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The ESR spectra of the ion-pair complexes of the m-iodonitrobenzene anion with alkali and

alkaline earth cations were measured. Cation-induced variations in the nitrogen and proton

splitting constants were found. When the observed alkali metal splittings were related to the

back-transferred charge, ρ, on the ns-shell of each metal, ρ increased in the sequence: Li<Na<

K<Rb<Cs at 20℃. The solvent and the temperature effects on alkali-metal splitting varied with

the alkali metal. The Cs and Rb splitting constants increased in the sequence: DME<THF<

THP solutions, and were independent of the temperature. The Na and Li splitting constants

decreased in the above sequence of solvents. With a lowering of the temperature, the Na splitting

constant decreased while the Li splitting constant increased. The K splitting constant was

independent of both the temperature and the solvent. These results were found in the ion pairs

of other halogeno-nitrobenzenes, also.

Electron-spin-resonance (ESR) studies of aro-
matic polynitro anion radicals in solution, first
by Ward1) and afterward by Glarum et al.,2) have
clearly shown that there exists a strong associa-
tion between the metal cation and the nitro group
of the anion.

This association was expected also to be found in
an aromatic mononitro anion radical produced
chemically. There has been, however, little in-
formation as to the interaction of mononitro anions
with metal cations, except for Ward's observa-
tion of the sodium hyperfine interaction in the
nitrobenzene-sodium complex.1)

This paper will describe several features of the
cation-anion interaction obtained from an ESR
study of the ion pair of the m-iodonitrobenzene
anion with the metal cation, i.e., the effect of
the cationic field on the spin distribution of
the anion, and the solvent and temperature
effects on the hyperfine interaction of alkali metal.

In order to confirm these results, some ESR
studies of other halogeno-nitrobenzene anions will
also be referred to.

Experimental

The preparation of the radicals, the purification of the
solvents, and other experimental procedures were car-
ried out in a conventional manner.3) The reduction
of m-iodonitrobenzene was performed at room tem-

perature in several solvents, such as tetrahydrofuran
(THF), dimethoxyethane (DME) and tetrahydropyran
(THP). The reducing agents used were five alkali
metals: lithium, sodium, potassium, rubidium, and
cesium, and four alkaline earth metals: magnesium,
calcium, strontium, and barium. Lithium and alkaline
earth metals were employed in the amalgamated form.

The other halogeno-nitrobenzenes examined were
the entire series of chloro- and bromo-nitrobenzene
and o- and p-iodonitrobenzene. All were reduced with
potassium, sodium, or lithium, in DME or in THF.

The spectra were measured over the range from room
temperature to -70℃ using a JES 3B-type ESR

spectrometer with a 100-kc field modulation and a
JES 12-inch magnet.

Results and Discussion

The contact of a m-iodonitrobenzene with alkali
or alkaline earth metal resulted in the immediate
formation of a dark brown solution, which gave
an ESR signal.

Although the ESR spectrum of the anion pro-
duced with magnesium or calcium was only a
single broad line, the anions produced with seven
other metals exhibited rather well resolved spectra.
If the additional lines from the metal nuclei are
disregarded, these spectra may be interpreted in
terms of one nitrogen splitting, two equivalent
ortho-proton splittings, and one para- and one
meta-proton splittings, like the spectra of m-
chloro- and m-bromo-nitrobenzene anions pre-
viously reported.4,5) Several examples of the
spectra are shown in Figs. 1(a), (b) and (c).
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(a)

(b)

(c)
Fig.1. ESR spectra of the ion-pair complex of m-iodonitrobenzene anion.

(a) Sodium ion in DME (at 20℃)

(b) Lithium ion in THF (at 20℃)

(c) Lithium hyperfine splitting in low field-end part of (b) (at -40℃)

TABLE 1. PROTON AND NITROGEN SPLITTING CONSTANTS IN METAL COMPLEXES OF THE
M-IODONITROBENZENE (in gauss)

N: Nitrogen splitting constant.

Hp, H0 and Hm: para-proton splitting constant and so on.

The Effect of the Cationic Field on the Anion.

The proton and nitrogen splittings did not ex-

hibit any solvent or temperature dependence,

while both changed when the counter cation was

altered, as Table 1 shows. From this table it

can be seen that the change in the nitrogen split-

ting is much more appreciable than those in the

proton splittings. The nitrogen, ortho-, and meta-

proton splitting constants increased, and the para-

proton splitting constant decreases, with the de-
crease in the cationic radius and with the increase

in the cationic charge, both of which changes are

related to the increase in the cationic field strength.

