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Abstract

The thesis describes a study of the reactions of a
variety of manganese éompounds with I\TZOLF or N205 leading to
the synthesis of new manganese compounds with coordinated
nitrate groups and other ligands, The aim of this work, to
synthesise the first reported nitrato-complexes §f manganese
in an oxidation state higher than the common state (II), has

been achieved,

Manganese (III) trinitrate, Mn(NOB)B,'has been
prepared by reaction of manganese(III) trifluoride and
dinitrogen pehtoxide in dinitrogen.tetroxide. Manganese (III)
trinitrate is stable indefinitely below -1l4°C, but rapidly
evolves Nzou at room temperature and fumes in molst air. The
properties indicate that all nitrate groups are strongly
coordinated and suggest that the compound is polymeric with
brideging nitrate groups. The bipyridyl, o-phenanthroline,
triphenylphosphine oxide and acetonitrile complexes of
Mn(N03)3 have been prgpared;>all are stable at room temperature
in a dry atmosphere and their magnetic moments are normal for

high spin d"F COmplexes.

Cesium and nitronium tetranitratomanganate (III)
and sodium and potassium tetranitratomanganate(II) have been

prepared, This makes the manganese-nitrate system unique

- 111 -



among transition metal nitrato complexes, since tetranitrato-
complexes for two oxldation states of manganese exist, but

have not been found for any other transition metal,

The crystal and molecular structure of
trinitrato-2,2'-bipyridylmanganese (I11), Mn(N03)3'bipy, was
determined, Mn(NOB)B'bipy forms monoclinic qrystals, space
group P21/c with four molecules in a unit cell with dimensions
of a = 7.311(3), b = 18.022(7), ¢ = 11,704 (4)& and
B = 108,73(3)°, The manganese atom is seven coordinate, with
approximate pentagonal bipyramidal geometry. The equato?ial
ligand atoms consist of one nitrogen of the bipyridyl group
and four oxygens from two bidentate nitrate groups:; the
remaining bipyridyl nitfogen and the coordinated oxygen of the
unidentate nitrate group are at the apices, This is the first
nitrato complex to be shown by crystallography to possess
three distinctly different coordinatedwnitrate groups, One
nitrate group is unidentate with Mn-0 = 1.896(8)R, one is
symmetric bidentate with Mn-0 = 2,236(8) and 2.201(R)A and
one asymmetric bidentate with Mn-0 = 2,112(8) and 2.400(9)R.

The Raman spectra of a number of powdered anhydrous
metal nitrates have been determined and a technique to |
obtain the depolarization ratios of powdered samples by
immersion in a liquid of identical refractive index has been

examined and found to be impractical for this work,
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Chapter 1
Review of Metal-Nitrate Complexes

and Definition of the Research,

1.1, Introduction,

Until 1958, when Addison and Hathaway reported
the préparation of anhydrous copper(II) nitrate, which they
showed to contailn covalent nitrate groups (1), the nitrate
group was considered to be oniy a weak ligand, capable of
'forming only ionic complexes with metals, There were two
obvious reasons for this, Firstly, most syntheses of metal
nitrates had utilized aqueous media, and the nitrate ligands
were unable to replace the water of solvation around the
metal and secondly, the only nitrates which crystallized
anhydrous from aqueous solution were the ionlic nitrates of
the alkali metals (sodium through cesium), silver, barium,
~ lead and thallium(I) (see references 2 and 3 and the
references therein). Furthermore, the only anhydrous metal
nitrates produced by thermal dehydration of the hydrates
were the ionic nitrates of calcium, strontium, cadmium etec.
Therefore in the late l950fs, it was a very reasonable
éssumption that nitrate groups were weak ligands. and the
synthetic methods 1n use ﬁp t1ll that time offered little

prospedt for the synthesls and study of compounds containing
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coordinated nitrate groups. Thelunusual properties of
anhydrous copper(II) nitrate, (e.g., its volatility, and
reactivity (1)) and the recognition that similar anhydrous nit-
-rates and nitrato complexes could be readily obtalned in similar
fashion from reactions 1h liquid dinitrogen tetroxide have '
prompted a rapld growth in the synthesis'and; in particular,
the structural investigation of this class of compounds,
In general, the compounds prepared have been restricted'to
the common and reasonably easily accessible oxidation
‘states of the metals, The work reported in this thesis is
concerned with (1) an attempt to synthesise and characterise
nitratg compounds‘for a metal, manganese, in a lessvcommon
oxidation state, here (III), and (11) a study of the
reactions of a varlety of compounds of manganese'in
various oxldation states with a varlety of potentially
nitrate-producing solvent systems in order to Jjudge the

course of the reactions and the oxidation states achieved,

Before the results of this study are described,
a review of the principal techniques and the ma jor
accomplishments in metal nitrate research in the recent
past will be presented, concluding with aﬁ outline of the

alms of the present work.,
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l.2, Preparative Techniques,

Up to the present,time only a limited number
of species containing coordinated nitrate groups have been
prepared from agqueous media. One class of nitrato complexes
which has been produced from aqueous soluﬁion were the
double nitrates of the trivalent lanthanides 6f the general

)15°24H,0 (where M = Mg, Zn and

I
2

(where M = Na, K, Rb, Cs, T1, NH,, PPh, and In = La, Ce, Pr,

In = La, Ce, Pr, Nd, Sm, Eu, Gd, Er) or M LnIII(NO3)5-12H20
Nda) (4, 5). (Throughout this thesis the term "nitrato" will
be used to deslignate an anlonic nitrate species and "metal
nitrate", a neutral species.) The ecrystal structure of
MgBCeZ(NOB)lz'ZhHZO has been determined, and the cerium
atoms are coordinated by twelve oxygen atoms from six

bidentate nitrates (6).

Partial dehydration of the hexahydrates of the
transition metal nitrates by heating in vacuo or by
addition of dinitrogen tetroxide has produced lower
hydrates containing coordinated nitrates such as
N1 (NO

'bHZO and Cr(NO *2H,0 (7 = 10) but attempts to

302 3'2
completely remove the water of hydration resulted in the
evolution of nitric acid and the production of a metal

oxide or hydroxide, From the above it can be seen that
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only a very limited range of nitrate complexes may be
prepared from aqueous solution or from metal nitrate
hydrates., Therefore, non-aqueous solvent éystems have been
utilized to prepare the majority of the complexes containing
coordinated nitrate groups., The solvent systems that have
been used are: organic solvents such as aceténe,tacetonitrile
ete,, with silver nitrate as the source of nitrate; anhydrous
nitric acid; dinitrogen tetroxide; dinitrogen pentoxide, or

various combinations of these,

Reactions between metal halides and silver nitrate
in organic solvents have been frequently used to prepare
nitrato complexes, as the desired counter ion may be
included in the reaction solution. Thus the reactlion:

MeCN

FeCl, + 4AgNO, + PhyAsCl ——— PhuAsEFe(NOj)h] + bAgCl

3 3

was used to prepare the tetranitratoferrate(III) complex (11),
However when similar reactions were attempted to prepare |
anhydrous metal nitrates, addition compounds with the organic
solvents tended to crystallize from solution. The removal
of the coordinated solvent may be as difficult_as the removal

of water from hydrated species (2).

The use of nitric acid has met with little success
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for the preparation of anhydrous transition metal nitrates,
since in all of the reactlions studied hydrated metal nitrates
were produced (12). The authors felt that an equilidbrium
between nitric acid, 1ts acid anhydride and water was

responsible for the water of hydration, i.e.,

2HN03———9 N2°5 + H,0.
The high aquation energy of the transition metgls would’then
promote the formation of the hydrate at the expense of the
anhydrous nitrate. Recently anhydrous nitric acid, saturated
with dinitrogen pentoxide has been used to prepare
Cs[Al(NOB)u] and CSZEAl(N03)5] (13, 14), The latter complex
18 the first reported example of a complex containing more

than four nitrate groups for a metal having Z < 40,

One of the most useful routes to anhydrous metal
nitrates is by reactions involving dinitrogen pentoxide, 1In
the so0lid state dinitrogen pentoxide is completely ionized

into N02+ and NO.~ ions (15, 16), but the 1liquid is non-

3
conducting and hence more likely to be similar to the vapor
which is 02N0N02 (16), Pure dinitrogen pentoxide melts at
31°C, but the so0lid readily sublimes at 25?0 at one atmosphere
pressure, Furthermore, at room temperature, dinitrogen

pentoxide decomposes according to the equation:



-6 -

2N205———> 2N20h + O2
The lack of a convenient liquid range, the ease of sublimation
of the s0lid and the decomposition of the dinitrogen pentoxide
may be considered to detract from its usefulness as a
preparative-reagent for anhydrous metal nitrates, Its
usefulness arises from the facts that 1t 1s a strong oxidant,
it may react in the solid state, or.it may usefully be

diluted with other solvents, Solid dinitrogen pentoxide .
reacts with metals, metal halides or hydrated nitrates to
yield anhydrous metal nitrates, as illustrated by the

following reactions:

Reference
Cu + 2N205-——) Cu(N03)2 + 2N02 17
CoF3 + 3N205——) <:o(N03)3 + 3N02F ' 18

No*GaCl1,~ + 5,0, —> NO +Ga(N03),+' + 4NO,C1 + 2NO, 19

2

Ti(NOB)u'xHZO + xN205-—-? Ti ('N°3)4 + 2xHNO 20

3
Dinitrogen pentoxide in liquid dinitrogen fetroxide has been
used to prepare Sn(N03)62' (21) and Zr(NOB)u (22). Also
pure dinitrogen pentoxide can be used in inert organic
solvents; hence it has been used in carbon tetrachloride to

prepare Cr(N.oa)3 (23) and (CHB)ZGe(N°3)2 (24),
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The other route to anhydrous metal nitrates 1is by
reactions involving dinitrogen tetroxide.k The physical and
chemical properties of dinitrogen tetroxide have been
reviewed by Addison (25)., It has a convenient 1liquid range,
-11,2°C to 21,.2°C and has been shown to be OéN-NO2 in the
solid and gaseous states, In the liquid state, homolytie

Ty L v"\ L
dissociation gégé occur to produce nitrogen dioxide. As
well as homolytic dissociation, heterolytic dissociation
occurs in the liquid state to produce NOT and NOB-'

i,e,, O ,N=-NO, —> [N02+][N02']-——*[NO+J[N03']. This

2 2
self dissoclation provides the necessary source of nitrate
ions, Dinitrogén tetroxide reacts with metal halides, metal
oxldes and metal carbonyls as 1llustrated by the following

equations:

Reference
A1C1, + Et,NC1 + 4N,0), — (EtuN)[Al(NOB)uj + 4NoC1 26
Zn0 + hN,0, — Zn(NO5),*2N,0) + N0, 27.
Re,(C0)yq + 2N,,0), — ZRe(CO)5N03 + 2NO 28,

With pure dinitrogen tetroxide adducts are often formed; in
some cases the dinitrogen tetroxide may be easily removed
in vacuo (i.e., Zn(N03)2'2N204), whereas in other cases
decomposition of the entire nitrate occurs as well, Thus,

Fe(NOB)B.N2O4 decomposes to FeO(NOB) instead of producing



Fe (N0,) 5 (29).

The ionization, and hence the reactivity, of
dinitrogeh tetroxide may be increased by using organic
solvents with high dielectric constants and good electron
donor ability to promote its self-dissociation. Thus,
dinitrogeﬁ tetroxide in ethyl acetate reacts with metallic
copper (1) and ferric chloride (29) whereas neither react

with pure dinitrogen tetroxide.

The anhydrous nitrates which have been prepared

are presented in table 1,1,

1.3. Determination of the Nature of the Metal-Nitrate Bond. -

l.3.1. Diffraction Techniqgues,

As more compounds containing coordinated nitrates
have been prepared, an ever 1lncreasing number have been
examined by X-ray, neutron and electron diffraction
techniques, The structures determined prior to mid-1970
have been reviewed by Addison and co-workers (73). The
nitrate ligand has been shown to exhiblt three major modes
of bonding - unidentate, bldentate and bridging, as
11llustrated by Au(NOB)h' (63, 64}, T1(NO5), (45) and
Cu(N03)2 (61) in Figures 1.1 to 1,3 respectively,

Furthermore, there are at least two types of bidentate
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Table 1.1, Anhydrous Metal Nitrate and Nitrato Complexes,

Compound Cooﬁgizaz{ona : Prﬁgzigg%ve References
LANO4 I D 2

NaNO3 I A 2

KNO4 1 A 2

RbNO 5 1 A 2

CsNO, 1 A 2
Be(NoB)2 C F 30
Beuo(N03)6 Br G 17, 30
Mg(NQ3)2 I F 30
Ca(N03)2 I D 30
Sr(N03)2 I D 30
Ba(N03)2 1 A 30
B(N03)4' c E 31
Al(No3>3 c G 26
Al(No3)4' C E,G,H 13, 14, 26
Ga(NOB)u' U G 19
In(N03)3 C F,G 17, 32
In(NOB)u' C L 33

TINO, 1 A 2
Tl(NOB)u‘ c G 34
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Table 1.1, (continued),

Compound Mode of ' Preparat%ve- References
Coordination® Method
Sn(NOB)u SBi G 35, 36, 37
Sn(N03)62' c K 21
Pb(N03)2 I A 2
SbO(NOB) c F 38
Sbo(N03)3 U G 39
Bi(N03)3 C D,F 2, 38
Bio(No3) C D,F 2, 38
Po(NOB)u C E Lo
Zn(N03)2 C E,G 17, 41
Zn(NOa)hz' c B b2
Cd(N03)2 I D,E 2, 411
Hg(NO,), C F.G 17, 41
Hg(NOB)nz' c L 43
Sc(N03)3 C D 2
Y(NO3)3 - C E L4

La(N03)3 C E Ly
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Table 1,1, (continued),

Compound Coogg?gag{ona Prﬁzgﬁgg%ve' References
T1(NO5),, SBi F,G,M 20, 36, 39, 45
TiO(N03)2 , C T 46
Zr(NOB)u Bi G 17

Zr (N04) %" c K 21
Zro(No,), C F 16
Hf(NOB)u Bi G 17
Hf(N03)62' c K 21
VO(N03)3 Bi G 36, 39
VOz(NOB) o F 47
NbO(N03)3 o G 2, 48
NbOz(NOB) o F 49
NbO(NOB)u' c G 50
TaO(N03)3 c G 49
TaO(NOB)u' c G 50
Cr(N03)3 C J 23
Croz(N03)2 C G 39
MoOz(N03)2 C G 39
WOZ(NOB)Z o G 39



Table 1,1, (continued).

Compound Cooggiiag{ona ' Pr;g:;gg%ve‘ References
Mn(NOB)Z C F,D | b1, 51
Mn(NOB)uz' SB1 L . 52, 53
Re0 4 (NO,) - -4 5
Fe(N03)3 C | E | 54

Fe (NO5)),~ SBi F 11, 29
FeO(NOB) c T 29
CO(NOB)Z C | F b1
Co(NOB)uz' AB1 L 52, 55
Co(N03)3 SB1 L 18, 56
Nl(N03)2 c E 2
Ni(NOB)uz' c L 52
Ni(N03)3 ¢ c T 57
Ni(N05)y"~ © C G 57
Pd(N03)2 c G 17
Pd(NOB)uz' c H 5
Pd(NO_) C G 58
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~ Table 1.,1. (continued).

Compound Mode of Preparat%vé References
Coordination® Method

Cu(N03)2 Br F 1, 59, 60, 61

Cu(NOB)z(g). SBi F 62

Cu (N0, %" c L 52

AgNo3 : I A 2

Au(NO;), " U . -4 63, 64

Ln(N03)3 c E,F by, 65

(In = La, Pr, N4, Sm, Eu, G4, Tb, Dy, Ho, Er, Tm, Yb, Lu)

Ce (NO,4) 6% SB1 . a 6, 66

Th(N03)4 c H 67

Th(N03)62‘ SB1 H 67

Tho (N0,4) 5 C T 67

Pa(N03)6’ c G 50

Lno(N03) C T 68

(Ln = Eu’ Gd, Dy’ HO, Er. Tm. Tl. Lu)

o .
An(N03)6 Cc L 69, 70
(An = Uo NP. Pu)

U02(N03)2 | SBi1 F 71
U02((N03)3' SBi - A 72

UOZ(NOu)uz‘V c L 70



Table 1,1, (continued).

a Mode of Coordination: I, Ionic; C, Covalent;
U, Unidentate; SBi, Symmetric Bidentate:

ABi, Asymmetric Bidentate; Br, Bridging.

b Preparative Method: A, aqueous; D, dehydfation:
E, N,0,; F, Nzoh/solvent mixtures; G, N205:
H, HNO5 or HN03/N205; J, N205/0014;
K, "Liquiad N205"; T, thermal decomposition;
L, Metathetical or stolchiometric addition;

M, CINO.,
’ 3

¢ These products are unlikely to be Ni(III) species in

view of the work reported in reference 204,

d Preparation gtill to be published.
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0(3) o029

ols) o)

Figure 1,1, Unidentate coordination - the tetranitrato-
aurate (III) ion (references 63, 6u4).

Figure 1.2, Symmetric bidentate coordination - titanium
tetranitrate (reference 45),
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Figure 1,3, Bridging coordination - a copper nitrate
(reference 61),
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coordination (symmetric with less than O.lOK difference
in M-0 bond lengths, and asymmetric with a_difference of
0.10 to O.?OK in M-0 bond lengths) and numerous types of
bridging coordination, The various modes of coordination,

along with recent examples of each are shownvin Figure 1.4,

The majority of structures determined to date
have revealed symmetric bidentate coordination, This is
partially due to the fact that the complexes studlied were
frequently chosen to support the interpretation of other
physical and chemical properties (such as reactivity,
volatility, spectral properties, and predicted high
coordination of the metal atoms) which have become
indicative of this particular mode of coordination.
Furthermore, many of the compounds suspected of containing
bridging nitrates, e.g., Cr(N03)3 (23), Fe(N03)3 (54), and
the majority of the transition metal dinitrates, do not
form crystals suitable for structural determinations,
thus making the number of complexes containing symmetric
bidentate coordination disproportionately iarse. Even so,
Addison (73) suggests that nitrate groups do show a preference
for this mode of coordination for two reasons: (1) the
géometry of the nitrate groups forces the second oxygen

clbse to the metal, and (ii) the donation of less electronic

charge by tﬁo oxygen atoms is more favorable than all the
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Figure 1.4, Modes of Nitrate Coordination,

MODE COORDINATION RECENT REFERENCES
(POINT GROUP  GEOMETRY | EXAMPLES
SYMMETRY )
UNIDENTATE
(Cg) VO (NO5) 5*MeCN 74
Mn(NOB)B‘bipy This work
M 0y [Co(tn)z(NOB)ZJNOB 75
\\\\\ Ni(py)(HZO)z(NOB)z 76
N Ory (PPhyMe ) 5Cu (NO5) 77
// [Cu(blpy)2N03]N03 78
Opps Cu(picam),(NO4), 79
As(bipy)(No3)2 80
Sn(CHB)B(NOB)HZO 81
SYMMETRIC VO(NO,) ,*MeCN. 74
BIDENTATE 3°3
(c,.) Mn(NOB)B‘bipy This work
[ehyas][Fe(nog),] 11
0
/ I\
M\\\\\ N Or1 (OPPhB)ZCe(NOB)u 82
o UOZ(NOB)Z(HZO)Z 83
ASYMMETRIC Mn(NO.).°*b T
S IDENTATE | ( 3)3 ipy This work
(Cqg) o, e Cu(apie), (NO4), 84
N [Cu(py),(N0,),Jpy 85, 86

~_,/ (CH;)Sn (N0,) 5 87
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Figure 1.4, (continued).

BRIDGING
(VIA ? 0's)
(C
S M"
N
N
N
Or1
OI———‘N<////
/ M
M \ /
0l
BRIDGING
(VIA 2 0's)
(02v or CS)
M'
\0
Il
=
M 0
11
BRIDGING
(VIA 1 0)
(C,V) M\\ ////011
0 —N:
/ N
| M Or1
BRIDGING

(OF 3M BY 1 0)

(c.)
e

8

011

aCu(No4),

Cu(NOB)z‘CHBNO
Cu(NOB)z'ZMeCN

LCu(py)z(N03>

Cuu(NOB)z(OH)é

2

01,07

61

61
88
89

85, 86



donation from one oxygen atom, because of the

electronegativity of oxygen.

