
SYNTHESIS AND LS.R. STUDIES OF METAL IONS
IN LESS COMMON OXIDATION STATES :

(i) Chemistry of Dioxo-Bridged Manganese (III, IV)
Complexes and (ii) Chemistry of Bivalent Silver

Complexes with Sterically Hindered Ligands

A THESIS
SUBMITTED FOR THE DEGREE OF

DOCTOR OF PHILOSOPHY

By

G. SWARNABALA

SCHOOL OF CHEMISTRY

UNIVERSITY OF HYDERABAD
HYDERABAD-500 134

DECEMBER, 1988



CONTENTS

Page No.

STATEMENT

CERTIFICATE

ACKNOWLEDGEMENT

PREFACE

ABBREVIATIONS

SECTION

SECTION II

Chapter 1

Chapter 2

Chapter 3

References

Chapter 1

Chapter 2

Chapter 3

References

ii

iii

iv

viii

1

2

28

34

112

120

121

127

133

179

SUMMARY AND CONCLUSIONS 184



STATEMENT

1 hereby declare that the matter embodied in the thesis is the result

of investigations carried out by me in the School of Chemistry,

University of Hyderabad, Hyderabad, under the supervision of

Dr. M.V.Rajasekharan.

In keeping with the general practice of reporting scientific obser-

vations, due acknowledgement has been made whenever the work

described is based on the findings of other investigators.

Hyderabad

December, 1988

*



I I

CERTIFICATE

Certified thai the work contained in this thesis entitled "Synthesis

and e.s.r. studies of metal ions in less common oxidation states: (i)

Chemistry of dioxo-bridged maganese (III, IV) complexes and

(ii) Chemistry of bivalent silver complexes with sterically hindered

ligands" has been carried out by G.Swarnabala, under my supervision

and the same has not been submitted elsewhere for a degree.

M.V. Rajasekharan

School of Chemistry

(Thesis Supervisor)

Dean



i i i

ACKNOWLEDGEMENT

I thank Dr. M.V. RAJASEKHARAN for suggesting al topic of interest to

me and for his help to learn the subject in a systematic, thoughtful

and lucid fashion.

1 wish to thank Prof. G. MEHTA and Prof. R. JAGANNATHAN, Deans,

School of Chemistry during the tenure of my work in the University

for their helpful cooperation.

1 recall with happiness my acquaintance with all the staff of School

of Chemistry, CIL and work shop and thank them for their timely

cooperation.

It is a pleasure to remember all my collegues of the School whose

names form a volume of its own.

I thank all the University staff with whom I had contact for their

help and enquiries.

1 particularly recall the complete cooperation from my near and dear.

1 gratefully acknowledge financial assistance from U.G.C.

G. SWARNABALA



iv

Since we have prepared several sterically hindered ligands for the

above purpose, we surveyed the chemistry of other complexes of these

ligands. The interesting aspects of the copper chemistry of these ligands

especially their marked influence in the Cu~/Cu2+ potential prompted

PREFACE

Mixed valent manganese complexes play an important role in the

evolution of oxyyen by water oxidation in Photosystem (PS II) of photo-

synthesis. Details regarding the structure of manganese site and the

reaction mechanism are still ambiguous. However, some binuclear

and tetranuclear complexes with polypyridyl, Schiff-base and related

ligands in which the manganese is in (HI, IV) oxidation states are

proponed as good models. We desired to take advantage of the substi-
A

tutional lability of Mn(III)(d ) site to prepare and characterise

urisymmetrically ligated complexes. This has resulted in the isolation

3+of complexes of the type (Mn^^^A^) where A=dmff py and

(Mn~O2L~A) where A=bpy, L=phen and A=phent L=bpy. They have

been characterised by i.r, electronic and e.s.r spectra. The studies

4+on oxygen evolution in presence of Ce suggest that the unsymmetrical

complexes are better catalysts for water oxidation.

We had also planned to synthesise new Mn(III, IV) complexes with

ligands related to bpy viz., dmbp, dmp, mmbp, tmbp, daf and daf-one

with a view to modify the electron transfer rate. However, all our

2+attempts in this direction using Mn and oxidizing agents like AfnO-

S,,Og as well as substitution on Mn(urea)6 followed by disproportio-

nation and dimerisation, were unsuccessful.



us to prepare and study analogous silver complexes. We have obtained

magnetically dilute double salts, [AgLNO3JPF Q.NH 4PFg, with dmp

and dmbp ligands while other ligands formed magnetically concentrated

complexes. Detailed e.s.r studies were carried out on the double salts.

These complexes were unstable and slowly disintegrated to give radicals

which gave uninterpretable e.s.r spectra suggesting a novel electron

2+transfer from PF~ to Ag ion.

Our studies on the two different metals are separated into Section I

and Section II for a convenient presentation.

In Section I the chemistry of dioxo-bridged manganese (III, IV)

complexes are reported, begining with a chapter giving details on

mixed valent complexes in general, their historical importance, theory,

classification and the literature on Mn(III, IV) complexes. The next

chapter deals with the experimental section in which preparative

methods are described along with the techniques used for the physical

measurements and the computer simulation program used. The last

chapter in this section gives a detailed ^discussion on the results of

various analytical and spectral studies, as well as catalytic water

oxidation in the presence of (NHJ2Ce(NOJ6.

In Section II, complexes of bivalent silver with sterically hindered

ligands are reported. The first chapter gives a brief introduction to

Ag(II) chemistry including a survey on bivalent silver complexes of

heteroaromatic ligands. This is followed by a discussion on the

analogous copper complexes with the above mentioned sterically

hindered ligands. The second chapter describes the experimental proce-

V
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dures adopted and the program for the computer simulation of e.s.r

spectra. The last chapter gives the discussion of various analytical

and spectral results obtained including a detailed interpretation of

the e.s.r results on Ag(U) complexes of heteroaromatic ligands. These

double salts lead to the formation of radicals which resulted in an

uninterpretable e.s.r spectra. A survey of literature ruled out the

possibility of silver cluster formation. Electron transfer from PF~

to Ag is proposed and various radicals involving P and F, including

the hitherto unknown PFr. radical are considered as possible sources

for the complex spectrum.

Some of the results presented in this thesis have been published or

communicated in preliminary form.

(i) "EPR studies of mixed valence interactions in Mndll, IV)

complexes", G. Swarnabala, Al. Umashankar and M. V. Raja

Sekharan, Proc. XXII Congress Ampere on Magnetic Reso-

nance and Related Phenomena, Zurich (1984)p.457-458.

(ii) "Water Oxidation by dioxo-bridged Mndll, IV) Complexes",

G. Swarnabala and M.V. Rajasekharan, Proc. National

Symposium on Unusual Valency States in Coordination

Compounds, BARC, Bombay (1987) p.C-18.

(Hi) "Chemistry of the Less Common Oxidation States of

Manganese and Silver in their Complexes with N-heterocyclic

ligands", G. Swarnabala and M.V. Rajasekharan, Proc.

National Symposium on Modern Trends in Inorganic Chemistry,

UT, Madras (1988)p.ML-4.
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(iv) "Silverill) Complexes of Hindered N-heterocyclic ligands.

Electron Spin Resonance of Nitrato (6,6'-dimethyl-2,2'

bipyridyl) silverill) and Nitrato (2,9-dimethyl-l,10-phenanthro-

line) silverill) ions", C. Swarnabala and M.V. Rajasekharan,
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ABBREVIATIONS

acac

bpy

busalen

busaltm

cat

daf

daf-one

dedtc

4,4'-dmbp

5,5'-dmbp

6,6'-dmbp(dmbp)

dmp

dmf

dmso

4,4'-dpbp

4,7-dpp

DPPH

mmbp

nicotin

Oac

phen

N,-pyridine

py

: acetyJacetone

: 2,2'-bipyridine

; N,N'-ethylenebis(4-sec-butyl

saJicyialdimine)

: N,N'-trimethylenebis(4-sec-butyl

salicylaldimine)

: catechol

: 4,5-diazafluorene

: 4,5-diazafluorene-9-one

: diethyldithiocarbamate

: 4,4'-dimethyl-2,2'-bipyridine

: 5,5'-dimethyl-2,2'-bipyridine

: 6,6'-dimethyl-2,2'-bipyridine

: 2,9-dimethyl-1,10-phenanthroline

: dimethylformamide

: dimethylsulfoxide

: A,A'-diphenyl-2,2'-bipyridine

: 4,7-diphenyl-1,10-phenanthroline

: diphenylpicrylhydrazine

: 6-monomethyl-2,2'-bipyridine

: nicotinic acid

: acetate

: 1,10-phenanthroline

: tris(2-pyridylmethyl)amine

: pyridine



pz : pyrazine

h-Lsal : salicylic acid

H?salen : N,N'-ethylenebis(4-sec-butyl

salicylaldimine)

hLsaltm : N,N'-tr imethylenebis(sal icylaldimine)

SB : Schiff-base

tmbp : A^'^^'-tetramethyl-Z^'-bipyridine

tmtc : N,N',NM-trimethyl-1,4,7-triaza

cyclononane

TPP : tetraphenylporphyrin

terpy : 2,2',2"-terpyridine

TBA-PF, : tetrabutylammoniumhexafluorophosphate



SECTION - I

CHEMISTRY OF DIOXO-BRIDGED

MANGANESE (III, IV) COMPLEXES



CHAPTER -1

INTRODUCTION TO MIXED-VALENCE CHEMISTRY

AND A SURVEY OF THE LITERATURE ON

MANGANESE (III, IV) COMPLEXES

2



1. 1 General introduction to mixed-valence compounds:-

Compounds containing a given element in more than one formal oxidation

state have been known for a long time. They usually have intense colours

as exemplified by Prussian Blue which has been in use as an ink and dye-

1 2

stuff for a few hundred years . Werner proposed variable valency for

the brightly coloured complexes prepared in the early 19 century. The

development of crystal field theory and new physical techniques have

provided deeper insight into the electronic structure of the mixed-valence

compounds. Consequently, around 1967, several review articles have appea-

red which emphasised the optical properties and developed a scheme of

classification based on electronic delocalisation . These reviews as well

as the earlier results on controlled valency semi-conductors which illustra-

ted the correlation between structure and physical properties have stimula-

ted much theoretical and experimental investigation. It is now recognised

that mixed-valency plays an important role in several areas of science

ranging from minerology to biology. Many of these various aspects are

discussed in a recent volume on the subject edited by D.B.Brown . Mixed-

valency involving copper centers is believed to be of crucial importance

in the recently discovered high temperature ceramic superconductors .

The next three sub-sections contain a brief review of the present theoreti-

cal understanding with reference to certain well studied mixed-valence

systems.

1. 2 Classification of mixed-valence compounds:-
3e

The mixed-valence complexes were classified by Robin and Day

on the basis of the strength and symmetry of the ligand fields about metal

ions and their relationship to a , the valence delocalisation coefficient

appropriate to a particular system, into three groups.



where E. and ER are the changes in internal energy at sites A and B

respectively, on transferring an electron from A to B and E is the

Madelung energy expended in moving the optical electron from A to B

in the electrostatic field of all the other electrons in the molecule.

If the compound is a discrete dimer electron transfer takes place within

Class I: The different valence sites have quite different symmetry and

ligand field strength, so that the energy difference is large a/ id a approaches

zero. An example would be the spinel, Co , 0 , , in which the Co(IIl) ions

are in octahedral ligand fields with low-spin configurations while the

Co(ll) ion is in tetrahedral ligand field with high-spin configuration. The

two sites are so different that the properties of this compound can be

thought of as a superposition of both the ions taken separately. The

intervalence transition Co(II) Co(IlI) -» Co(III) Co(Il) has such a high energy

that it does not contribute to the colour of this black compound. Another

example is Cu(en)7(CuBr?)« containing Cu(l) and Cu(ll) ions having

different geometry.

Class I I : The compounds belonging to this class are characterised by

an absorption band in the visible region of the spectrum (14-27kK) which

is absent in the constituent ions taken separately. The two A and B sites

in this class of compounds are crystallographically distinguishable. For

example they may both be octahedral, but with small differences in bond

length or angle. Then the valence bond configuration A(IV) B(1II) has an

energy not too much greater than A(1II) B(1V). In simple terms, the energy

of the transition can be written as

4

. . . 1 .



the molecule, but if it is a solid, bulk charge migration may be detected

as semiconductivity. The properties of one of the most famous class 11

compounds, Prussian Blue, have been fully characterised and described .

H ^
Another set of examples are the compounds containing octahedral SbX "and

6

SbX, ions, where X is a halogen. Depending on the cation they are either

blue or red, colours which are not found in any other Sb compounds.

The compounds are diamagnetic. Both the far i.r and Mossbauer spectra

show separate peaks characteristic of Sb (III) and Sb (V).

9
Mn (III, IV) u -dioxo-bridged complexes also form good examples of this

class of compounds. Both the ions are of octahedral geometry but differ

in bond lengths and also show an intervalence absorption band which gives

a green colour to the complexes.

Class 111: Polynuclear mixed-valence anions, cations and neutral species

whose structures do not contain crystallographically distinguishable sites

where the oxidation sites might be localised are classified as class III-A

compounds. They differ from class II systems where the distinction between

A and B sites is lost completely so that EA = — EQ and E , is zero.
r ' A B mad

The excitation energies are dependent on ligand field splittings and

molecular orbital resonance integrals, just as they are in an ordinary

polynuclear complex having metal-metal bonds. An example of this class

would be N b , C L ^ ion . Class III-B systems are metals and as such

show an absorption edge, usually in the i.r and are opaque with a metallic,

sheen in the visible region. These show differences of two units in the

oxidation states of the ions exemplified by Pd and Pt compounds. The

non-stoichiometric tungsten bronzes Na WO, (x - 0.4 to 0.9) and the



12
•molecular metals' of the type K2Pt(CN)^ BrQ , . 3H2O (KCP) are

important members of this class. The bronzes are metallic, their specific

conductivities proportional to x and their optical and magnetic properties

are typical of metals. These are known to be three-dimensional lattices.

In KCP the Br ions are non - stoichiometrically distributed in channels

be'tween the chains of square Pt( CN), groups stacked plane to plane.

2
The partial oxidation leaves the d 2 band incompletely occupied leading

to metallic conductivity along the Pt chains.

1. 3 Theoretical description of mixed-valence compounds:- A summary of

the theoretical treatment with special referene to the PKS model for

binuclear systems is given in this section. The two possible states of

the binuclear system A-B can be written as,

¥ g = Y A ( M ) * B ( N ) - 2 -

^b = Y A ( M " n ) ¥ B ( N + n ) * " 3 '

where M and N are the oxidation states of site A and B respectively.

4\ differs from ¥ in that n electrons have been transferred from B to A.b a

The electronic Hamiltonian, H = H A + H B + V, in which V is the
' e e e '

interaction term, will mix the two mixed-valence states to give

T1 " u a Ya u b Yb

T2 " u b Ya a Tb

with energies

W1 = 1/2 [Ej - / C j 2 + 4V2J - 6 -

W2 = 1/2 [Ej • / E J * + 4V2] .»7.

where, E. = H. . - H . The important quantity here is the ratio of the
l DD aa

energy difference between the two sites to the interaction energy, viz.,

R = E./V . . The coefficients in y, and y, can be written as,
I ab I * .



The valence deiocalisation coefficient is defined as a2 = C ?•
a

Piepho, Krausz and Schatz (PKS)have shown that inclusion of vibronic coupling

gives a more complete picture of mixed-valence deiocalisation.

1.3.1 Basic assumptions of the PKS model:-

1. Overlap between the orbitals on the two centres, A and B is negligible.

2. A single antisymmetric mode is involved in coupling the two centres.

This mode is assumed to be a combination of the totally symmetric normal

modes of the two sites with identical force constants.

}. The electronic ground states for A and B belong to non-degenerate

representations.

