary OH radicals which readily diffuse in a glass and
produce secondary radicals by hydrogen abstraction.

Photolysis of a solution of hydrogen peroxide in iso-
propyl alcohol at 110°K leads to free radical formation
and an e.s.r. spectrum consisting of seven lines with a
hyperfine splitting of 20 gauss and an approximate in-
tensity distribution of 1:6:15:20:15:6:1 is observed.?!
This is undoubtedly due to the radical (CH,),COH which

17 C.K.JEN, S.N.FoNER, E.L.CocHRAN and V.A.BoweRs, Physic.
Rev. 112 (1958) 1169.

18 T.Corg, J.T.HarDING, J.R.PELLAM and D.M.YosTt, J. Chem.
Physics 27 (1957) 593. :

19 S.N.FonER, E.L.CocHrAN, V.A.Bowkgrs and C.K.JEN, Physic.
Rev. Letters 1 (1958) 91.

20 D.J.E.INcRAM, W.G.HopGsoN, C.A.PArRker and W.T.REEs,
Nature 176 (1955) 1227.

21 J.F.Gisson, D.J.E.INcraM, M.C.R.SymonNs and M.G.Towns-
END, Trans. Faraday Soc. 53 (1957) 914.
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self-trapping of the free radicals occurs. During the
heterogeneous polymerization of acrylonitrile the poly-
mer is precipitated from solution and some of the pro-
pagating radical-chains become trapped in the solid poly-
mer leading to enhanced free radical concentrations as
high as 1017 per gram. The spectrum from polyacrylo-
nitrile is a single broad line.?” When occluded radicals
in polymethyl methacrylate are examined however hy-
perfine structure is obtained,?” as shown in Fig. 7.
These are two overlapping patterns of five and four lines
with approximate intensity distributions of 1:4:6:4:1
and 1:3:3:1. Because exactly the same spectrum has
been produced by y-irradiation of the polymer? it has
been argued that one radical is involved, which is
CO,CH,

\
R—CHQ—(l}

CH,

and that the two spectral patterns are due to two dif-
ferent geometrical configurations of the methylene group
with respect to the p orbital of the free radical carbon.
If one methylene hydrogen is in the nodal plane of the
carbon p orbital there will effectively be four f-hydro-
gens producing the five line spectrum while if both
methylene hydrogens are equally inclined to the nodal
plane they will couple significantly less with the un-
paired electron than the three methyl-hydrogens so that
a spectrum of four broad lines results. WHIFFEN and his
coworkers®® suggested that the overlapping spectra are
due to two different configurations of the methyl group
which is non-rotating. BRESLER et al.?0 showed that on
heating the irradiated sample, the quintet disappears
faster than the quartet, suggesting that two different
radicals are present. Clearly more work is needed before
this well-known spectrum is thoroughly understood.

When polyethylene is y-irradiated in vacuum a six-
line spectrum obtains3 with approximately a binominal
intensity distribution and a hyperfine splitting of about
26 gauss. The most likely radical is

—CH,—CH—CH,—

formed by loss of a hydrogen atom during irradiation.
This interpretation assumes that the a- and §-hydrogens
couple equally with the unpaired electron which means
that all four S-hydrogens must be equally inclined to
the carbon p orbital. Although single crystals of poly-
mers, in which better resolution of the spectrum of the
oriented radicals would be obtained, are not available
for study some orientation of the long-chain molecules
has been achieved by stretching the samples. When the
stretched polyethylene samples were arranged with the

28 E.E.ScENEIDER, M.J.DAY and G.STEIN, Nature 168 (1951) 645.

20 R.J.ABraRAM, H. W.MELVILLE, D. W.OVENALL and D.H. WHIF-
FEN, Trans. Faraday Soc. 54 (1958) 409. -

3 S.E.BRrESLER, E.N.KAzBEKoR and E.M.Saminskit, Fysokomole-
kularnye Soedinenia 1 (1959) 132.

31 D.LiBBY, M.G.ORMEROD and A.CHARLESBY, Polymer 1 (1960)
212.
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direction of stretch perpendicular to the magnetic field
it was found that the polymer molecules were sufficiently
oriented for the difference between the a-hydrogen and
the four 8-hydrogens to become observable and a spec-
trum of five doublets was obtained,3! with a doublet
splitting of 13 gauss,

It has been suggested by LawronN, BaLwiT and Po-
WELL? that these radicals occur in pairs, the hydrogen
atom ejected from the first radical during irradiation
abstracting hydrogen from another polymer molecule
nearby leaving two adjacent radicals in a favourable
position for crosslinking which occurs readily in irradi-
ated polyethylene. A second radical in irradiated poly-
thene with a five line spectrum,® which is more readily
formed at low temperatures, is probably R-CH,~CH,
formed by chain scission.

