798

Russian Chemical Reviews, 37 (10), 1968

U.D.C. 541.515

Nuclear Magnetic Resonance in Radicals and in Radical Reactions

A.L.Buchachenko and N.A.Sysoeva

The present review examines papers devoted to the application of NMR to the study of the electronic structure of radi-

cals, their solvation by various solvents, and the kinetics of radical reactions.

The characteristic features and experimen-

tal difficulties of the NMR of radicals in the solid and liquid phases are examined as are the possibility of obtaining data
on the mechanism of the delocalisation of the unpaired electron over large distances in the radicals themselves and in their

complexes with solvents.

It is shown how relfaxation methods involving measurement of 7, and 7, and the dynamic po-

larisation of the nuclei have given information on the correlation times characterising the intensity of molecular motions

in a liquid, and the energetics of these motions.
gives the theory of the use of NMR spectra to measure the rates of various fast reactions.

The theoretical basis of these methods is examined. The last section
The results of the study of the

kinetics of electron transfer and radical substitutions taking place with zero activation energy are discussed. The biblio-

graphy contains 61 references.
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INTRODUCTION

The application of nuclear magnetic resonance to the
study of radicals and radical reactions is a new and
interesting example of the physical approach to the solution
of chemical problems concerning the electronic structure
of radicals, their reactivities, and their specific inter-
actions with various molecules. These three aspects
make up the contents of the present review. Chief atten-
tion is paid to the physicochemical aspects of the pheno-
mena; purely physical aspects which are not of significant
importance for chemistry are examined only briefly or not
at all.

NMR in radicals gives detailed information on the pro-
perties of the molecular orbitals of the unpaired electron
and on the mechanism of its delocalisation. The NMR
method can give unique data on weak donor—-acceptor inter-
actions between radicals and surrounding molecules, on
the dynamics of complex-formation equilibria, and on the
participation of the unpaired electron in donor-acceptor
interactions and the mechanism of its delocalisation in the
complex,

Of greatest interest is the possibility of using the NMR
method to measure the rates of fast reactions of electron
transfer and also radical substitutions, taking place with
zero adtivation energy. This range of problems will sub-
sequently be examined in more detail. We shall restrict
ourselves to organic radicals; paramagnetic ions and their
complexes with organic ligands will not be considered.

1. NMR AND DELOCALISATION OF THE UNPAIRED
ELECTRON IN RADICALS

The molecular orbital of the unpaired electron in radi-
cals usually includes various atomic orbitals of many
atoms in the radical. If the nuclei exhibit magnetic
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moments, the energy of the magnetic electron-nuclear or
hyperfine interaction (HFI), measured by the method of
electron paramagnetic resonance (EPR), in principle makes
it possible to determine the magnitude of the spin density p;.
For angle-dependent atomic orbitals (¢, d, etc.), p; is
determined from the dipole-dipole HFI, and for atomic s
orbitals, p; is determined from the isotropic or contact
HFI

A very important characteristic of the behaviour of an
unpaired electron, in addition to the magnitude of pq, is
the sign of p;i, which determines the orientation of the
electron spin in the atomic orbital with respect to the
orientation of the total spin: p; > 0 if these orientations
coincide, and p; < 0 if they are opposed. The EPR method
at best can give only the relative signs of p; (in the study
of the EPR of radicals in diamagnetically dilute single
crystals?, or in solutions2?). The sign of the HFI constants
characterises the mechanism of the delocalisation of the
unpaired electron over the radical or the mechanism of the
“population” of the atomic orbitals—a very important
manifestation of electron-electron interactions in the
radical.

Let us now consider NMR in a radical. Let us assume
that the unpaired electron is situated at an atom with
nuclear spin I; the energy levels of the nucleus in a con-
stant magnetic field H, with allowance for only the iso-
tropic HFI are then given by the expression

@

where y¢ and yn are the gyromagnetic ratios of the elec~
tron and the nucleus, ms and m; the quantum numbers of
the projections of the electron and nuclear spins on the
field direction (m; takes values from -I to +), a; the con-
stant of the isotropic HFI

Ej=— nflgm: + arpemgmy ,

)
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and [y (0)I% the density of the unpaired electron at a point
of the nucleus. The first term in Eqn. (1) corresponds to
the Zeeman energy of the nucleus, and the last to the
energy of the isotropic HFI.

The magnitude of the local field created by the unpaired
electron at a point of the nucleus is @i/2({ye/yn) and for
free radicals usually amounts to 103~10* Oe. This HFI is
now not a perturbation of the nuclear Zeeman levels and it
displaces considerably the frequency of the nuclear-
resonance absorption, so that it becomes non-observable.
If, however, the correlation time, that is, the duration of
existence of the local field due to the HFI, becomes much
shorter than the period of the Larmor precession of the
nucleus in this field, this leads to a decrease in the mean
value of the local field. In this instance the second term
in Eqn. (1) has the form a;ye(ms)mi, where (ms) is the
mean value of mg., The value of (mgs) is determined by
the populations of the electron-spin states ms = +3. Inthe
high-temperature approximation, when the Zeeman ener-
gies are much less than 27, we have

L Sl

®3)
where Nyys represents the populations of the states mg.

For the energy of the transitions Ams = 0, Am; = 1,
corresponding to the NMR spectrum we obtain the expres-
sion

AE = YaHy —arg. (eHo/4KT) , @)

or, converting to the magnitude of the magnetic field at
resonance

H = Hy—a;(Ye/Tn) (1eHy/4T)

where H, is the resonance field in the absence of HFI.
The difference AH = H - H is the magnitude of the para-
magnetic shift

AH = —a;(Te/Yn) (1Ho/4KT) (5)

Thus the fluctuating magnetic field created by the un-
paired electron at a point of the nucleus brings about a dis-
placement of the resonance frequency of this nucleus,
whose magnitude and sign are determined by the magnitude
and absolute sign of the constant ai. It is necessary only
that the frequency of the fluctuations in the local field be
much greater than the frequency of the Larmor nuclear
precession in this field. It is evident that the paramag-
netic shift of the NMR in radicals is analogous to the
Knight shift of the NMR in metals, due to the contact HFI
of the nuclei with the conductivity electronss.

The condition for observability of the paramagnetic
shift is that the duration 7 of the existence of the local
field of the HFI should be short compared with the period
of the nuclear precession in this field, that is, T« aj?,
where a; is expressed in frequency units. Since the spin-
lattice relaxation time 7, in radicals is usually large, this
mechanism cannot ensure that the condition T, « aj! is
satisfied; the most important part is taken by the mech-
anism of the electron—electron exchange interactions
taking place in concentrated solid or liquid solutions of the
radicals. This corresponds to the mutual reorientation
of neighbouring electron spins with exchange frequency wex;
in crystals of the radicals wex =~ 10*°~10'! g-1  that is, the
electron changes its orientation 108-10* times within the
period of the nuclear precession. This is sufficient to
average the local fields created by the HFI, except for the
small residual fraction obeying the Boltzmann distribution;
it is this HFI which is responsible for the paramagnetic
shift.
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1. NMR of Radicals in the Solid Phase

NMR in diphenylpicrylhydrazyl (DPPH)
NO,

_ |
\—/\N—N—/ >\—No,
YA
Ne—=/" NOs

has been studied in most detail.

From the structure of the radical it follows that there
are four groups of equivalent protons, and in the NMR
spectrum these should correspond to four lines with inte-
gral intensities in the ratio 1:2:2:1, proportional to the
number of protons of each kind. In the first experiments,
however, only two strongly overlapping lines were ob-
served* and only later was it possible to resolve the
spectrum completely®>. The NMR spectrum of polycrys-
talline DPPH, taken in the form of the 1:1 complex with
benzene, is shown in Fig.la. It can be seen that in addi-
tion to the four expected lines there appears in the centre
an additional line which is not displaced and which corres-
ponds to complexed benzene. If benzene is replaced by
deuteriobenzene, the intensity of this line decreases sharp-
ly; there remains only a small peak which apparently
corresponds to diamagnetic impurities in the radical
(Fig. 1b). Replacement of the mela-protons in the picryl
group by deuterium showed that the resonance of these
protons is displaced considerably to low fields (Fig. lc).

‘ 40 5 4 ‘ 80 aH, Oe

Figure 1. NMR spectra of polycrystalline DPPH at 4.2°K.

a) DPPH in its 1 : 1 complex with benzene; b) DPPH in its com-
plex: with deuteriobenzene; ¢) DPPH with deuterium in the picryl
group.

On the basis of these data, and also from calculations of
the spin densities by the valency bond method, and from the
intensities in the spectrum, it was assumed that the
resonance of the meta-protons is displaced to low fields,
and that the resonance of the ortho- and para-protons is
displaced to high fields; the paramagnetic shifts and HF1
constants ay, calculated from Eqn. (5), are given in
Table 1.

In view of the approximate nature of the theory and the
experimental errors, the agreement is fairly good. Thus
at the hydrogen atoms in the o7tho- and para-positions of
the phenyl rings, the spin density is negative, whereas it
is positive in the mefa-positions. These conclusions
were confirmed in later work; it was shown that the
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dependence of the paramagnetic shift on the magnetic field
intensity and on temperature obeys Eqn. (5) satisfactorily®.