4. The energy of interaction between the two centres is small compared

to electronic binding energies i.e. the influence of excited state potential

surfaces can be neglected.

1.3.2 Results of the PKS model for the static case:-

The parameters in the model are the dimensionless quantities A, £ and 6.

The quantities £ and 6 are related to the previously defined V , and E, ,
3D 1

£ = V . / hv and 6= 1/2 E. / hv.ab 1

X is the linear force constant which is responsible for displacing the

potential surface for the two centres from their equilibrium value along

7

...8.



Figure 1: Potential surfaces for static case

8



when E . is large, X2 is large, e / X 2 < < 1 , we have localised (class 1) system.

When E . -*• zero, | e |/X2 2 1 it corresponds to class III.

In the static case the vibronic wave function can be written as Born-

-Oppenheimer products.

y^ '(r n) - V (r) v (n)' W - U/ (r) v (n) n - 1 ? --co
Y n Kr, q) - f ^ r ; X1f nW, * n - * 2

U ; X 2 ,n t q ; > n " V '
...U.

The nuclei are confined to individual potential surfaces, and the inter-

valence transfer absorption can be thought of as a Frank-Condon transition

from the minimum of one surface to an excited vibrational level of the

otherpotential surface.

1. 3. 3 Results of the PKS model for the dynamic case:-

Born-Oppenheimer appromixation is no longer valid when X and e are both

non-zero. The deviations are expected to be especially large when X ~ e.

9



10

The nuclei will be moving on both potential surfaces and the vibronic

wave function will have to be written as a linear combination of Born-

-Oppenheimer products.

...15.

where ...16.

X. (q) are harmonic oscillator wave functions. The vibronic energies and

the coefficients r and r' have to be determined by numerical diagonali-

sation of a suitably truncated matrix of the Hamiltonian including nuclear
/y /\ y\

kinetic energy, H = H + T (q). Typical vibronic energy level diagram

for the symmetrical case (6 = 0)is shown in Figure 2.

Figure 2: Vibronic energy level diagram for (6 = 0) symmetrical
case. The long vertical arrow shows the strongest
single intervalence transition at low temperature.
Tunneling transitions occur primarily between succes-
sive low-lying vibronic levels, the short vertical
arrow showing the one from the ground vibronic
state (Ref. 13b).
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in the localised limit.

Optical transitions in mixed-valence systems:

Two types of optical transitions are predicted by the vibronic model - the

well known IVTA and the lesser known tunneling transition in the ground

vibronic manifold (See Figure 2). The latter transition which is predicted

to occur in the far i.r. region has not been observed so far. The band

contours for the IVTA can be calculated once the parameters (X ,e and 6)

are known. In actual practice, comparison of calculated and experimental

band contours is complicated by the possible presence of low symmetry

splittings and spin-orbit coupling effects. Many features of the IVTA have

14been analysed since long using the Hush formulae which do not require

detailed knowledge of the wave functions. The vibronic model- predicts

that these formulae are valid only in the strongly localised situations

The occurrence of two maxima against one in a plot of P (q) versus q

distinguishes a localised system from a delocalised one. Analogous to

a2, a delocalisation coefficient B .(n) can be defined as the coefficient of
d

the cross term in P (r)n

The criterion for localised and delocalised cases can be defined by calcu-

lating the nuclear and electronic probability distributions P (q) and P (r),

...19.

U



12

where £ is the molar extinction coefficient and R is the distance between
0

the two centres (in A ).

The PKS model also makes definite predictions regarding the resonance

Raman effect , but the RR transitions have not so far been explored

in detail experimentally.

1.3.5 Improved models:-

In addition to the approximations listed in 1.3.1, the PKS model has the

serious drawback that it is essentially a two-site model. Experiments

on the Creutz-Taube ion [(NHJ. Ru ( pz ) Ru (NHJJ +, haveshown that

the bridging ligand interacts strongly'with the two Ru centres . A three

-site model which explicitly includes the bridging species has been proposed

17recently . It was shown that in the strongly coupled case the totally

symmetric vibrational mode has to be included in the vibronic coupling

problem. A ligand field model which includes spin-orbit coupling and low-

symmetry components have also been put forward to explain the electronic

18

properties of the Creutz-Taube ion . This again has the drawback that

orbitals on the bridging species are excluded from the treatment. It appears

that the ligand field model will be suitable for treating the electronic

structure, while the inclusion of all the coupled vibrations will be necessary

...20.

. . .21.

...22.

i.e., X2 + 6 large and >>e2. The Hush formulae are summarised below:



1.)

to account for the IVTA band profiles.

1.4 Study of two model complexes:

Two well studied mixed-valence systems are discussed here in order to

illustrate the several experimental methods as well as to highlight the

potential diff iculties in characterising a system as localised or delocalised.

1.4.1 Creutz-Taube ion:-

19 5+

The Creutz-Taube complex ,p - pyrazine - bis (pentaammine ruthen ium)

ion, provided a suitable starting point for theoretical analysis of binuclear

mixed-valence complexes, since the two coupled Ru centres are identical

and only a single bridging ligand is involved. The electronic spectra

showed band at 17.7 kK for the metal to ligand charge transfer
-1 -1and an intense broad band around 6.4 kK (e = 5500 cm m 1) characteristic

9 -1of IVTA. The electron transfer was expected to be rapid, k > 10 sec .

19 7 -1 20
However, n.m.r studies gave k . > 10 sec . Mossbauer measurements

made on p - toluenesulfonate salts at 4K and interpreted in terms of

16 21
class II behaviour were later found to be in error . E5CA spectra

exhibited one 3d.c,?Ru (II) peak and 3d, ,„ and 3d, .-.Ru(lII) peaks, expected

22for class II ion; but this behaviour was later shown to be compatible

23with that of a .class III ion as well. The resonance Raman spectrum was

found to be very similar to the fully reduced ion, with the exception
_1

of a band at 1070 cm which was attributed to pz bound to Ru(IlI) thus

24
indicating a class II system. Powder e.s.r. studies implicating a localised

25electronic structure were contradicted by single crystal studies consistent

26with valence delocalisation. A crystal structure of mixed halide salt
*

gave results consistent with both descriptions.
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Recently Furholz et al. have made a comprehensive restudy of

the Creutz-Taube complex involving single crystal/ optical, resonance

Raman, x - r a y crystallographic, Mossbauer and e.s.r. techniques.

The main conclusions from the above work are (i) there is more than

one transition under the IVTA band envelope, (ii) the system is not

localised on the Mossbauer time scale, however, the isomer shift

is close to that of Ru (III, III), (iii) in the chloride salt the two Ru

centres are crystallographically equivalent, while for the tosylate

the centres are significantly different; the structure of (II, III) closely

resembles that of (II, II), (iv) e.s.r. shows cons ide rab le rhombic

splitting implying strong interaction between the metal centres

and the pyrazine bridge, (v) Raman and e.s.r. studies do not establish

ground state symmetry, and (vi) the experiments do not "allow one

to decide whether the odd electron is trapped on one Ru or deloca-

lised equally over both"!

Prussian Blue:- Another widely studied complex is Prussian Blue

which was studied first in 18 century . The several studies carried

out for the assignment of oxidation states of this complex have been

reviewed by Sharpe . The structure of this complex was derived from

77 28

x-ray powder data . Powder neutron diffraction studies have put

an upper l imit of about 5% for the spin delocalisation in the electronic

ground state. Single crystal x-ray work confirmed the cubic polymeric

structure with 25% of Fe(II) sites being vacant leading to an inherent

structural disorder.

Robin has assigned an inter^valence band at 14.1 kK whose intensity
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suggested a value of valence delocalisation coefficient a = 0.1 consis-

tent with estimated a = 0.11 from the perturbation model. Magnetic

moment measured between 10 and 300 K corresponded to y f f = 5.98BM/

32Fe(III) high-spin and a diamagnetic low-spin Fe(II) atom . Mossbauer

spectra showed separate transitions from the Fe(Il) and Fe(III) sites .

It was necessary to resort to selective isotropic substitutions to resolve

the overlapping signals. A ferromagnetic transition is assumed below
"II

5.5Kwhere the exchange pathway lies through N-C-Fe-C-N

In summary one can conclude that Prussian Blue contains trapped

valences at Fe(II) and Fe(III) sites.

Mn(III), Mn(lV) and dinuclear mixed-valence complexes.

1 Complexes with heteroaromatic ligands:- The first proposed complex

of a binuclear cation was (Mn^C^ bpy,) by Nyholm and Turco in

34
1960 . They have determined the oxidation state by reacting the

complex with oxalic acid in the presence of silver sulphate and also

by potentiometry. They also determined the magnetic moment to be

1.7 BM at 25°C. Stoufer et al , in 1972, determined the crystal

structure of the perchlorate salt. The monoclinic greenish black crystal

contains two manganese centres with different metal-ligand bond

distances - the one with shorter distance is considered to be Mn(lV)

(d ) and the other Mn(III) (d high-spin). The difference in the average

bond length is 0.138 A0.

This complex and the phenanthroline analogue have been prepared

and studied in detail by Cooper et al in 1977. They have characte-
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_1
rised them by i.r., electronic spectra and electrochemistry. A 680:cm

band observed in i.r was attributed to MnCX^Mn bridge in the dimer.

The three shoulders at 19.0, 18.0 and 14.6 kK observed in electronic

spectra were assigned to high-spin Mn(III) ion and the band in near-

i.r. around 12.1 kK to IVTA. The solution studies have shown that

the original green solution of the dimer turned red on acidification

and was found reversible upon addition of sodium acetate solution.

At lower pH, the IVTA band disappeared and reappeared only on mak-

inglthe solution pH 4.5. They have also measured solution magnetic mo-

ments by n.m. r and found consistent with the value for a single elec-

tron. The electrochemical studies in acetonitrile revealed that these

dimers participate in one-electron oxidation processes. By using Hush's

14

formulae they have calculated the electron delocalisation coeffi-

cient a2as 0.01 which implied that the electron spends 99% of the time

on the Mn(lII) atom. They have compared with selected data of

(III, IV) dimers and showed that the extent of delocalisation in these

dimers is high due to the short metal-metal distance (2.7A0). It is

quite evident in comparison with a2 = 0.0026 for [ (NHJ . Ru(!pz)

RuCKbpyL] + where the metal-metal distance is approximately 7

A0. A thermal activation energy of 8.6 k cal m" was calculated from

which a maximum thermal electron transfer rate of 10 s was

estimated assuming no activation entropy and a transmission coeff-

icient of unity.

Single crystal e.s.r. studies of (Mn^CLbpy^^ClO^- j complex were

39
reported by Inoue in 1978. He observed weak signals at g = 4
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artributable to excited states and at g = 2 for ground state. The

hyperfine splitting in the ground doublet state showed atleast 16 lines

with 70-100G spacings. Hence the odd electron in Mn(III, IV) was

said to be mostly localised on one of the manganese atoms and unequally

distributed between both the manganese in the dimer. In the same

year Morrison et al reported the formation of Mn (III, IV) complexes

with bpy, phen, 4,4'-dmbp, 4,4'-dpbp, 4,7-dpp and terpy by electro-

chemical oxidation of Mn(lI)L? complexes in acetonitrile. Except terpy,

all other complexes were oxidised quantitatively. They have sugested

that the oxidation of Mn (II) complexes and the subsequent dimerisation

of the product species require release of four protons to yield the

Mn (111, IV) dimers as follows:-

2(Mnl_3)2+ + 2 H 2 O ^ ( M n 2 O 2 L 4 ) 3 + + 4H+ + 3 e + 2L ...23.

The redox potentials for bpy complexes were found to be more than

40phen complexes. They have also reported e.s.r. spectra with 6 lines

attributing them to broadening due to super-exchange between the

two metal centres. They have also prepared mononuclear Mn(II),

Mn(III) and Mn (IV) complexes of bpyCL and terpyO, electrochemically

in acetonitrile. These complexes were found stabilised against dimeri-

sation unlike in the case of bpy and phen ligands.

9
At the same time Cooper et al have examined the e.s.r. spectra

of Mn (III, IV) dimers in acetonitrile with a 16 line pattern. They

have suggested two inequivalent manganese ions at room temperature

with hyperfine splitting values A1 = 167 ± 3 G and A . = 79 t 3 G.

The hyperfine splitting pattern with| A j = 2 | A? | and the small g

anisotropy were found consistent' with Mn(III) high-spin antiferro-
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magnetically coupled to Mn(IV) producing an s=1/2 ground state.

These dimers are expected to yield 11 lines in the fast exchange

limit and upto 36 lines in slow exchange. Hence the 6 line pattern

40suggested by Morrison et al was shown to be consistent with Mn(ll)

impurity and not Mn (III, IV) dimers. The temperature dependence

data of magnetic susceptibility of this s - (2, 3/2) pair was found

in good agreement with the isotropic Heisenberg exchange Hamiltonian

H = -2 J s-j»s2» yielding J = -150 ± 7 cm for the bpy dimer and

J = -134 ± 5 cm" for phen dimer.

42Very recently Stebler et al have reported crystal and molecular

structure of (Mn^CLphen.) (PF J , . CH,CN. The orthorhombic crystal

was found to have crystallographically equivalent manganese ions.

Detailed analysis of anisotropic atomic displacement parameters indi-

cated static or dynamic disorder between a Mn(III) - Mn(lV) and a

Mn(IV) - Mn (III) ion. Optical absorption band around 12.5 kK, assigned

to IVT A, was found to be temperature dependent with an increase in inten-

sity when the temperature was decreased and the band at 14.7 kK

was found to be independent. From the magnetic data, based on isotropic

Heisenberg operator, exchange coupling constant was calculated

-1 9
as J = -148 cm in close agreement with Cooper et al .

Recently, Pavacik et al have reported the -formation of

a (MrTjjal^ bpy) where H?Sal = salicylic acid. They have treated

(Mn 2Or~bpy.XClO.) r 2H?O9 with NaHSal (4 equiv.) in acetonitrile

solution which led to a rapid precipitation of a brown microcrystalline

material which was not identified. However it was found soluble
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in dimethylformamide to give a deep red solution. Crystals of (Mn

sal? bpy) were isolated and structurally characterised. Magnetic

44moment obtained by Evans method in dimethylsulfoxide was 3.83

3M consistent for a Mn(IV) ion. The Mn(IV) complex might have formed

by the substitution of two sal groups for one of the bipyridine

groups and both of the oxides. Identification of the initially formed

brown crystalline material would make this aspect of its chemistry

clearer.

45Very recently Ramaraj et al have reported oxygen evolution by

water oxidation with (Mn?0? bpy.) (CIO,)-, complex in heterogeneous

medium in the presence of (NH,)O [Ce (NO,). ] . They have observed
H C JO

gas bubbles over a period of 4 hrs. The experiment was done

in argon atmosphere. The gas evolved was analysed gas-chromatogra-

phically. They have carried out c.v. experiments in water and reported

that the complexes are stable in water contrary to the observation
9

of Cooper et a l .

Complexes with Schiff-bases:-

46A number of monomeric Mn(III) Schiff-base complexes are known

Crystal structure of manganese complexes of tetradentate Schiff-

47
bases hL salen and hL saltm have been reported . It was shown

that the Mn(II) complexes react with oxygen irreversibly to yield

various oxidation products. A dimer for MnfealtrrOH^O complex

47
with bridging oxygen atoms (Mn - Mn distance 2.7 A0) is also known .

But the x-ray data was not clear as to the two possibilities:
H

O /° \
(saltm) Mn'^Cr^^Mn111 (saltm) or (saltm) Mn Mn (saltm)

H _•]
However, • f.r absorption around 650-600 cm region for
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AQ

ring was reported • The dimer has magnetic moment of U - 2.13 BM

at room temperature consistent with antiferromagnetic coupling of

either high-spin Mn(IIl) or high-spin Mn(IV) atoms. Reaction of oxygen

with Mn (salen) yielded a sparingly soluble product [Mn? (salen)_O~]

which displayed similar properties, i.e., i.r. absorptions at 645 and
-1 49

631 cm and u= 1.96 BM . The reaction of excess oxygen with

Mn(salen) and Mn(saltm) in benzene or dimethylsulfoxide yields a

second insoluble product which was formulated as a polymeric y-

oxo - manganese (IV) complex, [Mn (salen) O] .

