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I INTRODUCTION 

1. The purpose of this s�udy

1 

Both solvated electrons and nitrogen containing heterocyclic com

pounds have been the subject of several investigations. The nature 

and the reactions of the solvated electrons have been studied with 

various theoretical and experimental methods
1

, and hitherto several

conclusions has been reported. In this study the solvated electrons 

are investigated using electron paramagnetic resonance (EPR) 

spectroscopy and the main interest is directed to the kinetics of 

the decay of the solvated electrons in the liquid ammonia-sodium 

system. The nitrogen containing heterocyclic compounds are interes

ting not only due to their biological importance, but also due to 

their particular reactions in the liquid ammonia-sodium system
2 

The following compounds were selected for this work: pyridine, pyra

zine, pyridazine, pyrimidine and s-triazine. Their structures are 

shown by Fig. 1.1. 
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Fig. 1.1. The structures of the compounds under investigation. 

Plenty of theoretical and experimental data about thes·e compounds 

has been published, s-triazine being perhaps least investigated. 

The properties of the anion radicals of these compounds have been 

measured with various spectroscopic methods and the results usually 

have been in accordance. The aim during this study was also to test 

the suitability of liquid ammonia as a solvent in EPR and ENDOR 

measurements and to investigate the radical spectra of the nitrogen 

heterocyclic compounds in circumstances where both solvated electrons 

and protons are present in excess. The idea for this investigation 

arose during some hydrogenation experiments in liquid ammonia and 

was confirmed when some aromatic radicals were observed in the 

liquid ammonia-sodium system. Since the indentification of the 
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radicals can be aided by other spectroscopic methods than EPR or 

ENDOR, the visible absorption spectra of the radicals producing 

the EPR spectrum were measured immediately after the EPR measure

ments. The results obtained in this work are considered in the 

light of some semi-empirical molecular orbital calculation methods, 

viz. the INDO-method and the MINDO/3 -method. 

2. On the solvated electrons in the liquid ammonia-sodium system

According to the literature, the first one to dissolve sodium in 

liquid aHununld was weyl 
3

. 'rhe result was, as also observed later,

a deep indigo coloured solution. The liquid ammonia-sodium solution 

is not the only one that exhibits solvated electrons but they are 

observed in many other systems
4
. This is why the liquid ammonia

sodium system is only a minor part of the wide field of the investi

gations of solvated electrons. 

The alkali metal and ammonia solutions form a complex composition, 

which has led to the following division in relation to the metal 

concentration
5

:

1. Very dilute solutions ( < 0. 005 mole/dm
3

)

2. Relatively strong solutions ( 0.005 - 1.0 mole/dm
3

)

3 . Strong solutions () 1.0 mole/dm
3

)

The classification is rather coarse, but explains the multitude of 

the models presented in the literature, since none of the theoreti

cal considerations cover the whole concentration range. 

The formation of the solvated electrons from the alkali metal can 

be presented as follows
6

:

(2 .1) 

The following equilibria depict the behaviour of the alkali metals 

in liquid ammonia: 
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.:::= M 

M 
--' 1/2 M2...-

-' 1/2 2-e
,:-- (e2)

--' where M + e 
..-

M ' 

M+ is the alkali metal cation, 

M is either an ion pair on expanded metal monomer, 

M2 is either a four ion cluster or an expanded metal 

dimer, 
2-

(e2) is an electron pair in solvent cavity,

M is either alkali anion monomer or an ion pair 

(e-... 11+ ... e-)

( 2. 2) 

( 2. 3) 

( 2. 4) 

There is strong evidence for the existence of the alkali anions, 

but investigations have been carried out in strong concentrations 
7, B _ The alkali metal and ammonia solutions have been studied with

almost every spectroscopic method. If we compare e.g. optical 

measurements, we notice that the spectra obey Beer's law in the 

defined concentration range. The absorption peaks are character

ized by a symmetry and in particular by broadening at higher en

ergies. The high pressure ( ) 10 MPa) and the cation added to the 

solution result in a similar effect, but lower pressure (( 10 MPa) 
and increase of temperature and concentration transfers the peak 

toward lower energies 9-J.l

The EPR spectrum of the alkali metal and ammonia solution consists 

of a singlet whose line width depends on the metal, the concentra

tion and the temperature. The EPR measurements of the solvated 

electrons were initiated by Hutchinson et al. and were thereafter 

performed by several groups 12-14

From EP.R spectra, it can be concluded that an unpaired electron 

exists in the alkali metal and ammonia solutions. The changes in 

the shape of the peak due to temperature and concentration changes 

seem normal phenomena, but the increase of the g-factor as the 

temperature is lowered is exceptional. 

The relaxation times calculated from the EPR-spectra are almost 

equal and they are shortened as the concentration increases and 

prolonged as the temperature rises. According to the EPR measure-
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ments and the electrical conductivity of the solutions, a rapid 

transfer of the electron from one state to another in the mutual 

equilibrium of the electron pair and the unpaired electron might 

take place, and this could explain the existence of the singlet. 

The disappearence of the blue color of the alkali metal-ammonia 

solution in the sealed ampoule and the return of the color with 

the UV exposure gives the reason to assume that a discharge and 

a charge of the excited state occurs 15-18

The transparent alkali metal-ammonia solution does not produce an 

EPR spectrum, either. 

Several scientists agree that the electron is transferred between 

the states ls ➔ 2p. The corresponding emission, however, has not 

been observed 19• 20 

In dilute solutions, the equilibrium(2.2) is valid, but Jolly has 

also observed the equilibrium 21 

(2. 6) 

The reaction partly explains the disappearence of the solvated 

electrons. Saito has measured the decay of the solvated electrons 

with the F.PR spectroscopy and reports the rate of the decay being 

3.3·10-4 s-l in the dark conditions and l.5·10-3 s-l in the light 22

The amine radical NH; has been studied both theoretically and 

spectroscopically. The coupling constants reported by McWeeny and 

Sutcliffe are for nitrogen 28.90 G and for protons 67.03 G 23

One of the most comprehensive and detailed theoretical models for 

the solvated electrons has been developed by Jortner et ai.24

The proceeding theoretical attempts include the works of Ogg 25,

Land et al. 26 and Becker et al .. 27 The model built up by Jortner

et al. could be named as the cavity model, since it assumes that the 

e.l er.t.rons r1re in the cav.i.ty formed by ammonia molecules. 

The initial philosophy is based on the assumption, that the excess 

electron in polar or in nonpolar solvents can be either quasi-free 

or localized 24. The ground state energy ET of the system can be

written in terms of two contributions: the electronic energy Ee
and the medium rearrangement energy EM, so that

( 2. 7) 
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The second term in Eq. (2.7) involves the structural modifications 

induced in the medium due to the presence of the excess electron, 

so that in general E
M 

a 0. The quasifree electron state can be 

described by a plane wave; which is scattered by the atoms or 

molecules constituting the dense liquid. Under these circumstan

ces it is expected that the liquid structure is not perturbed 

by the presence of the excess electron, so that E
M

= 0. The elect

ronic energy of the quasifree electron state denoted by V
0 

is 

determined by a delicate balance between short-range repulsions and 

longrange polarization interactions, so that 

E
T 

(quasifree) = v
0 

( 2. 8) 

The wavefunction for the excess electron tends to zero at large 

distances from the localization center. Since this involves the 

rearrangement of the liquid, it requires the investment of energy. 

It is convenient to specify the configuration of the system with 

a configurational coordinate R, which is the mean cavity radius. 

The total energy of the system can be written 

(2. 9) 

The most stable configuration of the localized state is obtained 

by minimizing the total energy with respect to R: 

0 
( 2 .10) 

To assess the energetic stability of the localized excess electron 

state in liquid, one has to compare the energy of the localized 

state with that of the quasifree state. The general stability 

criterion for the localized state implies that, 

(2 .11) 

The electronic energy can be computed utilizing an electrostatic 

microscopic short-range attraction potential, a Landau-type po

tential for long-range interactions and a Wigner-Seitz potential 

for short-range repulsive interactions. The kinetic energy of the 

electron is also included. 
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The medium rearrangement in polar solvents is a complicated 

phenomen and the following contributions to E
M 

have to be con

sidered. 

1. The energy needed to form a void in the liquid.

2. The volume pressure work.

3. The long-range polarization energy of the medium required for

the orientation of the permanent dipoles to form the potential

well.

4. The dipole-dipole repulsion between the oriented dipoles in 

the first coordination layer on the cavity boundary.

5. Short-range repulsions between the reoriented solvent molecules

on the cavity boundary. 

6. The energy required for the rupture of hydrogen bonds.

The model can be described as a ball, where the electron is located 

in the center and around each electron is a small number, N, of 

symmetrically distributed solvent molecules which constitute the 

first salvation layer. In the computations, the number of N is 

usually 4, 6, 8 or 12.

Fig. 2.1. shows the model and the distances involved. 

Fig. 2.1. Definitions of the distances involved in the cavity model. 
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The symbols are as follows: 

rv is the void radius of the cavity, 

rs is the effective solvent radius, 

� is the effective hard core of the molecules located at a 

distance rd from the centre of the cavity,

re is the distance, where the continuum begins, 

R is the distance between the cavity center and the hard core 

of the solvent molecules. 

Each of the N solvent molecules has a dipole moment, assumed to 

be at its center, is of finite size and has an isotropic polariz-· 

aJ:i.ility. 

The absorption peak computed using this model is predicted to be 

due to the transfer ls ➔2p and is symmetrical and temperature de

pendant. The number of ammonia molecules was 4 and the electronic 

energy was varied so that V0 0.0, +0.5 and -0.5 �V. The theoreti

cal results, however, can not explain the breadth and the unsym

metry of the experimental spectra. 

3. Liquid ammonia as a solvent 

Liquid ammonia has been widely used as a solvent and as a reagent 

in numerous syntheses. Its reactions in various circumstances have 

been extensively rewieved by several authors 281 29. Liquid ammonia

has been used as a solvent in IR, UV and EPR spectroscopy, but hit

herto not in ENDOR spectroscopy. 