In DPPH, as in most other aromatic radicals, the un-
paired electron is a m-electron and its molecular orbital
is made up from the orbitals of the nitrogen atoms and the
m-orbitals of the carbon atoms of the aromatic system.
The isotropic HFI at the protons attached to these carbon
atoms appears as a result of o—7 configurational inter-
action, that is, partial unpairing of the electrons of the
C~H bond; the signs of the spin density at the carbon atom
and the hydrogen atom attached to it are opposite. This
means that in DPPH there is positive spin density at the
carbon atoms in the para- and ortho-positions, and nega-
tive spin density at the carbon atoms in the meta -positions.
Thus the unpaired electron in DPPH is delocalised over the
m-system of the radical; its density p at the carbon atoms
inthe rings canbe determinedfrom the familiar McConnell
relationship? ay = @p, where @ = 23.7 Oe, ¢ and the con-
stants of the isotropic HFI at the neighbouring protons are
determined either from the EPR spectra (without signs),
or from NMR data, as for DPPH (Table 1).

Table 1. Paramagnetic shifts and HFI constants in DPPH.

ay, Oe

Position of p ol 0e | B0 | (theory)

P 71 (Ref.5)

Picryl (meta) —38 +2.4 +4-2.55

Pheny! (meta) —16 +2.4 +1.55

Phenyl (ortho) +37 —2.3 —2.94

Phenyl (para) +62 —3.9 —2.74

An interesting feature is that the central line in the NMR
spectrum of DPPH, corresponding to the protons of the
benzene in the complex with DPPH, is not displaced, that
is, the spin density at the atoms of the ligand in the com-
plex is very low, although the complex itself is fairly
stable.

The NMR spectrum of 1,3-bis(biphenylene)-2-phenyl-
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shows some structure even at 77°K. At 4.2°K, two lines
are clearly observed; one of these is displaced to high
fields by 15 + 1 Oe, and the other, whose intensity corres-
ponds to ~ 70% of the total intensity of absorption, remains
almost unshifted®.

The EPR spectrum of this radical contains 9 lines with
splitting 2.2 Oe. It is not known which protons produce
this splitting; nevertheless, it is possible to divide all the
protons in the radical into two groups: 8 protons with HFI
constant 2.2 Oe, and the other 13 protons with very slight
splitting. Since the radical is present in the crystal as
the 1:1 complex with benzene, the NMR spectrum should
contain two lines—one displaced (from the 8 protons) and
one which is not displaced (from the 13 + 6 = 19 protons).
The observed NMR spectrum shows complete agreement
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with these ideas. At the protons giving an HFI constant
of 2.2 Oe, the spin density is negative (paramagnetic shift
to high fields), that is, at the carbon atoms to which these
protons are attached, the density of the unpaired 7-elec-
tron is positive and is much greater than the density of the
unpaired electron at the other carbon atoms.

The NMR spectrum of the pyrene radical-anion, in addi-
tion to a line which is not displaced and which corresponds
to the diamagnetic original substance, contains three dis-
placed lines?°, The signs and magnitudes of the HFI con-
stants are given in Table 2, which also gives for compari-
son the values of the same constants obtained by the EPR
method; the agreement is very good.

Table 2. Paramagnetic shifts and HFI constants in the pyrene
radical-anion.

AH, Oe ay(NMR) ay(EPR)
—35.1 +1.26 (+)1.09
+79.1 —2.79 (—)2.08
+140.5 —4.88 (—)4.75

The NMR spectrum of the tri-p-chlorophenylammonium
radical-cation at 77°K consists of two poorly resolved lines
with equal intensity, one of which is displaced by 2.3 Oe to
low fields, whereas the other is displaced by 3.9 Oe to high
fields. These lines evidently correspond to the ortho-
and meta-protons, on which the spin densities have posi-~
tive signs®.

In addition to the study of these radicals, attempts have
also been made to study NMR in the polycrystalline tetra-
methyl-p-phenylenediamine radical-cation (Wurster's
cation), but definite results could not be obtained®, This
is apparently due to the fact that at fairly high tempera-
tures the paramagnetic shifts are small, and at low tem-
peratures the crystal is converted into an antiferromag-
netic state!l.

2. NMR of Radicals in Liquids

Until now we have examined the paramagnetic shift due
only to the isotropic HFI. The anisotropic part of the
HFI also produces a shift, whose magnitude and sign are
determined by the magnitude and sign of the anisotropic
HFI constant; the latter can be found from the paramag-
netic shifts in single crystals of radicals. In polycrys-
talline specimens, the anisotropic HFI leads to marked
broadening of the lines; it is for this reason that paramag-
netic shifts in polycrystalline specimens can be observed
only at very low temperatures, when the magnitude of the
shift is greater than the width of the lines. In liquids, the
anisotropic HFI is averaged by the molecular motion, and
the NMR lines become much narrower.

The condition for observation of the paramagnetic shift
is satisfied only in concentrated solutions of radicals.
The width of the lines is determined by both the dipole and
scalar relaxations (see Section II) and is usually propor-
tional to a2; the condition for obtaining very narrow lines
w3712 « 1 is difficult to satisfy for solutions of radicals,
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in contrast to the situation for paramagnetic ions, where
the electronic relaxation times T,, are often small and
wiT3, <1,

Most studies have naturally been carried out with stable
radicals. This, however, does not restrict the possibili-
ties of using the method for the main task—the investiga-
tion of the mechanism of delocalisation of electrons in
many-electron molecular systems.

In the NMR spectra of 2,4,6-tris-t-butylphenoxyl and
Coppinger's radical:

C (CHy)s C (CHa)s C (CHy)s
5— N\ —/ TN cH—7 N\ _4
o \':/ C (CHs)s O;\|=/»ACH {__>—0

C (CHy)s C (CHy)s C (CHy)s

recorded at 20° in C¢D;, the lines of the o-t-butyl protons
are displaced to low fields relative to the same protons in
the corresponding molecules, that is, there is positive
spin density at these protons; the HFI constants are

+0.071 Oe and +0.049 Qe respectively, and show good
agreement with the constants obtained by the EPR method
(0.072 Oe and 0.049 Oe)!2, Calculation of the spin density
in these radicals shows that in the ortho-positions of the
rings there is positive 7-electron density, that is, the
signs of the spin densities at the carbon atoms in the ortho-
position and the o-t-butyl protons are the same; this
apparently means that the chief part in delocalisation of the
unpaired electron on the protons of the t-butyl groups is
played by the hyperconjugation mechanism (further proof
of this is given below, in section II).

Table 3.
HFI constants for the protons of the
Radical CH3 and OCH3 groups, Oe
para-position ortho-position
CHy0—¢ __}-g— {__Y—ocH, +0.223 _
CH;0
|
7 N_N_ZT N\ _ .180
CH;0 < > I;I < J OCHj +0. +0.100
9 OcH,
CH;0 ?CHs
!
cHy0—¢ _>—r]1—/ __)—OCH, +0.120 +0.084
i !
cHo 9 OcH,
i
cHy0—¢ >—r;1—( —_\—ocH, 40.075 +0.160
_._—‘ =
cH, @

In aromatic nitroxide radicals (Table 3) the sign of the
constant ay on the protons of the ortho- and para-sub-
stituents also coincides with the sign of the m-electron spin
density on the corresponding carbon atoms of the aromatic
rings; this means that the unpaired electron appears in the
atomic orbitals of the CH; and OCH, hydrogen atoms due to
a hyperconjugation mechanism?!3, The values of ay for
OCH; in a series of radicals (Table 3) gradually decrease;
this may be due to a decrease in the spin density in the

801

rings as a result of the twisting due to steric interaction of
the ortho-substituentsi4. The relationship between the
constants ay for OCH, in the ortho- and para-positions,
and also between ay for OCH; and CH, is the same as that
usually observed in EPR for radicals of this type !%.
Extremely interesting characteristic featues of the delocal-
isation of an unpaired electron in a g-system are observed
in aliphatic nitroxide radicals!6:37, The HFI constants in
some of these radicals are given in Table 4.

Table 4.
HFI constants for the protons, Oe
No. Radical other
BcH3 B-cHy TCH protons
(CHs)s
I 0={~ >N-0 —0.1 0
T (CHa)x
H (CHs)s
H NCTTNN-O —0.2 ~0.4 +0.15
H/ N ’
(CHa)g
H. ,_(CHs)s
i >/ “NO 0and—0.43| —0.32and | -+0.08
HO Nt ~-0.46
(CHs)2
(CHa)s -
v 0N ¢ Si(CHg)s | Oand—0.43 | —0.3fand | +0.08 | ~0
i —0.46
(CHg)s
CHyy g
v o-N~ Y S0 Oand—0.4 | —0.29and | +0.09
N’ \0~ —0.5
(CHy)g

a d
b
e
M =
Figure 2. NMR spectra of radicals:

Iat 50°C (a); ITat 36°C ¢ (b); III at 25°C (c) and 60°C (d);
IV at 60°C (e). Spectra recorded at 100 mHz (see Table 4).

