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P R E F A C E

The work which culminated in the present thesis was started

with the aim of making mixed valence complexes with extended

interactions in the lattice. At that time some partially oxidised

nickel(II) stacked compounds were known with anisotropic

electrical conductivity. It was thought worthwhile to prepare the

Ni(III) - Ni(II) with9,10-phenanthrenedionedioxime (pqdH2),

because the extended TI system is likely to favour stacking

interactions and therefore short Ni-Ni distance. While partially

oxidised Ni(II) as well as Ni(III) compounds could be prepared

with this ligand, their low solubility was not. favourable for

crystal growth. Since not much was known about the metal

complexes of quinonedioxime bqdH , the scope of the program was /

enlargedtoinclude Cu(II) and Co(11) chemistry ending up withthe

preparation of Co - 0 adduct. Due to the difficulty in

characterising the insoluble products, except by e.s.r.

spectroscopy (Chapter I & II), further research was directed

towards the areas like, mixed valence Mn(III,IV), complexes

(Chapter III), spin crossover in Fe(II) systems (Chapter IV), and

stacking interactions in Ag(I) complex (Chapter V).

These topics continued to attract considerable attention from

chemists. The questions for which we sought answers were:

i. Catalytical role of Mn(III,IV) in chemical oxidation of water

4+
by reagents like Ce . During the course of this study, we

encountered the formation of MnO. ion in the process of water



4+oxidation by Ce in the presence of Mn(III.IV) complexes. We

have established its presence, conditions for the formation and

stability by electronic spectral studies. However its role in

oxygen evolution from water in the presence of Mn(IIl.IV) ions is

yet to be established.

ii) Possibility of using e.s.r. of S = 1/2 impurities for

characterizing T? - A spin crossover in Fe(11) compounds. The

spin crossover behaviour of the red form of Fe(Phen) (NCS) was

studied by carrying out the variable temperature e.s.r.

measurements, using Cu doped in to the lattice as the e.s.r.

probe. We have confirmed the change in the spin state with

temperature by Mossbauer measurements at 298 K and 77 K. Here we

were successful in obtaining the Fe(Phen) (NCS) 2H 0 and its

copper doped complex in crystalline form for the first time,

iii) The reasons for the flattening distortions in Ag(I)

compounds. In this part of the work a single crystal X-ray

diffraction study on (AgLNO,)7 complex (where L = 6,6'-dimethyl

bipyridine) was done. We noticed that the crystal consists of

dimeric units of (AgLNO ) with Ag-Ag bonding. The itner and intra

dimer interactions in the lattice are responsible for the

flattening distortion noticed in the molecule. The molecule is

found to be almost planar and on the whole the dimeric units are

packed in the form of a slipped stack in the lattice, with

unsymmetrically chelating bidentate NO group.

Each chapter contains a brief introduction about that system,

experimental section, followed by results and discussion and

lastly conclusions, references and abbreviations of that chapter.

VI



C H A P T E R - I



COBALT(II) COMPLEXES OF 9,10-PHENANTHRENEDIONEDIOXIME AND

BENZOQUINONEDIOXIME - E.S.R. STUDIES OF THEIR DIOXYGEN ADDUCTS IN

THE SOLID STATE

1.1 INTRODUCTION:

Literature survey of planar Co(II) complexes revealed that,

so far these complexes have received considerable attention

mainly from two different angles. Complexes of Schiff bases and

related ligands have been considered as possible catalyst for the

activation of molecular oxygen. Monomeric (superoxo) as well

as dimeric (/j-peroxo) dioxygen complexes are well known with this

1 2 5
class of ligands ' ' . The oxime complexes on the other hand are

1 2 7-9
studied as possible models for vitamine B „ ' '

The molecular orbital (MO) description of molecular oxygen

shows a vacancy for the addition of a single electron in both the

antibonding 2PTTg orbitals. The addition of one election results

in the formation of superoxide (07 j anion, whereas two electron

2-
addition results in the peroxide (0 ) anion. While that being

the understanding of the terms superoxo and peroxo anions, in the

light of the present state of knowledge of the oxygen Co(II)

adducts with complexes of Schiff bases and related ligands the

presence of a Lewis base is necessary to facilitate the reaction

between a Co(II) square planar complexes and oxygen. But for the

solid state reactions in which there is no other ligand present,

six co-ordinated dioxygen adducts are produced by the mutual

bridging of phenolic oxygen atoms between neighbouring

1



molecules,1 to facilitate the reaction between planar complexes

and molecular oxygen. Five co-ordinated sallcylaldemine Co(II)

complex was found to yield a diamagnetlc 1:1 (Co-0 ) oxygen

adduct.11 and the Co(salen) active forms have indicated the

formation of a 2:1 complex at room temperature i.e. the peroxo

type species are apparently formed even in the absence of any

additional Lewis base.

Magnetic susceptibility measurement of cobalt(II) dioxygen

adducts formed from these low spin d cobalt(Il) complexes show

the presence of only one unpaired electron, and the e.s.r

studies of frozen solutions of these complexes revealed that the

majority of the unpaired electron density resides on the

, , 14,15
dioxygen.

However, Drago and coworkers proposed that although the

dioxygen cobalt complexes have an unpaired electron residing

* III

essential in a 17 orbital and can be considered formally as Co

(0 ), there is not necessarily a transfer of an electron from

the cobalt metal centre to the dioxygen moiety upon binding. It

is suggested that, for a series of cobalt(II) Schiff base

compounds, there is a transfer of only 0.1 to 0.8 electron to the

coordinated dioxygen fragment, depending upon the ligand

environment.

The Schiff's base complexes generally have the highest

occupied molecular orbital (HOMO) dominated by d component.

Axial perturbation by <r-donor ligands changes the HOMO to d 2 and

thereby activates the complexes towards the dioxygen binding. In

2



the case of triazine-1-oxide complex no oxygen adducts are

obtained even in donor solvents implying greater separation

between d 2 and d orbital. Cobalt(II) dioximates are more
z yz

susceptible to oxidation and dioxygen complexes which could be

possible intermediates in their air oxidation have not been

1 ft

observed so far, except in the case of Vitamin B . itself.

Most of the coboloxime studies are conducted in solution. The

ready oxidation of cobalt (II) dioximates by air may mean that

they have HOMO derived from d 2 orbital even in the absence of

axial ligands. However, paucity of the e.s.r. data in the

diamagnetic host lattice make verification of this hypothesis

difficult. In the case of coboloxime(11) appreciable interaction

with oxygen occurs even in the absence of non coordinating

solvents leading to departure of magnetic parameter from those of
p

the four co-ordinate complexes.

One of the most useful finger print properties of

co-ordinated dioxygen is the 0-0 stretching frequencies (v _ ).

13 19-22

In all most all cases reported ' for monomeric cobalt

dioxygen complexes v values fall in a narrow range (~ 50 cm )

around 1145 cm .

Analysis of the e.s.r spectra of Co(II)(L )B and Co(II)(L )

(where L = N O type ligand, B = Lewis base) complexes show that

the spectrum is attributable to one unpaired electron, the

59

presence of eight line hyperfine is due to the Co (I = 7/2)

nuclear spin. The Co(SB )B typically have g values 2.30-2.45

and g 2.01-2.02 while Co(P0r)B having g = ~ 2.3 an g = 2.03.

3



The e.s.r. spectra of the oxygenated complexes indicate that the

unpaired electron has only a small spin density at the cobalt

nucleus (A ~ 10-12 G) as compared with 80 G for

non-oxygenated parent compound. The reduced anisotropy in e.s.r

results from a spin polarisation mechanism with the unpaired

electron residing mainly on 0 which does not require a formal

electron transfer to form CL •

1.1.1 General theory of e.s.r. spectra for molecular oxygen

adducts of cobalt(II) compounds

For a spin 1/2 system, which has two energy levels in a

magnetic field, resonance is observed at a fixed microwave

frequency, v, according to the relation

hv = g/3 B Q

where h is pJancks constant, and /3 is the Bohr magneton. B is

the resonance magnetic field. Fig.1.1 illustrates the resonance

in a two level system, which is usually recorded as just

derivative absorption with respect to the magnetic field. The

presence of nuclear hyperfine coupling is due to a nucleus with

nuclear spin I, leading to the occurrence of a set of 21 + 1

equally spaced nuclear levels. In this case since I = 7/2 eight

equally spaced hyperfine lines are observed (Fig.1.2).

The spin Hamiltonian giving this spectrum including

anisotropic effects in A and g is given by eq.(1)
12

4



Fig.1.1 E.s.r. in an S = 1/2 doublet. Resonance absorption of

energy occurs when the microwave energy(hu) exactly

equals the energy difference between the levels (Ref.2).

5



Fig.1.2 Schematic representation of energy levels for cobalt

where S = 1/2 and I = 7/2. Each level of Fig. J.) now

consists of eight nuclear sublevels. E.s.r. magnetic

dipole transitions occur when A MT = 0 (Ref.2).

6



Here S, is the effective electron spin, B. is the field, x ,y ,z
i i g g g

are the molecular axis and x,y,z are standard co-ordinates

centered on cobalt(II). Usually x and x do not coincide In

orientation. In order to keep the analysis and necessary

computer simulations manageable, the lowest symmetry 'C ' will be

considered for Co-CL complexes. When the Zeeman interaction is

much larger than the hyperfine terms, which is considered as the

well satisfied condition for Co-0 adducts, the g values for an

angular orientation system (sing crystal) is given by eq.(2)

2 2. 2 2. 2 2, 2 , ,
g = g l + g 1 + g 1 (x = x , y = y , z = z )6x x 6y y ez z g g g

(2)

and with in the monoclinic symmetry limit

2 2 2 2 9

g A = Ax [gxlx cosa + g yl y sina] + Ay [g^l^ sina +

g yl y cosa]2 + A z
2g z

2l 2
z (3)

Then at a particular orientation of the field B, (for single

crystal) the resonance field is given by

7

(1)



B = B - A/gj3 M -allU + n-M^l-bM 2 (4)

where 'a' and 'b' which are the second order corrections due to

hyperfine interactions, are dependent on © and e>.

Because of the anisotropy In g, the intensity of the lines

also vary with orientation. In a powder this is complicated by

the fact that, although the resonance field depends only on 6 and

0 values, the intensities due to given molecules with same value

of 0 and 0 differ because all of them do not have same

orientation relative to microwave magnetic field in cavity. Then

the corrected average value when B is B (rf = resonance field)

is given by eq.(5)

- 2 , 2 2 . n 2 2 . . 2 Zr 2 ,
g = [g g sin9+ g g (sin 0 + cos 8 cos 0)+

2 2 2 2 2 2
g g (cos 0+cos Gsin 0)]/(2g ) (5)

Line widths may also be anisotropic and for simulation

purposes, these also should be considered. As the majority of

the studies of Co-0 adducts are done on powders and frozen

solutions, computer simulation programme must seen the spectra

due to all possible orientations of the molecules with

intensities weighted by the solid angle element -1/2A cosO A0

for the range of [6,9+AG.0.0+A0].

8



While there are several e.s.r studies of cobalt(II)

complexes of Schiff bases and other N O ligands doped in the

25

corresponding diamagnetic complexes, with one exception, the

e.s.r studies of cobalt(II) dioximates are confined mainly to

frozen solutions. In this chapter we present the e.s.r evidence

for formation of paramagnetic dioxygen adduct in the solid

complexes of cobalt(II) with 9,10-phenanthrenedionedloxime

(pqdH ) and benzoquinonedioxime(bqdHL). It has also been

possible to study Co(pqdH) doped in the corresponding nickel

complex in different concentrations.

1.2 EXPERIMENTAL

1.2.1 Chemicals:

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, dimethylformamide and diglyme were

distilled in vacuum in dry nitrogen atmosphere and stored over

type 4A molecular sieves.

1.2.2 Preparation of Ligands:

9,10-phenanthrenedionedioxime(pqdH ) is prepared according

27

to the literature procedure. Recrystallised from dry distilled

9



methanol. I.r and melting points are checked and the product is

confirmed from the literature data.

1.2.3. Preparation of benzoquinonedioxime (bqdH ):

Benzoquinonedioxime is prepared according to the literature

procedure with minor changes. Benzofuroxan (Aldrich) is used

as the starting material. lgm of Sodiumborohydride (fluka) is

added to freshly distilled dlglyme and stirred until it is

completely dissolved. To this solution 3gm of benzofuroxon is

added in small amounts using addition flask. Maintenance of

temperature and totally dry and inert conditions are very

essential during the preparation. To start with addition of

benzofuroxon is done maintaining 35-40 C temperature But during

the further addition the temperature of the reaction goes up, so

it should be cooled externally with ice. Once addition is

complete, the red coloured reaction mixture is stirred for one

hour in hot water bath at around 50 C. Till the completion of

the reaction, a slow current of dry N? is continuously circulated

through the reaction set up. The reaction mixture is poured in-

to 300 ml of ice-cold distilled water and quenched with 10 ml of

glacial acetic acid. The solution is cooled for 5 hours at 0 C.

Black crystalline solid separated out. It is recrystallised from

507. EtOH. Golden reddish crystals are obtained yield is ~ 50°/,

sharp m.p. at 245 c. I.r spectrum is recorded.

10



1.2.4. Preparation of Complexes:

a) Preparation Co(II) complex of pqdH :

To a hot solution of 60°C of 260 mg (1.05 x 10 3 mol) of

(pqdH ) dissolved in 60 ml methanol, a solution of 125 mg (2.12 x

-3 28

10 mol) of CoCl 6H 0 in 25 ml of methanol was added drop

wise with constant stirring. A reddish brown precipitate which

formed immediately, was stirred in the solution for another half

an hour, filtered, washed several times with hot methanol and

finally with diethylether. This product was dried in vacuum at

80 C. It was sparingly soluble in chloroform and pyridine and

could be recrystallisd without decomposition from chloroform.

Yield : -807.

b) Prepration of Cobalt doped Ni(pqdH) :

5% and 50% cobalt doped samples of Ni(pqdH) are prepared

using mixed metal solutions. 5% and 50% (by molar ratio)

CoCl26H20 is mixed with NiCl26H20 in 50 ml ethanol solution.

This mixed metal solution is added to the hot ligand solution

following the similar procedure as described for Ni(pqdH) in

chapter II. The exact percentage of cobalt in the complexes

obtained was not determined.

c) Preparation of Cobalt(II) complex of bqdH .:

It is found that cobalt complex of bqdH is more reactive

11



towards oxygen than the analogous pqdH? complex. So changes are

made in the preparation procedure reported earlier so as to

avoid air completely(Fig 1.3).

To start with ethanol is distilled under nitrogen over

sodiumethoxide. 402 mg of (2.91 x io"3 mol) of (bqdH2) is taken

in a 250 ml of R.B. flask with a side arm for nitrogen inlet.

This flask is connected to another 250 ml R.B. flask of similar

type through a G grade glass frit, the entire set up is placed

in a mantle and flushed with a jet of dry nitrogen under warm

temperatures. There the pre-dist11 led 50 ml ethanol is added to

the ligand. The ligand in ethanol is heated gently at 60 C In

-4
methanol is totally dissolved in ethanol 200 mg (8.33 x 10 mol)

of CoCl 6H 0 placed in upper part of the glass frit (Fig. 1.3)

(before starting experiment) and 20 ml of ethanol is added on to

it, flushing system with nitrogen throughout. Since at this

stage nitrogen current is flowing in opposite direction, the

CoCl 6H 0 solid dissolve in 20 ml ethanol with out any further

stirring in the glass frit itself and remains there only. Now

the direction of nitrogen flow is reversed, then slowly the

CoCl 6H 0 ethanol solution flows in to R.B. flask containing

ligand solution, mixes there and forms a black solid. Now the

flask is reversed and the compound is filtered through the frit.

The solid complex formed remains on the frit and is dried in a

stream of dry nitrogen over night. Then transferred in to a

glove-bag under nitrogen. There it is powdered well and

transferred in to a dry e.s.r. tube flushed with nitrogen and

sealed under nitrogen atmosphere. I.r spectrum is recorded and

as it is found to be air sensitive C,H,N analysis is not

12



Fig.1.3 Diagram showing the experimental set -up for the

preparation of Co(II) bqdH2 oxygen adduct.

13



performed. Yield is around 60'/.

Cobalt doped Ni(bqdH)? could not be prepared as cobalt did

not get doped in to the host lattice.

