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1. ABSTRACT AND SYNOPSIS

The structures of the HO, group have been discussed and the

vibrational spectra that may be expected to result from these structures.

The various spectral criteria suggested to differentiate between these

structures have been reviewed and the experimental problems in obtaining

these spectra have been outlined.

The series of compounds M(WO,), (8,0) 4 sM(NO,), (H,0)o »M (NO), where

M = Mn(II), Co(II), Ni(II) have been prepared by dehydration techniques and

characterised by analysis, infra-red and electronic spectral measurements

and magnetic susceptibility determinations. The infra-red spectra have

been examined in detail in the 3600-200em~> range and related to the

structures of the compounds where these are known. The spectra are

discussed in relation to the structural criteria found in the literature.

It is suggested that the near infra-red region (3600-500 ee) can only

indicate that the NO; group is co-erdinated and give some indication of the

strength of the metal-nitrato interaction. The far infra-red region (500-

2008m~*) can give information about the environment of the metal atom and

hence can indicate the mode of nitrato co-ordination from the number of

bands observed, their positions and their shapes. This is probably seen

clearly only when oxygen atoms are bonded to the metal, and not so clearly

when N-honded or S-bonded ligands are present. Chloro compounds could probably

be fruitfully examined also, as the metal-chlorine bond usually has a higher

force constant than the metal-oxygen bond.

It is felt that polarised Raman studies of single crystals, related to

the crystal symmetry of the compound is the best method of obtaining clear

information about the vibrational frequencies of nitrato compounds.
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LITSRATURE SURVEY
————————————

Introduction
=

Te HO, group has long been recognised as an independent chemical
3

entity by virtue of its ability to take part in substitution reactions

without undergoing decomposition. This led to the use of the NO,

group as a simple counter ion in the preparation of many trensition-

metal compounds. However, it is now recognised that the a0 group

can also function as @ ligand bonded directly to the metal atom in

compounds. Many compounds have now been prepared which indicate thet

the HO, group: can function as a strong ambidentate ligand.

The Nitrate Ion

The L2kN

treatments. ‘The valence-bond approach views: the ion as a set of

group as an ion has been the subject of many theoretical

resonance hybrids with the 1-bond distributed over the three nitrogen-

a),
oxygen bonds

° @

@ @ @

S ) io ©

The molecular-orbital seaaenentc) divides the twenty-four electrons

into o—bonding and anti-bonding, 1 -bonding and anti~bonding molecular

orbitals: (30)°, (31,,)° (m,)s (2np)*, (12,3)", (uip)?.M4, 30%.

Delocalization of the pt electrons occurs and the electronic charge

is spread evenly over the molecular skeleton.

Earlier theoretical treatments have yielded stretching force

constants of the omer of 10-12(3 9495) dynes/%, but most of the more



(6-10) on this vibrationalrecent work places a value of 7-8.5 m dynes/%

mode.

Electronic spectral treatments have not been completely successful

in accounting for the observed spectrum. ‘Two bands are observed at

200m) (e= 10+) and 302mh (€ = 7). It is generally agreea (11-15) that

the 200m bt band is al 9m* transition (4} > B'), and the fine structure

has been identified as the vibrational structure of the Dah symmetry

allowed transition. The origin of the 302 mk band, however, is less

clear. Friend and lyons), MeConne1‘22), Mekweng(13), Mookherji and

andon'14) , Nagy et a1'25) attribute this band to a forbidden n+ 1*

transition. If this is correct then there are two possible transitions,

described by Addison and sutton(16) as et 9a,'' (48") and a5' a,"(#84,")

and they assign the latter to the 302m) band. veBwen‘13) | however,

suggests that this transition is Al > EB" (or 14S a Penion could
possibly receive some At +» B' character, borrowing intensity from the

200 nh band by vibrational perturbation,

However, McEwens caloulated transition energy does not agree with

the observed value of 302m j - Instead the possibility is raised that

this band is a weakly allowed n 40* transition from an B' orbital

to an Alo ~antibonding orbital. This is supported by Rotlevi and

Treinin'27), The possibility still remains that both transitions
may be occurring within the same envelope.

The ion is planar and symmetric with three equal N-O bonds, the

lengths of which are about 1.2432 (average), which is intermediate

between the values expected for pure N=O0 double bonds, 1.164 and pure

N-O single bonds 1.43268), These structural features have been
adequately confirmed by many erystal structure determinations, ‘too
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many of which dismiss discussion of the nitrate ion in a few lines

because of these consistent features. Only a few Becora oe at present

discuss the case of weak interactions giving rise to small deviations

from the high symmetry of the unperturbed nitrate ion. Often these

deviations are considered to be within the limit of the experimental

error for the structural determination and so are not discussed further.

Unidentate Nitrate Group

As a unidentate ligand the MO, group would be expected to show

structural differences from the free ion. The N-O' bond length would

be expected to be longer than the value for the free ion, since the

bond approaches purer single bond character.

nl

or
The two remaining N-O bonds would be expected to be shorter than the

free-ion value, as they approach double-bond character. Also, the bond

angles would be expected to change from three equal angles of 120° to

one )120° opposite the M—-O-N bond, and two equal angles of <120°, This

is confirmed by structural analysis. The unidentate nitrate group is

by no means as common as was once thought. At the present time the

only transition-metal compounds which have been shown to contain

unidentate nitrate groups are:



4-

Ole Cs

. ee O-Ni 0~ eae 2 ONO ———_—_———ie) 4 chi ay ua m I Bie je
/ cH / ee seeCa NO, te ‘MO, ONG .NO

¢ s

cis-[N; W003) Wa0le] cis-[Pa (NOs), (OnSO)s] K [Aul¥0s)e]

0
ey . es,

ON: 0. 0. “HOn Py See am
py: oS ari Vise 3
Qu ors ° ON, P av

Py g
[Cu (NO) (Pytidine N- bah |e [Znlno.)aloy)s]

cIs - [us (30, ), ,0),,) (18)

CIS ~ [Pa(10, )p(@imethylsulphoxide),] (a9)

K*[an(io, ’) ah (20),(21)

[an(x0, ) p (pyridine ),] (22)

Tou (10, iB (pyridine-N-ox ide) J, (23)

[ou(no, ), (oH, ow )Jnaif of the nitrato groups are

unidentate (24)

{rin(30, ), (2,2'~vinyriayi)] one. unidentate nitrato group (25)

{vo(10, ), (cH, ow)] one unidentate nitrato group (26)

Re(NO, )(CO), J reported, but not yet published (27
3
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The others: which have been studied are of the type M-ONO,, where

MeF,Cl ,H, CHS » Li, Na. It is probable that other compounds contain

unidentate nitrato groups, e.g. [co (au, ),, (210, ‘ci, and Lin(1i0, )(co),J,

but no structural data is available at present.

Weak interactions can also be interpreted in this light. Crystals

which are held together by hydrogen bonding between the oxygen atom(s)

of the nitrate ion and the protons of the cation show small distortions

of the nitrate ions consistent with a very weak unidentate character for

the sath ehoapes

Some examples of this are:

(4) yronium nitrate (3H, ) 00H" .NOF (28)

NA.

©=C) Ws
Logs RTE

Spo 2s

SS 1-250 O
asymmetric KV 224

hy dr ogen-bond :
ae 120-68

a

(4) Hydrogen dinitrate ion Tu(io,),J” (29)

1:24

aie 4
f
L

Of. 2a.

symmetric hydrogen-bond
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(144) Ju J0,.2u00, [a, Gio, ),J~ (30)

asymmetric

hydrogen-bond

(iv) {v0,(H,0) (urea) J (x0, ), (32)

Oye
a 125 ae

120-3 i @) QO 2-46

om a,
eye

asymmetric

hy dr ogen-bond

Figure 2°

: 

Sensitive
It appears from this that the bond lengths are more! to these weak

A
interactions than the bond angles, as the hydrogen-bonded nitrozen-



oxygen bond is longer than the free ion value, and the other nitrogen-—

oxygen bond lengths are shorter than the free ion value of 1.2434.

Tanaka (32) et al, however, have carried out a force constant calculation

on the compound i[co"TM* (mi, ), (0, Jar, and draw the opposite conclusion,

that the bond angles are more sensitive to bonding interactions than

the bond lengths.

It is noticeable that for those simple nitrate compounds N-O-NO,

where M = F,CI,H,CH,,Li,Na, the ONO bond angle opposite to the M-O-N
3

bond is very large (125-135°). (Table 2a).

“aw

Compound| M-0, (2) | x-o, (2)} wW-o, 3-0 0. Method. of Ref,
1 i. a 3 < 3 Determination

HHO, F-00964 | 1.406 1.199,1.21 |13%2' | Microwave 33

“HNO, a 1.41(2)} 1.22(2),1.282)] 120@° | Biectron 34
diffraction

F.10, WO 1GAG, 1.39 1.29,1.29 |125° ats 35

€1.10, 070 1.41 1.22,1.22 |130° | Estimated 36

Chi, NO, 6-07.43 1.36 1.26,1.26 |125° | Blectron 35
diffraction

Li-o .
Lino, 1.60 1.40 1.22,1.22 |134 Bass 37

Nali0, mo oe 1.40 1.22,1.22 | 134° Sub 37

N,0, N01 462) | 1.46 L2i0)r 21(1) | B4(5)°} =H 38

pentaerythritol c-0 6

tetreni: 1.462 | 1.404 1.203 ,1.225 | 130.4°| x-ray 39

bee°1. o-numphiocne
diol dinitrate, 5

1.47 1.41 1.19,1.23- | 133° | x-ray 40

Zable 2a
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It is to be expected that as the nitrogen-oxygen bond (1-0, )

becomes longer the bond electron pairs on the remaining two nitrogen-

oxygen bonds are able to move further apart, thus reducing the electronic

repulsion between them. This results in the observed increase in

ONO bond angle.

The compounds listed in

Table 2a all have 'normal' M-O bond lengths and (yet) the nitrogen-

oxygen bond (-0,) approaches the ‘normal® nitrogen-oxygen single

bond length of 1.43%. However, for the transition-metal compounds

the metal-oxygen bond length is 'normal' for the metal in that oxidation

state, whilst the nitrogen-oxygen bond length (1-0, ) is shortér ti

the single bond length at about 1.312 (Table 2b) with smaller 0,N0,,

bond angles. Why this should be so is not cleat.

Perh@ps the compounds in Table 2a are able to form stronger

bonds to the nitrato group because they also use s- and p-orbitals

similar to those on the nitrato group. The transition metals, on the

other hand, use d-orbitals for bonding and the overlap with the

sp-hybrid orbitals of the nitrato group is not so complete.



Compound n-0, (#) | 3-0, (8) | 1-0,, 3-0, (8) | 05210, Ref.

(to), 9) 2.052(9) | 1.304(12)] 1.264,1236 121.30° 18

24079(9) | 1.293(12)| 1.244,1213 123.81°

Tet* (ig y(ons0} | 2.066 1.32(1) 1.2.1(9) S 19

Jad TM(v0,),) 2.02(2) | 1.34(2) | 14146)1.24(3) | 129°(2) 20
1.99(1) | 1.39(3) 1.20(2)3..22(2) 131°(2)

od tug) (cugw)) | 1.89 1.31(5) | 1.30(7)1.236) | 130° 24

(outa) , (py0)], 1.996(5) | 1316(9) | 1.222(9),1.22K10)) 123.1° 23

1.967(5) | 1.304(8) | 1221@).246) | 125.6°

fin(10, ), (a), ) 2.047(13)] 1.31(2) | 1.25,1.25(2) | 120.4(14) 22
2.044(12)) 1.28(2) 1.28,1.27(2) 120,1(16)

[Qin Gro) (ois) 1.864(8) | 1.24103)} um504) 115.605) | 25

1.234(18)

frourg (aug) 1.92(2) | 1.45(3) | 1.19,1.24(3) | 130.2°(25) 26

Table 2b

2.14, Bidentate Nitrato Grow=e ent UD

As a bidentate ligand the nitrato group would be expected to show

the following structural features: (1) one short N-O bond of near "pure"

double bond character; (2) two approximately equal N-O bonds rather longer

than those found in the free BOs group, but not as long as an N-O bond of
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of the oxygen atom
single bond character. (This is due to the limited movement; a. along

the N-O bond axis conducive to good overlap with the orbitals of the

metal atoms). (3) An ONO bond angle much less than 120° opposite the

metal atom and, (4) two approximately equal ONO angles slightly greater

than 120°, These features: Ca
Trare observed in the bidentate (3 NO

nitrato compounds of known 3 i

structure. (e-ee41, 42) ©)
The actual N-O bond lengths vary quite a lot and it has been suggested

that the stronger the metal-oxygen interaction, the shorter is the

terminal N-O bond length. For example, the volatile compounds (nO, My (42)

and Sn(NO,), (42) oth show N-O bond lengths of 1.162 (average) indicating

the strong bonding interaction between the metal and oxygenatoms. It is

notable that there are no compounds known in which the me group is

bonded in a bidentate manner, to a non-metal, as is more commonly found

for the unidentate nitrato group. It is also noteworthy that, at the

present time the number of bidentate nitrato compounds (far) exceeds

those of the Siete inal, a state of affairs which is the
opposite of that originally expected. In the early work all compounds

were assumed to possess unidentate nitrato groups. The reasons for

this assumption may perhaps be found in the disinclination at one time

to contemplate co-ordination numbers greater than six, together with the

supposed instability of four—membered rings. In addition, perhaps

a lack of appreciation of the changes in molecular properties: and

reactivity on passing from an aqueous to a non-aqueous system.
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It is perhaps suitable to insert here a few words about two

compounds of known structure which do not easily fit into either of

the two categories outlined above. These are fo0(1i0,),J2-
[31 (00, ), (#,0),Jan,0'44), The structures of these two molecules have

been interpreted by their respective authors as containing bidentate

nitrato groups, but it would seem to be a forced interpretation. The

structures could perhaps be more realistically interpreted as containing

unidentate nitrato groups (with one normal metal-oxygen bond length |

per NO, group) in which a second oxygen atom of each nitrato group
3

approaches close to the metal atom, giving metal-oxygen distances of

0.3+0.5% (16-20%) longer than the normal distances. This crystallographic

proximity cannot really be considered to be a bonding interaction.

Before the crystal structure was determined, the electronic

spectrum was interpreted as indicating a tetrahedral environment for

the cobalt (II) atom. The spectrum shows a single broad absorption at

538m fi (€max = 107 in 0.0045M nétromethane), which was considered to

be consistent with tetrahedral co-ordination of the cobalt ae
In addition, a magnetic moment of 4.67Bu (49) was observed, which again

was considered to be consistent with a tetrahedral environment for the

cobalt (II) atom. ‘These two points are no longer regarded as being so

definitive.

(1) The high-spin cobalt (II) ion in both the octahedral and tetrahedral

bonding environments has three unpaired electrons, giving a “spin-only"

magnetic moment of 3.87BM- However, for an octahedral ligand field there

is some contribution to the magnetic moment from the orbital angular

momentum, and values are observed in the range 4.7 - 5.2 3.m..(48)
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Although no orbital contribution is theoretically expected for a

tetrahedral ligand field, molecular distortions do allow some

contribution and magnetic moments in the range 4.2-4.8(48) are

considered normal. The two nitrato-cobalt (II) compounds of known

structure have magnetic moments in the overlap between the octahedral

and tetrahedral ranges: for Ten, 46), [co(10, 4 (43 ) pore = 46TBu45)

and for [20(w, ), (ie, 70),} 4) poze = 4.59BN2°), It has been

guzeented) that the magnetic moments of cobalt (II) compounds
indicate only the nature of the orbital ground state. A magnetic

moment of 4-4.8BM implies an orbital singlet ground state, and higher

values indicate an orbital triplet ground state.

(2) It is difficult to distinguish clearly between tetrahedral and

octahedral co-ordination of the cobalt (II) ion from the electronic

spectrum. Generally, the band positions for a given donor atom, do not

vary much, but the band intensities are expected to be very different.

Octahedral cobalt. (II) compounds have very low molar absorbances

(€=5), and tetrahedral compounds exhibit high molar absorbances

(€ = 500) for the main transition in the 500-600m)k Tegion. Known nitrato

compounds of cobalt (II) have values in the range€ = 50-150,

for example:

{co(110, ),J : €= 78.8 at 520 mk (nitromethane) (52)

[co(o, )9?- : € we374: = 107; 135 at 538 mh (nitromethane)

[co(110,),(tie,Po),) : €= 114 at 560 mk (dichloromethane) 44)

[co(110, ), (mpxo),] 2 € = 48.5 at 534. 2mji(nitrome thane-acetone) >)

[co(No,),(e-picoline))}: € = 154 at 539.3mp(acetone) (52)
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These intermediate values for the molar absorbances and the electronic

spectra seem to indicate that such nitrato compounds possess distorted

tetrahedral environments. Cotton and Bexguan 4? ) showed that

[co(a10, a possesses a point group symmetry of Dgqy which is a sub—

division of Tg(tetrahedral). Hence, the co-ordination is a distorted

tetrahedral arrangement, lying somewhere between a true four—co-ordinate

and a true eight-co-ordinate structure. There is a greater conflict

between the spectral data and ~ octahedral arrangement found in

[co(110 ), (ep). This led cotton(49) to suggest that the nitrato

Groups act as large diffuse uni-negative anions centred at the nitrogen

atom positions. This introduces considerable distortion into the

tetrahedral environment of the cobalt (II) ion, as shown by the

electronic spectrum. Wood has applied this principle to the structure

of ce" (wo, ),J°-O4),

The co-ordination of the nitrato group will be very dependent on

packing considerations. Thus, in [co(210, yl s the close proximity of

the nitrato groups allows only essentially uhidentate co-ordination.

In [co(No, ), (Me,PO),) there is less steric interaction between the

ligands and the nitrato groups can approach closer to the cobalt (IT)

ion and bond in an asymmetric bidentate manner.

A similar structural interpretation can be applied to the copper(II)

nitrato compounds for which molecular dimensions are available. Firstly,

the group of compounds which formally contain unidentate nitrato groups,

but with longer metal-oxygen bonds. (Table 2c).



Compound Ca-0, (4) N-0, (4) Bete

[ou(aio, ) (ach) J" 2.356 (8) 1.258(11) 55

Seats Oa Fig ee ee ee

qrostydadine 3) -2.507(9) 1.257(14) 51
{cu(no,), (en),] 2.593(12) 1.258(2) 58
Lou (wo, ), (a0

Me,-en),) 2.520(5) 1.230(14) } 59

similar[cu(no, ), (1-He-en).) no date ) 60
lattice

[cu(n0, do (ane ll
hydroxyethyl dol no data Sil 61 /

[ou(w0, )_ (1,3-(am, ),—
propane), 2351 e255,

Table 2c

The copper-oxygen bonds are some 0,3-0.52, 16-20% longer than normal

copper oxygen bonds. Such long axial bonds are a common feature of

copper compounds due to the Jahn-Teller effect. However, the unidentate

interaction of the nitrato group with the copper atom is correspondingly

weaker, as shown by the small increase in the N-0, bond lengths over

the free ion value. In the true unidentate compounds the N-0, bond

lengths are much longer, of the order of 1.312.