It is understandable that the mechanisms involving syntheses in 

liquid ammonia are not agreed. This has led to competi.ng schools 

of thought even in this narrow sector of chemistry. There are two 

major groups, which perhaps can be regarded as leading groups, viz., 

Hlickel-Bretschneider 30 and A.J. Birch schools 31.

The aim in this work, however, was not to perform total syntheses 

with known methods, but to investigate the intermediate states of 

the protonation process. If we were to compare the method used here 
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to the known methods, it mostly resembles the Hlickel-Bretschneider 

way to do the reduction. The other alternatives undoubtedly would 

give interesting results, too, if investigated e.g. with the meth

od used in this study. The synthesis of the dihydropyridazine was 

attempted, but the yield was always the starting material, i.e. 

pyridazine. No reference was found in the literature to the hydro 

derivatives of the diazabenzenes being isolated as pure compounds. 

It can be concluded that the hydro derivatives immediately oxidize 

back to the starting material when exposed to air. Of course, the 

reduction in liquid ammonia-sodium system is usually performed in a 

nitrogen athmosphere. According to the present theories, the re

duction may proceed in two different ways 
32

, either by 

I the reversible addition of one electron to the substrate to 

give an anion radical which protonates to a radical capable 

of dimerising or of undergoing further addition of an electron 

and a proton, or 

II the reversible addition of two electrons to the substrate 

either simultaneously or consecutively to give a dianion ca

pable of receiving two protons. 

These reactions can be written in a general form as follows. The 

letter R denotes the substrate. 

I 

R + e __,, R" (3 .1) ._--

2R" + 2H
+ 

__,_ "HR--- -RH" (dimer) (3. 2a) ,-

R" + H
+ 

____,. RH" (3. 2b) .--

RH" + e _..,. RH (3. 3) .--

RH + H
+ 

--' RH
2 (3. 4) ,;--
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II 

R + 2e ( 3. 5) 

( 3. 6) 

Moorthy et al. have investigated the intermediate products of the 

reduction of pyrazine, pyridazine and pyrimidine with OV-spectrc-
33 scopy They performed the reduction radiolytically in the water 

with the presence of t-butanol. 

The reduction of pyridazine is suggested to proceed in the follow

ing way: 

0+ aq 

Q" 
r 

t l/ �N-Hi.·
I I I I ! 
VN--1-1. � 

+ H
2o�

___,_ ---

(�N-H
• 'I 

I . I �N 

-�J-,.1-H

< I 
�,....N-1-1 

,-�""-N-f-1 ! ( ' • 
VN

+ OH

+ 

+ OH 

+ H
+ 

,,. ) . I 

radical �-· N
1
,

.
1
; had the absorption maximum at 265 nm. 

( 3. 7) 

( 3. 8) 

( 3. 9) 

The 

The 

340 

[A.-Ht
l-

, / r. 

radical ani"on of' the pyrazine had the absorption maximum at 

nm and the diprotonated cation radical of the pyrimidine at 

240 nm and at 325 nm. 

Based oh the results to be presented later the reduction of some 

diazabenzenes in the liquid ammonia-sodium system may proceed in 

the following way: 
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______,_ Na 
+ 

(3 .10) Na � 
+ e

------'-

R" (3 .11) R + e ..----

+ 
__ ,, (NH2

)
2

-

2H
+ 

2Na (3 .12) 2Na + 2NH3 
+ e

..----
+ + 

R" + H
+ 

---'- RH" (3 .13) 
� 

+ 

RH" + H
+ ----'- RH2 (3.H) '{"'-

+ 

RH2 + e -----'- RH2 (3 .15) 
� 

RH2 
+ e � RH2 (3 .16) 

---

The protons required for the reductions process are but poorly 

available in ammonia due to the low self-ionization, but proton

ation frequently occurs because of the high basicity of the in

termediate anion radicals. The limited self-ionization that 

ammonia �an undergo is as follows: 

or (3.17) 

(3 .18) 

Therefore, in liquid ammonia, ammonium salts are protonic acids, 

amides capable of giving rise to amide ions are bases, and sub

stances capable of donating a proton to an ammonia molecule are 

acids. The auto-ionization has been shown to have a pK
a 

of 34 

(at 240 K) and so for a substance to show markedly acidic proper

ties in liquid ammonia, and for its salts to escape extensive 

solvolysis, the pK
a 

should be less than this value. Since the 

pK
a 

for the auto-ionization of water is approximately 14 it is 

clear that a large number of substances with pK
a 

values in the 

range 14-34 which do not behave as acids in aqueous solution will 

be capable of acidic behaviour in liquid ammonia 
34 

The reduction mechanism presented by equations (3.10) - (3.16) 

does not agree with the experimental results for the pyridine and 

pyrazine. Pyridine dimerizes to 4,4�-dipyridyl radical but pyra-
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zine forms a very stable anion radical. The behaviour of the pyri

dine has been investigated in other reductive circumstances, too, 

and the dimerization has occurred in most cases. 

The behaviour of the pyrazine can not be explained without the 

formation of the (NH2); radical. The coupling constants of the

pyrazine anion radical and the (NH2); radical are partically the
77 same 

The pKa value of pyrazine, pyridazine and pyrimidine in water are

0.65, 2.96 and 1.30, respectively 35, 36 The pKa value of s

triazine is not known. All these substances show the acidic be

haviour in liquid ammonia whose pKa is 34.

The protonation or the non-protonation cannot, of course, be 

explained solely on the basis of the pKa values since the pKa
values are determined in water and thus are not valid in liquid 

ammonia. 

4. On the theory of the EPR and ENDOR spectroscopy

The electron paramagnetic resonance (EPR) investigation is the 

observation of the energy required to reverse the direction of 

an electron spin in the presence of a magnetic field. The electron 

possesses a magnetic moment by virtue of its spin, and in the 

presence of an applied field the two permitted orientations 

( o<. and /3 ) have different energies 37

The apparatus therefore consists of a magnet capable of providing 

a homogenous field, a microwave source and a device for detecting 

whether the incident radiation is absorbed. 

The EPR experiment is performed by maintaining a constant micro

wave frequency and sweeping the applied field until the coincident 

radiation is absorbed at this field. The sample must be paramagne

tic and may be solid, liquid or gas. If the microwave frequency 

is� then each photon carries the energy hv, and the applied 

field is H . The resonance condition is given by Equation 

hv g /3 H, where (4 .1) 
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g is simply called a g-factor which takes inLo account the possi

bility that the local field is not exactly equal to H. 

The structure of the EPR spectrum is due to the hyperfine inter

action of the electron and the magnetic nuclei. A magnetic nucle

us (such as a proton) gives rise to a local magnetic field which, 

depending on the relative orientation of the nuclear spin and the 

applied field can increase or decrease the local field experienced 

by the electron spin. 

The EPR spectra are generally displayed in the first derivative 

form since this facilitates interpretation. The lines are separa

ted from each other in terms of the magnetic field and the distan

ces are expressed in Gauss although MHz would be preferable. 

Presently, the EPR is a basic tool for analyzing the structure 

of radicals and the kinetics of radical reactions. The applica

tions of EPR techniques are found in many areas ranging from 

Leclurulugy to biological systems. 

According to the nature of this work the theory of ENDOR spectros

copy is limited to the isotropic case, the radicals in solution. 

This limitation simplifies the inspection in the following way: 

the g-factor and the hyperfine coupling constant of the 

compound are described by a scalar due to the rapid motion of 

the molecule, 

the Hamiltonian operator for the energy presentation is much 

simpler in the isotropic case than in the anisotropic case. 

ENDOR is the abbreviation from the words Electron Nuclear Double 

Besonance. This means that during the experiment the sample is 

radiated with two frequencies, the microwave frequency and the 

radiofrequency. ENDOR is a combination of EPR and NMR 
38 

The first ENDOR measurement in the solid phase was carried out 

in 1959 
39

. It took, however, five more years until the first 

liquid phase measurement succeeded 
40

. The reasons were purely 
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technical. The development of high power radiofrequency amplifiers 

has solved the problem. Due to the shorter relaxation times in sol

ution, more power is needed than in the solid phase. 

The Hamiltonian operator can be expressed in general as follows 

H 

,.._ /', 

Ho+ H(t) + E(t), where ( 4. 2) 

H0 is the time-independent part which defines the energy levels

of the system and consequently the transition energies. 

H(t) is the perturbation term describing the spin-lattice relaxa-

tion and thus the line widths of the spectrum. 

E(t) includes the interaction of the system with two resonance 

frequencies. 

The time-independent part, the spin Hamiltonian operator is de

fined by equation 

where h is Planck'� constant, 'e is the Bohr magneton, p n is the

nuclear magneton, S is the Z-component of the electron spin angu-
,,.__ 

z 

lar momentum, I2 is the Z-component of the nuclear spin angular

momentum and A is the hyperfine coupling constant. 

In EPR the effective spin Hamiltonian consists of the �nteraction 

between the electron and the magnetic field and of the hyperfine 

coupling. ENDOR also takes the interaction between the nucleus and 

the magnetic field into consideration. 

Fig. 4:1. shows the energy levels of a radical where the unpaired 

electron is coupled with four equivalent protons 41
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Fig. 4.1. The energy levels and the EPR and ENDOR transitions in 

the Cdbe where Lhe u11pdiL eu elec trun lb coupled with 

four equivalent protons. 

In the EPR experiment the sample is radiated with the fixed micro

wave frequency and the magnetic field is swept resulting in five 

equidistant lines with binomially distributed intensities. 