The effect of oxygen on free radicals in irradiated poly-
mers is readily shown by e.s.r. Admission of oxygen in
polyacrylonitrile leads to disappearance of the signal
from the trapped radicals by a diffusion controlled pro-
cess,3® attributed to the formation of peroxy-radicals
which then split off mobile HO, radicals which undergo
destruction. -

0,
‘ . |
—CH,—CH—CN — —CH,—CH—CN — —CH=CH—CN + HO,

In contrast the radicals in polymers such as low density
polyethylene?® and teflon (in which the radical
~CF,~CF-CF - is formed) are stabilized by forming per-
oxy radicals and recently CARRINGTON and STEIN® have
demonstrated the formation of peroxy-radicals in poly-
methyl methacrylate irradiated with low X-ray doses
although at high doses (>1 Mrad.) the familiar 5 + 4
line spectrum which we have already discussed predo-
minates.

High energy irradiation damage in polymers is of im-
portance because of the possibility of producing cross-
linking as in polyethylene and also because of the pos-
sibility of producing graft co-polymers by initiating
polymerization of a second monomer at radical sites in
an irradiated “host” polymer.3® Electron spin resonance
is clearly invaluable in such investigations.

Kinetic studies

It is well established that many chemical reactions
proceed with mechanisms involving free radical inter-
mediates. It would be very useful to apply electron
resonance techniques to kinetic studies since it would
be possible to identify the radical intermediates from
their hyperfine spectra and also to follow the reaction

32 E.J.LAwTON, J.S.BaLwiTt and R.S.PowEeLL, J. Chem. Physics 33
(1960) 395.

33 C.H.Bamrorp, A.D. JENKINS, M.C.R.SymMons and M.G.Towns-
END, J. Polymer Sci. 34 (1959) 181.

3¢ H.N.RExroap and W.Gorpy, J. Chem. Physics 30 (1959) 399.

35 A.CARRINGTON and G.STEIN, Nature 193 (1962) 976.

36 A.CHAPIRO, Ind. Plastiques Mod. (Paris) 9/2 (1957) 34.
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kinetics by monitoring the free radical concentrations.
There are, however, two difficulties in doing this. The
steady-state radical concentrations are often too low for
detection by e.s.r. Secondly the line width of short-lived
radicals is of the order of 1/2,8-1084¢ gauss where At
is the average lifetime—and if At is very short the spec-
tral lines may be too broad to be detected. Despite these
difficulties useful measurements are possible, as illus-
trated by the work of LANDGRAF and PIETTE®? on the
photolysis of alkyl hydroperoxides.

Normal-, secondary- and teriary-butyl hydroperoxides
were photolysed with ultra-violet light. The irradiation
was performed with the samples in the microwave cavity
through slots in the walls so that the formation and
decay of radicals could be monitored by means of the
e.s.r. signal intensity. By working at low temperatures
(175°K to 273°K) the rate of recombination of the free
radicals was slowed -down sufficiently to give large
steady-state concentrations. The spectra were observed
to be a triplet from the normal compound and a doublet
from the secondary, both having splittings of about
three gauss, and a single line from the tertiary hydro-
peroxide. This indicates the u.v. irradiation produces
largely the alkoxy radicals:

CH,

CH, (CH,),CH,0 C’H"\CHO CH (l: 0
3 272 2 CHg/ 3 |

CH,

Because the unpaired electron is largely localized on the
oxygen atom only a-hydrogen interactions are observed.
The technique of LANDGRAF and PIETTE was to cut off
the radiation and follow the decay of the spectra with
time. The decay curves fitted a scheme of second order
kinetics with rate constants of the order of 108 litre/mole
sec for recombination of the radicals. Measurement of
rate constants at different temperatures gave an Ar-
rhenius plot from which activation energies of about
4 Kecal/mole were obtained in agreement with results
obtained by other workers using analytical techniques.
An analogous technique was used by FESSENDEN and
ScHULER3® who studied the radiolysis of liquid hydro-
carbons by irradiation with 2.5 MeV electrons which
were injected into the sample cavity through an axial
hole through one of the magnet hole pieces. A well-
resolved twelve line spectrum from liquid ethane is un-
doubtedly due to the ethyl radical CH,CH, since cou-
pling of the unpaired electron with one group of three
equivalent hydrogens and with another group two equi-
valent hydrogens were clearly shown in the hyperfine
structure. A second order rate constant of 4 X 10° litre/
mole sec was obtained for the recombination of radicals,
and the activation energy was found to be negligible.
The recombination of oxygen atoms, which have a
characteristic hyperfine spectrum,? was investigated us-
87 'W.C.LANDGRAF and L. H. P1ETTE, J. Chem. Physics 32 (1960) 1107.
38 R.W.FEssENDEN and R.H.ScBULER, .J. Chem. Physics 33 (1960)