Secondly, there is the group of compounds which are considered to

contain unsymmetrically bidentate nitrato groups. (Table 2a).
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ca-0, (2) | 3-0, Cu-0, 1-0, Refs.

[cu(wo, ), (@-picoline)} 1.971(13)} 1.27(2) | 2.489(14) 1.20(2) 63

2.026(16} 1.23(2) | 2.307(13) 1.23 (2)

[ou(110, ), (ry racine] 2.010(4) | 1.287(7} 2.490(5) 1.249(7) 64

[ou(ai0, ), (H,0),]0.5H,0 1.992(2) | 1.281(2) 2.653(2) 1.238(2) | 65,66

(cu(n10, ), (27) 5], 2.035(6) 1.327(10)2.618(8) 1.261(11)} 67

[0 (210, ), °° 2.11(2) 1,25(2) | 2.54 1.20(3) 43

2.03(2) 1.25(2) | 2.36 1.21(3)

CCu(NDs)s (ev)s] 2-154) | 1-261G0) | 2-732 (9) 124803) | 201

fable 24,

The metal-oxygen bond lengths fall into two groups. One group has a

"normal" copper-oxygen bond length with a long N-O.

1.282, ‘The second group of Cu-O bond lengths is 0.3-0.6R longer with

1

correspondingly shorter nitrogen-oxygen bond lengths (N-0,). Again

this asymmetry is probably due to the Jahn-Teller effect, introducing

a redistribution of the incompletely filled d-orbitals.

asymmetry introduces a corresponding asymmetry into the nitrato group

This orbital

bond length of about

and this is probably the origin of the highly complex infra-red spectra

associated with copper(II)-nitrate compounds.

Q.1.5,Bridging Nitrato Groups

Bidentate ligand character is also realised in the NO. group

acting as a bridge between two metal atoms.

compounds which have been studied involve co-ordination of the nitrato

3

The majority of the
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group to copper(II) atoms. This mode is undoubtedly present in

many more compounds. = ©, 4
The symmetry of the NO, group in )—N

an ideal arrangement should be the same SOM
as for a normal bidentate nitrato ligand. However the involvement

of two separate metal atoms would cause a modification of the molecular

motion of the group leading to the splitting of the fundamental bands

in the vibrational spectrum.

Another form of bridging mode has recently been found in which

only one oxygen atom of each nitrato group acts as the bridge between

two metal atoms. In the compound fou(oy) (10, ),Jay) the oxygen
atom bridges two copper(II) atoms. In the compound Cu(NO, )pHg.3H,0(68)

the oxygen atom of the me, group links a copper (II) atom and a

mereury(II) atom. This mode of bridging is well established in other

compounds in which the oxygen atom of pyridine-N-oxide acts as the bridge.

There is in addition a mode of unidentate bridging which is at

present unique. In the compound Gu, (110, ), (oH) (9) one oxygen atom of

the nitrate group is linked to three copper atoms, one being of normal

length 2.182, and the other two are of the longer type, 2.352,
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21.6. Several other possible modes of bonding have been suggested, but

there has been no crystallographic evidence to support them. Among

these are the tridentate nitrato group, and the nitrato group acting

as alf—-donor ligand, thus forming a "sandwich" type compound. This latter

structure was ieepowsal) to explain the volatility of Ca(NO, Yo and

the low heat of vapo=risation (15.6K oalssmole4), which is of the

same order as values for the carbonyls of metals of the chromium group

and some metal cyclopentadienyl compounds e.g. ferrocene. This structure

was suggested for the Cu(NO,), molecule in the vapour phase, but was

found to be incompatible with subsequent electron diffraction studies(7),

These showed the molecule to contain two bidentate nitrato groups,

although the orientation of the NOS groups relative to each other was

not clearly established. These two suggested forms of bonding, the

tridentate and the ]j—bonded structures are unlikely to exist for

essentially the same reasons:

(a) The diameter of the NO, group is given variously as 3.29(72),

3.0873» 74) 4.32867), and 4.62%'79) , mmese figures indicate that the
aes, group is much larger than the metal ions of the transition series

(for the divalent metal ions Ti-zn the diameter is of the order 1.80-

1.408(77)) Hence, there would be poor orbital overlap, or at least the
formation of long, weak N-O bonds.

(>) Whilst it might be possible for orbitals on the WO; group to

overlap with suitable orbitals on the metal atom, it is unlikely that

all three of the oxygen orbitals will be of suitable orientation, Only

two of the NO, group molecular orbitals could overlap at any given time

4 a .with ore? a? SS orbitals, dz’, 2° orbital or s, p, or sp—hybrid
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orbitals, because of the spatial distribution of these orbitals.

In addition, it has been pointea (43954)out that the-H0, group has a

short 'bite' resulting in distorted co-ordination environments. This

is due to the short distance between the two oxygen atoms of the als

group, which is about 2.00-2.208. (44,78,79).

(This last point is in contrast to point (a) above).

A more recent suggestion is the possibility of bonding through

the nitrogen atom of the 20; group in a manner analogous to the amines.

X = NO, groupee “J ye :
LN, ne 7,

& is

yellow, CIS-isomer (0-bonded) brown, trans-isomer(N—bonded )

(i) CIS —>trans:slow at room temp, (i) trans -%> cIs—

rapid at 120°

(i)tm(Z), diamagneticynon-electrolyte (i) ma), diamagnetic,non-electrolyte

prepared at low temp. (-8°) thermally more stable-recrystall-

isable from hot nitromethane

(iii) IR spectrum: 14658,1289s,1008s,803w (iii) 15478,1529s8,12548,821w

(assigned by otiginal authors to the NO, groups).
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This mode of co-ordination was suggested M i Eo

between CIS— and trans— [in(co), (PPh, ), (210, ) J. Against this postulated

to explain the differences in infra-red spectra

structure one must raise several points. (1) The thermodynamic

stability of the trans—isomer, with its nitrogen bonded nitrato group,

is greater than that of the CIS-isomer, with its oxygen bonded nitrato

group, as evidenced by the methods of preparation, reactivity and

inter conversion (CIS—trans, trans-*9CIS). In the infra-red spectrum

the bands assigned to the NO, group occur at higher frequencies for the

ttangisomer, » implying a stronger Mn-N interaction than for the Mn-O bond.

This might lead one to expect other stable N-bonded nitrato compounds;

only oxygen-bonded nitrato compounds are known at the present time.

(2) In all the structural studies of the NO, group there has been

no evidence for a non—planar HO; group, other than some small deviation

(of the order of 243°)26(25) due to lattice forces. ‘his implies that

there is always sufficient M-bonding, delocalised over the group, to

maintain a planar configuration. To form a pyramidal NO; group of Cay

point group symmetry would require a deviation of up to 19° from

planarity. This would bring the oxygen atoms into closer proximity with

each other since the ONO angles decrease from 120° to 109°. any such

change would be limited by the repulsion of the oxygen atoms leading to

a larger bond angle and/or an increased nitrogen-oxygen bond length.

(3) One would expect an increase in the N-O. bond length since there

would be no electrons available on the nitrogen atom for T-bonding.

The presence of N-O bonds of predominantly single-bond character would

suggest infra-red bands at frequencies lower than those assigned to it.

A band at 1550 onTM would be more characteristic of N-O bonds with largely

double—bond character,
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(4) Would the stereochemistry of this pyramidal 703 group still have

p-orbitals on the nitrogen atom with an orientation suitable for overlap

with p-orbitals on the oxygen atoms? No non-planar nitrogen-oxygen

species are known at present.

Perhaps the differences in the infra-red spectrum can be ascribed

to the strength of the interaction of the metal with the NO; group,

assuming both isomers contain unidentate nitrato groups. For the

cis-—isomer with two bulky PPh, groups cjg to each other, and a bent

N-O-N bond, the metal and oxygen atoms are not able to interact closely,

thus giving an infra-red band at W65em~> (although this is a band of

weak intensity). For the ttangisomer, the arrangement of the two PPh,

groups thang to aoa the same side of the molecule permits the nitrato
group to approach closer to the manganese atom. Hence there would be

a stronger manganese-oxygen interaction giving rise to infra-red bands

for the nitrato group at about 15400m7>, which is then split by the low

site symmetry or the inevitable distortion in the molecule to give two

bands at 1547 and 15290m7¢,

Holset O)) sig satea a similar structural change from a planat to a
pyramidal nitrate structure in an interpretation of the phenomenon of

catalysis of nitrate reduction at the dropping mercury electrode through

polyvalent cations, such as lanthanum, Hollecks evidence for this change

in shape is based on the optical findings of von Halban(82), Katzin(®3)

has dismissed this argument by ascribing the variations in the electronic

spectrum of aqueous nitrate solutions to shifts in the electronic orbitals

without alteration of the planar distribution of the atoms.



2.2. Vibrational Spectra

Q.2\The Nitrate Ion

alo

The point group symmetry for the nitrate ion is Dye which is;

expected to give four fundamentals in the calculated vibrational spectrum.

Of these three are infra-red active, three are Raman-active with only

two coincidences (Table 2e). These spectral features. have been confirmed

by many investigetions, However, the great sensitivity of the vibrational

spectrum to the molecular environment of the ae group shows that in

many instances the point-group symmetry of the group is changed by the

lattice to one of lower order. Thus, the infra-red spectrum shows

perturbation of the nitrate ion due to lattice forces (crystal field)

and also hydrogen bonding. An ionic nitrate is readily recognised in

the infra-red because of the strong,broad band at about 13900m7+ due to

the dgenerate symmetric and asymmetric NO,-stretching modes.

daly") | Daly”) J3@) 24")aa g\“2 3 4

i.

. + . . °. + ee . ¢

. aa + ach £ :

< elo, ee He fsv SF * e+ Vv \ » a7 Z

ds des JE dor
assignment N-0 stretch ‘out-of-plane 0, stretching NO,—bending

bend.

activity Raman Infra-red Raman, Infra-red Raman, Infra-red

caloulatal 1050 831 1390 7120

frequency
(comTM)

Table 2esvibrational modes for the os group of Dah point group paneer
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Co-ordination of the NO, group in any of the modes mentioned above
Sy

reduces the point group symmetry from D3fe

in Table 22/85),

15

The correlation tab 1e/ given

Point Group Jv _ d 5 J ; oD j

3h Mee ee mG El See)
—— ef See eae : A,(1) es B(I,R) ; E(I,R)

Cog 4, (1,8) Ba(I,R) 4, (1,2) L59) | afTR)4H, (1,2)

co; | aban) Po a(n) | oP or)eatzja) | Aae)ed (2,2)

Table 2f:correlation table for related point groups.

R = Raman active, I = infra-red active

22.2, Unidentate Nitrato Group

For a unidentate, bidentate or symmetrical bridging structure the

symmetry of the NO,-group is C9, but this may be modified by molecular
3 av

or lattice distortions yielding a different, usually lower, site symmetry.

The vibrational modes of the unidentate nitrato group are shown in

Table 2g. No such table has been drawn up for the bidentate and bridging

3 groups because of differences of opinions about the assignment of

frequencies and because of the mixing of fundamental vibrational modes.

% onalyses
Several normal co-ordinate

(86-90) |group have been carried out

of the unidentate nitrato

The agreement between them is quite

close in their qualitative prediction of the effect of unidentate

co-ordination of the Hee group on the infra-red spectrum. They all

predict six bands and a similar kind of variation of band position,

depending upon the strength of the metal-oxygen interaction. Topping(88)
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and Hester and Britzinger (99) prefer not to assign the vibrational modes

of the fundamentals in the way that Herzberg (56) and ‘dai son 90) have,

but merely record the character species of the bands. Table 2h shows tht

pdlanis ation
all are in agreement about the, charactersof the four highest bands, but

Topping and Hester and Britzinger differ from others with Tegard to the

character of the two lowest bands. This matter has not yet been confirmed

experimentally, although the incomplete Raman work seems to support

Hester et al. There are only a few transition-metal compounds with

unidentate nO, groupsfor which both the structural and vibrational

spectral data are available. But these, and those others for which

unidentate character is assumed e.g. [im(co),, (110, 1, (Co(m, )5 (0, le do

not have complete sets of published data assigned to the nitrato group,

The 0, (8) fundamental of the nitrate ion is of weak intensity and
decreases when the degeneracy is lifted to form two new fundamentals.

Consequently, these two bands are not always easily identified. ‘There

is also an instrumental difficulty in that this pair of bands usually

occurs in the range 700-780cm7> which is near to Soe init *

for most of the instruments en which published work was carried out. There

‘ave also bands in this range due to the normal mulling agents used
€,g-Nujol, HCB.

Unidentate Nitrato Band Characters Ref.

Adaicon | 0 4(,)- 0, (4,)+ dp ly)- 2g(2,)- Dg(4y)- 0,00, 87,90

Hester Boe ay Ay - Boe A 89

Toppi: S. 
: ‘es peel 2 x Aye A. 3B). Bo. A. 88 Rint

Dehnicke By. Ay Ay Bae Aye 3). 102

Table
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Hester and Britzinger (89) have suggested that an accidental
degeneracy of these fundamentals might occur due to the opposing forces

of the polarisation of the a; group and the effect of metal-oxygen

bond formation. There is no experimental evidence for this at present.

This suggestion is based upon the assumption of a linear Netal-Oxygen-N0,,

system, which is not borne out by the available crystallographic data

for unidentate nitrato compounds. It is suggested that this system

might be linear in aqueous solution where only one band is opberved 7):

The order of the fundamentals could be determined by means of

the observed polarisations of the Raman bands, which are six in number

and coincident with the infra-red fundamentals. ‘There is no published

Raman data yet for known unidentate nitrato Barone but Raman studies

of aqueous solutions of several metal nitrates show that the order of

the first four bands is in agreement with the suggested scheme. Only

one other band is observed, but without polarisation Geta”

Ferraro (94) has suggested that the degree of splitting of the
E' modes of the nitrate ion could be used as a measure of the perturbation

of the ion from ay point group symmetry, and hence as a criterion for

the strength of the interaction of the metal atoms with the NO. groups in

the molecule. Since the splitting of the more intense )5(3") mode is

both greater and more easily observed than that of the less intense D, (8)

fundamental, the former is measured asAd,. The suggested limits are

Ad=.0 onTM? for the alkali metal nitrates andAU= 385em7! for CH, -ON0,,.

Thus for X-0-NO,,, where X = H,D,F, 9 CH, ,0,8 the Ad values are in the

Tange 320-450 ea es For the many transition-metal compounds with

co-ordinated nitrato groups the splitting is in the range 85-2500m72
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with higher values being for metals in higher oxidation states. Whilst

this empirical approach appears to have some validity it takes no

account of the mode of co-ordination of the nitrato ligand, nor does

it consider the nature of the fundamentals themselves, as will be

discussed later.

Irish and Walrafen studied aqueous solutions of calcium nitrate

and plotted the positions of the bands arising from the J, (8) mode of

the nitrate ion as a function of concentration. This discussion implies

a@unidentate association of the mo group and the calcium ions. They

found that the lower band, 05 (44)s is little affected by changes in

concentration, whereas the higher frequency band, J ,@,)s(se0 Table 2g)

is much more sensitive., A similar, though lesser effect was noted for

the pair of bands - D5 (44) ana 0 5 (i )- arising from the J, (8") mode of

the nitrate ion. The greater sensitivity of the J, (8;) band to changes

in the metal-oxygen bond and the distortion of the NO; group has been

attributed to a mechanical effect in the molecule. An increase in

the strength of the metal-oxygen bond has the effect of fixing thes ato

in space and is equivalent to an increase in weight at this position.

Such an increase in weight is expected to influence the asymmetric

vibration Wy (8) more than the symmetric vibration ,(A,), so that as

the metal and the degree of covalency in the metal-oxygen bond change

),,) will vary more than 0, (0,)-

For the unidentate nitrato group the out-of-plane rocking vibration

9) is expected to require less energy when the Os group is bonded

than when it is free. Hence, it ix expected, and is observed at lower

frequencies than for the free nitrate ion.



Sav Je(A,) Ye(Bo) | OCA? [AB — fs Gy) |, CD)

ia t| e o+ 1 os t “e-
0 t
| ii e- ° —, . e-

ae a eas Bia ees alee ee |e :
10240 d Su NEw uv

Assignment |N-O stretch out-of- NOp- NOp~ NO,- NO,-

plane rock |symmetric. jasymmetric [symmetric jasymme tric

stretch stretch bend bend

band (ey) 1000+30 780=800 1250-1550 11480-1050 750 700 om"

position c

Raman band

ghadacter polarised |iepolarised| polarisedjiepolarised| polarised depolarised

Table 2g- . Vibrational modes for the re grou of

i : Coy symmeiny 00? ‘7

| : Unidentate Nitrato Band Character Reference

Addison |) ,(B,).04(A,)-0p(A,)-0g(Bp)o05(Ay )05 (By) | 87,90

: Hester Boe Aye Aye - Boe Ay 89

j Topping Boe Aye Aye By. Boe A, 88

Dehnicke Bye Aye Aye Boe Aye By 102

Table 2h

Bidentate Nitrato Band Character Reference

Addison | J,(A,)-04(B,)-J9(A4)-05(Ay)-05(B,)-dg(By) | 97

Hester Aye Boe Aye By. Ay Boe 2

Popping | J4(A,)-4(By)-J9(Ay)-06(B,).05(A,)5(Ba)| 88

Dehnicke Aye Bye Aye 109

Table 2Le
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The N-O stretching ribrations! o(4,)» is now infra-red active and

its appearance has been used to indicate the occurrence of a covalent

nitrato group. However, this band is very sensitive to lattice forces

and most workers consider the intensity of the band before deciding

whether its appearance is due to distortion (giving a weak band) or a

bonding interaction (giving a strong band). The displacement of this

band to lower frequencies has been used by Gatehouse et al (93) as @

measure of the strength of the metal-oxygen bond. The movement of this

band is large only for simple molecules, X-0=NO, where X is a small

group, or single atom. For metal compounds the variation is very small

and this criterion has not been considered by later workers.

The above discussion is probably only relevant to unidentate

nitrato groups. Most of the ideas were put forward before the versatility

of NO, group as a ligand was realised, and have little or no’ validity

when discussing the bidentate and bridging nitrato group.

223.The Bidentate Nitrato Group

The vibrational spectrum of the bidentate nitrato group has been

the subject of much discussion. The ideal symmetry in this bonding

mode is Cgy and would be expected to exhibit six coincidental infra-red

and Raman fundamentals. There has been several attempts to predict

and explain the spectra actually observed.

Fujita (%4) observed that for carbonato complexes there appears

to be a clear difference in the AQ, - J.) value between unidentate

and bidentate carbanato groups. Field and Haray (2 ) suggested that
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the same distinction could be applied to the iso-electronic nitrato

group. However, they had little data available at this time, and

subsequent studies have shown that nitrato spectra are more complex

than carbonato spectra. The notion persists that bidentate nitrato

compounds (simply) exhibit a greater splitting of the two highest bands

than unidentate nitrato compounds, and that the two types are thus

distinguishable. For reasons to be discussed later this is not so,

although curtis (96) claims to be able to differentiate between the

two for his nickel(II) compounds. Practically, it has not proved valid

to use the infra-red spectrum to identify bidentate nitrato compounds.

