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SUMMARY

for

L (]

Chromium and manganese have hbeen implicated as cstalyst
the homogeneous decomposition of hydrazine. With the aim of
extending our knowledge of the factors involved {in this
decomposition, an investigation of chroz;xium- and manganese-
hydrazine chemistry bhas been undertaken. This study has been
concerned with the carbazate chemistry of these metals because
carbazic acid, azCNﬂfi.Hs. is formed by contact of atmospheric carbon
dioxide with hydrazine. Since no significant previous work on
chromium-substituted hydrazine chemistry has been reported, the
analogous chemistry using methyl-, 1,1-dimethyl- and
phenylhydrazine has also been developed.

The manganese(II)-hydrazine complexes (Mn(N:Hs):2X21. (X=Cl,Br,
I,§CO, XCS, NCSe, §s,0.CMe and two forms with NO.) have been prepared
and characterised using spectrascopic (uv/visible, infrared, Raman
and ESR) methods and bulk magnetic measurements. Vibrational
spectroscopic assignments have been assisted by comparison with
results on the  N:Hia~de complexes [ M(N2Ds)2Clz2ln (¥=Mn, Zn).
Suspensions of [Mn(N:Ha)2X2ln (X=0.CMe and one form with NO:) in
methanol were found to be readily oxidised by atmospheric oxygen
and the relevance of this observation to the proposed catalytic
activity of mangacese ions in hydrazine is discussed.

The known chreomium(II)> complexes (Cr(N:H¢):Xzl. (X=Cl,Br) have
been prepared by previously reported and by new routes and the
novel polymeric complex [Crz(0:CMe).(u-N:Hus)1n containing metal-
metal quadruple bonds also prepared and fully characterised. The

analogues  [CrX:(PhNHNHz)2la  (X=Cl,Br)>,  [Cr:(0.CMe).(PhNHNHz)2l,



v

[CrClz{u-NH:NHMe)2ln, [Cr2(0:CMe).(pu-NH.NHMe)ln,, [CrCl:(NH:NMez>:2l1. and
[ Cr2¢(0:CMe) (u-NH:NMez) ], have also been prepared and characterised;

Magnetic susceptiﬁility. conductiometric and electronic
spectral evidence 1s presented to support the proposal that
dissolution of anhydrous CrCl: or CrCls in anhydrous N:H: under
nitrogen generated solutions containing chromium(III)>. Thus, it is
suggested that hydrazine is capable of acting as an oxidising agent
with respect to chromium(II). Attempted isolation of discrete solid
products from these solutions was not sucessful.

A method for the production of high yields of pure carbazic
acid, BzCNHEHa. and its di-isotopmer, BzCHDI;Da, has been developed
and the vibrational spectra of these zwitterionic species assigrned,
with attempted comparison with the isoelectronic glycine,
0:CCH2NHs. Reactions of chromium specles with carbazic acid and
hydrazinium carbazate have subsequently been studied. Thus, aqueous
reactions of chromium(ID) species (e.g. {Cr(OHz2)6]** and
[Cr2(02CMe)s(0H2)2]1> with [N:HsJ{O.CNHNH.] under nitrogen and carbon
dioxide result in the formation of the novel, air-stable carbazate
complex (Cr(0Q:CBHFH2)2.H20] which has been fully characterised. The
known chromium(III)> carbazate {Cr(0.CNHNH:)»].2H.0, obtained from
tCr(OH2)4C121C1.2H.0 and [N:Hs1[O.CNHNH.], has also been extemsively
studied.

A study of phenylcarbazic acid has also been carried out. The
product of the reaction of PhEHNH. and CO: in methanol is best
regarded as £he adduct PhNHNHCO.H.PhNHNH. rather than as the salt
[ PhNHNHs1 [ O.CNHNHPL]. Similar reactions carried out in the presence
of alkall metal alkoxides, MOR (M=Li,Na,K; R=Me,Et), have led to

the isolation of the metal phénylcarbazates MO.CNHNHPh. These
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compounds have been characterised using fast atom bombardment mass
spectrometry:

Some reactions of PhNHNHCO.H.PhNHNH. with first-row transition
metal ions have been studied and a variety of products e.g.
[ CuX(PhNHNH2) I« (X=C1, B, { Co (O:CNHNHPh) 2 (MeQH) 2] and
[ §i (O.CNHNHPh).(PhNHNH2).] isolated and charac¢terised. The nature of
the reaction product with [Cr(OHz)e¢l?** was unexpected, being the
very air-sepsitive, dinuclear carboxylate-type complex ([Crz(u-
O.CNHNHPh) . (MeOH)21 (CrzCn. h /

Thermally wunstable (MeNH:NH21{O:CMeNNH.] results from the
reaction of MeNHNH. with CO2 and this salt reacts with
[Cr(0OH2).C121C1.2H20 in ethanol to give the chromium(III)
methylcarbazate Cr(0:CMeNNHz)5.H20. Oxidation of chromium(II) in
this system  prevents  the isolation of a chromium(ID
methyicarbazate.

Finally, a preliminary investigation of the effect of chromium
ions, <(added as Cr(Q.CNHNH:):.2H.-O0 in N:H.), and acid, <(added as
[ N2Hs1{O:CNHFH:] in F2H.), on the homogeneous decomposition of
hydrazine has been undertaken. The decomposition rates have been
monitored by measuring pressure 1increases in closed titanium
vessels resulting from nitrogeﬁ gas evolution. Sucessive additions
of chromium ions generally reduced the decomposition rate, but no
specific correlations between increasing chromium concentration and
rate of decomposition were noted. The subsequent addition of acid
to chromium-doped hydrazine was found toc have little influence on
the decomposition rate of hydrazine. The complete data sets
obtained are given in Appendices to the thesis, together with
listings of the programs used to calculate deccmposition rates and

activation energies.
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INTRODUCTION

The Year 1987 marks the centenary of the discovery of
hydrazine by Theodor Curtius (1]. During these one hundred years
hydrazine has to quote Eckart Schmidt '... grown from a laboratory
curiosity to a majﬁr industrial commodity' . Indeed it has taken
nearly one hundred years for the first comprehensive reference work
to be compiled; ‘Hydrazine and 1its Derivatives, Preparation,
Properties, Applications' by Schmidt [21.

Despite its extensive usage within the chemical industry, many
features of hydrazine chemistry still remain worthy of
investigation. This 1is especially +true of 1its coordination
behaviour towards transition metals, despite the occasional
appearance of new work reported as a byproduct of nitrogen fixation
. research. This thesis presents some new results on transition
metal-hydrazine and substituted hydrazine compounds arising out of

an interest in propellants rather than nitrogen fixationm.

1.1 HYDRAZINE CHEMISTRY

Anhydrous hydrazine is a colourless, fuming molecular liquid
at room temperature (liquid range 2.0 - 114.2°C). As a solvent it
readily promotes ilonic reactions and strongly solvates metal ioms.

Many of its physical properties are remarkably similar to
those of water. Comparisons with ammonia and the isoelectronic
hydrogen peroxide are also instructive, (see TABLE ¥o 1.1).

In the gas phase four conformational isomers are conceivable
(see FIG Fo 1.1). However the presence of a large dipole moment

clearly eliminates the staggered trans-conformer and indicates that



the JNH: groups do not freely rotate about the N-N bond. A

rotational energy barrier of 25 - 41 kJ has been calculated (3].

TABLE No 1.1

Solvent
#.Pt/'C
B.Pt/'C

Density
at 298K/g ca®

n/centipoise
Dielectric Cons't, ¢

Dipole Moaent,
j/Dabye

Conductivity at
298K, /27t

NOTE centipoise = 10-%g o™’ s';
Debye =3,3361102° Cn

FIGURE Fo 1.1

Eclipsed
cis-Cav

Staggered
trans-Czn

. N2HsOH H20
-51,6 0.00
16,4 100,0

1,032 1,000

- 0.890
61,2 8.4

- 1,84

1,3110-¢ 5 7110-°

Possible Conformations of Na2Hs

N, N
H/'\H- - a

Semi-eclipsed

C2

N

Comparison of NzHs with ofher_solvents

NH, H20:
-11.713 -0,43
-33.4) 150,20

0,663 1,443

{233K)
0,254 1,249
(239K)
22,0 70,7
(233K)
1,46 -
2,10°7 §.1110-¢
(234K)
H_
| N
N P
}i 'T
N
,f”//’
H
Gauche

Ca

Electron diffraction daté, in conjuncfian. with infrared studies,

(4,51 indicate that the gauche-conformatiom with an angle 90 - 95°



from the eclipsed position is favoured. As FIG No 1.2 shows, the

angle between 1lone pairs is -95%, the 1lone pairs effectively

positioned syn to each other. This configuration has important

consequences when considering hydrazine coordination geometry.