The NMR spectra of some of these radicals are given
in Fig.2. InradicalsI and II the protons of all the 8-CH,
groups are equivalent and give a single line in the NMR
spectrum; the protons of the 8-CH, groups are also equi-
valent. In the radicals and polyradicals III-V, the NMR
signal of the protons of the 3-CH, groups consists of two
lines which are displaced considerably relative to one
another. The HFI constants for these radicals differ con-
siderably from one another for both the 8-CH, groups and
the B-CH, groups. This means that these groups are non-
equivalent: for two of them, the constants ay are close to
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zero, and for the other two the values lie between -0.38 Oe
and -0.42 Oe. The mean value of these constants corres-
ponds exactly to the HFI constant for the 8- CH, protons in
radical II. The spatial configurations of the aliphatic
rings in radicals II-V are evidently fixed, and the frequen-
c1es of the inversion transitions (of the “chalr” -“boat”,

“chair”-“chair” type etc.) are small compared with the
difference in the HFI constants of the protons of the non-
equivalent B-CH, groups. In radical II the frequencies of
these inversions are high so that the averaged HFI con-
stant for all the 8-CH, protons is observed.

A similar picture is observed for the protons of the
B-CH, groups; here also they are non-equivalent in radi-
cals M-V, but in radical II they are equivalent with a mean
value for the HFI constant equal to half the sum of the HFI
constants of the non-equivalent protons of the g-CH,
groups.

These results show that the unpaired electron is de-
localised over the angular orbitals, that is, by a hyper-
conjugation mechanism (at least on the g~carbon atoms).
The presence of a 7-electron on the C atom in CH, was
also proved by the EPR method!8; it was found that the
sign of the constant g, for CH coincides with the sign of
the m-electron spin dens1ty pl.. for the same 13C atom.

If it is assumed that the signs of ay and pmc coincide (this
assumption is justified by EPR spectroscopy), it follows
that there is negative m-electron spin density on the
B-carbon atoms. It should be noted that at the N atom the
spin density is positive and large: pk ~ 0.8.19 I is at
present difficult to resolve unambiguously the problem of
the mechanism of the appearance of negative spin density
on $-CH; and B-CH,. It is also not clear why ay > 0 at
the protons of the y-CH group, in contrast to the situation
for all other protons of the aliphatic ring. One reasonable
explanation can be found in the assumption that there is
direct spatial overlap of the ¥-CH sp® hybrid orbitals and
the m-orbital of the nitrogen atom; evidence for this is
provided by the fact that ay for y~CH in radicals III-V is
smaller by a factor of almost two than ay for y-CH, in
radical II.

Recently, considerable attention has been paid to the
use of the NMR method to study paramagnetic solutions of
aromatic hydrocarbons in the presence of alkali metals.
The radical-anions formed take part in fast electron ex~
change with neutral molecules of the aromatic hydro-
carbons; the characteristic time of this reaction is the
correlation time of the averaged isotropic HFI. The ob-
served paramagnetic shift is similar in character to that
in the examples examined above, and the magnitude of the
shift is given by Eqn. (5), in the right-hand side of which
appears a new factor fyr —the mole fraction of the ion-
radicals (see section III for more details).

The signs and magnitudes of the isotropic HFI constants
on the protons of the alkyl groups in the radical-anions of
1- and 2-alkyl substituted naphthalenes have been deter-
mined?® (Table 5). For the a-protons, the signs of the
HFI constants were determined from the NMR spectra, and
their absolute values were found from the EPR spectra.

The NMR spectra of the p-xylene and p-diethylbenzene
radical-anions?!s?2 showed that the spin density on the
a-protons of the alkyl groups is negative @cuz = —0.083 Oe
in the p-xylene anion and acy, = —=0.050 Oe in the p-di-
ethylbenzene anion). Calculations show that the isotropic
HFI for these protons appears as a result of hypercon-
jugation. (This can also be seen from the experimental
data: the value of a for CH, in the p-diethylbenzene anion
is less than that for CH, in the p-xylene anion—this situa-
tion is characteristic of the delocalisation of an electron
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over the angular orbitals.) This means that the sign of the
spin density for CH, and CH, in these anions is the same
as that of the spin density on the carbon atoms to which
these groups are attached. This raises the problem of
how the negative spin density appears on these carbon
atoms.

Table 5. HFI constants at the a-, §-, and y-protons of the substituents
in naphthalene radical-anions.

HFI constants x 103, Oe HFI constants x 103, Oe
Substituent
@ B Y ) a B ] 5
1-CH, -+-3860 2-CH; +1810
1-CoHg +3240 | — T4 2-CqH, +1430 | 4-32
1en-CaH, 12670 | —212 | +64 2nColy 44080 | —2 | 427
1-n-C Hy +2800 | —155 | +45 | +35 || 2n-C4H, +1050 | — — | 420

The xylene anion can be regarded as a weakly perturbed
benzene system. The degeneracy of the ground state of
the benzene anion is removed by the perturbing influence of
the two CH, groups but the splitting between the levels
remains very small. EPR studies show that in 1- and
1,4-substituted benzene anions the lowest antibonding
orbital is antisymmetric with respect to reflection in a
plane perpendicular to the plane of the molecule and pass-
ing through the two CH, groups. The other orbital, which
is symmetric, should have a slightly higher energy. The
distribution of the spin density for each of these two orbi-
tals is shown in the scheme below:

0.334
7 \0 25/ No.083

I\JO.%

—0.0616 0.3949
7 N0.2808 N0.0525

I I0.083 l ’0.2808] '0.0525

N/

o] 0.334 —0.0616 0.3949

Y, s ", s
(@) (b)

Since the unpaired electron occupies the lowest anti-
symmetric orbital 2¢y4, its density at carbon atoms 1 and
4 should be equal to zero, so that the HFI splitting for the
CH; protons should also be equal to zero. Since this
splitting is not equal to zero, however, Bolton and co-
workers 2® proposed three possible mechanisms which
might lead to the observed effect: (a) vibronic or electro-
nic-vibrational interactions between the symmetric and
antisymmetric states; (b) thermal excitation, which with
increase in temperature increases the spin population of
the symmetric state; and (c) configuration interaction
between the ground and excited states 2yq and 2ys; mech-
anisms (a) and (b) should make a positive contribution to
the HFI constant. Thus mechanism (c) apparently deter-
mines the sign of the HFI constant.

For a quantitative estimate of all these contributions,
it is necessary to examine the results of the calculation of
the spin density at all the carbon atoms in the 24 and
2ys states?’. These results [with allowance for the con-
figurational interaction according to mechanism (c) and
the inductive influence of the CH, groups] are given in
scheme (b). If it is assumed thai the splitting for the CH,
in the p-xylene anion is proportional to p, (or p,) with
proportionality constant +25 Oe, the magnitude of this
splitting should amount to -1.50 Oe. Experiment gives
only -0.1 Oe, that is, the sum of the positive contributions
of mechanisms (a) and (b) compensates almost completely
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the contribution of mechanism (c). Thus the splitting for
CH; is almost independent of temperature, if it is assumed
that the contribution of mechanism (b) is very small and
that the chief part is played by the competing mechanisms
(@) and (c).

In the mono-substituted radical-anions of toluene, ethyl-
benzene, and cumene, the spin density on the a-protons is
positive and depends markedly on temperature; this is
indicated both by the NMR spectra of the anions and by EPR
studies of these anions??. Here, the main contribution to
the splitting is apparently made by mechanism (b); from
the temperature dependence of the splitting at CH, in the
toluene anion it was found that the energy gap between the
2Ya and 2y s states amounts to 2.8 kcal mole?,1®

Although the NMR method makes it possible to measure
the absolute values of the HFI constants (at fairly small
values of ~ 0.1-0.01 Oe), and also in a number of instances
to improve the assignment of these constants made from
EPR studies of the radicals, its chief role is nevertheless
the determination of the signs of the HFI constants. It is
for this reason that the NMR method has played an excep-
tional role in the development of the theory of isotropic
HFI and has made an important contribution to ideas
regarding the mechanisms of the delocalisation of the un-
paired electron in radicals.

II. NMR AND THE SOLVATION OF RADICALS

In the condensed phase, radicals very often form com-
plexes of the donor-acceptor type with molecules of the
surrounding medium. This complex formation alters con-
siderably the reactivity of the radicals?®, so that the study
of the nature of the electronic interactions in the complex
of the radical with the solvent molecules (for the sake of
brevity these will subsequently be described arbitrarily as
ligands) is of considerable interest. If the molecular
orbital of the unpaired electron in the complex also includes
the orbitals of the ligand, that is, if the unpaired electron
is delocalised over the ligand, an isotropic HFI, whose
magnitude and sign are determined by the mechanism of
delocalisation of the electron, appears at the magnetic
nuclei of the ligand. This HFI of the solvent nuclei can be
detected by the NMR method, from the paramagnetic shifts
or from the anomalies in the ratios of the nuclear relaxa-
tion times 7T,/7, (single-frequency methods) or from the
magnitude and sign of the dynamic polarisation of the
nuclei (two-frequency methods). We shall examine briefly
all these methods, and we shall analyse the “chemical”
information obtained up to the present by these methods.