Comparison of the spectra of known or reasonably-assumed unidentate and

bidentate nitrato compounds showsmany similarities, in terms of the

positions of the highest bands and the wavenumber difference between

the two bands of highest frequency.

(97)Addison and Simpson consider that whereas for the unidentate

nitrato group the asymnetric-N0,, stretching mode of character B, is the
1

highest vibration, it is replaced by the N-O stretching mode of character

Aye in the bidentate case. It is to be expected from the structural

changes that occur on bidentate co-ordination that the increased double-

bond character of the terminal N-O bond, as it becomes shorter and

stronger, will give rise to N-O-stretching modes at higher frequencies.

Similarly, the other two N-O bonds in the group will exhibit stretching

frequencies at lower values as the bond lengths become longer and weaker,

These authors point to the high value for UNeo at 1696 om found in

the vapour phase spectrum of nitrous acid H-o-n=0 (98) (99), This high

value can be compared with those of known bidentate nitrato compounds
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e-g+ TH(WO,), : 1628en72(290) ona 1635em71 (102) (snpra-red), 1666em2(102)

(Raman); Sn(1O, ), 2 1630cm71(97) (inera-rea), 1657em72 (202) (Raman) and

1661071 (102), Co(1i0, ).. 3 1649, 16210m721(108), Unfortunately, there

are many more bidentate nitrato compounds which do not exhibit such

high frequency bands. In addition there are compounds which undoubtedly

possess bridging nitrato groups which exhibit bands at high frequencies

e. 8 Be,0(10, ) (9s 16200m2(104), 5b0(HO, ),. : 1646om71 (106),

Ta0(W0,), + 16140m72 (106) | The most that can be said for this high

frequency criterion is that it is indicative of a strong interaction

between the metal and the HO; group.

In addition, the high value for Jiro found in nitrous acid is not

found in transition-metal nitrito compounds. For [co(o-1=0) (11, Cla

-1(107)0 aot l468on y and for {11a (-0-11-0),(py),,) Dycon 1360 on! (108) |

Thus, the appearance of a high frequency band in transition metal nitrato

compounds cannot be regarded exclusively as indicating a strong metal—

bidentate nitrato interaction leading to a terminal N-O bond of

predominantly double—bond character.

Reference to Table 2i shows that the stretching mode Ux-o is

labelled 0 (A, ) for the unidentate group ana, (4,) for the bidentate
group. Thus, for the bidentate case the two fundamentals assigned to

the asymmetric and symmetric stretching modes Uxo, are now the second

and third bands in the spectrum. ‘These two fundamentals are considered

to avise for the degenerate J, (8) mode of the nitrate ion and the

separation of these two bands has been suggested as a criterion of the

covalent bonding strength of the me group in the unidentate cass oa)
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If the splitting of the 0,(8") degeneracy is to be applied to the

bidentate case then the difference between the second and third bands

should be measured, and not the difference between the first two bands

as in the unidentate case, and as suggested by Ferraro (94), If it is

still possible to assign specific vibrational modes to a given fundamental

for the bidentate case then efforts to make a distinction between

uni- and bidentate nitrato groups using the splitting criterion are

futile. If such assignments are still valid, then theA 0, -0,) value

should be used. Undrtunately, experimental data indicates little

variation in the position of J, (1000-1950cn~*) for both uni- and bidentate

nitrato compounds. Further, the bidentate nitrato compounds, which

exhibit the greatest polarisation of the ae group show a decreasing

value for Vy in addition to the high frequency values for v, (> 1550 on),
This latter variation suggests that there is some validity in a

considering the splitting of the two highest bands. No Tationalisation

of this paradoxical situation has yet been suggested.

Another empirical approach, to the bidentate case has been made

by Debnicke (109) who made a comparison with the spectra of bidentate
carbonato compounds. He considers the structural changes in the HO,

group on co-ordination and discusses the effect upon the stretching

frequencies. The free N-O bond of the bidentate nitrato group approaches

double bond character and he thus compares it to the nitric oxide molecule.

The latter has a band at 1877om72(220) ana G0(210, ), 1,0, 009 eae

band at 1807em-+ » assigned asVN-O, This comparison is not justified
because nitric oxide is a free molecule and has a bend order greater than

two, whereas the nitrogen-oxygen bend in the bidentate nitrato group has

a bond order of 1.5-2.0. Also, in our experience, bands in this position
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are weak and this band at 1807om~+ is undoubtedly a combination and

not a fundamental. The symmetric stretching frequency, U10,, is

considered to be lowered further than in the unidentate case of

methyl nitrate and Dehnicke identifies a band at 7420n7> for Go(no, 5

N,0,+ In methyl nitrate!) thas band ds*asdigned to the )ii-0

and such low values are only found in simple molecules and not in

transition metal nitrato compounds where they are found around 1000cn7+,

Apart from this, the order and character of the bands is similar to

other authors for bidentate nitrato groups. However, Dehnickes

assignments and his inability to account for all of the observed bands

makes this approach unacceptable. Dehnicke does not appear to have

used this in his subsequent work (202),

Mopping ®2) has carried out a normal co-ordinate analysis of the
bidentate nitrato group in a manner analogous to his analysis of the

unidentate group. He is able to compute an approximate force field

capable of reproducing the known Bpectrum of the bidentate nitrato

compound xo[v0, (10, ),) and also the observed isotopic shifts. The orders

and characters of the bandsare shown in Table 2i. Topping advances the

reservations that his model will overestimate the nitrogen-oxygen

stretching force constant, partly due to neglect of the two mnetal-oxygen

force constants and partly due to the simplicity of the model, which

considers only one 7; group bonded to the metal. Although Topping

considers his set of force constants to be physically reasonable there

is little practical difference between the unidentate and bidentate

models. ‘The only difference between the two types lies in the order of

the bands as shown by their characters,
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Bidentate Nitrato Band Characters Ref.

Aaatson |) 1(4,)- 4(8,)00 9(4y)-0 5(4,)-0 5B). g(o9) on
Hester A): Boe Ay: 3B). Al: Boe 112

Popping J) y(4))- 0 4(@,)+0 9(dy)- 0 6(3,)-0 3 (44) 5(0,) 88
Dehnicke A: 3B). Ay 109

Table 2i

The normal co-ordinate analysis of Hester and Grossman (122) does

take the metal-oxygen force constants into consideration. Using a series

of procedures similar to those for the unidentate analysis they obtained

a set of data giving a band variation diagram similar to that for the

unidentate Saale): The method of varying the N-0 stretching force
constants to imitate the structural changes in the bidentate @Toup again

ignores changes in the bond angles. The calculations indicate significantly

higher metal-oxygen stretching frequences for the bidentate case. This

is rather similar to saying that there is a stronger metal-oxygen bonding

interaction giving rise to a greater splitting of the degenerate (B')

modes of the nitrate ion. They consider that although their calculations

fail to reproduce the high frequencies observed for some bidentate nitrato

compounds these could be obtained by increasing Se) af rores Seat
stretching force constants i.e. these compounds must contain highly

polarised a5 groups.

Although their diagrams of the variation of group frequencies with

eehanging force constant imply thet the new frequencies are derived from

those of nitrate ion, Hester and Grossman point out that this is actually
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not justified. Bigenvector calculations show that it is misleading

to assign a particular vibrational mode to a particular fundamental

band. Rather, each mode is in fact a complex admixture of several

types of molecular motion. This coupling appears to be particularly

important for fie bidentate case because the formation of a ring adds
extra deformation modes to those already present. In addition there

are high metal-oxygen stretching frequencies which couple to the ONO

angle deformation motions. Some help in assigning the stretching

modes might be forthcoming from observation of isotopic shifts. The

only published examples involve uranyl Gompounde >) where substitution

of wi for ni4 causes the three highest bands (stretching frequencies)
to shift to lower frequencies. In addition, the band assigned to the

out-of-plane rocking mode in the unidentate nitrate group and in the

nitrate ion also shifts to a lower frequency.

Addison et a1 (202) following the conclusions of Hester and
Grossman‘122), attempted to assign the infra-red and Raman spectra of
several bidentate nitrato compounds of known structure, with reference

to their molecular symmetry. Whilst this is fundamentally more correct

it was not found possible to assign all of the observed bands,

Thus, at present there is no ready criterion by which the ligand

character of the 70, group can be determined from the infra-red spectrum

alone.

9.2.4- Raman Spectra

Although the authors mentioned above do not agree entirely about

the order of the six bands expected in the ideal spectrum of the bidentate
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nitrato group, it is possible to differentiate between them by

considering the band character. All agree that the order of the first

three bands for the unidentate case is Bi Ays Ay» which differs from

the agreed order for the bidentate case Ay By» Aye Thus it should

be possible to differentiate between uni- and bi-dentate nitrato

compounds by observing the polarisation characters of the first three

bands — the A-modes being polarised, and the B-modes being depolarised.

The Raman studies that have been published agree with tiosh a )

and thus we do find a criterion for distinguishing, between unidentate

and bidentate nitrato compounds. This technique is not without its

difficulties and will be discussed later.

The lower three bands in the Raman spectrum are also a point of

difference between Addison et al and Hester et al. For the unidentate

case Adaicon(97)
(88)

et al suggest the order B. ’ Bi» whilst Hester et a (82),
(111)

29: Ay
and Topping suggest By Bos Ay The very limited Raman data

(214-117) from solution spectra suggests that the order ofavailable

Addison(97) et al is the correct one. However, for bidentate nitrato

compounds there is a conflict between published data. Ferraro, Cristellini

(120)
and Fox support the order of Addison of Ay BiAy» Ay, Bi» Bo» whilst

(12)-123)

the work of several different authors supports the band order of Topping

and of Hester: Ay Bo» Ay By A> Boe

It would appear that Raman spectroscopy holds the key to the study

of nitrato compounds. “In addition to the band positions, and the

depolarisation ratios of the bands, Addison (27) has indicated another

possible distinction between uni- and bi-dentate nitrato compounds

avising from the Raman spectra. It has been noted that the sequence of

relative intensities of the three highest Raman shifts is different for
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the two bonding modes - for unidentate nitrato compounds the second

band is the most intense, whilst for bidentate nitrato compounds the

first band is the most intense.

It is to be hoped that with the advent of laser sources and photo

electric recorders that much more Raman work will be carried out to

illuminate these problems.

Q.2.5 The perfect bridgi ng nitrato group has the same point group

23.

symmetry as the uni- and bi-dentate nitrato groups and would be expected

to exhibit six coincident infra-red and Raman fundamentals. No study

has been made of bridging nitrato groups, although there are expected

to be structural differences between this mode and the uni- and bidentate

modes. Nearly all of the bridging nitrato compounds characterised at

present involve copper(II) compounds. ‘The others are Di Gio, ) (31,0) 9) 224)

and [zn(wo, ),(#1,0),) 229), There is no simple pattern in the infra-red

spectra, and no Haman data at all, and indeed these infra-red spectra

(126) that the occurrenceare marked by their complexity. The suggestion

of bands above 15 700m! is indicative of bridging nitrato groups, has

no¥f sme out by subsequent work, ‘The copper(II) nitrato system is a
very complex one and would merit a review of its own.

Spectral Difficulties and Practical Problems

The foregoing discussion of the structure and expected spectra of the

possible bonding modes of the HO, group is an attempt to codify and

rationalise a much confused section of the chemical literature. Some of

the source of confusion and the practical difficulties standing in the

way of clear interpretation of the spectroscopic data will now be

reviewed.
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Originally the nitrato group was regarded as a unidentate ligand

(127) (128)
because of the simple molecules such as nitric acid » methyl nitrate

and fluorine nitrate228) which had been structurally examined. This

was then applied to the nitrato compounds of metals and the spectra

assigned as unidentate compounds. Hence the simple splitting scale of

Ferraro(9+) using alkali metal nitrates withAD = O and methyl nitrate

withAUe 385 ont as the reference points on the scale. Discussions

at this time appeared to have precluded bidentate nitrato groups even

though an early X-ray study 229) i naicatea its existence, and only much

later was it recognised as being an important bonding mode. At the

present time it would appear that the bidentate nitrato group is the

most common form of co-ordinated NO; group, the unidentate group being

found in a very few molecules.

Prior to 1955 the RO, group had not been considered as a ligand

and consequently its presence in a molecule was ignored. For the next

ten years the published work assigned all nitrate spectra as a unidentate

ligand. Much of this work requires re-interpretation or cautious handling.

Only when other data is available can the ster@ochemistry of the molecule

be decided. Such information is often derived from conductivity

measurements or electronic spectra with little regard for the effect

of the solvent. Solvation can occur by substituting the NO, group by

a solvent molcule or by the solvent molecule adding on to the central

metal atom, thus changing the co-ordination number and geometry of the

molecule. Such an addition may also involve the NO,— group changing its

mode of co-ordination e.g. from bi- to unidentate, from co-ordinated to

ionic. Such changes would thus produce misleading data.
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Another hazard encountered is the technique of preparing the

spectral sample as a potassium bromide disc. Often exchange takes place

and the co-ordinated Ry group is changed to a nitrate ion. In addition

(97,100, 103 )some reactive nitrates react with the milling agents and

the sodium chloride or potassium bromide windows. In earlier papers

hygroscopic compounds were studied without taking precautions to prevent

hydration. There are also many examples of the nitrato bands: being

obscured by those of other ligands present in the molecule and by the

bands due to the mulling agent.

A more intractable and fundamental problem is the appearance of

extra bands, usually evident as the splitting of recognisable bands, in

the infra-red spectra of solids. Such band splitting can be ascribed to

several factors:

(i) The grouping is part of a larger molecular arrangement, thus restricting

its freedom of movement. The molecule also belongs to an infinite array of

molecules all held in regular positions in a crystal lattice. The site

symmetry of the group and of the molecule as a whole is often less than

perfect because of the restrictions of space and the crystal lattice. This

lowering of the site symmetry allows the fundamental bands to split into

otherwise forbidden sub-bands of lesser intensity. The actual number of

bands depends upon the symmetry of the site.

(ii) ‘he coupling of motions within a molecule can yield combination bands,

though usually of much less intensity than the fundamentals.

(iii) ‘The coupling of motions between molecules within a unit cell or factor

group can lead to a lowering of the factor group symmetry, giving rise to band

splitting. Hydrogen-bonding is one type of molecular coupling.
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(iv) The coupling of internel vibrational modes with external or lattice modes =

ean also give rise to additional weak bands.

(v) Band splitting can also arise when erystallographically non-equivalent

nitrate groups are present in the same unit e113),

However, a complete vibrational analysis requires a complete set of

spectral data,ethe® single-crystal infra-red and Raman spectra, together

with the band polarisation data and some knowledge of the space group of

the crystal. In the absence of such data only an approximate analysis can

be attempted.



et]

The effect of site symmetry is probably the single most important

factor, At the present time only a few papers have attempted the

formidable problem of relating the point group and site symmetries,

and none of these involve the ae, group. The effects of hydrogen

bonding have been discussed, and related to the infra-red spectrum(28s180)

Workers in the field of aqueous solutions and melts have been discussing

the sources of the band splitting for the nitrate ion for some years.

The suggestions have included restriction of free-rotation (2319132)

(leading to a lowering of the symmetry), ion-pair interaction with metal

(133,134) (135,cations 136) and “outer—sphere souprexsaol)solvation

CoB we #0 - NO," Some recent work(137) has suggested that solvation

by means of hydrogen bonding is an important factor. It is clear that in

aqueous solutions the water molecules exert a strong influence on the

structure of the nitrate group through hydrogen bonding, and this is

reflected in the vibrational spectrum. From electrochemical studies of

the structure of water Gooa (238) observed that nitrate ions destroy
the structure of water to a significantly greater degree than the

chloride ions. This is probably due to the hydrogen bonding interaction

between water molecules and nitrate ions.

Another source of extra bands is the presence of different nitrato

groups in the same molecule. Examples are known of ionic and unidentate\>),

unidentate and bidentate(29?26), uniaentate and bidentate priage (24) (66)

bidentate and unidentate pridge (97), All of these examples involve
Copper(II) compounds. In addition it is known that dinitrato copper(II)

in the solid state is a mixture of two isomers,a-and B-forns (139), This
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is further complicated, at least in the case of dinitrato copper(II),

because the infra-red spectrum, particularly in the range 500-200em~-,

varies according to the method of preparation, the temperature of

sublimation and the nature of the cola-finger(14°),

Yet another possible source of extra bands is the unsymmetrical

do-onlination of the nitrato groupies) paving aitrevent

metal-oxygen and nitrogen-oxygen bond lengths. The influence of this

asymmetry on the vibrational spectrum has not yet been discussed in

the literature.

The introduction of the laser—Raman spectrometer has presented a

new set of problems which limit the usefulness of this valuable

spectroscopic method. The technique involves the scattering of the

incident beam at right angles to the incident-beam—direction. Since

less than 10% of the incident beam is scattered coherently in this

manner the intensity of the incident beam is very important. This

technique has become more widely used with the introduction of the

high-intensity laser beam as the radiation source, with the consequent

increase in the intensity of the scattered beam. ‘The increased intensity

of the incident beam, however, often causes decomposition due to

thermolytic and/or photolytic processes. In addition, many compounds

become fluorescent under these conditions and the light given out

interferes with the Raman spectrum. A further technical problem

involves the colour of the sample which sometimes interferes with the

colour of the laser beam. ‘This problém can be circumvented by using

a laser beam of a different colour. Prior to the advent of the laser

source Raman studies were limited to colourless samples, or coloured
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samples at high dilution. The laser source provides the flexibility

of varying the wavelength of the exciting radiation. Thus, the

He-Nelaser emits at 63288 compared to the 4358% line obtained from the

meroury are lamps previously used. Other coloured sources available are

the Af-ion (4880, 51452), the KE-ion (5682,64712), and the mixed

AE/xi-1aser. Variation of the exciting wavelength can reduce or even

eliminate the problems of fluorescence and photodecomposition referred

to earlier.

One of the great advantages of Raman spectroscopy is the possibility

of studying single-crystal spectra. However, the vibrations of the

crystal are related to the molecular symmetry and the crystal symmetry.

Thus, a complete spectral analysis requires the determination of the

spectrum along the three crystal axes, together with the polarisation

data. For each of the thirty-two point groups to which all crystalline

solids belong, group theory predicts the possible vibrations and the

way in which they are polarised. At the present time, however, there

is very little published literature relating the crystalline space

groups, the molecular point groups and the vibrations and their polar-

isation tensors which would enable this technique to be more widely used

and the data to be correctly interpreted.

Thus, there are many possible sources of difficulty which contribute

bia of spectroscopigally identifying the NO, group in its various

modes of bonding.