Five coordinate cationic complexes of Mn(III), [Mn (SB) H^O] CIO.,

where SB is the dianion of the tetradentate Schiff -base busalen and

busaltm have been synthesized and characterised by Boucher et

al in 1975. Hydrolysis by 0.005 M NaOH, of chloroform solutions

of these complexes in air led to the formation of six-coordinate

species [(Mn« (busalen)^ CL]. HLO. and [Mn? (busaltm) CLj. 2HJD.

These Mn(IV) complexes are dimeric in chloroform solutions and

show reduced room temperature magnetic moments,y = 2.5 BM. I.r

and visible bands were inconsistent with Mn~(IV)O7 ring in

these complexes.

The same authors have synthesised and characterised several

optically active complexes of Mn(III), [Mn (SB) H?O] CIO. and

[Mn(SB) Cl] and the Mn(III, IV) dimers, [Mn2(SB)2 (OHf(O)]. nH2O

where SB was a dianion of the optically active tetradentate Schiff-

base derived from (-) -1,2- diaminopropane and 4-sec - butylsalicylal-

dehyde or 4-sec-butyl-2- acetylphenol. The electronic . absorption

bands around 14-21 kK, 21 - 30 kK and 30-45 kK were observed
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The band around 22 kK was assigned to mixed-valence intervalence

transition. .?

Complexes with other ligands:

Oxo-bridged dimeric manganese(IV) porphyrin complexes have been

52reported including crystal and molecular structures. The complexes

were found to be e.s.r. silent. These were found tooxidise cyclohexane

at room temperature to give cyclohexyl azide. Thermal decomposition

of these y-oxo-bridged [X Mn (IV) TPPL O (X = N~ OCN)" complexes

yielded deeply trapped mixed-valence dimeric complexes which show

16 line e.s.r. spectrum .

54
Very recently Wjeghardt et al have reported dinuclear

[LMn In^.-O(M-CH3CO2)2Mn IVL}(ClOA)3 . where

L- tmtc . Crystal and molecular structure have been reported. On

oxidation of Mn~ (II) complex synthesised it formed Mn?(III) complex,

the Mn (III, IV) mixed-valence complex and a Mn«(IV) complex. The

Mn?(II) complex was found to show ,weak antiferromagnetic coupling

where J = - 9 cm . However, the Mn (II, III) complex remained

unisolable. The same authors have isolated Mn? (III) complex which

on electrochemical oxidation yields Mn (III, IV) mixed-valence dimer.

This dimer was also obtained by chemical oxidation and was isolated

in crystalline form. The Mn^OH) was found to be ferromagnetically

coupled where J = +18 cm" . The electronic spectra of the mixed-

valent dimer in acetonitrile had IVTA band at 12.7kK. Interestingly,

there was another IVTA band around 7.14 kK. Similar electronic



spectra were recorded for manganese containing metalloprotein

of a pseudocatalase isolated from Lactobacillus planarum suggesting

this complex to be a model for water oxidation in photosystem II

of photosynthesis in plants. Magnetic data for the Mn (III, IV) complex

was calculated which found that the atoms are intramolecularly

coupled antiferromagnetically. Further electrochemical oxidation

of this complex led to the formation of Mn9 (IV) complex which

was unstable. C.v in liquid S0o (0.1 M TBA - PFJ at - 40°C showed

two reversible one-electron transitions at 1.25 V and 1.92 V (with

NHE). The first corresponds to Mn? (III) •*• Mn (III, IV) and the second

to Mn (III, IV) •*• MnJlV). MnJIV) complex was found unstable even

in liquid SO?.

Nair et al have attempted the preparation of a mixed-valent

manganese species with £- cyclodextrin ligand. They have synthesised

a Mn?Ull) complex which was soluble in water, dimethylformamide

and dimethylsulfoxide. However in water it was found unstable decom-

posing to hydrated oxides of managanese. The electronic spectra

were recorded in dimethylformamide and magnetic moments were

determined by the TLm.r. method which was found to be 3.51BM/Mn

at 302K decreasing to 3.38BM/Mn at 224K, well below spin-only value

(4.9BM) for a mononuclear species suggesting a weak antiferro-

magnetic coupling of the manganese spins. The c.v. studies in dimethyl-

formamide showed a quasi-reversible two electron oxidation wave.

No mixed-valent Mn (III, IV) product expected for a one-electron

oxidation of Mn?(III) was formed. Mn?(IV) obtained was unstable and

at room temperature decomposed within a few hours. /.•'< • •.•^•;:-:'-.\
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58
Matsushita et al have prepared binuclear manganese complexes

by using bridging quadradentate bis (Schiff-bases) and dipicolinates

and with bis^i -oxo) groups and one or two picolinate ligands per

manganese. Their redox chemistry has been characterised by c.v and

controlled-potential c oulometry. They indicate that the electron-

transfer mechanisms are ligand-centered rather than metal-centered.

They show that the bpy ligands in the bis (JJ-oxo) bridged complexes

can be substituted by 2 or more picolinate anions like (Mn^O^bpy,

PA,J and (Mn^O^PA,) . Several of these complexes were thought

to be good models for water oxidation in photosystem II .

59Suzuki et al reported preparation of dinuclear manganese (III, IV)

and manganese (IV, IV) complexes with N,-pyridine. The analytically

pure samples were determined by redox titrations and their conducti-

vity was measured. C.v in CH,CN was recorded and magnetic moments

at 300 K - 80 K were measured. They were found to exhibit strong

antiferromagnetic interaction with J—159 and -137 cm , respectively.

55

E.s.r spectrum of the (III, IV) complex showed a 16-line Mn hyper-

fine pattern at g=2 indicating a trapped valence state. Absorption

bands in CH,CN in the visible region were shown. A preliminary

simulation of the spectrum was also given. The resonance fields were

almost reproduced. Introduction of small anisotropies in g and A

tensors caused no significant change in spectrum. Lit t le anisotropy

in g and A tensors implies that the structures of two manganese

units are close to the regular octahedron. Yhis complex was

reported not to oxidise water under similar conditions as that reported

by Ramaraj et a l 4 5 .



Manganese complexes as models for photosystem I I : -

Current literature on photo-synthesis in green plants has accepted

the involvement of manganese in the evolution of oxygen. Kok

et al have proposed the 'S states' mechanism to account for

the periodic release of CL from chloroplasts. Short pulses 'of liqhi

oxidise each reaction centre by one electron producing one electron

oxidation of the O~ evolving centres on each flash that yields states

S?, 5,, 5., SQ, S* etc. in a cycle. By using light of sufficient

intensity to turn over all reaction centres on each flash this synchroni-

zation is preserved. Water is then oxidised to CL with a yield that

reaches a maximum every fourth flash of light eventually damping

to a steady state level. S, is the state associated with CL release.

This behaviour established that the CL evolving centres function

independently, yielding intermediate states which can persist for

tens of seconds and longer before deactivation.

n

Just afterCooper et al have studied e.s.r. of the Mn (III, IV) dimers

in detail, Dismukes et al in 1981, have proposed them as models

for photosynthetic oxidation of water. They have performed e.s.r.

of spinach chloroplasts giving a series of laser flashes, n = 0, 1,

6 at room temperature and rapidly cooling to - 140°C revealing

16 lines and possibly 21 or more hyperfine lines when observed below

35 K. The spectrum was consistent with a pair of antiferromagneti-

cally coupled manganese ions, or possibly a tetramer of manganese

ions, in which Mn (III) and Mn (IV) ions are present. The intensity

of the signals from these flashes indicated that the paramagnetic

signal was monitoring oxidation state changes in the enzyme involved

in oxidation of water. ••..'.,......•,.••:.,.:•; , - ,.•.,-..•••• ; ,; ,
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GoocPin et al. in 1984 reported e.s.r. and x-ray ^absorption K-edge

measurements of a spinach photosystem II preparation in S., S? or

S^ states. The changes observed in the edge properties between

samples prepared in S,. to S, states were in direct agreement with

changes of signal intensity in e.s.r. A Mn (II, III) complex was sugges-

ted for S1 state and Mn (III, IV) complex for a S2 or S, state. A

mechanism was proposed to show the changes of oxidation states

of manganese in the S-states model (Sub-section 1.6.2).

Continuous power saturation and temperature dependence of e.s.r.

signals which are generated by low-temperature illumination of dark-

adapted photosystem II membranes associated with S~ state of the

CL evolving complex of photosynthesis were reported by Paula et al

in 1985. The data showed that the Sy state e.s.r. signals arise from

more than one paramagnetic site. A model was proposed for the

species giving rise to the S^ state e.s.r. signal in which an antiferro-

magnetically exchange coupled Mn(III, IV) dimer which is ferromagneti-

cally exchange coupled to another si£e with s = 1 was likely to be

present. The second site could be low-spin Mn (III), low-spin Fe (IV),

or even a second manganese dimer.

Spectroscopic evidence for manganesei-

E.s.r. spectroscopy has revealed the presence of multiline signal

attributed to an oxidised form of the terminal electron donor in

the S2 state in thalakoid membranes. By comparison with synthetic

64
manganese complexes and from simulations of the e.s.r. spectrum

it has been identified with a cluster of two, or possibly four, interac-

ting manganese ions present in a mixed-valence oxidation state
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Mn2 (111, IV) or Mn^ (3 III, IV) respectively. The Mn (II, 111) oxidation

state was also proposed based on e.s.r. simulations.

Mechanism for the role of manganese:-

""* 62

Good_in et al have proposed a scheme for the change in manganese

oxidation associated with S states cycle. In state Sn, the metal centres

are in the Mn(ll , III) state# Transition from Sn to 51 occurs by the

oxidation of one of the donor species which releases a proton. This

transition occurs first by oxidation of the unstable intermediate

51* . This state relaxes to S~ after two charge equivalents are trans-

ferred from the donor species to manganese, giving the Mn (III, IV)

complex with no net proton release. Transition from S~ to S, is

analogous to the Sn to 5. step. The final light-induced step proceeds

as before with the formation of an unstable intermediate S,* , which'

relaxes to a peroxo-bridged species with the Mn(lII, IV) species

containing the reduced donors. A water to ligand exchange reaction

may then accompany the release of O?, regenerating 5n. The last

step proposes the release of two protons, one before and one after

release of CL. The mechanism is shown' in figure 3.
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Mgure 3: Higher oxidation states of manganese suggested for Oxygen
evolution by water oxidation associated with 5 states cycle
(Ref.62).
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CHAPTER - 2

EXPERIMENTAL SECTION
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Chcmicals:-

The starting materials for the preparation of ligands were either

bought from Aldrich or Fluka. Other solvents and common chemicals

were of reagent grade or better quality. All the organic solvents

were purified by standard procedures described in Vogel . Ether

was stored over sodium, pyridine over potassium hydroxide pellets,

acetonitrile over Type 4A molecular seives and dimethylformarnide

was vacuum distilled in dry nitrogen atmosphere and stored over

Type 4A molecular seives.

Preparation of ligands:-

2,2'-bipyridine (bpy), 1,10-phenanthroline (phen) and 2,9-dimethyl-

phenanthroline (dmp) were bought from Aldrich Chemicals. 4,4'-di-

methylbipyridine(4i4-dmbp) and 5,5'-dimethylbipyridine(5,5-dmbp) were

prepared from y -picoline and $ -picoline respectively by coupling

over W7-J Raney nickel freshly made from nickel-aluminium alloy .

Our attempts to prepare 6,6l-dimethylbipyridine (dmbp) from a-picoline

by the same method resulted in very low yields ( < 1%). Hence a

recently reported method was used to obtain high yields by phase-

transfer catalysis. In this procedure, freshly prepared 2-bromo-6-picoline

was coupled over 5% Pd/C and benzyltriethylammonium chloride.

The ligand was recrystallised from methanol. 6-methylbipyridine

(mmbp) was prepared by methylating 2,2-bipyridine using freshly

prepared methyl l i thium. The oil obtained was crude and attempts

to obtain a pure sample by steam distillation were unsuccessful.

It was purified by column chromatography (ethyl acetate and hexane,

7 5 : 2 5 ) . • • . ; . - • . • • : • ; • '. • . . ' - , ' . ; • . • . • • • ' • . • ' • " • " • • • • ' . • •



4,5- diazafluorenone (daf-one) was prepared ' by oxidation of

1,10-phenanthroline with alkaline KMnO^. 4,5-diazaflourene (daf)

70a cwas prepared ' by reducing the fluorenone by heating with hydra-

zine hydrate in a sealed glass tube at 165°C for 18 hours. 4,4',6,6'-

71
tetramethylbipyridine (tmbp) was prepared by treating freshly

distilled 2,4-dimethylpyridine with sodium.

Preparation of [Mn^CUL.] complexes:-2"4J

[Mn^O^L.] X , where L=bpy, phen,4,4-dmbp,5,5'-dmbp, and X=C1O"»

BF. or PF', were prepared by the earlier known procedure for

Mn707(bpy),(C10,), . The bpy complexes were recrystallised from

acetonitrile, and all others were recrystallised in the following man-

ner: the complex was dissolved in minimum amount of acetonitrile, f i l -

tered, and was precipitated with dry ether to give a pure green

coloured fine powder. This was repeated 3-4 times to obtain an analy-

tically pure sample. Crystallisation by the usual evaporation method

resulted in decomposition while recrystallisation from ligand buffer

resulted in ligand coprecipitation. Analytical data are given below

with calculated values in parantheses.'
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Mn_0Jbpy).(PFj,:2Mn, 20, 8N, 40C, 32H, 3P, 18F, C = 39.66(39.98),
CL 4 O J

H=2.69(2.67), N=9.30(9.33)%.

6 3 spectrophotometry)=51(54.40)o/o.

Mn2O2(5,5l-dmbPyPF6)3:5,51-dmbp(by spectrophotometry)=57(56.10)%.

Preparation of [Mn2O2L_3A2] X,:-

The complexes with A = N, N-dimethylformamide vdmf or pyridine

( py ) were prepared. Preparation of [Mn7O?L,Y] X , where L=bpy,

Y=phen and L=phen, Y=bpy was also attempted.

Dmf substitution:-

The parent olive green complex, Mn^C^phen), ^^c\ w a s dissolved

in a minimum amount of dmf to give a green coloured solution.

This on standing for about 15-20 days in a desicator changes colour

to red. The change in colour was monitared by optical spectra.

The solution was then precipitated by using excess of dry ether.

The red precipitate was washed several times with dry ether. This

to (jc

complex was foundxsensitive to moisture, turning to pink after stan-

ding for several weeks. The analogous procedure for the bpy complex

resulted in an impure gummy material. Analytical data for [Mn?0?

(phen),(dmf L] (PFJ, :2Mn, 40, 38H, 42C, 8N, 3P, 18F, O39.95

(39.92), H=2.88(3.03), N=8.80(8.87), phen (by spectrophotometry)= .43

(42.79)%.

*.

Pyridine substitution:-

The parent complex [Mn^O^L ,](C10,),, L=bpy or phen was dissolved

in pyridine and filtered. The clear green solution was left for crystal-

lisation by slow evaporation. Pure green crystalline material was



collected after a few days, washed and dried. Analytical data,

[Mn2O2(phen)3(py)2](ClO4)3: 2Mn, 140, 8N, 34H, 46C, 3C1, C=48.73

(48.51), H=2.97(2.98), N=10.10(9.84)%;

[Mn2O2 (bpy)3(py)2](ClOA)3: 2Mn, 140, 8N, 40C, 34H, 3Cl, C=44.48

(45.03), H=3.02(3.21), N=9.31 (10.50)%.