AAsymmetric bidentate coordination may be caused by
(1) the electronic distribution in the metal being such that
each oxygen atom will experience different repulsive
interactions or (11) the presence of a ligand with a strong

trans-effect opposite one of the oxygens of the bidentate

nitrate or (iii) steric crowding around the metal atom
forcing one M-0 bond to lengthen. Thus, the aéymmetry 1h
Co(N03)u2' and Cu(apic)z(N03)2 may be explained in terms of
unsymmetric electronic distribution on the metal (55, 84),
whereas the asymmetry in (CHB)Sn(NOB)3 (87) and Mn(NOB)B'bipy
(synthesised in this work, see chapter four) may arise from
steric effects, There has been no well documented example

of the trans-effect causing asymmetrlic nitrate coordination

at the present time,

Of the examples studied since Addison's review (73),
almost twice as many have turned out to contaln unidentate
nitrate groups compared with those in which symmetriec
bidentate nitrate groups occur (see Figure 1l.,4,)., Unidentate
coordination may be caused by steric requirements around
the metal or by the limlted number of coordination sites

imposed by valence considerations, Steric requirements



- account for the unldentate nitrate coordination in
A *MeC c

0(N03)3 eCN (74) and [ o(tn)z(NOB)z]NO3 (75), whereas in
Re(CO)5N03 (73) and KAu(NOB)b (64) each nitrate must form
only one metal oxygen bond to permit the metal to achieve

the expected coordination number,

Bridging coordination by nitrate groups would
result in donation of charge from two oxygen atoms in a manner
similar to symmetric bidentate coordination. The known

examples of bridging nitrates are presented in Figure 1,4,

From the numerous structural results now available,
some trends in nitrate coordination can be esfablished;
these are presented below,
(1) The angle subtended at the metal by a'bidentate
nitrate group is between 58° and 70°, This
imposes significant distortions in the coordination
of the metals, for instance Co(N03)3 is not
octahedral, but severly distorted (56). Furthermore
the small "bite"(2.18) of the bidentate nitrate
permits larger than usual coordination numbers;
thus, numerous e1ght-c§ord1nate nitrate complexes
for the first row transition metals, such as
T1(NO,4), (45), Mn(NO,), " (53), Fe(NOg),~(11),

and CO(N03)42' (55) and ten-and twelve-coordinate



(11)
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complexes of the lanthanldes, such as

Ce(NOB)u(OPPhB)z (82),

_Gd(N03)3[a1,2-d1(pyridine-q-aldimino)ethaneJ (91)

and (NHM)ZCe(NOB)é (66) have been reported,

The terminal N-O(II) bond lengths in all
coordination modes are less than the N-O(I) bond
lengths in all structures except (PthMe)BCu(NOB)
(77). Here the quoted distances are Cu-0(I),
2.206(6)s N-0(I), 1,247(8): N-O(II), 1,247(8);
and N-0(II'), 1,209(8)A, Although the authors
offer a rationale for this observation, its
significance is in some doubt, The Cu-0

distance seems exceedingly large compared to the
only other structural determination of a copper(I)
nitrate complex (92) in which the Cu-0 distance
in a bidentate nitrate group 1is 2.22(1)4 and a
unidentate Cu-0(I) distance would be expected to
be =~ O.ZK shorter, Furthermore, in
(PthMe)BCu(NOB) the N~O(I) bond is exceedingly
ghort and it is possible that 0(I) is incorrectly
positioned, The authors do not state whether any
correction for thermal motion was made, nor was
there any indication of the residual peak heights
in an electron density difference map to indicate

thé adequacy of the model they put forth, Until
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such time as these detalls are reported, the
evidence presented 1s still of questionable value,

(111) The order of metal-oxygen bond lengths is:
M-0(I) (unidentate) < M-0(I) (asymmetric
bidentate < M=0(I) (symmetric bidentate)
< M=0(I') (asymmetric bidentate), for the same
metal and the same oxldation state,

(iv) The angle 0(I)-N-0(I) in a symmetric bidentate
nitrate group is less than 120° and the other.
angles around the nitrogen are greater than 120°,
In a unidentate nitrate, the angle O(II)-N-0(II®*),
which 1s trans to the coordinated oxygen, is

greater than 120° and the other angles less than

120°,

l.3.2. Vibrational Spectroscopy.

Other methods used to identify the mode of
coordlnation of nitrate groups in metal nitrate compounds

are based on vibrational spectroscoplc techniques,

The nitrate ion has four fundamental vibrational
frequencles, three of which are infrared active and three
are Raman actlve, as summarlized in Table 1.2, Coordination
of the nitrate ligand, with elther C,, or Cs symmetry,

causes the degeneracy of the E' modes to be lifted and all
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six frequencies become both infrared and Ramaﬁ active,
Therefore, 1t is a simple matter to differentiate between
ionic or coordinated nitrates on the basis of the number of
bands, but a more complete spectral analysis 1s necessary to

distinguish the mode of coordination,

Raman depolarization ratios offer a method of
distinguishing between totally symmetric vibrational modes
(Al modes) and antisymmetric modes (B or E modes) (93, 94).
Normal coordinate analyses (95, 96) have been carried out
for both symmetric bidentate (C,,) and unidentate (Cé)
coordination and indicate that the order of thg stretching
frequehcies will be N-0(II) (Antisymmetric)B,, > N-0(II)
(Symmetric)A,, > N-O(I) (Symmetric)A,, for unidentate
coordination, whereas for bidentate coordination N-0(II)
(Symmetric)Al. > N-0(I) (Antisymmetric)Bl,'> N-0(I)
(Symmetric)Ai. Thus, if the highést nitrate stretching
frequency is polarized and the second highest is
depolarized, the coordination is likely to be bldentate, as
was observed for Ti(NOB)h' Sn(NOB)u and VO(N03)3 (36),
whereas if the highest mode is depolarized and the second
highest polarized, the coordination is likely to be
unidentate as in the unidentate nitrate in VO(NOB)BMeCN (74) &

It generally has been observed that the intensity
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of a symmetric (Al) mode in the Raman spectra of nitrates or
nitrato complexes is greater than .antisymmetric modes
(73)., Thus from.the order of the stretching frequencies
predicted by the normal coordinate analyées for symmetric
bidentate nitrate coordination, the order of relative
1ntensities-shou1d be stroﬁg, medium and»strong,'whereas for
unidentate coordination the order should be medium or weak,
strong and strong for the highest to the lowest stretching
frequencies, This phenomenoh has been rationalized in terms

of the relative electron density in each N-0 bond (73).

Several other methods have been suggested to obtain
the mode of coordination from'spectral data (3, 97, 98, 99,
flOQ,lOl). The earliest of these depended on the separaﬁion
of the two highest frequencies to be characteristic of the
mode of coordination, bidentate having g larger separation
than unidentate coordination (3, 97). Field and Hardy (3)

also thought that if one frequency was higher than 1570 c>m'1

1 this was indicative

and the other was below 1280 cm™
of bridging coordination, This was a gross oversimplication
since 1t has been observed (73) that wide ranges of
frequencies that often overlap are obtalned for the various
modes of.coordination. Another oversimplified approach

was to assume that the number of far infrared bands was

directly dépendent on the mode of nitrate coordination
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(98’ 99!100) .

Recently A.B.,P. lever (101) has proposed that
the infrared combination frequencles for coordinated
nitrates are dlagnostic of the mode of coordination,
These are the combination modes arising from (v, + V3)
and (v, + Vg) for coordinated nitrates and (Vp + vy) for
jonic nitrates., Ionic nitrates should give rise to one
combination frequency in the range 1750 to 1800 em~t,
.Unidentate and bidentate coordination should each result
in two frequencies separated by 5 to 20 en~1 and 20 to
66 cm'l respectively, Bridging coordination aimost
1nvar1§bly has one combination band in the region 1780 to
1800 em~l, but this 15 not diagnostie of the mode of
bridging. The examples used in Lever's study support his
postulates, but there are many other nitrates which do
not fit his criterlia. For instance, the ionilec nitrates of
rubldium and cesium show two bends split by 20 and 10 om™
respectively (splitting of v3 can clearly be seen in
references 102 and 103)., The ionic nitraﬁes of magnesium
and calcium have combination frequencies at 1845 and 1810
cm"1 respectively'(lou and chapter six), which are outside
the proposed range for ionic nitrates, The overtone bands

are frequently too weak to be observed, thus limiting the

application of this technlque,
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Thus 1t can be concluded from the foregoing
discussion that only if the Raman depolarization ratios
and relative intensities agree, can a reasonably certain
assignment of the nature of the coordination of the nitrate
be made on spectroscopic grounds alone, The compounds whose
mode of coordination has been identified are indicated in

Table lol.

1,4, Research Proposal,

By 1967 the situation was that anhydrous metal
nitrates or nitrato complexes could be prepared by using
appropriate non-aqueous solvent systems, and that methods
were avallable to identify the mode of coordination of the
nitrate group, but these had only been applied to a limited
number of the metal nitrates. There were then two obvious
approaches to extend the growing understanding of anhydrous
metal nitrate systems, The first was the preparation of"-
new nitrate compounds and the‘second was the determination

of the modes of coordination in existing metal nitrates.

1.4,1, Preparative Chemistry.

Table 1,1 can be used as a gulde to the areas

most likelyyto be rewarding with respect to the preparation
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of anhydrous metal nitrates., Anhydrous ﬁitrafes or
oxy-nitrates are known for all of the 3d transition metals,
The dinitrates of manganese, cobalt, nickel and copper
are known, and since nitrate groups are sufficiently
strong oxidants, the trinitrates of scandium, chromium and
iron are known instead of the dinitrates, Titanium is
oxidized to titanium(IV), giving only titanium tetranitrate,
and vanadium forms only the oxy-nitrate, VO(N03)3. For the first
row transition metals Sc¢ to Cr , the maximum oxidation state
‘of each metal forms a nitrate or an oxy-nitrate in the
following series Sc(NO4), T1(NO3)y, VO(NO5)4, Cro,(NO4),.
The next member of the series would be the heptapositive
manganese compound, MnOB(NOB). The titanium and vanadium
compounds appear to be stable 1ndef1n1te1y at room temperature,
whereas Croz(NOB)2 slowly decomposes (105, 106), Therefore
MnOB(NOB) would be expected to be quite unstable if it
existed. The only Mn03X compound to be definitely
established is ManF which is extremely unstable (107, 108).
An attempt by D.J. Chapman at the University of Nottingham to
prepare Mn03(N03) by reaction of potéssium permanganate or
manganese heptoxide with dinitrogen pentdxlde produced a
highly uhstable product which could not be identified as
Mn03(N03) with any certairity (109), Thus it was considered
unwise to try to prepare new nitrato complexes of the

remaining 3d transition metals in their highest possible

oxidation states,
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This, of course, does not preclude studlies of
the more unusual oxidation states such as nickel(III), or
copper(III). Addison's group was examining Ni(III), but

never has attempted the preparation from a known nickel(III)

compound .

At the same time as this work was undertaken,

Fereday succeeded in preparing cobalt(III) trinitrate (1
by overcomiﬁg the problem of the ease of formation of
cobalt(II) nitrato complexes (110); Cobalt(III) trinitrate
provgd to be stable and monomeric with distorted octahedral
coordination (56), For the first time, anhydrous nitrates
had definitely been identified for two oxidation states of
the same metal (18, 41), This prompted the question,

"Which other metals might also form anhydrous blinary nitrates
in two oxlidation states?" One of the possibilities in the

first row transition metals was manganese (III),

No previous work on the nitrates of manganese(III)
had been reported and in general compounds of manganese (III)
are considerably less abundant and less well characterised
than those of the neighbouring elements chromium, iron,
and cobalt., The trinitrates of the latter are known (18, 23,
54), as are the tetranitrato anions of iron(III),
manganese (II) and cobalt(II) (11, 29, 52, 55- 55). Both

chromium and iron trinitrates have low thermal stability
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and are involatile and, presumably, polymeric solids,
By contrast cobalt(III) trinitrate is stable and volatile,
Again, anhydrous iron(II) and chromium(II) nitrates are
unknown, whereas the ease of formation of the (II)
oxidation states complicates the syntheses of cobalf(III)
nitrato complexes. Therefore it was felt that the preparation
of manganese(III) trinitrate could be complicated by
reduction of the metal or by low thermal stability of the
product, On the other hand, its preparation would complete
the serles of trinitrates from chromium to cobalt, so that
the properties of the series could be compared. Furthermore,
there are few well established simple anhydrous compounds of
manganese (III), and perhaps this number could be increased
by the preparation of the trinitrate. Thus it was
considered worthwhile to attempt the preparation of
manganese (III) trinitrate, The successful preparation and
properties of this compound are presented in chapter two of

this thesis,

A number of other compounds and compiexes have
been reported which contain manganese(III) (Table 1.3.).
The least thermally stable of all of these compqunds is
manganese (IIT) trichloride which decomposes above =35°C
(117). However, its compléxes are stable at room temperature.

This increased stability of the complexes over the parent
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Table 1,3, Compounds and Complexes_ of Manganese (ITII),

COMPOUND REFERENCE COMPOUND REFERENCE

Halides and Pseudohalides

MnF3 111 MnCl3 117

MnF),~ 112 Mnc152' . 118, 119

MnF (2 112, 113, MnC1>~ 120, 121
114, 115

HnF o~ 112, 116 Mn(CN) 3" 122, 123

Oxygen Donor Lisands and Oxides

Mn(ox)33’ 124, 125 Mn (0H)O 135
Mn(acac)3 126 ~ 129 ano3 136
Mn(OAc)3 130 MnBoLL 137
Mn(DMSO)63+ 131 Mn,0,,2" 137
Mn (DMF ) ¢ 3F 131 10 (SO,F) 138
Mn(acac)(pati)i 132 Mn(OPPh3)3C13 139
Mn(terpy—03)23 135 Mn (py0) ,C1, 139
M

n(sal)3 134 Mn(PhBAsO)BCIB 139

Nitrogen Donor Ligands

Mn(o-phen)Cl,*H,0 140, 141 Mn (NR

3'Hp 3)3013 142
Mn(bipy)013-H20 140, 141 Mn(py)3C13 142
LM?(o-phen)013]2 | iﬁg' 141 Mn(acac) (pati), 132
[Mn(b1PY)013]2 itg, 141, Mn(sal)3 134

Mn (porph)Cl+H,0 1413, 144

2
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compound is also now observed with manganese(III) trinitrate
complexes, whose preparation and properties are presented
in chapters three and five., The crystal structure of one of
these complexes, Mn(NOB)B'blpy, has been determined and is

presented in chapter four,

1.,4,2., Investigation of the Coordination of Nitrates by

Spectroscopic Technlques,

The possibility of determining the type of
interaction of the metal and the nitrate group in a wide
range of metal nitrates, both ionic and covalent was also
Investigated, To distinguish between symmetric and anti-
symmetric vibrational modes, Raman depolarization ratios
are necessary, The usual methods employed to obtain
depolarization ratios are to examine orientated single
crystals or to examine the sample in solution., The problems
encountered in obtaining depolarization ratios for anhydrous
metal nitrates are (i) the lack of suitable single crystals,
(11) the fact that Raman radiation scattered from powdered
semples 1s always depolarized, thus preventing determination
of the symmetric vibrational modes and (11i) the change in
coordination that can occur upon diséolving a metal nitrate
In a solvent suitable for Ramen studles. At the start of

this project, two authors reported the determination of
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depolarization raﬁlos by ilmmersing powdered samples in a
1liquid of a similar index of refraction (145, 146), The
application of this technlqﬁe to 1norgan1§ solids and
anhydrous nitrates in partlcular was undertaken but found
to be of very limited use; the results are presented in

chapter six.



Chapter 2

Anhydrous Manganese(III) Nitrate,

2.1l. Introduction.

One of the most obvious features of the chemistry
of manganese(III) is the small number of well established
simple anhydrous compounds, even though a comparatively
large number of manganese(II1) complexes have been reported
(see Table 1.3.). These are limited to the oxide, ano3 (136);
the hydroxide, Mn(0H)O (135); the oxofluorosulfate, MnO(SOjF')
(138); the fluoride; MnF3 (111); and the chloride, MnCl3 (117).
The latter is extremely unstable, decomposing rapidly at
-35°C, Prior to this study, manganese(III) nitrate or its
hydrate, and complexes of manganese(III) containing
coordinated nitrates were all unknown, This chapter gives
the details of the reactions which were undertaken in the
attempt to produce manganese(III) trinitrate, and reports
the successful preparation by reaction of manganese(III)
fluoride and dinitrogen pentoxide. The physical and chemical

properties are then presented.
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2,2. Preparation of Mansanese(III) Nitrate.

2.2.1, Réaction of MnFj and N205.

Dinitrogen pentoxlide was generated by the
dehydration of red fuming nitric acid by phosphorus

pentoxide according to the following equation:

The dehydration reaction was done in the presehce of ozone,
since dinitrogen tetroxide was present in the fﬁming nitric
acld, and would have been the major product of the thermal
decomposition of dinitrogen pentoxide, The ozone reacted
with the dinitrogen tetroxide to produce additional

dinitrogen pentoxide as follows:

Nzou + 0, —* N 05 + 0,.
The ozone was prepared from oxygen by a silent electric
discharge and was passed into the reaction vessel at the

rate of 0.75 liters per minute, The long phosphorus s
‘pentoxiq§Mp§nneCt1ng tube (D, E%gg;gw§:¥.) prevented |
moisture froﬁwﬁééélﬁg 1ntomfhe collection flask and

dehydrated any nitric acid vapour carried into the tube,

- The dinitrogen pentoxide was condensed in the collection
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flask (FE) which was contained in a cold bath at -78°C, The
warm water Jacketed exit tube (F) was designed to prevent
the dinitrogen pentoxide from condensing and blocking the
neck of the collection flask or the exit tube itself, The
apparatus was vented to the atmosphere by the smaller

phosphorus pentoxide guard tube (G).

In a ty 20 g.,

0.185 mole) of dinitrogen pentoxide was condensed onto -
anhydrous red manganese(III) fluofide (1.0 g., 8.9 mmoles.
The solids were mixed and allowed to warm to room
temperature to liquify the NZOS: liquid Nzoh was then added
and the mixture was stirred at 5°C under a dry atmosphere
for three days, the flask being vented to the atmosphere

by a phosphorus pentoxide guard tube, During that time a
reaction took place producing a dark brown oil which was
then filtered from unreacted MnFB. Careful removal of the
volatiles (mainly Nzoh) in vacuo at room temperature gave a
dark brown hygroscopic solid, Extreme care had to be taken
to avoid excess pumping on'this because the eventual product,
Mn(NOB)B' hgs iow thermal stability, and evolves Nzoh at
room temperature also, The procedure adopted was to isolate
the sample from the pump as soon as all liquid had disappeared
and then to continue pumpiﬁg cautiously until an infrared

spectrum of the product exhibited no bands assignable to
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nitrogen oxides, NO+ or N02+. Samples were sealed in glass
ampoules and kept at -14°C in a refrigerator., Manipulations
were carried out quickly in a dry-box, using cooled

apparatus where necessary. The reaction may be represented

by the following equation:

MnF3-+3N205 —_ Mn(N03)3-+3N02F.

[Found: Mn, 22.5: N, 17,4%., Calculated for Mn(NOB)B:

Mn, 22,8; N, 17.4%]. The same compound could be synthesized
using solid N205 alone, but use of Nzoh as a solvent enabled
the reaction to proceed more quickly and minimized evaporation
of N2 5

2,2.2, Reaction of MnF., and AgNO

3 3°

A metathetical reaction was attempted by adding
a dry methanol solutioﬁ of silver nitrate (4,6 g.; 27 mmoles)
dropwise to the»methanol solution of MnFB (1,0 g.; 8,9 mmoles),
The reaction waé attempted at both 20°C and 60°C, When the
solution was concentrated by removal of methanol either
in vacuo or By distillation, silver nitrate precipitated

out, s0 no reaction had occured,
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~2,2,3. Reaction of MnFB and Nzoh'

Dinitrogen tetroxide (50 ml; 0,79 mole) was
added to a flask containing MnF3 (0.43 g.3 3.8 mmoles),
After three days there appeared to have been no reaction
and 95% of the original MnF3 was recovered. Therefore it
i1s unlikely that the dinitrogen tetroxide is the reactive
specles in the preparation of Mn(N03)3 (see section 2,2,1,),
although 1t may promote the reaction of the dinltrogen

pentoxlde and MnF_., by either improving the contact between

3
the dinitrogen pentoxide and MnF3 over that in the solid

state reaction, of by increasing the dissociation of the
vt -

dinitrogen pentoxide into No2 and No3 . The latter seens

rather unlikely since dinitrogen tetroxide has a very low

dielectric constant (E,540 = 2.6).