In the ENDOR experiment the sample is radiated with two frequen

cies, the microwave frequency is used to saturate the transition 

Arns =.:': l,Ami = 0 in the fixed magnetic field. Additionally, a

radiofrequency field of varying frequency is applied saturating 

the NMR transitions .6 mi= + l of the nuclei coupled to the unpaired

electron. The results is that the EPR transitions are not saturated 

by the NMR transitions, provided that both transitions have energy 

levels in common. In a ENDOR spectrum, therefore, the enhanced EPR 

signal intensity is plotted against the NMR frequency, showing that 

ENDOR is a variant of NMR, the unpaired electron serving as the 

detector. 

Because of the pumping of the microwave transitions and the quantum 

transformation from NMR to EPR, ENDOR is more sensitive than NMR by 

a factor of roughly 10 5 . Compared with EPR, however, one loses at 
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least a factor of 10. On the other hand, one gains in resolution 

because every group of equivalent nuclei, no matter how many 

nuclei are involved, contributes only 2 ENDOR lines due to the 

first order degeneracy of the NMR transitions within these groups 

for a given ms state. This gain in resolution can be very drastic

especially for low symmetry radicals. The 2 ENDOR lines are dis

played for every nucleus in a radical (I = +  1/2) at the following 

frequencies 

� ENDOR �n 2 
A/2 , where

�n is the nuclear Larmor frequency. 

( 4. 4) 

For the protons A/2 is generally smaller than Yn so that both

ENDOR lines are symmetrically displayed about �n and separated

by A. 

In principle, the ENDOR experiment can be applied to any magnetic 

nucleus (Ii 0) but the results strongly depend on the experimen

tal conditions. 

The majority of ENDOR spectra published hitherto deal with the 

protons, but some other nuclei e.g. 2H, 14N, 13c, 19F are investi

gated, too 42- 4 7

The transitions of the proton and the fluorine nucleus are achieved 

with moderate radiofrequencies but for nuclei with a gyromagnetic 

ratio considerable smaller than that of protons, large NMR fields 

are to be expected. This has been a limiting factor in the investi

gation of other nuclei. 

Many manufacturers produce ENDOR accessories but working scientists 

have usually built or at least modified equipment for their own 

purposes. 

As an example of an ENDOR spectrometer, Fig. 4.2. shows the block 

diagram of the equipment in Freie Universitat, Berlin. It has been 

constructed by prof. Mobius and his co-workers 43, 49 
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Fig. 4.2. The block diagram of the ENDOR spectrometer in Freie 

Universitat, Berlin. 

The spectrometer operates with the continuous wave principle. The 

resonator is water-cooled due to the high NMR power. The first 

ENDOR equipment for the recording of liquid phase spectra operated 

with a pulsed wave in order to avoid overheating of the resonator. 

Tn thA spActromAter shown by Fig. 4.�. the fixArl fiAlrl is modulated 

with 280 Hz and the radiofrequency field is modulated with 20 kHz. 

Due to this phase sensitive detection the ENDOR lines are displayed 

as the first derivative form. 

The development of multi resonance spectroscopy is in continuous 

progress. The ENDOR spectrometer is Freie Universitat, for instance, 

can be applied to TRIPLE resonance investigations. This means the 
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electron-nuclear-nuclear triple resonance. This experiment can be 

used to determine the relative signs of the coupling constants. 

Mobius et al. have published several TRIPLE experj_ments SO' 51. In

the future, the electron-�lectron-nuclear-nuclear quadruple reso

nance spectrometer may be possible. This would be a combination 

of ENDOR and ELDOR techniques which would result in the number of 

the nuclei producing the spectrum together with the coupling 

constants with relative signs 52

5. On the theory of the molecular orbital calculations

In 1965 Pople, Santry and Segal published an important article 

considering the further development of quantum chemistry. They 

showed that if the ZOO approximation is employed to all valence 

electrons certain conditions must be met. These conditions deal 

with the independen<:e of t-.he resnlt-.ing energies ilnrl 1-hp PlP<:-t-.ron 

densities with respect to the choice of the co-ordinate axes and 

the hybridization base. A closer inspection of the methods present

ed in the article is subjected to the CNDO approximation 53, 54 

The earlier SCF calculations for the -electron systems were de-

pendant on the choice of the molecular axis. If the molecule were 

not symmetrical the results would heavily depend on the choice of 

the axes. This can be distinguished by looking at the typical two

electron integral in the ZDO approximation 55

(5 .1) 

Suppose, that pA is directed along the vector in the xy-plane so

that it can be divided into the components Px and Py as follows: 
A A 

PA = cos 0 Px + sin 8 Py
A A 

By inserting this into equation (5.1) the integral becomes 

( (cos e sin0 Px + Py 
A 

sine (Py 2 s 
2) + 2B A 

The third integral in 

) 2 
s 2) 

A B 

sine cose 

= cos 2 
e

(pX Py
A A 

the right-hand side 

(px 
2

s 2) + 

A B 

s 
2) B 

of ( 5. 3) would 

( 5. 2) 

( 5. 3) 

be 



18 

neglected in the ZDO approximation since Px and Py are orthogonal.

Therefore, a requirement is presented 

( 5. 4) 

If this equation is valid for all values of 0, the following 

equality must exist 

(5 .5) 

By expanding this argument it can be stated that the integral 

(pA
21 sB

2) must be independant of the direction of the pA-orbital.

Since the combination (pX
2 

+ Py
2 

+ Pz
2) has a spherical symmetry

l• t '2 2 ' 
must be the same as (SA \SB ) where SA

al with the same radical function as the pA

is a spherical orbit

-orbital. If the 

hybridization invariance of the ZDO basis is required, then 

(S , 2 
A (S 2 I s 2) A B (5. 6) 

The SCF approximation where all the integrals type (/J-Y lpO ) 
are not considered unless)-( = 'I andfl = <f , is called the CNDO 

method (Complete Neglect of Differential Overlap). The elements 

in the Pock matrix in the CNDO method are calculated according 

to the following equations 

oc.c 

2 i C/J 
i 

C cf i 

F,," = 1/2 ( I;.< + A/J. ) , Ip is the ionization potential, 

Af'- is the electron affinity. 

( 5. 7) 

(5 .8) 

( S. 9) 

(5.10) 

In their article Pople et al. presented a number of parameters 

for practical calculations. Later on they changed some of them. 

The present version of the CNDO method is called CNDO/2. 

This method takes into consideration the electron-electron repuls

ion with the simpliest possible manner. Consequently, the phenom-
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ena between two electrons with parallel or opposite spins es

pecially in the same atom are not handled. Since, due to the 

asymmetry of the wave function, the electrons with parallel spins 

can not occupy the same volume element, this leads to the fact 

that two electrons on the different orbitals of the same atom 

have a smaller average repulsion if they have parallel spins. 

This difference can be seen from the equation of the two-electron 

exchange integral 

(2) /2.._-1: 9v (1) f.,,
1 2 

(5 .11) 

where?µ. and �Y are on the same atom. These integrals are neglect

ed in the CNDO method whatever the spins are. 

Dixon was the first to modify the CNDO theory in order to retain 

the one-electron exchange integrals. He called the modification 

EMZDO (Exchange Modified Zero Differential Overlap) 56. When 

Pople's group made a similar modification, the method was given

the name INDO. This name has remained 57, 58. 

The INDO method retains all the one-electron repulsion integrals 

some of which might vanish due to symmetry. The elements in the 

Feck matrix have the forms 

Fpv = Pt<Y - 1/2 �UY 'T MN' pin the atom M and v in the atom N (5 .14) 

The one-electron repulsion integrals are usually defined by the 

Slater-Condon parameters. These are repulsion integrals after 

the integration of the angular coordinates. The non-vanishing 

integrals are of the form 

(pxpx I ss) = F 0 

(px PY I px py) 3F2 /25 

/ MM ( 5. 15) 

(5 .16) 

( 5 .17) 
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(px px l px px) (5.18) 

(px px \ PY py) (5 . 19) 

The Slater-Condon parameters F0, G1 and F 2 are two-electron

integrals. If a non-zero value is given for F 2, the mutual

interaction of two electrons on different p-orbitals is then 

included. 

The parameters G1 and F 2 are determined semi-empirically whereas

F0 can be calculated theoretically like Pople et al. have done 
58, 59or semi-empirically like e.g. Ohno and Klopman 

The parametrization of the INDO method is very similar to the 

CNDO method, the main difference is the integrals F 2 and c1 

included in the INDO method. 

Since the spin densities result from the INDO method, the iso

tropic hyperfine coupling constants can be calculated using the 

equation 

�, where (20) 

KN is a constant specific to each magnetic nucleus N under consi

deration, and$ is the spin density associated with the valence s 

orbital of atom N 60. There have been attempts to calculate KN
theoretically but the results have been unsatisfactory, neverthe

less the conversion of the spin densities into the coupling 

constants is theoretically well established 61 

When a sufficient amount of experimental data is available, KN
may be evaluated by fitting a straight line aN = f( �), where

5 represents the calculated spin densities. The slope of the 

line is then KN.

In the INDO program, 141 experimental points have been used to 

evaluate KN for the protons, the value of KN being 539.86 G,

whereas only 29 points were used to determine the KN value for

nitrogen 62 The INDO method suffers from the uncertainty of

the conversion of the spin densities into the coupling constants, 

but increasing spectroscopic data will compensate for this. 
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Due to the fundamental difference in the philosophy concerning 

the semi-empirical calculations, Dewar and Baird made three modi

fications to the original ,INDO method 
63, 64 

These modifications involved 

the one-electron integrals which were now evaluated with the 

PNDO method developed by Dewar and Baird, 

the two-electron integrals which were evaluated according to 

the method of Ohno and Klopman, 

the resonance integrals which were evaluated using the ioniz

ation potentials. 

The computer program used in the calculations was called MIND0/1. 

Intensive progress of the theory was carried out and as an inter

mediate result the improved computer program MIND0/2 was publish

ed. The principal theoretical improvement involved the core re

pulsion integrals 
65.