Bpy or phen substitution:-

The parent complex [Mn^Jphen ) , ](C1OJ, was dissolved in bpy/

(bpyH)NO3 buffer (pH=4.5). To the clear green solution obtained

after f i l t rat ion, a few drops of concentrated aqueous solution of

sodium perchlorate was added. Immediate precipitation occurred

giving a product contaminated with ligand. It was washed with metha-

nol to remove major amounts of free ligand and then recrystallised

from acetonitrile. Analogous procedure was employed to precipitate

[MruOJbpy) ](C1O.)3 from phen/(phen H )NO3 buffer. Analytical

data,

[Mn202(phen)3(bpy)](C104)3: 2Mn, 140, 3C1, 8N, 32H, 46C, C=49.41

(48.55), H = 2.96(2.84), N=10.65(9.85)%;

[Mn202(bpy)3(phen)](C104)3: 2Mn, 140, 3Cl, 8N, 32H, 42C, C=47.60

(46.29), H=2.84(2.94), N= 10.47(10.29)%.

Physical measurements:-

The C,H,N analyses were performed on Perkin-Elmer 240C analyser.

Infra-red spectra in the range 600-4000 cm" were recorded on Perkin

Elmer IR 1310 or 297 instruments. Electronic spectra were measured

on Perkin-Elmer LAMBDA-3 spectrophotometer. Ligand estimations

were carried out on Schimadzu UV-visible spectrophotometer (6 for
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phen in methanol containing 25% 5N HCU0.5479 x 105 m~1 cm*1)

5 -1 -1
at 272 nm; bpy in methanol=0.2596 x 10 m cm I at 280 nm ;

4,4'-crnbp in methanol containing 25% 5N HCU0.2755 x 105m~1crrT1l

at 299nm). E.s.r. spectra were recorded on JEOL Fe 3X spectrometer

equipped with a variable temperature cryostat. DPPH was used as

a standard for calibration (g=2.0036). Photoacoustic spectra (>.<2.S)

were recorded on PARC photoacoustic spectrometer using MgCO.,

as a standard diluent.

Computer simulation of e.s.r. spectra:-

. . .... . . . , . . . . . . 7 2 ' ••"'•: ":;

A previously described computer program was modified to include

ligand hyperfine interaction in first order. For simulating the hyper-

fine interaction in dimeric manganese spectrum, one Mn nucleus

was taken as a central atom and the other Mn nucleus was treated

as 'ligand'. The calculations were carried out on a WIPRO Machines

IBM compatible personal computer. Further details are given in Chap-

ter 3.



CHAPTER - 3

RESULTS AND DISCUSSION
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I.r. spectra of manganese (III, IV) complexes.

I.r. spectra of phen complexes:-

The i.r. frequencies of all the phen complexes are tabulated in Table I.

In dioxo-bridged manganese complexes one of the vibrations of the

MnCLMn unit is expected to have a frequency around 700 cm" . For

the Mn(Ill ; IV) and Mn(IV, IV) complexes with phen the band was

reported at 686 and 692 cm respectively. We have observed a

band at about 680 cm"1 for all the CIO? , BF' and PFj salts of the
H 1 D

complexes. Bands corresponding to anions were observed around

1210, 1138, 1030 and 945 cm"1 for ClO^ ; 1070 and 777 cm"1 for

-1BF, and 840, 745 and 555 cm for PF, in all the complexes.

In the dmf substituted complex formulated as (Mn^O^phen-jdrnf J(PF J , ,

dmf bands were observed at 2900, 1660, 1420 and 1095 cm" , the

latter two bands overlapping with those in the parent complex (Figure 4).

The band at 680 cm is very weak in this complex casting some

doubt on the formulation of the product as a dioxo-bridged compound.

However, e.s.r. (sub-section 3.4) as well as analytical results (Chapter 2,

sub-section 2.4.1) are in favour of such a structure. All the other

bands corresponded to those in the parent phen complex.

The CIO, salt has been substituted by py to obtain (Mn~CLphen,py_)

(CIO.), complex (Figure 5). Bands at 3020, 1600, 1440, 1140 and 700 cm"

correspond to py and band at 680 cm" corresponds to the dioxo-bridge.

All other bands correspond to those in the parent complex.

(Mn2O2phen,bpyXClO,), complex formed by crystallisation of the

phen complex from bpy buffer has a sharp band at 670 cm" which

is assigned to MnO7Mn bridge. Both the symmetrical phen and bpy
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complexes have a band at 1420 cm . In the unsymmetrical complex

this band is split into two bands at 1435 and 1420 cm"1 . In addition

new bands at 1480 and 1460 cm are observed which can be assigned

to bpy. A sharp band at 750 cm which was weak in the parent complex

and several features common to both the parent phen and bpy complexes

were observed.

I, 2 1-r. spectra of bpy complexes:-

The frequencies corresponding to CIO,, BF, and PF, salts of

(Mn^O^bpy.) + complexes are listed in Table II. All the salts have

bands around 680-690 cm corresponding to MnO9Mn bridge. All

other bands correspond to ligand and anions.

The CIO" salt has been substituted by py (Figure 6). Bands corresponding

to py were observed at 3030, 1598, 1460, 1140 and 720 cm" . The
_1

band at 685 cm corresponds to the dioxo-bridge.

The substituted complex obtained from phen buffer, (fv^CLbpy-jphen)

(CIO,),, shows a band at 675 cm for MnO^Mn bridge (Figure 6).

The 1420 cm" band is not split in this complex. Otherwise the features

are similar to that of (Mn?O?phen,bpy)(ClOJ, analogue.

I.r. spectra of 4,4idmbp and 5,5-kJmbp complexes:-

inThe i.r. spectra of 4,4kJmbp and 5,5idmbp complexes are listed

Table 111. The former complex shows a band at 688 cm corresponding

to the dioxo-bridge. All other bands correspond to ligand and anion

frequencies.

The 5,5-!dmbp complex and its dmf derivative show bands due to
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Figure 6: I.r spectra of (a) ( M n ^ b p y XCIO )

(b) (Mn2O2bpy3py2)(ClO4)3 and

(c) (Mn202bpy3phen)(C104)3.
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MnCLMn bridge at 680 and 700 cm" respectively (Figure 7). The

dmf derivative shows bands around 2925, 1675, 1400 and 1055 cm"

corresponding to dmf.

Electronic spectra of manganese (HI, IV) complexes.

Origin of electronic bands in Mn(III), Mn(lV) and dinuclear Mn(III,IV)

complexes in octahedral crystal fields: -

In the cis-distorted octahedral unit, MnN.O- of the Mn(lll, IV) mixed-

valence complexes•- Mn(III)(d ) ion is in high-spin state corresponding

to the free ion term, D. As the next quintet state ( F derived from

d s configuration) lies ~ 110,000 cm above the D ground state of

the free ion , only one spin-allowed absorption band ( E -*• T~ )

is expected in the visible region (figure 8a). However, due to static

and dynamic Jahn-Teller interaction, as well as rhombic distortion

the simple octahedral splitting will not be applicable. The true symmetry

at each manganese site is not higher than C~ . A large distortion

is expected since the configuration (t~ ) eg contains a <r-antibonding

electron and the splitting of the E ground term may be large enough

to yield a transition in near i.r or visible region (Figure 8b).

Weak spin forbidden quintet - triplet transitions are expected in the

visible region. As Mn(III) ion is moderately oxidising in nature the

LMCT will occur at lower energies which may sometimes abscure

the d-d transitions. Thus the complexes of Mn(Ill) display a low energy

transition around 10.0kK and two higher energy transitions around

16.0-21.0kK, the former corresponding to the transition between the





Figure 8: (a) Simplified energy level diagram (Tanabe-

Sugano) for the d system Mn(III) in
Octahedral surroundings.

(b) Low symmetry splitting. The notation
corresponding to D,. and C? (x) point
groups are given.



split components of E , and the latter broad band (which is resolved

into two bands at low temperatures) corresponding Lo the transition

from the ground state to the components of T? .

These transitions for some of the Mn(IIl) complexes are listed in

Table (IV).

Relatively, few manganese (IV) complexes have been studied. The

manganese (IV)(d ) ion has a ground term F which in octahedral

4 4 4
geometry splits into A« , T? and T. levels. The energy level

diagram for a d ion in octahedral geometry is shown in figure 9.

The spin-allowed d-d transitions shown are expected to be at higher

energies because of the higher oxidation states compared to the

isoelectronic Cr(IIl) ion and are mostly shifted to the UV region where

they are obscured by the much more intense charge transfer and

intraligand transitions. Optical transition energies for some of the

Mn(IV) complexes are listed in Table V.

In a mixed-valent dinuclear complex containing interacting Mn(lll)

and Mn(IV) centres, in addition to the transitionj belonging to these

centres, a new absorption is expected corresponding to the Frank-

Condon hopping of an electron between them. This may occur any

where from very low energies in the near i.r to high energies in the

UV. In a symmetric mixed-valence complex, eg. ( f v ^O-L , ) , the

transition may be thought of as taking the molecule from, say,

LMn(III)-LL-Mn(lV)L to LMn(IV)-LL-Mn(III)L. The free energy for net

electron transfer is zero since clearly the initial and final products
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figure 9: Energy level diagram for a d ion (Mn IV)
in Octahedral geometry.
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are the same. However the intervalence transition is a Frank-Condon

transition which will not have zero energy. Thus the Mn(III)L distance

is different from Mn(IV)L distance and the solvation spheres around

the two ions will be different. During the electronic transition there

is no time for nuclear motion. Thus after electron transfer, the Mn(III)

ion finds itself in an Mn(IV) environment, (hence higher energy) and

Mn(lV) ion finds itself in an Mn(III) environment, also of higher energy.

Therefore there is activation energy for the optical electron transfer

and a non-zero value for the energy of the IVTA transition.

The absorption spectra of Mn(III, IV) complexes have been reported

earlier to show broad bands around 14.6, 17.9 and 19.0kK corres-

ponding to Mn(lll)(d ) high-spin ion where the low energy band is

due to B. •*• A- transition and the two higher energy bands are

due to EL -*• T~ transition. The spin-allowed d-d bands due to
1g 2g

Mn(IV)(d ) ion are shifted into UV region and are obscured byTT -TT*

bands of the ligand. The IVTA band was observed as a very broad

band at around 12.0kK in (Mn^CLL.XClOJ, complexes where L=bpy

or phen in the corresponding ligand buffer solution . Small shifts

due to solvent were reported in CH,CN and nitrobenzene.

2. 2 Electronic spectra of phen complexes:-

The optical spectra for (Mn^CLphen,) complexes and its derivatives

are listed in Table VI. Two higher energy bands and one lower energy

band are observed in CH-.CN which may be assigned to transitions

of the Mn(Ill) ion (figure 8b). These bands are practically the same

as those seen in aqueous phen buffer . But the IVTA band reported

at 12.0kK in phen buffer solution was found shifted to 13.4kK



Table VI Electronic spectra of phen complexes.
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(figures 10b, 11a). The solvent effect on the band position appears

to be more than the solvent effect on intensity. If the intensity is

appreciably affected we have to postulate that the 1VTA band (13.4kK)

in CH,CN is very weak and 14.6kK band appears as a doublet due

to two d-d transitions or due to spin-orbit coupling. This is unlikely

because (i) only one low energy band is expected from Mn(lII) even

in the presence of moderate rhombic distortion, (ii) spin-orbit splitting

is not expected for this band and (iii) in aqueous buffer upon lowering

the pH the 1VTA band disappears and only one weak band remains

at 14.6kK36.

In the unsymmetrical complex formed by substituting dmf, no 1VTA

band was observed (figures 11b, 12). The figure 12 shows the change

in the spectrum with time corresponding to change in colour from

green to red. The visible band is very much reduced in intensity and

the higher energy shoulders are masked by the tail of intense UV

band which moves into the visible region. The solid state p.a.s spectra

do show the visible band as a shoulder at 13.2kK. The p.a.s. spectra

of (Mn^CLphen.XBF,), and (Mn?O7phen-,dmf J ( P F J , are compared

in figure 13. It is noteworthy that upon dissolution of the red dmf

substituted complex in aqueous phen buffer the solution turns green

and the spectral bands correspond to the parent phen complex

(figure 14).

The py substituted (Mn202phen,py2XC10^)5 complex dissolved in

CH,CN shows broad features resembling the spectra of the parent

complex dissolved in pyridine (figure 15), Here again, the low energy
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band is reduced in intensity and the intense UV band masks the high

energy shoulders.

In conclusion it can be said that partial substitution by dmf and py

considerably inhibits the mixed-valent delocalisation as implied by

the low intensity of the IVTA band. Since the major contribution

to the low energy band arises from the very broad IVTA, the substi-

tuted complexes have relatively featureless optical absorption

spectra.

2. 3 Electronic spectra of bpy complexes:-

The electronic spectra of all the bpy complexes are listed in Table VII.

The bands corresponding to the three transitions in Mn(III) ion are

observed. In CH,CN the IVTA band shifted into the higher energy

region compared to the values reported for the buffer solution

(figures 17a, 18a and 19a). All other features are essentially same

as in the case of phen complexes (figures 16-19). The solution spectra

may be compared with the p.a.s spectrum shown in figure 20.

2. 4 Electronic spectra of unsymmetrical complexes containing both phen

and bpy ligands:-

The spectra of CH,CN solution of ligand exchanged products,

[Mn202 (bpy) ,phen](C104 )3 and [Mn202(phen3)bpy](C104)3 (figures

10a, 19b) are remarkably similar in band positions as well as intensities

(Tables VI and VII). The band maxima are also same as those observed

for the parent symmetrical complexes. However, the visible band

in the unsymmetrical complexes has increased in intensity relative



Table VII Electronic spectra of bpy complexes.
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to the high energy bands. The parent phen complex has more intense

bands than the bpy complex. Substitution by phen on the bpy complex

is found to increase the intensity of all the absorption bands. Similarly

substitution by bpy on the phen complex leads to reduction in the

intensity. In both cases the visible band is affected more than the

high energy bands. Based on the simple model of mixed valent delocali-

sation one would expect the unsymmetrical dinuclear complex to

have lesser delocalisation and correspondingly lesser intensity for

the IVTA band. In fact this is what is observed upon substitution

by dmf and py. However, in the case of exchange of bpy by phen

having very similar bonding characteristics (basicity, n-acceptor ability)

there appear to be other factors which control the extent of mixed

valent delocalisation.

I, 5 Electronic spectra of methyl substituted bpy ligand complexes:-

The optical spectra of 4,4'-dmbp and 5,5'-dmbp complexes are listed

in Table VIII. These complexes show bands due to the three Mn(III)

transitions (figures 21 and 22). The dmf substituted complexes of

these ligands also are observed tcr behave similarly in CH,CN as

that of the unsubstituted ligand complexes. The p.a.s spectra of these

complexes are in concurrence" with the solution spectra (figures 23

and 24).
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3 E.s.r spectra of the manganese complexes:

3, 1 Theoretical Interpretation of E.s.r spectra:-

A binuclear complex may be considered as a total molecular complex

consisting of two smaller units which are weakly interacting. To

describe the magnetic behaviour of this whole molecular complex,

a spin Hamiltonian is formulated for each unit and the spin-spin

interaction terms are added. E.s.r presents a convenient probe to

derive data for the ground and the first excited spin states. The

interaction between the spins alters the single-spin values of g and

hyperfine coupling constant A.