-39a-

2.4 The Scope of This Research

The work was undertaken in order to try and draw up a set of criteria

which would be relevant to any discussion of nitrate spectra and to test

several of the criteria previously suggested. It was considered that if a

related series of compounds could be established in which the character

of the NO, group was know, or could be confidently assumed, then perhaps
3

a set of criteria could be obtained, at least for a given metal. The

related series is be" (a,0),) (vo, 5 [iro ), (0) as [uv0,), (8,0) 9)

fr(wo,),).

It was also decided to examine the use of the far infra-red region

(200-500emTM+) as a source of useful dita. In addition there was a general

and qualitative interest in the use of liquid dinitrogen pentoxide as a

reagent and solvent.
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3.11.
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EXPERIMENTAL

Preparations were carried out using A.R. grade commercial samples

(from Hopkin’ and Williams):- [114 (4,0) 6) (a0, ),,3 [Co(H,0) ¢] (110 ) 5

[iin (H,0), (10, ))5 these are referred to subsequently as the precursors.

They were treated in the following ways:

(i) The precursor was dehydrated by pumping on the vacuum-line

(= 0.1mm Hg) at room temperature ———> [uGvo, ), (,0)y]

(ii) Standing crushed crystals over silica gel in a vacuum

desi¢cator for several weeks at room temperature — itt, )p(H30)x]

(iii) Standing crushed crystals over Po0, powder in a vacuum

desi¢cator for several weeks at room temperature —[1i(N0, )p(H,0)z)

(iv) The crushed crystals were treated with excess liquid N,0)-

The solution was shaken to ensure complete mixing and was then reduced

to dryness on the vacuum line. ‘The solid thus produced was then heated

under vacuum to remove any adhering ¥,0,— [n(x0, )o(H50)v).

(v) The crushed crystals were treated with an excess of liquid

1,0 + After shaking to ensure complete mixing the solution was reduced

to dryness on the vacuum line and heated ———> iGo, )p(H0)2)

(vi) The solid from (v) was always a hydrate and was treated with a

second excess of liquid N05 The solution was shaken, reduced to

dryness, heated and examined ———> Luo, ), Jn.

3.1.2. The liquid N,0, was obtained from a cylinder (Air Products Ltd).

The liquid N,0, reagent was freshly prepared each time by the dehydration

of fuming nitric acid (A.R. grades specific gravity = 1.5) over

powdered phosphorus pentoxide. 2HHO,, ee 0, + H,0

The apparatus used is shown in figure 3.1.
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Fuming nitric acid was allowed to drip onto phosphorus pentoxide.

The initial clouds of brown fumes flush moist air out of the apparatus

and the reaction tube containing the hydrated nitrate to be reacted.

The side-tube was then stoppered and a Dewar flask of liquid nitrogen

placed around it. This fulfills the dual purpose of trapping the

4505 in the reaction-tube, and also creating a partial vacuum which

Causes more 0, vapour to enter from the reaction flask to equalise

the pressure.

Contimed addition of the fuming nitric acid ensures a steady

production of 0,0, « It is necessary to agitate the flask occasionally

to break up the syrupy layer which forms over the surface of the

phosphorus pentoxide powder after reaction with the nitric acid. No

heating is necessary, except at the beginning, as the dehydration is

highly exothermic. The M5059 with a boiling point of 45°C, condenses

in the cold region at the top of the side-arm and runs down in the

reaction tube where it solidifies. In our apparatus there was a tendency

for the liquid ook to run back into the reaction flask. This was

counteracted by tilting the whole apparatus to make the reaction tube

more vertical. Also a current of warm air was applied to the side-arm

so that condensation of the moor only took place on the cooler part at

the top of the reaction tube.

The quantity of W505 reagent prepared by this method is of the order

of 200m. Care mst be taken not to use too large a volume of reactants,

or too high a reaction temperature because of the danger of the contents

of the reaction flask bubbling over into the reaction tube.
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Since the chemicals involved in the preparation and the products

are dangerous materials protective clothing is essential (coat,

neoprene rubber gloves and face visor). All manipulations were carried

out in a well ventilated fume cupboard. In addition, all the glass

joints in the apparatus were sheathed in PTFE sleeves, because both

apiezon and silicone greases are attacked by fuming nitric acid and

by N30,6

The liquid N50, reagent prepared by this method is probably not

pure and undoubtedly contains some anhydrous nitric acid. Pure N.O,
25

205+ 2HNO, (142) has been
reported with a melting point of 5°. Our solid product melts at room

melts at 30°C, whilst a crystalline adduct NW,

temperature (=15-20°¢). A more Yigorous preparation of ¥,0 requires

the passage of ogonised oxygen, to oxidise the Temaining nitric acia (M43)

aos is thought to decompose to 0, and oxygen. Debnicke (109) found

that the reaction of 0, with anhydrous metal chlorides yielded N30,

adducts of the anhydrous metal nitrates. This remarkable, almost

quantitative conversion of N50, to ¥% was not observed in this work.

All the compounds obtained by reaction with Ba were dissolved in water

and the solutions examined in the ultra-violet range for bands assignable

to the nitrite ion. None were ever observed. ‘The NO,” band at 354mp

is about three and a half times more intense than the nO,” band at

302mh » and is clearly observable in concentrations of 0.01M, even in the

presence of a ten-fold excess of nitrate ions. Thus, if any N30) would

have been present its presence would have been observed,
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When the N50. preparation reaction was complete the reaction tube

was detached and stoppered, care being taken to prevent the entry of

moist air by the use of dry nitrogen gas. The reaction tube was allowed

to stand upright in the liquid nitrogen for a short time and then the

coolant was removed. As the reaction tube warmed up to room temperature

the solid, white N50, melted and fell onto the hydrated nitrate compound

at the bottom of the reaction tube. When all of the reagent had melted,

the mixture was shaken mechanically to produce a homogeneous solution,

These solutions were intensely coloured and appeared to be stable for

several days.

The reaction tube was then transferred to the vacuum line and the

solutions were reduced to dryness. The vacuum—line, figure 3.2 was first

purged with dry nitrogen gas. The vacuum was produced by the use} of

an Edwards High Vacuum two-stage rotary vacuum pump, assisted by two

liquid nitrogen traps, performing the dual function of trapping the

volatilised solution from the Teaction—tube, and reducing the pressure

in the system. The pressure in the apparatus was measured with a

Pirani guage attached to the first section of the vacuum-line. Usual

pressures recorded were of the order 107-1073 Torr,

When the samples required heating on the vacuum-line an electrically—

heated tube furnace was raised into position around the reaction tube.

The temperature was controlled by a variac potentiometer and measured.

by a calibrated thermocouple.

When the reaction tube was removed from the vacuum—line it was first

filled with dry nitrogen gas, removed, stoppered and transferred to a

dry-box. All dehydrated compounds were stored in a dry-box, which was

flushed with dry nitrogen gas and further dehydrated with fresh phosphorus

pentoxide powdet. The dryness of the box was monitoted with a calibrated
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haixr—hygrometer. All transfers of samples and manipulations with the

dehydrated nitrato compounds took place in the dry—box.

3.2. Analysis:

3.2.1. (a) Nitrate:

The compounds were weighed out into stoppered weighing bottles and

then dissolved in distilled water. The nitrate ion was precipitated as

nitron nitrate using the method described by Voge (144), The nitron

Teagent was prepared by dissolving 5g of nitron in 50cm? of 5% acetic

acid and then stored in an amber bottle. ‘The reagent was prepared freshly

x for eaéh batch of analyses. The nitrate solution was then acidified

with lem? of glacial acetic acid, heated until nearly boiling and loom?

of the nitron reagent was added. After stirring, the solution was allowed

to stand and was then cooled for at least two hours in ice, very often

it was left overnight. The pink precipitate was then filtered ax through

a weighed, dried sintered crucible (porosity 4), washed successively with

a cold saturated solution of nitron nitrate and ice cold water and then

oven-dried at 105°, The precipitate was weighed as nitron nitrate,

Cooly gly - HNO, using the factor 16.519 derived from the molecular weights

of the compounds, and not the apparently empirical factor 16.70 recommended

by Hopkin® and Willians(145),

. Some of the dehydrated compounds reacted with the moisture in the

air during the process of dissolving the compounds in water, thus giving

' rise to a loss of nitrate as brown fumes of nitrogen dioxide. This loss

was prevented by weighing out the compounds into gelatine capsules which

were dissolved under the surface of the hot acidified water. Analysis

of dry A.R. grade potassium nitrate using these gelatine capsules showed

that the capsules do not interfere with the nitron nitrate precipitation,
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3.2.2. (b) Metals:

Weighed samples were dissolved in distilled water, the solutions

3 aliquots were then titrated againstmade up to 00cm, and 10cm’

standardised 0.01M EDTA solutions.

(4) Nickers 46)

Some solid murexide indicater was added to the 10cm? aliquot and the

purple solution was diluted to about 100cm>. The solution was then made

alkaline with ammonia (pH 10) until the solution became yellow. ‘This

solution was then titrated with 0.01M EDTA solution until the colour change

yellow to purple was observed. The end-point has to be approached slowly

because of the slow rate of co-ordination of the nickel ions by the EDTA.

(11) Cobarts 47)

A few drops of Xylenol Orange indicator were added to the loom? aliquot

and several drops of bench dilute sulphuric acid until the colour of the

solution changed from red to yellow. The solution was then diluted to about

3
50cmTM and powdered hexammine was added until the red colour of the solution

had been restored (pH 6). After warming the solution to about 40°C it was

titrated with 0.01M EDTA solution until the colour change red to yellow was

observed.

(iii) Manganese: (148)

: The loom? aliquot was diluted to about 50cm? and one drop of 0.88 ammonia

osolution, 6cm

3

of 2.5% potassium cyanide solution, and 0.2g of ascorbic acid

and 2cm” of pH D buffer solution were added. Several drops of Eriochrome

Black T indicator were then added and the solution was titrated with 0.01M

EDTA solution until the colour change red to blue was observed.
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33. Spectra

3.3.1. (i) ra-red: the range 3,650-350em> was investigated with the

Vnicam SP100 spectrometer. Samples were mulled with Nujol and with

hexachlorobutedene(HCB), both of which were stood over 3A molecular sieve,

stored and handled in the dry box. Silver chloride windows (0.lem thick)

were used to minimise dry reactions.

The range 500-200emTM> was investigated with the Grubb-Parsons-

OM4 spectrometer. Samples were mulled with Nujol and migved between

polythene windows (0.lem). This instrument has an infra-red beam which

produces temperatures of some 45°, and many samples were melted by the

heat of the beam and the cell compartment, which is not insulated from

the Globar source. For the Manganese compounds a cooled cell was

designed, based on a prototype by a colleague (A.W.Atkinson).

Nitrogen gas

cooled by

passage

thr ough

Glass body peas
and tubing NEM CE St

Polythene windows containing

mull,held by O-rings

Pigure :3.5.
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3 The ends of the cell are covered with thin polythene, to prevent the

cool gas from escaping, By this means samples could be cooled and

their spectra recorded. Some increase in band intensity was observed

on cooling the samples.

3397 (ii) Blectronic Spectra; samples were dissolved in distilled

water and the solution spectrum recorded using the Perkin-Elmer 137

spectrophotometet. This was carried out mainly to determine whether

any nitrate was present. None was ever observed.

Solid state rdlectance spectra were recorded using the Coleman—

Hétachi spectrophotometer fitted with a reflectance attachment. ‘This

was used to determine the environment of the metal atom in its solid

: compounds.

3.4. Magnetic Susceptibility:

cousMeasurements were made at room temperature using a “st halance,

used in the usual manner. The tube was O.lem diameter and 7.4cm in

length.

Diamagnetic corrections for the No, groups and H,0 molecules

were taken from Figgts and tewis (149) fox 10, = 18.9 x10 4

for H,0 13 x 1076 cgs. units.
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RESULTS

4.1.1 Nickel

The Ni (NO,), - #0 system has been studied before. Sieverts and

Schreiner (15°) investigated the binary phase system and noted the
temperature ranges of each hydrated form of Nickel (II) nitrate. They

also investigated the ternary system Ni(NO,),-HNO,-H_0.3)2 342
4.1.2 [Wi(H0).)(N0,)>

Sieverts and Schrieners general method was to construct the phase

diagram for the binary system Ni(No3), - 1,0°150), They then recrystallised

the desired compound in the temperature range indicated by the phase diagram.

This was found to be a very slow and not always reliable method giving

solids with non-stoichiometric amounts of water. The method was thus not

pursued as a preparative route to this compound.

Weiget (154) et al conducted a thermo-gravimetric study of the pyrolysis

of this compound to NiO. They reported the tetra-aquo (45°-80°C) and

di-aquo (80°-220°) compounds to be stable intermediates. Thereafter, above

145°, decomposition to the basic nitrate - Ni(NO3),. 2Ni (0H) .= occurs, and

above 200° the oxide, NiO is formed.

Whilst the above experience was found to be correct, that as water was

removed from the system, so the melting point increased, neither this nor the

method of Sieverts and Schreiner presented themselves as methods of preparing

the intermediates.

The dark-green hygroscopic crystals of the hexa-aquo compound have been

shown to be triclinic (151-153) and not ‘usnociinig’ (1) as was reported elsewhere.
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The molecular structure has been determined by Brafbents (153) et al who

found an array of (4(H,0),)"* cations and nitrate anions held together

by a network of hydrogen bonds. The cations themselves are only approximately

octahedral being deformed to an orthorhombic bipyramid. The six Ni-OH, bonds

are all of different length ranging from 2.0218 to 2.095%, and the bond angles

about the central nickel ion range from 85.8° to 93.2°. This deformation of

the structure is due to the formation of hydrogen-bonding interactions by the

water molecules which are all different both in direction and in strength.

In addition, the two nitrate groups are crystallographically independent,

and whilst they are both planar they do deviate significantly from trigonal

symmetry. The significance of this deviation of symmetry in relation to

the infra-red spectrum will be discussed later (Section 4.1.6).

41.3 Ni(NO,), (#30),

The crystal structure of this compound has been determined by Weigel et ai (18

The nickel atom is octahedrally co-ordinated by four water molecules and two

unidentate nitrato groups in positions CIS- to each other. The nitrato groups

show evidence of slight distortion due to hydrogen-bonding in the crystal

lattice.

The attempts to prepare this compound are summed up below.

{n(H,0)¢] (110,), peaulee 3 MA(WO,), (H,0)y

eg? een
P,0 0

Seco ? aes 2
N,0 N,0
24 > Ni (NO), (H,0)w 24 > Ni (WO), (H,0)vd ay

M0, + heat Ni (NO), (H,0)v2

all preparations were carried out at atmospheric pressure unless otherwise

stated.
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This latter method using liquid 0, was first used by Addison and chapman ‘255) ,

Weigel et al crystallised the compound from a saturated solution of acidified

Nickel(II) nitrate solution, Utilising the phase diagrams of Sieverts and

Schreiner.

The analytical data for the compounds prepared is compiled in Table 4.1 a.

ai 10, #0 Ratio

Ni (NO,), (H,0) cate. 23.04 48.67 28.19 1:234

Ni (NO), (H,0)w 21.43 44.99 33.58 1822561

Ni (NO), (H0)v4 21.99 46.53 31.48 1222485

Ni (NO), (H,0)v2 22.75 48.00 29.25 1:2:4.2

Ni (NO), (H,0)x 23.28 48.43 28.29 131.9733.96

Ni (NO), (H,0)y 22.65 46.34 31.01 1:1.9424.46

Ini (NO), (B30) 23.32 49.60 27.68 1:1.99:3.86

The analytical data indicates that the tetra-aquo compound is produced by

dehydration over silica gel and P05 and by the use of liquid N,0 «> In all

cases the deliquescent dark-green crystals of the hexa-aquo compound are

converted to a light green powder of higher melting point.

The nickel(II) ion has an electron configuration of aes For this ion in

an octahedral ligand field there are three spin-allowed d-d transitions,

giving three absaption bands with low molar absorbances (@TM10). These are

observed (Table 4.l1.c), together with the splitting of the middle band, Ji

which is due to spin-orbit coupling which mixes the oh (F) and "Re energy

fence In addition, the spin — forbidden esheets, a5 > ‘Eg appears

weakly, indicating slight distortion of the octahedral environment of the

nickel(II) ion. This distortion is confirmed by the structural study of the

(a8)compound °

% Bollhausen’*” asctibes the splitting to the wide spteod of the spin~
orbit components of *Tig(F), leaving an energy gop” which is noe bridged

by vibromte coupling.
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The table of collected data (Table 4.1.c) shows that the electronic

spectrum is closely similar to that of the hexa-aquo Nickel (II) ion, and is

also green in colour, as found for nickel-oxygen systems.

The octahedral environment of the Nickel (II) ion gives rise to a

paramagnetic ion with two unpaired electrons. The spin-only magnetic moment

is 2.83 BM, whilst the observed magnetic moment for this compound is

2.87 + 0.04 BM (at 22.5°C). This indicates that there is only a small

deviation from octahedral co-ordination of the nickel(II) ion in the

(204)

tetra-aquo compound,

4-144 WL(O3), (BO)

This compound has been previously prepared by Hathaway (156) who added

anhydrous nitric acid to the anhydrous metal chloride. Shortly after this a low-

temperature magnetic susceptibility study of the solid was reported by Berger

and Friedberg (124), who used the unpublished structural data of Baughman and
Jeffrey. These latter workers prepared their crystals by the method of

Sieverts and Schreiner, which involves the recrystallisation of an acidified

aqueous solution of nickel(II) nitrate in the temperature range }85°C. They

interpreted the structure of the monoclinic crystals as a polymeric system with

bridging nitrato groups with transwater on The only molecular dimensions
given are the nickel-oxygen bond lengths. See Table 4.1.f.

Berger and Friedberg found that their magnetic data fitted in with this

structure. The low temperature molar susceptibilities of the hexa- and tetra-

aquo compounds are practically identical to each other suggesting similar

structures, but they are very different from the di-aquo compound.

The di-aquo compound was prepared by adding an excess of liquid ¥,0,, to

crushed crystals of the hexa-aquo compound using the method described earlier

(3.1.2). ‘he dark-green solution yields a light-green solid on removal of the

solvent. This compound is lighter in colour than the tetra-aquo compound, and

has a higher melting point. The analytical data ate shown in Table 4.1.b.



°

c=8-SlA

0,

ptoyection of the untt cell on be plane

Ni" sons fotm a face-centted pattern

ANi(NoselH.0),)_ ofter Baughman and Jefftey (124)
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ble

% Ni % NO, % H,0 difference Ratio

(N03), (1,0) at.12 56432 a 16.56 1:1.97:1.99

Hi (810) (11,0) 5 26.85 56.67 16.48 132.0:2.0
calculated

The electronic spectrum of the diaquo compound is very similar to that of

the tetra-aquo compound, and is closely similar to that reported by Hathaway 297)

for the diaquo compound (Table 4.1.c) The spectrum indicates a distorted

octahedral environment for the nickel(II) ion. In particular, the splitting

of Vo is more pronounced and the band is broader, suggesting greater

distortion of the octahedral environment of the nickel(II) ion.