2.2.4, Reaction of Mno2 and N205 or Nzoh'

To investigate the possibility of preparing
nitrate species starting from manganese (IV), the reactions
of manganese dioxide and dinitrogen pentoxide or dinitrogen
tetroxide were examined. No reactlion occurred between
commercial MnO2 and dinitrogen pentoxide, dinitrogen

tetroxide or dinitrogen tetroxide in nitromethane,

acetonltriie or carbon tetrachloride., The observed lack
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of reactivity 1s probably due to phase changes brought about

by the roasting of the commercial manganese dioxide.

Fresh manganese dloxide was prepared by reduction
of KMnOu by MnCl2 in aqueous solution (147). The precipitate
was flltered and washed with water until free of permanganate:
then 1t was dried in vacuo for twelve hoﬁrs (Found: Mn, 60,0%;

~

: Mn, 63.3%

Calculated for Mn()2 }. The infrared spect
indicated no water present in the sample, When dinitrogen
tetroxide (10 ml; 0.157 mole) was added to the freshly
precipitated Mno, (0,10 g.5 1,15 mmoles) and allowed to
react for twenty-four hours, a grey black viscous oll
contaihing nitric acid was produced (ir., bands at 3600, and'
1700 em~l), It 1s likely that the nitric acid came from
reaction of dinitrogen tetroxide and traées of moisture

in the manganese dioxlde or with molsture that may have

leaked into the system during the reaction.

When dinitrogen pentoxide (20 g.; 0.185 mole)
was condensed onto the fresh MnO, (0,10 g.; 1.15 mmoles)
and warmed to room temperature, reaction occured to gilve
coplous amounts of dinitrogen tetroxide and a dark solid
which had decompoSed before a manganese analysis could be
attempted, Infrared bands at 1530, 1290, 1250, 1023, 1012,
975, 815, 800, 755, 748 cm~! are indicative of coordinated
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nitrate groups and an intense band at 900 ¢:m"1 indicates
that a coordinated oxo-ligand may also be present, The
evolution of dinitrogen tetroxide may indicate oxidation of
the manganese, so thé product could be MnO(N03)3 or
Mnoz(NOB)2 or a similar product. This reaction definitely

deserved more study, but as the reactions with fresh manganese
dioxide were undertaken at the end of the period covered

in this thesls. there was insufficient time available

for further study.

2.2.5. Reactions of KzMnOu and BaMnOu with Nzou.

The reactions of the manganese(VI) species,
K, ¥nO, end BaMnO, with dinitrogen tetroxide were examined
to determine if manganese(VI) could be reduced to yield
manganese (III) nitrate, The potassium and barium manganates
were prepared by reduction of potassium permanganate in
strongly basic solutions (148), [Found for K, Mno,, :
Mn, 28.6%; Calculated for K, MnO,: Mn, 30.2%. Found for
BaMno, : Mn, 21,04, Calculated for BaMnO, : Mn, 21,427,
Addition of dinitrogen tetroxide (20 ml; 0.315 moles) to a
suspension of KZMnou (0.48 g.; 2.4 mmoles) in nitromethane,
resulted in a heavy yellow precipitate of szn(NOB)h

(0,78 g.3 2,04 mmoles; 84% yield)., When a similar reaction
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was carried out using BaMnou (0.50 g.3 1.33 mmoles) and
| the suspension stirred for twenty-~four hours, no reaction

occurred,probably due to the total lack of solubility of
the BalMno,. |

2.2,6, Reaction of KMnO, and NgOu'

NS i -

.The reaction of potassium permanganate and
dinitrogen tetroxide was examined to see if manganese(III)
trinitrate could be obtained from it. When pure dinltrogen
tetroxide or dinitrogen tetroxide in carbon tetrachloride
was added to potassium permanganate and stirred, no
reactibn was observed, but when dinitrogen tetroxide
(20 ml; 0,315 mole) was added to KMno,, (1.0 g.; 6.33 mmoles)
in either nitromethane or acetonitrile, a precipitate of
K2Mn(N03)4 (95 ~ 100% yields based on potassium, see chapter
five), and a brown solution were produced, It is not a
simple matter to write an equation for this reaction., A
possible first step is the reductlion of permanganate by the
nitrosonium ion, i.e.,

Kino, + 2No* + 2No,~ —> [Kin(No,),]

3

since pure dinitrogen tetroxide is unable to cause the

reduction and since both nitromethane and acetonitrile
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promote the heterolytic dissociatlon of dinitrogen
tetroxide (25). The tetranitratomanganate (III)
anion may be unstable in solution since samples of
[N02+][Mn(N03)uJ and Cs[Mn(NOB)u] could not be recovered
from solution (see chapter five). Rapid disproportionation
would yield manganese(II) and manganese (IV) éccording to the

following equation:
2L ki (N0,), ] — K Mn (¥0,4), + [m(wo4), 0.

The manganese (IV) tetranitrate could then be reduced by
nitrogen dioxide to give the solvated manganese(III)

trinitrate,
NO.), + N ~——3 Mn ~)n°
Mn{ °3'u noz + 8 n(NOJ)B S + N205

Several attempts were made to obtain the anhydrous
manganese (III) trinitrate from the brown solution, If the
acetonitrile solution was pumped to dryness, a dark brown
s0lid containing coordinated nitrates and acetonitrile was
obtained (see chapter three for detalls of this compound).
If the nitromethane solution was pumped to dryness a dark
brown solid with between 15,0 énd 18,2% mangsnese, and no

infrared bands attributable to nitromethane‘were observed,
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If the brown nitromethane was concentrated by removal of
some of the volatiles in vacuo, and carbon tetrachloride or
petroleum ether added, an 0il, which was not characterized,
formed, Although this reaction was not of any use in the
preparation of manganese(III) trinitrate, 1t did provide 2o
convenient route to the complexes of Mn(NO3)3' Large
crystals of the complexes could be crystallized from the
brown solution by addition of the appropriate ligands,
The complexes of manganese(III) trinitrate will be discussed

further in chapter three,

2.2,7. Physical Measurements,

Infrared spectra (4000 - 350 cm'l) were recorded
on Perkin-Elmer 457 or Beckman IR-12 spectrophotometers,
using silver chloride cells, The spectra were obtained as
nujol and Fluorolube mulls, BReaction with nujol was
observed for Mn(N03)3 and the spectra are corrected (35,
73). A band increasing rapidly in intensity in the nujol
spectra at 1680 em™t can be attributed to the formation of
an alkyl nitrate, Raman spectra were recorded on a Cary 81
Raman Spectfophotometer. Electronic spectra were recorded
on a Unicam S.P., 800 or a Cary 14 Spectrophotometer,
Diffuse reflectance spectré were obtalned using a Unicam

S.P. 890 diffuse reflectance accessory., Magnetic
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susceptibilities were measured at 22° or 0°C by the Faraday
method using Hg[Co(NCS)h] as a calibrant (1#9). Samples
were manipulated and measurements made in a dry argon
atmosphere, X-ray powder diffraction photographs were
obtained by placing the powdered sample in a 0,5 mm
capillary tube, and irradiating it wiﬁh CuK, radiation
(= 1.5#18&) in a Debye-Scherrer camera,

Manganese was determined by both atomic absorption
spectroscopy and volumetrically following bismuthate

oxldation, Nitrogen was determined by Kjeldahl's method,

2.3. Properties of Manganese(III) Trinitrate.

2.3.1. Physical Properties,

Manganese {IIT) nitrate,Mn(NOB)B; is stable

indefinitely below -14°C in a dry atmosphere, but evolves
Nzou rapidly at room temperature and fumes in moist alr,
This makes Mn(N03)3 the least thermally stable of any of
the known first row transition metal trinitrates,
Chromium(III) nitrate (23) and Fe(N03)3 (54) decompose
rapidly at 60° and 70° respectively, whereas Co(N03)3

(18) sublimes readily in vacuo with little decomposition at
hoe, Although Mn(N03)3 igs less thermally stable than other
first row transition metal trinitrates, 1t is more stable

than MnClB, which decomposes to MnCl2 and chlorine above
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~-35°C (117)., When a stream of dry argon is passéd over the
Mn(N03)3 to remove the volatile decomposifion'products, it
was found that Mn(N03)3 decomposes with the loss of exactly
108 M.,W, units (Figure 2.2) to give a tan colored compound
of formula MnO(NOB), 1.e.,

Mn(NOB)B-———+ MnO(NOB) + N205.

The product 1s stable at réom temperature, in a dry
atmosphere, whereas, 1f the decomposition takes place in

‘a sealed tube, reduction of the manganese(III) occurred due

to the dinitrogen tetroxide evolved, If liquid dinitrogen
33 3'3
to Mn(NOB)Z'NZOu. Fereday (150) observed similar reduction of

33
at 22°C, P_pp = 4.52 * 0,05 B.M,)

tetroxide is added to Mn(NO it slowly reduces the Mn(NO

Co(NO,), in contact with N,0,. (x,°°" = 8670 x 106 ¢.z.s.u.

M

2.3.2. X-Ray Powder Pgtterns,

The X-ray powder patterns of Mn(NOB)B' of its
decomposition product, and of the compounds Mn(N03)2 and
Mn(NOB)z-NZOu‘are presented in Table 2.1 (d values in A and
qualitative 1ntensit1es; Cu~Ka radiation, A = 1.54183) as
they have not been previously reported, Three.points should

be made about the powder patterns;
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(1) Although the powder pattern for‘Mn(NOB)3 contains
lines corresponding to those of-MnFB. the starting
material for the preparation of Mn(NOB)B,the
relative intensities are not correct, and,
furthermore, the analysis and the'infrared

spectrum of Mn(N03)3 confirmed the purity of the

(11) The Mn(NO ) was visibly decomposed (1.e.,
turning yellow) after the six hours required to
achieve a reasonable exposure of the film, This
is supported by the similarity of the powder
patferns of Mn(NOB)3 and the decomposition products

obtained by sealing Mn(NOB) in a tube for forty-

3
eight hours at 21°C, Thus the powder pattern
reported here must be considered to be a
mixture of Mn(N03)3 and 1ts decomposition
product, It would be necessary to have a powder
camera in which the sample could be cooled, to
obtain the powder pattern of pure-Mn(NO )

(111) The powder patterns of Mn(NOB) and Mn(N03)2 2 0y

prepared from manganese metal and Nzob in ethyl

acetate (41), are very similar at low values of

d, but sufficiently different at high wmlues to

indicate that they are not isomorphous structures.
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Unfortunately powder patterns have not been
reported for other anhydrous metal nitrates that
form Nzou adducts so it is 1mpoésible at the
moment to make comparisons with the other

N,0, edducts (5).

2+.3.3. Solubility and Electronic Spectrum,

Manganese (III) trinitrate is sparingly soluble
in nitromethane, decomposes in water, acetone, acetonitrile
and other polar solvents, and is insoluble in chloroforn,

carbon tetrachloride and benzene,

In 6M stob’ the electronic spectrum has one
band at 19,800 cm‘l. Assuming octahedral coordination,
this band can be assigned as the 5T2g f—“'SEg transition,
The spectra were too weak to observe any lower energy
transition which would arise from distortion from octahedral
symmetry (118), Attempts to obtain the diffuse reflectance.
spectrum faliled, as decomposition of the sample blew a hole
througsh the grease seal between the window and the sample

holder,
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Table 2,1,

r—

X-Ray Powder Patterns for Manganese Nitrate Species,

(Interplanar Spacings in R)

Mn(NOB)z'N204

Decomp. MnF Mn (NO,)
Product 3 3’2
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2.3.4, Infrared Spectrum,

The 1nffared spectrum of Mn(N03)3 is pictured
in figure 2.3 and is listed in table 2.2, along with those
reported for Cr(N03)3, Fe(N03)3 and Co(N03)3 (23, 54, 18),
There are many similarities in the spectra of‘Cr(NOB)B,
Mn(N03)3 and Fe(N03)3 but that of Co(N03)3 is substantially
different, Cobalt(III) trinitrate has been shown to consist
of discrete molecular units, with symmetric bidentate nitrate
groups resulting in an irregular octahedral coordination of
the cobalt (56), Due to the difference in the spectra of

Cr(N03)3, Mn(N03)3 and Fe(N03)3 from that of Co(NOB) it is

3"
unlikely that these are similar toICo(N03)3, but perhaps
possess bridging nitrate coordination. This conclusion is
further supported by the relative insolubility of Mn(N03)3

in common solvents, which also suggests that it is a polymeric
compound in which some or all of thewnitrates are bridging.

No Raman spectrum was obtained due to absorption of the He-Ne
line; therefore the assignment in Table 2.2 is only tentative
and 1s made on the basis of Coy local symmetry with two
coordinated oxygens. As has been noted in other nitrates

(18, 36), there 1s apparently no observed absorption band

corresponding to the out-of-plane bend,
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Table 2.2.

Infrared Svectra of Metal Trinltrates,

Assignment Cr(NO3)3 Mn(N03)3 Fe(NO3)3 Co(N03)3
under C,_ (23) (54) (18)
2 Al[vNo*] (a) 1631 s (b) , 1650 m
1560 vs 1585 sh 1597 s 1621 s
1544 vs 1540 s,br 1554 vs
v, 3 BiLV,NO,] 1307 sh
B T1-TAsTR2 1283 vs 1270 s 1290 vs 1167 s, sp
1249 vs 1255 s 1252 vs 1159 s, sp
v, Aq[VaNO, ] 1044 s , 1041 m
2t T1mTsTr2 990 s 977 s B 964 s, sp
VA [ésMnO N, 782 s 794 m, sp 797 m 775 sh
ring dsf.]2 Vg 768 m 767 m 764 m, sp
BlfaoNo*J 727 m 743 m 742 m 684 w, sp

(a) * indicates the terminal oxygen atoms
(p) vs, Very strong; s, strong; m, medium; w, weak;
sh, shoulder; sp, sharp; br, broad.

2.,3.5, Magnetic Susceptibility.

For Mn(N03)3 the molar magnetic susceptibility at

corr
M

Berr = 4.4 £ 0,1 B.M., a value which is reduced somewhat

0° is X = 8150 x 10'6 c.g.8.,u, which gives

below the theoretical 'high-spin' value for the du configuration.
The observed and theoretical magnetic moments for

Cr(N03)3, Mn(N03)3, Fe(N03)3, FeO(NOB) and Co(N03)3 are

presented in Table 2,3. None of the samples with low

observed magnetic moments have been examined at various

temperatures to determine the nature of the interaction



- 55 -
in the compound, Unfortunately no variable temperature

Faraday balance was avallable to examine Mn(NO , and

| ni03);5
until this is done, it can only be assumed that the sample
1s magnetically non-dilute, l.e., there is some ilnteraction

between the manganese atoms in the structure,

Table 2.3.
Magnetic Moments of Some Metal Nitrates;
Compound Observed Theoretical Spin Only
Hers (B.M.) Berr (B.M.)
Cr(N03)3 3.77 3.87
Mn(N03)3 b, b | - b,90
Fe(N03)3 3.62 , 5.92
Co(N03)3 1.0 0,00
FeO(NOB) 3.50 : 5.92

2.3.6. Chemical Properties,

Mn(NOB,3 is an extremely vigorous oxidizing agent,
It dissolves in water rapidly evolving oxygen, to give a
yellow-brown solution with a brown precipitate, presumably
'representing disproportionation to Mn(II) and Mn(IV),
When an ampoule of Mn(N03)3 is broken under aqueous
potassium lodide solution, the 1odide is oxidized

quantitatively (see Table 2.3) according to the equation:
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o3t + 21~ —> 2Mn2t «+ I,.

The l1odine was then determined by titration with thiosulfate,

according to the equation:

Table 2.4,

Determination of the Oxidation State of Manganese,

Mn(N03)3 8203(0.923M) mmoles Mn Oxidation
mg, mmoles ml, mmoles oxidized State of Mn
1., 28.7 0,119 1,08 1.00 1,00 2.84
2, 47,7 0,198 2,20 2,03 2,03 3.02

Mn(N03)3 reacts violently with diethyl ether, and readily
with hydrocarbons such as nujol, This behaviour is
frequently displayed by complexes containing bidéntate
nitrate groups coordinated to a high oxidation state metsal
(20, 35, 73, 151), 1In 1962 Addison proposed that the
reactivity of beryllium and cupric nitrates with dieﬁhyl
ether could be explained by the production of the NO2 free

redical (152) in the reaction:

(N03)Cu,o.No2 — (N03)Cu0- + NO, e (1)
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and the subsequent reaction with the diethyl ether could
~ account for all the observed reaction products, namely
-, OH", acetate, nitroalkanes and

3 2
alkylnitrates, The only major drawback was the extreme
chemical reactivity of the metal nitrates, which was much
g;eater than was observed for N02- radicals prepared from
Nzou; that is, metal nitrates react violently or explosively
with diethyl ether but mixtures of Nzou and ether are stable
(152). This indicated that the species responsible for the
oxidation of organic compounds by anhydrous metal nitrates
could be the nitrate radical and NOT the NO, radical (151).
It has been shown that the nitrate radical is one of the

most reactive free radlcals known in aqueous solution, only

the OH¢ and HSOy+ radicals being more reactive (153, 154%),

The reaction scheme below involving NO3 radicals

can also explain the observed products,

Cu(NOg), —> +Cu(NOg) + NO5e | (2)
CH,CH,OCH,CHy + NOg» —> CH4CH,0¢ + CH3CH,0NO, (3a)
CH,CHyOCH,CH, + NOg+ ——» CH5CH,00N0, + CH,CH,* ( 3b)
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CH,CH,00NO, —3 CH,CHO + HNO, (ka)
CH,CH,00N0, — CH;COOH + HNO, | (4v)
CHCHy* + NOg» — CH,CH,0NO, (5a)
CHBCHQONOZ + NOg* —* CHyCH,0° + Ny0q4 (5b)
Ny0g —> N,0, + %0, (6)
CHBCHZO' + 0, —> CHBCOOH + OH- (7)
CH,CHy* + HNOg—> CH4CH,NO, + H,0 (8)

The production of the per-nitrate in reaction 3b could be
the cause of the explosive reaction in this type of system.
A much simpler reaction scheme can account for the rapid
production of alkylnitrate followed by formation of
carboxylic acid and nitroalkane in the reaction of anhydrous
metal nitrates with aliphatic hydrocarbons (20, 35), and is

presented below,

CHBCHZCHB + N0y — CH3CH2CH2- + HN03 (9)
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CH,CH,CH,* + N03' -——-{ CH3CHZCH2N03 (10)
CH4CH,CH,NO5 + NO3+ ——> CH4CH,CH,0° + N,0g (11)
CH4CH,CH,0* + 0p — 'CHBCHZCOO' + Hy0 | (12)
CHSQHZCHzoo + NOB- — CHB'CHZCHO‘ + HNO, (13)

It must be remembered that there is no substantial proof

for these mechanlsmé, but if they are correct, several

criteria are imposed on the metal nitrates, These, and

the weaknesses of them are presented below,

(1)

(11)

The metal nitrate must have a lower oxidation

state available, This is obviously the case for

3 . A 4
Sn(NO3)4’ Ti(NOB)h’ Cu(NO3’2’ and Mn(NO3)3' In the
case of Be(NOB)z, the radical produced is more

likely to be the NO, radical, as beryllium has no

2
lower oxidation state, but does produce Noz‘ in
aqueous solution (30).