1. Paramagnetic Shifts of Solvent Nuclei in the Presence of
Radicals

The solvation of paramagnetic species, in particular
organic radicals, may be accompanied by delocalisation of
the unpaired electron over the molecules of the solvent and
the appearance of an isotropic HFI at the nuclei of the
solvent. As with radicals, this HFI leads to a paramag-
netic shift of the solvent nuclei, whose magnitude and sign
are determined by the HFI constants. The only difference
from the situation for radicals is in the mechanism of the
averaging of the HFI alIS: in radicals, averaging of the
spin fraction of the HFI takes place as a result of exchange
interaction, but the condition for the observation of para-
magnetic shifts of solvents is the modulation of a with a
frequency 75! such that a273 « 1; the mechanism of the
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modulation of a is usually associated with the formation
and decomposition of complexes of the radical with solvent
molecules. The expression for the paramagnetic shift
has the form (its derivation is given in section III):

AH = —af (1,/%,) (vcHo/ 4kT) ;

f = nN/N, is the mole fraction of the solvent molecules in
the complex with the radicals, N the number of molecules
of the radical species, N, the number of solvent molecules
per unit volume, and n the coordination number of the
solvate.

These complexes are essentially ideal models for study-
ing the mechanism of delocalisation of the unpaired elec-
tron. Unfortunately, very little work has yet been done
on the paramagneti¢ shifts of solvents in the presence of
organic radicals.

Richards and coworkers2® observed the paramagnetic
shift of the fluorine nuclei of C4Fq in the presence of tris-
t-butylphenoxyl; ag is positive and amounts to ~ 4 Oe.
The paramagnetic shifts of the protons of a series of sol-
vents have been studied in the presence of nitroxide radi-
cals

(CHy)e
N—0
N——’’.
(CHs)a

with X = CH,, CO, or CHOH #* (Table 6).

Table 6.
HFI constant for the protons, Oe
Solvent molecule OH a-CH pcH other protons
H,0 —0.56
HOD —0.56
OH —1.27
CH;OH —0.485 -+0.066
CH3CH;OH --0.363 +0.058 -+40.025
(CH;)sCHOH —0.363 +0.044 +0.013
(CHy)sCOH — 0.01
(CHgOH)s —0.264 +0.074
PhCH,0OH —0.52 +0.055
CH,=CH—CH,0H — -+0.033 +0.055
CH;CO0! —0.435 0
HCCl; —0.396
HaCCly —0,088
(CH3CH,)sNH +0.033 -4-0.018 —0.051
H
H—]
AI\NH 4+0.04 —0.3
Hd”
H

The HFI appears at the protons in the molecules of
those solvents which take part in donor-acceptor inter-
actions (of the hydrogen bonding type) with the radical
(Table 6). Analysis of the HFI shows a number of charac-
teristic features of the delocalisation of the unpaired elec-
tron in the solvate complex. Firstly, at the protons
forming a hydrogen bond with the paramagnetic centre of
the radical, the spin density is always negative. Secondly,
at the a- and B-protons the HFI constant is positive and
its magnitude decreases along the aliphatic chain. Com-
parison of the HFI constants for the ‘@- and B-protons in
a series of alcohols shows that at the a- and B-carbon
atoms the unpaired electron is situated in angular orbitals
(apparently quasi-m-orbitals) and it appears in such orbi-
tals by a hyperconjugation mechanism. This mechanism
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assumes the presence of positive m-electron spin density
on the atomic orbitals of the oxygen or nitrogen in alcohols
or amines; this possibly results from direct overlap of
the m-orbitals of the radical and the atomic orbitals of the
O and N atoms in the complex. The negative spin density
on the protons taking part in hydrogen bonding then arises
by a spin polarisation mechanism (as inthe >CHfragment).
An interesting feature is that in OH, where direct overlap
of the orbital of the unpaired electron with the orbitals of
the O atom should be greater than in other instances, the
HFI constant at the H atom is also much greater. At the
protons of the amino-group, on the other hand, this con-
stant is very small; here the negative spin density, prod-
uced by the spin polarisation mechanism, apparently com-
pensates to a considerable extent the contribution of the
positive density from the unpaired electron in the NH orbi-
tals, partly hybridised with the electron pair of the nitro-
genft.

2. Single-frequency Relaxation Methods for Studying the
Solvation of Radicals

The kinetics of the change in nuclear magnetisation in
NMR are usually defined by two kinetic constants: the
spin-lattice or longitudinal relaxation time 7;, characteris-
ing the rate of the approach of the z component of the
nuclear magnetisation to the equilibrium corresponding to
the Boltzmann population of the nuclear Zeeman levels, and
the transverse relaxation time T,, determining the rate of
the approach of the total x and y components of the mag-
netisation to zero, that is, the approach to dephasing of the
nuclei (z is the direction of the external magnetic field).
Physically, longitudinal relaxation corresponds to inver-
sion of the nuclear spins (exchange of energy takes place
between the spin system and the lattice). The transverse
relaxation is related both to the longitudinal relaxation and
to the presence of local magnetic fields which alter the
frequency of precession of each spin and lead to dephasing
of the nuclei; complete dephasing corresponds to zero
values of the x and y components of the magnetisation of
the complete spin system.

A physical model of nuclear relaxation in a liquid was
proposed by Bloembergen and coworkers?® as early as
1948, It was based on the fact that the disordered molec-
ular motion of the species in a liquid leads to fluctuations
of the local fields produced by the dipole~-dipole inter-
action of the nuclei. A contribution to T, is made only by
the x and y components of the fluctuating field, whereas
contributions to T, are made not only by these fluctuations
but also by the z components of the local field. The usual
method for calculating 7, and 7, involves the determination
of spectroscopic densities, that is, the Fourier transforms
of the correlation functions describing the dipole-dipole
interaction modulated by the molecular Brownian motion.
T, contains the spectroscopic densities J(w) and J(2w),
where w is the Larmor precession frequency of the nuclei,
and 7, also contains J(0), corresponding to the dephasing
of the nuclei in the local fields created by the fluctuating
z component.

Nuclear relaxation in the presence of paramagnetic
species is described in principle in the same way. The

t The structure of the complexes and the mechanisms of the delocali-
sation of the unpaired electron in complexes with hydrogen bonding and
in m-complexes have been discussed in more detail elsewhere ¥.
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dipole-dipole electron-nuclear interaction operator has
the form

18r3—-3(Ir) (Sr)

rs

H =1

In polar coordinates, this can be represented in the more
explicit form

H' = Ye{n(A4+-B-+C--D+E+-F),

where ye and y, are the gyromagnetic ratios of the elec-
tron and the nucleus, I and S the spin operators of the
nucleus and the electron, 7 the distance between the elec-
tron and the nucleus, and the operators A —F have the
forms:

A=r?(1—3cos*)I.S:,
B=— i—r" (1—3cos*6) (I,S_ + S,1),

C=— % r3sinfcosd e (.S, +1.S.),
o —Z—r"’ sinf cos 0l (I,.S_ 4+ 1.S,)

E=— % r3sin*be—*% /.S, ,

F=— -z- r3sin?fer@/ S_,

where I+ = Ix + ily, Sy = S + Sx + iSy, and the spatial
parts of the operators are the spherical functions Y3, Y1,
and Y32, 7, contains the spectroscopic densities

J(wr = ws), J(wr), and J(wr + ws), corresponding to the
correlation functions of the operators B, C, and D, and E
and F, and T, also contains J(0) and J(ws), corresponding
to the operators A, C, and D.

Since in liquids with low viscosity the correlation time
of the molecular motions 7¢ is small (10-11-10"12 g), we
have w}Tg « 1 and w%7Z « 1, when all the spectroscopic
densities become independent of w and equal to J(0) and
T, = T, (these become equal to the extent to which the
inequality w272 < 1 is satisfied). This is the case of
strong narrowing, when relaxation of the transverse com-
ponents of the magnetisation takes place only by spin-
lattice relaxation. Relaxation in the presence of most
paramagnetic ions obeys this theory; equality of 7; and T,
is effectively observed.

An anomaly in the ratio 7,/7, was first observed for
the protons of water in solutions of Mn?* and Gd* salts,
where it was found that 7,/7, > 1; this phenomenon was
subsequently observed in aqueous solutions of a number of
other ions.

Bloembergen 2® attributed this anomaly in the ratio 7,/7,
to the presence of isotropic HFI of the solvent nuclei with
the unpaired electron of the paramagnetic species. This
interaction may take place in the complex formed by the
paramagnetic species with the solvent molecules as a con-
sequence of the finite density of the unpaired electron at
the nuclei of the solvent.

The isotropic interaction ¢IS can be represented by the
operator H” = alzS; +3a(l,S- + I.S,), where the first
term, whose spin part corresponds to the spin part of the
operator A of the dipole interaction, makes a contribution
to J(0) (secular part), and the second term, with spin part
similar to the operator B, makes a contribution to
J(wr - ws).