The magnetic moment was found to be 3.04 * 0.04 BM (22.5°C). Hathaway 297)

reports a value of 3.34 BM. These values imply an orbital contribution to the

magnetic momefit. ©. Since no orbital contribution is expected for the

a configuration in an octahedral field, the existence of such a contribution
(204)

implies that the octahedral environment is distorted.

The electronic spectral data is collected in Table 4.l.c.



Table 4.1.c.

2B 3, 3, 3 3 3 Sea 2 OSJ, Ctgg & tog) | Ya tig hog) | 956 Tig) "hoy Cae Phy) Crip Pag} Hitrate

[ni (,0),)** son, 159) 1176 724.6 doublet 395.3 657.9 454.5

" Golid 1160 vbr. 700ss,720doubkt 386 br. 660w eee ees
292(5

Ni (NO. )o (Hy) va 1200(240)br.| 710, 740doublet 394 660m 410-420sh | 223,252(2),3 285(5)(solid)

Ni (HO,),(H,0), 1140 (420) 720,740 doublet] 400(4) 680m 480sh 227,225(3),
290-310br(soled)

* (157 nd) 1170s 740-660vbr 398s (740-660vbr ) 470sh 285«7sh aas (soh 

'

(ni (10,) Jn 970sh 180 416br 700m 223,260(4)-
(solid) 290vbr

Ni (1103) ,/1,0, (soln) 960sh 780 416(8)vs 680(10) sKr

- (166)Gn0r,)3) ; (bis wh = 1250 11502 420.0 710.2

i)

“

all Values ate 10 mp

iqutes in brackets

indicate baad half-taid chs



=56<

4.1.5 [is (n0,),)ne

This compound was prepared by the reaction of liquid N30, with the

di-aquo compound using the method described in 3.1.2. The intense dark-green

solution yielded a lime-green powder on removing the solvent under vacuum. This

solid evolved brown fumes on standing, even in an atmosphere of dry nitrogen gas

in a dry-box. Analysis confirmed that there was an excess of nitrate present

arising from an M0, molecular addition compound. Heating the solid to 70°/

0.05mm Hg pressure removed some of this 505» and raising the temperature to 100°

for several hours removed even more. Heating for about 15 hrs at this temperature

and pressure yielded the yellow-green, free-flowing powder of the anhydrous

nitrato compound.

* 
o 

,Ni (3920570 £0. 05mm, 79.62 7410 100 02050 10.4 77210, 15 hrs ) 67417410 ,

% Ni % NO,

Ni(NO,), 31.18 67.41

Ni (xo,), 32.14 67.86
calc. 

Table 4.1.4,

Heating at higher temperatures, above 125°, under vacuum, produced no
metal

volatile| products, and instead decomposition takes place.

The anhydrous compound is soluble in donor solvents such as water, ethyl

acetate, methyl cyanide, nitromethane and ether, but insoluble in chloroform,

carbontetrachloride and benzene. It is soluble in liquia M5 05¢
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The electronic spectrum is very similar to that of the other compounds and

is assigned on the basis of a distorted octahedral environment for the nickel

atom (Table 4.1.c.) It is noticeable that the bands are broader for this compound

than for any of the other nickel compounds, and without any fine structure. This

broadening is typical of polymeric substances.

The anhydrous compound was found to have a magnetic moment of 2.99BM at

room teuperatirestooys and to obey the Curie-Weiss Law over the temperature range

11°-290°K. Johnson found a value of 2.86nm (26°) pon this compound. The small

orbital contribution to the magnetic moment indicates an octahedral environment

which is only slightly distorted. This will be discussed further in relation

to the infra-red spectrum.

This method of preparation was used by Guntz and Martin (162) who obtained

a yellow powder which decomposed above 105°,

(160)
Johnson used liquid N,0 4 in the presence of an electron-donating solvent.

Nickel metal is not attacked under these conditions, but anhydrous nickel(II) ¢

chloride reacts vigorously with a suspension of nickel in liquid 305 and ethyl

acetate. The suggested reaction scheme is:

With + 2N,0, 5 Ni(Nl0,), + 2NO0tA

QNOTI+ Ni s, Nils, + 2No

2N0 + N,0 4 > 2N,0., (green solution)

0 py m2Wi (NO,),4N,0, Ni(NO,), .1,0, 130°/107 “mm > Ni(NO,),

The product is a pale green solid with a magnetic moment of 2.86BM.
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Addison and Wera (162) obtained a flocculent pale green powder by the

reaction of liquid N05 with anhydrous nickel(II) chloride or diaquo dinitrato

nickel (II). ‘Their study of the compound suggests that it is a high-spin

Nickel (III) compound with a magnetic moment of 4.52 t 0.028 B.M. and they

formulated it as no, *[ra’TMTM (wo,) a

No evidence for such a compound was found in any of our many preparations

of the anhydrous compound. One intermediate which was isolated and examined

showed evidence for the formulation no,* [wi (x0,) 3) with a normal Nickel (II) -

value for the magnetic moment and a band at g360 sdatened to go, O62-165),

The species fx. (v0) J" (166) has been recognised in molten dimethyl sulphone

having a similar electronic spectrum (Table 4.1.c) showing the three main

bands and a “Gprfosforbidden band at 710.2m)h.

Some tine after the completion of this work another investigation of this

system was published which queried this unusual oxidation Ni(II) Ni(III).

Kimber and Taman ho ceneuted the procedure of Addison and Ward and obtained

a non-stoichiometric adduct with a magnetic moment of 2.87B.M. They formulated

+their adduct as Ni (NO,), 3,0, or NO (x1, (1W0,),] mainly because of the strong

2 assigned to no’. ‘the compound is polymericband in the infra-red at 2255 cm—

and reactive. They explain the reactivity of the compound as the solvent

breakdown of the polymeric network yielding No, gas and acidic solutions which

are capable of oxidising potassium iodide solutions.

This experience is similar to our ow, except that Kimber and James only

removed the excess 4,0, under vacuum at room temperature, whilst our preparation

removed adhering 0, by heating to about 100°C under vacuum.



4.1.6. Infra-Red Spectra:

The spectfal data for all the nickel(II) compounds is collected in

Table 4.1.e. (P63)

All the compounds exhibit a large number of bands. In all cases more

bands are observed than would be expected assuming the simple concept of the

isolated NO, group, as discussed in the introduc tion.(P36)
3

The tabulated data shows a change from the compounds of high symmetry -

(ui (#,0)¢) (W103). with a relatively simple spectrug, through the intermediates

with many bands, to the anhydrous compound where a relatively simple pattern

is again observed. The simple variation of the bands in the 1250-1450 out

region found by Curtis and curtis (9) is not apparent in this system. This

is possibly due to the smaller water ligand in this system allowing a greater

rearrangement of all the ligands co-ordinated to the nickel atom on changing

from one compound to another; Curtis and Curtis used ethylenediamine complexes.

Assignments:

(i) All the hydrates show the usual bands due to the presence of

co-ordinated water molecules - that is: broad bands in the 3300-3600 ont

region due to Jo-z, and usually two bands in the 1600-1680 ca region due to the

§ O-H mode. In the hexa- and tetra-aquo compounds these bands are all broad

due to extensive hydrogen-bonding. In the diaquo-cempound these bands are

fewer and sharper. They are totally absent in the anhydrous compound.

In addition, there are bands due to the Ni-0H,, vibration in 500-700 eae

(Jas) and 400-450cm~> (Js) regions. These are also absent in the anhydrous

compound.
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(ii) For the hexa-aquo compound the simple ionic nitrate pattern is

not observed. The appearance of the forbidden band at 1060emTM+ and the

lifting of the degeneracies of the two E-modes indicates that the local site

symmetry of the NO; ion has been reduced, probably to Coy as shown by the

X-ray analysis of this compouna 153)

(iii) The other aquo-compounds show a similar set of bands: 1470, 1310(40}

1040 omTM(N-0 stretching modes).

805(10), 760em-> (ONO-bending modes) (The spectrum of the tetra-aquo

compound is similar to that reported) (130,155),

(iv) The weak bands in the 2000-2500 ‘cae region can be assigned to

combination modes.

(v) Bands in the 1300(40)emTM+ and 1475 (20)em> regions are all broad and

are undoubtedly broad envelopes of several bands, which are only sometimes

partially resolved. This fine structure is a consequence of the various factors

discussed above (Section 2.3). Only a single crystal study using both infra-red

and Raman techniques would resolve the fine structure.

(vi) There are bands in the 1760-1790 cmTM and 2000-2500 cmTM regions

which are present in all the spectra and which disappears on complete dehydration,

These are combination modes.

Thus,no simple pattern emerges from the 3600-500 on region to give any

guidance concerning the nature of the bonding of the nitrato group.
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The data for the 500-200em~+ region is collected in Table 4.l.e. and figs

4.1 and 4.2. The spectra and figures indicate that in this region each

compound has a distinctive spectrum.

(i) The hexa-aquo compound shows no specific absorption in this region.

Although the high temperature of the beam usually caused melting of the compound,

cooling the mull produced no better spectra. This broad absorption is typical

of this and other fully hydrated compounds.

(ii) The tetra-aquo compounds vary considerably in the pattern of the

bands, although the actual band positions are closely similar in all the

compounds. The "wetter" compounds ‘w' and 'y' give the least specific patterns.

The clearest patterns are shown by compounds 'Vg' and 'Z' which correspond

the most closely to [xi (xo (2,0),]. These two actually differ in the3)

number of bands appearing in the spectrum. The reason for the difference could

be due to the different methods of preparation. Thus, dehydration over PO,

produces a compound in which the two nitrato groups are trans to each other.

a chromophore MPaYe wich
This molecule would have,a point group symmetry of D 4h giving five infra-red

active vibrations. Dehydration with liquid Ny, produces a compound in which2°4

the nitrato groups are CIS- to each other, as found by Weigel et al. ‘This

molecule would have the lower symmetry of the Cyy point group, giving thirteen

infra-red active vibrations. (See figure 4.1). On standing the nujol mull

for about 24 hrs. the more complex infra-red pattern was observed to change to

the simpler pattern. This seems to imply a lattice rearrangement of the CIS-

to the trans-dinitrato structure.
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(a) All show a broad band centred on 440 cn, assignable to a Uni-on,

vibration. The broadening is probably due to the presence of four co-ordinated

water molecules, all of which are extensively hydrogen bonded. This changes to

a sharper band at 405em7> in the diaquo-compound, and disappears on further

dehydration.

(b) The pattern of the remaining bands becomes simpler on passing from

the tetra- to the di-aquo compound. This latter compound has three bands at 305,25¢

(10), ana 225-230 om.
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Table 4.1.e.

Assignment [si (0H,) J (ng), fafo,),(29)) Mi(10,) 6D mio, ), (#0) A Ni(N0,), (#0) A Ni (NO, ),(H,0) 4 Ni (NO) (HOD) xs (no Yo

oe aye “vat ce ae 3

Ni-Onitrate 215 mm 210br.sh 210 220w
cee 235(20)br 230 225-230sh 240m

250255w 255ms (sit) | 250-255m 250(5)m.s 260m
Sedo 280-285mw 280ms 275-280m 270ss 280s
modes ( Be 305ms 305(5)brs 305 305 m.s 325 whr

Ni-01 416mm 425 vbr 405(40 ae br 405s.s
stretching 435(20)br w | 440(30)br.s | 440(20}tr.W 440(10)sh
modes 460(20 vbr 470 wah

Ni-OH,wag f 560(20)vbr =| 510-61 5vbr.w 600(20}tran 615(30)br.m 590(10)w
and eth 620-685brs 655-700br.w 680(20)br.m 665(30)br

” 740sh
Gnitrate(s} 760ss 710shw 750mm 760m 770mm 760w 765sm 780sw
dnitrate(b 8078 835(10)w 810m.s. 810m.s 815sm 820(10)m 810s.s 805s.s

870(10)sh 875mm 870m 850vw

Unitrate (c) | 1025sh 1040m 1020sh
_| 1060s x 1060sh. 1040ss 1040ss_ 1045sm 1045ss | 1060ss ss |_:1050m

1280sh 1250sh 1250shm 1260sh } 1270sh } 1260sh 1260brsh
Unitrate(d) | 1310(20)br 1315(10)brs J | 1310(20 1310(10)brs)_ | 1310(20)brs rete 1310@0}rs | 1310sm

1370m 1390(10)m 1340sh 1340sh
Jnitrate(e) | 1470(20)br 1470brm 1480(10)tm | 1490(30)brs 1475 (20)ms 1475(10)brs | 1470

4 ictal 1540

5 0-Hwater 1625sm 1620sh 1620shs Min 2 1560
1650 1645s 1640m 1630(10)ms 1640ms 1630ms

; 70 (10) jm 1675mm 1685mm
combination —

(a)+(c) 1790 1760(10)w | 1760sh 1760w 1760m 1760m 1790m
overtone i Sn
2 x (c) 2075 2080w 2070(10)w 2060vw 2065m 2070vw 2035vw

2110vw.

combination pees 2300vw
(a)_+(c) 2380w 2350 2350w.s 2350vw 2350mw
combination 2435(20)bew | 2440w
(e) +(c) 2500s 2500sh 2500w 2515

200-3300br 3290vbr
vbr

Jo-HGayumetzic) 3600 3400-3500 3410 (20)urs 3600 3460vbr 3535

Note (i) all values are wave numbers (eu),

(ii) figure in brackets indicate half-bend widths

(iii) letters after the figure indicate (a) band shape: s = sharp, m = medium, br = broad

(>) band intensity: s = strong, m = medium, w = weak, sh= shoulder

-63-
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The latter two bands are broad and overlap considerably. If the molecule

consisted of two trans-bidentate nitrato groups and two trans water

molecules then the fiye-band pattern for D ah symmetry would be expected.

Baughman and Jeffrey 124) indicate that the molecule is composed of four
oxygen atoms from four different bridging bidentate nitrato groups and

two oxygen atoms from two trans water molecules. Thus, the basie molecular

symmetry is Dy and the expected fi¥ebands are observed.(Table4.1.f and

figure 4.2.)

Table 4.1.f.

mio) Ni- GH, (om”*) Ni-o (2) Ni-Onitrate(omTM2)

brac0),I°* | 2.094°2°) yos (645 (ndd§®) | - -

O¥3(H0) KO) 1 > o86.0.070 416
Z0333)

u(Hp),(v0,),] | teans:2.008°} 4osfeorr(weey] | 2.0658) | 305,280,255(5) 215
re CIS:2.046 :

fra(tip), ov 0.) teans2. $4} 405(605Kwag) | 2.06,2°12"| 305,250(5),230-225
{xi(10,),) 325, 280,260,240, 220

(c) The anhydrous compound exhibits a rather different pattern of overlapping

bands in the range 340-240 en, suggesting a mixture of modified modes.

Such broadening and overlapping of bands is typical of polymeric substances and

the anhydrous dinitrate nickel(II) probably possesses bridging bidentate

nitrato groups. The bridging function of the nitrato probably involves at

least two of the three oxygen atoms in the group. This mode of bonding

allows a relaxation of the strain on the NO, groups bond angles, with the

result that the symmetry of the group becomes more regular. This is reflected

in the more simple infra-red pattern and the lower intensity of the band at

1050cm~2. In addition, the environment of the central nickel(II) ion becomes

less distorted, as show by the small orbital contribution to the magnetic

moment (Section 4.1.5.), and by the more symmetric, although broader, bands

in the electronic spectrum.
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Bands have been observed in the 350-250em~> range by other workers (170-173)

for nitrato compounds of Nickel(II), although these compounds also contain

bulky N-bonded organic ligands. Kimber and James (167) also observed a

broad band at 300 om in the N,0, adduct.
2°5

4.2.1. Cobalt

The cobalt (II) nitrate - H,0 system has previously been studied

by Weige 274) 4 al who found evidence for tetra, di~ and mono-aquo

compounds, using thermogravimetric methods. Prior to this Katzin and

(175)Ferraro reported evidence for the tetra,tri- and di-aquo compounds

in the system Co(NO. -H,0-acetone and later prepared them(176)3)2

4.2.2 [Co(H,0),] (No,),3

The browish-red crystals are hygroscopic and become salmon-pink

in colour when cooled with liquid nitrogen.

Jayaraman (177) reports that the crystals are mononinigg (space

group c2%) with four molecules per unit cell. The detailed crystal

structure has not been reported, but intuition et eee spectrum

indicate a structure Rektasinc os array of hexa-aquo cobalt(II) and nitrate
ions held together by hydrogen bonding. The infra-red spectrum indicates

that there is little distortion of the nitrate ion, the forbidden At

mode appearing only weakly.

4.2.3 Co(NO,.),,(H,0),£

The crystal structure of this compound has not been reported. As with

the analogous nickel compounds several methods were used to prepare this

compound, as outlined below:
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{c0(H,0),] (no,), 2 x liquid N,0 [co(H0,), (x,0)¥)

solid heated to 40°

silica gel/3 weeks/room temp 5 {co(wo,), (H,0)x)

~2
vacuum dehydration/10 “mm Hg s Co(NO.,),, (H,0)y)hrs/room temp kK 32 Me i
P05 /1 week/room temp [co(to,),(H,0))

(All reactions were carried out at normal pressure unless otherwise shown).

The table of analytical data, Table 4.2.a, indicates that the

first three methods were successful, the method of dehydration over silica

gel probably requires a longer time for complete dehydration. Dehydration

over P05 was very effective and gave a product nearer to a tri-aquo compound.

Katzin and Ferraro t76) dehydrated the hexahydrate by melting it and
removing the excess water under vacuum.

Table 4.2.a

% Co # NO, # H,0 Ratio

Co(NO..),(H,0) calc. 23.11 48.63 28.26 1:234

Co(No,), (#,0)v 23.17 48.12 28.71 1:1.97:4.05

Co(NO,), (H,0)x 3 22.75 47.79 29.46 1:2.0024.24

Co(NO,), (H,0)y : 23.32 48.30 28.30 1:1.97:3.97

Co(N0,),(H,0)p 25.50 52.40 22.10 1:21.9532.84

Co(NO,), (H,0) calc. 24.87 52.33 22.80 1:2:3

The electronic spectrum of the tetra-aquo compound is assigned on the

basis of octahedral co-ordination of the cobalt(II) ion (Table 4.2.c.). ‘The

cobalt (II) ion, with a a! electron configuration in an octahedral ligand

field is expected to exhibit three spin-allowed d-d transitions. Joxsansen to”)

has assigned these bands as shown in the diagram below. This scheme has been

followed by some other workers (178+179) Cotton (160,104) » however, following

Ballhausen 282) suggests a different assignment of the three bands, and this

scheme is followed by many other workers (283,184) |
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seman) ssstaTM
2 qt 4tig(F) > ng#1266mi(€ 21.30) a yi'Me (Ff) tg! 1266m/:

Dp ats “hog! 625m € =0. 35) O,: "tig (P) Seah

053 > ee D5: > tags

481m) (¢=3.65)sh

(the data quoted is for [c0(#,0),]°* in aqueous solution)

Thus, in Cottons schene, 0 3 is very close to Ups frequently being overlapped

and even obscured by the more intense transition. It should be noted that

the intensities here are very relative because V5 has a molar absortence of only

about 5 in aqueous solution and Uy is expected to be about 0% weaker than

this.