Reactivity should only occur with metal nitrates
coordinated through two oxygen atoms., Addison
proposes that only "strongly coordinéted symmetric
bidentate nitraﬁo-groups“ show this resctivity

(73, 151). This is obviously not the case if it
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i1s assumed that ether and hydrocarbons react with

the solid Cu(NO which contains both bridging

3)2
and asymmetric bidentate nitrates (61) and not with
Cu(N03)2 in solution which may be monomeric and
contaln symmetric bidentate nitrates as does the
vapor (62)., Other nitrates such as'Cr(NOB)3 (23),
and Mn(N03)3 which probably contain bridging
nitrate groups and Ga(NOB)u' which supposedly
contains unidentate nitrate groups (19) also show
this reactivity, The Ga(NOB)u“ probably 1is
similar to the Tl(NOB)u' (34) and hence contains
bidentate nitrates also, (This could easily be
one of the cases where too much relience was
placed on the relative intensities of the N-0O
stretching frequencies in the Raman spectrum,
without accompanying depolarization or crystal
structure studies (see section 1,3.2.)).

(111) A lowering of the number of coordinated oxygen
atoms should result in the loss of chemical
reactivity, This is the case for Sn(NOB)u'Zpy
(35) and Mn(NOB)BL (L = bipy, o-phen, or 2Ph3PO
see chapter three) which show no reactivity

towards ether.

(1v) Bidentate nitrates should not pass through a
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unidentate intermediate stage, 1.e.; both M-0
bonds must be broken simultaneously; thus a metal-
nitrate three centre bond would be an attractive
possibility. This requirement is extremely
difficult to rationalize with the number of
bridging nitrates that undergo this type of
reactivity i.e., Cu(NOB)z, Cr(NOB)B. Mn(NO,) ., etec.

A study by T.W. Martin (155) 1is also significant
to the discussion of the reactivity of metal nitrates and
the postulate that this reactivity arises from the production
of nitrate radicals, Martin, in a study of the reactivity
of Ce(N03)62‘ and glacial acetic acid demonstrated that
N03° radical was not a major reactive intermediate in their
system, He showed that if a primary reaction process was the
prbduction of nitrate radicals according to equation 14,

ceIVNO.~ + nv—> celll

3 + No3' (14)

and thls was to produce coz, which was one of the major
reaction products, then the nitrate radical must react

according to either reactions 15, or 16,

N03° + CHBCOOH —_ CH30N02 + +COOH (15a)
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*COOH + CeIVNo3 — HONO, + CO, + celll (15b)

. ___) []
No3 + CHBCOOH HONO,, + CH3C02 (16a)

CH,CO,+ + CeTVNog — CH;ONO, + CO, + CelIT  (160)

3-Y2 2

Thus both possible reaction pathways produce two CeIII

species for each CO,, whereas in all the steady state

2
experiments the quantum yleld of CO2 was greater then

that of CeIII, nor could the reaction ylelds of the other
products be explained using nitrate radicals as
1nterméd1ates. Thus the production of nitrate radical

does not appear to play an important role in the Ce(NOB)éz'
acetic acid system, The active specles in thls case appears
to be the excited complex [CeIVNOB’(HOOCCHB)]* which
decomposes according to the equations 17 and 18,

[CeIVNOB'(HOOCCHB)]*-———9 celll 4 HONO, + CH €O, (17)

IV

N03'(HOOCCH3)]*<———é celVNo

[ce 3 * CO, + CHy (18)

2

Thus the reaction of other metal nitrates may involve a

reactive solvated intermediate, rather than .the production
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of free nitrate radicals, This would be consistent with
the observed reactivity of bridging nitrate systems as well
as symmetric bidentate systems. The reactions of anhydrous
metal nitrates with organic species is the area in nitrate
chemistry that has received little concentrated effort to
date and yet should be one of the most rewarding areas of

study,

Reactions with a number of donor ligands have been
studied and yield complexes which are presented in the

following chapter.



Chapter_ 3.

Complexes of Manganese(III) Trinitrate,

3.1, Introduction.

Numerous complexes of manganese(III) have been
reported with nitrogen or oxygen ligands and with the

L

nalogens. Th hn

he complexes with nitrogen bagsegs included such

AATEL A U addaw el S0 2UE0I0

ligands és the porphyrins (143, 144), bipyridyl and
o-phenanthroline (140, 142) and primary, secondary and
tertliary amines (1hé). The complexes with oxygen donor ligands
included such ligands as oxalato (124, 125) acetylacetonato
(126 -~ 127) acetato (130), dimethylsulphoxide and
dimethylformamide (131) and the oxides of pyridine,
phosphine, arsine and 2,2',2"—térpyr1d1ne (133, 139),
Complexes which include mixed nitrogen and oxygen donor
ligands are the tris-salicylaldimino (134) and
acetylactonatobis-(N-phenylaminotroponiminato) manganese (III)
(132) complexes. The halo or pseudohalo complexes which are
known are the tetrafluoro- (112), the pentachloro- and
fluoro- (112 - 115, 119), the hexachloro-, fluoro- and

eyano- (116, 120 - 123) manganates(III). None of these
complexes have nlitrato ligands or anions incorporated in
them; therefore the reactlions described in this chapter were

undertaken to investigate the preparation of manganese (III)
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nitrato complexes and to determine if the nitrato complexes
would exhibit increased stability with respect to the
parent nitrate, as is the situation with manganese (III)

trichloride complexes (117, 142),

3,2, Trinitrato-2,2'-bipyridylmanganese(III).

3.2.1l. Preparation.

Addition of 2,2'-bipyridyl to a nitromethane
solution of Mn(N03)3 at S?C in a 1:1 mole ratio gave a léw
yield (»20%) of dark crystals, An alternative preparative
route was found that permitted manganese(III) trinitrate to
be prepared in situ and, upon addition of the ligand, the
complexes crystallized in much better ylelds. Potassium
permanganate (1,0 g., 6.4, mmoles), when stirred with Nzou
(20 m1, 0.31 mole) in nitromethane or acetonitrile (20 ml)
for two hours produced a yellow precipitate of KZEMn(NOB)u],
which will be discussed in detail with the other
tetranitratomanganate anions in chapter five, and a dark
"brown solution" which contained manganese, nitrate,
dinitrogen tetroxide and nitromethane. There was no reaction
between potassium permanganate and pure dinitrogen tetroxide
which suggests that the organic solvents are necessary to
promote the reaction (see section 2.2.7 for a possible

reaction scheme), Solid 2,2'-bipyridyl (0.32 g., 2.0 mmoles)
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was added to a freshly filtered portion df the "brown
solution” in nitromethane calculated to contain 2,0 mmoles
of manganese, Within 24 hours at 5°C large crystals of

Mn(NOB) *bipy crystallized from the mixture in good yield

3 .
( 80%)., The compounds prepared by each method were shown

to be identical by elemental analysis and i.r. spectroscopy.
[Found: Mn, 13.8; ¢, 30,0; H, 2,08; N, 17,5%. Mn(N03)3°010H8N2

requires Mn, 13.8; C, 30,2; H, 2.03; N, 17,6%],

3.2.2. Physical Measurements,

Physical measurements were made as described in
section 2.2,7., C, H and N analyses were performed by the

Simon Fraser University micro-analytical laboratory.

2.3, Discussion.

In view of the numerous possibilities for the
molecular structure of this complex, bearing in mind the
various coordinating modes open to the nitrate group, the
crystal structure of this complex was determined, and is
reported in the following chapter, The complex is molecular
and monomeric, The manganese atom has an approximate
pentagonal bipyramidal coordination environment, with the

four oxygen atoms of one symmetric and one asymmetric
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bldentate nitrate group and one bipyridyl nitrogen atonm
defining the equatorial plane. The remaining bipyridyl
nitrogen atom, and the oxygén atom of a unidentate nitrate

group are at the apices (Figure 4.1.).

The infrared spectrum (Table 3 and F1gure 3.1)
indicates the absence of nitrate ions and the presence of
coordinated bipyridyl, but without the complementary Raman
spectrum it i1s difficult to assign the i.,r, spectrum with
confldence in terms of discrete vibrations associated with
unidentate and bldentate nitrate groups. Several attempts
were made to observe the combination frequencies in the
1700 - 1900 cm"l regioné to ald the assignment (see section
1.3.2) but these were found to be too weak to locate with
certainty, On the basis of the generalization that where
a bldentate and a unidentate nitrate group are coordinated
to the same or similar metal atoms in comparable oxidation
states the separation of the two highest nitrate fundamental
stretching frequencies will be greater for the bidentate
group than for the unidentate group (73, 74), the bands at
1518 and 1265 cm"l are tentatively assigned to bidentate

1 to the

nitrate vibrations, and those at 1500 and 1285 em™
unldentate nitrate vibrations, Despite the inequivalence
of the three nitrate groups in the molecule, only a single

- band is observable in the third and lowest fundamental
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Table j.l.

)3a (em™1)

Infrared Spectra of Some compleves of I‘Jh(NO3

Mn(NOB)j'bipy Hn(NOB)B‘Q-phen Mn(NOB)j'ZPhBPO Mn(N03)3'XMeCN
1518 s 1555 sh b 1552 sh 1555 s,br
1500 s 1535 s, br 1520 s, br
1285 s 1243 s 1265 s 1270 s,br
1265 s 1230 sh

1210 s
923 s 948 m 968 s 972 s
953 sh .
802 m 800 w 798 m, sp 791 m
787 m, sp
747 m 752 m c c

a Only the nitrate absorptions are listed,
b May be partiaslly overlapped by a band due to o-phen

¢ This recion of the spectrum is obscured by ligand bands,
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nitrate stretching region and is at an extremely low
position, 923 cm'l. This is close to the lowest value
so far reported for this band, at 920 em™! in the

unidentate nitrate complex K[Au(N03)4] (73).

Mn(N03)3'b1py is a high spin complex having

corr ' -6 +
XM = 10,530 x 10 c.&.8.u, at 22°C, Bore = 5,0 - 0,1

BR.M The room temperature diffuse-reflectance spectrum

i griw

a powdered'sample shows a band at 19.7 kem™  assigned to

a d-d4 transition. No complexés containing a greater
proportion of bipyridyl cou;d be obtalned even upon
increasing the excess of ligand up to threefold, Thus the-
complexes of 1:1,5 stolchiometry formed with Co(N03)3 (18)
and InX3 (X = ¢c1, Br, I, NCS) (156, 157), are apparently
not formed in the case of Mn(NOB)B' under these conditlons.,
There have been two reports of anhydrous manganese(III)
bipyridyl complexes (140, 142) for which, due to the low magnetic
moments (140, 141), the stoichiometry has been postulated
to be the bimolecular species [Mn(bipy)013]2 with bridging
chloro lizands. This is not the case in Mn(NO,),«bipy,

however,

For the comparison with other manganese (III)
complexes, the X-ray powder pattern of Mn(NOB)B'bipy is

reported in Table 3.2. The compound 1is soluble in methanol,
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.2.

Table

X-Bay Powder Patterns for Several Mn(III) Complexes,

(Interplanar spacings in R)

Mn(NOB)B'_phen Mn(NOB)B'ZOPPhB

Mn(NOB)B-bipy
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and sparingly soluble in acetone to give a yellow solution,
and decomposes in water to give a yellow-brown solution, |
It is insoluble in benzene, carbon tetrachloride, ethyl

acetate and nitromethane.,

3.3. Trinitratofg:phenanthrolinemanganese(III).

- This brick red crystalline complex was prepared
by the same two methods used for the bipyridyl complex,
[Found: ¥n, 12,8; C, 34.3; H, 1.87; N, 16.2% Mn(NO,) 5°Cq Hglp
requires Mn, 13,0; C, 34,2; H, 1.91; N, 16.6%].

The stoichliometry of thls compound suggests that
this complex could have a simlilar molecular structure
to that of the bipyridyl complex. The infrared spectrum
(Table 3,1 and Figure 3.2) is similar, where bands can be
discerned from o-phenanthroline absorption, but there are
small shifts in band positions, A comparison of the X-ray
powder patterns (Table 3,2) of the bipyridyl and
o-phenanthroline complexes indlicates that they are not
isomorphous, although the patterns are quite simlilar at low
angles, The difference in structure could be imposed on the
o-phenanthroline complex by the rigidity of the.ligand (158),
whereas the bipyridyl ligahd is able to rotate about the

carbon-carbon bond and has a dihedral angle of 5,1° between
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the two rings in the complex, The o-phenanthroline
planarity might permit slight shifts in the nlitrate
groups which may affect the coordination of the manganese
and/or the packing of the molecules in the unit cell, Thus
it would be interesting to determine the crystal structure
of the o-phenanthroline complex so that the effects of the
more rigid ligand could be examined, At the present time,
no definite conclusion as to the molecular structure of the
o-phenanthroline complex can be drawn. DMagnetic measurements
give X, °°"F = 10,830 x 107% c.g.s.u.; Bopp = 5.0 2 0.1 B.M,

at 22°C, Mn(NO -phen shows sclubility properties similaf

352
to those of the bipyridyl complex.

3,4, Trinitratomancanese(III)*bistriphenylphosphineoxide,

Addition of triphenylphosphine oxide (1.28 e
b,6 mmoles) to the "brown solution" in nitromethane (2:1
mole ratio) yielded dark red crystals of Mn(NOB)B'ZPhBPO.
[Found: Mn, 6.9; C, 53.3: H, 3.65; N, 5.1,
Mn(NO3)3'036H30P202 requirés Mn, 6,93 C, 54.2; H, 3.77:
N, 5.3%].

Triphenylphosphine oxide was chosen as'an oxygen
donor ligand as 1t was unlikely to reduce the manganese(III)

or to react With the reagents in the "brown solution”,
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Triphenylphosphine oxide forms the high-spin
complex Mn(NO,),(Ph,P0), having X O = 10,150 x 1076
c.ges U, and Poep = 4,9 ¥ 0,1 B,M. The infrared spectrum
shows the nitrate bands listed in Table 3,1 as well as
bands typlcal of complexed PhBPO (esgey v(P=0) 1150 em~1
(159)). The infrared spectrum is shown in Figure 3.3.
The X-ray powder pattern of the complex 1s shown in Table
3.2, but the structure of this complex is not known., The
complex dissolves in benzene and acetonitrile to give
yellow solutions and is insoluble in carbon tetrachloride,
nitromethane and water, Attempts to measure the 31P N.M.R.

of saturated solutions at 35°C in C6H6 were unsuccessful due

to insufficient solubility.

3.5, Trinitratomanganese (III)acetonitrile,

Acetonitrile was used instead of nitromethane as
the solvent in producing the "brown solution". Evaporation
of this solution in vacuo gave a dark brown solid contalning
both Mn(N03)3 and coordinated acetonitrile. Although
reproducible analyses could not be obtainéd, a Qomposition
between Mn(N03)3°1.5CH3CN and Mn(N03)3~2.OMeCN based on

manganese, carbon and hydrogen, was indicated by the results

presented in Table 3.3, The nitrogen analysis was low and
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not consistent in all samples which may be due to incomplete

degradation of the sample upon combustion,.

Table 3.3.
Analyses of Mn(NOB)B'xMeCN.v
Theoretical Mn ~C H N
Mn(NO5) 5+1, 5MeCN 18,20 11.95 1.49 20.84
Mn(NO,) 5+ 2, OMeCN 17,05  14.8%  1.86 21,70

Observed (with hours and temperature under vacuum),
1, (16 Hrs., 20°C) 17.75 12,35 1.59 15.53
2., (48 Hrs., 80°C) 17,30 14,30 1.59 14 44
3. (8 Hrs,, 20°C) 12,79 1.74 16.37

The acetonitrile complex shows 1nffared bands
(Table 3.1 and Figure 3.4) typical of coordinated nitrate
groups and coordinated acetonitrile ( V(CEN) 2291 cm'l).
A strong band also occurs at 415 cm"1 which is absent from
the spectra of the other complexes and therefore is
presumably not due to a Mn-0 mode; it may be the Mn-N
stretch of the coordinated acetonitrile, though such modes
have been difficult to assign with certainty (74).
For this compound XMcorr = 11,400 x 10'6 CeBeBoUe

Beff = 5.2 B.M, assuming the formula contains two molecules

CH..CN,
of H3
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3,6, Reaction of Manganese(III) Trinitrate with Pyridine.

When pyridine was added to the "brown solution"
(2:1 mole ratio) a violent reaction took place and the
solution became an intense dark green - the color of the
complex szu'Zpy (25, 160), When the solution was
concentrated and cooled, it turned orange. but no crystals
were obtained. When the solvent was removed in vacuo an
orange gum was obtained, If this gum was stirred for two
hours in acetone, an orange powder resulted which would not
oxidize iodide and was thus likely to contain manganese(II);‘
Infrared bands at 823 m, sp; 1350 s, br and 1750 m cm'l
indicate the presence of lonic nitrate groups and although
the 601 cm'l band of pyridine does not shift, the band at
1578 cm’l shifts to approximately 1600 cm~! and broadens,
so 1t seems likely that the pyridine is coordinated, The

1 region

lack of a strong band in the 1200 - 1265 cm™
indicates that the coordinated species is not pyridine-
N-oxide which could have been produced from reaction of
pyridine and dinitrogen tetroxide. Analyses (Mn, 16.7;
c, 40,82; H, 3,03; N, 19,89%) did not conform to any simple

comblination of ﬁanganese, pyridine, pyridine-N-oxide and

nitrate; thus, the composition of this material is not

known.,
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3.7, Reaction of Manganese(III) Trinitrate with Triphenyl-

phosphine,

When triphenylphosphine was added to the "brown
solution" (1:1 mole ratio) a violent reaction took place.
When the solution was pumped to dryness, a brown, intractable
gum was obtained, which could not be ground or smeared to
obtain an infrared spectrum., When this gum was stirred with
iodide, it was unable to oxidize the iodide, indicating
reduction of the manganese had occured during the reaction.

No further attempts were made.to characterize it,

3.8, Discussion,

The number of addition complexes with manganese(III)
trinitrate is not large due to three factors, First,the
thermal instability and the lack of suitable solvent for
Mn(N03)3 negates any attempt to prepare complexes directly
in an appreciable yield. Second, the preparation of
complexes from Mn(NOB)3 in situ limits the number of ligands
to those that will not react with the other reagents present.
Finally, the recovery of complexes from the "brown solution®
seems frequently to yield only viscous gums., Even so,

complexes containing nitrogen and oxygen donor ligands have
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been prepared and are more stable than the parent nitrate.

In the brown nitromethane solution, pyridine
and triphenylphosphine were able to reduce manganese (III)
trinitrate. However, manganese(III) trichloride is not
reduced by pyridine so that the complexes MnClB'py and
MnCl,*3py have been synthesized (142), With cobalt(III)
trinitrate,; triphenylphosphine was oxidized, but with
pyridine a stable cobalt(III) complex, Co(NOB)B'Zpy, is
isolated from CClu solution (18) In view of these reactions,
it would appear likely that a stable pyridine complex of
manganese(III) trinitrate could perhaps be prepared by

stirring pyridine in carbon tetrachloride with manganese(III)

trinitrate at -30°C.
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Chapter 4

The Crystal and Molecular Structure

of Trinitrato-2,2'-bipyridylmancanese(III)

4,1, Introduction.

In the preceding chapter the éyntheses of 1:1 high
spin complexes of manganese (III) nitrate with bidentate _
nitrozen bases such as 2,2'-bipyridyl and o-phenanthroline
were reported, The s0lid state structure of such compqunds
is of interest in view of the diversity of possibilities which
exist for the coordination environment of the manganese and
for thé mode of nitrate ligand coordination., There have been
few structural determinations of high spin manganese (III)
compounds, the only examples being '(bisz)MnCl5 (119),
(NHu)ZMnFS (161), sz(sou)FB (162), MnF 4 (111), Mn,04 (136),
ZnMn,0,, (137), MnBOu (137), Mn(acac)3 (118, 163) ,

Mn(acac) (pati), (132) and (bipy),MnO,Mn(bipy), (164).
Although the manganese in Mn015?' (119) is pentacoordinate,
all the other examples exhibit octahedral coordinated

manganese (III), with bridging ligands where necessary to

complete the coordination sphere.