Since the molecular properties strongly depend on geometry a 

Simplex-algorithm was added to the MIND0/2 program to be used in 

optimization of the molecular geometry. The optimization was made 

with respect to the pre-selected variables such as bond lengths 

and bond angles in order to minimize the heat of formation. The 

slowness and some disturbing features of the MIND0/2 program 

activated the further improvement of the theory and the program. 

In 1975 Dewar published a totally improved theory and the program 

MIND0/3. It was described as an end point of this theory. The 

parameters used in the program are results of the enormous amount 

of calculations where the energies of some standard molecules were 

minimized with respect to bond lengths and bond angles. The Slater 

exponents in the program differ markedly from the exponents used 

for instance in the INDO program. The values of the exponents are 
66-68

the results of several experimental calculations

Table 5.1. shows the values of Slater exponents used in MIND0/3 

and INDO programs. 
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Table 5 .1. The Slater exponents used in The MINDO/3 and INDO 

programs. 

Element MINDO/3 INDO 

n ns np ns and np 

ll 1 1.30000 1.2000 

B 2 1.211156 0.972826 1.3000 

C 2 1.739391 l. 709645 1.625 

N 2 2.704546 1.870839 1.950 

0 2 3.640575 2.168448 2.275 

F 2 3.111270 1.419860 2.92S 

Si 3 1.629173 1.381721 1.383 

p 3 1.926108 1.590665 1.600 

s 3 1.719480 1.403205 1. 816 

Cl 3 3.430887 1.627017 2.033 

The MINDO/3 method evaluates the ground state energy of the 

molecule, the heat of formation, the dipole moment etc. In 

addition, the same quantities can be evaluated also for the 

anion and the cation radicals but not the spin densities. 

Lately a version of the MINDO/3 program capable of performing 

unrestricted Hartree-Fock calculations has been reported 
69 

The program was not available for this study but is now obtain

able from the Quantum Chemistry Program Exchange, Indiana Uni

versity, Bloomington, U.S,A. 

II THE EXPERIMENTAL PART 

6. The starting material and equipment

The substances used as a starting material were prepared by 

Fluka AG and were purum grade reagents. Their purity was 

checked with the gas chromatograph Varian Autoprep 705 using 

the Se 30 solumn and diethyl ether as solvent. The ammonia used 

in the experiments was made by Merck AG and was 99.9 % pure. The 

purity of ammonia was checked with the mass spectrometer. The use 
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of liquid ammonia as solvent sets certain requirements and limi

tations while preparing the samples. Since ammonia is a gas at 

room temperature (293 K) and at normal pressure it must be lique

fied in the cold at 200 K: An ethanol bath was used and it was 

cooled with liquid nitrogen. The cuvettes had to be constructed 

with care in order to tolerate the pressure caused by ammonia 

at room temperature. The vapour pressure of liquid ammonia at 

278 K is 1.2 MPa. 

Fig. 6.1. shows the model of the cuvettes used in this work. 

Fig. 6.1. The models of the EPR and the optical cuvettes used. 

The other part of the cuvettes was bent in order to regulate the 

concentration. The optical part of the cuvettes was made from 

Pyrex glass which limits measurements to the visible region. 

A commercial quartz cuvette did not tolerate the pressure caused 

by ammonia at room temperature but exploded. The round cuvettes 

made from quartz glass were also unsuitable. 
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7. The preparation of the radicals 

The leading of gaseous ammonia into the cuvette was carried out 

using the arrangements shown by Fig. 7.1. 

Fig. 7.1. The system used in the preparation of the radicals. 

One end of the cuvette was kept in the cold bath and during the 

preparation pure nitrogen gas was introduced into the cuvette 

(AGA Oy, 99.99 ... %). Next the gaseous ammonia was introduced 

and the amount liquefied was usually 2- 3 cm3. After this, a 

freshly cut piece of sodium (about 1 mg) was added and when the 

sodium had dissolved, the sample substance was introduced. The 

upper end of the cuvette was sealed with a rubber cork and the 

lower end was cooled in liquid nitrogen. The cuvette was trans

ferred to the high vacuum line and when the pressure was less 

than 10-S torr, the cuvette was sealed off. 

This order of the manipulations proved to be best because the 

formation of the radical very often could be seen immediately 

after adding the sample substance. Small amounts of hydrogen 
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are formed when sodium and ammonia react, but with this system 

it is possible to wait until the hydrogen has been removed. A 

coarse rule was that if t�e cuvette did not explode within two 

hours after preparation it would tolerate further on. Some 

exceptions, of course, appeared. The major advantage of this 

method for preparing EPR samples is that it is quite rapid. The 

average time taken to make a sample was about one hour. 

8. The measuring equipment

The measurements of the EPR spectra were performed with Varian 

E 12 and E 9 X-band spectrometers. The E 12 spectrometer was 

equipped with the temperature regulation unit and with the dual 

cavity E 231. The E 9 spectrometer was also equipped with the 

temperature regulation unit and with the field-frequency lock. 

Both during the measurements and the simulation of the spectra 

Varian 620/L computer was utilized connected primarily to the 

E 9 spectrometer. 

The ENDOR spectra were measured in the Freie Universit�t Berlin 

in the department of molecular physics and in the department of 

the organic chemistry. The block diagram of the ENDOR spectro

meter in the department of molecular physis is shown in Fig. 4.2, 

page 16. The spectrometer has been constructed from the accessori

es of several manufacturers. The magnets, the microwave source 

and the control board was made by Varian, the type was E 12. The 

NMR amplifiers was made by I�I, the type 404 A. The NMR oscil

lators were made by Hewlett-Packard and the resonator was self

made, the type being TM110.

The ENDOR spectrometer in the department of organic chemistry was 

AEG X-20. Both spectrometers were equipped with the temperature 

regulation units made by AEG. 

The measurements of the visible spectra were performed using a 

Beckman DK-2A spectrophotometer. 

'!'he irr.adia:Lko.n of the samples was done either with the UV lamp 

Philips 57413/40 MG or with a flash apparatus Metz Mecablitz, 

which had a flash duration of 2-10-3 s and a power of 130 J 7 0

The EPR spectra were measured over a temperature range from 200 

to 293 K using a 100 kHz modulation frequency. The g-values of 
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the radicals were determined using the pyrene anion radical as a 

standard. It has the g-value 2.002724 
71

. The irradiation of the 

radicals was performed either in the Dewar vessel or directly in 

the cavity after the cover plate was removed. 

The kinetic measurements were aided by the Varian 620/L computer 

and by the software program 994002-B, which punched the spectra 

on to the paper tape for further operations. 

9. The computer programs

During this and earlier work the following programs from the 

Quantum Chemistry Program Exchange (QCPE) library were modified 

for the Univac 1108 computer 
72 

QCPE 137 MINDO/1 

QCPE 209 ESREXN 

QCPE 250 ATCOOR 

QCPE 24 9 vss 

QCPE 261 CNINDO 

QCPE 261 CNINDO (for the calculation of the second

TNDO ca1culations) 

QCPE 246 MIEHM 

row 

QCPE 281 CNINDO (for the calculation of the NMR coupling 

constants) 

QCPE 279 MINDO/3 

QCPE 312 GEOMIN 

HUCKEL (from Heilbronner and Bock) 

Except for the MINDO/3 program, all the others are stored in this 

order in the same magnetic tape in the library of the computing 

centre of the University of Helsinki. This nine track tape has 

the label U04825. The label of the tape containing the MINDO/3 

program is U05955. The instructions to use the programs and the 

necessary instructions of the Univac 1108 EXEC-8 language are 

available at the department of physical chemistry, department of 

chemistry, University of Jyvaskyla. The cartesian co-ordinates of 

the molecules were calculated with the QCPE 136 program 
73

, which 

is modified for the Honeywell 1644 time-sharing system with some 

additions 
74

. 



27 

The molecular orbital calculations were performed with the QCPE 

programs 261, 279 and 312. The calculation was carried out in 

the remote batch environment with the Univac 1108 computer using 

the Honeywell 1644 computer as a terminal. 

The paper tapes produced by the Varian 620/L were handled with the 

Honeywell 1644 computer using the program made for this purpose. 

The program is named VARKIN and after reading the paper tape it 

calculates the first order rate constant using the least squares 

method. 

III RESULTS AND DISCUSSION 

10. On the kinetics of the solvated electrons and on the

formation of the (NH2)2 radical

The sodium-ammonia sample in the EPR cuvette loses it's characte

ristic blue color in a relatively short time, if the sample is 

stored in the dark. The light sensitivity of the solvated electrons 

has gained more attention lately 75

The sodium-ammonia sample becomes transparent and does not produce 

the EPR spectrum if the measurement is done in the darkness. 

A very small amount of light, however, is enough to produce the 

typical EPR spectrum, the narrow singlet, which disappears again 

in the darkness. The kinetic measurements were done under conditions, 

where the only external light was produced by the oscilloscope 

screen and by the control lamp in the microwave source of the spectro

meter. In the first hand, the sample was given enough light that 

the signal of the solvated electrons could be observed. The system 

was locked to the maximum of the peak using the field-frequency 

lock and the field to be swept was set to zero. The dimension of 

the x-axis was then time. The total sweep time was given to the 

computer and when the sweep started the irradiation was performed 

directly to the sample in the cavity. 

The increase of the peak and the following decrease were stored 

in the computer memory, from where they were punched onto paper 

tape. 
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Fig. 10.1. shows a typical spectrum and explains the arrangement 

of the measurement. 

E.PR 

• FLAStl

30 G,O ,o lil.O 150 /80 :VO £40 �?0 3ll? ill 3/,0 ?J?O 'ti.O 't50 'f80 5/0 5'10 5/0 COO 

TIME {-1) 

Fig. 10.1. The measuring arrangement for the decay of the solvated 

electrons along with a typical spectrum. 

The measurement were performed with three different sodium-ammonia 

solutions. 

Solution 

1. 

2. 

3. 

about 1 mg Na and 2 cm
3 

NH
3 

6 " 

15 " 
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Further, the measurements were done at different temperatures in 

order to determine the possible activation energy. 