FIGURE No 1.2 Syn configuration of Lone Pairs of N2H4

Like many other protic solvents, pure hydrazine, (even in the

absence of acidic or basic additives), undergoes self-ionization

<1. 1.

2N 2E « + NHs’ + Ma- K = 2x10’'2S a€.1)



The equilibrium constant is nine orders of magnitude smaller
than that of H:0, but eight orders of magnitude larger than that of
NH.. Consequently, N:H. is a weaker acid than H:0.

At room temperature, pure N:H. and its aqueous solutions are
kinetically stable with respect to decomposition despite the
endcthermic nature of the compound and its positive free energy of

formation (1.2).

50.6 kJmol-! (1.2

N2¢gp + 2H2¢gy =—————— N2Huci» &H?
) 149.2 kJmol-!

AG)

Vhen ignited, N:H: burns rapidly and completely in air with

considerable evolution of heat (1.3).

N2Hecrr + Ozcg) ——ed N2¢gy + 2H20¢1, H AH = -621.5 kJmol™!
1.3

This reaction with Oz occurs even in aqueous solution which makes
N:H. attractive as a deoxygenating agent in high pressure boiler
installations.

The singularly most important feature of hydrazine is the
presence of a N-N bond. This feature dominates much of hydrazine
chemistry, in particular influencing the extensive range of redox
reactions which hydrazine undergoes.

Hydrazine is a strong reducing agent and as such reduces many
metal lons to lower oxidation states or-even to base metal. The
standard redox potentials of hydrazine and the hydrazinium(l+) ion
(1.4 and 1.5) indicate that hydrazine is a better reducing agent in

basic than in acidic solution.



¥:H. + 40~ —————— N, + 4H.0 + 4e- E° = +1.16V (1.4

N.Hg* ————— Nz + 5H* + 4e- E° = +0.23V (1.5

In common with hydrogen peroxide, hydrazine can also act as
an oxidising agent, a process thernodynamically favourable

particularly‘ under acidic conditions (1.6 and 1.7).

N:H, + 2H.0 + 28 ———— 20H" + 2NHa E° = +0.1V (1.6

N.Hs* + 3H* + 20 ————— 2NH,* E° = +1.275V 1.7

Although thermodynamically feasible, few examples of oxidation
are known because of the high activation energy required to break
the N§-§¥ bond. Also such reactions are wusually kinetically
controlled.

Hydrazine forms two series of protonated salts, depending on
the number of nitrogen atoms protonated. The monoprotonated ion
N:Hs* can still act as an electron donor and form complexes, e.g.
[ M** (N.Hs)2¢S0s)2)n (M=Cr,Co,¥i,Cu,Zn) [198,199].

However the second nitrogen atom 1s more difficult to
protonate once the first has been, as shown by the pK. values (1.8

and 1.9).

N:He + H0 ————— ©WN:Hs* + OH- pKi = 6.07 1.8

15.05 (1.9

1]

N2Hs* + H0 —— N2He>* + OH- pKe

Only very strong acids such as perchloric form dibasic salts. If
such salts form, they are not stable in aqueous solution as

hydrolysis occurs with water acting as a base (1.10).



NzHe?** + H0 ————— NHs* + Hs0O* (1.10

The hydrazine-water system shows two eute;tic compositions,

pne at 69% (219K) corresponding +to N:H..H:0, and one at
approximately 41% (190K), roughly correspcnding to NzH..2Hz0.