1.2.5. Elemental Analysis Data:

Based on the e.s.r. and magnetic susceptibility data this

compound was formulated as a mixture of Co(pqdH) 0 and a

diamagnetic part. The elemental analysis data fits better with

formulation of the diamagnetic component as Co(pqdH) rather than

(pqdH) CoO CO(pqdH) . Cobalt is estimated by gravimetry.29

Experimental values: C =65.1, H = 3.8, N = 10.7, Co = 8.3%

Calculated values are as follows: For Co(pqdH)

C = 65.4, H = 3 5, N = 10.9, Co = 7.7% for 78% of Co(pqdH)

+ 28% Co(pqdH) 0 C = 64.1, H = 3.5, N = 10.7, Co = 8.3%.

1.2.6. Physical Measurements:

I.r spectra were recorded on Perkin Elmer model 1310.

infrared spectrophotometer. Electronic spectra were recorded on

SChimadzu.200S double beam spectrophotometer. C.H.N analysis was

done on Perkin Elmer -240C analyzer. E.s.r. spectra at X-band

were measured on JEOL FE-3X spectrometer. Measurements below

room temperature were made using controlled boil off from a

liquid nitrogen cryostat. Q-band e.s.r. spectra were measured on

14



varian E-112 spectrometer. To measure Q-band spectra at 77 K was

used. Magnetic susceptibility In the temperature range 20-295 K

was measured by the Faraday method. The sample was mounted on

the cold head of a closed cycle cryostat.

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

Powder spectra of the magnetically dilute complexes were

simulated using a previously described computer program which

was modified to include ligand hyperfine interaction in first

order. The calculations were performed on IBM compatible P. C L

personal computer (PC XT). A typical simulation with grid

spacing 3 in © 90 in 0 need 25 minutes computer time.

1.3 RESULTS AND DISCUSSION:

1.3.1 I.R. spectra of Cobalt complexes of pqdH and bqdHL.

The i.r spectral frequencies of the cobalt, complex of pqdH

and bqdH,, are tabulated in Table 1.1. Even though v
c. o-o

-1 -1

stretching frequency around 1145 cm (~ 50 cm ) are

characteristic features of Co-0 adducts, unfortunately no

definite conclusion can be drawn from these spectra because of

the interference of ligand vibrations in the 850-1150 cm region

of the i.r. spectra of cobalt pqdH oxygen adduct and cobalt

bqdH oxygen adduct respectively.

15



Table -1.1: IR Spectra (cm ) of oxygen adducts of cobalt(II) and

their corresponding ligands.

b=broad, s=sharp, sh=shoulder,v=very, w=weak.

16

pqdH2 .

3200 (vb)

1600

1480

1440

1340

1300

1220

1160 (w)

1110

1095

1040

1030

1020

910

880

840

780

760

720

Oxygen adduct

of cobalt(II)

(pqdH2)

3050 (w)

1600 (w)

1580 (sh)

1530 (w.b)

1480

1440

1320 (w)

1300

1280

1180

1150

1120

1100 (sh)

1080 (vw)

960 (b)

900 (b)

780

720

bqdH2

3075 (b)

2750 (b)

1640

1620

1580 (vw)

1500

1440

1380

1310

1240

1170

1080

1030

900

840 (sh)

820

760

720

640

Oxygen adduct

of cobalt(II)

(bqdH2)

3000 (vb)

1700 (w.b)

1680

1560

1440

1370 (b)

1280 (b)

1200

1180

1050

900

760

620



1.3.2 Electronic spectra of cobalt complex of pqdH_:

The electronic spectrum of this compound In chloroform

consists of a strong absorption in the visible region Fig.1.4a.

In pyridine solution the band is shifted to higher energy v =

-1 -1
22000 cm (Fig. 1.4b) (c = 4.4 x 410 1 mole cm). The high

values of the extension coefficient imply that these bands

correspond to charge transfer or intra-ligand excitations rather

than ligand field transitions.

1.3.3 Magneticsusceptibility measurements data for cobalt complex

of pqdH :

Fig.1.5 shows the variation of the gram susceptibility with

temperature in the range of 20-295 K. The close fit to the curie

law along with low magnetic moment (1.0 BM calculated on the

basis of Co(pqdH ) is consistent with the formulation of the

product as a mixture of paramagnetic and diamagnetic substances.

While the obvious choice for the diamagnetic component would have

been the peroxo-dimer, the elemental composition favour

Co(pqdH) . This is analogous to the formation of octahedral

cobalt(III) complexes from cobalt(II) salts in the presence of

« 31
air.

1.3.4 X-band e.s.r. spectral data of the cobalt complex of pqdH

(oxygen adduct)

Fig.1.6 shows the spectrum of the cobalt complex of pdqH

recrystallised from chloroform. There is no significant change

17



Fig. 1.4 Electronic, spectra of Co(II) pqdH oxygen adduct in (a)

CHC13 (b) Py.

18



Fig.1.5 Temperature dependence of the gram susceptibility

of Co(II) pqdH2 oxygen adduct.

. represents Experimental points.

- represents least square fitting.

19



Fig.1.6 Simulated X-band e.s.r. spectrum of powder Co(II) pqdH.

oxygen adduct at 298 K.

represents experimental spectrum.

represents simulated spectrum.

20



in the spectrum upon cooling the sample to 120 K. The resolution

of the spectrum Is better in the chloroform recrystallised

sample compared to crude sample. The Q-band spectrum of the same

sample at room temperature is shown In Fig.1.7. The room

temperature X-band spectrum consists of signals from two distinct

species, one giving rise to clearly identifiable 8 lines from

59

Co (I = 7/2) hyperfine splitting and another which gives a

strong single line at g ~ 2. The intensity of latter varied from

sample to sample. When a freshly prepared sample is suspended in

water and oxygenated by bubbling air, the intensity of both

the signals increase initially. However, upon continued

oxygenation for a long time, the intensity of the single line

increases, while the 8-line pattern diminishes.(1.8.a,b,c) From

the e.s.r. studies on cobalt(II) four co-ordinated planar

complexes it is clear that, these complexes show a well resolved

eight line pattern with high g and A values ( gA > 2.3, and g ~

2.02, A ~ 80G) and on co-ordination with oxygen in axial

position, a great change in the e.s.r parameters is observed.

The significant change is observed in A values which decreases to

10-12 G. This is attributed as due to d 2 becoming the HOMO and

due to unpaired electron spin density polarising effects.

Fig.1.9 show the M.O. diagram of Co(II) which illustrates the

electronic arrangement making dioxygen co-ordination feasible in

cobalt(II). In the present case the values obtained from the

simulated e.s.r spectra an given in Table 1.2. Very much reduced
59

Co hyperfine splittings clearly indicate that the spectrum can

not arise from a magnetically dilute planar four co-ordinated

cobalt(II) complex. The magnetic parameters, can be readily

understood if dioxygen on air bubbling is added on to the axial
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Fig.1.7 Q-band e.s.r. spectrum of powder Co(II) pqdH oxygen

adduct at 298 K.
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Fig.1.8 X-band e.s.r. spectrum of powder Co(II)pqdH2 oxygen

adduct at 298 K.

a) Sample prepared by usual method .

b) Sample obtained by circulating jet of air for 24 hrs

by suspending complex in water.

c) Sample obtained by circulating jet of air during

preparation process itself.
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Fig.1.9 Molecular orbital interaction diagram for the

coordination of dioxygen to Co(Il) dioximates.
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position to give Co(pqdH) 0 . Compared to the dioxygen adducts

of penta coordinated Co(II) complexes (g ~ 2.08, g ~ 2.0, A ~

-4 -1 -4 -1
20 x 10 cm , A - 10 x 10 cm ) the present complex has

59
significantly lower g-anisotropy (Table 2) and also reduced Co

hyperfine splittings (A = 2.5 x 10~4, Ay = 8 x 10~4, Az = 19 x

-4 -1
10 cm ). The reduced A values make it clear that the

unpaired electron no longer resides on cobalt, but is shifted to

oxygen confirming the formation of oxygen adduct.

The choice between superoxo and peroxo coordination in the

present complex is made on following assumptions.

The e.s.r. parameters fit more to a peroxy radical (g ~

31 32

2.02) rather than superoxide (g ~ 2.08) description for the

coordinated molecular oxygen. While the peroxy or superoxo

designation does not necessarily imply complete charge transfer,

it is likely that the 0-0 bond is considerably weakened upon

coordination with the dioximato complex. However, it could not

be definitely confirmed from any other means. In a recent study
33

Gupta et al obtained a similar kind of e.s.r spectrum for
IV +

[4-NHCOCH C,H.CH,,Co (dmgH),,Py] in CH Cl? frozen solution and

they attribute this due to the CO by the oxidation of CO

complex with Br . Since it is highly unlikely that aerial

oxidation can lead to the formation of Co from Co , the

spectrum reported here is assigned to the 0 adduct of the Co

complex. It is worth pointing out that this spectra is very
IV

similar (with nearly same parameters) to that of the Co species

mentioned above, making it impossible to distinguish between the

two,based on e.s.r. spectra alone.
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1.3.5 X-band e.s.r spectral data of cobalt(II)

benzoquinonedioxime (oxygen adduct):

The cobalt(II) bezoquinonedioxime also showed similar kind

of behaviour in the powder e.s.r spectrum both at room

temperature and low temperature. The details of the e.s.r

parameters are given in the Table 1.2 (Fig.1.10) shows the

simulated powder spectrum at room temperature. The g values are

nearly axially symmetric and this sample is highly air sensitive.

The freshly prepared samples (1) sealed under nitrogen (Fig.1.11

a) and (2) exposed to atmosphere (Fig.1.11 b) Initially gave

identical spectra, but on aging of the sample (2) the hyperfine

disappears results in a broad signal(Fig. 1.1 I.e).

Whereas the sample sealed under nitrogen continued to give

same spectrum even after long aging(Fig. 1.11 d). The increase

in width leading to the disappearance of splitting arise from

dipolar interaction. There is no evidence of any low field broad

signal due to Co(II) high spin species. Fig .1-12. shows Q-band

spectrum of the same sample at room temperature. Therefore the

interaction showed between Co-0 centers which increase in

concentration with continued exposure to air.

1.3.6 X-band e.s.r. spectral data of cobalt doped Ni(pqdH) :

Fig.1.13 shows the e.s.r spectrum of cobalt doped

nickel(II)(pqdH) complex at room temperature and Fig. 1.14 shows

the simulated spectrum of the same sample at low temperature.
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Fig.1.10 X-band e.s.r. spectrum of powder CofllJbqdH- oxygen

adduct at 298 K

represents experimental spectrum.

———— represents simulated spectrum.
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Fig.l.ll X-band e.s.r. spectrum of powder Co(II) bqdH oxygen

adduct at 298 K

a) Fresh sample sealed under nitrogen.

b) Fresh sample exposed to air .

c) Sample exposed to air for a long period.

d) Sample sealed under nitrogen for a long period.
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Fig.1.12 Q-band e.s.r. spectrum of powder Co(II) bqdH oxygen

adduct at 298 K.
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The g and A values are tabulated in (Table 1.2). The nearly

axially symmetric g and A values are consistent with the square

planar cobalt(II) complexes of N O type ligands. The simulation

here Is hampered by the presence of an intense unidentified sharp

signal in the centre of the spectrum. This signal is also seen

in the host compound itself at room temperature at nearly free

ectron g-value. The absence of Co(pqdH) signals in room

temperature spectrum (Fig.1.13) can be due to the fast relaxation

via spin orbit coupling to low lying quartet slates, as is usual

the case with planar cobalt(Il) complexes. The e.s.r parameters

2
of the low temperature spectrum clearly corresponds to a A

3 34

(d 2) ground state. ' Assuming that the ligand field

parameters are not widely different in Schiff base and oxime

4 2
complexes, we find from the plots of Zelewsky et al that the A

— 1 ?
(d 2) state is about 5,000 cm below the Ao(d ) state
z 2 yz '

In the case of Schiff base complexes the d 2 ground state is

observed mainly in coordinating solvents but not in nickel(II) as

host compound. In free co(salen), two magnetically dilute sites

are observed in oxygenated samples. One site belongs to d 2

ground state, thought to arise from axial perturbation by oxygen

atoms of the neighbouring molecules, while the second site which

is observed only after repeated oxygenation/deoxygenation cycles

belong to the d state and is ascribed to planar four coordinate

co(salen) molecules. The adoption of d 2 ground state by the

present dioxlmato complex in the nickel host complex implies that
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Table -1.2: E.s.r. parameters of powder cobaltdl) complexes of

pqdH and bqdH_ (Simulated values)

Compound Temp K. g g g A A A

Cobaltdl) oxygen 298 2.018 2.011 2.009 2.5 8.0 19.0

-adduct of (pqdH )

Cobalt(II) oxygen 298 2.018 2.009 2.015 2.5 8.0 19.0

..ddduct of (bqdH )

C o b a l t d l ) doped 108 2 .150 2 . 2 0 2 .01 2 8 . 0 6 8 . 0 141 .0

Ni(pqdH 2 )
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Fig.1.13 X-band e.s.r. spectrum of cobalt doped Ni(pqdH) powder

at 298 K.

32



Fig.1.14 Simulated X-band e.s.r. spectrum of cobalt doped

Ni(pqdH)2 powder at 108 K.

represents experimental spectrum

represents simulated spectrum
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Fig.1.15 EPR parameters in the refined model including quartet

states as a function of A/A. The solid lines represent

the functions calculated from Eq. (10). The energy

parameters were obtained through least square fitting of

• the EPR data of ten complexes: (a) Co(amben); (b)

Co(tacacen) ; (c) Co(acacen); (d) Co(bzacacen); (e)

Co(CF acacen); (f) Co(salen); (g) [Co(salen)] ; (h)
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is consistent with greater reactivity towards oxygen leading to

eventual oxidation of the metal.

1.3.7 Q-band e.s.r. spectral details of cobalt complexes of pqdHL

and bqdH.
4L

The Q-band spectra of oxygen adducts of both the complexes

did not give any hyperfine both at room temperature and low

temperature. Instead they showed only a broad single signal.

Fig.1.7 and 1.12 shows the details of the spectra.

1.4 CONCLUSIONS:

1. Co(II) dioximate systems studied in this chapter have

affinity towards oxygen in the solid state even in the absence of

axially perturbing bases unlike Schiff base complexes.

2. From the e.s.r. parameters of pure cobalt(II) complexes, it

is likely that the paramagnetism is due to oxygen centered peroxy

radical.

3. The e.s.r. parameters of the cobalt doped nickel complex

show that it is a typical system of four coordinated planar

2+ 2 2
cobalt with ( A ) (d ) ground state.
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1.5 Abbreviations:

36

pqdH2

bqdH2

dmgH2

SB

pOr

: 9,10-Phenanthrenedionedioxime

: benzoquinonedioxime

: dimethylglyoxime

: Schiff base

: porphyrin
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C H A P T E R - II



LINEAR CHAIN MIXEDVALENT NICKEL(II) AND COPPER(II) COMPLEXES OF

BIS(9,10-PHENANTHRENEDIONEDIOXIME) AND BIS(BENZOQUINONEDIOXIME).

ELECTRICAL CONDUCTIVITY AND E.S.R. STUDIES OF THE COMPLEXES IN

SOLID STATE.

2.1 INTRODUCTION:

2.1.1 General View of the Properties of Linear Chain Mixed Valence

Transition Metal Complexes.

Solids with strongly uni-dimensional structural and

electronic interactions have attracted much attention from

chemists and physicists in recent times. The crucial features

resulting from the co-operative phenomenon of these molecular

solids are unusually quasi-metals, electrical conductors and

interesting optical and magnetic behaviour. Coordination

complexes containing direct metal-metal (M-M) interactions forming

chains fall into this category of solid compounds. These can be

classified into mainly two types.

1. Complexes containing discrete units like dimeric complexes

and metal clusters. This class of complexes contain a discrete

number of directly interacting metal atoms.

2. Linear chain complexes which contain an infinite array of

directly interacting metal atoms arranged in linear chain

throughout the crystal lattice.
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In general the planar or nearly planar units can stack one

above the other resulting in columnar stacked compounds (Fig.2.1)

g
As d metal complexes are known to adopt stable square planar

structure with D symmetry, this group of complexes are widely

studied under this title. The interactions in these complexes are

interpreted by many different theories. But mainly they are found

to have either purely electrostatic interactions or Metal-metal

(M-M) overlap. P. Day discussed the electrostatic approach of

intramolecular interactions as being due to crystal field effects

3 4

of neighbour molecules in the stacks, where as Rundle , Miller

and Ingraham discussed the orbital overlap model on the grounds

of band formation (Fig.2.2) . Krogman ' suggested that bonding

within the metal atoms of chain could be strengthened if

electrons were removed from the upper part of the band between

metal atoms in the stack by partial oxidation of the metal ions.

This partial oxidation can be a chained by treating the compounds

with anions. This kind of partial oxidation results in the

mixedvalent systems of the type class III B of Robin-Day scheme.