Since the decay of the solvated electrons proceeds through a 

long-lived triplet state 16, the reaction was calculated assuming

first order kinetics. The equilibrium in Eg. (2.6), page 4 is 

assumed. The rate constant was calculated according to the equa

tion: 

k 1/t ln (Ymax/(Ymax - Yt)) ' where (10 .1) 

t the time in seconds 

y the maximum height of the peak max 
yt the height of the peak at time t 

Table 10.1. shows the rate constants of the solutions 2 and 3 at 

various temperatures. 

Table 10.1. The rate constants of the decay of the solvated 

electrons in two different sodium-ammonia solutions 

at various temperatures. 

Solution 2 

T (K) 

288 

28 5 

28 3 

280 

277 

the rate const. (s-1)

1.69· 10-3

1.44· l0-3

l.25·10-3

1.00·10-3

9.33·10-4

Solution 3 

T (K) 

288 

285 

28 3 

280 

277 

the rat.e r.onst. 

1. 05· 10-3

7. 94· 10-4

6.92· lo-4

5.62·10-4

4.78·10-4

-1
(s ) 

Since the rate constant depends on the temperature, the activa

tion energy can be calculated using the Arrhenius equation, 

k=A • exp (-E/RT) . 

Table 10.2. shows the results for the solutions 2 and 3. 
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Table 10.2. The activation energies of the solvated electrons in 

two different sodium-ammonia solutions. 

Solution 

2 

3 

E kJ/mol 

44 

47 

Solution 1 showed an exceptional behaviour. The spectrum due to 

the solvated electrons, however, was obtained momentarily and 

after that, the spectrum showed b y Fig. 10.2. 

5G 

Fig. 10.2. The EPR spectrum of a dilute sodium-ammonia solution 

at 295 K. 
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The coupling constants measured from the spectrum are presented 

in the Table 10.3. along with the coupling constants of the 

pyrazine anion radical. 

Table 10.3. The coupling constants of the (NH2)2 radical and

the pyrazine anion radical at room temperature. 

coupling constants (G) 

Pyrazine 

7.25 7.24 

2.72 

The possible existence of pyrazine as an impurity in ammonia was 

excluded with a mass spectrometer 
77 

No peak with the m/e value 

80 appeared. The radical obtained and presumably having the for

mula (NH2)2 also disappears in the dark. Its' kinetics was in

vestigated in a similar manner to the kinetics of the solvated 

electrons. 

Table 10.4. shows the rate constants at various temperatures. 

Table 10.4. The rale cunHtdnts of the decay of the (NH2)2
radical at various temperatures. 

temperature {K) 

296 

273 

253 

rate constant (s-l)

2.08·10-3

l.20·10-3

8.91·10-4

The value of the activation energy is 16 kJ/mol. 

This radical has also been observed in another occasion during 

this work, namely after the formation of the pyridazine anion. 

The first stage of the reaction was the formation of the radical 

anion as presented on page 10, and after it had disappeared the 

radical (NH2)2 was formed and after its' decay the reaction pro

ceeded, viz. 
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R + e 

+ 
2 Na + 2NH

3 
+ e

According to the results, the formation of the (NH
2

)
2 

radical 

mostly depends on the concentration of the sodium-ammonia solu

tion because it could not be observed in the more concentrated 

solutions. 

If the third substance is added to the solution, the rate of the 

formation and the decay of the (NH
2

)
2 

radical are affected by 

the rate of the protonation, since the (NH
2

)
2 

radical has an 

acidic function in the sodium-ammonia solutions. 

11. The visible absorption spectra of the radicals

The visible absorption spectra of the radicals were measured at 

room temperature using the sodium-ammonia solution as a reference. 

The measurements suffered from the lack of temperature control, 

and the radical concentration altered during the measurement. This 

was caused due to the development of the heat affecting the evapor

ation of the ammonia and its' condensation to the cooler parts of 

the cuvette. No references have been found in the literature to 

the visible absorption spectra of the radicals under investigation 

in liquid ammonia. The reference spectra have been measured in 

other solvents. Dodd et al. have measured the absorption spectra 

of the pyridine anion, the pyrazine anion, the pyridazine anion 

and the pyrimidine anion both in the visible and in the UV re-
78 

gions The radicals were prepared by sodium reduction using 

tetrahydrofuran as a solvent. Their results in the visible region 

along with the results obtained in this work are presented in the 

Table 11.1. 
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Table 11.1. The absorption maxima of some nitrogen heterocyclic 

radical anions. 

The absorption maxima (nm) 

anion Dodd et al. this work 

pyrazine 364 370 

pyridazine 351 350 

pyrimidine 330 

4.4'-dipyridyl 335 340 

The true absorption spectrum of the pyrimidine radical anion was 

not obtained in this work due to the rapid protonation of the 

radical. 

In addition, the absorption spectra of the protonated species of 

the pyrimidine, pyridazine and s-triazine were measured. The mea

surements were always carried out immediately after the measure

ment of the EPR spectrum in order to conserve the radical producing 

the EPR spectrum. 

Fig. 11.1. shows the absorption spectra of the protonated forms of 

pyrimidine, pyridazine and s-triazine and their absorption maxima 

are presented in the Table 11.2. 
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Fig. 11.1. The absorption spectra of the protonated radical forms 

of pyrimidine, pyridazine and s-triazine in the sodium

ammonia solution. 

Table 11.2. The absorption maxima of the protonated radical forms 

of pyrimidine, pyridazine and s-triazine in sodium

ammonia solution. 

radical absorption maxima (nm) 

+ 

pyrimidine -H
2 

482 and 510 

+ 

pyridazine -H
2 

440 

pyridazine -H
2 

342 

+ 

s-triazine -H
2 

342 
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The protonated radical form of pyrimidine always showed two maxima 

which gives reason to suggest that more than one species exists in 

the sample. This may also.be due to the formation of an ion pair. 

The existence of more than one radical is also supported by the 

EPR spectrum. The protonated radical form of pyrimidine was pink 

by the color. 

The protonated radical form of s-triazine showed only one absorption 

maximum. 

Two different protonated radical forms are exhibited by pyridazine. 

Their absorption spectra clearly differ which is inherent in the 

structural changes in the course of the protonation reaction. 

12. The EPR spectra of the anion radicals

The compounds showing the EPR spectra of the anion radicals consts

tent with the literature were pyrazine, pyridazine, pyridine and 

4,4'-dipyridyl 79-SG

Fig. 12.1. shows the EPR spectrum of the pyrazine anion radical 

along with the simulated spectrum. The hyperfine coupling constants 

are presented in the Table 12.1. 

Table 12.1. The hyperfine coupling constants (HFC) of the pyrazine 

anion radical. 

nucleus HFC (G)* 

5 (1, 4) 7.24 aN 

( 2, 3, 5, 6) 2.72 aH

6 

,1 

,ci\\� ,,,-/ ·, ;z_ 
I ·1 

�N-/' 
LI 
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SG 

Fig. 12.1. The EPR spectrum of the pyrazine anion radical at 

223 K (upper) along with the simulated spectrum. 
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concentration was observed, but the suitable concentration for 

the measurement could be adjusted. 

The anion radical of pyridazine is not stable in the sodium

ammonia system but protonates although fairly slowly. 

Fig. 12.2. shows the EPR spectrum of the pyridazine anion radical 

along with the simulated spectrum. The hyperfine coupling constants 

are presented in Table 12.2. 

Table 12.2. The hyperfine coupling constants of the pyridazine 

anion radical. 

nucleus HFC (G) 

5 
(1, 2) 6.00 b a

N 
! . ��j ,1 

3 (4, 5) 6.41 d a
H -,� ,\I .� 

�· 

3 
::; 

a
H (3, 6) 0.08 

The values of the coupling constants slightly differ from the 

values presented by Stone and Maki 
81 They also stated that the

rudicul is unstuble. The ussignment of the coupling con8tunt8 18 

based on results of Stone and Maki. The line width alteration due 

to temperature could not be measured because of instability. 

Both the EPR spectrum of the 4,4'-dipyridyl anion radical and the 

pyridine anion radical were obtained from pyridine in this order. 

Fig. 12.3. shows the EPR spectrum of the 4,4'-dipyridyl anion 

radical along with the simulated spectrum. The hyperfine coupling 

constants are presented in the Table 12.3. The assignment of the 

coupling constants is based on the results of Ward 83
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5G 

SG 

Fig. 12.2. The EPR spectrum of the pyridazine anion radical at 

240 K (upper) along with the simulated spectrum. 
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Table 12.3. The hyperfine coupling constants of the 4,4'-dipyridyl 

anion radical. 

nucleus HFC (G) 

5aN (4, 4') 3. 60 

5aH(2,6,2',6') 2.40 

5aH(3,5,3',5') 0.48 

The anion radical of 4,4'-dipyridyl proved to be stable except 

under irradiation with UV-light. The irradiation produced the 

radical anion of pyridine whose spectrum is shown by Fig. 12.4. 

along with the simulated spectrum. The hyperfine coupling con

stants are presented in the Table 12.4. 

Table 12.4. The hyperfine coupling constants of the pyridine 

anion radical. 

nucleus HFC (G) 

3 aN(l) 6. 31 

3 aH (3, 5) 3,55 

3 aH (2, 6) 0.70 

2 aH (4) 9.63 

�\ 

3 ,;:;��5 I I, 

' 
·O:!..''�N/-

-1

The coupling constants of the pyridine anion radical are consis-
- 82,84 

tent with values presented in the literature .The assignment

of the coupling constants is based on the results presented in 

the reference 84. The radical obtained by the irradiation vanish

ed quite rapidly as can be seen from the decreasing intensities 

in the spectrum. The radical anion of 4,4'-dipyridyl appeared 
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5G 

5G 

Fig. 12.3. The EPR spectrum of the 4,4'-dipyridyl anion radical 

at 223 K (upper) along with the simulated spectrum. 
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5G 

5G 

Fig. 12.4. The EPR spectrum of the pyridine anion radical at 233 K 

(upper) along with the simulated spectrum. 
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after it. The peak due to the solvated electrons was not observed 

in either spectra though exposed to UV-light. 