The nitrate group is capable of considerable

versatility as a ligand toward metal ions (5. 73) and
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frequently acts as a bidentate ligand thereby inducing
rather high coordination numbers, Thus, eight coordinate
nitratocomplexes of 3d metals have been established for a
range of oxidation states, e.g., Mn(NOB)uz‘ (53), Fe(N°3)h-
(11) and Ti(N°3)u.(u5)° If all of the nitrate groups were
to be bidentate in Mn(N03)3°b1py, an eight coordinate
molecular complex could result in this case also; however
the steric requirements of the bipyridyl might hinder this
arrangement due to the larger bite of the bipyridyl which is
~ 2,64 compared to that of the nitrate which is 2,18,
Conversely, wholly unidentate nitrate coordination could
yield a pentacoordinate species, Between these extremes
there exist numerous structural possibilities which might
arise from a combination of unidentate, bidentate or
bridging coordination, One alternative is ruled out on
infrared spectral evidence; the structure cannot contain
uncoordinated nitrate ions, Finally the possibility of
octahedrally coordinated manganese(III) ccurring has its own
special interest regarding the possible mechanism for the
removal of the degeneracy of the ground state in the dLP
configuration (Jahn-Teller effect)., In tris-(acetylacetonato)
manganese (III) this occurs by angular distortion (118, 163)
while in acetylacetonato-bis-(N-phenylaminotroponiminato)
manganese (III) and in tetrakis(bipyridyl)-p-dioxo-'

dimanganese (III, IV) there are unequal bond lengths (132, 164).
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For a variety of reasons, therefore it was considered that the
X-ray crystal structure determination of Mn(NOB)B'blpy would

be of interest,

4,2, Determination of the Structure.,

bL,2,1, Crystal Mounting,

were grown by the method previously outlined in chapter three,.
Numerous crystals were sealed under an inert atmosphere in

0.3 or 0,5 mm, Lindeman glass capillaries in a dry box. These,
upon examination under a microscope, appeared dark red to

reflected light and dark green to transmitted light,

An approximately cube shaped crystal (0,05 cm.) was
considered too large for intensity data collection but was
used for preliminary photographs. A smaller crystal, a
parallelepiped of 0,28 x 0.24 x 0,18 mm, dimensions was used

for a Weissenberg photograph and the data collection.,

Lh,2.2, Photographs,

Precesslon photographs of the h 0 1 and 0 k 1
zones and zero and first level Welssenberg photographs
indicated the presence of a mirror plane and the systematic

~absences h 01, 1 =2n+1 and 0 ¥ 0, ¥ = 2n + 1, This
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allowed the space group to be unambiguously assigned as the
monoclinic group P21/c. The approximate unit cell dimensions
were a = 7,29, b = 18,04, ¢ = 11,728 and B = 107°55', The
unit cell volume calculated from the formula

V=ahbe sin 8, is 146983,

The number of molecules per unit cell (n) was

cell dimensions determined from the

calculated. nuging the

e M em ity W~ § MaS aaa sa a
’ o2

photographs., The density (p) i1s given by the formula

-
i

=

<|3

(1)
0,448 n

where M is the gram formula weight (397.15g.), N is
Avogadro's number (6,02 x 1023) and V is the unit cell
volume (1,469 x 10=21 em3)., The actual density of two
crystals was measured by flotatlon, using CClb (p=

1,59 g. cm3) and CH212 (p= 3.33 g, cm'3). The crystal

was placed in CC1l, (1,00 cm?) and CH,I, added dropwise from
a micro-syringe until the crystal achleved zero buoyancy:
the density of the crystal then being identical with that
of the liquid., The results are presented in Table h,1,

The average density is 1.82 (¥ 0,05) g. cm™3, Therefore

M
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~ there must be four formula units per unit cell to achieve

the observed density.

Table 4.1,
Density of Mn(N03)3°b1py.

Crystal Vol, Vol., Total Vol. Total Wt, Densit
CClu(cmB) CH212(0m3) (cm”) (g.) (. cm'3)
1 1.00 0.13 1.13 2,04 1.80
2 1,00 0.14 1,16 2,12 1.83

4,2,3. Data Collection,

The crystal was mounted on a Picker FACS-1
computer controlled four circle diffractometer, and optically
aligned to position the crystal precisely at the intercepts
of the ¢, X and 26 circles (w is coincident with 20 and hence
the crystal was centered in walso). To detect a reflection,
the reciprocal lattice point must be brought into contact with
the sphere of reflection in the same plane as the source,
crystal and detector. This was achlieved by éetting the 20
value for one reflection with X = 0° and ¢ was driven until
the reflection was located. (This reflection was 0 1 8,20 =
29.78yw = 0,0,%X = 356.,17,¢ = 355.33°.) A second reflection
(with ¢ » 90° away from the first reflection) was then

aligned by éetting the 20 angle and driving ¥ . (This
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reflection was 0 12 1, 20 = 27.57, w = 0.0, X = 354,55 and
¢ = 277.21°.) The orientation matrix was then obtained from
the two reflections and the unit cell dimensions.,
‘Eighteen strong reflections (from the photographs) were used

to obtain cell dimensions by a least squares procedure,

- Following the data collection,dimensions were
redetermined from accurate measurement of twenty-three of
the strongest reflections having 20 > 30° with Mo-K(11
radiation (A = 0.70926%) with a 1,0° take off angle.

Reflection intensities for the unique set of data
(one-quarter of the limiting sphere of reflection with a 26 < 45°,
for a monoclinic crystal) were collected by peak-top counting
using nioblum filtered Mo-Ka(k = 0.71073) radiation, and a
scintillation counter with pulse height analysié. The take-
off angle was 3.5°., Each reflection with 20 <45° was
measured for twenty seconds with two background counts of
ten seconds each taken 2.0° apart plus allowance for
dispersion. Every houy fwo standard reflections were
measured; their variation was I 5% over the entire data
collection. The inner set of data (26 < 30°) had initially -
been collected by the (2 @ - 0) scan technique, but as the /7L

peaks were broad and flat, it was felt that the peak-top
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counting technique was more accurate for the weak intensities

which comprised the bulk of the data.

b,2,4k, Solution of the Structure.

A brief description of all of the programs utilized
in this section appears in Appendix A, The raw intensity data
was converted into observed structure factors, F. ?he nev
intensities were corrected for Lorentz and polariz;tion
effects; absorption was neglected since it was estimated that
it would introduce a maximum error of ) 1%, A reflection was
considered unobserved if the net count was less than 3.00,
¢ = (total count + background)%. 1914 reflections were

measured of which 1119 were regarded as observed.

An examination of the unsharpened three dimensional

Patterson function based on the data in the range 28 S 30°
allowed the determination of the position of the manganese
since in the space group P21/C the four equivalent positions
Xy ¥y Z3 Xy Yy 2} Xy 2 -y, 2 +2i and %, 3 +y, 3 - z are
related in the section of the unit cell examined by three
vectors 2x, 2y, 2z; O, * + 2y, %; and 2x, %, % + 2z, There
were only three Strong vectors meeping these réquirements
which indicated the manganese position to be approximately

x = 0,056, y = 0,141, and z = 0,276. Six other peaks were
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located within 2.51 of the manganese. Structﬁre factors
|Fcl were calculated from the atomic coordinates and assumed
temperature factors, A full matrix least équares refinement
was done on the set of data in the range 260 < 30° and the
residual index, R = IZ(lFO‘ - chl)/lFo|, was 58.3%. After
three cycles of refinement on the seven atomé, varying the
scale, the positional parameters and isotropic thermal
parameters, R reduced to 38,8%. An electron density Fourier
synthesis on the data permitted all non-hydrogen atoms to be
found and refinement of all atomic coordinated and isotropic
temperature factors gave R = 13.2%. An examination of bond
lengths and angles indicated that the unidentate nitrate was
not properly defined. Shifting the terminal oxygen
atoms, 0(12) and 0(13), to positions indicated by an electron
density difference map, and which also gave chemically
reasonable angles gbout N, reduced R to 8.5%, The three
distinct modes of nitrate coordination were clearly visible
at this point, 1Inclusion of the remaining data in the range
5o 2 29> 30° and refinement gave R = 11,6%, Further
refinement including anisotropic motion of the manganese
and N(1), 0(12), and 0(13) of the unidentate nitrate group
reduced R to 8,8%, At this stage all the hydrogeh atoms were
visible in an electron density difference map; including

these at the calculated positions (d(C-H) = 0.983 (165)) in
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further refinement of the non-hydrogen atoms reduced R to
8.3%. At no time were the positions or temperature factors
of the hydrogen atoms refined, although their positions were
periodically re-determined as the carbon atom positions were
refined, Allowance of anisotropic temperature factors for
all oxygen atoms, and full matrix least squares refinement
of all positional and thermal parameters for non-hydrogen

atoms gave R = 6,7%.

An electron density difference map indicated that
the principal discrepancies at this stage were in the
region of the unidentate nitrate group, notably the -
uncoordinated oxygen atoms; therefore it was decided to
examine this region in detaill, Refinement of all positional
and thermal parameters except those for N(1), 0(11), 0(12) and
0(13) gave R = 18,6%. A set of structure factors was then
created and used as input 1n the various Fourier syntheses
that follow, In retrospect, it would have been better to use
structure factors generated without further parameter
refinement, as refinement may result in unrealistic shifts

in other light atom parameters,
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Three approaches were then attempted, First Mn, N(I), 0(1ll),
0(12) and 0(13) were given anistropic thermal paraméters and
refinement resulted in R = 7,0%, By comparison, refinement
as isotropic atoms gave only R = 8.3%. Since the temperature
factors were large for 0(12) and 0(13) and there were large
peaks in the difference map assoclated with these atoms, it
was felt that whole atoms may not have been capable of describ-
ing the unidentate nitrate, Furthermore, the unidentate nitrates
may have been disordered with a fraction of them occupying each
of two different positions; a second approach ﬁas therefore
attempted, This approach was to describe each of the terminal
oxygen atoms as a pair of "half atoms" positloned approximately
O.9R apart, near the larger peaks on the difference map
associated with 0(12) and 0(13). Refinement of this
arrangement resulted in R = 7.1%, but the half atoms arising
from 0(13) would not refine to any unique setlof positions, so
this approach was not satisfactory. Even if only 0(12) was
replaced with half atoms no improvement was observed. For
the third model, the occupancy or multiplicity of the
"fractional atoms" were varied from 0,50 for each of to 0,80
and 0,20 as an attempt to match the differences in peak
height on the difference map, tut refinement of this model
only produced R = 7,6%, Thus there was no significamt

improvement in agreement when the unidentate nitrate group
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was Geflined by employing fractional atoms for one or both
of the terminal oxygens, and so all further refinement

included these as anisotropic atoms only,

Final refinement of all positional.and anisotropic
thermal parameters with the reflections weighted as described
below gave a final R = 5,9%, This improvement was somewhat
surprising as the major féatures in an electron density map
(peaks and troughs up to € = 0,7(2) e-/&3, which is
approximately 20% of the broad peak observed for 0(1l)) were
still in the region of unidentate nitrate, but the high
correlation coefficients (x0,3) between the x and z parameters
of the uncoordinated oxygen atoms of this group may provide

an explanation for this,

The welght given to each reflection should be a
measure of its reliability and is thus equal to the reciprocal

of the square of the standard deviation (equation 2).

= .1 2
W, o= == (2)
i
1
The weighting function used in this case was ¢ = A® for
BSF,SC, 0= (AB/F )% for F, < B and o = (AB/F,)? for

Fo > C, A was chosen such that the error of fit was equal
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to unity, B and C were chosen to give constant values of

WA?/n over 4,48, The final error of fit was 1,048,

In the structure factor calculations, the atomic
scattering factors for Mn, 0, N, and C were taken from
reference 166 and those for H from reference 165 and Mn was
corrected for anomalous dispersion (167). The final atomic
coordinates and temperature factors are listed in Table 4,2

and the structure factors are listed in Table L,s3,
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Table 4,2,

Final Fractional Coordinates and Thermal Parameters.a'b

ATOM X y z U
Mn 0,0636(2) 0.,1447(1) 0.2780(1)

011 -0.1395(12) 0.1517(6) 0.1332(7)

012 -0.2578(23) 0.1442(9) -0.0590(9) -

013 -0,0810(28) 0,0659(11) 0.0346(14)

N1 -0,1579(19) 0.,1272(8) 0.0310(11)

021 ~-0,0835(11) 0.0669(4) 0.3502(7)

022 -0,1789(12) 0.1771(5) 0.3653(8)

023 ~0,3086(13) 0.0847(5) 0.4303(8)

N2 -0,1962(15) 0.,1104(6) 0.3845(8)

031 0,2103(13) 0,0392(4) 0.2604(7)

032 0,2935(13) 0.1384(5) 0.1969(7)

033 0.4286(13) 0.0369(5) 0.1721(7)

N3 0.3162(14)  0,0698(5) 0.2088(8)

NG 0.,2596(11) 0.1567(4) 0.4410(6)

N5 0.1080(11) 0,2592(4) 0.,2814(7)

cl 0.3256(15) 0.1002(5) 0.5165(9)

c2 0.4611(16) 0.1115(7) 0.6287(10) ;
C3 0.5302(16) 0.1808(7) 0.6614(10)

cl 0.4645(15) 0.2393(6) 0.5838(9)

C5 0.3284(14) 0.2268(5) 0,4738(9)

o 0.2376(14%)  0.28L45(5) 0.3842(8)

c7 0.2757(16) 0.3588(6) 0.4030(9)

c8 0.1755(21) 0.4083(6) 0.3141(11)

c9 0,0477(18) 0.382L4(6) 0.2112(11)

Ccl0 0.0160(16) 0.3070(6) 0.,1960(9)

H1- 0,279 0,050 0.492 . 61
H2 0.507 0,069 0.684 73
H3 0.624 0.188 0,741 73
HL 0,514 0,289 0.608 66
H5 0.371 0.377 0,477 73
H6 0.196 0,461 0.325 67
H7 -0,020 0,417 0,146 73

H8 -0,078 0,288 0.120 67
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Table 4,2 (continued)
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a Tor the erxpression exp-2ﬂ2 (a*zhzull + b*zsz22 + 0*212

+ 2a¥b*hkl, , +_2a*c*hlU13 + 2b*c*k1Up3) .

b

e.8,4,'s in the least significant figures are given in
2

parentheses in this and subsequent tables,

c Uij are ;n 103A
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Table 4.3,

Table of Observed and Calculated Structure

Factors (20 x F absclute) for Mn(N04)5°bipy.
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4,3, Results and Discussion.,

h,.3.1, Mn(NO3)3'b1py Crystal Data,

Mn(N03)3'b1py. M = 397.15, Monoclinic, P2,/c,
a = 7.311(3), b = 18,022(7), ¢ = 11-704(4)2: B = 108,73(3)°,

<3
i

146143, P, = 1.82(5) g. cm™3 (flotatipn),.f% = 1,81 g. em™?,

N
B

by p = 10,6 cu™l, Mo-K = 0.70926A, T = 20°C.

4,3,2. Description of the Structure. : —

The interatomic distances and angles are listed in
Table 4.4, along with the estimated standard deviations,
Mean planes through appropriate groups of atoms are presented

in Table 4,5,

Mn(NOB)B'bipy is a molecular monomeric seven
coordinate complex. The molecular configuration (Figure 4,1)
is that of an 1rregﬁlar pentagonal bipyramid, The
equatorial "plane" consists of N(5) of the bipyridyl group
and the four oxygen atoms 0(21), 0(22), 0(31), and 0(32) of
two bidentate nitrate groups. The apical atoms are N(4) of
the bipyridyl group and‘O(ll), the coordinated atom of a
unidentate nitrate group. The manganese is displaced out
of the plane by 0.13K towards 0(1l), The pentagon is
slightly distorted as would be anticipated in view of the

shorter distances between the coordinating oxygens within
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Table 4,4,

-]

Interatomic Distances (A) and Angles (Deg)

Interatomic Bonded Contracts

(a)

PN TN TN TN TN TN PN N PN PN PN PN

—HNH NN AT NN N
HAAAAAAAAAAAA
(((((((((((((
MO ONMNIT O AHNONO
WO VN 00 W\ - O O D00 = O
MO OO OO

N e st s el s Nl sl s Nl i stV itV

PN TN TN TN SN TN TN NN N

N el s s s i N it i

PN PN PN TN PN TN TN PN

PN PN PN P PN PN TN TN TN TN PN PN SN N

l
e N N N s N Nt o el sV sV s stV it i etV



(b)

0(11)~-¥n=-0(2

1)
-0(22)
-0(31)
-0(32)
=N (4)
-M(5)
0(21)-n-0(22)
~0(31)
=N (4)
0(22)=-Mn=N(H4)
-N(5)
0(31)-Mn-0(32)
~M(4)
0(32)~ln=N(4)
=N(5)
N(L4) ~Nn=N(5)
0(11)-N (1)~ og 2
o(

1
1
0(12)-N(1)-0(1
0(21)-N(2)=0(2

-0(2
0(22)-n(2)~0(2°
0(31)-1(3)=0(3:

-0 (3
0(32)-1(3)~0(3
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Table 4,4 (continued)

Interatomic Angles (Deg)

C(1)-N(L)-C(5
M  =N(4)-C(1
Mn =N(4)-C(5
Mn =N(5)-C(6
Mn =N(5)-C(1
C(6)-N(5)-C(1
Mn =0(11)-N(
Mn -0(21)-N(

Mn -0(22)-N(
Mn -0(31)- n(

)

)

)

)

)

)

Mn <0(32)-N(3)
N(u) -C( 1)-C(2)
c(1)-c( 2)-C(3)
C(2)=C( 3)=C(4)
C(3)-C( &4)-C(5)
C(4)-Cc( 5)-C(6)
C(5)-C( 6)=C(7)
C(6)-C( 7)=C(8)
C(7)-C( 8)-C(9)
c(8)-C( 9)-Cc(10
C(9)-C(10)-N(5)

119,6



(c)

Mn-0(13)
-N(1)
~N(2)
-N(3)

0(11)-0(12)

-0(13)
-0(21)
-0(22)
~0(31)
-0(32)
=N(5)
-C(10)
0(12)-0(13)
0(13)-0(31)
-0(32)

(a)

0(11)-Cc (L)
0(12)-0(22)
-C(7)
0(13)-0(13)
-0(33)
0(21)-C(R)
-C(9)
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Table 4,4 (continued)

WHNHWNWWNNDNDNDNDNDNDW
OOV VIONIWDVDODODHIANANDO
OO NDW WA DDNNEN NEWR
B i e N R e T R T N e P
B e i L g R g ST L N W S

3.39(4)(2)
3.40(0)(2)
3.30(3)(2)
2.88(5) (4)
3.43(5)(4)
3.39(3)(3)
3.43(3)(3)

o

0(21)-0(22)
-0(23)
-0(31
“N( U
-C(1
0(22)-0(23
-N( b
..N\
0(31)- 0(3
-0(3
=N (
0(32)-0(3
-w(

OZ?
A~~~

)
)
)
)
)
5)
)
)
)
)
)
)
)
)

\‘)U’\U\{:’\JJ Fw N

& &

(
> (

Q=

0(23)-C(1
0(31)-C(9
0(32)-C (L

-C(7
0(33)-C(2
C(2) -C(8

-C(9
C(3) -Cc(1

a After correction for thermal motion,

O e e e e

Selected Intramolecular Nonbonded Contacts

[+]
Intermolecular Contacts Shorter than 3.5A

2.13(2)
2.16(2)
2.71(3)
2.89(3)
3,06 (4)
2.17(2)
3.06(3)
2.98(3)
2.09(2)
2.16(2)
2.93(3)
2.96(3)
2,90(3)
2,61(3)
3.03(4)
3.40(3)(4)
3.47(3)(3)
3.04(3)(2)
3.10(3)(2)
3.48(3)(2)
3.46(3)(2)
3.45(3)(2)

b Fiecures in this column refer to the followinz sSymmetry

transformations with resvect to atoms
(1) x,¥,2;

(2) X:%"Y!

(4) lex, 1l-y, l-z,

3+zZ;

(3) 1-x,

in column two:
i+y, 3-2;

o
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Figure 4,1 The molecular configuration of Mn(NOB)B'bipy.>
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each bidentate nitrate group compared to the non-bonded
contacts between nitrate and bipyridyl groups: thus
0(21)-0(22) and 0(31)-0(32) are 2.13(2) and 2.09(2)4 whereas
0(21)+++0(31) = 2,71(3)& and 0(22)++*N(5) and 0(32)**N(5)
are 2,98(3) and 2.90(3)K respectively. As can be seen from
Table 4.5, plane 7, the main distortion in the equatorial
“plane" is a large out-of-plane displacement of atom 0(32)
towards 0(11l), the four remaining atoms N(5), 0(21) and

0(32) being almost coplanar,

Each of the two bidentate nitrate groups and the
two heterocyclic rings of the bipyridyl group are planar
(Table 4.5), with a dihedral angle of 5,1° between the
pyridine rings. The unidentate nitrate group shows the
largest departure from statistical planarity (X2 = 25,9),
but as the unidentate nitrate shows no unusual. chemical or
spectral properties (see chapter 3) the non-planarity may
be due to the inadequacies of the model used., The molecular

packing is shown in Figure 4,2,

L,3,3, Discussion of the Structure.