The existence of M-M interactions can be mainly judged from

X-ray crystal structure determination and also from spectroscopic

measurements, magnetic behaviour, electrical conductivity and

solubility data of these complexes. Yamada in single crystal

electronic spectrum of these complexes observed a strong

perpendicularly polarised band in the low energy region. It is

attributed due to the presence M-M bond l to the plane of the

molecule. Later it is showed that the presence of low energy band
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Fig.2.1 Planarunits stacking into columnar stacks. (Ref.l)



8Fig.2.2 Diagrammatic representation of the band structure in d

metal-atom chain compounds. Effect of (A) decreasing

inter-metallic distance, (B) partial oxidation, and (c)

alternating anion-cation chain. Shaded portion

indicates filled band. (Ref.l)
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is a conclusive evidence for M-M interactions along the

. 10-12
stack.

g
As d square planar complexes are diamagnetic the magnetic

behaviour of these complexes are much less informative. Where as

the conductivity studies in solid state revealed that these

complexes usually fall into the semiconductors range, with

electron delocalisation along M-M chain. Partial oxidation of

these complexes increased the conductivity. These solids show

extremely low solubility due to the presence of M-M bond in the

. . . . . 13-16
solid state.

40

Keller in his article discussed in detail about the

preparation and structural chemistry of these mixedvalent systems

Containing infinite linear arrays of non bridged transition

metals. The earliest recognised stacked square planar complexes

are bis glyoxemat.es of nickel(ll), pal ladium( 11 ) and platinum.

Ni(dpg) I and Pd(dpg) I are golden Olive needle type crystals.

Their electrical conductivity and other spectroscopic
1 8

characterisation have been done by Cowie et al It is found the

crystals show at least 10 times greater conductivities than the

pressed pellets along M-M stack. Using Resonance Raman

spectroscopy it is found that in these complexes iodine is present

as I and metal is assigned 2.33 integral oxidation state. The

polyiodide salts of the complex formed by partial oxidation showed
1 8

good increase in the conductivity. The effect of inter planar

spacing on the charge transfer characteristics of partially

oxidised samples is discussed in M bis(benzoquinone dloxime).
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In the case of metallo-phthalocyanin complexes it is found that

19

upon oxidation the electron is removed from ligand IT-orbital.

In such cases assignment of integral oxidation state (IOS) to

the metal atom is questionable. Substitution on the macrocyclic

rings resulted in increased conductivity due to Increased

intermetallic spacing in M-porphyrins (M = Ni, Pt).

Detailed literature survey revealed that even though the

synthesis of the nickel complexes 9,10-phenanthrenedionedioxime

25

has been reported long time back , there was no further work

reported on these complexes. It is to be noted that pqdH has

more provision for 17-delocal isation compared to dpg and bqdH due

to the absence of bulky substituents and also with a large ring

system, it should have more electrical conductivity.

2.1.2 E.S.R. STUDY OF THE STACKED COMPOUNDS

E.s.r. studies are most widely used alternative to draw some

conclusions about the structure in the absence of X-ray

diffraction data in the transition metal complexes. Since these

g
stacked systems are mostly of (d ) configuration they are all

e.s.r. inactive and much Information is not obtained. But upon

oxidation of these complexes, a single sharp line is observed,

which may be due to the free delocalIsation of electron, as in the

case of organic radicals. Hence usually a paramagnetic guest

species is introduced into these systems and structural

information is deduced by studying the e.s.r. spectra of the
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paramagnetic probe in the host lattice. Since copper(II) can

take square planar geometry easily upon coordination with the

N-donor ligands like phthalocyanine and bls(a,3-dlonedloximes), it

can be used as a paramagnetic probe. The spin Hamiltonian

parameters obtained can be used to establish the metal ligand bond

nature. The copper(II) Ion with a [CuN ] chromophore in e.s.r.

shows a four line pattern. Each line is again split into 9

lines. All four sets of 9 lines will be of same Intensity

indicating the four equal or nearly equal nitrogen donor atoms

surrounding the copper(II) ion.

In explaining the complex hyperfine structure observed in the

e.s.r. spectra, it is assumed that each of the four ligand atoms

has availed 2s, 2p , 2p and 2p orbitals for the formation of
•x *y Kz

2
molecular orbitals (MO) with the 3dz orbitals of the copper atom.

Since the square planar complexes have D symmetry, the following

22
are the anti-bonding wave functions (Fig.2.3).
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Fig.2.3 Diagram showing coordinate axis and numbering scheme of

the ligands.
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where a 0. and 0 2 are the coefficients which express the covalent

character of the <r-bondlng, in plane and out of plane n-bondlng

respectively. The other symbols have their usual significance.

A spin Hamiltonian reflecting the four fold axial symmetry is

given by

0 is the Bohr magneton, A , B are copper hyperfine

interaction constants, Q is the copper quadruple interaction

constant, A and B,, are nitrogen hyperfine constants.

By applying these antibonding wave functions to the

Hamiltonian mentioned above from the e.s.r. parameters obtained

a,a',0,0' coefficients can be calculated.

With these ideas we have synthesised the Ni(pqdH) and

Ni(pqdH) I, and investigated the complexes in detail. In addition

prepared Cu(pqdH)?, Cu(bqdH) and copper doped Ni(pqdH)?,

Ni(bqdH) in different concentrations. A detailed e.s.r. studies

done on these compounds is also discussed in this chapter.

47



2.2 EXPERIMENTAL

2.2.1 Chemicals:

The starting materials for the preparation of ligands are

bought from Aldrich or Fluka. Other solvents and common chemicals

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

24

are purified by standard procedures described in Vogel . Ether is

stored over sodium, pyridlne over potassium hydroxide pellets

dimethyl formamide is vacuum distilled in dry nitrogen atmosphere

and stored over 4A molecular sieves.

2.2.2 Preparation of Ligands:

pqdFLand bqdH are prepared according to the procedures

1 ? 1—? ?
described in the previous chapter experimental sections

2.2.3 Preparation of bis(9,10-Phenanthrenedionedioximato)Ni(11):

Ni(pqdH)

Ni(pqdH) is prepared according to the literature

procedure25. It is obtained as brown flaky material, which is

insoluble in all most, all non co-ordinating solvents. Sparingly

soluble in pyridine. Hence recrystallisation of the complex is not

possible.

Yield = 807.
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2.2.4 Preparation of partially Oxidised Ni(pqdH) and Ni(III)

Complex of pqdH_:

860 mg (0.026 mol) of Ni(pqdH)2is oxidised with 6 gm (0.47

moles) of triply sublimed molecular iodine, by refluxing It in

o-dichloro benzene for 12 hours.

During the first attempt a large amount of (more than 3/4 of

starting material) black, crystalline residue is left out. Only a

small amount of partially oxidised NHpqdHKI is obtained upon

cooling from the mother liquor.

The residue was found to be a Ni(III) complex based on e.s.r.

data. However the preparation was not reproducible, further

attempts to prepare this complex resulted in mostly unreacted

material.

2.2.5 Preparation of bis(9,10-phenanthrendionedioximato)Cu(II):

Cu(pqdH)2):

500 mg(2.9xio"3 mol) of CuCl . 2H 0 dissolved in 100 ml of dry

distilled methanol and this is added to 1 gm (4.2x10* moles) of

hot(60°c) ligand solution in methanol drop wise and the brown

flaky precipitate obtained is washed with hot methanol and dry

ether. Dried over vacuum at 80 c.

Yield : ca.80%.
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2.2.6 Preparation of Copper doped Ni(pqdH)_:

1%, 5%, 10%, 25%, 50% by molar ratio (Table 2.1) copper

doped Nl(pqdH)? complexes are prepared by mixing mixed metal

solution Cu/Niwlth ligand solution. The preparation procedure is

exactly same as in the case of Nl(pqdH) preparation. The brown

flaxy material obtained is dried in vacuum at 80 C and used for

further investigation.

2.2.7 Preparation of bis(benzoquinonedioximato)Ni(11):Ni(bqdH)

125 mg of (5.26 x 10 4 mol) of NiCl 6H 0 dissolved in 25 ml

of ethanol. This is added drop wise to the hot solution of 250 mg

-3
(1.8 x 10 mol) of bqdH dissolved in 50 ml of ethanol. The

black micro crystalline product obtained is not soluble in non

coordinating solvents hence the recrystal1isatIon is not

attempted.

Yield ~ 50%

2.2.8 Preparation of Bis(benzoquinonedioximato)Cu(11):

When Cu(bqdH) is prepared similar to Ni(bqdH) , the solid is

not precipitated out. Hence 125 mg (7.3 x 10~4 mol) of CuCl 2H 0

is dissolved in 25 ml of distilled water and this solution is

-3
added to 250 mg (1.8 x 10 mol) of ligand solution in methanol

solution hot condition. The black crystalline product obtained is

used without further recrystalllsatlon.
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2.2.9 Preparation of Copper dopped Ni(bqdH)_:

IV,, 10%, 25%, 50% (by molar ratio) copper doped Ni(bqdH) are

prepared by mixing the mixed metal solution of Cu/Ni to hot ligand

(bqdH_)solution in methanol.(table 2.1) The brown poly

crystalline material obtained is washed several times with hot

methanol and then with ether. Dried In vacuum. Yield was only

45*/..

2.2.10 Preparation of Pellets for Electrical Conductivity

Measurements:

Pressed pellets of approximately 10 mm thickness are prepared

with dry powder complex. These pellets are coated with silver

metal for contact and electrical conductivities are measured using

four probe method in d.c. voltage.

2.2.11 Physical Measurements:

E.s.r. measurements are carried with variable temperature on

JEOL FE 3X spectrometer equipped with variable temperature

cryostat.DPPH is used as a standard for calibration (g = 2.0035).

I.R. spectra for solid complexes are by KBr pellets using Perkin

Elmer-I.R.1310 spectrophotometer. Electronic spectra are measured

using Schimadzu 200S UV-Vlslble spectrophotometer.
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Table 2.1 : Details of the composition of the metals mkxed in

different copper doped complexes

Complex

IV. Cu/Ni

5% Cu/Ni

10*/. Cu/Ni

25% Cu/Ni

50V. Cu/Ni

CuCl2 2H20

mg

1.8

8.95

17.9

51.2

89.5

N1C12 6H20

mg

247. 1

237. 1

224.7

204.0

124.8

Ligand

(pqdH2/bqdH2)mg

500

500

500

500

500
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Photo acoustic spectra (P.a.s) are recorded on PARC photo

acoustic spectrometer using Mg C0_ as a standard diluent.

2.2.12 Computer Simulations:

The previously described computer program (Chapter 1.2.5) Is

used, for e.s.r. simulation which includes the ligand hyperfine

interactions in first order. The simulation of copper doped

Ni (II) complexes of pqdH and bqdH , Including ligand hyperfine

interactions needed 4 hr of computer time on IBM PC (XT)

2.3 RESULTS AND DISCUSSION:

2.3.1 Electronic Spectra of Ni(pqdH) ):

The solid P.a.s spectrum of Ni(pqdH) (fig.2.4) showed 3

bands in the visible region (350 - 800 nm), at 22.2 kK, 19.6 kK

and 16.0 kK. In the literature most of the electronic spectral

discussion of stacked compounds is centered on the presence of a

low energy band at 18-20 kK. The presence of this band In

Ni(dmg)9 solid spectrum and disappearence in solution is

attributed by some authors to 3d 2 - 4P transition with some3 z z

3d 2 - II b, mixing, due to M-M interactions in the solid. But.
z lu

Day argued that this band is a result of electrostatic crystal

field interaction between neighbouring intramolecular transition

dipoles. It is emphasised that the presence of M-M interaction Is

not essential for this band to be observed. According to Anex and
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750

Fig .2 .4 P . a . s . spectrum of Ni(pqdH)
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Krlst the presence of this low energy band Is due to a side

effect of stacking but not essentially due to M-M Interaction. In

addition to the band at ~ 20 kK an Intense band at ~ 50 kK Is

proposed by Ohashl et al in single crystal Ni(dmg)? as due to

intermetallic charge transfer transition. As Ni(pqdH) is

Insoluble in non coordinating solvents, the solution spectrum

could not be studied, hence the band seen in solid p.a.s. spectrum

of this compound at ~ 20 kK (19.6 kK) can not be unambiguously

assigned M-M interactions in the solid.

2.3.2 Electrical Conductivity Studies of Partially Oxidised Ni(pqdH)

The electrical conductivity data of the partially oxidised

samples of Ni(pqdH) are given in the Table 2.2. the data reveal

that all these compounds are in semi-conductor ranged 303 K. The

partial oxidation with molecular iodine did not improve

conductivity like in Ni(dpg) I and Pd (dmg),,^21. In light of the

dependency of the conductivity on M-M interactions, the excess

conductivity showed by Ni(dpg) Ix over Pd(dpg) Ix (Table 2.3)" is

surprised as the M-M distances in both complexes are exactly same

and the metallic reading only differ by 0.16 A. Where as the

difference in conductivity between Ni(dpg) I and Nl(bqdKl

stress upon the fact, that ligand orbitals play an important role

in the conductivity behaviour. Increased II delocal i sat ion and

absence of bulky substituents on the ligands should Increase

conductivity allowing more electron delocallsatlon as seen in the

case of Ni(TMBP)I0 3 3 over Ni (0MTBPH2) I 33.
21 In such cases

9,10-phenanthrenedionedioxlme should be a better ligand over dpg.
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Table 2.2 : Conductivity at temperature 303 K and 10 V in pressed

pellets of ~ 1 mm thickness

Compounds Current in Conductivity

amperes -^

Ni(pqdH) 11.9 x 10 9 1.45 x 10 9

Ni(pqdH) 25.5 x 10"1 2.8 x 10~8

Ni(111)residue 85.2 x 10~7 8.5 x 10~7
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Table 2 3: Single Crystal D.C. Conductivities at 300 K

S=solvent

57

Compound

Nl(dpg)2

Ni(dpg)2I

Pd(dpg)2I

Ni(bqd)2

N i ( b q d ) 2 l 0 0 1 8

Ni(bqd)2I0 5 ? S

Pd(bdq)2I0 5S

Conductivity

< 8 x 10

2.3-11 x l0" 3

7.7-4 .7 x 10"4

<9 x 10~9

<9 x 10~9

1.8-11 x 10~6

7.8-8.1 x 10"5



But that Is not the case observed In electrical conductivity of

Ni(pqdH) I compound Ni(dmg) I . The possible explanation can be

obtained from the fact that the conduction In the pressed pellets

depends more on contact between particles of the powder along with

intra particle conduction. In the absence of X-ray diffraction

data, we could not confirm the amount of iodide and also there by

the extent of oxidation. In the case of Ni(bqd)_I show very
c. 0 . U1 o

less conductivity, than in Ni(bqd)_I- __. Thus the poor

conductivity observed in partially oxidised Ni(pqdH) I may be due

to the powder nature and insufficient oxidation.

2.3.3 E.s.r. Studies of Ni(pqdH) I :

Partially oxidised Ni(pqdH) I shows a sharp signal (Fig.2.8)

at g = 2.011, like in other reported partially oxidised

pp

complexes. This can be due to the lattice defects. The sharp

signal is the characteristic property of high spin exchange

interaction energy.

2.3.4 E.s.r. Studies of Ni(III ) complex of pqdH :

The crystalline black residue left in the reaction mixture,

in e.s.r. study revealed the presence of Nickel(III) species

(Fig.2.9). The three different g va1ues,(Table 2.4) shows that

the spectrum is rhombic in nature. The spectrum looks similar to

29

that reported by Kruger and Holms

This product is readily soluble In pyridlne. The frozen
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Table 2.4 X-band e.s.r parameters
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Compound

Partially
oxidised
Ni(pqdH)2

Residue

Residue in

pyr idine

Cu(PqdH)2

Cu(bqdH)

Temp.
K

298

298

128

298

298

g

2.011

gj = 2.071

g2 = 2.035

g3 = 1.994

g|( = 1-915

g = 2.026

g = 2.054

« , - 2 - 1 6 7

g = 2.054

A

A (N) = 20.0 x 10"4 cm"1

A = 173.1 x 10~4 cm"1

A = 28.77 x 10~4 cm"1



solution (128 K) pyrldlne adduct of this compound gives an axially

symmetric e.s.r. spectrum (Fig.2.10). The quintet super hyperfine

on parallel line Is similar to that observed In spectrum of

29

dipyrldlne adducts reported for other Ni(II I) complexes . The
2

analysis of g values ( g > g ) of this complexes shows that a d

ground slate is required for these conditions of the spectrum.

The A values (~ 20 G) are close to earlier reported Nickel(111)
. 30-37

complexes.