The radical anion of pyrimidine corresponding to the spectra pub

lished was not obtained. The anion stage of pyrimidine must be so 

short that it can not be measured using the methods in this work. 

The same conclusion can be made in the case of s-triazine, no 

anion radical was observed. The literature, however, does not give 

any information about the anion radical of s-triazine which supports 

its' instability. 

13. The EPR spectra of the protonated anion radicals

When the radical is made in the sodium-ammonia system, it gives 

reasons for the argument, that the protonated radicals formed 

are anions by their electronic structure and not cations although 

they may have a positive charge. Based on the model on page 10 the 

first stage of the reaction is the formation of the anion radical. 

If the formation of the (NH
2

)
2 

-radical is now excluded, the prog

ress of the reaction can be followed. The most concrete substance 

in this sense was pyridazine because its' protonation was partially 

so slow that some stages could be measured. 

Fig. 13.1. shows the EPR spectrum of the diprotonated pyridazine 

anion radical along with the simulated spectrum. The hyperfine 

coupling constants are presented in Table 13.1. 

Table 13.1. The hyperfine coupling constants of the diprotonated 

pyridazine anion radical 

nucleus HFC (G) 

5 
a

N 
(1, 2) 4.20 

3 
a

H
(3,6) 0.25 

3 
a

H
(4,5) 0.75 

3 
a

H 
(1', 2') 4.45 

I 

b-o', -1_H1
I \ I \ / I 4 - -H 2. 

'.) ).. 
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5G 

Fig. 13.1. The EPR spectrum of the diprotonated pyridazine anion 

radical at 223 K (upper) along with the simulated 

spectrum. 



44 

Compared with the anion of pyridazine one proton triplet coupling 

has appeared and the coupling constant of the nitrogens has mark

edly diminished. The assignment of the coupling constants is based 

on the theoretical calculations. Although the results are quite 

poor, the order of the magnitude of the coupling constants can be 

csto.blishcd. 

Zeldes and Livingston have prepared the cation radical of the 1,2-

dihydropyridazine photolytically in acetone-isopropanol solution 
81

. They report the following coupling constants for the cation 

radical of the 1.,2-dihydropyridazine: 

- 5. 80 G and

- 6.53 G.

These values differ clearly from the values obtained in this work. 

Depending on the amount of the solvated electrons the diprotonated 

anion of pyridazine either remains in this stage or reacts further. 

I.C ctll exce:o:o u.C Ll1e solval.ed elecl.J.·ons i.s presenL l.he reacL.ion pru

ceeds to the end as presented on page 10. 

This dipro tonated anion of pyridazine was also prepared in lithium

ammonia solution and the EPR spectrum obtained was identical to 

the spectrum in Fig. 13.1. 

The third alternative approach to the matter is to try an elec

trolytical preparation of the diprotonated anion radical of pyrida

zine. The electrolysis was carried out in the following way: 

about 3 mm of pyridazine in the glass capillary tube was trans

ferred to the cuvette. Then 66 mg of tetrabutylammoniumperchlorate, 

1..5 cm
3 

acetonitrile and a small amount of Al
2

o
3 

was added. The 

anode was a platinum wire and the cathode was platinum gauze. The 

voltage was 3 Volts, but the current could not be measured due to 

technical reasons. A red wine colored radical was obtained giving 

the EPR spectrum shown by Fig. 13.2. along with the simulated 

spectrum. The hyperfine coupling constants are presented in Table 

13. 2.

The radical formed was very unstable, which can be seen from the 

decreasing intensities. The interpretation was rendered difficult 

due to the relatively large noise in the spectrum. 
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SG 

Fig. 13.2. The EPR spectrum of the diprotonated pyridazine rad

ical produced by the electrolysis at 223 K (upper) 

along with the simulated spectrum. 
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Table 13.2. The hyperfine coupling constants of the diprotonated 

pyridazine radical produced by electrolysis. 

nucleus HFC (G) 

4. 4 0 

0.20 

0. 50 

4. 50 

The coupling constants are not the same as with the radicals 

obtained in sodium-ammonia and lithium-ammonia solutions, but 

according to the formation, the radical is very probably the 

same. The electrolytical preparation may proceed as follows: 

R + H+ RH+ 

(13 .1) 

RH+ + H+ 2+ 
RH2 ( 13. 2) 

2+ + 

RH2 + e RH2 ( 13. 3) 

This diprotonated anion of pyridazine does not form via the anion 

formation of pyridazine, but the final results presumably are 

equal by their structure. 

It has been stated earlier that if solvated electrons are present 

in excess in the sodium-ammonia solution the reaction proceeds 

from the diprotonated anion stage to the end. Finally, the di

hydropyridazine anion radical is obtained. To avoid the confusion 

it is better to distinguish the dihydro and the diprotonated 

species from each other. This will be explained later. 

The EPR spectrum of the dihydropyridazine anion radical is de

picted in Fig. 13.3. along with the simulated spectrum. Table 

13.3. shows the hyperfine coupling constants derived from the 

spectrum. 
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5G 

5G 

Fig. 13.3. The EPR spectrum of the dihydropyridazine anion rad

ical at 223 K (upper) along with the simulated spec

trum. 
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Table 13.3. The hyperfine coupling constants of the dihydropyrida

zine anion radical. 

nucleus HFC (G) 

aN ( 1, 2) 3.52 

3 aH (4, 5) 4. 38

3 aH (3, 6) 0.44 

3 aH (1', 2') 4.96 

/;,, A 

-5c�
,,...H

I \ I \ / N 
J.j 

- ;;_ '+I '
J 

2 

Compared with the diprotonated pyridazine anion, the number of 

the nuclei has remained the same in the dihydropyridazine anion 

but the coupling constants have changed. The assignment o� the 

coupling constants is really uncertain in this case, because it 

is not supported even by the theoretical calculations. To give 

reasons for the fact that the both radicals are anions, the 

situation can be examined in the light of a simple energy level 

description. 

R + e 

+ 

RH" 
2 

-----4r.----� 
the anion radical 

no changes 

no changes 

the diprotonated 

anion 
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the neutral di

hydroform, no EPR 

spectrum 

the dihydro anion 

The reaction proceeds to the dihydropyridazine anion form provid

ing that a sufficient amount of solvated electrons are present. 

Such a sample in the sodium-ammonia system was prepared which, 

due to the lack of solvated electrons, remained at the diproton

ated anion stage. The sample was put into the EPR spectrometer 

and in order to get the reaction to proceed, a flash irradiation 

was used. At first a straight line was recorded by the spectro

meter which might refer to the formation of the neutral dihydro

pyridazine. When the irradiation was continued the spectrum of 

the dihydropyridazine anion radical shown in �ig.13.J. was 

recorded. This reaction was reversible, for when the irradiation 

was ceased the EPR spectrum of the diprotonated pyridazine anion 

radical could be observed. It can be concluded that the hydration 

is sensitive to the amount of the solvated electrons. The energetic 

inspection was not possible since the irradiation was made with 

mixed wavelengths of light. Pyrimidine reacted in the sodium

ammonia system to give the diprotonated anion radical only. The 

reaction proceeds so rapidly to this stage that the intermediates 

could not be measured with the EPR spectrometer. Even slow increase 

of the temperature when the ammonia was still frozen at 180 K and 

then turned to liquid at 200 K did not help. The reaction had 

already taken place. The EPR spectrum obtained from the diproton

ated pyrimidine anion radical is shown in Fig.13.4. both in the 

40 Gauss and in the 10 Gauss scale. 
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The values of the coupling constants presented in the literature 

for the pyrimidine anion radical and for the dihydropyrimidine 

cation radical are not in agreement with the values obtained 
87-89 from this spectrum The interpretation of the spectrum

is not unambiguous because there is probably a very stable ion 

pair between the diprotonated pyrimidine anion and the Na
+ 

-ion. 

The hyperfine coupling constants obtained from the ENDOR spec

trum are presented in Table 13.4. Based on the ENDOR spectrum 

one coupling seems to be missing. 

Table 13.4. The hyperfine coupling constants of the diprotonated 

pyrimidine anion radical. 

nucleus HPC (G) 

5 aN(l,3) 3.ll0

3 
aH (4, 6) 1. 590

2 aH(5) 1. 770

2 aH (2) 0.045 

3 aH (1', 3 I) 4.80 (EPR) 

1-1 

I 1 6
c�

'l. 
r ' 

( I 3 

� '
_:::,,-,

N',+1 , 
Li 

3 

The coupling constants of 4.80 G is not present in the ENDOR spec

trum but in the EPR spectrum. The simulated spectrum of the di

protonated pyrimidine anion radical calculated with the values in 

the Table 13.4. is shown by Pig. 13.5. 

If pyrimidine in the sodium-ammonia system produces a mixture of 

the radicals, only one can be detected with the ENDOR spectrometer 

but both are seen in the EPR spectrum, as a mixture, unfortunately. 

The assignment of the coupling constants is uncertain due to the 

unreliability of the theoretical considerations. 
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5G 

Fig. 13.4. The EPR spectrum of the diprotonated pyrimidine anion
radical aL 240 K in the 40 Gauss (upper) and in the 

10 Gauss scale.
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5G 

Fig. 13.5. The simulated spectrum of the diprotonated pyrimidine 

anion radical using the coupling constants in the 

Table 13. 4. 

S-triazine showed quite similar behaviour as pyrimidine, only one

EPR spectrum was obtained. The spectrum is not due to the anion 

radical of s-triazine but due to the diprotonated anion. The EPR 

spectrum is shown by Fig. 13.6. along with the simulated spectrum. 