For the contribution of the interaction H” to the relaxa-
tion to be significant, it is necessary to have mechanisms
leading to time modulation of H”. Two main mechanisms
of such modulation can be pictured. Firstly, change in
the constant a with correlation time T¢, which has the
significance of the lifetime of the complex formed by the
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solvent molecule with the paramagnetic species; it is
assumed that a depends markedly on distance; it is equal
to a during the existence of the complex and is equal to
zero when the complex decomposes. The relaxation due
to this mechanism is called first-order scalar relaxation.
Secondly, aIS may be modulated by the longitudinal relaxa-
tion of the spin of the electron; the correlation time of the
interaction alS then becomes the electronic relaxation
time T,,; this is second-order scalar relaxation. In solu-
tions of organic radicals, T, is usually large, and the
main contribution to the relaxation is made by the modula-
tion of a.3°

Rigorous examination of both contributions—dipole and
isotropic—to the relaxation according to the scheme out-
lined briefly above gives the following expressions for
T, and T, for w}t2 « 1:

h2Nn 71, ) 3 T,
i Tite 3¢, + ¢ +i(i) Nn e R
T, 1078 N, 1+ ol? 2\ & No \ 1+ o¥?
2
1 1i13RNn 13+, 2 <
= Tt —— () A (et — ) (D)
Ty 2078 N, 1+ oft; 4\ A No 1+ ojry

where T and 7¢ are the correlation times of the dipole
interaction and the isotropic HFI, N and N, the numbers of
radical species and solvent molecules in 1 cm3, and 7 the
coordination number of the complex. The first terms in
(6) and (7) evidently correspond to the dipole contribution
to the relaxation, and the second terms to the contribution
of the isotropic HFL. It can also readily be seen that the
ratio T,/7, > 1 only when the correlation time 7¢ is
sufficiently large; with this condition, a contribution to 7,
is made by the spectroscopic density J(0) produced by the
secular part of the isotropic HFI. In the limit, for
wi72 > 1, the second term in 7}"! is equal to zero, and

(a/h)z— Te.

It is evident that the anomaly in T,/7, is greater, the
greater a and T¢ (but 7 should not be greater than a-1),
At small values of T, (weak complexes) or in weak fields
(ws small), we may have w3t? « 1, so that again 7,/7, =
1, physically, this means that although scalar inter-
action alS takes place in the complex, the contribution of
the secular terms J(0) in T, becomes negligible.

The method involving determination of the ratio T,/T,
has found extensive application for the study of the com-
plexes formed by paramagnetic ions with ligands; little
work has been done on radicals.

The first paper was published in 1963. Gutowsky and
Tais3! determined 7, and T, for protons in various solvents
—chloroform, dioxan, benzene, acetonitrile, water, di-
chloroethane, tetramethylsilane, and cyclohexane—in the
presence of DPPH and the di-t-butylnitroxide radical.

7" and T, were linearly dependent on the concentration
of radicals, but the ratio 7,/7T, was found to be constant for
all concentrations and equal to 1.1-1.2, that is, its value
was very close to unity. For the fluorine nuclei in hexa-
fluorobenzene and 1,3,5-trifluorobenzene, however, T,/T,
differed significantly from unity and amounted to 1.40-
1,70, These results show that in the complexes formed
by fluorine-containing molecules with radicals, the un-
paired electron is delocalised over the atomic orbitals of
the ligand, the constantsof the isotropic HFI at the fluorine
nuclei being sufficiently large (108-107 s—!) to make a
secular contribution to T,. The fact that for the protons
T,/T, =~ 1 shows that ay may be much less than ag. This
makes it very difficult to decide whether the complex has a
structure of the m-complex type, or whether there is

(6)

the contribution of this term to T, is }
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localised interaction in the complex between the radical
and the fluorine atom of the molecule.

Sagdeev and Molin %2 determined 7, and T, for the pro-
tons of biphenyl, naphthalene, nitrobenzene, and nitro-
methane in the presence of DPPH. They found that the
values of T,/T, differ considerably from unity and estab-
lished a relationship between this deviation and the ionisa-
tion potentials of the ligand molecules. Table 7, taken
from the work cited$?, illustrates this relationship. The
existence of this relationship indicates that there is donor-
acceptor interaction in the complexes.

Table 7. Ionisation potentials and HFI constants for protons in the
presence of DPPH.

Solvent Ty/Ty , 51 References

~
o
<
A

31
31
31
31
31
31
5108 32
3.40 a2
A-108 a2
5.10° 32

Chloroform
Acetonitrile
Dichloroethane
Dioxan

Benzene
1,3,5-Trifluorobenzene
Biphenyl (in CCly)
Naphthalene (in CCly)
Nitrobenzene
Nitromethane

e

SR &0 3 En s o 1o
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Paramagnetic shifts were also observed in the last four
solvents. The proton lines are displaced to strong fields,
that is, there is negative spin density at the protons of the
ligands in the complex with DPPH; this is apparently due
to a mechanism involving o—r configurational interaction
of the electrons of the C~H bond with the positive spin
density of the m-system of the ligand. For CH,NO,, the
authors cited? propose localised interaction of the NO,
group with the radical, the O-~N-O group being 51m11ar to
the allyl group: the w-electron spin density is positive at
the oxygen atoms, and negative at the nitrogen atom; on
the CH, group the spin density appears as a result of
hyperconjugation with the unpaired electron of nitrogen and
has the same sign. The HFI constants determined from
the magnitudes of the paramagnetic shifts using Eqn. (5)
are given in Table 7.

A number of studies have been carried out in solutions
of stable nitroxide radicals of the type

2N

(CH,)J\N /’(CHa)l .
&

The formation of complexes by radicals of this type with
the molecules of water, alcohols, and acetic acid was ob-
served by the EPR method33; it was shown that a hydrogen
bond is formed between the radical and the solvent mole-
cules with the participation of the unpaired electron. The
energy of this bond amounts to 2-4 kcal mole~! and the
coordination number of the complex is n = 1,

The relaxation times of the protons of water in the
presence of the nitroxide radical with X = CO have been
measured®, The ratios T,/T, for various concentrations
of the radical are given in Table 8.

At low concentrations of the radicals, T,/T, is much
greater than unity, that is, the unpaired electron has a
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finite density at the protons of the water molecules taking
part in hydrogen bonding with the radicals.

Using the value @ = -=0.56 Oe obtained from the para-
magnetic shifts (see p. 804) and 7,/T, = 1.5, we readily
obtain the correlation time 7¢ = 3 X 10710 s,

Table 8.

Concentration Concentratio;
of radical, M| TV/T2{| of radical, ] T1/T2

5-10-3 | 1.7 5-10-8 1.5
7.5.40°® | 1.5 | 7.5.1072 1.2
102 1.6 107! 1.1
2,5.10°2 | 1.5 1.0 1.0

An interesting feature is that at high concentrations of
the radical, when the frequency of electron exchange be-
comes equal to ~ 1010 -1, the ratio T,/T, gradually de-
creases and reaches unity at a concentration of 1 M. This
behaviour of 7,/T, can be attributed to the fact that at high
frequencies of exchange wex, Tex becomes the correlation
time of the isotropic HFI, and if 7 < Te, w%T?, decreases
with increase in concentration; as a result, there is a
decrease in the contribution of the secular terms in T,.
This fact provides further proof of the manifestation of HFI
at the protons of water in the complex with the radical; it
also confirms that 7¢ at concentrations in the region of
0.5 M (when the concentration dependence of T, begins to
deviate from linearity) is comparable with 7., that is,

Te = 10710 g-1. this shows good agreement with the value
of Te calculated above from the values of the paramagnetic
shift and the ratio 7,/T,.

In the presence of the nitroxide radical with X = CH,

(1 M) the ratio T,/T, for the hydroxyl proton of methanol
amounts to 1.23;3 here, we should apparently observe the
same picture as in aqueous solutions of the radicals.

A very interesting paper on the solvation of paramag-
netic oxygen molecules in water and alcohols was recently
published¢, Only the dependence of T, for the protons in
the pure solvents and in solutions saturated with oxygen on
the field intensity (or ws) was measured. In pure water,
T, was independent of ws; this means that w3t « 1, that
is, the condition for strong narrowing is satisfied. In the
presence of dissolved oxygen, T, depended on ws; this
means that in the expression for 7;™! there appears a
second term which takes account of the contribution of the
isotropic HFI, with correlation time 7, < 7¢ and with
w%T12 comparable with unity. It can readily be shown that
for this example Eqn. (6) can be reduced to the form

Te

s
2.3
1+ ogT,

;_1:“17:+3

where o and B are constants, and T¢ and aT¢ can readily
be found by combining the expressions for T-! with differ-
ent ws values. For the complexes formed by oxygen with
water molecules, the bond energy, determined from the
temperature dependence of T¢, was found to be 2.5 keal
mole=!; 7. is of the order of 10-! s. In methanol, the
dependence of T, on ws is very weak, that is, either the
complexes formed by oxygen with the alcohol are weak

(Te is small) or the constant a in the complex is small.
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Thus the results of this work provide an elegant and con-
vincing proof of the existence of complexes of oxygen with
water molecules, in which there is delocalisation of the
unpaired electrons of the oxygen over the atomic orbitals
of the ligand.

The work examined above on the study of solvation
using the ratio T,/7T, essentially exhausts the range of work
carried out by this method in solutions of organic radicals.
A disadvantage of this method is that it gives no informa-
tion on the sign of the HFI constant in the complex; its
advantage over methods which use measurement of para-
magnetic shifts lies in the possibility of determining the
kinetic characteristics of the complex— the correlation
time 7e¢ and its temperature coefficient. Thus the two
methods effectively supplement one another and give exten-
sive information on the mechanism of the delocalisation of
the unpaired electron in a complex; this is illustrated by
the work examined above.