For an anti ferromagnetic binuclear system with unpaired electrons

the total spin Hamiltonian may be expressed as a function of the

single ion Hamiltonians, M ^ and O-î and the Heinsenburg Hamiltonian

CHjj_as % = U<i + (Hz* 3-^-assurr i 'n9 t n e orbital angular momentum to be

completely quenched. Theisotropic Heisenberg Hami l ton ian^^ -ZJS^S^

describes the spin-spin coupling and it is the largest term- in the

combined spin Hamiltonian. In the presence of large antiferromagnetic

coupling (large negative J), Mn (S..=2)-Mn (S2=3/2) system will

have a doublet ground state well removed from the other states

( figure 25). The following treatment is strictly valid only when the

maynitude of the exchange parameter, J is much greater than the

zero-field splitting parameter, D. This condition is satisfied for the

- 1 7 8

Mn(lll, IV) complexes which have | J|^100 cm

The spin-Hamiltonian for any state, 5 can be written in the coupled

and uncoupled regimes as follows: •
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79A treatment analogous to this has been employed by Gibson et al

for the analysis of the spinach ferredoxin system involving exchange

coupled iron ions with bridging sulfur ligands.

Fe3*(d3 , S=5/2)-sulfur ligands-Fe2+(d6, S=2) with 5 = 1/2.

Whenever the condition | J | > > |D| is not satisfied, S is no more a

good quantum number and the above equations will have to be modified.
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ft 1

A treatment including zero-field parameter has been given by Euler

for the cases $ 2 ' \ a n d S1=1» 3 ^ 2 ' 2 a n d Z>^1'

The other less important terms in the Hamiltonian concern quadrupole

interaction and nuclear Zeeman interaction. Quadrupole interaction

results in shift in the energies of the different energy levels relative

to one another. The nuclear Zeeman term represents the direct inter-

action between the external magnetic field and the nuclear magnetic

moment. It cancels for transitions between states with identical

values of m.. It is considered when forbidden transitions are observed.

The g and A values for the Mn(lll) and Mn(lV) ions in some crystals

and complexes are collected in Table IX.

3. 2 g and A values for mononuclear Mn and Mn complexes :-

Mn +(d ): In a distorted octahedral environment, the orbital singlet

ground state (figure 8) will be coupled to the components of the

excited T? state via spin-orbit interaction. To first order, the g-values

can be written as

gM = g - 8A/A ...29.

I I . e

g j ^ g e - 2 A / A ...30.

Where g = 2.0023 is the free-spin value, X is the one-electron spin-

orbit coupling constant for Mn and A is the energy of the excited

state (with splitting neglected) with respect to the ground orbital

singlet state. The free electron value for X = 360 cm and the g-

values are predicted to be less than 2.00.

The hyperfine tensor is expected to contain appreciable dipolar contri-

bution. However, data on Mn + ion is scarce. In TiC^Table IX) the





principal values range from 0.0053 to 0.0085 cm"1 .

Mn (d ): The ground orbital singlet state (figure 9) is coupled,

by spin-orbit interaction to the components of the excited T?, but

not T-. In this case the g-values can be written as

where Mand & are the energies of the components of T?, B? and

E, respectively, in tetragonal symmetry. The spin orbit coupling

constant is expected to be slightly larger in this case (~390 cm" )

and g-values are predicted to be less than 2.00 as in the case of

Mn3 + .

For the d ion the hyperfine splitting is almost entirely due to core-

polarisation which produces a field of ~ -192 kG at the nucleus with

a small orbital contribution of -4 to -6 kG. The A tensor is, therefore,

expected to be almost isotropic. The parameters in Al^O, a r e

0.0069 cm"1(A.| ) and 0.00704 cm"1 (A, XTable IX).

Number of hyperfine splittings in manganese (III, IV) complexes:-

Hyperfine coupling with the two Mn nuclei (1=5/2) will in general

give a multiline e.s.r spectrum. The number of lines expected depends

on the extent of delocalisation of the odd electron and the different

cases are considered below:

(a) Complete delocalisation (Class III): When the electron has equal

probability of being found near the two nuclei, i.e.,^ H Q M O ~Jl

( <t> . . ., + <bn_«)t equal hyperfine coupling with the two nuclei resultsY Mn i Mn2

in a set of 11 lines with intensity ratio 1:2:3:4:5:6:5:4:3:2:1. The

3. 3. 3
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coupling pat tern is not expected to be temperature dependent.

(b) Localised (Class 11): Maximum of 6x6=36 lines are expected

due to coupling wi th the two nuclei. For the ground doublet stale

the individual couplings A . and A» are related to the hyperfine

3+ 44

spl i t t ings of the isolated Mn and Mn ions as discussed in sub-

section 3.3.1.We have,
Ai - 2 / Y
M 2 " 2

Since A ' ~ A~' , we have the special case A<. = 2A,? which give rise

to a 16 line pa t te rn w i th intensity ra t io 1:1:2:2:3:3:3:3:3:3:3:3:2:2:1:1.

This is the usual spectrum observed for many MnQll, IV) complexes

at low temperatures for frozen samples.

(c) Local ised (Class II) w i th fast exchange (hopping) of the e lectron

between the two centres: Here again 11 lines are expected as in

(a), and the spacing between them can be related to the hyperf ine

3+ 4+
sp l i t t ing A ' and A« ' of the individual ions, Mn and Mn .

A=(A 1 + A 2 ) / 2 = ( 2 A 1
l - A 2 ' ) / 2 - 3 3 -

The spect rum is expected to be temperature dependent because the

e lect ron exchange rate is temperature dependent. Averaging to give

11 lines w i l l result when the rate of exchange is much faster than

A i | - | A 7 l » w h e n A . and A~ are expressed in Hz. With rates close

to the c r i t i ca l ra te , broadening of the individual lines w i l l be observed

and much below the c r i t i ca l rate the spectrum wi l l be same as that

expected for the case (b) above.
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E.s.r spectra of powder Mn(HI, IV) complexes:-

E.s.r spectra of the polycrystalline samples are shown in figures

26-37. The PF^ salts of bpy and phen complexes show some resolution

of the hyperfine structure (figures 27, 30) while most of the CIO,"

and BF^" salts (figures 26, 28, 29, 32, 34) show only a broad line.

This implies that in the former salts the larger PF ~ ion acts as

a diamagnetic diluent and reduces the dipolar broademing. However,

the PF,. salt of the dmf substituted complex (figure 33) does not

show any resolution. The CIO," salt of (Mn?0?bpy-,phen) + (figure

35) does give partial resolution while the (Mn?0?phen,bpy)(C10.),

(figure 36) gives only a single broad line. Many of the powder sample

spectra show weak absorption in the low field region as well, which

from their reduction in intensity at lower temperatures can be assigned

to thermally populated quartet excited state.

83
There are several mechanisms which contribute to line broadening

in the solid samples, viz., (i) dipolar interaction, (ii) magnetic exchange

between the different molecules in the lattice (iii) thermal population

of excited states and (iv) electron exchange between the two centres.

Of these (i) and (ii.) are intermolecular processes which are present

in magnetically concentrated systems while (iii) and (iv) are intra-

molecular processes peculiar to the mixed valent MnQll, IV) systems.

While dipolar interaction is expected to broaden all the hyperfine

lines resulting in a broad envelope, intermolecular exchange coupling,

in the fast l imit, is expected to give a single narrow line. Population

of thermally accessible excited states will increase the number of

transitions and may eventually contribute to broadening. Intramolecular
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electron transfer as discussed in sub-section 3.3.3 will lead to line

broadening and in the fast l imit will give a set of 11 hyperfine split

lines. Since the two hyperfine couplings are opposite in sign (sub-

section 3.3.3, assuming same sign for A ' and A? ' ) , the broadening

is supposed to set in on the outer lines and thereby reduce the spread

of the spectrum in the fast l imit.

The following compounds give exchange narrowed lines (Table X):

(Mn2O2phen3dmf2)(PF6)3 (figure 33), (Mn^phen- jdm^XClCy- j

(figure 32), ( M n ^ p h e n ^ X B F ^ (figure 29), ( M n ^ p h e n J C l O ^

(figure 28), ( M n ^ b p y ^ X C l O ^ (figure 26) and (Mn2O2phen3bpy)

(CIO J , (figure 36). The two pyridine substituted complexes, (Mn?0?

phen,py2)(C10.), and (Mn202bpy,py2)(C10-).j (figure 34) have line

widths of 1300G which is more than the hyperfine spread expected

for these complexes based on frozen solution data (sub-section 3.^).

Therefore, these cases correspond to dipolar broadening.

The PF6" salts, ( M n ^ p h e n ^ X P F ^ (figure 30), ( M n ^ b p y ^ X P F ^

(figure 27), (Mn2O25,5Idmbp4)(PF6)3 (figure 37), (Mn2O24,4idmbp4)

(PF6) (figure 37) as well as the ClO^" salt (Mn2O2bpy3phen)(ClO4)3

(figure 35) show resolution -of the hyperfine splitting to varying

extents. We have attempted to simulate the spectrum of (Mn2O2phen^)

(PF )3 (figure 31) using the following parameters g., = 2.07 , gi =1.99

Ai , = Ai -= 0.00145 cm ' 1 , A M = A. = 0.0073 cm" and with an isotro-

pic line width of 65G. Qualitative features are well represented

by computer simulation. A good f i t is not expected here because

dipolar effects are not included in the simulation. The calculated

spectrum for a width of 50G is included for comparison and it shows
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•"igure 36: E.s.r spectra of powder (Mn?0?phen-.bpy)(C10 L at

(a) 300K and (b) 131K.
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further splittings towards an eventual resolution of 16 lines. The

complexes of 4,4'_ dmbp (figure 37) and 5,5'-dmbp (figure 37) show

slightly better resolution. The line narrowing observed upon cooling

the samples is most likely due to reduction in the intensity of the

signals from excited spin states. In no cases _did we observe a narrow-

ing effect with reduction in hyperfine spacing which could be attribu-

ted to fast electron transfer between the two manganese centres.

Since the difference between | A j and | A J is 0.0070 cm" we

conclude that the intramolecular electron transfer rate in the solid

samples to be much less than 2x10 Hz.

}. b E.s.r spectra of frozen solutions:-

The frozen solution spectra of the Mn(IlI, IV) complexes in .different

solvents (CH,CN, dmf, py) are shown in figure 38, 41, 42. We have

attempted to simulate two typical spectra and best f i t spectra using

the program described in Chapter 2 are shown in figures 39,

40. Since A.. ~ 2A^, 16 lines are readily resolved in all cases, while

in same cases, mostly for dmf solution further splittings are resolved.

The g and A values are tabulated in Table XI.

9 59 61
Most of the previous computer simulations of Mn(III, IV) spectra ' '

were done assuming isotropic g and A values. Our spectra were fit

to axial Hamiltonian (sub-section 3.3.1) and it is clear that significant

anisotropy is present in these compounds. The fitt ing is not exact

due to the constraints in the simulation procedure viz., isotropic

line width, treatment of one of the Mn hyperfine coupling (the

smaller value, A?) only to first order and also neglect of the small

amount of Mn + impurity and also the small contribution from the

quartet excited state.
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The striking feature of the spectra of the various compounds and

the data in Table XI is that the parameters are not very sensitive

to the type of ligands around the two manganese ions. The parameters

in solution and solid, whenever resolution was possible, are also very

similar. As pointed out in sub section 3.3 the major contribution

to hyperfine splitting arise from core-polarisation. Covalent delocali-

sation is expected to reduce the A values. Since t~ electrons are

not delocalised to any great extent the A values are not very sensitive

to the type of ligands. The porphyrin complex in Table XI does show

a reduced coupling constant which may be attributed to increased

covalency . The g anisotropy is also very small in these compounds

due to the small (A/A~36O/18000=0.02 for Mn3+ and ~ 390/39000=0.013

4+for Mn ) contribution from spin-orbit interaction. From the first

order equations, g-shifts of nearly 0.1 arff expected for Mn (gJ .

The actual shift is found to be less than this value showing that

first order interpretation using a single free-ion spin-orbit parameter

is not sufficient to account for such small variation of g from free-

spin value.

87
Finally it may be mentioned that recently Nishida has reported

a multiline spectrum very similar to that of Mn(IlI, IV) complex and

attributed the same to a Mn(III, III) complex with very small antiferro-

magnetic coupling (J —0.88 cm ), without a detailed interpretation

of the spectrum. We are at a loss to understand this result because

exchange between identical spins (8^=82=2) should give rise to 11

line pattern with hyperfine splitting equal to half that of the individual

centres. The 16-line pattern with a spacing of~77G is not compatible

with this description. The author has not considered a possible dispropor- ;
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tionation of Mn(lII) with eventual formation of (Mn III, IV) complex

is solution, and has also not reported solution magnetic susceptibility

data. We tend to maintain that the multiline spectra of the type

shown in this thesis for solid and solution samples are typical for

dinuclear Mn(IIl, IV) complexes and that spectral parameters are

not very sensitive to the coordination environment of the manganese

ions.
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'gure 40: E.s.r spectrum of frozen solution (120K) of (a.) (Mn CLphen J
{PF )-, in dmf and (b) computer simulated spectrum of

D J

the same.



UVJ

igure 41 : E.s.r spectra of (Mn7O«phen,dmf«)(ClO-)-, in dmf at various

temperatures (a) 212K (b) 186K, (c) 168K, (d) 149K and

'-e; 122K. . i
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Figure 42: E.s.r spectra of ( M n ^ p h e n ^ X C I O ^ in CH3CN at

various temperatures (a) 216K, (b) 193K, (c) 200K,

(d) 150K and (e) 119K.
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Oxygen evolution studies on the manganese(III, IV) complexes:-

RecentlyRamaraj et al have reported Oxygen evolution in a hetero-

genous system containing solid (Mn~O~bpy .XC1OJ-, in contact with

an aqueous solution of (NH.)JLe(NO,),. The phen complex was reported

to behave in an analogous, though less efficient, manner. In this section

we report our results from the similar studies on the unsymmetrically

ligated complexes.

The gas evolution experiment described below is of a preliminary

nature and no detailed kinetic studies were undertaken. The manganese

complex was added to a strong (40%) aqueous solution of (NH,)J[e

(NO,). . Gas bubbles were immediately seen to evolve from the surface

of the undissolved portion of the complex. In the absence of the

solid phase no gas evolution occured. Also no gas evolved in the absence

of Ceric salt. In fact, all the manganese complexes discussed here

are decomposed by water at neutral pH, the substituted ones being

more susceptible to reduction in neutral water. The volume of the

evolved gas was measured using a gas burette and the results are

given in Table XII. The rate is rapid in the initial stages but it slows

with time t i l l after abojt 30 hrs the gas evolution becomes impercep-

tibly slow. The average rate is reproducible for a given amount of

sample within about 25%. The turnover number, defined as the total

number of moles of O? evolved (ti l l the system became inactive)

for every four moles of the ' Mn(III, IV) complex, clearly shows that

the process is catalytic rather than stoichiometric. Since the solubilities

and grain size are not exactly same, only qualitative comparison

is possible between the different compounds. It is seen that the
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Table XII Data on oxygen evolution studies with Mn(lII, IV) complexes in the

presence of Ce
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unsymmetrical complexes are more active. Interestingly, the dm!

complex which is the most active, is also the most unstable towards

water, being instantaneously reduced at neutral pH (in the absence

of Ce4+).