The hyperfine coupling constant are presented in the Table 13.5. 
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Table 13.5. The hyperfine coupling constants of the diprotonated 

s-triazine anion radical.

nucleus H'.F'C (G) 

5 aN(l,3) 3.43 

3 aN (5) 0.51 

3 aH (4 ,6) 1. 02

3 aH (1', 3 I) 1. 53

2 aH (2)

., 

'-1(:.N_�b
, , I 

·-�-...,/ "'-H
�\_ �1 

) './. 
_:, 

I 

'\ 

The proton coupling in position 2 can not be seen in the EPR 

spectrum thus it must be outside the detection limits of the 

spectrometer. Based on the interpretation and on the simulation 

of the spectrum it looks like two protons are joined with the 

s-triazine. The third proton addition was not observed. No lit

erature references are found concerning the anion, cation or the

diprotonated radicals of s-triazine in any solvent. The assign

ment of the two proton couplings is n ncerta.i.n. II 1 t.hongh t.hF' cl i -

protonated s-triazine anion radical was stable towards external

irradiation, some reaction unobservable by the EPR spectrometer

proceeded in the cuvette because the samples without exception

exploded within three weeks of preparation.

The phenomenon might be partially explained by the use of s

triazine in the explosives industry 90 

One way to identify the radicals is their g-values. Some g-values 

measured during this work are collected in Table 13.7. In sol

ution the g-values of the different radicals do not vary very 

much but the differences are distinctive. 
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5G 

5G 

Fig. 13.G. Tl1e EPR spectrum of the diprotonated s-triazine anion 

radical at 240 K (upper) along with the simulated 

spectrum. 
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Table 13.7. The g-values of some radicals in sodium-ammonia sol

ution. 

radical 

pyrazine anion 

pyridazine anion 

diprotonated pyrimidine anion 

diprptonated pyridazine anion 

diprotonated s-triazine anion 

dihydropyridazine anion 

14. The ENDOR spectra recorded

g-value

2.00360 

2.00350 

2.002 78 

2.00344 

2.00333 

2.00320 

According to the literature only a few 
14

N ENDOR experiments are 

performed in solution 
91

•
92 

The nuclear frequencies of the ni

trogen and the proton in the same magnetic field differ so mark

edly that the coupling of the nitrogen can hardly be seen simulta

neously with the protons. 

Another important requirement for the succesful ENDOR experiment 

is the enchancement of radiofrequency field especially in the 

case of nitrogen. When using liquid ammonia as a solvent, the 

anisotropy of the nitrogen can not be much larger than that of 

the protons because the signals of the nitrogen could be observed 

simultaneously with the protons in the same ENDOR spectrum. Figs. 

14.1, 14.2 and 14.3. show the ENDOR spectra of the pyrazine anion, 

the 4,4' -dipyridyl anion and the diprotonated pyrimidine anion 

at 210 K, respectively. The coupling constants are presented in 

the Table 14.1. 
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1 MHz 

.D 

18.5 

3.7 

�ir;. 14. l . The ENDOR spectrum of the pyrazine anion at 210 K. 

I I 

6.7 10.0 

1 MHz 1 

14.0 18.0 

Fiq. 14.2. The ENDOR s))ecLnm, of Ll1e 4, 4 '-dipyridyl anion at 210 K 
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2 MHz 

2.004 13.3 16.68 

Fig. 14.3. The ENDOR spectrum of the diprotonated pyrimidine 

anion at 210 K. 
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Table 14.1. The hyperfine coupling constants of the pyrazine 

anion, the 4,4 -dipyridyl anion and the diproton

ated pyrimidine anion. 

radical 

pyrazine anion 

4,� -dipyridyl anion 

diprotonated 

pyrimidine anion 

HFC (MHz) 

20.286 

7.614 

10.135 

6.740 

l. 340 

8.708 

4.452 

4.956 

0.126 

3a
H (in nitrogens) not detected

HFC (G) 

7.245 

2.719 

3.620 

2.407 

0.479 

3 .110 

l. 590

l. 770

0.045 
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In all cases the coupling of the nitrogen can be observed in the 

dd. . h eff . d high frequency part. In a ition, t e BNMR require was very

small, in the of the diprotonated pyrimidine anion about 40 W, 

which only is 1/lOth of the normal requirement in solution. 

The microwave power used was also reasonable, only about 1,5 mW. 

Both the values of pyrazine anion and the 4,4'-dipyridyl anion 

correspond to the values obtained with the EPR. One coupling, 

however, seems to be missing in the ENDOR spectrum of the diproton

ated pyrimidine anion. This coupling was not found above 16.8 MHz 

although searched. The coupling of the sodium remain undetectable, 

too. Due to the technical limitations as well as due to the time 

limitations the ENDOR spectra of the other radicals could not be 

measured. The theoretical inspections of the experimental results 

is difficult without additional experiments. The main attention 

was paid to the suitability of the ammonia as the solvent for the 

ENDOR experiments. Also, the coupling constants were of more 

interest than the relaxation systems. The situation would have 

been enlighted by TRIPLE resonance measurements because the rela

tive signs of the coupling constants would have been characteriz

ed. The liquid ammonia, however, proved to be a good solvent for 

the ENDOR experiments in order to simultaneously investigate the 

couplings of the nitrogens and the protons in the solution because 

the B:!� to be used is rather small and not much microwave power 

is required to saturate the EPR line. 

15. The molecular orbital calculations

The molecules under investigation in this work are wi�ely used 

as "test molecules" when developing the molecular orbital theory 

and its' methods of calculation 93-99_ Therefore some of the

results presented here were previously published. The principal 

attention has been paid to the structural inspection of the 

neutral and radical hydro forms of pyridazine. The structural 

investigation has been made with the aid of the MIND0/3 program. 

The coupling constants are calculated using the INDO program 

together with the energy minimizing version of it, called GEOMIN. 

No special features are included in the calculations, e.g. the 

solvent effect is neglected. The input data for all the programs 

consists of the structural information of the molecules, the bond 
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lengths, the bond angles and the dihedral angles 
lOO-l04 

The 

INDO program reads this data in the form of the cartesian 

coordinates whereas the MINDO/3 program automatically calculates 

the coordinates. Although the bond lengths and the bond angles 

of some molecules are known from X-ray data they were only seldom 

utilized to establish the initial structural guess since this led 

to undesired unsymmetry, which reflected e.g. in the values of 

the calculated coupling constants. The mutual stability of the 

molecules can be compared with the MINDO/3 method. Tjebbes has 

experimentally determined the heats of formation of pyrazine, 

pyridazine and pyrimidine. The experimental heat of formation of 

pyridine has been taken from Ref. 68. 

Table 15.1. shows the experimental and the calculated heats of 

formation of the compounds under investigation. 

Table 15.1. The heats of formation of pyridine, pyrazine, pyri

dazine, pyrimidine and s-triazine, kcal/mol (kJ/mol). 

compound experimental calcd. (MINDO/3) 

pyridine 34.1 ( 142. 7) 35.4 (148. 2) 

pyrazine 46.9 (196. 3) 42.5 (177. 9) 

pyridazine 66.5 (278. 4) 25.1 (105 .1) 

pyrimidine 47.0 ( 196. 7) 36.8 (154. 0) 

s-triazine not found 34.5 ( 144. 4) 

Except in the case of pyridazine, the experimental and the cal

culated results are in good agreement. According to the calcu

lations pyridazine is the most stable molecule whereas the 

experimental results show the opposite order. Table 15.2. shows 

some calculated and experimental bond lengths and bond angles 

for these molecules. The planar structure was assumed in the 

calculations. 
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Table 15.2. Some experimental and calculated bond lengths and 

bond angles of pyridine, pyrazine, pyridazine, 

pyrimidine and s-triazine. 

compound 

pyridine 

pyrazine 

pyridazine 

pyrimidj_ne 

s-triazine

bond 

CN 

c2
c

3
C

3
C

4

c2
H

C 
4 

H 

CN 

cc 

CH 

CN 

c
1

c
2

C
3

C
4

NN 

CH 

CN 

CH 

bond length (nm) 

exptl. 

0.1340 

0.1395 

0.1394 

0.1084 

0 .1077 

0.1334 

0.1378 

0.1105 

0.1315 

0.1337 

0 .1373 

0.1338 

calc. 

0.1333 

0.1404 

0.1394 

0.1101 

0 .1101 

0.1334 

0.1406 

0 .1112 

0.1387 

0.1396 

0.1402 

0.1214 

0.1111 

0.1329 

0.1338 

0.1414 

0 .1108 

0.1326 

0.1124 

angle 

CCN 

CCC 

CCH 

CCN 

CNC 

CCH 

CNC 

NCC 

CCC 

CCH 

CNC 

NCH 

bond angle (
0

)

exptl. 

123.1 

118. 5

121.8 

122.4 

115 .1 

120.3 

119.0 

117. 3

115 .1 

122.5 

116. 3

127.0 

calc. 

119. 3

119. 2

120.5 

119. 6

120.7 

122.7 

114. 0

120.5 

121. 9 

115. 4

122.8 

128.1 

118. 6 

119. 9

119 .0 

The common feature of the MIND0/3 method seems be the tendency 

to over estj_mate the aromatic CH-bonds. 

The structural optimization of the dihydro forms of pyridazine 

may be justifiably uncertain because no experj_mental results 

are available. On the other hand, such situations cannot even be 

inspected without sophisticated computer programs. Since the 

protons are joined with the nitrogens, this may lead to the non-
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planar structure of dihydro pyridazine. Further, the protons may 

be either in cis, cis-positions or in cis, trans-positions. 

The optimum structures with respect to the heat of formation were 

sought for the neutral molecules whose coordinates were employed 

in the calculation of the radical forms. The results of the calcu

lations are collected in Table 15.3. 