2.3.5 Electronic Spectra of Cu(pqdH)2 and Cu(bqdH)

The electronic spectra of Cu(pqdH) recorded (400-850 nm) in

Nujolmull shows a broad band at around 22.2 kK (Fig.2.5). In

the p.a.s. spectrum (Fig2.6) this compound is showing another band

at 20.6 kK in addition to 22.2 kK peak. Cu(bqdH) Nujolmull

spectrum (400-850 nm) showing (Fig.2.7) a weak shoulder at - 22 kK

and another at 20.0 kK. These two transition energies are similar

to the earlier reported values for many compounds of this type.

These transition energies (~ 20 kk) and (~ 22 kK) are attributed

2 2 2 2
due to B,, < B. and E < B, electronic transitions.

lq lg g lg

2.3.6 E.s.r. Studies of Cu(pqdH) and Cu(bqdH)

The room temperature X-band e.s.r. spectrum of solid

Cu(pqdH) shows a broad isotropic signal (Fig.2.11) at g = 2.054.

This is a typical spectrum of magnetically concentrated copper(II)

complexes.
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Fig.2.5 Deconvoluted electronic spectrum of Cu(pqdH) in Nujol

mull, showing component bands; experimental

spectrum; —————calculated spectrum.
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Fig.2 .6 P . a . s . spectrum of Cu(pqdH)
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Fig.2.7 Electronic spectrum of Cu(pqdH)2 in Nujol mull
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Microcystalline cu(pqdH) unlike its analogous pqdHL complex

showed a resolved hyperfine with 2 parallel lines (Fig 2.12.a) and

other two merged in perpendicular portion. The larger g value

and larger difference in A and A values (Table 2.4) confirms the

d 2_ 2 ground state. There Is no nitrogen super hyperfine
x —y

observed in the spectrum. This resolution of the spectrum

disappears upon grinding resulting in a broad line spectrum.(Fig

2.12.b) This well powdered sample upon storage form fine needle

shaped, golden coloured crystals- Under going solid state

crystalline. These crystals do not show any e.s.r. signal in

X-band at room temperature. However, the behaviour of the complex

has to be established in detail.

2.3.7 E.s.r. Studies of Copper doped Ni(pqdH) and (bqdH) at

different Concentrations

Copper could be doped in various concentrations into the

nickel host lattice, in the Ni(pqdH) and (bqdH) complexes. Both

the complexes exhibit similar e.s.r. behaviour at X-band at. room

temperature, showing that they are analogous compounds.

10% copper doped samples of Cu Ni(pqdH) and 25% Cu Ni(bqdH)

showed a well resolved 4 line pattern with nitrogen super

hyperfine splitting at X-band (Fig.2.13,14). There is no change

in e.s.r. parameters upon cooling to low temperatures. The

simulated values of the e.s.r. parameters are given in Table 2.4.

The analysis of e.s.r. parameters g|( > g^, A(| >> A (Table 2.5)

show that the spectrum is arising due to axially symmetric square
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Fig.2.8 X-band e.s.r. spectrum of partially oxidised

Ni(pqdH)2Ix at 298 K.
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Fig.2.9 X-band e.s.r. spectrum of residue showing Ni(III

species at 129 K.
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Table - 2.5 : E.s.r. parameters of copper doped Nickel complexes.

67

— 1
cm

Complex g(| g A Cu A Cu A N A N

Cu Nl(pqdH)2 2.128 2.033 0.0193 0.0027 0.0014 0.0017

Cu Ni(bqdH) 2.129 2.033 0.0196 0.0027 0.0014 0.0017



Fig.2.10 Frozen solution X-band e.s.r. spectrum of residue in

pyridine at 128 K.
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Fig.2.11 X-band e.s.r. spectrum of Cu(pqdH)2 at 298 K,
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Fig.2.12 X-band e.s.r. spectrum of Cu(bqdH) at 298 K (a)

microcrystalline sample (b) powdered sample.
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Fig.2.13 X-band e.s.r. spectrum of 10% Cu doped Ni(pqdH) at

298 K.

experimental spectrum

simulated spectrum
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Fig.2.14 X-band e.s.r. spectrum of 25% Cu doped Ni(bqdH) at

298 K.

experimental spectrum

simulated spectrum
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planar copper(II) species with d 2 2 ground state. The nine line
x -y

hyperfine showed on each signal are of similar nature and the A..
N

II, AN 1 values clearly state that, in the [CuN ] chromophore all

four nitrogens are equally coordinated in square planar D

symmetry. The values obtained from Q-band spectrum of this sample

are in support of the axial symmetry (Fig.2.15).

The increased concentration of Copper (5%, 25%, 30%) showed

continuous broadening of the signal (Fig.2.16) at X-band. This

indicates the dipolar broadenig, due to the interaction between

more and more copper sites available

2.3.8 THEORETICAL ANALYSIS OF E.S.R. SPECTRA

As discussed in the introduction of the Chapter (2.1)

copper(II) with [CuN ] chromophore forms a square planar complex

with D symmetry. The wave functions of the anti-bonding orbital

9
for a d system with D symmetry and the related spin

Hamiltonian, (eq.2) are discussed there in. The experimental

spin-Hamiltonian parameters can be related to the characteristics

of the electronic state of the system, by deducing the following

equations from the above mentioned Hamiltonian, taking second

order perturbations in to consideration.
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Fig.2.15 Q-band e.s.r. spectrum of 10% Cu doped Ni(pqdH) at

298 K.
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Fig.2.16 X-band e.s.r. spectrum of 50% Cu doped Ni(pqdH) at

298 K.
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where g = 2.0023 is the free electron g-value. The significance

of the various terms in the above equations are briefly discussed

below.

E , E_, E« and E are the energies of the appropriate molecular
J. £ %J 4

76

These quantities measure the deviation of the proposed

g-values from the free electron value. In an electronically

non-degenerate state (L = 0) the g-anisotropy arises due to mixing

of the excited state in to the ground state by spin-orbit

interaction. Using perturbation theory, and retaining only terms

in the first power of the interaction, these equations are given

by

(4)

(5)

where



orbitals and A Is the spin-orbit coupling constant. (-828 cm for

copperll). K and K are the covalency reduction factors which

are functions of the overlap integral, S and a quantity T, which

is related to the orbital angular momentum matrix elements of the

ligand part of the molecular orbitals

9
since A is negative for d system, equations (4) and (5) imply

that g and g will be greater than ge. g deviates from g due

to mixing of the I d 2 2 > state and g deviates from g due to& ' x -y °i e

mixing of I d > and I d > states into the ground state6 ' xz ' yz

derived from I d >. The deviation is proportional to the1 xy

spin-orbit coupling constant and is inversely proportional to the

energy separation between the ground state and the respective

excited states connected by the spin-orbit interactions. Equation

(6) implies that the anisotropy is reduced by covalent

delocalisation. It may be noted that spin-orbit coupling due to

ligand atoms is negligible due to the much smaller values of A (N

or 0).

(ii) A is the Fermi contact interaction constant and it is an

isotropic term contributing equally to A and A . This

interaction arises due to the presence of unpaired electron (spin)

2 2density, d> , (o), at the nuclei. <f> . (0) can be either dueJ spin spin
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to S contribution (4 S in the case of Cu) to the HOMO via

configuration Interaction or, more importantly, due to core

polarisation. In simple terms polarisation of the inner S-shells

takes place because the unpaired electron in 3d orbital ( A spin)

repels one of the two electrons (the A spin electron) in the

S-shell less than the other. In other words the exchange

interaction between the electrons having identical spin ( A Or a)

leaves a net 0 spin density at the nucleus. The contact

contribution is given as

where g and g are electronic and nuclear Lande factors and /3
e r e

and (3 are electronic and nuclear Bohr magnetons respectively.

For convenience, we define

It is clear that in the free atom or ion (i.e, in the absence of

covalency) accurate calculation for A = -Pk. Both 'P' and 'K'

can be obtained for atoms by unrestricted Hartree-Fock .Accurate

calculations for molecules are more involved and approximation

methods like X-ct have been used for the purpose with some
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39
success.

iii) AD is the dipolar contribution to hyperfine splitting and is

primarily responsible for the anisotropy in the observed

splittings. Its value depends on the d-orbital containing the

unpaired electron (For the present case/d 2_ 2 ground slate) we

have

2
Here again, covalency reduces the anisotropy due to the factor (3

(<1) in equation (11), and also due to the reduction in the value

of P. P is reduced by covalency because the d-orbital becomes more

diffuse due to reduction in effective nuclear charge of the metal.

iv) A and A are the first order corrections to the

hyperfine splitting due to spin-orbit interaction. These

correlations are related to the g- anisotropy by the following

equation.

2.3.9 Interpretation of e.s.r. parameters:

Using equation (3) the bonding parameters for the Cu

Ni(pqdH) complex listed in Table 2.5 have ben calculated and are

tabulated in the Table 2.6. As mentioned in the earlier part of
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Table - 2.6 : Calculated bending parameters of copper doped Ni carpi exes.8
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the discussion &.&? a n d c represents the c-bondlngs in plane and

2
out of plane parameters respectively. If 0 = 1.0, the

2
corresponds to total plane n bonding if |3 = 0.5, it is totally

covalent in nature. The values obtained in the present system,

£ =1.0 shows more ionic nature a bonding. From the total ionic

character in in plane n bond is clear that there is electron

delocalisation in out of plane TT bonding in the present case. The

large value of Ap (0.007 cm" ), than A (0.004 cm" ) shows that

the anisotropic contribution in the hyperfine interaction is more

than the isotropic part (A ).

The difference in A (193 G) and A (27 G) iS in accordance

with the above discussion. The K value (0.38) is also similar to

that observed in the usual copper(I) square planar complexes.

2.4 CONCLUSIONS:

1. The pratially oxidised Ni(pqdH) I complexes are falling in

to the semi conductors range.

2. E.s.r. studies of copper doped Ni(pqdH) and (bqdH)

complexes confirms the square planar geometry of these complexes.
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2.5 Abbreviations:

dpg : diphenylglyoxime

dmg : dimethylglyoxlme

pdqH : 9,10-Phenanthrenedionedioxlme

bqdH9 : benzoquinonedioxime

TMBP : tetramethylbenzoporphyrin

OMTBP : 1,4,5,8,9,12,13,16-octamethyltetrabenzoporphyrln
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C H A P T E R Ill



OXIDATION OF WATER BY Ce4+ IN PRESENCE OF MN(III.IV) COMPLEXES

FORMATION OF MnO4~ AND INFLUENCE OF COUNTER IONS

3.1 INTRODUCTION:

Oxygen evolution by di-/i-oxo bridged binuclear manganese

complexes during water oxidation is a current research topic

gaining much attention. The understanding of this mechanism

might play a key role in the synthesis of synthetic leaf. It

also helps to the technological development in the field of solar

energy conversion to chemical energy. Oxygen evolution in the

presence of excess cerium(IV) ions when di-fi-oxo bridged

binuclear manganese complexes suspended as heterogeneous system,

was reported by Ram Raj et al. Many reports are there in

literature about the oxidation of manganese(11 ) by cerium(IV) and

2-5

the kinetic studies of this process was done in detail. There

are reports about evolution of oxygen from water on oxidation by

permanganate. But so far to the best of our knowledge there is

no report about the stabilisation of higher oxidation state of

manganese (> MnlV) by cerium(IV) and the formation of any

permanganate ion during the process of water oxidation. During

our attempt to develop a mechanism for oxygen evolution, and

quantitative measure of oxygen evolved during oxidation of water

by cerium(IV) in the presence of binuclear manganese complexes as

heterogeneous system, it is noticed that MnO is formed in

varying amounts depending on the concentration of the solution

and the counter ions present. Some results on these aspects are

presented in this chapter.
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3.2 EXPERIMENTAL:

3.2.1 Chemicals:

The starting materials used for the preparation of ligands

are either bought from Aldrich or Fluka. Other solvents and

common chemicals are of reagent grade or better quality. All the

organic solvents are purified by standard procedures described in

Vogel. Ether is stored over and sodium, pyridine over potassium

hydroxide pellets. DMF is distilled under vacuum in dry nitrogen

atmosphere and stored over type 4A molecular sieves.

3.2.2 Preparation of the Manganese complexes with 2,2'-bipyridine

and 1,10-phenanthroline

All the di-ji-oxo complexes of manganese complexes with phen

and bipy ligands are prepared according to the earlier reported

V R

procedures. ' In the place of perchlorate salt, ammonium

hexaf lurophosphate (Fluka) is used in PF complexes to salt out
D

the complex.

3.2.3 Preparation of Substituted Complexes:

Py and DMF substituted complexes are prepared by dissolving

complexes to make a saturated solution in these solvents. The

filtrate is allowed to stand for seven days in a desiccator free

from moisture. Then the solution changed to red colour. This

red coloured solution was precipitated by the addition of ether
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in the case of L = phen complexes and ethylacetate in L = bipy

complexes. The brown solid separated from the mother liquor is

filtered off, washed with small amounts of ethanol and dry ether

and dried in vacuum. The i.r of the complex is recorded and

checked with the earlier reports.

3.2.4 Experimental conditions maintained for oxygen evolution

studies:

For oxygen evolution measurements, 200 mg of complex is

suspended in 10 ml of (9.12 x 10 M) 50% cericammoniumni trate

solution. The experimental set-up used for the quantitative

measure of oxygen evolved is shown in Fig.3.1. A simultaneous

blank experiment is carried out under similar conditions and the

volume of oxygen evolved is corrected. By connecting another

chamber having alkaline pyrogallol to reaction chamber, the

evolving gas is confirmed as oxygen, which turned colourless

pyrogallol to black. Water level in the set-up remained

unchanged, as long as pyrogallol chamber is intact.

3.2.5 Experimental conditions for kinetic studies and optical

spectral studies:

The solutions used for kinetic studies and optical spectral

experiments are prepared by standard flask and burettes of grade

A quality. A standard solution of manganese perchlorate of 1.5 x

• -210 M concentration is made and kept as a stock solution. The

same solution is used in all experiments and diluted accordingly

as per required concentration. While doing time drive (TDRV)
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scans In the kinetic studies, stop clock Is used to note the

exact lag time between actual starting of reaction and the

starting of TDRV scan. Glass distilled water is used for making

u

standard solutions. P of the solutions are maintained with pH

meter.

3.2.6 Physical measurements:

Infra-red spectra are recorded on Perkin Elmer (Model 1310)

IR spectrophotometer. Kinetic studies are carried out in Perkin

Elmer Spectrometer (LAMBDA-3A). Some of the optical spectra are

recorded on Schimadzu-200S double beam spectrophotometer. All

weighings are done on a single pan Metier-balance.

3.3 RESULTS AND DISCUSSION

3.3.1 Oxygen evolution studies on di-^-oxo bridged Manganese

Complexes:

When Mn - Mn complexes are subjected to oxygen

evolution studied, it is found that in the presence of excess

cerium(IV) ions, all parent complexes of bipy and phen /j-oxo

dimers, the DMF and Py substituted complexes give oxygen. The

amount of oxygen evolved is found to be different for different

complexes. Thus when these manganese complexes suspended in

cericammoniumnitrate solution of concentration (9.12 x 10 M),

oxygen gas starts bubbling out of the surface of the solid

suspended. These solutions are not subjected for any agitation.

The reaction mixture turns reddish as soon as the complex is

90



added. The optical spectrum recorded for this solution after

aging for 24 hr showed the presence of permanganate (MnO ~) bands

(Fig.3.2a; 3.2b; 3.2c). When cericammoniumsulphate is used in

the place of cericammoniumnitrate and the oxygen evolution

studies are carried out, there is no gas evolution and the

solution did not show any evidence of permanganate band in

optical spectrum. Cerium(IV) concentration in the two solutions

made by cericammoniumnitrate and cericammoniumsulphate salts are

maintained 0.2 M and 200 mg of the same manganese complex is used

for the comparative oxygen evolution studies. The solution

containing cericammoniumnitrate gave 6.5 ml of oxygen, the other

solution did not give any oxygen. The rate of which oxygen is

evolved from different complexes is tabulated in Table 3.1. It

is found that the rate of oxygen evolved depends on the

IV -1

concentration of Ce ions,( 9. 1 x 10 M solution is found to be

ideal concentration.). It is also observed that the Py and DMF

substituted complexes gave oxygen rapidly in the beginning and

the process is slowed down over a period of time (~ 10 hr). The

DMF substituted complex evolve oxygen more rapidly than pyridine

substituted complexes but for a short time (~ 5 hr). It is also

observed that when the Ce( IV)solution is replaced with a fresh

solution, the gas bubbles out again at the same rate, but after

two to three replacements the compound becomes inactive. The

PF anion complexes give less oxygen than CIO anionic

complexes. These experimental results reveal that there is

formation of MnO species in the due course of the reaction.