The above changes in the splitting constants

are in accord with those induced by the increase

in the Coulomb integral parameter for oxygen atoms
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Fig. 2. Nitrogen splitting constant vs. Z/(R+006)
plots.
A m-Iodonitrobenzene complex
B p-Chloronitrobenzene complex
C o-Chloronitrobenzene complex

Cationic radii R used7) (in A): Li, 0.60. Na,
0.95. K, 1.33. Rb, 1.48. Cs, 1.69. Sr,
1.13. Ba, 1.35.

in the nitro group, as was calculated by Rieger
and Fraenkel.6) This accordance will suggest
that the metal cation is located in the neighborhood
of the oxygen atoms.

It seems of interest to find a definite relation-
ship between the nitrogen splitting constant and
the cationic field and to estimate, if possible, the
nitrogen splitting constant free from the effect of
this field. After several attempts, it was found that
there was a good linear relationship between the
nitrogen splitting constant and the term of
Z/(R+0.6), where Z is a charge number of the
cation and R is Pauling's cationic radius in A.7)
Figure 2 represents this linear relationship. The
extrapolation of this plot to an infinite R gives the
nitrogen splitting of about 8.1 gauss for zero cat-
ionic strength. This value seems to be appro-

priate for the nitrogen splitting without any elec-
trostatic influence from the environment, except
for the effect of weak solvation.

The General Features of Alkali Metal
Splittings. It was observed with alkali metal
complexes that each line from the free anion was
split into 2I+1 lines due to the hyperfine interac-
tion of a metal nucleus, the one exception being
the THP solution of the lithium complex, where

I is the spin number of a metal nucleus. In par-
ticular, the spectrum of the rubidium complex
consisted of two sorts of hyperfine patterns, cor-
responding to two rubidium isotopes: 85Rb (I=
5/2 and natural abundance A=72.15%) and 87Rb
(I=3/2 and A=27.75%); the intensity ratio of the
hyperfine pattern from 85Rb to that from 87Rb,
1.75 closely agreed with the A/(2I+1) ratio of each
isotope. Figures 3 (a) and (b) and Figs. 4 (a) and

(b) show the low-field end parts of the ESR spectra
of the cesium and the rubidium complexes respec-
tively, together with the corresponding recon-
structions based on the splitting constants listed in
Tables 1 and 2.

(a)

(b)

Fig. 3. (a) The low field end part of ESR
spectrum of m-iodonitrobenzene-cesium com-
plex in DME

(b) The reconstruction corresponding to (a)

Table 2 represents the splitting constants of

alkali metals in DME, THF, and THP at 20℃.

It seems difficult to derive from this table a definite

relationship between the splitting constants in

the same solvent and any physical quantity.

Several workers have attributed the origin of

alkali metal splitting to the back-transfer of an

unpaired electron to the ns-shell of a cation; 8-11)

the magnitude of this back-transfered spin density,

ρ, has been simply estimated from the metal-

splitting constant, am, and the Q value, which
represents a hyperfine splitting due to an electron
on the ns-shell of each metal.12) In contrast to
its splitting constant, the ρ in DME decreases

from cesium to lithium in the order of decreasing
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Kyoto, 30, 162 (1962).

12) P. Kush and H. Taub, Phys. Rev., 75, 1477
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(a)

(b)

Fig. 4. (a) The low field end part of ESR
spectrum of m-iodonitrobenzene-rubidium com-
plex in THF

(b) The reconstruction corresponding to (b)

TABLE 2. ALKALI METAL SPLITTING CONSTANT OF

THE m-IODONITROBENZENE COMPLEX AT 20℃

* Unresolved at 20℃, but resolved below 0℃.

** Unresolved in the range of 20℃ to -70℃.

ionic radius and in the order of increasing ioniza-

tion potential, as Table 3 shows. Especially,

an abrupt change in ρ between potassium and

sodium is observed. This tendency becomes even

more appreciable in THF and THP solutions.

According to the second-order perturbation, ρ

is approximately proportional to the overlap in-

tegral between the ns-shell of a cation and the

orbital of an unpaired electron on an anion; also,

TABLE 3. SPIN DENSITY ON THE ns-SHELL OF

ALKALI METAL IN DME AT 20℃ AND -70℃

it increases with an increase in the ionization po-

tential of a parent metal.11) Thus, the present

decrease of ρ with an increase in the ionization

potential suggests that there is a remarkably large
decrease in the overlap in the same series. One

part of this decrease is probably due to the decrease
in the spread of the ns-orbital. However, it may

also be ascribed to some other process, one which

depends on the relative location of a cation to an

anion.