The obsérved seven coordinate enviroﬁment of
»manganese(III) was rather ﬁnexpected. Whilst seven
coordinate compounds of 3d metals are known; they do not
occur commonly (168), and this is the first established

instance of this geometry occurring for Mn(III). Also
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Intriguing is the observation that the two bidentate nitrate
groups are quite dissimilar, one being symmetrically, the
other unsymmetrically bonded to manganese., Thus the
structure contains three dissimilarly coordinated nitrate

groups, the first time this has been reported,

An explanation for this structure probably
lies in the different stereochemical requirements of nitrate
and bipyridyl ligands, and for comparison we can view the
complex as formally derived from Mn(NOB)b- by replacemenf of
NOB' by bipyridyl with subsequent shifts in nitrate
coordination, By comparison with Mn(NOB)uz' (53) and
Fe(NOB)M- (11) we may assume the Mn(NOB)u- jon to be eight
cocrdinate involving four bidentate nitrate groups, each
subtending an angle of about 60° gt the manganese,
Replacement of a nitrate group by bipyridyl which subtends
a larger interbond angle of = 80° at manganese presumably
Introduces steric crowding which is relieved by one nitrate
group having to adopt the unidentate configuration. It is
more difficult to Jjudge whether the coordination difference
between the two remaining bidentate nitrate groups 1s also
merely a consequence of crowding or whether it originates,
at least partially in the electronic configuration of the

manganese atom, which is non-spherically symmetrical

high spin du; Unlike the more "regular" tetranitrato
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complexes for which the possibility of electronically
induced distortions have been discussed (73), the
inequivalence of the residual ligands in this complex
(L.e., bipyridyl and the unidentate nitrate) may well be
the main reason for the apparent differences in the
bidentate nitrates., It may be noted, however, (a) that
the long Mn-0(22) bond 1s not trans to a bipyridyl nitrogen,
and (b) that of the five equatorial atoms, 0(32) is
displaced the greatest distance (0,158) from the mean pléane,
whereas the weaker coordinated 0(22) is only 0,088 out of
the plane, It may well be fhat both nitrates are
potentially symmetric but that 0(22) cannot relieve crowding
by a larese out-of-plane displacement and has to do so by
additional lengthening of the Mn-0(22) bond. This 1s
consistent with the non-bonded contacts from 0(22) and
0(32) to the apical atoms 0(11) and N(4) shown in Table
b,4(c), The distances and angles to N(4) are similar but
0(11) is angled towards 0(22) and 1s closer to 1t than to
0(32). The effect of a dissimilar ligand in seven
coordinate complexes 1s well 1llustrated in CHBSn(N03)3
where all the nitrates are unsymmetrically bidentate (87),
a dramatic change from four symmetric bidentate nitrates
in the structure of Sn(NOB)# (37), By contrast, the

bidentate nitrate groups in the seven coordinate molecule
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3CHB.CN (74) are symmetric, despite the dissimilar

nature of the remaining ligands.

VO(NOB)

An alternative view of the manganese coordination
ariees if the bidentate nitrates are considered to occupy
only one coordination site (45, 55, 169 - 171). On this
basis the coordination would be trigonal bipyramidal. The
angles in the equatorial plane would then be approximately
N(5)MnN(3) = 11k°, N(5)MnN(2) = 111° and N(2)MnN(3) = 134°,
which indicate greater repulsion in the equatorial plane
between the two nitrate ligands than between the nitrates
and the bipyridyl ligand. With this model, however, it is
much more difficult to usefully discuss the differences in the
bidentate nitrate coordination since a three centre bond

nust be postulated to each bldentate nitrate.

The compound VO(NO4),CHyCN (74) offers the only
other example in which the dimensions of bldentate and
unidentate nitrate groups may be compared within the same
molecule, and similarities with the present structure afe
evident, The unidentate nitrate groups are coordinated
with almost identical metal oxygen bond lengths which are
significantly shofter that those to the bidentate nitrate

groups.,

The dimensions within the unidentate and bidentate
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nitrate sroups are according to expectations (section 1.3.1).
The unidentate group is the least well defined feature of
the structure, due to its rather large thermal motion, but
the long manganese-oxygen contact to the nearest
uncoordinated oxygen atom 0(13), 3.05(1)&, shows that there
is no question as to the unidentate character of this nitrate
group. The apparently large departure from planarity
probably reflects positional inaccuracies of the uncoordinated‘
oxygen atoms arising from both high correlation between

parameters and large thermal motion,

There have been only a relatively few accurate
structural determinations of compounds containing unidentate
nitrates; the bond lengths of these are presented in Table

uléi

In Table 4.6, it is obvious that all the
N(1)-0(11) bond lengths are longer than N(1)-0(12) or
N(1)-0(13) except for Cu(PPhZMe)(NOB) (77). Carty postulated
that charge delocalization must occur throughout the
nitrate ligand'due to the low oxidation state of the metal
and the strong ¢ donor ability of the other ligands., It
wquld be necessary to know the size and directibn of the
anisotropic thermal parameters and whether the thermal

motion has been corrected for in the bond lengths before
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Table 4,6,

Interatomic Distances in Unildentate Nltrates,

Compound
VO(NOB)B'CHBCN
Mn(NOB)B-b;py
Ni(py)Z(NOB)Z(HZO)Z
Ni(NOB)Z(Hzo)uI

11

[00(tn)2(N03)2]No3

Cu(picam)(NOB)z-
Cu(DyNO)Z(NOB)zI
11

: s
Cu(daCh)z(N )ngzo

\03

Cu(PPhZMe)BNO3

Ag(bipy)(NOB)zI

11
K[Au(NOB)ujl
II
Sn(CHB)B(NOB)HZO

a O0(11l) is the coordinated oxygen,

b Bond lencths are not corrected for thermal nmotion,

N(1)-0(11)2 N(1)-0(12) N(1)-0(13) Ref.
1.45(3) 1.19(3) 1.24(3) 74
1.241(13)%  1.,115(14)  1.234(18)
1.267(3) 1.232(4) 1,258(3) 76
1.293{(12) 1.213(12) l.24%(12) 8
1,304(12) 1,236(12) 1,264(12)
1.336(12)  1,190(14) 1,223(13) 75
1.275(14) 1,195(17) 1,231(14) 79
1.316(9) 1,222(9) 1,227(10) 172
1,304(8) 1,221(8) 1,234(9)
1,258(11) 1,214(13) 1,222(13) 173
1.166(8) 1.209(8)  1,247(8) 77
1,325(22) 1,192(23)  1,200(22) 80
1.336(21) 1,221(21) 1,238(21)
1,34(2) 1.14(3) 1,24(3) 63
1.39(3) 1,20(2) 1,22(3)

1.33(2) 1,18(2) 1,26(2) 81
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any sound argument could be based on the structure of

Cu ( PPh,Me )3(NO3) .

The molecular packing illustrated in Figure 4.2
is somewhat unexpected. The shortest intermolecular contact
ijs 0(13)*e°0(13) = 2.88(5)% (see Table 4.4), equal to the
sum of the covalent radii, This is contrary to the anticipated
"head - tp -(tail" packing to be expected if molecular
dipolar forces dominate, and indicates that the polarity of
the molecule 1s not the major packiﬁg force, Van der Waal's

attraction is thus likely to be the determining factor.



Chapter 5.

Tetranitratomansanates.

5.1, Introduction.

Since the recent reviews of nitrato complexes

and structures (5, 73), the tetranitrato anions of gallium,

and the structure of'[PhhAs][Fe(NOB)h] has been determined
(11)., Until the present work, tetranitrato complexes were
known for each metal in one oxidation state only. Thus
M(NO3)42- was formed by manganese, cobalt, nickel and copper;
M(NOB)U- was formed by iron, aluminum, gallium and thailium;
and the neutral species M(NO3)h’ was formed by titanium and

tin,

Previously, tetranitratomanganate(II) had been
reported with large bulky cations such as (AsPhh)+ and
(AsPh3Me)+ (52, 53), but not with alkali metal cations.
The only other transition metal tetranitrato anions that
have been widely studied are those with iron and cobalt
which had been prepared with a wide range of cations such

as (R,)", (asPh ¥e)*, cs¥, Na* and xk* (11, 52, 110),

3

Furthermore ,manganese and cobalt are the only metals to

form both neutral di- and trinitrates, Attempts at
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preparing tetranitratocobaltate(III) species always
resulted in reduction of cobalt and formation of
tetranitratocobalt(II) (110). The work presented in
this chapter describes the preparation of alkall metal
tetranitratomanganates (II) and nitronium and cesium

tetranitratomanganates (III),

5,2, Tetranitratomansanates(II),

5.2.1. Potassium Tetranitratomanczanate(II).

When the reaction of potassium permanganate and
dinlitrogen tetroxide in nitromethane or acetonitrile was
carried out as described in section 2,2,6, potassium
tetranitratomanganate (I1I1) was obtained as a yellow
crystalline product in 95 - 100% yield, based on potassium,
[Found: K, 20,0; Mn, 14,9; N, 14,54, Calculated for
KZMH(NO3)M: X, 20.5; Mn, 14.4; N, 14,7%])., Carbon and
hydrogen analysis and i1.r. spectroscopy confirmed the
absence of solvent in the precipitate. The oxidation
state was confirmed by magnetic susceptibility measurements

and the inability of the product to oxidize iodide,

5.2.2. Sodium Tetranifratomanganate(II).

A similar reaction using NaMnOh gave a pale



- 115 -
yellow precipitate of NaZMn(NOB)u. [Found: Na, 13,1;

Mn, 15.9%, Calculated for NaZMn(NO )4= Na, 13.2; Mn, 15,7%].

3

5,2.3, Discussion.

Both the above compounds have a magnetic

susceptibility of XMcorr = 15,400 x 10"'6 Coe&eS.U;

Hopp = 6.0 T 0,1 B
e

45 species, The structure of [PhUAsjztﬁn(NOB)hj has been

ac 3}
s 9 QGO 4

determined (53) and shows that the anion exhibits
approximately D2d symmetry, with all the nitrates
coordinating as bidentate ligands, The infrared and
Raman spectra of the sodium and potassium salts are
presented in Table 5,1, along with that obtained by
Straub et. al, (52) for [Ph3CH3ASJZEMn(N03)4]' The
assignments given in the table refer to the C2v local
symmetry of the bidentate nitrate groups; splitting of
the main regions of absorption observed in some cases may
be due to coupling of nitrate vibrations under the full
molecular symmetry (18, 36) or to crystal site-symmetry
‘splitting. The infrared spectra are shown in figures

5.1 and 5,2 to 1llustrate the similarity in band positions
and the splitting of the 1040 and 810 cm"1 bands that
occurs in the sodium salt.. The symmetric stretching

frequency is split into at least two bands, and the
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810 cm~t region has three bands, R,J. Fereday observed a
similar change in the spectra of potassium and sodiun
tetranitratocobaltate (II) (110) and this méy be attributed
to a chanze in crystal structure on going to the smaller
cation, The compounds are soluble in water but are elther
insoluble or decompose with precipitation of the alkali
metal nitrate in most solvents studied, Thus, where
solution does occur, partial dissociation of the complex
anion to give solvated Mn(N03)2 and NOB- takes place, as
observed by Fereday (150) for alkali metal nitrato

cobaltates (II),

5,3, Tetranitratomanzanates(III),

5,3.,1, Nitronium Tetranitratomanganate(III),

When a reaction of manganese(III) trifluoride
and excess dinitrogen pentoxide was carried out as described
in section 2.2,1 and the filtrate was cooled in liquid
nitrogen, evacuated and the nitrogen bath removed so that
the volatiles sublimed in vacuo, a residue of the brown
hysroscopic nitronium salt [N02]+[Mn(N03)u]' remained,
[Found: !n, 15.8; N, 20,2%, Calculated for [N02j+[Mn(N03)4]‘:
Mn, 15,7; N, 20.1%;] Hydrolysis, followed by ceric sulphate

tltration indicated the absence of nitrite, precluding
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formulation as an Nzoh adduct or nitrosonium salt., Storage
of thls salt at room temperature for one week showed no

observable evolution of nitrbgen oxides,

The oxldation state of the metal was confirmed
by the consumption of one equivalent of KI on titration in
aqueous solution, and by the formation of a characteristic

red solutioﬁ (Vmaxz 19,7 kcm'l) in 6M HZSOu.

5.3.2. Cesium Tetranitratomanganate(ITI).

A large excess of dinitrogen pentoxide (20 g.,
0.185 moles) was condensed onto a mixture of anhydrous
manganese (III) trifluoride (0.75 g.; 6,7 mmoles) and
cesium chloride (1,13 g.3 6.7 mmoles). The solids were
mixed and warmed to room temperature, whereupon a
reaction took place yielding a brown oillwhich was filtered
from unreacted starting materials by warming the flask and
filter to melt all the dinitrogen pentoxide. BRemoval of
the volatiles in vacuo gave dark brown.CsEMn(N03)4].
[Found: Mn,lZ.B%;CsMn(NO3)n requires Mn, 12.6%].

5.3.3. Reaction of CszMnc;S and N205.

This reaction was undertaken to determine if a

pentanitratomanganate (III) anion, which would be analogous
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to Al(N03)52‘ (14) could be prepared., Excess dinitrogen
pentoxide (12 gm,; 0.111 moles) was condensed onto anhydrous
Cs,linCl, (0,20 gm., 0,402 mmoles), which had been prepared
by reduction of CsMnOu by MnCl2 in 5 M HC1l in the presence
of CsCl, The solids were mixed and warmed to liquify the
dinitrogen pentoxide,whereupon a reaction took‘place to glve
a brown oil, The volatiles were removed in vacuo yielding a
mixture of brown and white solids, The infrared spectrum
(Table 5.2), and the X-ray vowder pattern (Table 5,3)

indicated the presence of CsNO3 and CsMn(NOB)u

5.3.4. Discussion,

The structure of the compound obtained by reaction

275

between N.O,. and MnF3 and subsequent removal of the volatile
erials by sublimat

b
e v

tonn is [NO 2j+r" T03)4]°. This
formulation, rather than as a nitrosonium salt, NZOLF adduct,
or N205 adduct, 1s based on the analyses and the following
observations: (a) bands occur in the 1i.r. épectrum at

2380 and 2358 cm~T [v4(N0$)] and 560 emt [v,(07)]

(Figure 5.3); (b) no bands attributable to N,0y, N 205

NO+. or ionic nitrate were observed, and (c) the remaining
l1.,r. bands are charécteristic of coordinated nitrétes

(Table 5,2) and are generally similar to those of CsMn(NOB)u.

The conly difference in the infrared spectra of these two
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Table 5, 3.

Y-Rav Powder Photorravhs of Tetranitratomancanate(III) Anions,

+- - - - o e ) =T )
10, " [¥n (1104)),7 ] Cs+Lhn(N03)u J cs™[rn(N05),"] + CsNO4  CsHO

3
7,30 w
6.60 s
5.82 s 5.72m 5.7 w
L"079 m L"-87 m lL.85 s
4,68 w
L,34 s L, uo s L. hlh s b LA m
L,01 w L,10 m L,09 m
3062 S 3'85 w 3.81 w
3,37 m 3.49 s 3.48 m o
3,16 w 3.19 s 3.14 s 3,15 vs
2.86 w 2.90 vw 3,00 vw 3,00 vw
2,70 w 2,79 w 2,73 W
2,62 m 2,64 w 2.57 w 2.58 w
2.38 vw 2.49 vw 2,48 vu
2.31 w 2,26 w 2,40 w
2.17 w 2.23 m 2,23 n
2,10 w 2.10 w
2,05 w ‘
1,96 w 1,99 m 2,00 m
1,78 w 1.82 w 1.83 w
1.59 vw 1.58 vw
1,49 w 1,49 w
1,41 vw 1,41 vw
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compounds is the position of the Vz(Al) stretching frequency.

1

In the cesium salt it is quite low, at 940 cm™", whereas in

the nitronium salt it is at 1010 cm"l. The mode occurs at

1

1005 em~! in CsFe (N05),, (174); this 1s 36 om™" below that of

Fe(N03)3 (1041 cmfl). The shift is 37 em=1 from Mn(N03)3
(977 cm"l) to Cs+[Mn(N03)u]. The X-ray powder photographs of

these species indicate that they are not isomorpuorus.

Tetranitrato anions are known for a wide range of
metals (5, 11, 19, }u, 52, 53) but this is the first instance
where the tetranitrato anion exists for two oxidation states
of the same metal (52, 53). The manganese(II) analogue
[Mn(NOj)hjz' (53) and the neighboring iron(III) complex ion
[Fe(NOB)u]' (11) have both been shown by X-ray crystallography
to be eight coordinate D2d complexes containing four
bidentate nitrate groups., The structure of [Mn(NOB)hJ- is
probably similar, though it might be expected to cqntain
asymmetric bidentate nitrate groups on account of the non-

spherical d-electron configuration (73).

Both the cesium and nitronium salts are thermally
more stable that Mn(N03)3 and show no evolution of nitrogen
oxides at room temperature within one week, Thermal
decomposition commences at 55° and 60°C for the cesium and

nitronium salts respectively, and does not yield Mn(NOB)B'



- 126 -
since their decomposition temperature is above that of the tri-
nitrate 1tself. Similar enhanced thermal stability over
that of the parent nitrate is also observed for
Cr (N05) 5*2N,0, (4), [NOJ*[Fe(N0,),]" and [N0,]*[Fe(N04),]"
(29). The first point in the thermogravimetric curve,
Figure 5.4, where there 1s a sharp decrease in decomposition
rate occurs a ately 600°C and at a mass loss which
correSpohds approximately to the composition MnN06. No
analysis of this material was attempted, While the material
may be a polymeric nitrate species it is extremely unlikely
that 1t is the molecular oxide nitrate MnO,(NO,). Compounds
MnOBX-(e.g., X = F) are molecular and unstable and few
examples are known; attempts by Chapman to prepare the
speciés MnOB(NOB) by reaction of KMnOu or Mn207 w1th NZOS
produced a highly unstable product which eluded identification
as Mn03(N03) with certainty (109). Similarily the other

breaks in the curve are likely to be polymeric species,

The molar susceptibility of Cs+[Mn(N03)u]' and

a e corr
[Nozj [Mn(NOB)uj is Xy

respectively at 22°C; H rpp = 4,9 % 0,1 B.M, This value 1is

= 9950 and 9960 x 10~% c.g.s.u.

identical with the calculated spin only value of 4,90 B,M,
3+

corresponding to Mn with four unpaired electrons,

Cs*[Mn(NOB)uJ’ is soluble in nitromethane to give a brown

solution and the N02+ salt gives a green solution, Both
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give brown solutions in acetonitrile and ethyl acetate,
Decomposition occurs in water and acetone, They are
insoluble in benzene and carbon tetrachloride., The molar
conductivity of a saturated (2 x 10*%) nitromethane
solution of [N02+][Mn(N03)u]‘ is exceedingly low (16,9
onm™L cn®), A low value was also observed for
[N02]+[Fe(N03)4]° and explained in terms of a proposed
solﬁtion equlilibrium with non-electrolytes such as
Fe(NOB)BNZOS or its dissociated and solvated components (29),

Thus, dissociation and reactions of the type

[Noz”f][Mn(NoB)uJ‘ — Mn(N03)3 + N0,

+7 = N
and [No2 _][Mn(NOB)b(] + CHN0, — Mn(N03)3 CH4NO, + N0,

may account for the low molar conductivity.



ChaEter 6 .
Raman Spectra of Anhydrous Metal Nitrates,

6.1, Introduction,

Section 1.3.2., outlined the usefulness of
depolarization ratios (p) of Raman active frequencies in the
determination of the mode of nitrate coordination. Briefly
summarized, if the highest nitrate stretching frequency 1s
polarized and the next highest 1s depolarized, the nitrate
is coordinated as a symmetric bidentate ligand,
whereas if the highest nitrate stretching frequency is
deﬁolarized and the next highest i1s polarized, then the

nitrate is coordinated as a unidentate ligand.