In the tetra-aquo compound a shoulder is observed on the high-

frequency side of the main band. This is attributed by Jorgensen to a

transition and by Cotton to spin-orbit coupling in the tpg (P) state of the

Yd, transition.

Thus, the tetra-aquo compound is essentially octahedral about the

central cobalt(II) ion. The tri-aquo compound, whilst showing the same

spectral features has a more distorted band shape with the shoulder at

508 op appearing more clearly. This seems to indicate a slightly more

distorted octahedral environment. It is difficult to decide exactly what

chemical entity is present in this compound. Perhaps it is better described

as an array of aquated cobalt(II) and nitrate ions from which water

molecules have been removed. As this process continues the No, groups

enter the co-ordination sphere of the cobalt (II) ions. The tri-hydrate could

thus represent; an intermediate between the unidentate nitrato tetra-aquo

compound and the bidentate bridging nitrato di-aquo compound. ‘The asymmetry

of such a compound is reflected in the electronic spectrum and in the infra-

red spectrum which shows many bands, all of which are split because of the

low site symmetry of the nitrato groups in such a bonding situation. Possibly

the tri-hydrate is an equimolar mixture of the tetra- and di-hydrate compounds

giving an averaged set of analysis data.
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The crystal structure of the diaquo compound has not yet been

determined. However, it has been prepared by Katzin and Ferraro (276) |

who melted the hexahydrate and removed the excess water under vacuum,

and by Hathaway 156) et al who added anhydrous nitric acid to the
anhydrous metal chloride.

Our preparation involved the addition of the liquid 0, reagent

to the hexa-aquo compound, in the manner described earlier (Section 3.1.2).

yo Ai0, #44,0

| 40 23.72 | 52.48

Tr 26.24 | 55.53 | 18.23Arr

Co(No, ),(89), 26.91 | 56.63 | 16.46
cale.

The hexa-aquo compound dissohed to give a purple solution or

suspension whichwas reduced on the vacuum-line to a light-purple

solid (4T). ‘his solid was heated to about 50° under vacuum, and

the resulting salmon-pink solid (4II) was found by analysis to be the

di-aquo compound. Table 4.2.b.
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The electronic spectrum of the diaquo compound is very similar to

that reported by Hathaway 157) (mapie 4.2.c). It is also very similar

to that of the tetra-aquo compound, indicating that the essentially

octahedral environment of the cobalt (II) ion has been preserved. ‘The

main band, due to the Anig () > trig (P) transition is, however, broader

than in the other compounds - about 180 nf compared to 140-150m)i -

and a new shoulder appears on the high-frequency side of this transition.

If this diaquo compound is similar in structure to the diaquo nickel (II)

compound then the bridging nitrato groups would introduce a greater

degree of distortion into the octahedral environment of the cobalt (II)

ion. This is the probable source of the extra shoulder.

Hathgway (157) reports a magnetic moment of 4.73BM for this compound.

As discussed earlier (Section 2.1.4) such a value indicates a large

orbital contribution to the 'spin-only' magnetic moment, and possibly

also the presence of an orbital ttiplet ground state. However, tiken

together with the electronic spectrum this supports the assignment of a

distorted octahedral environment for the cobalt(II) ion in this compound.

4.2.5 [Co(NO.),

Addition of excess of the liquid 50, reagent to the di-aquo

compound under the conditions described earlier (3.1.2) produced an

intensely coloured deep-violet solution. This was reduced on the vacuum-

line to a deep-violet coloured solid (A4III). This solid evolved brown

fumes on standing, and the analysis suggests that this is an adduct of

dinitrato cobalt(II), possibly Co(N0,), 21,0, (#00 = 25%, m0, = 78.9%)



Table 4.2.¢

J, Ctig@)->42,4) 0 (tty (F) "24g (P) J ) Ary @)>44,4) Nitrate

(Co(H,0),)**soln. (158) | 4035,0m 625.0vw, 515.0s

(Co(H,0),) (NO,),solia 1140 br 540 460 221-226sh, 230, 250, 292-302

(Co(x0,), (B,0) ny mie 1160(40) 510 480,460 230(4),260(5), 280-300

(co(no, do (Hy 0) ) Ric 1160(40) 508 486,460 229,265(5), 290-310

(Colo, a - (80), 3 coli 1160-1240 590-560br.sh 510 482s,460sh 230(4),260-280 (268 max)
(colo, )p (850), yf 21) 1190s 550.2sh 500sh 483.38,460sh 270.3
(Cotio,), a cela 1160-1250 700sh 534 476sh 230(4) ,260-300vb
assignment according to Cotton “8)

1

(Co(#,0),)**soin. (158) | 1035.0m 625.00" 515.08 3
(Co(#,0)¢ ) Gro, 3)280lia 1140 vr 540 460 221-226sh, 230, 250, 292-302

(Co(no., ) 9 (H,0)x)=4 1160(40) 510 ! 480, 460 230(4) ,260(5) 280-300
(colo, ) 2 (Hy0)2)z=3 1160(40) 508 486,460 229,265(5),290-310
‘(co(t0.) ) 2 (B50), ) 1160-1240 590-560brsh 510 482s, 460sh 230(4) , 260-260 (268max)
(co(xo, = 9 (H,0),) (157) 1190s 550.2sh 500sh 483.93, 460sh 270.3
(Co (i0,),)a 1160-1260 700sh 534 476sh 230(4) ,260-300vb
assignment according to Jorgensen

(158)
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% Co % NO,

__ ATIE 26.65 17.92

4 Iv 31.12 67.52

Co(NO3)., 32.21 67.79

eale.

Mable 4.2.4.

Heating the intermediate 4 III to g0°/10~@mm pressure yielded the

slightly lighter purple solid, 4 IV, which is the anhydrous compound,

Addison and sutton 285) obtained the same compound by heating the

0, adduct at 120° in vacuo for several hours. Dehnicke and strénie (09)

heated the adduct »t 45° under vacuum (1074nm) and then at 120° for

4-6 hours. At 160° the anhydrous nitrate began to decompose and this process

was completed by heating at 250° for 8 hours.

Addison and Sutton give a figure of 270° for the decomposition

temperature. Our compound began to decompose at about 120° under vacuum

and the rate accelerated as the temperature was raised to 180°, no doubt

catalysed by the oxide formed in the initial decomposition. Guntz and

Martin (162) obtained the pale pink compound by a similar method and report

a decomposition temperature of 100°.

The electronic spectrum of the anhydrous compound is very similar

to those of the other cobalt (II) compounds and is assigned on the basis of

octahedral co-ordination of the cobalt(II) ion (Table 4.2.c). The spectrum

is very similar to that reported by Addison and sutton 165), The broad

band centred on 534 nf is more symmetrical than those observed for the

other compounds. Addison and Sutton observed the solution spectra for this

compound, and the molar absorbance values are found to be relatively low

(10-80) varying according to the solvent. As discussed earlier (Section

2.1.4) many nitrato cobalt (II) compounds show much higher values, and thus

the lower values observed for this compound underline the smaller distortion

of the octahedral environment of the cobalt (II) ion.
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The magnetic moment was found to be 4.63 + o.o4nm (at 22.5°C).

Both Dehnicke'19) ana addison'!85) report a value of 4.853Ml. ‘These

values indicate a large orbital contribution to the magnetic moment and

probably the existence of an orbital ttrplet ground state. These values

are also similar to the magnetic moment of the diaquo-compound indicating,

together with the electronic spectrum an approximately similar environment

for the cobalt(II) ion in these compounds.

Although no adducts of anhydrous dinitrato cobalt(II) with M0,

have yet been characterised two adducts with N50, have been reported.

Dehnicke and strante 109) obtained Co(NO,), N, 0, by adding liquid V,
24

to anhydrous CoB}, suspendéd in carbon tetrachloride.

25

CoCl, + 2N50,5 —- Co(NO,) 5.N 0, cf Cly
2 4

This suggests the reaction sequence:

= ono = +
2N 505 = 2N0z + 2NOo

+ 2+ pn :
Col, + eno, — Co +Cly BF 2N0,

a ees:

Cott +2N0, _— Co(NOz) 5 2N05= N04

Co(NOz)y +N z04—+Co(NOs) N04

The same product was obtained by adding C1. NO, to anhydrous CoCl,

CoCl, fe 401.NO, ——> Co(NOz) 5.N 0, + 3015 + Oy

suggesting the reaction sequences:

2c1N0,—> 201" + No.” 2c1no520C1TM + 2NO5
= oy = +

CoCl, + 2NOZ—>Co(NOz) a+ 2c1 2C1TM +2NO,—+Cl, + 2NO,

2NOy =EN 0, Co(NO,) 9+ Nj O0g>Co(NO3)5.N p04

20617 + ac1*—>0, + 2Cl,

Adateon and Sutton 255) prepared the adduct Co(to,),.28,0, by dissolving

cobalt metal in a solution of liquid N04 in ethyl acetate. The adduct

crystallised as red-purple crystals on the addition of further N,0, 4° When

this adduct was heated at 50°/107 mn for several hours, followed by

trituration under liquid N,0 4? the 1:1 adduct was formed as a pink solid.

The 1:1 adduct cannot be converted to the 1:2 adduct by immersion in liquid

N,0 4° The 1:2 adduct was also obtained by reacting liquid 0 4 withtbobalt
octacarbonyl. Coz (CO)g
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4.2.6 Infra-Red Spectra:

The data ate collected in Table 4.2.e. The general emarks

discussed in relation to the Ni(II) spectra, concerning the large number

of bands observed and the band splitting and broadening, are equally

relevant here.

(a)(i) All the hydrates exhibit two very broad bands in the

3200-3600 om > range, assigned to the asymmetric and symmetric J 0-H modes.

Similarly there are bands in the 1600-1680em"* range assigned to the
f 1 this tange

0-H mode. In the hexa-aquo compound there is one broad band,, about

100 owen in breadth, which is probably anepvelope of the motions of the

six water molecules, further broadened by hydrogen-bonding. In the tetra-

aquo compounds there are two bands in the range, the lower one, at

1640cm", frequently being split or broadened, In the diaquo compound

this simplifies to a single band.

(ii) In all the hydrates there are broad absorptions in the ranges

500-550em~> and 600-680em~> which are usually ascribed to "rocking"

and "wagging" modes of the co-ordinated water molecules.

(iii) In the range 200-500emTM> the hexahydrate yields only a very

broad unstructured absorption, whilst the tetra-hydrates exhibit two broad

pands at 400 and 4500m7>. The di-aquo compound has one sharp band at

390en"", with a weaker one at 470en"*

All of these bands are absent in the anhydrous compound.

(b) The absorptions assignable to the nitrato group are numerous.

(i) ‘The hexa-aquo compound has the simplest spectrum, but is

also the poorest in quality because of the difficulty in mulling the

hygroscopic crystals. Some lifting of the degeneracies is observable,

indicating a slight ¢ lowering of the high symmetry of the nitraté ion

(xR) ‘
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(ii) ‘The tetra-aquo compounds show all the bands expected of

compounds containing co-ordinated nitrato groups, including overtone

and combination bands. The spectrum is very similar to that reported

by Addison and Chapman (155) , The analysis data, infra-red spectrum and

comparison with the nickel(II) analogue suggest that the compounds contain

unidentate nitrato groups arranged in positions trans to each other in the

octahédron of co-ordinated atoms around the cobalt atom. Such an

arrangement, of Dab point symmetry, would yield an (expected) far infra-red

spectrum of five bands. The trihydrate, z, which is of lower symmetry has

a@ near infra-red spectrum almost identical to that of the tetra-aquo

compounds, but more bands in the far infra-red, most of which are split (Fig.

43).

(iii) The diaquo compound exhibits a near infra-red spectrum similar

to that of the tetra-aquo compounds. The data is similar to that of

(188) and Hathaway (157) et al, except that the latterFerraro and Walker

observed a band at 1540-15600m~2 not observed by either ourselves or

Ferraro and Walker.

The far infra-red spectrum is more simple with two bands at 390

and 470em~* assignable to Jco-0x, and two at 210 end 310cm > assignable to

Jco-o vibrations; these latter bands are undoubtedly envelopes of several

bands, possibly of the motions of the co-ordinated nitrato groups. The

spectrum bears little resemblance to that of neutron-scatter study by

Rush, Ferraro and Welker (187) but is similar to the far infra-red spectrum

of Ferraro and Walker 186),
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(iv) The anhydrous compound probably contains bridging nitrato

groups and the consequences for the NO, group are that the overall

distortion of the group is reduced, leading to a simpler symmetry pattern/

higher symmetry group. This is evidencedby the reduced intensity of the

fundamental band at 1050 on which is often used to indicate how far

the NO, group has deviated from D3, symmetry. Addison and Gatehouse (188)

did not observe this band at all and assumed the compound to be ionic.

This, however, is not borne out by the remainder of the infra-red

spectrum which exhibits the numerous bands typical of co-ordinate nitrato

groups and bands assignable to the interaction of the cobalt atom with

the oxygen atoms of the nitrato groups. This is supported by band shifts

in the electronic spectrum which indicate interaction between the cobalt

ion and the nitrato groups. This is observed both in the nitrate spectrum

and in the cobalt (II) spectrum. Further the reactivity of the compound,

in particular the nitrogen dioxide fumes produced on exposure to moist air,

indicates that there is probably a linkage between the metal and the

nitrato group leading to the reduction of mee group to nitrogen dioxide.
There is a large measure of agreement between our spectrum and those

of Addison and Gatehouse 188), and Dehnicke and stréhie1°9), Ferraro and

Walker (186) and James and Kimber (189), It should be noted, however, that

the interpretation of Dehnicke and Strahle is not acceptable (Section 2.2.3)

but their data can be interpreted on a basis of a different model as discussed

earlier (Section 2.2.3).

The far infra-red spectrum is different from those of all the other

cobalt(II) compounds examined in having no bands between 325m > and 700cmTM>

due to the absence of water from the compound. ‘The three bands with peaks at
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225,260s and 325m one: merge together at their bases in a manner typical

of mixed vibrations and frequently observed in the infra-red and electronic

spectra of polymeric substances (Figure 4.4). Ferraro and Walker observed

bands at 217sh, 271s, 316w.sh, whilst James and Kimber observed a broad

band at 270cem~>. Other workers (70-173) have observed bands in the

250-280 and 300-340 ome ranges for nitrato complexes.

Comparison of the far infra-red spectrum of the di-aquo compound

with the nickel analogue suggests a similar structure of briding nitrato

groups and trans-water molecules. The polymeric character of the diaquo

compounds is reflected in the analogous chloride [co(#,0) ey), (19°)

in which the metal atoms are linked through the anions and the water molecules

occupy the remaining two positions in the octahedron about the cobalt

atom. As found in the nickel-nitrate system, the Co-OH, bond length

shortens from 2.129192) to 2.048 on passing from [co(#,0) Ja, to

{co(H,0),0,].

The far infra-red spectrum of the anhydrous dinitrato cobalt(II)

is similar to that of the nickel compound (compare figs 4.2 and 4.4).

There is also a marked simplification in the near infra-red spectrum

indicating a smaller distortion of the symmetry of the No, group. This

is supported by the symmetric shape of the main band in the electronic

spectrum which indicates a more symmetric environment for the cobalt(II) ion.

This could be achieved by the nitrato groups acting as bridging ligands, thus

reducing the bond angle strain for both the cobelt(II) ion and the nitrato

groups. This is similar to the nickel compound, and suggests that the

NO, group is bonded to two, and possibly three, different metal atoms.

The simple character of the spectrum, indicates the presence of symmetrical

bridging nitrato groups in an infinite 3 dimensional array of metal atoms.
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Table 4.2.e

7 

4II AIV+t Col H, C 5peek nee aa.) ¢ Sm CoO) 9H Co(HO, KHLO)3E oom Cpay a Co(H0..) (80), are Co(wo,),

210), 212), 210(10)}xs
215brw 330)" 200)Prm | splig oe Si eeees 260(10)brs a1) 260(5)ms 260ss 260sh 260 260ms

@o-Onitrate 257 )brm
stretching 267
and bending 295W
modes 315(10)brw 315brvw 23) 310w 310(10)orm | 310(25)vors 305brm

315)br

327

(355 355 } 355sh
( 345(10)brm 355m 35010 br. 3630 350sh 325mm

375brm SUD) ena: ale ane a bif 393, oem
Doo-or 400(10)brm 405(5)w 405 395 isan) 3908s

425shstretch’
430(10)sh 435sh 445shmodes 445sh

460sh oro aaUae we eB AD OR Opwbre. || pee er Se. | ee ATOR) gobo) = s _|470brs) | 440(15)om | | 450(5)sh
395} hom

Co-0H, 535(20)brm atenh, 520(20)br 535 52505)br 510-540brsh
wag and 15 (20rocking modes 410-6 &0brs eantio joe 615 (30)vbr G10 (0) vars_|_580-630br | _570-690vbrs Sneaks Be She ae
basteate (a) ne 760sw

ms sf A 1eee 160mm 150mm | Tommi | 60m | Tome | 00) | roam,
§nitrate (b) 795), |795820ms 820ss 815sm 820ss 815sm 8l2ss _ 805)* _}800)°TM_

Dasteare (c) 104588 104588 1040ss_ 1040ss__ 1045ss_— | 1055ss_ ——|_ 1025(5)m __|2050(10) wm
Daitoate (a) 1215wsh Bee oe 1250mm 1210sh1320(15)brs 1320(10)br 1320(10)brs 131500) 1310 (0 )sm oe 1300(10sn | 1310mb

BBG RB S| LabOa A fc 13450h _1355sh)z" | 1350sh | _1340sh _1380sh__|1350sh

+ es 3s aE

2 ‘AOnum y 2F 1625)" %640"10) mm
asymmetric | ( 1685mm 1685mr ___1675mm 166mm | 680(0)n |

Combination

(a) + (c) 1760sw 17658w 1765w 1760sw 1770w 1770sw
~ Overtone eT ee 1805w

ig Ole eat 2070W 2080ww 2070vw 2070vw 2050vw
Combination

ae BUG fc 227 5ww | u x
Combination

a) + (c 2350sm __| __2350sw __2355vm _2355w sere, ree as
=. Combination: *|300.. tae

(e) + (c)_ 2490(10)m 2480vw 2500vw
Symmetric |( 3200, 3250( Bled 3250(40 vies sae 3180 @0)w 3p (20 )w

0-H 3550 3450(35)brs WA5(25)\vbrs 3460 GOvtms | 3390(50) 345000)ors 3450
Asymmetric( 3550 3530br 320(1.0 brs 3525

Note: (i) all values are wavenumbers omt/

(ii) figures in brackets indicate band half-widths

(iii) letters after the figures indicate (a) bandshape:s=sharp,m=medium, br=broad

(b) band intensity: s=strong,m=medium,

sh=shoulder

-LL-
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4.3.1 Manganeses

The Mn (NO,), - HO system has been studied by several workers (1741192,193)

who found evidence for stable hydrates. Bwing (1921193) 04 al presented

evidence for the hexa, tetra, di- and mono-hydrates of manganese (II)

nitrate in the ternoty phase system: Yn (NO, ),-HNO,—H0, and in the binary

phase system Yin (N03), - H,0.Weigel et a (174) confirmed this.