Which is possible only at certain potentials. The potentials are

maintained by certain anions like NO , CIO where as sulphate

is not providing the required potential. But the role of MnO
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Table 3 J Wolune of oxyaen evolved from different Hn111 • Hn1V ccnplexes in the presence of ceriutflV) salts.
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in the oxygen evolution is ambiguous. The results are also

suggesting that the oxygen evolution is depending on several

factors like symmetry around the metal centre, grain size,

temperature, Ce(IV) concentration etc. But all these factors are

yet to be established in detail. During this course of studies

the notice of MnO , demanded our attention towards that. Hence

we analysed the causes and conditions for the formation of MnO

ions.

3.3.2 Optical spectral and kinetic studies of the permanganate

ion (MnO. ) formation in the reaction between eerie salts and
4

Manganese(II) salts:

When the manganese perch]orate is added in small amount to

the solution of cericammoniumnitrate, it turns to purple red.

This solution showed the bands of MnO in ligands like bpy and

phen to this solution did not affected the spectrum.

When cerium(IV) salt is added to water the solution gave pH

of - 1. Under these pH conditions the rate of formation of MnO

was slow (Fig3.3a), it took around 12 hr for the total amount of

manganese (11) to get converted to MnO . Hence we observed slow

increase in the intensity of the bands with time (Figj3b). The

w..ll resolved spectrum of MnO is observed only after 24 hr

(Fig3-3c). When the same solution is allowed to age, slow

decrease in MnO band intensity (3.1d) is observed and finally

the spectrum becomes flat totally (3-3e). This might be due to

the total conversion of cerium(IV) to ceriumUII) which can not

stabilise MnO species. Therefore in order to stabilise MnO ,
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Fig.3.3 Electronic spectra showing the formation of MnO ~ band

in water medium from [Ce(NO.)c ](NM ). and Mn(ClO.)_.

Changes in the band intensity with aging are shown (a)

initial (b) after 11 hrs (c) after 17 hrs (d) after 49

hrs (e) after 96 hrs.
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excess cerium(IV) should be present in solution. This problem can

be solved by making cericammoniumnitrate solution in acid medium

using IN nitric acid (HNO ). This solution showed a pH of 0.3.

Solution remained stable for long time and did not precipitated

cerium(III) by hydroxide or polymer. The presence of acid is

also found to help in the complete conversion of Mn > MnO

in a short time compared to acid free solution (Fig. 3.4). The

MnO formed this way are stable even after 8 months. The

4+ 3+
presence of excess NO ions raises Ce /Ce potential In the

presence of nitrate medium Ce /Ce potential E =1.61V, whereas

in sulphate medium is found to be 1.44 V. The potential

required for Mn MnOa equilibrium to exist is reported as

1.52 V. This shows that the presence of SO ions in the

medium reduce the potential and thus may not lead to the

formation of MnO formation. Further the low pH also prevents

the hydrolysis of Ce4+. (Table 3.2)

The kinetic study of these reactions revealed that the rate

of the reaction is too fast for our method - the system reaches a

steady state with in 2 minutes (Fig.3.5 and 3.6). Since it is a

5 electron oxidation the reaction must be following a step wise

electron transfer but the other oxidation states are so short

lived that we could not trace their presence in the optical

spectrum. Where the same reaction is carried out with eerie

ammoniumsulphate in sulphuric acid maintains same pH 0.3, there

is no sign of MnO. formation, but the brown turbidity is noticed

2~ —
in the solution. However, when the SO is replaced N0,_ by the

addition of bariumnitrate the solution changed to MnO colour

and gave identical MnO spectrum.
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Table 3.2.Effect of ceriun (IV) concentration on the rate of formation of Ht), species

8 (NH,), [C^NO,), and Kr(Ciri )2 are used to make solutions in 1N

% conversion of l*i to WC, based on £ is given in brackets.)
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Fig.3.7 X-band e.s.r. spectrum of Mn(III,IV) complex formed at

low concentration of Co(IV) ions. At (a) 294 K. (b)

124 K.
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When in the place of manganese perchlorate, manganese

acetate and manganesesulphatae are used in the presence of eerie

ammoniumnitrate, the same kind of MnCL band is observed in
4

optical spectrum in the visible region. This makes it clear that

driving force for the formation of MnO ions is the potential

-2
supplied by the large excess of NO ions (9.12 x 10 M). In

such a high concentration of NO ions, very small amount (3.14 x

10~4 M) of CH C00~, SO 2~ are not much effective in affecting the
-J ft

overall reaction process.

Formation of MnO is dependent on cerium(IV) concentration.

When concentration of Ce(IV) is nearly 100 times (9.12 x lO"" M)

2+ -4
greater than the Mn " (3.14 x 10 M) in the presence of IN HNO

at about 0.3 pH nearly 95°/. Mn +converted to MnO ~ (Fig. 3.5)

-4
where as cerium(IV) (9.12 x 10 M) concentration is nearly made

equal to Mn2+ (3.12 x 10 M) a turbidity is formed (Fig. 3.6).

Manganese acetate with three times excess of cericperchlorate at

pH ~ 1 in the presence of ligand gave a solid, the powder e.s.r

spectrum of which showed a single line at g - 2.0. This may be

because of Mn(III.IV) dimeric complex. (Fig. 3.7).

3.4 CONCLUSIONS:

1. The parent and substituted Mn(III.IV) manganese complexes

are found to be catalytically active towards the water

oxidation in the presence of strong oxidant like cerium(IV).

2. The rate of oxygen evolution depends on the concentration of

cerium(IV) ions in the medium.
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3. MnO. ion formation is possible only at certain potentials,

which can be maintained only by certain anions like NO and

CIO where as the presence of SO prevents the MnO.

formation.

4. In addition the low pH of the medium prevents the hydrolysis

4+ 3+
of Ce ions to Ce

5. Only those solutions in which MnO is formed are evolving

the oxygen. Which conforms that MnO formation during the

water oxidation is essential, but their presence further

complicates the mechanism of water oxidation.

3.5. Abbreviations:

Phen :1,10-Phenanthroline

bipy :2,2'-bipyridine

Pic :/3-Picoline

DMF :Dimethylformamide

Py :Pyridine
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C H A P T E R - I V



ELECTRON SPIN RESONANCE AND MOSSBAUER STUDY OF HIGH-SPIN

-LOW-SPIN TRANSITIONS IN RED AND VIOLET FORMS OF

[Fe(Phen)2(NCS)2]

4.1 INTRODUCTION:

The phenomenon of thermally driven spin crossover or spin

transition in various complexes of the transition metal ions with

4 7
d to d configuration has received considerable attention in the

last few years. A detailed survey of this problem has been given

in review articles by Martin and White , Goodwin, ' Gutlich,

4 5
Bacci and Toftlund.

Spin crossover or spin equilibrium is observed in such

systems having cubic symmetry (octahedral symmetry) where |A-P |

may be comparable to KBT. In the cubic ligand field there is

4 2
possibility for two ground stater., (1) high spin state t e

and, low spin slate(t )

For 5T ground state A < 5/2B+4C

where B and C are Racah parameters. The spin state of the

complex changes from one spin multiplicity to another when the

ligand field changes slightly from the critical value (AC = P).

At this crossover point the ligand field strength is equal to the
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sum of the charges In coulombic repulsion (P ) and quantum

mechanical exchange energy (P ). Orgel6 determined the values of

P and P for free metal ions of first row transition metal ions
c e

in Oh symmetry. But Konig et. al derived the values for

complexes from electronic spectra and found that the values are

about one third of the values of orgel. This shows that upon

complexation the Racah parameters reduce considerably.Which may

be due to the ectron delocalisation towards 1igand,leading to

the reduction in the inter-electronic repulsion.

The mechanism of spin crossover is discussed by different

authors in different ways. In terms of thermodynamic concepts

the relative stability of the two different spin states

constituting the equilibrium

LS HS

is determined by the free energy changes

AG = G(HS) - G(LS) = AH - TAS

But at low temperature AH (enthalpy) dominates AS(entropy)

change. The AH and AS are due to various contribution

accompanying the spin transition. They can be represented as
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AHel is the enthalpy change associated with the spin transition

which is nothing but the energy separation between the lowest

energy level in the cubic field of LS and HS states of the

compound. Usually AH > 0 for LS and it is the largest

contributions in eq. (1) compared to other terms. Similarly AS

comprises of AS . and AS . Since the spin crossover

systems have exactly cubic symmetry, AS ° r can be

neglected. Hence, when

At transition temperature (T ) AH and TAS are of equal magnitude

and thus gain in entropy drives the system from LS to HS.

Sorai and Seki suggest that spin crossover occurs through

a cooperative coupling of the electronic state and the phonon

system i.e., the conversion of electronic state occurs

simultaneously in a group of molecules the so-called cooperative

region whereas Kambara in his model based on the static

treatment of the intramolecular distortion, described it as the

coupling with the lattic strain accompanying the cooperative

intramolecular distortion. The cooperative behaviour of the spin

transition in the solid state requires the interaction mechanism

between HS and LS complex molecules. Several mechanisms have

been proposed (i) coupling to lattice vibrations induced by the
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Debye temperature 6 of the lattice. On the HS fraction,10 (il)

Jahn-Teller type distortions of HS/LS ions,11 and (lii) elastic

interaction between the HS and LS complex molecules via the image

pressure ' . It is known that the spin change is accompanied by

a pronounced change of the metal, ligand14'15 bond lengths in the

first coordination sphere. Recently it has been shown that the

important features involved in the spin transition of

Fe(2-pic)3Cl2 EtOH 13>16 and Fe(2-pic)3Cl2 MeoH17 can be

1 8

explained based on the elastic theory. But Hendrickson and
1 ft

coworkers based on their experiments put forward a different

mechanism which states that spin transitions involve the

formation of small homogeneous regions (domains) of minority spin

molecules in the crystallites of majority spin molecules.

Nucleation and growth of a minority spin domain occurs only when

it attains a critical size, which strongly effects the

experimental results.

The transition or crossover can be broadly classified in to

two types (1) discontinuous (abrupt) transition, which occurs at

a well defined transition temperature, T eg Fe(^hen) (NCS) or

(2) continuous (gradual) transition which takes place over an

extended range of temperature.for example in (Fe(2-pic) )C1

EtOH. The first example of spin crossover was found by Cambi and

his coworkers in the early thirties. By now many more

complexe systems have been discovered, particularly in the

complex chemistry of Fe(II), F e d II), and Co(II).

In the Fe-phen systems47 Fe(f»hen) )NCS) and Fe(^hen)
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(NCSe)2 show very abrupt transitions in a short range of

temperature. This change is associated with a phase transition.

The substitution on Phen- changes the spin crossover behaviour.

(4,7 dimthyl-1, 10-Phen)2Fe showed a sharp transition, but most of

the substituted Phen- like 4-methyl, 4-chloro, 4-cyano -1,10-Phen

show spin transition over a broad range.2 In bis 2-substituted

phenanthroline incorporation of a substituent like

carboximido,carbothioimido brings about spin-state changes.In

these complexes O-bonded are high spin while S-bonded are low

spin at room temperature Retention of a fraction of high spin

species is a general phenomenon associated with J A.

transition in Fe(II). But tris(2-methoxy-Phen) Fe{11)(ClO^ ) 5 T 2

A transition occurs almost completely unlike in

[FeCMe-t'hen),,] , which may be due to the difference in

electronic and steric factors of methyl and methoxy groups.

Thus Reiff and Long18 suggested that the substi tutents in the

position adjacent to donor atom affect much more than in other

positions and along with the spin orbit coupling and covalency,

the steric effects also adds to the ligand field effects in the

spin transition.

Complexes with substituted bipy derivatives showed T

A crossover over a wide range of temperature.Usual ly when one

or two bipy replaced by py shows abrupt spin crossover. Madeja

et al21 found that in Fe(pip)2(NCS)2 shows T2 A] (Oh) spin

transition whereas Fe(pmi) (NCS) show no spin crossover. This

may be due to temperature dependent steric hindrance effect in

case of large isopropyl substituent compared to the much smaller
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methyl group in pmi complex. Goodgame and Machado22 studied spin

transition of two forms of Fe(Pyiml) prepared by two different

methods and found that spin states are sensitive to method of

preparation.

Kelly et al studied the five co-ordinated complexes of the

type M(pnp)X2, M(pnp)XY, (M = Fe(II), Co(II), Ni(11 ) ).( X *

Cl",Br", i", y = NCS~). M(pnp)X2 (X=C1~, Br~I~) remained high

spin in the temperature range 293-93 K, where as Fe(pnp)I and

5 3
Fe(pnp)NCSI showed temperature dependent E(D ) A(D )

Oil *JJl 1

2 4
transition. They also observed temperature dependent E? A

transition in Co(PnP)Br 23 !A 3E transition in

Ni(Pnp)Cl ,23 Tripod systems like FeN P I and FeNP I show

S=2...S=1 crossover.24 Fe(HB(Me-Pz) ) exhibit temperature

dependent 5T ]A (Oh) smooth transition, while Fe(HB(Pz) ) ^

exhibit no spin transition. In the case of [Fe(bt) (NCS) (T ~

180 K) and Febt(NCSe) (T ~ 200 K), a very sharp temperature

5 1 27

dependent "" T A (Oh) transition is observed. This is a

striking example where we see difference in T between NCS and

NCSe which is usually not observed. This may be due to the

slight reduction of basicity of N-atom going from NCS to NCSe .

FE(bt) (NCS) also stands an example for the abrupt transition

followed by hysteresis. Among the phosphine complexes,
2-

[Fe(dippen)] is the first and only example for spin
31 32

crossover. [Fe(6MePy)(Py) tren](PF ) is a pseudo-octahedral
1 2

FE(II) complex found to exhibit A T equilibrium.

[Fe( IsoxazoleK ]X_ is the only complex of the (Fe L, ) type
b Z. b

exhibiting a sharp spin crossover at 212 K . Eibschutz
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investigated substitutionally iron doped layer-chalcogenlde

material lT-Fe^Ta^^S with iron concentation, X < 1/3 by

magnetic susceptibility and Mossbauer technique and found to

exhibit A^ 1^ (Oh) gradual transition over 200 - 500K

temperature range and found that with increasing X concentration,

transition temperature range also moves to higher temperature and

named this as metalo-organic Fe(II) spin-crossover.36 In

[Fe(P4)X]BPh4 where P4 is a tetradentate ligand,and (X=Br~,r)

Bacci found singlet triplet transition.

Solid state effects also leads to spin crossover lattice

effects and solvent effects can be considered, under this

category. Some times upon aging for a long period, due to some

slow lattice modifications spin transition is observed.

Fe(Phen) (NCS) 38 show this type of 5T — *A transition. It

is found that the ground state properties of the (Fe(2-Pic) ]C1 .

Solvent, are very much dependent on the crystalisat ion solvents

Mono hydrated molecule show very large hysteresis over a range of

temperature (T = 204 K for cooling and T = 29 K for heating).

This may be due to the combined action of hydrogen bonding and

changes in relevant phonon systems due to different geometrical

packing. Usually A will be the ground state when ethanol,

methanol, and H90 are used as solvents. They exhibited different

crystal packing and magnetic behavior with these three different

39—42

solvents. Mikami et al. found an orientational disorder in

ethanol solvate crystals. The variation of orientational ground

state population with temperature variation is correlated with

spin transition. Deuteration of the solvent of crystalization
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affects the spin transition. Goodwin and co-workers studied

the effect of water of hydration on the spin state in

[Fe(Pyben)3](BF4)2nH2O and found that the more the lattice water

present the more facilitated will be the hydrogen bond formation

which in turn will be the cause for increasing acidity of the -NH

group and along with it the increased strengthening of the metal

ligand a- bond, as a result ligand field strength Increases there

by favouring low spin state. In the systems Fe M (Phen),,

(NCS)2 (M = MN, Co, Ni, Zn), metal dilution favoured the HS state

when Fe is the host lattice and M is the dopent. But when M Is

the host and Fe is the dopent then LS state is favoured. The

behaviour of metal dilution in the Fe system proved the

a

cooperative domain formation as suggested by Sorai and Seki.

The formation of a red compound of Fe(Phen) (NCS) with LS

component at room temperature and HS at LT was prepared and a

detailed study of this inverse spin crossover system was carried

out by first author.

Various techniques have been used to study the spin

transition phenomenon, like, i.r, Optical spectroscopy, magnetic

susceptibility, Mossbauer and magnetic resonance studies. Since

~13
the period of nuclear oscillations are of the order of 10 S the

separate existence of the two spin states should be revealed in

the i.r spectra. In the i.r spectra of Fe(Phen)2(NCS)2 they

found a shift of ~ 40 cm in CN band frequency from RT to LNT.