935.
3 E.B.RawsoN and R. BERINGER, Physic. Rev. 88 (1952) 677.
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ing e.s.r. by KRONGELB and STRANDBERG.®> They meas-
ured the concentration of oxygen atoms in the gas phase
in a side-arm tube attached to a flow tube fed from an
oxygen discharge at about 1 mm pressure. The oxygen
atom concentration at any point in the side-arm de-
pended on a balance between diffusion of oxygen atoms
from the main gas stream and recombination of the
atoms. It was found that the oxygen atom concentration
decreased exponentially along the side-arm indicating a
first order recombination on the surface of the tube and
this conclusion was checked by varying the gas pressure
and the tube diameter. Independant data obtained by
switching off the discharge and following the decay of
oxygen atoms at one point in the tube allowed both the
oxygen atom diffusion coefficient and the rate of re-
combination of atoms to be evaluated. Results in agree-
ment with non-resonance methods were obtained. In a
second experiment the discharge gases were passed
directly through a quartz tube in the cavity using high
flow rates for which diffusion to the walls was of sec-
ondary importance. The oxygen atom concentration was
measured at different distances along the flow tube from
the discharge. In this case the dominant reaction was
recombination of the atoms in third-body collisions as
indicated by the second-order kinetics, with oxygen mol-
ecules as third bodies.

0+0+0, — 0,+0,

The rate constant found for this reaction was 5 x 10°
litre?/mole? sec. This result, which was obtained by ob-
serving the oxygen atom concentration directly, sug-
gests that other atom recombination reactions could be
usefully studied by e.s.r.

The flow technique can be conveniently used with
solutions. If the reactants are rapidly brought together
in a mixing chamber and passed through a tube in the
microwave cavity, the free radical concentration at dif-
ferent stages of the reaction can easily be monitored by
varying the rate of flow of the reaction mixture. In this
way radicals with life times as short as 5 milliseconds
can be measured. Yamazaki, MAsoN and PrerTE4! used
such a flow system to investigate the oxidation of hydro-
quinone and ascorbic acid by the enzyme peroxidase in
the presence of hydrogen peroxide and by measuring
the rate of formation of radicals as a function of sub-
strate, enzyme and peroxide concentrations they were
able to confirm the kinetic scheme of SAUNDERs and
ManN,42

The triplet state

Molecules in the triplet state, having two unpaired
electrons, are paramagnetic and should therefor be ob-
servable by electron spin resonance. For a long time the
triplet state remained undetected by e.s.r., the reason
4 S KRONGELB and M. W.P.STRANDBERG, J. Chem. Physics 31 (1959)

1196.

41 1,Yamazaki, H.S.MasoN and L.H.Pi1erTE, J. Biol. Chem. 235

(1960) 2444,
42 B,C.SAUNDERSs and P.J.G.MANN, J. Chem. Soc. (1940) 769.
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being that the large dipole-dipole interaction between
the two unpaired electrons lifts the degeneracy of the
three sub-levels of the triplet state in zero field, giving
a zero-field splitting, and the resulting anisotropy of
the magnetic splitting in high fields is so large that in
any system of randomly oriented molecules, the average
electron resonance absorption line for transitions be-
tween adjacent triplet sub-levels, having A M, = % 1, is
too broad to be detected. HurcHIiNsON and MANGUM#3
used a system of oriented naphthalene molecules, in-
corporated in a single crystal of durene, and when the
crystal was irradiated in the microwave cavity with
ultra violet light at 77°K the triplet state signal was
observed. VAN DER WaaLs and DE GrRooT* found that
transitions between highest and lowest sub-levels of the
triplet state, having A M, = £ 2, are much less aniso-
tropic and they were able to detect these transitions for
naphthalene and other hydrocarbons in a glass at 77°K,
while McDOWELL et al.*> were able to demonstrate en-
4 C,A.HurcrinsoN and B. W.ManNcuMm, J. Chem. Physics 29 (1958)
952, and 34 (1961) 908.
4 J H. VAN DER WaaLs and M.S.pE GrooT, Mol. Physics 2 (1959)
233, and 3 (1960) 190.

4 J.B.FARMER, C.L.GARDNER and C.A.McDoweLL, J. Chem. Phy-
sics 34 (1961) 1058,
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ergy transfer from the triplet state of benzophenone to
that of naphthalene in a similar way. So far, however,
there have been few triplet state measurements using
electron resonance and more work in this field is to be
expected.

Conclusion

Electron spin resonance will detect free radicals and
its valuble feature is that it will detect small concen-
trations of paramagnetic radicals (as few as 1012 radi-
cals in favourable cases) in the bulk of the diamagnetic
chemical sample. Interaction between the unpaired elec-
tron and magnetic nuclei encompassed by its orbital gives
rise to hyperfine structure which often serves to identify
the radical and to characterise its electronic structure.
The examples considered here illustrate the diverse ap-
plications of the technique. There are many other ex-
amples, among which may be mentioned the studies of
colour centres in alkali halides, impurities in semi-
conductors and transition metal ions in crystals and in
solution. Electron spin resonance has clearly become an
established tool in chemistry and we may anticipate
that its potentialities will be fully exploited in the future.


M.S.de