3. Dynamic Polarisation of Nuclei (Two-frequency Methods)

If we have two interacting spin systems—for example,
electronic and nuclear—a change in the state of one spin
system (at one resonance frequency) produces a change in
the state of the other spin system; this change is detected
at another resonance frequency. This is the essential
feature of two-frequency methods of studying nuclear-
nuclear and electronic-nuclear interactions. I we have a
dipole interaction in an electron-nucleus system placed in
a magnetic field, the component operators may bring about
different transitions with a simultaneous change in the
orientation of the electronic and nuclear spins, that is,
with a change in the characteristic values of the z compo-
nents of the spin of the electron M and the nucleus m. It
can readily be seen from the form of the operator B that it
brings about transitions AM = -Am = 1 (flip-flop transi-
tions), when there is simultaneous inversion of the elec-
tronic and nuclear spins in opposite directions. The
operators C and D bring about transitions with A(M + m) = =1
(ordinary transitions of the electron or nucleus between
their Zeeman levels), and the operators E and F induce
transitions AM = Am = :1 (flip-flip transitions) with
simultaneous inversion of the spins of the electron and the
nucleus in the same direction?,

The Zeeman levels for the particular case of an elec-
tron and a proton and the populations of these levels are
illustrated in Fig. 3 (it must be noted that for the electron
¥e < 0 and for the proton yn > 0); we have N./N, =
exp (RyeH/RT) and n,/n. = exp (hynH/kT).

With saturation of the electronic transitions there is an
increase in the number of electron relaxation acts
+1/2 — =1/2; if only flip-flop transitions take place, the
nuclear spins undergo inversion in the opposite direction
~1/2 — +1/2, that is, the population of the lower Zeeman
level of the nuclear spin system increases sharply, with
a corresponding increase in the NMR signal. For com-
plete saturation of the electronic transitions N, = N. and
n,/n. = exp (hyeH/kT), that is, the populations of the
nuclear states obey the Boltzmann relationship, but with
the Boltzmann factor exp (RyeH/kT) instead of exp (hyn H/RT),
which is observed for statistical equilibrium in the absence
of EPR saturation. This means that for complete EPR
saturation the effective gyromagnetic ratio of the nucleus
vn is equal to the gyromagnetic ratio of the electron vye.
This phenomenon of positive dynamic polarisation of nuclei
for EPR saturation is known as the Overhauser effect. It
is used in physics as a method of obtaining polarised
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nuclei; in chemistry the Overhauser effect is important
as a method of studying the nature and mechanism of elec-
tron—-nuclear interactions in radicals and their complexes
with ligands.

-1
n—t—+12

V1)

Figure 3. Scheme illustrating the Zeeman levels of the electron and the
proton.

If only flip-flip transitions take place, the sign of the
nuclear polarisation becomes negative. EPR saturation
is then accompanied by an increase in the population of the
upper Zeeman level of the nuclear spin system; relaxation
of the nuclear spin is accompanied by the emission of the
nuclear Zeeman frequency. This negative dynamic
polarisation of nuclei is used in the production of micro-
wave generators and amplifiers, or masers.

If we take account of all the transitions and solve the
kinetic equations for the populations of the nuclear and
electronic Zeeman levels, we obtain an equation relating
the nuclear magnetisation (Iz) and the electronic magnet-
isation (Sz)

dl,y 1 1
T = _‘T‘Zj«lz) _lo) “T_{S‘«Sﬁ '—'So)
where I, and S, are the equilibrium values of (Iz) and
(SI,S) (in the absence of saturation); the constants 7" and
T{® are determined by the spectroscopic densities
J(wr - ws), J(wr), J(wr + ws), and J(wr = ws), J(wr + ws)
respectively. It can be seen from the equation that the
polarisations of the spins I and S are related in such a way
that a radiofrequency field with, for example, frequency ws,
acting on (Sz) , will also alter (I;) . Under steady-state
conditions, d(Iz) /dt = 0 and (Ig) - I, = p({Sz) - S,),
where p = T,Is/Tf'I .30  The constant p is expressed in
terms of the probabilities p, ¢, and 7 of the transitions
produced by the operators B, C, I, E, and F respectively:

p=——F
r+29+p

The probabilities p, ¢, and r are calculated in the usual
way via the correlation functions and spectroscopic densi-
ties. With the condition of strong narrowing, which is
almost always satisfied in liquids, p:q:7¥ =2:2:12, so
that p = -1/2, that is, for dipole-dipole interaction of the
nuclei of the solvent with the unpaired electrons of the
paramagnetic species we have negative dynamic polarisa-
tion of the nuclei.

The isotropic HFI operator produces only flip—flop
transitions and if a contribution to the relaxation is made
only by the isotropic HFI, we have ¢ = ¥ =0 and p = -1,
that is, in this instance there is positive polarisation,
whose absolute magnitude is twice that of the negative
polarisation corresponding to dipole-dipole interaction.

If both interactions make a contribution to the relaxation,
p is a complex function of these contributions. Complete
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calculation of the spectroscopic densities for these inter-
actions for w%7% « 1 leads to the following expression
for p:30
I A S o};) , @®@)
2+ 1,/07, (14 @T})
where o = R2y2y2/r%?. 1t is clear that the magnitude
and sign of the constant p contains all the “chemical” in-
formation regarding the nature of the interaction of the
radical with the solvent molecules; it is usually determined
experimentally from the dependence of the degree of polar-
isation on the level of EPR saturation (details can be found
in a paper by Richards and White38). The magnitude and
sign of p depend on many parameters—the magnetic field
intensity, the isotropic HFI constant, viscosity, and tem-
perature (via 7¢ and Te).

Positive nuclear polarisation for protons was previously
observed only in solutions of the alkali metals in ammonia
(0 = -1), in which the strongly solvated electron gives high
values of a on the protons%. Recently, positive polar-
isation was observed on the protons of the t-butyl groups
in tris-t-butylphenol in the presence of its radical tris-t-
butylphenoxyl*®. In the opinion of the authors cited<°,
this is related to the fact that positive polarisation of these
protons takes place in the radical, in which, as already
noted (section I) there is considerable isotropic HFI at
these protons. As a result of the exchange reaction of the
radical with the phenol (see below), this polarisation
appears in the phenol, and if the characteristic time of the
reaction is less than the relaxation time of the protons in
the molecule, this polarisation is preserved in the phenol
and is detected.

An interesting feature is that in contrast to the situation
for the protons of the t-butyl groups, the polarisation of
the meta-protons in the same radical is negative, although
the HFI on these protons is large @@y = 1.7 Oe). This
means that the contribution of the scalar relaxation is
small, since there is no effective mechanism for the
modulation of a (the corresponding spectroscopic densities
are small),

This fact is of considerable interest in connection with
the problem of the mechanism of delocalisation of the un-
paired electron in the orbitals of the CHy groups in tris-t-
butylphenoxyl. Since a necessary comdition for positive
polarisation is modulation of the HFI constant, and a
mechanism for this modulation may be provided by inter-
nal rotation in the t-butyl groups, this means that the un-
paired electron is delocalised in the t-butyl groups over
the angular orbitals, that is, by a hyperconjugation mech-
anism. These considerations are also confirmed by data
on the dynamic polarisation of !3C nuclei (natural concen-
tration) in the t-butyl groups of this radical—the sign of
the polarisation is positive 41§,

In the presence of organic radicals it has been possible
to observe the contribution of the isotropic HFI only in the
polarisation of the fluorine nuclei in fluorine-containing
solvents. Thus in solutions of DPPH in 1,3,5-trifluoro-
benzene 42, p = 0.37 (at the fluorine nuclei), that is,

-1 < p < 1/2, indicating a contribution by the isotropic
HFI to the polarisation of the fluorine nuclei.

1 In principle, polarisation may be induced by the same mechanism by
chemical reactions taking place with the formation of radicals. This was
recently confirmed experimentally ¢!,  This is an extremely promising
development from the viewpoint of kinetics and mechanism, and also in
connection with the possibility of creating a “‘chemical” maser.
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In fluorobenzene in the presence of DPPH, p has a value
equal to approximately zero at 20°C, that is, the contri-
butions of the dipole~dipole and isotropic interactions to
the dynamic polarisation of fluorine are almost identical;
with increase in temperature, however, the contribution
of the isotropic interaction decreases, that is p in-
creases??, This means that the temperature dependence
of the correlation time 7¢ is more marked than that for 7¢.