3. 6. 2 Electronic spectra of the (Mn2CLbpy-XC1O.), complex in presence

of Ce :-

The electronic spectrum of the bpy complex in water at neutral

pH in presence of Ce is shown in figure 43. It has at least six bands

in the region 17.B to 20.8kK and the IVTA band is almost completely

absent. This means that the solution contains only mononuclear species

and no dinuclear ions. The intensity of the higher energy bands slowly

increases with time. Our observation that the dioxo-bridged species

are not stable in neutral water is in agreement with the earlier obser-

vations of Cooper et al but in disagreement with the report of

Ramaraj et al

The bands in the figure43dcan be assigned to MnO, ion . The same

bands with similar time evolution were also observed when manganese

perchlorate was dissolved in (50%)(NH,L Ce (NO,), but not in (NH,),,
4 L JO 1 /

on

Ce(SO.)-,. The latter solution develops these bands when the sulphate

is replaced by nitrate by adding barium nitrate showing that in tne

presence of nitrate the Ce /Ce potential is sufficiently high to

oxidise Mn + to MnO,". The formation of permanganate ion in the

oxygen evolving solution complicates the picture because MnO.

in acidic medium can also oxidise water slowly. However, this alone

cannot account for the copious evolution of oxygen bubbles from

,..."••; ' tne solid manganese complex in the heterogeneous solution. While

detailed mechanistic conclusions are not warranted from these prelimi-
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nary experiments, it is interesting to note that the unsymmetricaily

ligated complexes have significantly larger turnover numbers than

the parent bpy and phen complexes. This is what one would expect

if the Mn(lV)->-Mn(III) reduction is the slow step in the water oxidation

process, because the unsymmetrical complexes will have more deuply

trapped valencies, and therefore the Mn(IV) centre will be more

susceptible to reduction.
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CHAPTER -1

INTRODUCTION TO BIVALENT SILVER CHEMISTRY
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A general introduction to bivalent silver chemistry:-

The sub-group of co inage me ta l s is unique among t rans i t i on meta l

groups in tha t each member has a d i f f e r e n t s table ox ida t i on s ta te

in w a t e r .

T 2 *
2 C u •* .» C u +• C u , , , ] ,

2 AgT *—- Ag 2 + - Ag ... 2.

3 Au + ^ — _ A U 3 T + 2 Au , . , 3.

Cu and Au disproportionate readily (equations (1) and (3), K for

copper is b x 10 m 1 at 25°C) while for silver, the dispropor-

t ionat ion (equation 2 ) is not detectable. The major factors that decide

the stabi l i ty of the oxidation states are the difference in the size

of the ions in di f ferent oxidation states and the differences in

the ionization energies of the atoms ' . Thus the Cu ion, being

much smaller than Cu ion, has a much larger hydration energy arid

this is responsible for the ready disproportionation of Cu in water.

Silver on the other hand has a much larger second ionization energy

while the heats of hydration are not very di f ferent. For silver the

stable oxidation state in water is +1. The difference between silver

and gold is mainly due to the lesser value for the third ionization

energy of gold and the crystal f ield stabil isation of d configuration

in square-planar geometry.

The redox potentials are profoundly influenced by ligands. Thus,

Ag undergoes disproportionation according to equation (2) in

the presence of Porphyrins. Complexes are known for most of the

+ 1, +2 and + 3 ions. However Au(Il) complexes have been rather elu-

1 , 3 • ' : . . •. • • • ' • . . ' . • • '.

s i v e . • • • . • • • • • • / ;
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Numerous Ag(IU complexes are known. Some of them are isolable

in the solid state like Ag(bpyL $2OR while some are obtained oni>

in solution or in mixed crystals, for example, Ag(dedtc)~. Silver

salts catalyse several oxidation reactions and they are believed to

involve Ag as the electron transfer intermediary. In the following

sub-sections the s i lverd l , chemistry involving heteroaromatic ligands

is reviewed so as to provide the necessary background for the novel

complexes and electron transfer reaction to be presented in the

subsequent chapters.

I. 2 Survey of bivalent silver complexes with heteroaromatic ligands:-

Several reviews in the past as well as in the recent past have

highlighted the synthetic and structural aspects of Ag(ll) chemistry.

The salient features of the complexes with pyridyl, bipyridyl and

related ligands only are discussed in this sub-section.

The Agpy S9Gfi was originally prepared by Barbieri . This has been

7 R

reexamined by several workers and e.s.r. was studied . Evidence

for more than four pyridines coordinating with bivalent silver was

not seen even in neat pyridine solution. In frozen nitric acid solution,

formation of Agpy? (NO,,L was suggested which was not con-

firmed by recent authors . E.s.r. of this complex as polycrystalline

solid solution at 1% concentration in Cdpy^S^CL showed hyper-

fine structure corresponding to an axial symmetry. All the pyridine

complexes are reported to be magnetically dilute except polyme-

ric Agp20S,,0D , which is antiferromagnetic . The electronic

spectrum of Agpy^' suggests square-planar configuration with

much larger energy compared to 10-12 kK expected for a tetrahedral
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complex. The silver hyperfine and nitrogen superhyperfine structures

were observed for Agpy»(NO,)? in frozen nitric acid solution at

77 K. Number of substituted pyridine complexes were also studied

Perhaps the most popularly studied complex is Ag(bpy) * which

was isolated14 with SOOQ* , CIO," , HSO," , NOZ , ClOl , CF 7S0Z
L O H H J J P J

and 5O,F anions. Tris(bipyridine) silver (II,) reported earlier was

shown m:i iu exist but the presence of this bivalent silver species

was suggested as an intermediate in the electrochemical studies
ry

of the Ag /Ag system in propylene carbonate containing excess

of bipyridine . X-ray structure of Ag(bpy)«(NO-.)? . H^O was deter-

18
mined which showed a distortion of ~28° from square-planar AgN,

unit with a weak axial interaction with two bridging nitrates to form

a chain structure. In neutral solution Ag(bpy)~ is present but in

19nitric acid Ag(bpy)(NO-J? is produced which was also structurally

20characterised . It has a distorted square-planar structure with

a chelating bipyridine ligand and two cis-monodentate nitrate groups

with long axial contacts to two farther nitrate groups.

' i i m i h i i C D i n p l e ».(.•;) w i t h p h r n u u l i i j n n d m e i i l : ; t > k n o w n . I h r > . n i '

found less soluble compared to b ipyr id ine complexes and in n i t r i c

r ~\+ 22
acid so lu t ion [Ag(phen)(NO,)J was expected to f o r m . Wi th 2, 2 ' , 2 " -

23
te rpy r i d ine the 1:1 complexes are prepared easily and probably

are f ou r - coo rd i na te . Dark b rown Ag( te rpy ) 2 52Op • 3hLO was obta ined

f rom A g N O , , K 7 5 ? O R and excess t e rpy r i d i ne . Based on p.a.s and

e lec t ron i c spect ra wh ich show absorpt ion at much lower energy than

A g ( t e r p y ) X 9 , i t was suggested to be s i x -coo rd ina te .
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Secondary-ion mass spectra of bivalent silver complexes have been

24
reported recently. Bivalent silver pyridine, bipyridine and pyrazine

complexes have been analysed.

Very recently, AgTPP + , was structurally characterised by x-ray

data confirming the planar geometry.

Another class of nitrogen donor ligands which form Ag(ll) complexes

26
readily are pyridine carboxylic acids . They are all expected to

form 2:1 planar complexes analogous to their Cu(ll) complexes.

However no x-ray data is available. Most of the complexes are expec-

ted to be magnetically dilute except Ag(nicotin )f} being antiferro-

. 26amagnetic

1. 3 Survey on copper and silver complexes of sterically hindered ligands:-

Structural studies of Cu(dmpLNO,.2hLO, Cu(dmpjvNO, and Cu(dmp*

27CIO. and also CuUmbpL CIO. and Cu(dmbpLBF. were reported .

Unlike other copper(l) complexes which are air-sensitive and are

syntnesised in inert atmosphere, these complexes were reported to

have formed in organic solvents. In these complexes Cu-N distances

showed considerable variations, ranging from 2.U2-2.O8A0 for dmp

complexes and 2.018-2.076A0 for the substituted bipyridine complexes

suggesting that for some ligands Cu-N bond lengths are significantly

different. They were found to exhibit pseudotetrahedral geometry

which prefers Cu(I) to Cu(ll). The metal to ligand charge transfer

band for Cu(dmbp)^ was found at a lower energy than in Cu(bpyj^

and the former complex will have a greater preference for tetrahedral

: geometry because the Cu-N bond length is expected to mTeasc due
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to the presence of methyl groups.

Compared to the Cu(II) complexes of the unsubstituted ligand which

are quite stable in organic solvents, Cu(Il) complexes of 6, 6'-substi-

28
tuted bipyridine ligands are observed to undergo autoreduction

n

in non-aqueous solvents, without the need of reducing agents. Cu(dmbp)?
 +

was found to undergo reduction in ethanol and a reduction in the

intensity of the metal to ligand charge transfer band with time was

observed.

29Ag(dmp)NO1. complex was prepared and its i.r. data reported

Recently x-ray structure for Ag(tmbp)«BF. was reported . This

was found to be isomorphous and isostructural with Cu(trnbp,LC10, .

A twist angle of 70° for silver compound was obtained compared

to 75° for the copper analogue. The characteristic flattening distortion

from tetrahedral geometry was ascribed to lattice effect of the

stacking interactions involving the heteroaromatic ligands, rather

than due to the participation of the Jahn-Teller active charge transfer

excited state.
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CHAPTER 2

EXPERIMENTAL SECTION
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2, 1 Preparation of ligands:-

Ligands were prepared as per the literature procedures given in

Chapter 2 of Section 1.

2. 2 Preparation of silver (1) complexes of various ligands:-

2. 2. 1 Preparation of Ag(dmbp)NO,

To a warm solution of 540 mg (2.94 mmols) of dmbp in 0.1N HNO V

500 mg (2.93 mmols) AgNO, in water was added dropwise. The

solution on cooling precipitated a white crystalline material. It was

fi l tered, washed with water and dried in vacuum. The yield based

on AgNO, was 80%, mpt. 222°C. Analytical data with theoretical

values in parenthesis for Ag, 3N, 12C, 12H and 30 was C = 40.49

(40.70), H=3.42 (3.42) and N = 11.56 (11.87)%. Dmbp estimated by

spectrophotometry, 52.04 (52.03)%. Long needle-like crystals were

grown over concentrated H^SO. in a desicator.

2. 2. 2 Preparation of Ag(dmp)NO,:-

To a warm solution of 320 mg(1.50 mmols) of dmp in 0.1 N HNQ..,

250 mg AgNO-, (1.47 mmols) in water was added dropwise. The solution

on cooling precipitated white fine crystalline material. It was fi ltered,

washed with water and dried in vacuum. The yield based on AgNO-^

was 90%. Analytical data for Ag, 3N, 14C, 12H and 30 was

( t\ J.i.n (4/I. / I /), M 5.20 O.r'p) (mil N .1 1.00 ( I 1.11)%.

2« 2. 3 Preparation of Ag(tmbp)~NO,:-

To a warm solution of 1.26 g (5.94 mmols) of tmbp in 0.1 N HNO,,

5U0 mg AgNO, (2.93 mmols) in water was added dropwise. The solution

. ; • on cooling precipitated a white compound which was filtered, washed
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with water and dried in vacuum. The yield based on AcjNO, was

70%. Analytical data for Ag, 5N, 28C, 32H and 30 was C= 55.03

(56.60), H=5.16 (5.42) and N=11.86 (11.78)%.

2. 2. 4 Preparation of Ag(daf)NO,:-

To a warm solut ion of 200 mg (1.19 mrnols) of daf in 0.1N H N O , ,

I M me) of A q N O , (1.2 mmolr>1 in wnl i-r was added dropwisr . I In-

solut ion on cool ing prec ip i ta ted a whi te compound which was f i l t e red ,

washed w i th water and dried in vacuum. The yield based on AgNO-.

was 70%.

2. 2. 5 Preparation of Ag(daf-one)NO,:-

To a warm solution of 250 mg (1.37 mmols) of daf-one in 0.1N HNO,,

200 mg (1.18 mmols)AgNO, in water was added dropwise. On leaving

the turbid solution at 6°C a white precipitate settled. It was f i l tered,

washed with water and dried in vacuum. Based on AgNO, the yield

was 80%.

2. 2. 6 Preparation of Ag(mmbp)NO,:-

To a warm solution of 100 mg (0.587 mmols) of mmbp in 0.1N HNO.,,

100 mg AgNO, (0.588 mmols) in water was added slowly. The clear

solution formed was cooled at 0°C. The white precipitate formed

after a few hours was f i l tered, washed with water and dried in

vacuum. The yield based on AgNO, was 70%.

2« 3 Oxidation of Ag(I) complexes:-

2. 3. 1 Oxidation of AgCdmbpjNOy- •

To a concentrated aqueous solution of ^ N H 4 ) 2 S 2 ° 8 at - 20°C solid
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Aq(dmbp)NO3 was added. The solid turned brown in colour. It was

centrifuged and the dark brown precipitate (J) was washed with ice-

cold water and dried in vacuum. Reliable analysis could not De

obtained due to its instability. However, it is believed to be

Ag(dmbp)(NO3)2.

The dark brown mother liquor was precipitated with cold concentrated

aqueous solution of NH.PF,. A light brown precipitate (II) obtained

was washed thrice with cold water and dried in vacuum. It was

formulated as [Ag(dmbp)NCLjPF . .NH, PF,. Analytical data tor Aq,
j b Q o

4N, 12C, 16H,2P,12F,3O was C = 22.63 (21.77), H = 3.41 (2.44) and N = 9.04

(8.a6);Ag^+(iodometry) 16.8 (16.3), Ag(gravimetry)16.2 (16.3) and

dmbp (spectrophotometry) 32.0 (27.8)%.

Samples 1 and II were sealed into quartz tubes in nitrogen atmosphere

for e.s.r. measurement.

2. 3. 2 Oxidation of Ag(dmp)NCL:-

To a concentrated aqueous solution of (NH LS^CL at room

temperature solid Ag(dmp)NL), was added. The solid turned brown.

It was separated by centrifugation, washed with cold water and

dried in vacuum (III). The bright yellow solution was cooled to 0°C

and was precipitated by cold concentrated aqueous solution of NH,R-

to obtain a light brown precipitate. It was washed with ice-cold

water and dried in vacuum (IV). Samples III and IV were sealed in

e.s.r. tubes in nitrogen atmosphere. They were unstable over a period

of time even in sealed tubes. No analysis was attempted but the

similarity of the e.s.r. spectra for the freshly prepared complexes

indicate that they are analogous to the dmbp complexes, 1 and II.
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2. 3. 3 Oxidation of Ag(tmbp)?NO,:-

Solid Ag(tmbpj_NO, was added to a concentrated aqueous solution

of ( N ^ A ) O ^ 2 ^ 8
 a t r o o m temperature. The solid dissolved to give a

pink solution. However, it could not be precipitated by the addition of

NH.R-' at room temperature or even below 0°C.

2. 3. 4 Oxidation of AgtdaONO,:-

To the concentrated aqueous solution of (NH,LS~O f l solid Ag(daf)NU,

was added at room temperature. The solution turned yellow in colour.

It was precipitated with concentrated aqueous solution of NH, PF.

to obtain a pale yellow precipitate which was separated by centrifu-

gation, washed with water and dried in vacuum. However, no e.s.r.

spectrum was observed probably because of very low concentration

of Ag(II) in the sample. No analysis was therefore attempted.

2. 3. 5 Oxidation of Ag(daf-one)NQ,:-

To the concentrated aqueous solution of ( N H . L S ^ O Q at- room tempera-

ture solid Ag(daf-one)NO, was added. The solid dissolved and the

brown coloured solution was precipitated by concentrated aqueous

solution of NH.PF, . The light yellow coloured precipitate was washed

with water and dried in vacuum. The sample was unstable over a

period of days.

2. 3. 6 Oxidation of Ag(mmbp)NO,:-

To the concentrated aqueous solution of (NH,LS^Og, solid Ag(mmbp)NOj

was added at room temperature. The solution turned dark brown

in colour and was precipitated by concentrated aqueous solution of

NH.PF, . The dark brown precipitate was separated by centrifugation,
4 o

washed with water and dried in vacuum. .

^•4 Analytical procedures employed:-
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Th? details of the analytical procedures and the instruments emplu\..-f.:

are given in Section I, Chapter 2. For the estimation of dmbp by

speetrophotometry, we used e^pp n m ) 0.248 x 10"' m"1 cm" ' I

measured for the free ligand in methanol.

2. 5 Computer simulation of e.s.r spectra.