The ususl methods of obtaining depolarization
ratios, namely single crystal or solution spectra, are
not always applicable for inorganic nitrates due to the
difficulty of obtaining single crystals, or sufficlently
concentrated solutions of the more reactive nitrates,
Furthermore, the species in solution may not be the same
as in the solid, Unfortunately the Ramen emission from
powdered crystalline solids is almost always depolarized as
a result of the multiple reflections and refractions which

both the polarized incident radiation and the Raman emitted
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light suffer at crystal surfaces within the sample. Two
authors (145, 146) have recently described instances in
which the measurement of depolarization ratios on powdered
solids was made possible by immersing the solid in a liquid
of similar refractive index (n). An investigation of this
technique was undertaken to determine whether it could bel
successfully utilized to give 1nformation concerning the
mode of coordination of the nitrate group 1in powdered
solids, The work described in this chapter therefore is
concerned with (a) studies on the immersion technique just
mentioned and (b) the determination of the solid phase

Raman spectra of several anhydrous nitrates,

Prior to this investigation, B.J. Bulkin (145)

utilized benzophenone to demonstrate that immersion of the

(1.,e., within 0,01 units) resulted in true depolarization
ratios for that substance., D.F. Shriver (146) showed that
Raman depolarization ratios could be obtained from species
adsorbed on ion exchange resins and that the match of
refractive index of immersion liquid and solid need only

be within about 0.04 units, The results presented later
show that the match of refractive index in some instances 1is

very critical indeed.
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6.2. Experimental Technique,

Barium nitrate was used as the sample in developing
the experimental technique since i1t has a single refractive
index (1= 1,572) and a strong, polarized band (p~ 0,0 ) at
1047 cm'l (175). Detalls of the development of the
perimental technigque to obtalin depclarization ra
powdered solids on the Cary 81 Raman Spectrophotometer are

presented in thls section,

6.2.1, Sample Mounting and Calibration,

Samples were 1lluminated with He-Ne laser radiation
A= 6328&. Considerable experimentation with various
viewins modes and immersion media was required before

satisfactory spectra could be obtained,

Since all previous work on this technique (1lig,
146) had been done on Spex instruments utilizing 90° viewing,
it was necessary to experiﬁent with sample holders and
mounting on thé Cary 81 Raman Spectrometer. After examining

the 1047 cm~1

band in Ba(N03)2 in both round and flat end
sample tubes with both 90° and 180° viewing it was found
that a melting point tube with a round end produced the

highest intensity and best depolarization ratios,
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The consistency of the sample was varied in the
different tubes, and a thick paste was found to give the
most intense Raman scattering and lowest depolarization

ratios for the solids in all cases,

The sample tube was calibrated for further work
by placiné a volume of CClu equal to the sample volume in
the tube and holding it in position with the glass plunger,
and then obtaining the apparent depolarization ratios for

the 459 (py = 0,00; = 0,080 and 314 em™t (PT = 0,755

Pobs
Pobs = 0.85) bands and plotting these in the usual manner

(176, 177).

6.,2.2., Immersion Media.

The liquids that are suitable as immersion
liquids must meet three criteria, First, the.mixed liquids
must provide a sufficient range of refractive indices so
that if the refractive index of the solid is unknown, it
may be determined by observing changes in depolarization
ratio with refractive index, Second, the immersion media
must not have Raman active modes close to bands in the
solids, Finally the liquids must not react with or dissolve
the sample, For example,quinoline (n = 1,6245) is known to

complex with Co(II), Ni(II), Cu(II) and Zn(II) nitrates (178)



- 133 -
and thus is unsuitable as an immersion liquid for transition

metal nitrates.

To obtain the full range of refractive indices,
mixtures of solvents with a high and a low refractive index
were utilized. The liquids and their refractive indices
that were used were: diiodomethane (1,7559), 1odonaptha1ene‘

PR ahorg)
)

e I
ner \i.ovz7 L

(1,6946), 1odobenzene (1.6215) and diethyl e
The Raman spectra of these liquids are reported in Table
6.1, Dilodomethane and ether mixtures were the most useful
as they have fewer bands close to nitrate bands, The exact‘
refractive index of each solution was measured on a standard

Abbe réfractometer.

6.3. Results,

6,3.1, Barium Nitrate,

Barium nitrate was chosen to evaluate this
technique since it has a single refractive index and its
Raman spectrum is fairly simple, consisting of the following
three Raman active nitrate bands: 733 cm'l (E*),

1047 cm=1 (A’f and 1367 cm'l (E') (175). 'The totally
symmetric mode (A'l) is expected to yleld a polarized band
with a depolarization ratio (p) close to zero, while the

E' modes should be depolarized with p = 0.75, when plane
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Beference Spectra of Immersion Liguids,

a b c
(C2H5)20 CHZIZ C6H§I C10H7I

em~t (p) em™1 (p) em™1 (p) em™t (p)
439 & 0.2 121 vs 0,25 168 m 0,70 116 w 0.75
830 w 0.2 L86 vs 0,08 221 vw 0.75 153 m 0.75
842 w 0.75 573 w 0,75 267 vs 0,24 185 vw ———
1152 m 0.2 1112 vW  —-—e 613 w 0.75 229 vw ———
1272 w 0.75 1137 vw 0,75 655 m 0,06 252 s 0.23
1452 s,br 0,75 1356 m 0,26 998 vs 0.08 406 vw ——
Lihé6s s,br 0,75 1432 vW —=== 1015 vw —— 512 m 0.72
2724 vw --== 2968 s 0,04 1060 w 0,06 582 s 0.03
2806 m 0.1 3035w 0.75 1159 vw 0.75 643 m 0,01
2855 vs,br 0.1 1177 vw 0,01 787 m 0,02
2898 w ———— 1473 vw 0,01 789 m 0,01
2935 vs,br 0,1 1574 vw 0.75 47 w 0.15
2975 s 0,75 2900 Wybr === 1024 m 0.01
3061 vw 0.05 1058 m 0.10
3145 w 0,01 1134 vw 0,01
1145 vw 0.75
1163 vw 0.75
1250 vw 0.75
1338 w 0,08
1363 vw 0,10
1432 m 0.45
1545 w 0,08
1558 m 0.75
2900 vW,br —-=-
3058 m e

a Reference 187,
b References 188, 189,

¢ References 190, 191,



- 135 -
polarized incident radiation is used (93, 94). Spectra
recorded using the powdered sample alone showed negligible
difference in intensities of the bands with respect to the
orientation of the plane of polarization of the incident

radiation (see Figure 6.,1),

The relationship between apparent depolarization
ratio and refractive index was investigated by immersing

samples in mixtures of CH2I2 and ether and obtaining the

1

depolarization ratios of the 733 and 1047 cm™" nitrate bands,

The results are summarized in Table 6.2,

The polarized 1047 cm~l band showed the largest
effect, as i1illustrated in Figure 6.2, the apparent
depolarization ratio dropping rapidly to a minimun of
p= 0,023 at the true refractive index of the solid,
n=1.572. The plot of p versus n for the debolarized
733 cm"1 band (Figure 6.3) is much more erratic and less
symmetrical, Nevertheless, the same general trend 1is
observed and the curve minimized again at n = 1,572, at
the expected value of p = 0,75, An examination of the
1367 cm'l band gave a value of p = 0.70 at N = 1.572 ,the
error being due to the overlap with a polarized_CH212 band
at 1356 em~1 (Table 6.1),
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Figure 6,1(a) -~ 1047 e~ Figure 6.,1(b) - 1047 em™t
band of powdered Ba(NOB)z.- band of powdered 'Ba(N03)2

immersed in liquid of
rl = 1.572.
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Table 6,2,

Varistion of Apparent Depolarization Ratio (p)

for Ba(N03)2 with Refractive Index (n) of Liquld Phase,

0 733 em™1 1047 em~1
1,349 0.84 0.835
1,486 0.82 0,343
1,499 0.79 0.305
1,505 0.82 0.235
1.519 0.82 0,208
1,540 0.81 - 0.180
1,548 0,78 0.087
1.561 0,78 0.045
1.572 | 0.75 0.023
1.583 0,76 0.025
1,605 0,77 0.073
1.639 —— 0.230
1,647 A 0,77 0.285
1,675 0.79 ' 0.325
1,707 0.82 0.360

1,756 0.84 0,390
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Figure 6.2,

Variation of apparent depolarization ratio (P) for the 1047

en™) band of Ba(NO,), with refractive index (1) of the liquid,
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Figure 6,3,

Variation of apparent depolarization ratio (p) for the 733

en~1 band of Ba(N03)2 with refractive index (1) of the liquid,
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6.3.2. Sodium Sulfate.

The depolarization ratios of a powdered isotropic
solid have been obtailned by the immersion technique, Sodium
sulfate was chosen to investigate the applicability of this
technique to anisotropic solids, since it has three
refractive indices which lie close together (1,464, 1,474
and 1.485), TFurthermore, the totally symmetric components
of the bands arising from site splitting could perhaps be

1dentif1ed as they had not been previously (179),

The free sulfate ion has T, symmetry (180) and four

a
Raman active frequencies: 451(E), 613(T2), 981(A1) and
llob(Tz)‘cm‘l. In sodium sulfate, the symmetry is lowered
sufficiently to split all the modes into their non-
degenerate components (Table 6.3) so that the Raman spectrum
of Nazsou consists of nine bands in the sulfate ion région.
The totally symmetric (Al) mode was expected to be totally
polarized with p close to zero, so this band was used to
study the variation of the apparent depolarization ratio as
a function of the refractive index of the liquid to
determine the most favorable refractive 1ndex at which to
examine the other bands, The results are presented in Table
6.4, The plot of p versus 7 for this band, shown in

Figure 6.4, displayed an effect which was quite different

from that displayed by any of the nitrate bands in Ba(NOB)z.
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Table 6.3.
Raman Active Sou= Modes in Nazsou

Free sou= Orthorhombic NazsoLL
(cm-1) (em=1)
#*

451 () k51 (4,) (4,)
L66

613 (Tz) 622
634 (A1) (By)(B,)
648

981 (Al) 993 (Al)

1104 (Tz) 1103
1133 (Al)(Al)(Az)
1154 '

¥ Assignments based on lowering of

symmetry to C,, (179).
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Table 6 o"l’o

Variation of Apparent Depolarization Ratio for the Al Mode

of Nazsou with Refractive Index of the Liquid Phase.

1.435
1,448
1,452
1.455
1,456
1,457
1,459
1,460
1.461
1,462
1,463

1,466

1,469 °

1,470
1,471
1,474
1,480
1,489
1,506
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Figure 6.4,

Variation of apparent depolarization ratio (p) for the 993

cm'1 band of Nazsou with refractive index (n) of the liquid,
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Rather than reaching a distinct minimum at each of the
three refractive indices of Nazsob, only two minima were
observed. The band at no ﬁime appeared to be strongly
polarized, and this was thought to be the result of
birefringent effects in the anisotropic solid. To
substantiate this, a single crystal of anhydrous sodium
sulphate, grown from hot (80°C) agueocus solution in the
form of a pyramidal plate (height 0,5 mm., base 2.2 x 2,2 mm,)
was viewed in the 180° mode with incident and scattered
radlation propagated normal to the base, With the plane
of polarization of the incident radiation parallel to the

crystallographic axes, the 993 em~1

band gave p= 0,10,

The apparent depolarization ratio increased steadily i.e., 15°,
p= 0.,25; 30°, p= 0,60 as the crystal was rotated about the
incident beam to a maximum value of p = 0,97 corresponding to

complete depolarization when the plane of polarization was

Lse to the crystallographic axes,

6.3.3. Discussion.

The utility of the method for the qualitative
identification of polarized bands in isotroplc solids is
seen from the Ba(N03)2 example in which the 1047 cm"1 band
appears significantly polarized ( p = 0,4), even when the

mismatch of refractive indices (Ng 154 ~Nyjgquig) 1S as larse
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as 0,15, Conversely the method could provide the refractive
index of an isotropic solid which exhlbits»strongly polarized

Raman bands,

Unfortunately the results for Nazsou described above
indicate that there are severe limitations to this immersion
technique as a method of obtaining accurate depolarization
ratios for a powdered anistropic solid and the method is only
effective when the'sample is an isotropic solid (e.g., Ba(NOB)Z)
with a single refractive index. 1In powdered anisotropic solids,
birefringent effects will always operate to 1ncreése the
apparent p value, and high values may be obtained even for a
totally symmetric mode, making it virtually impossible to
distinguish rellably between polarized and depolarized Raman
bands., ‘For this reason the immersion technigque was not

applied to the study of site splitting in sodium sulphate.

An interesting question that arose from the
examination of sodium sulphate is that only two minima were
observed at two out of three refractive indices of Nazsou.
This could be due to the symmetric stretch being Raman

inactive in the third direction.

Problems may also arise with respect to the
immersion ligquid. Pairs of liguids which are miscible and

yield mixtures which cover a sufficiently wide range of
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refractive index are difficult to find; if the solid is
reactive this difficulty is increased, Thus it was a great
problem to obtain sultable mixtures for the study of powdered
nitrato complexes., The most satisfactory liquids in this
work have been dliodimethane and di-ethyl ether, which are
inert towards lonic nitrates and the malority of monodentate
nitrato complexes; however this mixture 1s unsuitable for
many bidentate nitrato complexes because of their reactivity

with ether (see section 2.3.5).

6.4, Raman Spectra.

At the tlme this work was undertaken feﬁ laser
Raman spectra of anhydrous metal nitrates had been reported,
It was considered worthwhile to measure the laser Raman
spectra of a representative series of metal nitrates to
conpliment the already existing i,r, data. The advantages to
be achleved by determination of these spectra with
depolarization ratios have already been outlined (section
1.3.2), but unfortunately none of the techniques for
obtaining depolarization ratios (single crystal, solution
or immersion of a powder in a liquid) were suitable for many
of the metal nitrates. Also as the Raman spectra here were

being obtained, a number of papers appeared in the literature

‘which reported several of these spectra together with
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complete factor group analyses. Therefore thé spectra
 of these compounds (Ii, Na, X, Bb, Cs, Sr, Ba and Pb nitrates),
which agree closely with those published, are presented with
only a brief discussion in this thesis; In addition, the
i.r. and Raman spectra of the dinitrogen tetroxlde adducts
of Be(NO3)2 and Mg(N03)2 are reported for the first time as
they indicate significant covalent interactions in these
molecules, and because of confusion in the existing
literature over the assignment of the 1.r. spectra of the two
forms of Cu(N03)2 and interest in possible structure of the

B form, the i,r. and Raman of these were determined,

6,4,1., Experimental.

The source or the preparation of the anhydrous metal
nitrates examined are presented in Table 6.5. Finely ground
anhydrous samples were sealed under an lnert atmosphere in
3 mm, diameter borosilicate glass tubes with smoothly rounded
ends, Spectra were obtained using the Cary Model 81 Raman
Spectrophotometer with 60 mW Spectra-Physics Model 125 He-Ne
laser excitation, The infrared spectra were obtained on a
Beckman IR-12 spectrometer. In the region 4000 to 400em=1,
nujol and fluorolﬁbe mulls on AgCl windows weré used,while in the

range 500 to 200 om"l vaseline mulls on polyethylene windows

were used, - All samples were prepared in a dry box and
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Table 6 . é-

Preparation of Anhvdrous Nitrates,

Metal  Source, Drying %M Analytical Ref,
Purity or Temp. Time Found Calc, Method ©
Prep'n & oC (hrs)

IA(I) A 99.0% 105 2

Na(I) A 99.5% 105 2

K(I) A 99,0% 105 2

Rb(I) Aq.HNO; 105 2 57,9 58,0 RbCloy 2

Cs(I) B > 97% 105 2

Be(II) C 80 8 6.5 6.8 Be0 30

Mg (II) C 100 8 17,0 16,4  MgO 30

Ca(II) A 99,0% 150 18 ' .

S1(II) A 99,0% 105 2

Ba(II) A 99,5% 105 2

T (IV) D go D - 16.2 16.2 Ti0 b

Mn(II) C 110 10 29,6 30,7 Bismuthate 41

Co(II) C 110 18 32,0 32,2 Coq0y, 6L

Ni(II) C 110 18 32,2 32,2 WNi(DMG),

cu(II) c 100 5 32,5 33,4 Cuo 1,181

Zn(II) ¢ 100 18 34,1 34,5 2Zno L1

Ag(I) F 99,9% 110 L

ca(II) c¢ 10 L Lp,L 47,6 | C30 41

Heg(II) C 100 L HezO 41

Pb(II) A 99,0% 110 L :

sn(Iv) D Lo b - 32,4 32,4 sno, 35

a A, allied Chemical; B, British Drug House; C, Nzou/EtOAc;

D, N,0 F, Fisher Chemical,

2V g}
b Sublimation Temperature,

¢ Analytical Techniques are found in ref, 182, 183,
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transferred to the instruments in a desiccator, All samples
of a and B Cu(NOB)u utilized for infrared or Raman spectra
were shown to be of the correct form by X-ray powder
photographs (59), Raman spectra of a and B copper(II)
nitrates were kindly obtained for us by Cary Instruments,

Q
Monrovia, Calif., using the 51454 line of an argon ion laser.

6,4,2, Main Group Metal Nitrates,

The Raman spectra of the alkall metal and silver.
nitrates are presented in Table 6,6 and the Raman spectra of
the isomorphous nitrates of calcium, strontium, barium and
lead are presented in Table 6,7. The first Raman spectra of
anhydrous metal nitrates appeared in the early 1930°'s when
Krishnamurti (198) and Nisi (199) recorded the Raman spectra
of sodium, potassium, barium, lead and ammonium nitrates,
These authors were unable to see any multiplet band structure
in the Vg stretching region. Courture (175) was among the

first to see that v, was split into two components, Since

3
1968, a number of authors have examined the Raman spectra

of these compounds in great detail, Factor group analysis,
which considers all of the vibrations of the molecules

or ions in the complete unit cell as the basis for assigning

the bands, has been used to describe the spectra of the

nitrates of 1lithium, sodium, potassium, rubidium, cesium,
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Table 6. Z .

Reman Spectra of Calcium, Strontium, Barium, end Lead Nitrates,

Assignment®

2v2(A1')

v4(E*)

ca

1632
1629

1419 w

1378

184,
196

103

a Based on ionic

=0
%)
<3

185

sr

1635
1631

1427
1406

1371

105K

-

1033

739

184
167
132
108

184,
196

103

sh
m

ZHBH
0
R3

o0 (7}

B

5=5=8

185,

Ba Pb
1636 w 1617 w
1407 m 1412 w
1392 m 1328 m
1358 w
1048 s,sp 1047 s,.sDp
1025 w 1029 w
814 wvw
733 m 731 m
145 m 161 s
133 m 145 m
8l s 124 m
96 vs

184, 185, 41, 196
196

103 103

nitrate with D3h symmetry.,
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calcium, strontium and barium (102, 103, 104, 193), Normal
coordinate analysis has been carried out for lithium, sodium

and potassium nitrates as well (192),

The Raman spectra of beryllium and manganese
nitrétes and their dinitrogen tetroxide adducts have not
previously been reported and are presented along with their
infrared spectra in Table 6,8, The symmetric stretching
frequency (vz, Al for coordinated nitrates) is increased above
the free ion by a greater amount in the anhydrous nitrates
than in the Ny0, adducts. Be(NO,),, Be(NO;),*2N,0, and
Mg(NOB)z'N204 all show numerous bands in the region 1550 to
1250 cm~! and this is indicative of strong covalent metal-
nitrate interaction (see section 1.3) but does not permit any
definite assignment of the mode of nitrate coordination.
The relative intensitles in the Raman spectra of both the
nitrates and Nzou adducts may indicate the mode of coordination,
but, without accompanying depolarization ratios, this is only a
tentative conclusion, Both the infrared and Raman spectra of
the NZOu adducts contaln a band close to 2300 c:m"l which is
assigned as the N-O stretching mode of the nitrosium ion (200).
The infrared spectra also contain a ﬁedium strength band at

1

approximately 1740 cm™" which has been taken to indicate the

presence of un-ionized nitrogen tetroxide in both adducts
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(181, 201). Although it is one of the strongest bands in
the infrared spectrum on Nzou, the absence of-the other
equally intense bands at 1600 and 1000 em~1 (202) suggests
that Be(N03)2'2N204 and Mn(NO3)2'N204 are not Just N,0,
adducts, but are the nitrosonium salts [NO+]2[Be(N03)4=j and
[no*][Me (N04) 571,

Aluminum(III) trinitrate could not be obtained
free of N205 when it was sublimed (26). The Raman spectrum.of
indium(III) trinitrate, the only group IIIA metal to form
a pure anhydrous trinitrate to date,has been examined by
James and Kimber (32)., They postulate the presence of
bridging nitraﬁe groups in In(N03)3 due to the similarity
of their spectrum to that of Sn(NOB)u and Tl(NO3)4 and the
fact that the samples consistently formed glasses, Thelr
conclusion is probably correct but thelr reasoning is faulty.
The physical properties of indium(III) trinitrate and the
similarities of the spectrum to those of a-Cu(N03)2 and
Cu(NOB)z'CHBNOZ, which contain bridging nitrates (61, 88,
181) i.e., the highest v(N-0) frequency about 1520 cm'l,

next highest about 1250 cm"1

, suggest that In(N03)3 does,
indeed, have bridging nitrates, The spectra of Sn(NO3)4
and Tl(NOB)b are entirely different, with the two highest
v(N-0) frequencies at approximately 1600 and 1190 e~ (36).,
Both Tl(NO3)4 and Sn(NOB)b are known to contain only

symmetric bidentate nitrate groups (37, 45).
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6.4,3, Transition Metal Nitrates.