4.3.2 [tm (H,0),}(No,),3

This compound was prepared by Weigel (174) by evaporation of an

aqueous solution of the nitrate at ambient temperature. The material

is very hygroscopic and has a melting point of 25.8°. We did not obtain

the hexa-aquo compound and all available samples were found to be either

amass of wet crystals or syrupy solutions. The precursor used for all

subsequent work was a new bottle from Hopkin’ and Williams Limited.

This was found by analysis to be a 'wet' tetra-aquo Manganese(II) nitrate.

4.3.3 Min (NO), (H,0) ‘e

The excess water was removed by dehydration at room temperature over

silica gel in a vacuum destécator for three weeks giving {hin (x0, ), (8,0),

Table 4.3.a. Dehydration on a vacuum-line at 27°/0.5mm for 7 hrs. removed

more water yielding a trihydrate [im (x0,), (H,0)y). Table 4.3.a.(P91).

The electronic spectrum, Table 4.3.b shows that the environment of the

manganese atom is essential octahedral. There are no spin-allowed ded

transitions for the manganese(II) ion in an octahedral environment and the

appearance of even weak bands indicates distortion of this environment.

As the table shows very weak bands are observed, the strongest at about

400m)4 » with very low molar absorbances of the order of €= 0.4.
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in t-butanol i the pteseace of Ma

Changes in the electronic spectrum ‘of the NO, ion,have been observed by
3

Katzin‘©3) who attributed it to interaction of Ps metal with the nitrate
ion. An Sia nae study of an aqueous solution of manganese nitrate showed

a very large negative shift with a broad line width, indicating strong

interaction between the metal and NO; ions in the solution. Solutions of

similar concentration of iron, cobadt, nickel and chromium showed no

shift at all (94),

4.34 Ma(¥0,), (Ooi

Standing crushed crystals of the pale pink precursor in a desiécator

over P05 for three weeks at room temperature produced the pale yellow

di-aquo compound. [ama(t10,), (H,0),}. The attempt to dehydrate the precursor

tetra-aquo compound with liquid N30 4 met with little success. This

produced a hard, white solid which turned to a sticky yellow mass in

excess of the reagent. This material was not suitable for analysis

or spectroscopic investigation, even after trying to dry it on the

vacuum line. Hathaway 196) prepared the dihydrate by treating the

anhydrous metal chloride with afthydrous nitric acid and found a magnetic

moment of 6.008.u. (457),

The high-spin manganese(II) ion, with a a? electron configuration,

is expected to have a spin-free magnetic moment of 5.92B.M. in an octahedr
al

ligand field. Such an ion would not be expected to have an orbital

contribution to the magnetic moment. selwooa 195) quotes a range of

5.2-6.0B.M. for the magnetically isolated manganese(II) ion in an

octahedral environment. The value reported by Hathaway is close to that

expected for the manganese(II) ion in a regular octahedral environment.
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The reaction of the liquid M0; reagent with the precursor tetra-

aquo compound gave a complex mixture of products. The addition of a

small quantity (10cm?) of the N°, reagent produced a whitish solid under

a yellow-orange liquid layer. When this was reduced to dryness the sticky

solid, [iin (0), (#09 analysed as the monohydrate(Table 4.3.4). When

this solid was heated to 70° under vast (LOTcom Hg) the dry, hygroscopic

white solid had less water [iin(NO,), (#,0)32}, (Table 4.3.a). The monohydrate

was prepared by Guntyand Martin 162) by dehydration of a concentrated nitric

acid solution of manganese(II) nitrate over P05

When an excess of liquid Le reagent was used the solution became

black and quite viscous on standing. The addition of more 50, reagent

had no effect. However, the addition of fuming nitric acid removed the

viscosity and the black colouration, leaving a homogeneous orange-coloured

solution. This solution yielded a hydrated nitrate. It was not found possible

to extract this black material and it appeared to be recente! the
solution passing unchanged through a No.4 sintered filter. When the black

solution was pumped to dryness on the vacuum-line it yielded a sticky

brow mass of imprecise composition, whi melted at about 45°C. The black

colour seems to imply oxidation Mn(II) 4 Mn(IV) by the nitric acid, but

no precipitate was obtained, and the change appears to be easily reversed,

which is unusual for manganese dioxide.

4.305 Min (NO,),3

Guntz and Martin (161) obtained the anhydrous nitrate by adding the

liquid 0, reagent to the monohydrate. Excess reagent was removed by

standing the resulting solution over a mixture of anhydrous calcium oxide

and phosphorus pentoxide. The small, colourless crystals produced by this

method begin to decompose at 160°(atmospheric pressure). Dehnicke and st$2Q22



Base

reacted anhydrous manganese(II) chloride with liquid ¥,0, and CL.NO,.

They obtained a non-stoichiometric N50 4 adduct of manganese(II) nitrate

which gave off fumes of nitrogen dioxide. This adduct was decomposed by

heating it to 90°/8 hre/10~4nm, to yield the colourless anhydrous nitrate.

They found the magnetic moment to be 5.48B.M. Hathaway 25°) obtained

the same adduct by dissolving manganese metal in a solution of N30 4

in ethyl acetate. The yellow adduct was decomposed by heating at 90°

under vacuum. Kilner 4%) reports a magnetic moment of 5.72B.M. for the

anhydrous compound. ‘These magnetic moments which are lower than the

spin-only value, are difficult to interpret structurally, except to note

that they are within the range quoted by pe the manganese (II)
ion in an octahedral environment.

Compound. % Win % NO, Formulation

Precursor 21.27 (21.89) 48.19 (49.40) Mn (NO), (0) 4

Nin (NO), (H,0)x 21.52 48.25 Yin (NO), (H,0) 4

Mn (110, )> (HOW | 23-67 (23-57) | 52-95 (53.22) Min(NO,), (#50) 3

in (N04), (HO) | 25-67 (25-55) | 57-79 (57-68) Mn (NO), (#0)

Min (NO), (#50) Th 27.16 (27.89) | 63.87 (62.96) ¥in (NO), (#0)

fa (NO, ), (#0) 29.89 (30.70) | 66.80 (69.30) ¥in(N0,,), (H30)0.3

Table 4.3.a (figures in brackets are the calculated % for that hydrate)
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Table 4.3.b

Ag g(c)e! ‘nce Anig(c)+n(ce ke Nitrate

(ag soans) 530.0 | 432.5 | 400.6,3%5.6sh 357-4

(acetone) - - 406 - =

Min (NO. 3) 9 (Bp0)x 5400) | 440€10) | 404m, 398sh 360w.sh 225, 260br,290=
solid | Y¥sbr vw, br 310

i805) (0) 500(10)] 424vw | 405m 360vw. sh| 225,260br,270-
‘solid | vw, br | : 310.

fis (x0,) ee 530sh | 450sh | 410

(Ground State is sig (s)]

%Footnote: included only becauses it contains bidentate nitrato groups and

is the only nitrate manganese(II) compound to have been studied

structurall (202) .

4.3.6 Infra-red _spectra:

The hydrate data is collected in table 4.3.c. The quality of the

recorded spectra was influenced by the nature of the samples. The sticky

character of many of the compounds prevented the preparation of firfe mulls.

In addition, the low melting points of the compounds caused difficulties

because of the high temperature of the far infra-red beam.

The compounds all show bands due to the presence of co-ordinated

water molecules:

(a) two broad bands in the 3200-3600emTM) range due to the dsyimmetric

and symmetric J0-H modes.

(b) bands in the 1620-1680cmTM~ range due to the 0-H mode.

(c) broad but weak, unstructured bands in the 500-700em~+ range assigned

to the trocking' and 'wagging' modes of the co-ordinated water molecules.

(a) envelopes of bands in the 280-3200m"+ and 400-500emTM+ ranges

assigned to the Une tal-08, stretching modes. Nakeigawa 169) has observed

Jutn-08, at 395om and pr at 5600m"* in [im (H,0),)°*
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All of these bands change from broad to shatp bands with a clearer

structure as water is progressively removed from the compounds. This is

shown by the bands at 1620-1680cm"> which change from two overlapping

bands in the tetra-aquo compound to a single band at 1635emTM> in the

mono-aquo compound. It is more marked in the lower range where the water

bands change from strong broad bands to weak bands at the same position,

whilst the adjacent Une tal-0 (nitrate) bands at 200-250em7> remain unchanged,

The bands due to the co-ordinated nitrato group are found in their

usual positions together with the usual overtone and combination modes.

Although the anhydrous nitrato compound was not obtained, the trend

in the far infra-red spectrum shows that the metal-oxygen °* stretching

frequencies are found in the 200-2300m7> range, in agreement with

Ferraro and Welker (186) who report bands at 2a , 199sh, 138ms, 96wsh,

in the anhydrous compound. There is very little other data published with

which to make a comparison, Nutter 27°) reports bands in the 253-258em >

range and VAO has a band at 2500mTM2 (198) ,
It is to be expected that the lower hydrates are polymeric. Again,

perhaps, comparison can be made with analogous chlorides. a tn (8,0) {04 (299)
has been shown to be monomeric, with CIS-chloro ligands, which is structurally

similar to Wi (NO), (8,0) gee). The diaquo compound 200)4 5 polymeric with
chlorobridges and trans-water molecules similar to Wi (W0,), (1,0), 24),

There is a similar shortening of the manganese-water bond, from 2.2158

to 2.1508 on passing from the tetra-aquo to the diaquo compound. As more

water is removed from the molecule the co-ordination sphere around the

manganese atom is occupied more fully by the remaining ligands. Hence,

one would expect the anhydrous dinitrato manganese(II) to be polymeric.

It is not volatile, perhaps indicating a complex polymeric solid state

structure.



“Table 4.3.c

x % :

Precursor na) (2,044 Mn (HO), (H,0)2s ¥in(NO5)> (#0), in (N0,) (0992 CCl, extract Assignment

215(10) 215(10 210-215split m | 205 208)

eae 215 thor 230(5)w 230)g.br 225(5)sh 235)8.br }
270w 270w 260-265m 255 240m 245 ‘Min-Onitrate

250(5)m stretching and
285sh 285sh 285w 280sh.m 285sh pasate node
295sh 295sh =a 305sh

320(15)br) 320(15)brs) | 310w 325br.w 2) 315-345br

5 Om. sh -400sh. 395(10)w 385sh 375-445vbrw )Min-OF,
oe - re 5 ee , oes stretéhing modes
445 )brs 445 )brs 425~-435sh 430(10)w

f 3 465sh, 455(20)brvw E 470-510vbrw

507(5 - a
525 (10) brvw 20103} e ar580vvw penis

600(100)vb: 2p 630(20)vw ai ieee Mn-0H, roc

sont debe 740sm 750sm 740m 755sm 7608s parece)
820) tbs 815mm 815sm 805sm 805sm 810ss nitrate(b

~~ ~1050(10)ms | 1040(10)mm | 1030wsh “1025sm_ 1025sm 1030ms “| “dnitrate(c)
RS a: 1055ss tere ee RON FRO Fg INE eos I

1265brm nitrate ay
1310sh_ | __(2320) 1305brs 1310brs Sie

1410(2 1470(10)brs |1475(20) 1455(15)brm 1470(20)brm Phy duase cocs =) Sos tate
wan) 1aroh olen 1550sh 1560mm 1560brs ss "s ee ie

E rc Reger te £ 2635) 1605sh } ‘
1630-1680 1620mm 1640) )brm 1635 1640mm 1640mm 0-H water
as eee 1660mm 1670 

: “ :

1705sh 1730mw 1730sh ve combination
_1110sw 1785sm 17esmw | 1 780m _11T5mn

237mm 3 combination
it CAS UIM s ae [ ee OM eo See Ses [2450 Oe es Ly ea AOmme fe) + (c)

2490ehw. ats 0-Hwater
3100 3300 3200 3470 3460vbrm 3460(50)brs (symmetric)

| vbrw {| vorw I vorw {| brm
3600 3600 3600 3570 3540vbrm Jo-z water

(asymmetric)

Note (i) all values are wavenumbers (em)

(ii) figures in brackets are the band half-widths

(iii) letters after the figures indicate (a) bandshapes s = sharp, m = medium, brebroad

(b) band intensity: s = strong, m = medium, w = weak,

sh = shoulder
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CONCLUDING DISCUSSION

The series of compounds [(,0)¢] (N0,).5 fu(vo,), (0) a

(2,0)] , fit("0,)5), where MeMn(II), Co(II), Ni(II), was successfully[xGr03),

prepared, except for the manganese series when the first and last compounds

were not obtained. The object of preparing this series was to obtain a

related group of compounds in which the No, group varied from ionic to

unidentate to bidentate to bridging. This was somewhat thwarted by the

discovery that the diaquo compounds contain bridging nitrato groups and not

bidentate nitrato groups. This suggests that the bridging modes are more

common than has hitherto been supposed, and they deserve some attention.

They are present in most of the knom copper(II) compounds, probably all

of the non-volatile anhydrous metal nitrates and possibly in the solid-state

of some of the volatile anhydrous metal nitrates.

From the preparative aspect the solvent, liquid W105» was found to

be a very effective dehydrating and nitrating agent. It is free of the

problem of adduct formation, except in a very few cases, but which is more

frequently found with liquid 0 4° The method of using hydrated compounds

as precursors has the advantage of not requiring organic solvents, whic
h

the hydtates

tend to co-ordinate strongly to the metal, and,contain easily substituted

water molecules. However, it is difficult to use this solvent with easily

oxidised species because it is a powerful oxidising medium.

Ferraro's splitting criterion is not easily applied to our spectra.

As pointed out in section 2.2.2 this criterion is strictly only applicable

to unidentate nitrato compounds. Also the polarising power of the three

metals is closely similar| (charze = 2.56 (ti"*), 2.44(CoTM), 2.20(Nin=*)
ionic radius
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and little differencestould be expected in the spectra. For the tetra-aquo

compounds, with unidentate nitrato groups, little difference is observed

between them, even though the polarising power of the manganese(II) ion is

less than that of the other two. In fact there is little difference between

the band positions in any of the aquo compounds, thus emphasising the

problem of using this region of the infra-red for structural analysis. As

for the high-frequency band criterjoa: for bridging modes, no such bands

are found in the cobalt compounds, only the anhydrous nickel compound has a

band above 1500cm~>, and all of the manganese compounds show bands at about

1550en >. If the frequency of the bands is a criterion of the distorting

effect of the metal ion then it is surprising that the least polarising of

the three metals should give the highest frequencies.

The far infra-red region is more informative. Here the order of the

metal-water and metal-nitrato bands is the expected one: NisCo>M.

Also, as water molecules are removed from the compounds the spectra become

more simple, indicating a more symmetric environment for the central metal atom.

moppings (°®) criterion of two stretching frequencies is probably justified,

but it is difficult to assign them unambiguously. Also, the symmetry about

the central metal atom has to be considered, as well as the actual structure

of the nitrato group. Since it is considered that none of our compounds

contain bidentate nitrato groups to a single metal atom, this cannot be

discussed further. yuttai1 170-172) ¢¢ al feel that for bidentate nitrato

compounds Toppings eriterion is correct.

There are the additional features of band splitting and band overlap.

Since the anhydrous compounds are probably polymeric there will be a

modification of the vibrations of the No, bridging units. The far infra-red

range does, however, provide a great deal of information about the nature of

the metal-ligand interaction. The strength of the metal-oxygen bond seems

to be remarkably constant for a given metal, as indicated by the position

of the main metal-oxygen bands. There is undoubtedly a mechanism for

decreasing any bond-angle strain so that a stable bonding interaction is
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maintained. This is probably one of the driving forces behind the change

to bridging ligand character on dehydration rather than to the strained

bidentate ligand with a small bond angle (*105°-115° instead of 120°)

and a short co-ordinating "bite".

The above discussion is strictly relevant only to metal-oxygen systems

and it is doubtful if it can be applied to systems where other types of

ligand are present, unless it is possible to distinguish clearly between

the metal-ligand and metal-oxygen bands. Organic ligands are difficult to

distinguish because of the large number of weak modes observed in the far

infra-red in addition to the metal-ligand modes. Probably the only true

method is to examine istopically substituted compounds.

The infra-red region cannot be used in isolation. Magnetic, electronic

and Raman spectral data must be used in conjunction in order to determine

the molecular structure of nitrato compounds. The small amount of Raman

literature already available indicates thet it has much to contribute to

this subject.



-88-

REFERENCES

Section 2

Vs L. Pauling "The Nature of the Chemical Bond", W.H. Freeman (1940)P.209

2. A.D.Walsh.J.C.S.. 2301 (1953)

x C.H.D.Clark. Phil.Mag. 19,476 (1935); 22, 1137 (1938)

4. R.M. Badget J.Chem.Phys. 2,128 (1934); 3,710 (1935)

5. R.F.Borkman J.Chem.Phys. 51,5596 (1969)

6. K. Venkateswatlu, $.Sundaram.J.Chem.Phys. 23,2368 (1965)

oA C.W.F.Pistorius. J.Chem.Phys. 29,1174 (1958)

8. J.A.Ladd, W.J.Orville-Thomas. Spectrochim.Acta 22,919 (1966)

9. R. Kato, J.Rolfe, J.Chem.Phys. 47, 1901 (1967)

10. A.Fadini, A.Miller. Z.Chem.Phys. 236,309 (1967)

ll. J. As Friend, L.E.Lyons. J.C.S. 1572 (1959)

25 H. McConnel J.Chem.Phys 20,700 (1952)

13. K.L.McEwen.J.Chem.Phys. 34,547 (1961)

14. A. Mookherji, S.P. Tandon Indian J.Phys. 36,211 and 344 (1962)

15. J.Nagy, P.Henesei, Z.Mester. Periodica Polytechnica 12,1 (1968)

16. C.C.Aa@dison, D.Sutton J.C.S.(A) 1524 (1966)

AT E.Rotlevi, A.Treinin. J.Phys.Chem. 69, 2645 (1965)

18. P. Gallezot, D.Weigel, M.Prettre. Acta Crystal. 22,699 (1967)

19. D.A.Langs, C.R.Hare, R.G.Little. Chem.Comn,1080 (1967)

20. C.D.Garner, S.C.Wallwork. Chem.Comm 108(1969).

21, J.C.S-(A) 3092 (1970) c.0.carnet, S.c-Wallwork

22, A.F. Cameron, K.D.Forrest, D.W.Taylor, R.H.Nuttall J.C.S.(A) 3402 (1971)

23, §.Scavnicar, B.Matkovic Acta Crystal. 25B, 2046(1969); Chem.Comm.

297 (1967)

24. B.Duffin Acta Crystal 24B, 396 (1966)

25. F.W.B. Einstein, D.W.Johnson, D.Sutton. Canadian J.Chem. 50,3332(1972)

26. ¥.W.B.Einstein, E.Enwell, D.M.Morris, D.Sutton. Inorg. Chem.10,678 (1971)

27. C.C.Addison,N.Logan,S.C.Wallwork,C.D.Garner. Quarterly Reviews

25,289 (1971) (Ref. 30)



28.