Polycrystalline spectra of the magnetically dilute double salts were

simulated using the computer program described in Section 1, Chapter 2.

The Hamiltonian employed was

e Z ~ yn n N1 N1

!N2 * AN2 ' #"4#

For the present compounds g and A turned out to be axially symmetric.

The nitrogen hyperfine tensors were assumed to be equivalent and

axial with the Ag-N bond' direction as the symmetry axis. For planar

coordination, this would mean, that A., for silver is in the (x, y) planes

of the nitrogen tensors. The resultant hyperfine constants A and B

are related to A.i(N) and A,(N) as A,.(N) = B and A.(N) = - ~ ( A 2 + B2) '
II 1 M 1 / 7

for square planar configuration. The program has provision for any

14
arbitrary orientation of the principal axis of the N tensor, but

the results are not sensitive to moderate distortions due to the small

hyperfine anisotropy. The calculations were performed on an IBM com-

patible WIPRO Machines personal computer. A typical simulation

(with a grid spacing of 1° in 6 and 90° in <J> ) needed one hour of

computer time.
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CHAPTER 3

RESULTS AND DISCUSSION
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i. 1 Nature of the solid Ag(I) and Ag(Il) complexos:-

5. 1. 1 I.r. spectra of Aq(I) complexes: -

ln the absence of crystal structures, a clue to the coordination mode

of the nitrate ligand may be sought from the i.r. spectral data which

are collected in Table I. Of the three stretching vibrations expected

for coordinated NO, , the two higher frequency ones are known '

to have a separation of about 150 cm or more when the NOZ binds

in the bidentate chelating mode. For monodentate NU'^the separation

is usually much less. For the present complexes, the nitrate bands,

in most cases, could be readily identified by comparing the spectra

of the complex with that of the free aromatic ligand and their

frequencies are underlined in Table I. The dmbp and dmp complexes

have a separation of 160 cm and 150 cm respectively for the

nitrate bands indicating chelation. Figure 1 shows the i.r. spectrum

of the dmbp complexes.

AgUmbpLNO-, on the other hand has only two bands at 1320 and

815 cm which are clearly distinct from the bands in the ligand

and may be assigned to NO" vibrations. In this complex the NO,

is not expected to coordinate. The molecular structure is expected

to be analogous to that in the BF ~ salt . The complexes of mmbp,

daf and daf-one also have only one band 136D-1370 cm . While a

firm conclusion about the coordination mode of the NO? is not

warranted from these data, it is likely that these complexes do not

have a bidentate nitrate. Since a trigonal geometry will be coordi-

natively unsaturated a polymeric structure with NO? acting as

bridging ligand is proposed for these compounds. Attempts to grow
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Figure 1: I.r spectra to show chelating
nitrate (a) dmbp (b) Ag(dmbp)NO^

and (c) (AqdmbpNO, )PF,.NH /PF,.
J O H O
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single crystals have not been successful.

3. 1- 2 I .r . spectra of Ag(II) complexes:-

Three types of solid complexes were obtained upon persulfate

oxidation of Ag(I) compounds. With dmp and dmbp a brown solid

separated ini t ia l ly when the AgLNO, was added to (NHJ , ,S o 0 n solu-

t ion. These solids were extremely unstable and analysis was not

at tempted. They gave e.s.r. spectra (sub-section 3.5) typical of

magnetically concentrated samples. They are believed to be either

AgL(NO 3 ) 2 or [ A g L N O 3 J N O 3 .

From the mother liquor^ a pale yellow compound was precipitated

by the addition of N H . P F , . The i.r spectra (Table II) shows bands
H fa

corresponding to chelating NO-, and PF, . They also contain a broad

absorption around 3300 cm" suggesting the presence of NH* ion

(Figure 1). These compounds were therefore formulated as the double
salts [AgLNO, ] PF' . N H . P F , . In the case of dmbp this stoichio-

j 6 4 6

metry was confirmed by C,H,N,Ag,Ag and ligand estimations (sub-

section 2.3). The Photoacoustic spectrum of this sample showed

a broad asymmetric band centered at 530 nm (Figure 2), very similar

to that observed in solution (sub-section 3.2 and I i i juir 5j inciicai HKJ

that the Ag(ll) centre in the double salt is similar to that obtained

in solution. This type of double salts are unprecedented in Ag(ll)

chemistry and the e.s.r investigations on them have been part icularly

rewarding (sub-section 3.4 and Figures 8 and 9).

In the case of daf, daf-one and mmbp (unstable) solid complexes

were obtained only upon the addition of N H , PF to the solution
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Figure 2: P.a.S spectrum of (AgdmbpNO,)PF6.NH.PF6,
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containing the oxidised species. However, these precipitates were

not double salts. The i.r. spectra (Table II) shows evidence tor PF ,•

Nitrate band can be assigned with confidence only for the mmbp

complex. All the compounds gave e.s.r. corresponding to magnetically

concentrated systems with no resolution of hyperfine splitting. It

is not clear whether these complexes are[AgLNOjPF , or AgL-vPF' )„.

Electronic spectra of silver (II) complexes:-

The electronic spectra of the persulfate oxidised solutions of

Ag(dmbp)NO, and Ag(dmp)NO-, are shown in Figure 3> Ag(tmbpJ?NCK

and Ag(.daf)NO, in Figure 4 and Ag(mmbp)NO, in Figure b.

In all cases three bands are observed, a broad one in the visible

and two sharp bands in the UV. The highest energy UV band corres-

ponds to a transition mainly localised on the ligands.

The visible bands are assigned to d-d transitions and the first UV

band to a ligand to metal charge transfer (LMCT) transition. It is

possible that under each band there is more than one transition.

The v values are collected in (Table IU) which also includes values
max

for the Ag (II) complexes of bpy and phen for comparison.

Since hexacoordinate Ag(II) has not been detected even with py as

ligand, it is reasonable to assume that the electronic transition arises

from four-coordinate species in solution. In view of the 1:1 complexes

formed by dmbp, dmp, mmbp and daf ligands with AgNO-, and also

anticipating the discussion on the double salts containing Ag(ll) (sub-

section 3.4) we suggest that in the case of these ligands the predomi-

nant species in solution is Agl_(NO,) with chelating NO-, ligand.
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figure 3: Electronic spectra of persulphate oxidised solutions of (a)
Ag(dmbp)NO3, (b) Ag(dmp)NO3.
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Figure 5: Electronic spectrum of oxidised
Ag(mmbp)NOj.

860

solution of
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The four-coordinate species wi l l have either planar, or mon.1 liUrls

f lat tened tetrahedral structure. The distort ion from planar iu is

expected to lower the energies of both the d-d band as well as the

LMCT band. All the new complexes listed in (Table 111) have considera-

bly red-shifted LMCT band. For similar ligands the position of this

band is a measure of the energy of the HOMO. Lowering of the

HOMO energy is consistent wi th our observation that all these new

species are much more unstable towards reduction. The redox potential

ot the stable Ag(bpy)~ + is E° = 1.453V , whereas the present complex

ions are all rapidly reduced in solution implying a potential in the

range 1.7 to 2.0 V.

Corning to the d-d bands, in square-planar or pseudotetrahedral

geometry the highest orbital wi l l be d . The position of the remain-

ing levels depends on the extent of the tetrahedral distortions as

well as the amount of TT - interactions involved. Since the degeneracy

15 completely removed (effect ive symmetry C~ or D«, ) four d-d

transitions are expected. When the distort ion is small and there is

considerable TT-interaction involving d and d _ orbitals, the lowest

energy band wi l l correspond to d or d •+• d exci tat ion. Since

we observe only one broad maximum in the visible region we assign

2
it to this transit ion. The dz and d 2 2 •+ d transit ion are most

x -y xy
likely burried under the charge transfer band in the uv.

The d-d bands for dmbp, tmbp and mmbp complexes have considerably

lower energies ( ~19kK) compared to 22.0kK for the bpy complex.

The red shift could be due to increased tetrahedral distortions as

145
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well as due to the reduced ligand field provided by these ligands.

The higher values of the d-d maximum for the dmp and daf complexes

imply greater planarity of the coordination with these ligands. It

may be noted that unlike the substituted bipyridyis the two rings

in dmp and daf are constrained to remain coplanar or nearly coplanar

thereby facilitating greater d - p interaction. The difference in

bonding involving dmbp and dmp are further discussed in sub-section

3.4 after presenting the e.s.r results.

3. 3 EL.s.r spectra of Ag(II) complex ions in frozen aqueous solution:-

Spectra of Ag(dmbp)NO-, complex oxidised to give brown coloured

agueous solutions were measured at 124 «• The first derivative

spectrum (Figure 6a) shows an axial character with 6 lines in the

perpendicular region and unresolved signals in the parallel region.

The six line pattern suggests the presence of two equivalent nitrogen

atoms coordinated to the metal. Thus there is no evidence for

the formation of a bis bidentate complex with four nitrogens coordi-

nating. The parallel region clearly shows the presence , of atleast

three Ag(II) sites in the aqueous glass with g , i values 2.34 (site

I), 2.22 (site II) and 2.15 (site III). The site I with g = 2.34 corresponds

to Ag aquo ion .

Figure 6b shows a spectrum of the above solution after aging the

glass for a day at 77 K. The Ag + aquo ion had gained in intensity.

Further, two weak signals were observed at higher g values at 2.46

(site IV) and 2.58 (site V). The different sites probpbly involve mixed

ligand complex ions like AgLfl-^CD^.Agd-^O^NOj and ^
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igure 6: Frozen solution e.s.r spectra of the oxidised Ag(dmbp)NOj
complex (a) freshly prepared solution (b) on aging the
glass at 77K for a day.
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The high g, values of the weakly populated sites ( IV and V.) imph

large orbital angular momentum induced by spin-orbit coupling which

could result from greater distortion towards tetrahedron ur from

weak axial coordination by water or nitrate ion on an osseruialh

planar complex.

Figure 7a shows a spectrum at 159 K for a pink aqueous solution

obtained from AgUmbpLNO-^ . The signals were weak because of

the low concentration obtained m this case. Tne line pattern at g.

is not fully resolved and g• • is observed at 2.24 similar to the above

complexes. An approximately six line pattern about g> can be observed

suggesting the formation of Ag(tmbp)NO-, or Ag(tmbp)(NO,L species

in solution with only two equivalent nitrogens coordinating.

Figure 7b shows a spectrum of brown coloured aqueous solution of

Ag(mmbp)NO^ at 183 K. The solution shows a clear six line pattern

about g. and a broad signal at gn = 2.24 again suggesting two equiva-

lent nitrogens coordinating to the metal ion.

Thus it can be concluded that in all cases the complex species contain

only one aromatic ligand. The e.s.r. spectrum for oxidised solution

of the daf complex could not be recorded as the signals were too

weak.

3. i\ E.s.r. spectra of [Ag(dmbp)NO3]PF6 . NH4PF6 and [Ag(dmp)NO3]PF6 .

NH 4 PF6:-

Solid [Ag(dmbp)NO3]PF6.NH4PF6 and[Ag(dmp)NO3]PF'6.NH4PF6 comple-

xes show highly resolved e.s.r. spectra at room temperature.

The light brown coloured complexes exhibit 8 lines
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Figure 7: E.s.r spectra of the oxidised aqueous solution
(a) Ag(tmbp)2NO3 at 159K, (b)[Ag(mmbp)NO3l at 183K.

of
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about g M and 7 lines about gi for the dmbp complex and 8 lines

about g i i and 6 lines about g, in the case of dmp complex. The resolu-

tion is slightly improved when the temperature is lowered (Figures 8

and 9). The former spectrum implies

A|| (Ag) = 3Ajj(N)

and

A, (Ag) =2 A, (N) ...5.

while for the latter we have

A,.(Ag) = 3A|,(N)

and

A, (Ag) =? A , (N) ...6.

As discussed in sub-section 2.5, the A M ( N ) and A i (N) are related

to the A and B components of nitrogen hyperfine tensor, where

A is along the Ag-N bond directions, by the following relation

A,,(N) = B and A. (N)= i ( A 2 + B2)1/2 ...7.
II J_ Si

The spin Hamiltonian parameters obtained by computer simulation

are given in Table IV.

3. 4. 1 Theoretical analysis of e.s.r. spectra:-

While the symmetry of the AgNLCL moiety cannot be higher than

C? (x.)» a* is often the case, the electronic structure may be

described in terms of D«, (planar) or C~(z) (pseudotetrahedral) point

groups. The higher values of the transition energies and greater

delocalisation of the odd electron are responsible for the reduced
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"igure 9: E.s.r spectra of the double salt (a) (AgdmpNOJPF^.NH^PF'

at 149K, asterisk shows an unidentified organic radical
which was present in the free ligand, dmp , superimposed
on the highest-field line of the experimental spectrum,
(b) Computer simulated spectrum.





anisotropy in the case of silver(II) complexes compared to similar

complexes of copper(ll). Among the silverl l l) complexes of ntLroyen

heterocycl ic ligands the dmp and dmbp complexes have the smallest

g-anisotropy. On the other hand, they have rather small N hyperfine

spl i t t ings. Therefore, the extensive o - and n - delocalisation implied

by the small g-anisotropy is mainly taking place into the chelating N O ,

ligand. The molecular orbital containing the odd electron (the HOMO)

can be wr i t ten as,

The other molecular orbitals which are coupled to the HOMO via

spin-orbit interact ion are

The experimental spin-Hamiltonian parameters can be related to

the characterist ics of the electronic state of the system using the

Abragam-Pryce Hami l tonian. The following equations, based on

the second-order perturbation treatment, then connect the experi-

mental numbers to the molecular parameters.
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w h e r e a = (8TT/3)gBg B | Y n | 2 a n d a = ( 2 / 5 ) g B g B < r " 3 > o ,b n n u p nn Ip

the atomic values being 0.05179cm"1 and 0.00155cm"1 respect ively3 3 .

The correct ion due to direct dipolar interaction A ' is of the order

-5 -1
of 1x10 cm and can be neglected. The quantities f and f are the3 ^ os op

2s and 2p electron densities for the HOMO. This data has often been

used in the past to estimate the s:p hybridisation ratio for the nitrogen

a orbital and even to calculate bond angles . However, the ratio

depends on the dif ference, A - B, which', due to the proximity of

A and B wi l l often be subject to large errors. Further, the appreciable

difference in the energies of 2s and 2p and also any significant core

polarisation in the bonded nitrogen atom can further complicate

the analysis. For Ag(dmbp)NO, and Ag(dmp)NO, we get 1.0 and

0.2 respectively for the ratio f / f . The small s:p ratio for the dmp

complex is evident in the unusually high anisotropy in the nitrogen

hyperfine sp l i t t ing. We postulate that the large p contribution relat ive

to s is due to a much longer Ag-N bond which favours greater

interact ion of the silver o -orbitals wi th the nitrogen 2p o r b i t a l c o m -

pared to the less diffuse 2s component.

A good system to compare wi th the simple N-heterocyclic ligands

is Porphyrins, which readily induce disproportionation of silver (I)

forming silver (II) complexes wi th square- planar N^ coordination.

Single crystal ENDOR studies on Ag(TPP) doped into (H2O)Zn(TPP)

yielded very accurate metal and ligand hyperfine tensors for this

,<- 36
system . Subsequently, Y - calculations have also been reported .