Eqn. (8) can be written

A=
- 2+4a !
where
T —
o :'—e‘(1+m:1’:) '
o1,
and

w© e, —¢
lnac:ln—”—-k—f’&—'c——ln(l—&—ms’ﬁ) .

o
at,

This equation was used by the authors cited? to calculate
€e¢ from the dependence of « on 1/7T; it shows satisfactory
agreement with experiment. Using the value of €. found
by Gutowsky and Tai® (e, = 2.5 kcal mole-?), the authors
cited*? found that the energy of the bond in the complex
formed by DPPH with fluorobenzene amounts to 3.3 kcal
mole-1,

Richards and coworkers 26,48 observed positive nuclear
polarisation of fluorine in a number of fluorine-containing
solvents—CF,, p-difluorobenzene, CF,~CCl,, CFCl,~
CF,Cl, fluorine-containing alcohols, perfluoroacetone, and
hexafluoroethane— in the presence of DPPH, tris-t-butyl-
phenoxyl, and semiquinone radicals. This shows that in
the complexes formed by the fluorine-containing molecules
with the radical there is strong isotropic HFI, associated
with the appearance of spin density on the fluorine nuclei
of the ligand.

The dynamic polarisation of 2P nuclei in phosphites and
phosphates in the presence of tris-t-butylphenoxyl was
recently studied*4; the sign of the polarisation is positive,
that is, the radical also forms complexes with phosphorus-
containing esters, in which the isotropic HFI at the phos-
phorus nucleus is large. The polarisation is greater in
phosphites than in pHbsphates. The authors cited attribute
this to the fact that in the phosphites the phosphorus atom
has a free 3s2 pair, so that there is an increase in the
isotropic HFI in the complex.

A large number of papers have been devoted to the
dynamic polarisation of protons in the presence of organic
radicals, but they are of slightly less interest from the
viewpoint of “chemical” information. In most instances in
these systems p = 1/2, that is, the main contribution to
the polarisation is made by dipole—dipole interactions.
These papers, however, contain a large amount of informa-
tion on the correlation times 7¢ and €¢, characterising the
intensity of the molecular Brownian movement in various
liquids; this is of considerable interest for the kinetic
theory of liquids 45»46,

Until now we have been considering those two-frequency
methods in which EPR saturation at microwave frequency
has led to changes in the populations of the Zeeman levels
of the nuclear spin system and these changes have been
detected at the NMR radiofrequency. At the present time,
increasing use is being made of another version of the two-
frequency method—electron—nuclear double resonance—
for the study of organic radicals. The essential features
are as follows. For saturation with a microwave fre-
quency, the EPR signal decreases. If the radiofrequency
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is now altered slowly, it is found that at values corres-
ponding to the resonance of a given type of nuclei, by flip~
flop or flip—flip transitions, a change takes place in the
populations of the electronic Zeeman levels and the EPR
signal at this frequency also changes (it increases or de-
creases to a greater extent, depending on which transitions
play the most important role). Thus in this instance
detection takes place at the microwave frequency, and the
NMR radiofrequency is used as a probe for the electron-
nuclear interaction. This method, discovered by Feher 47,
has been used successfully for a considerable time to study
the structure of paramagnetic centres in crystals; only a
few papers+8:4® have been devoted to the study of organic
radicals in liquids. A significant advantage of double
resonance is the considerable simplification of the EPR
spectra and the high accuracy of the determination of the
HFI constants, For example, in triphenylmethyl, which
contains three kinds of magnetically non-equivalent hydro-
gen nuclei, the EPR spectrum consists of 196 lines of
hyperfine structure, whereas the double resonance spect-
rum contains only six lines%®; the double resonance spect-
rum of triphenylphenoxyl contains seven lines instead of
4050.%° The most valuable feature of double resonance in
radicals in single crystals, however, is that it makes it
possible to determine the absolute signs of the hyperfine
interaction constants. An example is provided by the
determination of the signs of the HFI constants on the
B-protons in the radical HOOC-CH~-CH,COOH., 5

III. NMR AND THE KINETICS OF RADICAL REACTIONS

In recent years the theory has been developed and NMR
has been successfully applied, for the study of the kinetics
of radical reactions, in particular electron exchange and
radical substitution taking place with transfer of a hydro-
gen atom. The attractions of the NMR method for these
purposes include not only the possibility of studying fast
reactions (with rate constants of 108-10° litre mole-! s-1)
but also, and this is most significant, the fact that this
method makes it possible to study the kinetics of reactions
taking place with zero heat change, that is, elementary
reactions with the same initial and final states; it is
extremely difficult to study the kinetics of these reactions
by classical methods, although it is these reactions which
are of greatest interest for the theory of reactivity.
Another extremely important aspect is that it becomes
possible in principle to study electronic interactions in the
activated complex.

The use of the method is based on the broadening of the
NMR signals from the nuclei in the molecules which are
taking part in the exchange of electrons or hydrogen atoms:

P+D é D+P )
where P is the paramagnetic species (ion or radical), and
D is the diamagnetic ion or molecule. Each elementary
act of this reaction leads to a change in the magnetic field
acting on the resonance nuclei of the corresponding mole-
cules, since as a result of this reaction these nuclei are
found at one moment in the paramagnetic species, when

 they are acted on by the field of the unpaired electron,

and at another moment in the diamagnetic molecule. Thus
the nuclei are acted on by paramagnetic “pulses” whose
intensity and frequency influence the shape and width of the
NMR lines. To study the kinetics of these reactions it is
possible to use the line width for any nucleus of a molecule
taking part in the reaction, where there is an isotropic
HFI.
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In general, for reaction (9), an expression for the para-
magnetic broadening of the NMR lines can be obtained
either by solving Bloch's kinetic equations for the mag-
netisation or by means of relaxation matrices 52

AT = fprpat/d ,
1+ fprpad/44+2 o T!
where AT, is the paramagnetic broadening; AT,™? =
opp — T5;h, where Tj}p and T} are the widths of the
NMR lines in the presence and absence of the paramagnetic
species P; fp and fp the mole fractions of P and D; Tp the
lifetime of the paramagnetic species; T,, the electronic
longitudinal relaxation time; and a the isotropic HFI con-
stant at the nuclei whose resonance is observed. Experi-
mentally, it is possible to realise conditions under which
Eqn. (10) is simplified. Two cases are known, described
by the terms “strong pulse” and “weak pulse”.

Let us examine the first—the strong pulse. For this
to be realised, the following conditions are necessary.

Firstly, the lifetime of the paramagnetic species should
be much shorter than the lifetime of the diamagnetic
species, that is, 7p < Tp. Since 7p = 1/k(P), and Tp =
1/k(D), this condition requires that (P) « (D); this is
readily satisfied, and fp = 1.

Secondly, it is necessary that 73a2 > 1. Since the
frequency of precession of the nucleus in the field of the
unpaired electron is equal to a/2, this nucleus comes out
of phase with the other nuclei in the molecule D, if the
paramagnetic “pulse” lasts longer than one period corres-
ponding to the precession frequency a, that is, if 7p > 1/a.
This means that either a or 7p should be sufficiently large
for the nuclei to come completely out of phase during the
period for which the unpaired electron is in the molecule;
the paramagnetic broadening on the nuclei will be the same
and independent of a. For the same reason it is neces-
sary that the electronic relaxation time or electronic ex-
change time T,, > 1/a, that is, T%a? > 1, so that all the
nuclei are able to come out of phase before the electron
alters its orientation. In this instance neither relaxation
of the electron spin nor electron exchange influence the
broadening. The last two conditions can be combined into
one, namely, a272 > 1, where 1/ = 1/1p +1/Te. For
the “strong pulse” case, the transverse relaxation time is
determined essentially by 7p, since 7p > 7p and when
time 7p has elapsed (after D is converted into P) the nuclei
come out of phase almost immediately. Since a?72 > 1,
the experimental criterion for realisation of the “strong
pulse” case is preservation of the hyperfine structure of
the EPR spectrum of the paramagnetic species.

The condition @272 > 1 may be satisfied, although the
hyperfine structure is not observed, if T, > T,,, where
T,¢ and T,, are the longitudinal and transverse electronic
relaxation times. This is due to the fact that the width of
the EPR lines, determined by T,,, may become greater
than the splitting.

When these conditions are satisfied, Eqn. (10) becomes

AT = k(P) (D) (11)

by means of which £ can readily be found from the
magnitude of the broadening and the known concentrations
(P) and (D). Since the condition 7%a? > 1 is most readily
satisfied for large values of Tp or small values of &, the
“strong pulse” case corresponds to a slow reaction. This
was first analysed by McConnell 53,
Let us now consider the second case—the “weak pulse”
case—which is realised under the following conditions.
Firstly, as before, 7p > 7p. Secondly, 73a% « 1 or
Tp « 1/a, that is, the lifetime of the paramagnetic species,

(10)
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during which the nuclei are exposed to the local field of the
unpaired electron, is less than the period of the Larmor
precession of the nucleus in this field, leading to its
averaging and the production of a paramagnetic shift. A
result of the reaction is modulation of the HFI constant and
the consequent scalar relaxation, described above.

Here, a necessary condition is that 7p «T,., for if
Tp > T, the correlation time of the isotropic HFI becomes
the electron spin relaxation time 7T,,, which is not related
to the reaction and the study of the kinetics of the reaction
itself becomes meaningless.