The frequency shift is indication to the n back bonding effect of

Fe-NC^hen) which in turn results in the delocalization of the

electron from C-N bond of NCS to make up the t electron
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deficiency at the Fe(II).

The spin transition behavior is widely studied by magnetic

susceptibility measurements. The applicability of this method

lies in the fact that the large difference exist between the

magnetic moments of the high spin low spin states. LS is

diamagnetic and HS is paramagnetic. By the application of

Vanvleck equation to Boltzman distribution over sixteen levels

leads to an expression.

j v , h h h w 2. .1/2
"eff = <nK+(*xx +*yy +*zz U »B A }

where x is the susceptibility tensor of the high spin, n is the

Bohr magneton,A is the Avagadro number. But they could not

explain the discontinuous temperature dependent magnetism in

Fe(Phen) (NCS) system involving phase transition.

The X-ray technique was also used to find out existence of

two spin states in spin crossover systems. In a recent paper by

46

Gallois et al reported that there is a difference between the

structure of the two spin stateSbut have yet to develop relation

between the lattice changes and structural differences.

Mossbauer spectroscopy is an effective tool in the study of

spin crossover phenomenon of Fe systems. The preffered

application of the Mossbauer effect rests on the fact that in the

spectra, high spin and low spin state ions are resolved

separately due to the ( difference in Isomer shifts and
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quadrupole splittings, and in addition this resolution Is subject

to the long relaxation time (> 10~7 sec) between the high spin

and low spin state. Konig and Madeja found47'48 that

Fe(£hen)2(NCS)2 and Fe(f>hen)2 (NCSe) at 293 K showed A EQ ~ 2.6 m

ms and 6 ~ 1.0 m ms . At 77 K AE^ ~ 0.2 - 0.3 and 6
l s° Q lso

0.35 m ms . This is the typical value for HS and LS

respectively.

Very few e.s.r. studies of spin crossover have been carried

49

out so far. Rao et al has followed the spin transition

behaviour in the Fe(f>hen) (NCS) and Fe(Pic)3Cl2 EtOH with the

help of e.s.r. by putting Mn as impurity in Fe lattice. Low spin

Fe(II) is diamagnetic and high spin Fe(II) is usually e.s.r.

silent as it has very high Zero field splitting. The short

relaxation time of T state of Fe(11 ) remove the dipolar

broadening caused by the paramagnetic neighbors in the lattice.

So it should be possible to follow the behavior of the

paramagnetic impurity in the lattice during spin transition. In

these studies they found that in the case of Fe(Wc) Cl EtoH and

1% Mn doped sample showed the presence of high spin state at RT

and e.s.r. spectrum show a well resolvd hyperfine splittings.

The change in e.s.r. line width at low temperature revaled that

spin transition occur in the Fe (11) simlar to the bulk

lattice and there is no change in E and D parameters. They found

continuous temperature dependent spin transition. In the case of

low spin state e.s.r. spectrum is not resolved. Oliver Kahn and

coworkers investigated spin crossover phenomenon in

Fe(NCS) (btr) H 0, using Cu as e.s.r. probe in the Fe(II)



lattice. He found that the system is diamagnetic (low spin)

below Tc and paramagnetic (high spin) above T . In the

paramagnetic phase e.s.r. signal is poorly resolved, a very weak

signal at g = 4.7, 3.4 is observed. This may be due to the

exhange broadening. At temperature below T (144.5 K = T A, 23.5

c c

K = TcV) a well resolved spectrum due to the magnetically

isolated Cu(II)is observed. McGarvay and coworkers51 studied

spin transition in Fe(C.HoN_So)(NCS)_
51 single crystal and in

D o tL Z. Z.

Fe(ptz) (BF ) using MN.Cu as e.s.r. probes. We were

indepedently pursuing the e.s.r. work on Cu doped Fe(11 ) spin

crossover systems when the above two publications appeared. Our

results on the Fe(Phen) (NCS) system is presented in this

chapter.

4.2 •• EXPERIMENTAL:

4.2.1. Chemicals:

The starting material for the preparation of ligands are

either bought from Aldrich or Fluka. Other solvents and common

chemicals are of reagent grade or better quality. All the organic

solvents are purified by standard procedures described in

Vogel53. Acetonitrile is stored over Type 4A molecular sieves.

4.2.2. Synthesis of red form of Fe(Phen) (NCS) :

A number of synthetic procedures for preparation Fe(Phen)^

45 54 55

(NCS) have been reported in the literature. ' ' As pointed

out by Gutlich et al. the complexes and the temperature
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dependence of the spin-crossover phenomenon of these complexes

appear to depend not only on the quality of the solid obtained

but also on the subsequent treatment of the sample prepared.

In the present study aqueous procedure of Schilt and

Fritsch was adopted with slight modification. 0.003 mole (1.18

gm) FeS04(NH4)2S04 6^0 (Aldrich 99.99% pure) is dissolved in 50

ml of distilled water. 0.006 mol (1.190 gm) of Phen. Is

dissolved in 100 ml of distilled water by acidifying It. with 1 ml

of 6M H So To the clear ligand solution Fe (11 ) solution is

added drop-wise with constant stirring. To the red coloured

solution obtained 10 ml of saturated potassium thiocynate

solution is added drop-wise. The red precipitate obtained is

immediately filtered with out any aging and this is dried in

vacuum, stored in desiccator over silica gel.

4.2.3. Preparation of the Cu + doped red-form of Fe(Phen) (NCS) :

0.00012 moles of (30 mg) CuSO 5H 0 and 0.003 moles (1.18

gm) of FeSO (NH ) SO 6H 0 are dissolved in 50 ml of distilled

water. 0.006 mol (1.199 gm) of Phen. is dissolved in 100 ml of

distilled water acidified with 1 ml of 6M sulphuric acid

(concentrated). The Cu /Fe mixed solution to the ligand. The

red coloured solution formed is precipitated by adding 10 ml of

saturated potassium thiocynate. The residue obtained is filtered

off without any aging. The solid obtained is dried in vacuum and

stored over silica gel in desiccator.
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2+
4.2.4. Preparation Mn doped red form of Fe(Phen) (NCS)

0.003 moles of FeSC>4(NH4 )2SC>4.6H 0 (1.18 gm) and 0.00012

mol oi M n S O ^ O (20.3 mg) are dissolved in 50 ml of distilled

water. 0.006 mol (1.198 gm) Phen. is dissolved 100 ml of

distilled water by acidifying it with 1 ml of 6M sulpurlc acid.

2+ 2 +
The mixed Mn /Fe solution is added to ligand solution

drop-wise with constant stirring followed by the addition of 10

ml of saturated potassium thiocynate. The red precipitate

obtained was filtered off immediately with out aging. This was

later dried in vacuum and stored over silica gel in a desiccator.

2+
4.2.5. Preparation of single crystals from pure red-form and Cu

doped red-form Fe(Phen) (NCS) :

Pure red-form powder and copper and manganese doped red-form

powders are dissolved in acetonitrile solution. To the filtrate

obtained distilled water is added in 6:1 ratio (6 parts

acetonitrile 1 part water). This solution is allowed for slow

evaporation in the acetonitrile atmosphere. After 7-10 days

reddish brown crystals of hexagonal plates appear in the

solution. The manganese doped red-form crystal when checked for

the manganese, did not show its presence in e.s.r. Hence it

looks during the process of crystal growth manganese is not

getting doped into this form,whereas copper could get doped.
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4.2.6. Preparation of violet forms of the Fe(Phen) (NCS)

complexes from red-forms:

The red form of Fe(Phen)2(NCS)2 prepared is dissolved in

acetonitrile and stirred for half an hour. Then the solution

filtered off and the residue is kept for slow drying. The

residue looks deep violet in colour and gives a violet streak on

the tile. This compound is stored over silica gel in desiccator.

The i.r spectra of all these samples are recorded (table

45
4.1) and compared with earlier values reported by Maddock.

4.2.7. The C.H.N Analysis:

The C.H.N analysis of pure red-form of Fe(Phen)2(NCS)2 is

fitted to the formula [Fe(Hien) ] (Fe(NCS) ](NCS) 3H20. The

details are given below:

Theoretical : C = 56.737., H = 3.30%, N = 15.27%, Fe = 10.15%

Experimental : C = 56.9%, H = 2.94%, N = 15.16%, Fe = 10.28%

Reported by Maddock and co-workers : C = 56.75%, H = 3.30%,

N = 15.5%, Fe = 10.15%

C,H,N analysis data of the red form crystals is fitted to the

formula [Fe(Phen)3(NCS)2.2H20. The values are given below:

Theoretical : C = 60.97%, H = 3.8%, N = 14.96%, Fe = 7.46%

Experimental : C = 60.62%, H = 3.23%, N = 14.97%, Fe = 7.36%
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4.2.8. Physical Measurements:

The i.r. spectra are recorded on Perkln Elmer 297 or 1310

spectrometer as JCBr pellets. Mossbauer spectra are recorded

employing a constant acceleration Elsclnt drive in conjunction

with a multi channel analyser (promeda) and sodiumnitropruside is

used as standard. Low temperature measurements are made by

mounting the sample on the cold finger attached to the liquid

nitrogen dewar. The temperature Is measured using a thermo-

couple.

A JEOL FE-3X e.s.r. spectrometer is used for recording

X-band e.s.r. spectra in the solid state and DPPH is used for

calibration. Low temperature measurements are made using a

variable temperature accessory employing, controlled boll off of

nitrogen from a dewar. C, H, N analysis is done on Perkin-Elmer

240 C analyser.

4.3.0. RESULTS AND DISCUSSION:

4.3.1. C,H,N analysis data of the red form powder and crystals of

Fe(t>hen)2(NCS)2:

The C.H.N data of the red form powder Fe(^hen) (NCS)

complex obtained are given in the experimental section (4.2.7).

The data fits well to the formula [Fef^hen)^ [Fe(NCS)4] (NCS)2

3H 0. These values are similar to those reported by Maddock and

coworkers45 to the same formula of the compound. But the C.H.N
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data for the red crystals obtained from the red powder on

crystallisation from the acetonitrile and water medium Is found

to be different. The C.H.N data of the crystals agrees to the

formula [Fe(t»hen) (NCS)..2H_0. Fe(phen)_(NCS)._. 2HJ3 has been

prepared first in 1966 from a totally different route.58 To our

knowledge ours is the first preparation of the complex in

crystalline form and no crystal structure is available at

present.

4.3.2. I.r. spectral data of various forms of Fe(Phen) (NCS) :

I.r. spectra are recorded at. room temperature for different

forms of FetF'hen ) 9 (NCS)- doped and undoped complexes. The

spectra are analysed mainly in two regions (1) 2150-1950 cm and

(2) 900-600 cm region. Red and violet forms of the doped and

undoped complexes of Fe(F'hen) (NCS) gave very intense some what

broad band in the region 2000-2040 cm It shows the presence

of two to three unresolved bands. All these bands are comparable

45

to the earlier reports. The i.r spectra also show bands similar
45

to the previous reports , in region of the spectra which gives

the characteristic features of the compound (900-600 cm )

(Fig.4.1). The red form shows no absorption at 640 cm and a

very weak shoulder at 865 cm . But the cls-compound show

medium-strong absorption at these frequencies. These two bands

are sufficiently Isolated and can be used to detect mixtures of

the two compounds. The absence of band at 637 cm Is adopted

almost as a criterion of purity of the red compound. At 840 cm

a very strong absorption is showed by both the forms. A sharp
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900 800 700 600
wavelength (cm )

Fig.4.1C I.r. spectra of Fe(then)3(NCS)2.2H2O crystal

(a) pure form and (b) Cu doped.
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Fig. 4. IB I.r. spectra of pure Fe (fchen) 2 (NCS) 2 (a) red form and

(b) violet form.
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123

?19.4.1A I.r. spectra of different powder forms of

Fe(t>hen)2(NCS)2 (a) Mn doped red form (b) Mn doped

violet form (c) Cu doped red form and (d) Cu doped

violet form.
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and medium strong band at 807 cm in low spin

cls-Fe(Phen)2(NCS)2 at 88 K observed is due to y(C-S) stretching.

In all the compounds this band is seen as very weak broad band In

that region. The copper and manganese doped red and violet forms

of the Fe(Phen) (NCS) complex has showed no differences with

pure complexes in the i.r. spectra at room temperature. The l.r.

spectra of the crystals obtained from red form powder samples

upon crystallisation are matching with the red form powder

spectra. The data also matches with the most of the strong bands

in [Fe(Phen) ](NCS) 2H 0 spectra reported by Duncan et alSB.

Thus the i.r. data reveals that the presence of dopent in the

lattice does not affect the i.r. spectra. In spite of the

differences in C,H,N data the crystals and powder samples give

similar i.r. spectra.

4.3.3. The Mossbauer spectral data of the different forma of the

pure and doped complexes of Fe(Phen) (NCS) :

Mossbauer spectra of different forms (R.F. and V.F. ) of

powder Fe(phen) (NCS)- (Fig.4.2, 4.4) and their copper doped

samples (Fig. 4.2) are recorded at 298 K and 77 K. The pure and

copper doped crystal forms of Fe(Phen) (NCS) are also subjected

to Mossbauer studies at 298 and 77 K (Fig. 4.3). All these

spectra are showed in Figures 4.2, 4.3 and 4.4. The &ic.o
 v a l u e s

with respect to soft iron and AEq values for all these samples at

room temperature are tabulated in table 4.2. Accurate parameters

could not be obtained from the low temperature spectra due to

poor quality of the spectrum. The fittings are therefore
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<lg-4.2 Mossbauer spectra of powder Fe(fchen)2(NCS) pure red

form at (a) 298 K (b) 77 K and copper doped red form at

(c) 298 K (d) 77 K.
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fig. 4. 3 Mossbauer spectra of crystalline Fe(t>hen) (NCS) .2H 0.

pure red form at (a) 298 K (b) 77 K and coper doped red

form at (c) 298 K (d) 77 K.
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Fig.4.4 Mossbauer spectra of cis Fe(then)2(NCS)2 at

a) 298 K and (b) 77 K.
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Table 4.2 : Mossbauer Spectral Data
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tentative and the parameters are given on the spectra. The red

fgrm powder sample of Fe(^hen)2(NCS) shows an asymmetric doublet

at 298 K corresponding to low spin Fe(II) (Fig. 4.2). The same

sample at 77 K shows the broadening of the signal (Fig.4.2).

These spectra show that at 77 K the asymmetric doublet lines are

moving apart, showing the broadening. This may be due to the

spin transition in the sample with change in temperature. The

5iso a n d ^ ^ v a l u e s o f t n e r e d sample at room temperature are

comparable with the values reported by Maddock and co-workers for

45

the L.S. system. However, we did not see any signals

corresponding to the H.S. component reported by them. Since they

did not present any spectra in their publication, actual spectra

comparison is not possible. The violet form powder

Fe(Phen) (NCS) samples show low spin Fe(II) spectrum at 298 K

and a broad unresolved signal with a shoulder at 77 K. The 5

and AEq values of this compound at room temperature are
comparable to cis-Fe (F^hen^tNCS^ (5 at 300 K 0.955. 60 K =

0.45, AEq at 210 K = 2.9, 60 K = 0.345)4S sample at

room-temperature.

The pure and copper doped Fett^hen) (NCS) red crystals show

Mossbauer spectra similar to red form powder complex at both the

temperature. But the Mossbauer data reported by Duncan et al

for [Fe(Phen) ](NCS)7.2H 0 at room temperature is found to be in

agreement (5 = 0.34 m/sec, AEq = 0.1210.1) with our values.& iso

These Mossbauer results indicate that the presence of dopent in

the host lattice may not affect the spin transition behaviour in

the bulk of the sample. It also appears that the red crystals
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and red form powder are of the same spin state at room

temperature.

4.3.3. Influence of spin-crossover on the e.s.r. of paramagnetic

impurity:

Spin-crossover which is a cooperative phenomenon can

influence the e.s.r. of substitutional impurity sites. It

associated with structural phase transition, it can bring about

changes in zerofield splitting. Spin crossover may also affect

the line width by modulation of dipolar broadening.

Important quantities, relevant for T A crossover

are (i) life times of the spin states T and A , (11)

quintet-singlet energy separation (iii) life time of the

individual Zeeman levels of the quintet (S = 2) state and (iv)

zerofield splitting of the quintet state.