Based on the calculations, the non-planar structure with the pro

tons in cis, cis-positions seems favorable. The energy differences 

between the structures are not large and when calculating the 

optimum structures of the dihydro anion radicals the results were 

as follows: 

H 

H 

N 

\\ __ 
N 

- -H--

\ / \ 
N 

the heat of formation 54.7 kcal/mol 

( 229. 0 kJ/mol) 

the heat of formation 55.5 kcal/mol 

(232.3 kJ/mol) 

The energy difference is only 0.8 kcal/mol (3.3 kJ/mol) but now 

favoring the cis, trans-position of the protons. In addition, the 

heat of formation of the neutral monohydro pyridazine was calcu

lated giving 51.2 kcal/mol (214.3 kJ/mol). 
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Table 15.3. The calculated structural parameters of the dihydro

forms of pyridazine. 

Numbering of the molecule 

structure x) Hf, kcal/mol bond 

(kJ/mol) 

bond length angle bond angle 

(nm) (o) 

42.2 NN 0.1326 CCN 119.3 

(177. 5) CN 0.1415 CCC 119.5 

38.2 

(159. 9) 

48.4 

( 202. 6) 

45.1 

(188. 8) 

c
1

c
2

c
2

c
3

0.1352 

0.1451 

CH 0.1113 

NH 0.1061 

0 .1341 

0.1415 

0.1352 

0.1451 

CH 0.1113 

NH 0.1061 

0.1337 

0.1415 

0.1358 

0.1459 

CH 0.1114 

NH 0.1052 

0.1347 

0.1410 

0.1357 

0.1458 

CH 0.1115 

NH 0.1052 

CCH 

CNH 

CCN 

CCC 

CCH 

CNH 

CCN 

CCC 

CCH 

CNH 

CCN 

CCC 

CCH 

CNH 

121. 8

108.6 

119 .3 

119. 5

121.8 

108.6 

118. 5

119. 9

122.7 

104.9 

118. 0 

119. 9 

122.8 

106.5 

x) the dotted line refers to the molecular plane
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The calculated heat of formation of the diprotonated pyridazine 

cation radical was 194. 9 kcal/mol (815 .8 kJ/mol). This is not in 

agreement with the proceeding of the reaction. The problem during 

the calculation is that it is not possible to calculate the posi

tively charged radical with the anion structure. The initial situ

ation may be described as follows: 

The neutral 

molecule 

cation as assumed 

by the program 

1' 

the electronic 

structure of the 
+ 

RI-12
. 

The energy order of the reactions, however, is supported by the 

results obtained with the GEOMIN program. The energies are cal

culated for the underlined species shown below. 

the reaction stages energy (A. U.) 

R + e - 52.3940

-- 53.2715 

- 53.8422

- 54.0355

- 53. 9222

When calculating the structures were assumed to be planar though 

this may not be the case according to the results obtained with 

the MINDO/3 method. The reason for the use of the planar struc

tures was the immoderate results obtained for the calculated 

hyperfine coupling constants using the nonplanar structures. 

Especially the coupling constants of the protons bonded to the 

nitrogens were too large if the deviation from the planarity was 

assumed in the calculation. Joela and Pyykk6 106 have investigated
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this weakness of the INDO method and stated that if the orbital 

energies go to the wrong order during the Extended Hlickel type 

initial guess used in the INDO method they remain in the wrong 

order in the course of the SCF iteration cycles. Consequently, 

the total wave function has the wrong symmetry to the end of the 

calculation. The tracing of the right orbital energies was at

tempted,but the results did not improve. The reason may be due 

to the unsuitability of the tracing method for the nitrogen 

containing systems, since the method was originally developed 

for the hydrocarbons. As an example the calculated coupling 

constants of the nitrogens and the protons bonded with them in 

the case of the dihydro pyridazine anion are presented for the 

planar and for the non-planar structures: 

nucleus 

N 

H (in N) 

HFC (G) 

planar 

0.44 

- 1. 48 

non-planar 

23.7 

33.2 

Table 15.4. shows the calculated hyperfine coupling constants of 

the pyridazine anion and its' hydroform radicals. 

Since the minimization of the total energy did not bring any 

essential improvement for the values of the coupling constants, 

the rest of the calculations were performed without energy mini

mization. The results of the calculations are presente� in the 

Table 15.5. 
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Table 15.4. The calculated hyperfine coupling constants obtained 

with the GEOMIN program for the pyridazine anion and 

for the mono- and dihydro pyridazine radicals. 

radical 

& 
;:;:?: 

,\ 

) 

position 

1,2 

3,6 

4,5 

l (N)

2 (N) 

l (H) 

3 

4 

5 

6 

1,2 (N) 

1,2 (H) 

3,6 

4,5 

1,2 (N) 

1,2 (H) 

3,6 

4,5 

HFC (G) calculated 

7.14 

- 1.03

2.46

8.56 

6.39 

- 11. 55

0.48

3.75

0.34

l. 95

7.63 

- 11. 63

l. 83

2.06 

0.44 

l. 48

5.86 

0.80 
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Table 15.5. The calculated hyperfine coupling constants of the 

pyridine coupling constants of the pyridine anion, 

the 4,4'-dipyridyl anion, the diprotonated pyrimidine 

anion, the diprotonated s-triazine anion and the 

pyrazine anion. 

radical 

[odf \ � 'i 

� 
I 

1 t;c��L 

5 '-- .,N3
"-H 

/..j 

l 
?

� -- �",(;N 1 
/ � '\11 

l :z. 

,1 (lo('·, z. 
, I '" "-NJ ' 

l "I 

+ 

r 
'\ -

)' 

position 

1 

2 

3 

4 

2 

3 

4 

1,3 

1,3 

2 

5 

4, 6 

(N) 

(H) 

1,3 (N) 

5 (N) 

1,3 (H) 

6, 4 

2 

1,4 

2, 3, 5, 6 

The results are satisfactory for the 

the hydro form radicals. 

HFC (G) calculated 

7.50 

3.55 

0.17 

9.87 

1. 82

0.78

3.90

2.00 

- 3.75

1.01

4. 04

- 11. 99 

4.89 

7.49 

6.88 

8.28 

3.20 

7.21 

2.64 (taken from ref. 

8 0) 

anions but not so good for 
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The heat of formation of (NH
2

)
2 

-radical according to the IIINDO/3

calculations was 33.2 kcal/mol (139.0 kJ/mol) which shows the 

radical to be as stable as the compounds under investigation in 

their ground state. This would explain the formation of the 

(NH
2

)
2 

-radical before the protonation process as in the case 

of pyridazine. The radical was not observed with the other com

pounds. The calculated coupling constants of the planar (NH
2

)
2 

radical have been reported previously 
107

. Based on the MINDO/3 

calculations the (NH
2

)
2 

-radical is not planar.

Table 15.6. shows the calculated bond lengths and bond angles with 

respect to the minimum energy. 

Teble 15.6. The calculated bond lengths and bond angles of the 

(NH
2

)
2 

-radical with the MINDO/3 program. 

Numbering of the molecule 

1 2 3 

H------ N ---- H 

4 

bond 

1-2, 2-3 

4-5, 5-6

2-4

3-5

5 6 

bond length (nm) 

0.1095 

0.2066 

0.2135 

angle bond angle (o) 

1-2-3 104.4 

1-2-4 146.0 

The structure proposed by the MINDO/3 program seems rather un

reliable remembering that the radical, especially with respect 

to the coupling constants, resembles the pyrazine anion radical. 
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The theoretical calculations, of course, can not repeat the 

experimental conditions but their support is important for method 

testing purposes. Further development of the calculation methods 

is needed. 

16. Summary 

The protonation process of some nitrogen containing heterocyclic 

compounds was investigated, The radicals were prepared using 

liquid ammonia as solvent and sodium metal as reducing agent. The 

kinetics of solvated electrons were followed with the EPR spectro

meter. The excess of solvated electrons in sodium-ammonia solution 

was generated using flash equipment and the decay of the resulting 

peak was measured. The evaluation of the rate constant was per

formed assuming first order kinetics. The decay of the solvated 

electrons was measured at various temperatures in order to deter

mine the activation energy. The most dilute sodium-ammonia solution 

produced a radical for which the formula (NH
2)2 

was suqqested on

ref. 77. This radical was light sensitive as were the solvated 

electrons. The compounds under investigation were pyridine, pyra

zine, pyridazine, pyrimidine and s-triazine. 

The anion radical of pyrazine was formed in the sodium-ammonia 

solution and no further protonation was observed. Pyridine first 

gave the anion radical of 4,4' -dipyridyl which turned to the 

pyridine anion after UV irradiation. The process was reversible. 

Pyrimidine reacted in sodium-ammonia solution giving the mixture 

of the radicals which could be seen in the absorption spectrum in 

the visible region. S-triazine formed the diprotonated. anion rad

ical in the sodium-ammonia system but the anion of s-triazine was 

not observed. The slow protonation of pyridazine was followed by 

recording the EPR spectra and the visible absorption spectra at 

various stages. The protonation is suggested to proceed as follows 

(R denotes the starting material): 
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R + e 

R" + H
+ 

--'- RH" 
,--

+ 
RH

0 

+ H
+ 

--' RH2 .,...--

+ 
RH2 + e � RH2

+ 
RH2 

+ e ---" RH2 ...---

The suitability of liquid ammonia as solvent in ENDOR spectro

copy, not only in EPR spectrocopy, was tested by recording the 

ENDOR spectra of the pyrazine anion, the diprotonated pyramidine 

anion and the 4,4' -dipyridyl anion. Due to the diminished an

isotropy of the nitrogen in sodium-ammonia solution, it can be 

recorded simultaneously with the protons. Hence liquid ammonia 

is a very suitable solvent also for the ENDO� experiments. 

The INDO method was employed in the evalution of the coupling 

constants for the radicals obtained. The calculation was not 

very succesful for the protonated species but overestimated the 

coupling constants especially for the non-planar structures. The 

MINDO/3 method aided the determination the optimum geometries of 

the diprotonated pyridazine radicals as well as the geometries 

of pyridazine, pyrimidine and s-triazine in their ground state. 
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