If T\, =~ 7p, it is necessary to know T, in order to
study the kinetics of the reaction. Since in time 7p the
nuclei with different values for the isotropic HFI constant
a; are able to come. out of phase to different extents, the
paramagnetic broadening is not the same for all nuclei and
is determined by the quantity eZ. In this instance,
fot3a?/4 + 21p T3t <« 1 and Eqn. (10) becomes

1 _lﬂ_az —1

= Tr ) (12)

2
from which it is possible to find & if we know a at the
nuclei whose resonance is being observed. In contrast to
the previous case, the broadening decreases with increase
in temperature, since it is inversely proportional to the
rate constant 2. The condition 7§42 « 1 is readily satis-
fied at small values of Tp, that is, at large values of 2, so
that these conditions correspond to fast reaction or fast
exchange; it was examined first by Bloembergen 29,

These are the conditions and chief characteristic fea-
tures of the two extreme limits, which might be described
respectively as the limits of deep low-frequency modulation
and superficial high-frequency modulation.

The paramagnetic shift produced by reaction (9) has the
form

AH = — afp (Ye/1n) (T,H/4kT)(1 g ot D;""’ ) (13)
For tia? « 1 (“weak pulse”)
AH = —afp (Te/4a) (YcH/4KT) , (14)

which coincides with the expression for the paramagnetic
shift in polycrystalline radicals, where fp = 1, Eqn. (5).
Eqn. (14) is also used to determine the constants a from
the paramagnetic shifts of a solvent in the presence of
radicals forming complexes with the solvent (see section II),

The first report of the use of NMR in the kinetics of
organic reactions appeared in 1956. Bruce and co-
workers % measured the rate constant for electron trans-
fer from tetramethyl-p -phenylenediamine to the corres-
ponding Wurster's radical-cation in acetic acid at pH 3.2.
In the presence of Wurster's cation, the NMR lines of the
solvent (water, acetate ion) undergo very little broadening,
whereas the lines of the ring and methyl protons of the
reacting diamine undergo broadening equally strongly and
in proportion to the concentration of the cation; this shows
that the “strong pulse” case is realised, and the constant
calculated from Eqn. (11) was found to be 2,5 X% 104 litre
mole-! g-1,

The kinetics of this reaction were recently studied in
detail by the NMR method over a wide pH range in D,O. 55
The original amine was taken in the form of its dihydro-
chloride, so that the reaction mixture contained equili-
brium quantities of the dihydrochloride, the monohydro-~
chloride, and the free base. The broadening of the lines
was the same for the methyl and ring protons of the amine
(“strong pulse”). The rate constants showed a marked
dependence on pH, decreasing with decrease in pH; this
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shows that the tendency to take part in electron transfer
differs considerably for the base (the amine) and its salts
(the mono- and di-hydrochlorides). I it is assumed that
only the free base takes part in electron exchange with the
cation-radical, it is possible to calculate the true rate
constant for this bimolecular reaction; it was found that
over the wide pH range 2.7-6.1, this constant does in fact
remain constant and is equal to (1.5 + 0.7) X 108 litre
mole-! s-1 at 20°C.

The conclusion that only the free base takes part in
electron transfer is also confirmed by data obtained by
Johnson %, who studied the same reaction in acetonitrile,
with all the amine in the form of the base. In contrast to
the earlier work, where the “strong pulse” case was real-
ised, the broadening of the methyl and ring protons of the
amine in acetonitrile was found to be proportional to the
square of the HFI constants at these protons (6.76 Oe and
1.97 Oe), and the rate constant determined from Eqn. (12)
amounted to ~ 2 X 10° litre mole~! s-!; this agrees with
the true rate constant determined in the previous paper.
Thus in acetonitrile, in which electron exchange takes
place rapidly, the “weak pulse” case is realised. A
similar difference in the broadening of the NMR lines of
different protons was observed in diethyl-p-phenylenedi-
amine in aprotonic solvents, and also in the di-cations of
ethyl- and methyl-viologen in the presence of their para-
magnetic mono-cations; here, the fast exchange case
(“weak pulse”) applies throughout %,

An interesting example was observed in a study of the
kinetics of electron transfer in p-xylene?! in the presence
of its anion-radicals, obtained by the reaction of p-xylene
with potassium. Since the HFI constants a for the ring
and methyl protons in the anion differ considerably (5.34 Oe
and 0.08 Oe respectively), both cases are realised in elec-
tron exchange—“strong pulse” for the ring protons and
“weak pulse” for the methyl protons. The broadening of
the ring protons increases with increase in temperature,
whereas the broadening of the methyl protons decreases—
inaccordance withEqns. (11)and (12). Forthisparticular
case, Johnson?®¢ proposed a method for determining %,
which does not require a knowledge of the concentration of
paramagnetic species P. In actual fact, by combining
Eqgns. (11) and (12) for the broadening of the lines for differ-
ent protons, one can immediately obtain % and the concen-
tration of paramagnetic species (P).

The following expression was obtained for the rate con-
stant for electron transfer in the system formed by p-xyl-
ene and the p-xylene anion?!:

k =10"exp (—6200/RT) litre mole™! s7%.

These constants are much smaller than the constants
obtained for the same reaction in the absence of potassium
(when the anions are obtained by electrolysis). This shows
that the constants given above relate to the slower ex-
change of p-xylene with an ion pair:

PK*+ D2 D+ PK+.

The rate constants for electron transfer in the quinone-

semiquinone system

(o) 0

N R AR

L+ 0
Rs/ \([)/ Rs/\”/ ’

where R, = —CH(CH,), or -OC,H;, and R, = H or OC,H,,
were found to be close to 108 litre mole-! -1,
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An anomalous ratio 7,/7, > 100 is observed at the
a-proton in ~CH(CH,), and at the methylene protons in
—OC,H,; this anomaly may appear for the “ weak pulse”
case; the correlationtime of the isotropic HFI—Eqn. (7)—
becomes 7p.5

Radical substitutions have been the subject of only one
paper, by Kreilick and Weissman5®, who studied the kine-
tics of hydrogen atom transfer from tris-t-butylphenol to
tris-t~butylphenoxyl:

O OH
(CHC 4\ ,C(CHIs  (CHas C A C(CHys
oo
N Y
C(CHy)s C (CHy)s

The reaction was carried out in CCL, in the presence of
Si(CHy), as internal standard. The NMR of a solution of
the phenol in CCl, gives four lines: two from the protons
of the non-equivalent o~ and p-t-butyl groups and two from
the meta~protons and the hydroxyl proton. With increase
in the concentration of the radical, the lines for the t-butyl
and mela-protons broaden to equal extents, in proportion
to the concentration of radicals (“strong pulse”). The
correction for the dipole-dipole electron-nuclear broaden-
ing was determined from the broadening of the tetramethyl-
silane protons; this correction was very small. The con~
stant &, determined from Eqn. (11), amounted to 300 litre
mole™! s-! at 30°C, and the activation energy for the re-
action was 1.0 + 0.5 kcal mole-2.

In the paper cited, the correction for the dipole-dipole
broadening was introduced wrongly (this is pointed out by
the authors themselves), since the correlation time 7. of
the dipole-dipole interaction of the tetramethylsilane and
phenol protons with the unpaired electron of the radical
should be different. In our study of the same reaction®®,
the dipole-dipole correction was determined from the
broadening of the lines of tris~t-butylbenzene, for which
T¢ should be very close to 7¢ for tris-t-butylphenol; the
constant %2 at 25°C was found to be 400 litre mole~! s-1,
which is very close to the constant obtained by Kreilick
and Weissman. Moreover, we determined the rate con-
stant for the analogous reaction

o} o)
N N
e el )

(CHb), N (CHag)s (CHa)z\N /(CHy)s
6 oH

from the broadening of the lines of the methyl protons:
k = 130 litre mole-! s~ at 25°C; here the dipole—dipole
correction was determined from the broadening of the
lines of the methyl protons of the corresponding amine.
The behaviour of the NMR line of the hydroxyl proton is
of greatest interest, since as a result of each act of the
reaction, the initial and final states of this proton remain
unchanged: it always remains in a diamagnetic molecule,
with the exception of the activated complex. For the
broadening of its NMR line we can use Eqn. (10), in which
fp = fact —the mole fraction of the activated complexes;
it can readily be shown that fact = B(P)ract —also 7p be-
comes the lifetime of the activated complex 7.c:, and a is

equal to the HFI constant in this complex a@.c. Then for
Taca T} < 1 we have
3 3
AT;lzk(p)_j_“ﬁﬁa“_“li_ R (15)
1 T ger/4



Russian Chemical Reviews, 37 (10), 1968

In the paper by Kreilick and Weissman, this equation
was used to determine T,¢; with arbitrary assumptions
regarding the magnitude of a.c; (20 Oe). These estimates
of Tae (~10-° ) are hardly meaningful; it is more appro-
priate to determine a.c; by giving 7ac: @ definite reasonable
value.

There are, of course, fundamental difficulties in this
approach. It is necessary first of all that the rate con-
stant % be sufficiently high (fast reactions). Moreover,
the formation of the activated complex may be preceded by
the formation of ordinary donor-acceptor complexes (for
example, by hydrogen bonding), so that a contribution to
AT,™* will be made not only by states close to the top of the
potential barrier for the reaction but also by these donor-
acceptor complexes (this situation apparently was observed
in the work of Kreilick and Weissman®58), Moreover,
formula (15) does not take account of the anisotropic HFI,
although this interaction itself will produce additional
broadening in states lying close to the top of the barrier.
All these features make it difficult at present to determine
the HFI constants in an activated complex.
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