The lifetime of low-spin state (S=0) or high spin state

-7
(S=2) is > 10 S, as inferred from the observation of separate

doublets for both states in the Mossbauer spectra and Is greater

-9
than the e.s.r. time scale (~ 10 S). Therefore, paramagnetic

impurity ions in the neighbourhood of US and LS host molecules

will have different e.s.r. characterstlc. The host compound when

present in the low-spin state, all the five and hyperfine

splitting will be revealed by the dopant Ion (present in low

concentration) due to magnetic dilution. In the high-spin

lattice, two types of host-guest Interactions are possible (1)
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magnetic dipolar coupling and (li) spin exchange Interaction.

Dipolar interaction leads to broadening of resonant lines. The

magnitude of dipolar or magnetic fields depend on the magnetic

moment of the host molecules, the relaxation times of Its

individual Ms states and host-guest separation. The presence of

magnetic exchange interaction results in a variety of spectra

depending on the value of exchange integral J. When J Is

comparable in magnitude to Zeeman splitting, a narrowing of

e.s.r. signal is observed due to an averaging of g-anisotropy (J

> 0.3 cm for X-band) and an averaging of hyperfine splitting (J

> 0.008 cm"1 for Mn2+ and 0.01 cm"1 for Cu 2 +).

One of the models proposed for the mechanism of

spin-crossover involves the formation of high-spin and low-spin

(non interacting) domains. This should give an e.s.r. consisting

of superposition of the two spectra due to HS and LS lattices.

Whereas a statistical distribution (i.e. a binary mixture) of HS

and LS sites will lead to an average dipolar broadening of e.s.r.

spectrum.

4.3.5. E.s.r. Study of the Manganese(11) impurity in Fe(Phen)2

(NCS) Complex:

The structural changes in the system are detected by the

changes in the line-width of the resonances of the paramagnetic

ion. E.s.r. spectra of the paramagnetic ion should be detectable

in the paramagnetic phase as well as in diamagnetlc phase, due to

the short electronic relaxation times for 1 state of Fe(II),
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which will remove most of the dipolar broadening caused by

paramagnetic neighbours in the lattice.

The e.s.r. spectra recorded for the Mn doped complexes

shows a typical powder spectrum for an S = 5/2, I = 5/2 system

with zerofield interaction less than Zeeman interaction (Figs.4.5

and 4.6). The spectra are fitted using the spin hamiltonlan

H = g/3H.S+[D(S 2+l/3S(S+l)+E(S 2~S 2)
z x y

Approximating g-values to be isotropic as it is very close

to free spin value for ions with an orbital ground state ( S).

The D & E values are calculated using the second order

perturbation equations reported by Taylor." The D values thus

calculated for the violet form at 298 K is 0.065 cm and is

almost same at 133 K, while E values vary slightly (0.012 cm at

298 K and 0.0135 cm"1 at 133 K). These results are similar to

49

that observed by Rao et al. However, they observed a decrease

of D & E values (0.071 to 0.065 cm"1 for D and 0.018 to 0.012

cm for E), with increasing temperature. The D values

calculated in the same method are similar for red form (D =

0.041 and E = 0.005 cm ). Even In this case there is no

temperature dependence in these D and E values. However in the

variable temperature e.s.r. measurements carried out on these

samples (both R.F. and V.F.) shows a continuous change in the

e.s.r. lines i.e. the low-temperature spectrum continuously

transforms in to room temperature spectrum with gradual Increase

in temperature (Figs. 4.5 & 4.6). These results shows that spin
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Fig, 4. 5 E.s.r. spectra of Mn doped powder Fe (l?hen) _ (NCS) red

form at (a) 125 K (b) 153 K (c) 193 K (d) 243 K and (e)

293 K.
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Fig. 4.6 E.s.r. spectra of Mn doped cis Fe(£>hen) (NCS) at

(a) 125 K (b) 213 K and (c) 298 K.
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transitions observed is not an abrupt transition In these

compounds. In both the red and violet forms the lines are better

resolved and more intense at low temperatures. This indicates

that there is a reduction in the dipolar broadening at low

temperature.

These above discussed results differs from Rao et.al

observations in some aspects, like D resolved spectra from room

temperature to low temperature (2) sharp lines at low temperature

and no appreciable change in zerofield splitting except a slight

increase in E values. So it can be said that in this case, if at

all domains are present, they are to small (contains only few

molecules), so that the spectra corresponds to a statistical

distribution of dipolar broadening.

4.3.6. E.s.r. studies of Cu2+ impurity in Fe(phen)2(NCS)2:

Cu + when present in the paramagnetic Fe(II) lattice, will

have an exchange of spin between Cu and neighbouring Ions,

giving rise to broadening of lines. g-anisotropy is seen to some

extant only, when the exchange integral J is moderate. The spin

2 +
hamiltonian which can be used for the Isolated Cu Ion is

H = /3 H.g.s + h.s.A. I.

There will be no exchange of spin when Cu Is In a dlamagnetlc

lattice and therefore the hyperfine .splittings should be

resolved. Cu 2* in a magnetically concentrated system with Cu"
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neighbours will have exchange and completely an exchange averaged

spectrum is usually seen. The e.s.r. spectra of copper doped red

form powder and violet form powder recorded In a range of 298-123

K are shown in the Figs. 4.7 & 4.8 and the g values are given in

the Table 4.3. The spectra are consistent with the values of

exchange integral in the range

0.01 < J < 0.3 cm"1

As per the report of Maddock and co-workers they observed the

presence of high spices Fe (11 ) state in the red form of the

45

complex at low temperature. The violet form exhibits opposite

spin i.e. low spin at low temperature when Cu is doped In such

a state the low-spin form do not give a resolved hyperfine. The

hyperfine is not resolved in the red form, whereas to some extent

in violet form of these compounds. The absence of hyperfine in

the red form can be explained as due to high degree of exchange

interaction between Cu and high-spin Fe(II) lattice. The

absence of well resolved hyperfine in the copper doped violet

form can be attributed to the component of paramagnetic lattice

existing throughout the temperature range. The Mossbauer spectra

of the copper doped red compound (Figs. 4.2 C 8. D) recorded at

room temperature shows that the compound do not undergo total

conversion and part of the residual paramgnetlsm is present

throughout the temperature range.
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2+
4.3.7 E.s.r. studies of Cu impurity in the crystals:

The single crystals obtained by the crystallisation of

copper doped red-form powder from acetonitrile solution are

checked for Cu signals in e.s.r. Even though the crystals are

big enough the signal obtained was very feeble. Hence a

polycristalline sample obtained by powdering the sample is used

to study e.s.r. Spectrum of this sample at 11^ K gave a well

resolved 4 line copper spectrum (Fig.4.9a). The g and A values

are given in the Table 4.3. The variable temperature

measurements showed the disappearance of hyperfine with increase

in temperature. The total spectrum becomes broad and the

intensity also decreases at room temperature (Fig.4.9e). These

results clearly show that the Cu exists in low spin Fe(II)

environment at low temperature, which prevents dipolar exchange

interactions thereby resulting in a resolved hyperfine, with

increase of temperature the host lattice is gradually converting

to high-spin. This results in the disappearance of hyperfine due

to exchange and dipolar interactions of Cu ions with

paramagnetic lattice. Here also a continuous spin state

transition is observed, which showed up in the gradual changes in

the e.s.r. spectrum with change in the temperature from low

temperature to room temperature. These results are Inconsistent

with the i.r. spectral data, which is comparable with the other

red-form powder spectrum. However, the M5ssbauer spectra of

copper doped crystals (Fig. 4.9 C 8. D) showed the presence of

residual paramagnetism. The C.H.N analysis as already mentioned
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Fig.4.7 E.s.r. spectra of Cu doped powder Fe(phen) (NCS) red

form at (a) 123 K (b) 153 K (c) 253 K (d) 273 K and (e)

298 K.
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Fig.4.8 E.s.r. spectra of Cu doped powder Fe(phen) (NCS)

violet form at (a) 117 K (b) 153 K (c) 193 K (d) 293 K

and (e) 298 K.



Fig.4. 9 E.s.r. spectra of Cu doped powder Fe(phen) (NCS) .2H 0

at (a) 114 K (b) 153 K (c) 193 K (d) 273 K and (e)

293 K.
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Table 4.3 : E.s.r. parameters of different forms of copper doped

Fe(t>hen)2(NCS)2
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in section 4.3.1. clearly shows that the composition of red form

crystal and powder is different. This discrepancy can be settled

only by the crystal structure determination.

4.4 CONCLUSION:

In summary the e.s.r. results of copper doped forms of

Fe-Phen-NCS system indicate the following:

1. The violet form powder gives a hyperfine resolved e.s.r.

spectrum below the spin transition temperature, which is to be

expected when the environment of Cu is almost completely made

up of low spin (diamagnetic) Fe . As the sample is warmed the

lines broaden continuously implying a continuous spin state

change in the neighbourhood of the Cu ions. The mossbauer

spectra generally indicates an abrupt transition in the system.

This brings out a major drawback in the use of S = 1/2 spin

probes for studying Fe(II) spin crossover, viz., the e.s.r. may

sense the only the changes in the immediate neighbourhood of S =

1/2 impurity which is different from what is going on in the bulk

of the sample. Exchange coupling between Cu and Fe centres

might even inhibit the spin crossover.

2) The red form powder gives a broad exchange average line at

all temperature even though the width Increases with temperature.

No hyperfine structure is resolved even at room temperature where

Wbssbauer spectra indicates a predominantly low spin compound.

This means that the formulation of the product as
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[Fe(phen)3][Fe(NCS)4](NCS) 3H 0 by Maddock and co-workers is

2-

essentially correct. Since the paramagnetic ion, Fe(NCS).

expected to show exchange dipolar averaged signal. However, it

is not clear from the spectrum whether the Cu occupies a

substitutional cationic or anionic site in the sample.

3) The e.s.r. of Cu 2 + doped red crystal [Fe(Phen)3](NCS) 2H20

is more puzzling. At low temperature a well resolved Cu

spectrum having g and A values typical of tetragonal site is

observed, which rapidly broadens with temperature and the

spectrum almost disappears at room temperature. [ Fe (Phen) „. ]

which can be obtained with many anions is always found to be in

low spin state with no spin crossover. Room temperature

Mossbauer spectra also indicate no trace of high spin component.

Possible reasons for the temperature dependence of the e.s.r.

spectra are the thermal population of a low lying quintet state

in the host ion and/or a roomtemperature dependent distortion

leading to an intermediate spin state at higher temperature. The

role of Jahn-Teller interaction of Cu In the D_ . Fe(Phen)_
3d 3

site should also be taken into account in Interpreting the e.s.r.

spectrum (single crystal spectra will be more informative for

this purpose). In the absence of detailed structural studies and

magnetic data these conclusions are tentative.
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5 ABBREVIATIONS

Phen

pic

2-pic

pip

pni

pyimi

pnp

1,10-Phenanthrollne

a-picoline

2-picolylamine

2-Pyridinaldehyde-N-iso- Propyllmine

2-Pyridinaldehyde-N-methylemine

2-(2'-Pyridyl)imidazoline

2,6-bis-(2-diphenylphosphinoethyl)

py

[HB(Pz) ]

bt

btz

dippen

(bt)

Pyridine

Hydrotris(1-Pyrazolyl)borate

2,2'-bi-2-thiazoline

2,2'-bi-4,5-dihydrohlazine

cis-1,2-bis-(diphenylphosphino)ethyline

4,4'-bl-l,2,4 triazole
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C H A P T E R - V



CRYSTAL AND MOLECULAR STRUCTURE OF NITRAT0(6,6 -DIMETHYL-2,2 -

BIPYRIDINE)SILVER(I) DIMER

5.1 INTRODUCTION:

Silver(I) complexes of 2,2'-bipyridine and related ligands

have been known for a long time. ' But structurally they are not

characterized except in one case. The growth of good single

crystal is found to be difficult in these cases, which might be

one of the reasons for not pursuing the single crystal X-ray

diffraction studies, while bis-chelate coordination is more common

for these ligands, mono chelate complexes are known for

2-methylphenanthroline , 2,9-dimethylphenanthroline and 6,6'-

dimethylbipyridine. Some of these ligands also stabilise the

copper(I) oxidation state which has an interesting photochemistry

involving charge-transfer excited states.

Though in principle d configuration of silver(I) is

expected to give a tetrahedral geometry, it is rarely realised in

practice and a convincing explanation for this is not available in

the literature. Since silver(I) and copper(I) are isoelectronic,

the wealth of structural data available on the similar copper(I)

systems can be probed with a view to find out the reason for the

tendency of silver(I) to adopt a distorted tetrahedral structure.

Structural studies on copper complexes of the type [CuL^l , where

L = 2,2' bipyrldine, 1,10-phenanthrolIne and their substituted

derivatives, ' blue copper proteins like plastocyanlns and

azurins have revealed significant flattening of the [CuN |
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coordination sphere. Similar distortions were found in

[Cu(btz)2] (BPh) and [Cu (bt) ] (CIO ) 3. The origin of the

flattening distortion has been a subject of some controversy being

variously attributed to different sources. Drew et al explained

it as due to admixture of Jahn-Teller active charge transfer

excited state into the ground state. Crystal packing forces,

as well as stacking interaction between heteroaromatic ligands

are the other explanations. Thus while no single factor can

satisfactorily explain the structural features in copper(I)

complexes, Goodwin et al. explained the distortion in [Ag(tmbp) ]

BF as being due to inter-molecular stacking interactions.

If nitrate group is present in the complex, the study of the

binding nature of this NO in the molecule or packing in the

crystal lattice will be interesting as it influences the

distortion in the structure. Usually nitrate binding is

classified into unidentate, bidentate and bridging. The

bidentate mode could be either symmetric (where both M - 0 bond

lengths are same) or unsymmetric (where they are different). The

best example exhibiting all the three types of binding is silver

(3-cryptates)18. In the case of C H^AsAgtNO^ 19 (Fig5-la) one

NO is bridging two silver atoms by doubly bidentate chelatlon

with four equal bonds and the another NO completes the chain

like structure by forming two unsymmetrical bidentate linkages

with two sets of Ag - 0 bonds, one set (2.85, 2.81 A) being

significantly longer than the other (2.43,2.35 A) set. In [Ag

(P(OMe) ) NO ] ' the NO groups are using only one oxygen for

bridging (Flg5-lb), but there is a twist In the nitrate plane,

there by placing one of the oxygens close to silver. This long

151



Figure 5.1 : a) Structure of c H As(AgN0 ) showing the

principal bond lengths (e.s.d's in parenthesis)

(Ref.19).

b) Structure showing the bending of the nitrate

groups towards a silver atom in [Ag(P(OMe)3)2
NO312

(Ref.20). l51



o •

Ag-0 distance of 3.102 A is still considered as bonding

interaction in this structure.

The important aspect in the binuclear complexes is usually

the metal-metal interactions. The recent developments in cluster

chemistry opened a new era in the polymer chemistry of sllver(I)

complexes. In silver(I) N,N-diethyldithiocarbomates the Ag-Ag

atoms are arranged in the form of bent chains with a distance

o 22

almost similar to the Ag-Ag distance (2.889 A ) in silver metal

This unusual arrangement of the metal atoms causes the formation

of a chain polymer and also a complicated co-ordination of the six

ligands to the metal atom. In the 2-sulfanilamide pyrimidine

silver(I), '" the Ag-Ag distance is 2.916 A , here the chains are

cross linked by imido nitrogen atoms but consideration of a

bonding interaction between Ag-Ag atoms, leads to a better

explanation for the other bonds in the structure. In the case of
24

(Ag(imid) ][NO ] , the hydrogen bonding between pyridine

nitrogens of imidazole rings and nitrate oxygens is expected to

stabilise the N0_ ion position, whereas in the analogous

[Ag(imid) ][C104]
25 (Fig.57) compound an Ag-Ag distance of 3.051

o

A is still considered as a bonding interaction. It is felt that

only Ag-Ag bond could possibly hold the whole structure Intact in

the absence of any hydrogen bonding and other packing

interactions. In the case of cluster compounds like Ag' {SC =
C(CN)O>,]

6~ and Ag' {SOC = C(CN)O>,]
4~ a distance ranging from 3.0

2 o 8 2 2 o
o 26 27

- 3.8 A is noticed between silver atoms. '

In this chapter we report the crystal structure of

Ag(dmbp)N0 , which has a near planar geometry with nitrate Ion
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acting as an unsymmetrically chelating ligand. There are

stacking interactions between the aromatic rings, which along with

silver-silver interaction result in the formation of dimeric units

in the lattice. In addition there are inter-dimer interaction

resulting in a slipped stack arrangement of dimers in the crystal

lattice.
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5.2 EXPERIMENTAL SECTION

5.2.1 Preparation of Crystals:

The preparation of Ag(dmbp)NO_ has been reported earlier.

Colourless fibre-type crystals are obtained by dissolving the

sample in 0.1 N nitric acid and concentrating the solution in a

desiccator over sulphuric acid.