The Solvent Effect on Alkali Metal Split-

tings. Contrary to what was found for splittings

from the anion, the alkali metal splitting changed

with the solvent. Table 2 shows that the solvent

effect is different for each alkali metal; i.e., the

cesium and rubidium splitting constants increase

in the order of DME<THF<THP, while the

sodium and lithium splitting constants increase

in the reverse order of solvents. Lying between

these two groups, the potassium splitting is in-

dependent of the solvents used. The ratio of a

metal splitting constant in DME to that in THF

decreases from 1.38 for cesium to 0.68 for lithium.

Except for the complex of tetramethylpyrazine

with potassium,10) the solvent effect on alkali

metal splittings obtained so far have shown that

the splitting constants increase in the order of

DME<THF<THP solutions. Furthermore, Po-

well and Warhurst observed the bathochromic

shift from THF to DME in the electronic spectra

in the visible range of several ketyls.13) They

attributed this solvent effect to an increasing separa-

tion between the anion and the metal cation due

to the increase in the solvating power of the cation

from THF to DME. Their explanation seems

also to be applicable to the ordinary solvent effect

of alkali metal splitting, because the overlap de-

creases with an increase in the separation distance.

However, if different solvents induce a change in

the relative location of a cation, such as a shift along

the aromatic plane or a dislocation from the
"above" aromatic plane to the proximity of lone-

pair electrons, other than that of the separation
distance, then there is a possibility of an upset of

13) D. G. Powell and E. Warhurst, Trans. Faraday
Soc., 58, 953 (1962).
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Fig. 5. Temperature dependence of sodium and

lithium splitting constants.

○: Na in DME △: Li in DME

□: Na in THE ×: Li in THE

TABLE 4. TEMPERATURE DEPENDENCE OF ALKALI
METAL SPLITTING CONSTANTS (in gauss)

* Unresolved.

the ordinary solvent effect on alkali-metal splitting.

The anomaly in the solvent effect on the sodium

and lithium splittings may be ascribed to a change

in such a relative location.

The Temperature Effect of the Metal Split-

tings. The temperature dependences of lithium

and sodium splittings were also peculiar. The

splitting constants of potassium, rubidium, and

cesium did not change in the range from 20℃

to about -60℃, while those of lithium and sodium

changed markedly. Further, the sign of the slope

of metal splitting vs. the temperature curve was

positive for sodium and negative for lithium, and

at -60℃ the lithium splitting constant became

larger than the sodium one, as shown in Table 4

and Fig. 5. It is worth noting that the ρ value of

the lithium was less than that of potassium, even at
-70℃ . These features were independent of the

solvent.
Since a cation is considered to be oscilating in

the potential valley, the observed alkali-metal
splitting should be an average of its splittings at
all states of the valley.14) From this point of view,
the lack of the temperature dependence of the
cesium and rubidium splittings indicates that the
valleys for these ions are shallow and have only a
single minimum.

There seems to be a close relation between the
anomalies of the solvent and of the temperature
effects on the sodium and lithium splittings. Al-
though it is difficult at this stage to obtain any
definite interpretation of these two anomalies,
they are probably related to the presence of double
minimums in the valleys. If the level of one min-
imum relative to that of the other varies with the
solvent and the alkali metal, the rapid temperature-
dependent equilibrium of the cation between the
minimums may lead to the present anomalies.
Furthermore, it may be supposed that the equilib-
rium location of the larger cation lies above the
plane of the nitro group and midway between the
two oxygen atoms, while the smaller ion tends
to be localized at either of the two oxygen atoms,
where the lone-pair electrons of the oxygen atoms
will play an important role. This tendency of the
smaller ion may be related to the presence of double
minimums in the lithium and sodium ions.

The Results Concerning Other Halogeno-
nitrobenzene Anions. Among the halogeno-
nitrobenzene anions examined, the anions produced
from o- and p-iodonitrobenzene exhibited complex
spectra, probably because of the coexistence of
several species of radicals. The ESR spectra of
the anion from o-bromonitrobenzene decayed fast.
No definite interpretations of these spectra have
yet been obtained, but, on the other hand, the
anions from o-, p- and m-chloronitrobenzene and
m- and p-chloronitrobenzene exhibited rather well-
resolved spectra. The results obtained are listed
in Table 5, and some interesting features are as
follows.