296

30.

31.

32.

336

34.

356

36.

37.

38.

396

40.

41.

42,

43.

44.

456

46.

AT.

48.

49.

50.

51.

52.

53.

54.

55

-89-

J.E.Worsham, W.R.Busing. Acta Crystal 25B,572 (1969)

B.D. Faithful, S.C. Wallwork.Chem.Comm 1211(1967)

F.W.B.Einstein, D.G.Tuck, Acta Crystal. 26B, 1117 (1970)

A.K.Dalky, M.H. Mueller, S.H.Simonson, Inorg.Chem.11,1840(1972)

N.Tanaka, H.Sugi, J.Fujita. Bull.Chem.Soc.Japan 37,640 (1964)

A.P.Cox, J.M.Riveros.J.Chem.Phys. 42, 3106 (1965)

L.R.Maxwell, V.M.Mosley. J.Chem.Phys. 8,736 (1940)

L.Pauling, L.0.Brockway,J.A.C.S. 59, 13(1937)

R.H.Miller, D.L.Bernitt, I.C.Hisatsune Spectrochim.Acta 23A, 223(1967)

A.N.Khodchenkov, V.P.Spiridonov, P.A.Akishin, Russ.Struct.Chem.

6,724 (1965)

P.A.Akishin, L.V.Vilkov, V.Ya.Rosolevskii, Russ.J.Struct.Chem.1,5, (1960)

J. Trotter, Acta Crystal. 16,698 (1963)

T.C.W.Mak,Acta Crystal. 17,367 (1964)

C.D.Garner, S.C.Wallwork,J.C.S.(A) 1496 (1966)

C.D.Garner, S.C. Wallwork,J.C.S.(A) 1949 (1967)

F.A.Cotton, J.G.Bergman,J.A.C.S. 86,2941(1964); Inorg. Chem. 5,1208(1966)

Mme.P.Herpin,K.Sundarsanan, Bullsoc.franc.Miner.Crystal. 88,590(1965)

D.K.Straub, R.S.Drago, J.T.Donoghue, Inorg Chem. 1,848 (1962)

F.A.Cotton,t Dunne, J.A.C.S 64,2013 (1962)

K.J.Coskren, T.J.Hutterman, J.G.Verkade,Werner Centennial (A.C.S No.62)

590 (1967)

E.K.Barefield, D.H.Busch,SM.Nelson, Quarterly Reviews 22,457 (1968)

F.A.Cotton, R.H.Soderberg,J.A.C.S. 85, 2402 (1963)

F.A.Cotton, D.M.L.Goodgame, R.H.Soderberg, Inorg.Chem.2,1162 (1963)

A.B.P.Lever, Inorg.Chem. 4,1042 (1965)

C.C.Addison, D.Sutton,J.C.S. 5553 (1964)

N.M.Karayannis, $.D.Sonsino, C.MiKulski, H.J.Shocko, L.L.Pytlevski,

M.M.Labes Inorg.Chim.Acta 4,141 (1970)

J.8.Wood, A.R-Al-Karaghouli, Chem.Comm. 135 (1970)

M.Bussain, H.Hope,Acta Crystal. 25B, 1866 (1969)



56.

57+

58.

59-

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

710.

71.

72.

1B.

The

15s

16.

Ts

718.

19-

-90-

H.Nakai, S.0ei, H.Kuroya.Bull.Chim.Soc.Japan 43,577 (1970)

N.A.Bailey, S.J.Bowler, J.c.S.(A) 1763 (1971)

E.C.Lingafelfer, V.Komiyama, Acta Crystal.17,1145 (1964)

A.Pajunen .Suomen Kem. 423,261 (1969)

R.Nasanen, L.Lemmetti, B.Kari,Suomen Kem.41B,264 (1968)

R.Nasanen,L.Lemmetti, S.Ulmanen, Suomen Kem. 42B,266 (1969)

A. Pajunen, Suomen Kem. 42B, 15(1969)

A.F.Cameron, D.W.Taylor,R.H.Nuttall, J.C.S.(Dalton) 58 (1972),

Chem.Comm. 865 (1970)

A.Santoro, A.D.Mighell, C.W.Reimann.Acta Crystal. 26B,9%9 (1970)

B.Morosin, Acta Crystal. 26B, 1203 (1970)

J.Garaj-Acta Chem. Scand. 22,1710 (1968)

A.F.Cameron, K-P.Forrest, D.W.Taylor, R.H.Nuttall.J.C.S.(A)

2492 (1971); Chem.Comm. 210 (1970)

B.Kamenar. Acta Crystal. 25B,800 (1969)

W.Nowacki, R.Scheidegger. Experimenta 7,454(1951); Helv.Chim.Acta

35,375 (1952)

C.C.Addison, B.J.Hathaway.J.C.S 3099 (1958)

R.E.LaVille, S.H.Bauer, J.A.C.S. 85,3597 (1963)

H.R.Jindal,G.W.Harrington.J.Phys.Chem.71,1688 (1967)

V.H.Vdovenko, Yu.V.Dubasov, Radiokhimiya 9,201 (1967)

C.S.G.Phillips, R.J.Williams."Inorganic Chemistry" 0.U.P. Ta

P.J.Kleppa, L.S.Hersch. J.Chem.Phys. 34,351 (1961)

G.J.Janz, D.W.James. Electrochim.Acta 7,427 (1962)

"Handbook of Chemistry and Physics" The Chemical Rubber Co.

53rd Edition (1972-1973).P.F-177

R.Binstock, Zeit.fiir Kristall. 124,310 (1971)

I.M.Rumanova, G.F.Volodina, N.V.Belov. Kristallografiya 9,545 (1965)



80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93+

946

950

96.

97

98.

996

100.

101.

102.

103.

104.

-91-

C.C.Addison, M.Kilner J.C.S.(A) 1539 (1968)

L.Holleck. Zeit.fiir Physik.Chem. 194,140 (1944)

H.von Halban, Zeits.Electrochemie 34,489 (1928)

L.I.Katzin.J.Chem.Phys. 18,789 (1950)

G.Herzberg "IR and Raman Spectra of Polyatomic Molecules" Van

Nostrand (1945) P.178-179

K.Nakqmoto "IR Spectra of Inorganic and Co-ordination Compounds"

2nd. Ed. Wiley (1970) P.62

G.Herzberg. Loe.Cit. P.65

0.Redlich, L..Nielsen.J.A.C.S. 65,654 (1943)

G.Topping, Spectrochim.Acta 21,1743 (1965)

R.E.Hester, H.Britzinger.Inorg.Chem 5,980 (1966)

C.C.Addison, N.Logan "Advances in Inorganic and Radio Chemistry"

6,72 (1964)

J.R.Ferraro.J.Mol.Speét 4,99 (1960)

D.E.Irish, G.2.Walrafen.J.Chem.Phys. 46,378 (1967)

B.M.Gatehouse, S.E.Livingstone, R.S.Nyholm.J.C.S. 4222 (1957)

J.Fujita, A.E.Martell, K.Nakamoto.J.Chem.Phys. 36,339 (1962)

B.O.Field, C.J.Hardy-J.C.S. 4428 (1964)

N.F.Curtis, Y.M.Curtis. Inorg.Chem. 4,804 (1965)

C.C.Addison, W.B.Simpson, J.C.S. 598 (1965)

L.H.Jones, R.M.Badger, C.E.Moore. J.Chem.Phys. 19,1599 (1951)

G.B.McGraw, D.L.Bernitt, I.C.Hisatsune.J.Chem.Phys.45,1392 (1966)

B.0.Field, C.J.Hardy. J.C.S. 5278 (1963)

C.C.Addison, D.W.Amos, D.Sutton, W.H.H.Hoyle.J.C.S.(A) 808 (1967)

K.Dehnicke, J.Weidlein.Chem.Berichte 98,280 (1965)

R.J.Fereday, N.Logan, D.Sutton.Chem.Comm,271 (1968), 3.c.S.(A) 2699119 69)

A.V.Novoselova, L.P.Restftnikova, A.I.Grigoriev, Fan Van Tong.

Collection Czeck.Chem.Comm. 32,2358 (1968)



105.

106.

107.

108.

109.

1lo.

im.

1124

113.

14.

115.

116.

117.

11s.

19.

120.

121%

122.

123.

124.

125.

126,

127.

128,

129.

130.

131.

132.

-92-

B.0.Field, C.J.Hardy.Proc.Chem.Soc. 11(1963)

K.W.Bagnall, D.Brom, P.J.Brown.J.C.S. 2396 (1964)

K.Nakamoto, J.Fujita, H.Murata.J.A.C.S. 80,4817 (1958)

D.M.L.Goodgame,M.A.Hitchman, Inorg.Chem. 3,1369 (1964)

K.Dehnicke, J.Strahle.Chem.Berichte 97,1502 (1964)

§.Bhagavantam.Phys.Rev. 42,437 (1932)

J.C.D.Brand, 1.H.Cajthon.J.A.C.S. 77,319 (1955)

R.E.Hester, W.£.L.Grossman.Inorg.Chem. 5,1308 (1966)

B.M.Gatehouse, A.Comyns.J.C.S. 3965 (1958)

G.E.McGraw, D.L.Bernitt, I.C.Hisatsune.J.Chem.Phys. 42,237 (1965)

R.E.Hester, R-A.Plane.Inorg.Chem 3,769 (1964)

R.E.Hester, R.A.Plane, J.Chem.Phys. 45,4588 (1966)

R.E.Hester, K.Krishnan.J.C.S.(A) 1955 (1968)

B.Strauch, L.N.Komissarova,Zeit.fuir Chemie 6,474 (1966)

J.R.Ferraro, A.Walker, C.Cristallini.Inorg.Nucl.Chem.Letters 1,25(1965)

J.R.Ferraro,C.Cristallini, I.Fox.J.I.N.C. 29,139 (1967)

R.P.Oertel, R.A.Plane, Inorg.Chem. 7,1192 (1968)

J.@.Miller, D.E.Irish,Can.J.Chem 45,147 (1967)

).G.Karraker. Inorg.Nucl.Chem.Letters 4,309 (1968)

L.Berger, S.A.Friedberg.Phys.Rev. 136A, 158 (1964)

B.Ribar, W.Nowacki, S.Scavitcar, M.Sljukic, F.Gabela.Zegt.Kristall

129,305 (1969)

B.0.Field, C.J.Hardy. Quarterly Reviews 18,361 (1964)

L.R.Maxwell, V.M.Mosley.J.Chem.Phys. 8,738 (1940)

L.Pauling, L.0.Brockway,J.A.C.S. 59,13 (1937)

Dieke and Duncan "Spectroscopic Properties of Uranium Compounds"

McGraw-Hill (1949) P.36

P.Gallezot, M.V.Mathieu, D.Weigel, B.Imelik Bull, Soc.Chim.France

882 (1968)

J.X.Wilmshurst, $.Senderkoff. J.Chem.Phys. 35,1078 (1961)

R.Bonn, R.Metselaar, J.van der Elsken.J.Chem.Phys 46,1988 (1967)



-93-

133. S.C.Wait Jnr., A.T.Ward, G.J.Janz, J.Chem.Phys. 45,133 (1966)

134. R.E.Hester, R.A.Plane, J.Chem.Phys. 45,4588 (1966)

135. A.R.Davis, J.W.Macklin, R.A.Plane. J.Chem.Phys.50,1478 (1969)

136. D.E.Irish, G.E.Walrafen. J.Chem.Phys. 46,378 (1967)

137. D.E.Irish, A.R.Davis, R.A.Plane, J.Chem.Phys. 50,2262 (1969)

138. W.Good, Electrochim.Acta 9,203 (1964); 10,1 (1965)

139. $.C.Wallwork, W.E.Addison,J.C.S. 2925 (1965)

140. Unpublished work B.0.Field, M.M.Schwalbe; T.C.U. Project

A.Bastow (1967)

141. A.Santoro, A.D.Mighell, C.W.Reimamn.Acta Crystal.26B, 979(1970)

Section 3

142, J.R.Partington "General and Inorganic Chemistry" Macmillan

4th Bd.(1966) P.569

143. N.S.Gruenhut, M.Goldfrank, M.L.Cushing, G.V.Caesar

Inorganic Synthesis 3,78(1950)

144. A.I.Vogel "Quantitative Inorganic Analysis" Longmans 3rd Edition

(1961) P.583

145. “Organic Reagents for Metals" Vol.1 5th Ed. (1955) Editor

W.C.Johnson (Hopkin, and Williams Ltd.) P.119

146. A.I.Vogel LOC.CIT.P.435

147. A.I.Vogel LOC.CIT. P.443

148. F.J.Welcher "Analytical Uses of EDTA" Van Nostrand (1958) P.217

(Method of H.Flaschka)

149. B.M.Figgis, J.Lewis "Modern Co-ordination Chemistry" Wiley (1960)

Ed.J.sLewis, R.G.Wilkinson P.403

Section 4

150. A.Sieverts, L.Schreiner, Zeit.fur.Anorg.Allg.Chem. 219,105 (1934)

151. A.Jayaraman. Proc.Ind.Acad.Sei. 454,263 (1957)

152. D.Weigel, B.Imelik, P.Laffite, Bull.Soc.Chim(France) 544 (1962)

153. F.Bigoli, A.Braibanti, A.Tiripicchio, M.Tiripicchio Camellini

Acta Crystal. 27B, 1427 (1971)



154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

115.

176.

LTT

178.

179.

180.

-94-

D.Weigel, B.Imelik, P.Laffitte.Bull.Soc.Chim. (France) 345 (1962)

C.C.Addison, D.J.Chapman-J.C.S. 819 (1965)

B.J.Hathaway, A.E.Underhill.J.c.s. 648 (1960)

B.J.Hathaway, D.G.Holah, M.Hudson J.C.S. 4586 (1963)

C.K.Jorgensen.Adv.Chem.Phys. 5,33 (1963)

D.R.Page, T.C.U. Project Report March 1968

B.F.G. Johnson.Ph.D.Thesis Nottingham (1963)

A.Guntz, F.Martin. Bull.Soc.Chim(France) 5,1004 (1909)

C.C.Addison, B.G.Ward .Chem.Comm. 819 (1966)

R.A.Marcus, J.M.Fresco.J.Chem.Phys. 27,564 (1957)

K.0.Christie.Inorg.Chem. 8,1253 (1969)

R.Teranishi, J.C.Decius, J.Chem.Phys. 22,896 (1954)

C.H.Liu, J.Hasson, G.Pedro Smith.Inorg.Chem. 7,2244 (1968)

G.M.Kimber, D.W.James ,Inorg.Nucl.Chem. Letters S572 (1969)

R.Kleinberg.J.Chem.Phys. 50,4690 (1969)

T.Nakagawa, T.Shimanouchi.Spectrochim.Acta 20,429 (1964)

I.S.Ahuja, D.H.Brown, R.H.Nuttall, D.W.ASharp J.C.S(A) 938 (1966)

G.A.Melson, R.H.Nuttell, J.Mol.Structure 1,405 (1967-68)

R.H.Nuttall, D.W.Taylor .Chem.Comm. 1417 (1968)

J.I.Bullock, F.W.Parrett Chem.Comm.157 (1969)

D.Weigel, B.Imelik, M.Prettre.Bull.Soc.Chim.France 836 (1964)

J.I.Katzin, J.R.Ferraro.J.A.C.S. 72,5451 (1950)

J.U.Katzin, J.R.Ferraro.J.i.0.S. $4, 6040 (1952)

A. Jayaraman .Proc.Ind.Acad.Sei. 474, 147 (1958)

J.D.Selbin, M.C.Day "Theoretical © Inorganic Chemistry"

(Reinhold 1962) P.325

WW.M.Karayannis, S.D.Sonsino, C.M.Mikulski, M.J.Strocko, L.L.Pytlewski,

M.M.Labes,Inorg.Chem. Acta 4,141 (1970)

F.A.Cotton,0FatthInorg.Chem. 3,1 (1964)



181.

182.

183.

184.

185.

186,

187.

188.

189.

190.

gl.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

-95-

F.A.Cotton, G.Wilkinson "Advanced Inorganic Chemistry" Wiley-

Interscience 3rd Ed. (1972) P.871

C.J.Ballhausen "Introduction to Ligand Field Theory" McGraw-Hill (1962)

C.S.G.Phillips, R.J.P.Williams"Inorganic Chemistry" 0.U.P. (1966)

Volume 2 P.392

AB.P.Lever. "Inorganic Electronic Spectroscopy" Elsevier 1968.

C.C.Addison, D.Sutton.J.C.S. 5553 (1964)

J.R.Ferraro, A.Walker,J.Chem.Phys. 42,1278 (1965)

J.J.Rush, J.R.Ferraro, A.Walker-Inorg.Chem. 6,346 (1967)

0.C.Addison, B.M.Gatehouse.J.C.S. 613 (1960)

D.W.James, G.M!.Kimber, Aust.J.Chem. 22,2287 (1969)

B.Morosin, E.J.Graeber.Acta Crystal. 16,1176 (1963)

J.Mizuno, K.Nkei, T.Sugawara,J.Phys.Soc.Japan 14, 383 (1959)

C.F.Glick, W.W.iBwing.J.A.C.S. 62,2174 (1940)

W.W.Ewing, H.E.Rasmssen.J.A.C.S. 64,1443(1942)3 64,1445(1942)

M.Bose, N.Chatterjee, N.Das .Proc.Symposium Nuclear and Solid State

Physics Part II P.162 (1965)

Selwood "Magneto-Chemistry" Wiley-Interscience (1956)

M.Kilner.Ph.D.Thesis Nottingham (1963)

L.F.Heidt, G.F.Koster, A.M.Johnson,J.A.C.S. 80,6471 (1958)

R.A.Nyquist, R.0.Kagel."Infra-red Spectra of Inorganic Compounds

3800-45em~>" Academic Press (1971) ;

A.Zalkin, J.D.Forrester, D.H.Templeton. Inorg.Chem. 3,529 (1964)

B.Morosin, E.J.Graeber,J.Chem.Phys. 42,898 (1965)

A.F.Cameron, D.W.Taylor, R.H.Nuttall.J.C.S.Dalton 1603 (1972)

J.Drumnond, J.S.Wood.J.C.S.(A) 226 (1970)

D.Sutton “Flecttonic Spectra of Transition Metal Complexes ,
E Me Grow -Hill (1g 62)

L.Sacconi. Electronic Sttuctute and Steteochemisery of Ni tt)”

P.99,, Volume 4. Transition Metal Chemiséry (Eduard Arnold - 1969)





‘S00



.



e

Fue

oO

fahes VULPES Ee) hy,





bilPe.
fs



fessipenition
|| Pee

sUrSB!at

te  jo







LAT Coole Hada

| 300
(

pubisvals)





thbis FRRUESE
OC

AARTell



ecu Fxttact

T

il LLLoa

Shipisiir Lists pitiiybh!HYiPovbavrpatspa pends

go0e
tt

=i



fiPeet

“ piprpe whttn
soo

|
it