5.2.2 X-ray Data Collection:

Single crystal data were collected at room temperature for a

thin crystal, measuring approximately 0.2 x 0.2 x 0.05 mm, by

using an Enraf-Nonius CAD-4 diffractometer and graphite

monochromated MoK. radiation. Unit cell parameters were obtained

by least square refinement of 25 centered reflections. Intensity

data were collected for the range 2 < 0 < 23 , by an u - 20 scan

technique. An empirical absorption correction was applied. Out

of 3166 reflections measured, 1055 reflections with F > 3<r (F )
o o

were used for structure refinement. Crystal data are summarised

in TableJl.

5.2.3 Structure Solution and Refinement:

The structure was solved by Patterson and Fourier methods. A

difference Fourier calculation after anlsotroplc refinement of the

silver atom revealed all the non-hydrogen atoms. The ring

hydrogen atoms were allowed to ride on the respective carbon atoms
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Table£l : crystal data for Ag(dmbp)NO,
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with a common isotropic thermal parameter which was refined. The

methyl groups were refined as rigid groups with fixed isotropic

thermal parameters for the hydrogen atoms. The function minimised

is J>(|Fol - IFCI)
2, where the weight u = l/<r(F). Refinement

converged to R = 0.122 and R = 0.104. The shift to error ratio

in the final refinement cycle was less than 0.1 for all

parameters. In the final difference map a maximum peak value of 3

-3
eA associated with the silver atom position was observed and

-3
else where the error density was below 0.7 eA . The high

R-factor is due to the poor quality of the crystal resulting in an

over all low scattering power. The final atomic coordinates and

equivalent isotropic temperature factors for the non-hydrogen

atoms are in Table5.2, anisotropic thermal parameters for non

hydrogen atoms are in Table5"-3, atomic positions and isotropic

thermal parameters for hydrogen atoms are in Table 5-4, bond

distances and bond angles are given in TableSS, equations of some

important least square planes and perpendicular distances of the

fitted atoms are given Table5-6. Table57 gives the list of observed

and calculated structure factors.

28 29

The computer programs used include SHELX and ORTEP Atomic

scattering factors are taken from International tables for X-ray

crystallography Correction for the anomalous dispersion for Ag

(f = -1.085, f' ' = 1.101) were those reported by Cromer and

Libermen.
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Table 2

Positional parameters, equivalent Isotropic temperature Factors,

and their estimated standard deviations for non hydrogen atoms.

158

Atom

Ag

0(1)

0(2)

0(3)

N(l)

N(2)

N(3)

C(l)

CU)

C(3)

C(4)

C(5)

C(6)

C(7)

C(8)

C(9)

C(10)

C(ll)

C(12)

103 x

313.8(3)

418(3)

276(3)

404(3)

199(2)

315(2)

365(3)

123(4)

89(4)

97(4)

146(4)

203(3)

260(3)

244(4)

295(4)

362(4)

353(4)

411(3)

140(4)

103 y

272.6(1)

194.3(8)

142(1)

89.9(7)

324.8(8)

384.5(9)

140(1)

285(1)

319(1)

392(1)

428(1)

387(1)

425(1)

492(1)

520(1)

482(1)

414(1)

365(1)

216(1)

103z

205.2(1)

119.1(9)

195(1)

108.6(9)

312.6(8)

181(1)

141(1)

377(1)

434(1)

434(2)

374(1)

310(1)

237(1)

229(1)

160(2)

104(2)

110(2)

52(1)

364(1)

B, A2

6.88(7)

11.4(8)

14(1)

10.7(8)

5.5(5)

6.1(6)

8.1(8)

7.3(9)

9(1)

11(1)

10(1)

6.9(8)

6.6(8)

11(1)

12(1)

11(1)

9(1)

7.4(8)

9(1)



Table -53

Anisotropic Thermal Parameters (x 10 ) for non hydrogen atoms.

Atom

Ag

0(1)

0(2)

0(3)

N(l)

N(2)

N(3)

C(l)

C(2)

C(3)

C(4)

C(5)

C(6)

C(7)

C(8)

C(9)

C(10)

C(ll)

C(12)

Ull

10.0(2)

23(3)

27(3)

23(2)

8(1)

8(1)

13(2)

13(2)

14(3)

16(3)

20(4)

12(2)

9(2)

22(4)

18(3)

18(4)

11(2)

9(2)

12(2)

U22

8.4(1)

10(1)

11(1)

6.2(8)

7(1)

10(1)

8(1)

9(1)

12(2)

14(2)

10(2)

9(2)

10(2)

8(2)

14(2)

11(2)

11(2)

11(1)

10(2)

U33

7.7(1)

11(1)

16(2)

12(1)

5.4(9)

5(1)

9(2)

5(1)

7(2)

10(2)

9(2)

6(1)

6(1)

13(2)

13(2)

13(2)

12(2)

8(1)

13(2)

U23

-0.9(1)

-2(1)

2 (1)

-0.8(9)

-1.3(8)

1.5(9)

3(1)

3(1)

0(1)

-2(2)

4(1)

0(1)

2(1)

3(1)

6(2)

2(2)

-1(2)

1(1)

7(1)

U13

0.8(1)

8(1)

14(2)

7(1)

0(1)

4(1)

2(1)

2(1)

3(2)

6(2)

8(2)

3(1)

2(1)

7(2)

9(2)

8(2)

2(2)

1(1)

2(2)

U12

0.2 (1)

-2(1)

1(1)

3(1)

3(1)

2(1)

-1(2)

5(2)

-2(2)

3(2)

3(2)

4(2)

2(1)

3(2)

6(2)

3(2)

-2(2)

4(2)

0(2)
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Table -54

3 3
Atomic Positions (x 10 ) and Isotropic Thermal Parameter (x 10 )

for hydrogen atoms.

Atom

HU)

H(2)

H(3)

H(4)

H(5)

H(6)

H(7)

H(8)

H(9)

HUO)

HUD

HU2)

X

49(4)

60(4)

146(4)

193(3)

284(4)

420(4)

439

279

502

102

256

35

y

294(1)

419(1)

482(1)

522(1)

573(1)

505(1)

409

348

325

219

187

195

Z

486(1)

486(2)

373(1)

274(1)

151(2)

55(2)

18

35

40

424

364

324

U

10(3)

10(3)

10(3)

10(3)

10(3)

10(3)

12

12

12

14

14

14

a Connectivities: H U ) - C(2); H(2) - C(3); H(3) - C(4); H(4J

C(7); H(5) - C(8); H(6) - C(9); H(7), H(8) H(9) - CUD; HUO)

HUD, HU2) - CU2).
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Table -55

aBond Distances (A) and Angles (deg).

Bond Distance (A) Bond Angles (deg. )

Ag - Ag

Ag - N ( l )

Ag - N ( 2 )

Ag - 0 ( 1 )

Ag - 0 ( 2 )

0 ( 1 ) - N ( 3 )

0 ( 2 ) - N ( 3 )

0 ( 3 ) - N ( 3 )

N ( l ) - C U )

N ( l ) - C ( 5 )

N ( 2 ) - C ( 6 )

N ( 2 ) - C ( 1 0 )

C ( l ) - C ( 2 )

C ( l ) - C U 2 )

C ( 2 ) - C ( 3 )

C ( 3 ) - C ( 4 )

C ( 4 ) - C ( 5 )

C ( 5 ) - C ( 6 )

C ( 6 ) - C ( 7 )

C ( 7 ) - C ( 8 )

C ( 8 ) - C ( 9 )

C ( 9 ) - C ( 1 0 )

C ( 1 0 ) - C ( l l )

3.087(4)

2.33(1)

2.28(2)

2.33(1)

2.64(2)

1.22(2)

1.19(2)

1.20(2)

1.50(2)

1.25(2)

1.33(3)

1.39(3)

1.23(2)

1.40(3)

1.47(3)

1.31(3)

1.45(3)

1.54(3)

1.36(3)

1 . 37(3)

1.35(3)

1.37(3)

1.48(3)

N(l) - Ag -

N(2) - Ag -

N(l) - Ag -

0(1) - Ag -

Ag - N(1 ) -

Ag - N(l) -

C(l) - N(l)

Ag - N(2) -

Ag - N(2) -

C(6) - N(2)

0(1) - N(3)

0(1) - N(3)

0(2) - N(3)

Ag - 0(1) -

Ag - 0(2) -

N(l) - C U )

N(l) - C U )

C(2) - C U )

C U ) - C(2)

C(2) - C(3)

C(3) - C(4)

N(1J - C(5)

N(l) - C(5)

C M ) - C(5)

N(2)

0(1)

0(2)

0(2)

CU)

C(5)

- C(5)

C(6)

cuo)

- CUO)'

- 0(2)

- 0(3)

- 0(3)

N(3)

N(3)

- C(2)

- C(2)

- CU2)

- C(3)

- CM)

- C(5)

- C(4)

- C(6)

- C(6)

72.7(5)

123.2(6)

117(1)

48.2(6)

121 U )

114(1)

124(2)

118(1)

125(2)

117(2)

116(2)

120(3)

124 (2)

105(2)

91(1)

113(2)

111(2)

134(2)

123(2)

124(3)

113(2)

121(2)

121(2)

117(2)
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refers to a symmetry related atom at 1-x, y, 1/2-z
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N(2) - C(6) - C(5)

N(2) - C(6) - C(7)

C(5) - C(6) - C(7)

C(6) - C(7) - C(8)

C(7) - C(8) - C(9)

C(8) - C(9) - C(10)

N(2) - C ( 1 0 ) - C ( 9 )

N ( 2 ) - C ( 1 0 ) - C ( l l )

C ( 9 ) - C ( 1 0 ) - C ( l l )

113(2)

124(2)

122(2)

117(3)

122(3)

119(3)

120(2)

113(2)

126(3)



Table - 6

Equations of important least square planes and perpendicular

o

distance in (A) of the fitted atoms from the planes

l)Ag N(l) N(2) 0(1) 0(2).

1.9071x -0.0933y +2.1861Z = 1

Ag = 0.0735

N(l) =-0.1089

N(2) =-0.1338

0(1) = 0.1315

0(2) =-0.2083

(The dihedral angle between Ag N(1),N(2) and Ag 0(1),0(2) planes =

15°)

2)C(1)-C(5) N(l) C(12)

2.2556x - 0.2220y + 2.0236Z = 1

C U ) =-0.0719

C(2) =0.0246

C(3) = 0.0254

C(4) = -0.0215

C(5) = 0.0015

N(l) = 0.0261

C (12) = 0.0135

3) C(6)-C(10) C(ll) N(2)

1.877x + 0.3919Y + 1.4799Z = 1

C(6) = 0.0149

C(7) =-0.0401

C(8) =-0.0169

C(9) =0.0812

C(10) =-0.0413

C(ll) =-0.0362
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N(2) = 0.0358

4) N(3) 0(1), 0(2). 0(3)

1.7906x - 0.5307y + 2.9867z = 1

N (3) =-0.0042

0 (1) = 0.0012

0(2) = 0.0013

0(3) = 0.0013
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5.3. • RESULTS AND DISCUSSION

165

The structure of the complex is composed of a dimeric unit of

two symmetry related [Ag(dmbp)NO_] molecules. Each unit cell

comprises of eight [Ag(dmbp)N0 ] molecules with weak Ag-Ag

interactions.

5.3.1 Coordination Sphere Around Silver Atom:



5"3.2 Stacking Interactions:

The distortion from the tetrahedral configuration towards

planar structure is explained as a combined effect of stacking and

Ag-Ag interactions. As mentioned earlier the unit cell consists

of eight molecules and their stacked arrangement is shown in Fig.5-

3, which is analogous to that observed in Cu(phen) (ppr) ion as

shown in Fig.5-4. The shortest atom-atom contact for stacking

within the dimer is between N(2) and N(2) (3.47A), while for

inter- dimer stacking it is between C(6) and C(4) (3.46A). In

general the stacking forces between aromatic rings are explained

on the grounds of both charge transfer effect associated with

eclipsed or face to face contacts of the heteroaromatic rings '

and intra-dimer electrostatic interactions between carbon atoms

and hydrogens of the rings which have slight -ve and + ve charges

respectively (Fig.5-5a). In the present structure the observed

staggered configuration in the dimer is expected to facilitate the

coulombic interactions of the two rings. The charge transfer

interaction between the aromatic ring planes of the dimeric unit

add to the intra-dimer stacking Interaction. On the whole

intra-dimer interaction will have significant contribution from

both the mechanisms, where as inter-dlmer stacking will be

dominated by electrostatic interactions. Thus both the intra and

inter dimer Interactions of the heteroaromatIc ring systems are

responsible for stacking in the lattice. The hydrogens of the

methyl groups which point towards the centre of the aromatic rings

should also be important for the Intra-dimer interaction (Flg5-5b

). If the structure is visualised along Ag - Ag bond, the dimeric
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Figure 5.2 : The structure of single molecule of Ag(dmbp)NO with

numbering of the atoms and thermal ellipsoids at the 50%

probability level.
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Figure 5.3 Packing diagram of Ag(dmbp)NO . The unit cell is

viewed along a direction close to the Ag-Ag' bond,

c-axis horizontal and b-axis vertical (The silver

atoms are shaded).
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2 +
Figure 5.4 : View of the dimeric unit [Cu (phen) _ (ppr) (HO) ]

in the crystal of Cu(phen)(ppr)N03.2H 0

approximately perpendicular to the planes of the two

phenanthroline ligands. (Ref.33).
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Figure 5.5 : Stacking interactions in the crystal. a) The

intra-dimer interaction with in the [Ag(dmbp)N0_]

dimeric unit. b) The inter-dimer interactions

between the Ag(dmbp)NO ] dimeric units. Only one

monomer belonging to each dimer is shown.
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units are not stacked parallel to the ac plane instead a slipped

stack nature is observed (Fig.S-6). The inter-dimer stacking

interactions present are leading to this type of slipped stack

arrangement of the dimer in the lattice.

5.3.3 Nitrate Chelation:

As mentioned earlier in the present structure the nitrate is

chelated to the metal ion, in unsymmetrical bidentate fashion.

Addison et al explained that this type of unsymmetrical

bidentate chelation is commonly observed due to two reasons (i)

unsymmetrical distribution of electrons at the metal centre (ii)

the presence of a ligand with a strong trans-effect situated in a

position trans to only one of the two coordinated oxygens of each

bidentate nitrate group. In the present example neither of these

conditions are seem to be the reasons. The only reasonable

explanation seems to be that the closely placed bulky methyl

groups and oxygens of nitrate will have greater steric repulsions,

if the nitrate chelation is symmetrical. To minimise these

repulsions and to give a more stable planar structure, the

unsymmetrical chelation will be helpful. The methyl groups of the

molecule participating in the Inter-dimer stacking (Fig.5-5b) are

in part responsible for the lengthening of one of the two Ag-0

bonds by steric repulsion between 0(2) and C(12).34

5.3.4 Ag - Ag Interactions:

The intra-dlmer Ag-Ag bond length Is slightly more than that

observed in the silver metal (2.889 A ) 2 2 . Similar Ag-Ag contacts
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Figure 5.6 : View of the slipped stack arrangement of

[Ag(dmbp)NO ] dimeric unit. (The silver atoms are

shaded.)
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Figure 5.7 : The hexameric unit observed in the structure of

[Ag(imid)2][C104]. (Ref.25).
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are also observed in several other Ag(I)

complexes. 32-23-25-27>35"42) Unlike in all other cases the

present compound has a dimeric structure having direct Ag-Ag

interactions without involving any bridging group. A weak bonding

interactions between the two d ions is possible via the

participation of 5s and 5p orbital, hence Ag-Ag interaction should

be contributing to the stability of the structure. A comparable

situation exists in the hexameric cluster formed by

Ag(imid) CIO (Fig.5.7)25 In this crystal Ag-Ag distances of

3.051A and 3.49A are discussed in terms of definite bonding

interactions in the absence of any other interactions like

24

hydrogen bonding as seen in the case of [Ag(imid)7[NO ].

5. ̂  CONCLUSION:

Even though in principle a tetrahedral geometry is expected

for a d metal ion purely based on steric considerations, In the

present structure the Ag-Ag interactions and stacking forces

produce a near planar Coordination around Ag(l).

\7H
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55 ABBREVIATIONS

dmbp :6,6'-dimethyl-2,2'-bipyridlne

bt :2,2'-bi-2-thiazoline

btz :2,2'-bi-4,5-dihydrothiazine

imid :imidazole

tmbp :4,4',6,6'-tetramethylbipyridine

dpm :diphenylphosphinomethane

phen :1,10-phenanthro1ine

ppr :3-phenylpropionate
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