The Raman spectra of tin(IV) and’titanium(lv)
tetranitrates are presented in Table 6.9 and that of Ti(NO3)u
in Figure 6.,5. The spectrum of Sn(NOB)h is included .
here for simnlicity, and is very similar to that already :
reported (36). The Raman spectrum of Ti(N°3)u is now
presented in greater detall than had been previously
reported due to the use of a 1aser source which produces
higher quality spectra than the mercury arc source avalilable
previously (93, 9l4), The spectrum can be readily assigned on
the basis of D,y symmetry displayed by Ti(NOB)h (45), The
coupling should give rise to components which transform as
A

,B. and E in this point group. The differences between

1°72
the Raman spectrum reported by Addison et. al, (36) for
Ti(NOB)& and that obtalned here are: a shoulder on the

1636 cm’1 band at 1615 cm'l, which corresponds to the infrared
bands in the N-0% region, and these bands must be the B2

and F components; an additional band in the VS(N-OZ) region

at 992 om-l, correspondinz to the 989 c:m'1 infrared band, so

the B, and ® components are dezenerate, or nearly so, in

2
this region: three‘Raman bands in the symmetric in-plane
bending region, at 797, 785, 775 cm"l; and three components
in the v,q(T1-0) region at 475, LUk and 426 cm™1, The

~relatively more intense bands at 775 and 444 cm=1 may
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Table 6.9,

Raman Svectra of Sn and Ti Nitrates,

Ti(NOB)u (36)

Assignment (DZd) Sn(NOB)u (36)

A4 v(1I0¥) 1657 s 1667 s
B, + EV(NO*) 163€ m
2 1617 m 1615 sh
B2 + E VAS(NOZ) 1228 m 1188 m
Aq VS(Noz) 9oL 5 1006 S48D
B, +E VS(NOZ) 979 m 992 m
Ay 84(NO,) 807 m 797 s,8p
r T
Frpriofon” ik
Bl(éASNOZ) €83 w
A Vs (T10,) Ll m
By + E v,4(T1-0,) 426 w-m
Ay VS(TiO) 303 m 316 vs
B, + E Vg (T10) 245 w 282 m
6(T102) 200 w 160 vw
Lattice Modes 148 w 137 vw
98 m 98 m
75 w 77w
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Figur
gure 6.5, Raman spectrum of Ti (NOB)L”
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indicate that these are the A1 modes while the others

are the B2 and El modes,

" Vanadium(V) oxide trinitrate was not re-examined
as depolarization ratios have already been determined for
this compound (36)., The colors of chromium(III) trinitrate,
nickel(II) and copper(1I) dinitrates prevented the
determination of their Raman spectra with the He-Ne laser.
The Raman spectra of two forms of copper nitrate, obtained
with an Ar ion laser, are repbrted in the next section, The
Raman spectra of the dinitrates of manganese(II), cobalt(II),
zine(II), cadmium(II) and mercury(II) are reported in Table
6.10. - The Raman and infrared (41) spectra of cadmium nitrate
are strictly analogous to those of the lonic alkall and
alkaline earth metal nitrates and hence the Raman spectrum
may be assigned in the usual manner as due toc the NOB' ion,
viz, 1606, 2v2(Al'); 1410 and 1333 vB(E'); 1073 vl(Al'):
750 and 733 VM(E'); 182, 108 and 68 cm'l, lattice modes
with the conclusion that the interactions in these (41, 51)
compounds are predominately ionic. The spectra of mercuric
nitrate are more difficult to interpret, They are similar
in general composition to the cadmium nitrate spectra, but

1

with the highest Raman band at 1510 em™ — and the v, band at

1036 cm"l, suggesting that there is significant metal-nitrate

interaction in this compound. Similarly the spectra of
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Table 6,10,

Raman Spectra of Mn, Co,

Zn, Cd, and He Dinitrates,

ASSIGNMENT® Mn_ (41) Co (41,198) Zn (41) cd (41) He (41)
v (NO*) 1447 w 1445 w 1535 w,b 1410 s 1510 w
VAS(NOZ) 1361 w 1380 w 1333 m 1368 w
1278 w 1285 w 1285 w,b
Vg (NO,) 1082 s,sp 1089 s,sp 1051 s,sp 1073 s,sp
1081 g,sp 1039 sh 1065 gh 1036 2,s5p
1048 m,sp
6 g(NO,) 760 sh 790 b 765 m 750 m 748 m
85 (NO,) 747 m 752 m 749 m 733 sh 724 m
2 742 sn
Lattice Modes 192 w 181 w 182 m 170 w
77 m lgg w 135 w
w

a Assignment for ¥Mn, Co, Zn, and Hg nitrates based on Cz

symmetry,

v
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manganese, cobalt and zinc nitrates can be considered to
have covalent metal-nitrate interactions since the separations
of the two highest v(N=0) bands in their Raman spectra are

-1 whereas site splitting in those nitrates

approximately 150 cm
that are known to contain lonic nitrates is usually less

than 50 em~1 (see Tables 6,6 and 6.7),

6.5, o- and B-Copper(II) Nitrates,

Anhydrous copper(II) nitrate has been shown to exist
in two crystalline forms (59); a low temperature a form obtained
from Cu(N03)2~N20u, for which the crystal structure has been
determined (61l) and a high temperature B8 form,obtained by
vacuunm sublimation of the a form,whose structure is unknown,
Although a number of authors (17, 60, 181) have examined the
infrared spectra of the twe forms, there was little agreement
between them, For this reason, and as a part of the study of
the Raman spectra of anhydrous metal nitrates,the i.r. and
Raman spectra of both forms of copper nitrate were obtained
and the determination of the crystal and molecular structure
of the 8 form was attempted, The Raman spectra, that were
kindly supplied by Cary Instruments,indicated decomposition
occurred with the 4880A Argon line and the
focussed 51h5A line, When the 51h5A line was de-focussed,

distinct spectra of a- and B-Cu(N03)2 were 6btained, but
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the noise level was extremely high and has made location of
bands in the 1200 - 1600 em~1 region extremely difficult,
gsee Figures 6,6 and 6.7, Furthermore, attempts to obtain
these spectra using the Simon Fraser University Department of
Physics Argon lésgr or the University of Calgary's Argon/
Krypton laser were unsuccessful due to decomposition of the

samples.

6.5.1, a-Copper Nitrate.

The infrared and Raman spectra are presented in
Table 6.11 and Figure 6.6, along with the spectra reported
by Logan and Simpson (181) and James and Kimber (60), James
and Kimber ( 60 ) do not acknowledge logan and Simpson's
paper (181) with which their results are in disagreement,
nor Addison and Hathaway's study of the vapor pressure and

decomposition of Cu(NOB) in the gas phase (1), James and

2
Kimber sublimed both the a and B Cu(N03)2 samples at 225°C

even though Addison and Hathaway found the vapor to be unstable
at 226°C, (1), nor do they give X-ray powder patterns they ob-
tained for each form. Thus the results obtained by James and

Kimber can not be considered reliable,

The structural determination by Wallwork and

Addison (61) of a-copper nitrate indicates that one-half of
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Table 6,11,

Infrared and Raman of a-Cu(NOB)z.

Assignment Logan (181) James (59) i.r. Raman
(this work) (this work)
v (N0*) 1779 w
1510 vs 1515 m,sh 1520 s,br 1510 s
1478 vs 1464 s,br 1480 s,br
1435 vs 1452 vs,br 1430 m
V, o (NO,) 1330 s,br 1350 sh 1318 m
Aooe 1300 vs,br 1274 m 1290 vs,br 1280 m,br
vg(NO,) . 1054 s
1049 s 1036 m 1048 sh 1048 vs
1015 m 1013 s 1016 nm
: 905 w,br
(2 x 427 cm=1) 856 w
6(Cu-02N) 807 m
+ m(oNo) 796 s 797 s
2 783 s
§ o (ON=0,) 6L
AS 2 7 m
752 m 760 m 756 m
THG W 723 m 728 m
712 w ' 718 m
v (Cu-0) Loo m
L52 sh
430 s,pr L27 s Loz n
375 s
351 s,br
329 m 310 sh
280 w,sh 292 s
240 m,sh
6 (Cu-0) ‘
+ Lattice Modes : : 175 w
136 vs
106 sh
98 sh
70 w

58 w
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the nitrate groups form three Cu-0 bonds of 2.02, 2,43
and 2.68& and are coordinated as both bridging and asymmetric
bidentate nitrates, while the rest form only two bonds of
1,96 and 1.923 and are stricty bridging nitrates. This
variety in Cu~0 bond lengths, and the fact that bidentate
coordination of.nitrates should result in a symmetric and
asymmetric Cu-0 stretching mode, may result in several modes
occurring in the Cu-0 stretching region (see Table 6,11),
The copper-oxygen stretching frequency has been calculated,
assuming a force constant of 1mdyne ﬁ'l. to be in the
region of 360 em~1 (185), Thus the frequencies between

1

Lo7 - 2L0 em~1 in the infrared and at 402 em™" in the Raman

spectra are consistent with assignment as v (Cu-0)
frequencies, The bands below 220 cm"1 probably result from

6 (Cu~0) modes and lattice modes,

The nitrogen-oxygen bending region shows two
groups of bands centered at 723 and 760 cm"1 which may be
assigned as the antisymmetric and symmetric in-plane bending
modes respectively, and the two infrared bands at 783 and
797 czn‘1 for which there are no corresponding bands in the
Ramen could arise from the out-of-plane bending mode of

1 is

nitrate ligands, The weak infrared band at 856 cm™
assigned as the first overtone of the V(Cu-0) frequency at

427 cm~1,
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The VZ(PK)Z) recion has one set of bands at

1 1

1054 and 1048 cm™" and a second set at 1016 and 1013 cm™,

These lower frequency bands seem to be at too low a
frequency to be the isotopic species N1602180‘ since this has
been shown to lie at (Vv - 20) om~1 (203) approximately

ZOcm"1

below the N1603' species, Thus there seems to be
two distinct V(NO9) modes g£iving rise to the two groups

of bands. This is different from the case of Mn(NOB)B'bipy
(chapter 5) in whose i.r., there 1s only one symmetric
stretch seen in this region, even though there are three
different types of nitrate coordination in that molecule,
The higher frequency stretching region (1200 - 1600 cm'l)
shows two distinct groups of bands, the multiplicity of
which may be attributed to the numerous tyves of metal-

oxyxen interactions in this molecule,

6.5.2, B-Cu(NO,),.

Precession photographs of the Okl and hkl zones
and zero, first and second level Weilssenberg photographs
were taken of a single crystal of B-Cu(NOB)2 using Cu-Ka’

radiation.
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Crystal Data:

B-Cu(NOB)Z: M = 187,55; Orthorhombic,
a = 7.46(2), b = 11.20(2), ¢ = 95.0(10)4, V = 789047,
2,49(5) g. en™ (flotation, CCl, and CH

Po
Pe

215)s
2.51 2. cm-B,'Z = 6L, '

The extremely long axis (95-0&) and systematic
arrangements of strong and weak reflections on the photographs
led to the tentative conclusion of a super-lattice type
structure, As the structural determination posed an
extensive and difficult crystallographic problem, it was

not pursued further,

The infrared and Raman spectra of B-Cu(N03)2 are
reported in Table 6,12, The Vv(Cu-0) region is much simpler
than that of a-Cu(NOB)z. The~occurrence of only one band in
each the infrared and Raman spectra in this region leads to

1

the tentative assignment of VS(Cu-O) = 330 ecm — and

VAS(Cu'O) = 335 cm-l. This simple v(Cu-0) region may imply
that the structure of B-Cu(N03)2 does not have the variety of
copper-oxygen bonding types as does a-Cu(NOB)z. It may be
seen from tables 6,11 and 6,12 that James and Kimber's 1i,r,

spectrum for B-Cu(NO exhiblts many bands in this region

3)2
that are coincident with the bands observed for a-Cu(N03)2

in both their own work and the work reported here, but
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Figure 6,12,

Infrared and Raman of B"CU(NOB)Z'

Assignment Logan(181) Jaﬁes (60)» i.r, Raman
(this work) (this work)
v(NO*) 1580 vs 1584 s 1580 m
1526 vs 1528 s,br 1550 m,br
1490 vs 1489 vs 1490 vs 1470 m,br
VAS(NOZ) 1420 s,br
1321 ws 1325 s,br 1324 s,br
1280 sh
1254 vs,br 1265 vs,br 1255 m,sp
Vg (NO,) 1035 m 1048 m,sp 1038 m 1041 s,sp
1013 s 1012 s 1017 m
1004 s
GS(NOZ) 880 w,br
+ ﬂ(OzNO) 782 m,br 791 m 792 m
777 8 778 m 774 m 780 m
. 764 m 765 m
6,5 (NO,) 735 m 731 s
718 w 723 n 723 w
v{(Cu=0) 510 m
Lgs sh
430 s
398 sh
336 s 325 m 335 s,br 330 m
299 sh 299 w,sl 299 sh 297 m
253 w,sh 253 w,sh 240 w
Lattice Modes209 m 210 m
6 (Cu-0) 170 vw 140 w
140 vw 110 m
b vwx 60 w
Lo vs

#* This fari.,r, data reported are from Ferraro and Walker (177).




- 169 -
which are absent from the spectra reported for B-Cu(N03)2
by Ferraro and Walker (185) and in this work; thus it would
appear that the samples examined by James and Kimber are
probably a mixture of both forms, The possiblility that
they may have an oxy-nitrate due to thermal decomposition

while subliming the sample also cannot be lgnored,

In the 6(N02) rezion, the bands at 723 and
731 em™ 2t are assigned as the 6AS(N02) and the bands between
760 and 792 en™! are assigned as the 65(NO,) modes, on the
basis of the relatively strongz Raman bands at 780 - 792
cm'l; tozether with the m(N0) mode which otherwise would

not be observed,

The bands at 1038 - 1041 em~1

must be assumed to
be the vS(NOZ) mode. The weakness of the Raman spectrum in
the region of 1200 to 1600 cm‘l makes the assignment difficult,
but bands do appear at approximately 1255 and 1580 cm'l,
which by analogy to other bidentate spectra are assigned aé

the VAS<N02) and V{(NO*) modes respectively.



Appendix A.

Computer Programs Used for Crystal Structure Determination.

Only the features of the varlous programs that

were utilized are described here,

A.l., DATAPR,

A program to convert the intensity data obtalned
during data collection into structure factor amplitudes
( |Fhkl| ) applying both Lorentz (L) and polarization (p)

corrections, The correction used was

- 1 + cos? 20
Ip = 255 | (A1)

and the structure factor amplitude was then expressed as

IFhk1| = KIE‘pkl (a2)

where K 1s a constant determined by crystal size, beam
intensity and scale factor arising from varlations during
data collection, and Ihkl is the intensity of the reflection
hkxl, Output generated the BUCFILE for input into program
2 ,2
BUCILS, and listed observed |Fhk1|, ]Fhkll , thkl /Lp
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and net count for each reflection. The original program
was written by F.R. Ahmed, for the National Research Coundil

of Canada and has been modified at Simon Fraser University.

A.2, TFORDAP,

A program to compute Fourler syntheses, The
Patterson function was based on iFOBSiz and the Fourler electron
density (and Fourier difference syntheses) were based on the
signed Fypq (and FCALC)' This program was originally written by
A, Zalkin, Input includes unit cell dimensions, symmetry
information, the observed structure factors with the phases
of the calculated structure factors from FORFILE, In the
case of the Patterson function, the observed structure
factors came from tﬁe BUCFILE, Output was in the form of
a three-dimensional electron density map and lists of the
most intense peaks and troughs on the map, Cards were also

obtained to act as input for further computation,

A.3. BUCILS,

A program for calculation of structure factors
and full matrix least squares of the scale, atomic
positional and thermal parameters in the structure. This

program was based on UCILS (Northwestern University and
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University of California, Irvine) and has been modified at
the University of British Columbia and Simon Fraser University,
Input includes unit cell dimensions, symmetry information,
secale factor and the appropriate atomic parameters, as well
as the observed structure factors obtained from the BUCFILE.
BUCILS was used to'write the following files{
Forfile: Contained calculated and observed structure factor
"information for use in the FORDAP program and for
analysis of R factors and welghts by program
RANGER,
ORFILE: Contained atomic coordinates, temperature factors,
gtandard deviations and the correlation matrix of

the least square refihement for progrém ORFEZ2.,

Output from BUCILS could include the scale, atomic
coordinated and thermal parameters based on any or all of the
cycles of least squares refinement; the shift in parameters
from the‘previous cycle; the correlations between the various
parameters and the residual index,R. Cards of the scale,
atomic parameters and temperature factors were also obtalned

for further calculations.

Ak, DANFIG,

A program for calculation of interatomic distances
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and angles based on a program by W.H. Baui and modified at
‘ the University of British Columbia and Simon Fraser University.
Input included symmetry and unit cell information, atomic
position and thermal parameter cards from BUCILS or FORDAP,
Output listed all atoms closer than a speciflied distance from

all other atoms and listed the bond angles around each atom.

A,5. RBANGER,

A program to analyze R factors and weights for
different classes of reflections based on lFOZle » Sin O
or indices, This program was originally written by Dr.P.W.R.
Corfield at Northwestern University and modified at the
University of British Columbia and Simon Fraser University.
Input includes the approximate maximum absolute value of the
structure factors, the number of variables and the information

in the FORFILE,

A.6. MEANPLANE,

A program to calculate mean planes through various
groups of atoms and the deviatlons of the atoms from that
plane, This program was originally written by M.E. Pippy

and F.R, Ahmed for the National Research Council and has been
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modified at Simon Fraser University., Input includes atomic
coordinates with thelr estimated standard deviations and
unit cell dimensions., Output lists the variables from the
formula for the plane sz + By2 +Cz2 + D = 0; the x2 (chi
squared) value as an indication of the planarity of the
plane: the angles between the planes and the distance of

each atom from that plane.,

A,7. ORTEP.

A program to plot thermal-ellipsoids for crystal
structure illustrations written by C.K. Johnson, Oak Ridge'
National Laboratory, Oak Ridge,_Tennessee and modified at
Simon Fraser University, Input includes plotting information,
atomic coordinated, thermal parameters and unit cell

dimensions, Output is a plot produced by a Calcomp plotter.

A,8, ORFFE2,

A program to calculate inter-atomic distances and
angles with standard deviations, to calculate the root-mean-
sgquare component'of thermal motion along various axes and to
calculate inter-atomic distances over thermal motion, The
program used was a modified version of the program written by
W.R. Busing, K.0, Martin and H.A. Levy at Oak Ridge National
Laboratory.v Input includes cell dimensions with their
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standard errors and the information contained in the ORFFILE,

A.9. FIND H,

A program to position hydrogen atoms, given carbon-

hydrogen bond lengfhs and the remaining coordination of the

carbon,

A,10, FILIST,

A program‘which lists calculated and observed
structure factors, for all reflections measured, in a format
suitable for the preparation of structure factor tables for
publication., This program is based on a program from the

University of Canterbury.
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