The Stabilities of the Radicals. Since the contact
of halogeno-benzene with alkali metal resulted in
a quick dehalogenation from the benzene ring,
the ESR spectra of aromatic radicals containing
halogen atoms produced with alkali metals have
not yet been reported. In this case, however,
the radicals produced maintained their ESR
signal for a fairly long period, from several days
for the m-iodonitrobenzene anion to several months
for the o- and p-chloronitrobenzene anions. Al-
though the electrolytic procedure has produced
halogeno-nitrobenzene anions from their parent

14) S. Aono and K. Oohasi, Progr. Theoret. Phys.
Kyoto, 31, 1 (1964).
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TABLE 5. SPLITTING CONSTANTS OF METAL COMPLEXES OF HALOGENO NITROBENZENE ANIONS (in gauss)

am: Alkali metal splitting constant at 20℃.

acl: Chlorine splitting constant.

*: Unresolved .

compounds in polar solvents, such as acetonitrile
and dimethylformamide,4,15) the electrolysis of
m-iodonitrobenzene resulted in the formation of
the nitrobenzene anion on account of the prompt
relacement of the iodo atom.4) Hence, the pres-
ent results may be ascribed to the fact that the
cation forms a tightly-bound ion-pair at the nitro

group, so that it has little chance of migrating near
the halogen atom. In addition, ethereal solvents
exhibit only a weak interaction with a halogen
atom, and the negative charge on the halogen atom
considerably diminishes as a result of the electron-
attracting character of the nitro group.

Chlorine Hyperfine Interaction. In the ESR spectra
of the o- and p-chloronitrobenzene anions produced
with sodium in DME, each line arising from the
hyperfine interactions of the protons and of the
nitrogen and sodium nuclei was split further into
several lines, although these lines were not clearly
resolved. This additional splitting can be under-
stood in terms of the hyperfine interaction of the
chlorine nucleus (35Cl and 37Cl, I=3/2). Figure
6 shows several lines at the low field end of the
spectrum of the o-chloronitrobenzene anion,
together with the corresponding reconstruction
based on the splitting constants in Table 5. The
chlorine splitting constants of 0.22 and 0.18 gauss
for the p- and o-chloronitrobenzene anions re-
spectively are in good agreement with those ob-
tained by Ayscough et al.5) This interpretation
is supported by the fact that no such additional
splitting could be observed in the spectrum of p-
bromonitrobenzene anion produced with sodium.
The bromine splitting is estimated from the line
width to be less than 0.06 gauss. The spectra of

p- and o-chloronitrobenzene anions produced

Fig. 6. The low field end part of ESR spectrum
of o-chlornitrobenzene-sodium complex in DME
at 20℃.

with lithium or potassium did not exhibit a well-
resolved hyperfine splitting from the metal nucleus,
probably because the potassium and lithium
splitting constants were of the same order as the
chlorine splitting constants.

The Effect of the Cationic Field on the Anions. The
linear plots of the nitrogen splitting constant vs.
Z/(R+0.6) for p- and o-chloronitrobenzene were

parallel to that for m-iodonitrobenzene, as is shown
in Fig. 2. This parallelism indicates that the dif-
ferences in nitrogen splitting constants among
these anions will remain even at zero cationic field
strength, and that, regardless of the anion, the
replacement of the potassium ion by the sodium
ion and that of the sodium ion by the lithium ion
increase the nitrogen splitting constant by about

15) A. H. Maki and D. H. Geske, J. Am. Chem.
Soc., 83, 1852 (1962).
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0.3 and 0.5 gauss respectively. It is interesting
that the proton and nitrogen splitting constants
of the m-chloro- and m-bromo-nitrobenzene anions
are nearly identical with those of the m-iodonitro-
benzene anion.

Alkali Metal Splitting. Although the increase
in line-width due to the chlorine or bromine hy-

perfine interaction made the estimation of alkali
metal splitting difficult, the sodium and potassium
splitting constants obtained were nearly identical
with those of m-iodonitrobenzene complexes.

It may safely said, therefore, that the features of
the cation-anion interaction observed in the m-
iodonitrobenzene complex will also be found in

the complexes of other mononitrobenzene deriva-

tives, excluding those containing a group of strong

electron-attracting ability, such as a cyano or a

carbonyl group.
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