109
The data f rom our analysis of the g and Ag hyperfine spl i t t ing

are included in (Table VI). It has been pointed out that f i rst order
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perturbation treatment of g and metal hyperfine tensors gives less

reliable bonding parameters than a zeroth order analysis of the ' ^N

hyperfine data, and the latter procedure is to be preferred whenever

14 35"
precise N coupling parameters are available . We do find that

the bonding coeff icients ore sensitive to transit ion energies. The

2
low value of B~ (0.51) implying greater in-plane TT- b o n d i n g t h a n o -

2
and out-of-plane TT-bonding is unrealistic. B? is raised to 0.73 when

£ is raised by about 50%, while the other coeff icients are notxy

signif icantly modif ied. What is clear f rom the comparison of data

in (Table VI) is that the higher values of d-d transition energies in

Ag(TPP) compared to other compounds are responsible for its lower

g-anisotropy as well as the reduced magnitude of spin-orbit cont r i -

bution to hyperfine spl i t t ing (A, . and A. ). Since the latter contr ibu-

tions are negative, the experimental hyperfine spl i t t ing values are

considerably higher for Ag(TPP).

p
Final ly, it may be mentioned that the recent analysis of the

Ag/Cd(py),S«O f t is l ikely to be in error wi th regard to the silver

hyperfine splitt ings because their assignment leads to unreasonable

bonding parameters and a negative Ap (Table VI). We tend to favour

3 7the earlier analysis . The difference between the two lies in counting

the number of lines in the parallel region of the spectrum where

10 lines are expected if A M (Ag) = A I I ( N ) , and 11 lines if A . (Ag; -
Q

2A i|(N). However, we agree with Evans et al. that the nitrogen

hyperfine splittings have to be revised. The revised values are

also included in (Table VI).

3. 5 E.s.r spectra of undiluted solid bivalent silver complexes:

The dark brown coloured solids which precipitated on oxidation ot
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the AgLNO^ complexes showed e.s.r. spectr.i corresponding to magne-

t ical ly concentrated systems wi th rhombic g-iensor. llu> line widths

are about 40 G implying that magnetic exchange interaction frequency

107 109
is greater than ' Ag hyperfine frequency ~ I!>1) M H / . They are

shown m Figures (10) and (11). Figure 1(J(a) arid (b) show the spectrum

of Ag(drnbpXNQJ~ and Ag(dmp)(NO,)? respectively. The asterisk shows

the presence of an unidentif ied organic radical which was seen also

in the ligand, g values are g.=2.142, g ? = 2.083 and g,-2.047 for the

dmbp complex and g , . = 2.193 and cj. -2.048 tor dmp .:umplex.

Figures 11a, b and c show the spectra of (AgL N O ^ T A whoru L -rnmbp,

bp\ and daf-one res|jectively. Figure 11c shows the spectrum of

[Ag(daf-one)NO,]PF , In this spectrum an organic radical is present

at g - 2.0. The anisotropic spectrum of Ag(ll) was found Lo reduce

in intensity on keeping the complex for a few days whereas the

intensity of the organic radical increased. The radical is probably

the anion radical

36
which is analogous to



Figure 10: E.s.r spectra of solid complexes
(a) Ag(dmbp)(NO3)2 (b) Ag(dmp)(NO3)

the signal from an unidentified radical.

at room temperature
asterisk shows
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Figure 11: E.s.r spectra of solid complexes
[AgLNO-JPF. at room temperature

(a) L=mmbp, (b) bpy (c) daf-one,
the asterisk shows an unidentified
organic radical.
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The experimental g-values for Aglmrmbp)NO3PF are g ,.=2.18 and

9| - 2.049, and for the daf-one complex g, , - 2.16 and gi _

2.045.

3. 6 Observations on the solid state electron-transfer in [Ag(dmbp)NO,J

PF 6-NH4PF6-Formation of the hitherto unknown PF radical (?):-

The highly resolved spectra from Ag(Il) sites in the double salts

shown in Figures 8 and 9 are observed only in freshly prepared

samples. If the sample is exposed to the atmosphere it quickly takes

up moisture and no e.s.r signal is seen after a few minutes. Even

when sealed under dry nitrogen the signal intensity goes down drasti-

cally over a period of several days. In the case o\ [Ag(dmbp)NO,]

PF' ,NH PF , while the Ag(Il) signal intensity decreases, a large

number of new e.s.r lines are seen to appear on the wings of the

Ag(II) spectrum, which continue to grow in intensity. Finally when

the Ag(Il) signals have completely disappeared the spectrum consists

of large number of narrow (width = 8 G) lines spread over the field

region 1000 G to 5800 G, as shown in Figure 12. The spectral width

(~ 5000G) allows us to exclude the possibility of a nitrogen containing

radical or silver atom cluster as possible centres responsible for

this spectrum. While the pattern in Figure 12 is uninterpretable,

we propose that the signals arise from one or more radicals containing

P and F atoms. The most reasonable candidate is the PF^ radical

formed by the electron transfer react ion,

PF" + Ag(dmbp)NOj -»• PF6 + Ag(dmbp)NO3 ...22.

This radical is unknown in the l i terature. The mechanism of formation

viz. electron capture by a transition metal ion in an unstable oxidation
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state is also unusual, if not unknown. The most popular method to

prepare inorganic radicals is radiation damage of solids using uv,

x-ray or y-ray radiation. In the next sub-section the l i terature perta i -

ning to radicals observed in PF~ salts by y- i r radiat ion is reviewed.

5. 6. 1 Review of the literature on radicals derived from PF" salts:-
6

A survey of the l i terature suggested the formation of di f ferent radi-

cals wi th the salts of PF" ion. These salts are sometimes referred

to as ' rotator solids' at room temperature due to the free rotation

of the octahedral PF , ion in the latt ice . Upon y - irradiation they
40

give isotropic e.s.r. spectra. N H , P F , and K P F , on y- i r radiat ion
4 o 6

were reported to generate FPCL,PO,~ and PF. radicals . The signals

assigned to PF, were later shown to be due to PFr . However the

spread of the whole spectrum was only 1500 G with the lines split

into interpretable spacings as shown in Figure 13. Out it wns staled

that on y- i r radiat ion of single crystals of NH, PF' uninterpretnble

spectrum was observed at low temperatures which was speculated

to be due to di f ferent fragments taking up random orientations.

Later the same authors have verif ied the formation of PF^ in place

of PF . However, there was no mention of the unmterpretable low

temperature spectrum in the recent publication on y- i r radiated

KPF (, and KAsF . They have reported the formation of PF^, PF ^ ,

F PU,-, , a geometrical isomer of P F ^ a PFjOq or a possible alter-

native PF,(OH) in which hyperfine spl i t t ing due to the hydroxylic

3 eq

proton is unresolved. Weak spectra- detected were assigned to geometri-

cal isomers PF^O*" and P F ^ O ^ of PF~ species. Another P F ^ O H ) ^

was also thought to be isostructural to PF" , where ap = apical,
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Figure 13. The .e.s.r spectrum of a V -irradiated single crystal

of NH. PF,. The three radicals produced have
H 6

been attributed to PF^, FPC>2 , and PO3 ' The

splittings of the PF, lines are due to second-order

interactions. [Ref.4i(a).] Here J(F) refers to the

total fluorine nuclear spin quantum number in

the coupled representation.
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eq = equatorial and bs = basal position.

We could not assign any of the lines in the observed spectrum to thi.'

above mentioned radicals. In the next sub-section some of the experi-

ments performed in an attempt to simplify the spectrum are discussed.

3. 6. 2 Attempts to simplify the spectrum:-

In Fig.14, repeti t ive scan at lower modulation with different scnn

times are shown to check the reproducibil i ty of the1 pattern, h igure

~\b shows the 2900-3100 G region of the spectrum scanned at different

scan times which show reproducibil i ty of all the sharp lines. Figure

16 shows a spectrum at 2975-3025 G region with 32 mts. scan time

along wi th an immediately repeated spectrum with almost all features

reproduced.

I-igure 17 shows spectra at 200U-2!>00 G at lower modulation with

di f ferent scan times. From these studies we observed that the pattern

is essentially reproducible if low modulations and long scan times

(or small t ime constant) are employed. However, the pattern was

found to change slowly as a function of t ime over several hours.

The reason for this is not clear. One plausible explanation is modula-

t ion of the spectrum by very slow dynamics of the radical species.

The following experiments were carried out with a view to simplify

the spectrum :

(a) The sample in the sealed tube was heated at about 60°C hoping

to get a simpler isotropic spectrum. Eventhough there was no marked

change in the clar i ty of the spectrum the exact details of the pattern

had changed,
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(b) The sample was removed from the sealed tube and powdered

and was sealed back. However, there was no change in the complexity

of the pattern,

(c) high temperature e.s.r. spectra were observed at every 10°C

raise in the temperature. The complex uninterpretable spectrum

was observed upto about 110°C and above that no signals were obser-

ved. At 150°C the sample had already melted and no signals

were recovered on cooling,

(d) there was essentially no change upon cooling the sample to

LNT,

(e) annealing of the sample for about 6-8 hours at 1U0°C produced

no change in the spectrum.

(f) the sealed quartz tubes preserved in the dark at room

temperature containing the sample were observed for several weeks.

Eventually the radical faded and the tube was found to be etched

suggesting the formation of some elemental fluorine. We have also

observed etching of quartz tube on heating NH.PF, on flame for

a few minutes,

(g) Analysis of the final product for PF,. was not considered practi-

cal due to the small concentrations expected.

(h) We attempted to prepare the PF, salt of the more stable

Ag(bpy)* ion. However, the solid obtained by adding NH.PF, to

Ag(bpy)2NO3 in nitric acid in presence of (NH^S^CL gave a

magnetically concentrated e.s.r. spectrum with g. = g2 = 2.174 and

g , - 2.044 (Figure 11b) we could not observe any formation of radicals
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even on heating the sample or annealing it. Nor was there any change

in the bright orange colour of the sample.

The double salt of dmp, did not give the radical signals. The Aqi.ll)

spectra in it decayed with time but no new paramagnetic species

was observed other than the single line of the organic radical which

it initially contained (Figure 9). It is likely that the organic radical

impurity destroyed any new radical formed by electron transfer.

Attempts to purify the dmp ligand by recrystallisation from methanol

were not successful.

3. 6. 3 The PF, radical:-
o

The PF, radical is interesting because it is expected to have an

electronically degenerate ground state. One reason it has been eluding

detection is the potential instability of the electronic state, y.-irradia-

tion is expected to provide sufficient energy to dissociate one F

atom from PF, leading to PF^ . Any PF, formed by irradiation
O J O

will also have sufficient kinetic energy to loose a fluorine atom to

give the stable PF, molecule.

An energy level diagram for the PF, obtained using the Extended

Hiickel molecular orbital (EHMO) method is shown in Figure 18.
2

It is seen that the ground state is T. , and there are three more

degenerate states within about 2800 cm of the ground state. The

total energy vs distortion along an e mode was found to have a

very shallow minimum. The vibronic interactions are expected to

be complicated by multimode coupling effects. No attempt will

be made here to treat this problem here. However, the above obser-
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vations show a possible method to search for PF , radical in other

systems, preferably in single crystals, where Ag + sites with a high

redox potential is in proximity of a PF, ion for a facile electron
6

transfer to occur.

3. 7 Comparison between Copper and Silver complexes of hindered ligands:-

The bidentate N-heterocycl ic ligands increased the Cu / Cu

43potential f rom 0.167 V to 0.251 V in the case of bpy and Lo
•)

? 0.75 V for dmbp. The same ligands reduce the Ag"' / A g "

hL

potential from 1.9 V to 1.45 V (bpy) and to ^ 1.7 V (dmbp,dmp).

The major reason for the increase of the Cu / Cu potential is

the tetrahedral distortion of the CuL«+ ions, especially for the hin-
28

dered ligands . The unhindered ligands tend to form cis-octahedral

CuL?(H?O)? species in aqueous solution which lowers the potential.

On the other hand, the reduction in the AgT / Ag potential appears

to be due to the extensive delocalisation of charge via TT -bonding

interaction. Here again the tetrahedral distortion in the case of

dmbp and dmp complexes tend to raise the potential.
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SUMMARY AND CONCLUSIONS

Section I: Chemistry of mixed valence manganese (III, IV) complexes.

1. (Mn^O^L.) complexes are found to be unstable in water at

neutral pH as was reported by Cooper et al and in contradiction

to Ramaraj et al

2. (Mn?0?L.) complexes are found to be susceptible to substitution

on the labile Mn(III)(d , high-spin) site. They were substituted

by dmf or py or another bidentate ligand.

3. The intensity of the IVTA band of dmf and py substituted

complexes was very small compared to the parent complexes

indicating reduced delocalisation.

4. The electronic spectra of substituted (Mn«0?bpy,phen)(C10,)-,

and the analogous substituted (Mn~O«phen.,bpyXCJO,)-, complex

have shown almost identical spectra with band positions similar

to those in parent complexes.

5. The e.s.r spectra of the powder samples for all, except the PF.
o

salts and (Mn^O^bpy-^phenXClO-)., complex, show a broad single

signal. In most of the complexes broad bands are observed on

the wings which are found decreasing in intensity on lowering

the temperature. They are attribted to quartet state.

6. The PF 6 ' salts and ( M n ^ b p y ^ h e n X C l O ^ L complex show resolved

spectra showing upto 16 lines indicating magnetic dilution in

the lat t ice. Spectrum of (Mn^O^phen^XPF.)-, complex was simulated.



7. The frozen solution e.s.r spectra of all the complexes in dmf

or CH,CN are similar. In CH,CN they show 16 lines and in dmf

further splittings are also observed. The spectra were simulated,

including anisotropic terms, for (Mn^CLphen ,)(PF ,.)•, in dmt and

(Mn2O2bpy4)(PF6)3 in CH3CN.

8. The e.s.r parameters of the Mn(III, IV) complexes are not very

sensitive to the nature of the ligands. The g and hyperfine para-

meters are nearly same in all cases. The g-anisotropy is reduced

because of the high values of optical transition energies and

the A values are dominated by core polarisation.

9. There was no temperature dependent change in the spectrum

either in the solid or in solution state which could be attributed

to change in electron transfer rate. The thermal electron transfer

in all cases is slow compared to the difference in hyperfine coupl-

ing of the two centres (i.e.,*- 10 Hz). The temperature dependence

is mainly due to the change in population of the ground doublet

and the first excited quartet state.

10. All these complexes were observed to oxidise water in the presence

of Ce(IV) into O? in heterogeneous medium. The unsymmetncal

complexes are found to release more amount of oxygen, as indi-

cated by larger turnover numbers. MnO ~ ion is also detected

in solution in presence of (NH.LCeCNO-,), which complicates

mechanistic discussion.

MiLj
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Section II: Chemistry of bivalent silver (II) complexes.

1. Silver (1) complexes of the type (AgLNO-,) were formed where

L=dmbp, dmp, daf, daf-one and mmbp, while tmbp forms (AgL^NG,).

2. The oxidised products of these complexes gave magnetically

concentrated samples with all ligands and in addition magnetically

dilute samples of the type (AgLNO,)PF...NH, PF, where L=dmbp

and dmp.

3. The magnetically dilute salts showed highly resolved e.s.r spectra

at room temperature with increased intensity at low temperatures.

Delocalisation of the unpaired electron of d molecular orbital
r xy

onto bidentate nitrate leads to distortion in the planar geometry

towards tetrahedron.

4. The bidentate N-heterocyclic ligands increased the Cu + /Cu

43potential from 0.167V to 0.251V in the case of bpy and to

>0.75V for dmbp. The same ligands reduce the Ag /Ag potential

from 1.9V to 1.45V (bpy) and to > 1.7V (dmbp, dmp). The reason

for increase in potential for Cu /Cu is the tetrahedral distortion

of the CuL? ion while the reduction in the potential for AgV

Ag appears to be due to the extensive delocalisation of charge

vian -bonding interaction.

5. The Ag(II) spectrum of the double salt from dmbp was replaced

over a period of days, finally resulting in an uninterpretable

spectrum consisting of very narrow (£2G) lines spread over 5000G.

The spectrum obtained could not be fit to any known radical
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formed by y-irradiating Pf"/" salts and is tentatively assigned

to the PF, radical. Our EHMO calculations on PF , radical led
6 6

to a very flat potential surface clustering all molecular orbitals

at T1 leading to a complex vibronic coupling situation.