The reaction of hydrazine with carbon dioxide, the anhydridé

of carbonic acid, does not 1lead to hydrazinium carbconate as

expected by comparison with the corresponding ammonia system (1.11

and 1.12),
28H. + CO; + H. 0 —— (HH,2C0: 1.1
2N:H, + CO; + HQ0 -—————————— (N2Hs)2C0s (1.12>

Instead the reaction of hydrazine with carbon dioxide leads to the
formation of hydrazinium carbazate, a viscous hygroscopic liquid
that crystallizes only reluctantly after storage over concentrated
H280« In vacuo. If an excess of carbon dioxide is passed into an
aqueous solution of hydrazine hydrate, the insoluble hygroscopic
carbazic <(also known as hydrazinecarboxylic) acid is obtained
(1.13).
(iP

28.Hs + CO; ——————— [N:Hs1[0:CNHNH.] -—————— ZH:NNHCO:H
(1.13

- +
In common with its amino acid analogue glycine, O0O:CCH:NHs, it is
- +
thought to exist as the zwitterion, O:CNHNH:;, in the solid state
with extensive intermolecular hydrogen-bonding accounting for its

insolubility.



Carbazic acid dissolves 1in hydrazine and water to give
solutions of hydrazinium carbazate, which is also formed when
carbazic acid is thermally decomposed at éGOK [61.

The salts of carbazic acid with transition metals are of
particular interest because these compounds are invariably found as
corrosion products when hydrazine stored in stainless steel 1is

allowed to absorb carbon dioxide from the air (see SECTION 1.2).

1.2 HYDRAZINE DECOMPOSITION

Probably the most.dramatic application of hydrazine (and its
methyl derivatives) is 1its use as a rocket propellant. Hydrazine
has been considered as a rocket fuel from as long ago as 1932 [7]
but it was only in 1964 that hydrazine was first used as a launch
vehicle propellant [8]. Since then, although less used in primary
launch systems having been largely replaced by cryogenic fuels,
hydrazine has been extensively employed in secondary and tertiary
applications.

Hydrazines as hypergolic fuels undergo spontaneous combustion
when added to an external oxidiser in bipropellant systems. The
most widely employed oxidisers used in conjunction with hydrazine
have been dinitrogen tetroxide, fuming nitric acid and fluorine.
Hydrazine is also used extensively as a monopropellant for lower
thrust applications e.g. attitute control and orbital correction.
In these systems hydrazine is spontaneously decomposed on contact
with a catalytic surface without the need for an external cxidiser.
The most successful catalytic system is ‘Shell 405', an alumina-
supported iridium catalyst bed.

Hydrazine decomposition is governed by the general equation

(1.14).



3§N.H, ———— 4(1-x)NHs + (1+2%)N; + 6x H: (1.14>

This equation is the combination of two separate decomposition
pathways (1.15 and 1.16) and the prolucts can therefore be
specified for a particular set of conditions depending only on the

value of x.

3.4, ————— 48H; + N2 (1.1%

¥:Hy ————— N + 2H:2 1.16>

One requirement for long-term missions 1s a low hydrazine
decomposition rate on storage. Titanium alloys are the preferred
container materials as a result of good strength : weight ratios
and ’extremely good compatibility witk hydrazine (i.e. low
decomposition rates)l. However for the construction of large storage
vessels, titanium becomes expensive and difficult to work into
extensive structures. In these cases, stainless steel 1is the
preferred alternative.

Studies have shown that over long periods of time hydrazine
stored in stainless steel contalners undergoes slow decomposition
mainly according to equation (1.15) <(i.e. x~0 in 1.14). The
decomposition reaction 1s subject both to heterogeneous catalysis
at containment vessel surfaces and to homogeneous catalysis within
the bulk liquid. This decomposition has important consequences for
hydrazine propulsion systems for although ammonia is reasonably
soluble in anhydrous hydrazine <(0.0785 mol NHa/mol F:Hse at 298K,
mol NHs/mol Nz:He = exp((2615.08/T)>-11.32>), nitrogen 1s not
(7.4x10¢* mol N./mol N.H:s at 298K, mol Nz/mol N:He = | exp((

-1185.93/T)-7.84)). Over extended periods nitrogen builds up in the



ullage space o0f the vessel, leading t; limited system lifetimes
before potentially hazardous pressure bulld-up occurs.

This decomposition process has be:n studied by a number of
groups. Axworthy et al. at Rocketdyne showed in the late 1960's
that of the known impurities in propellant grade hydrazine, water,
carbon dioxide and acidity all led te¢ significant increases in
hydrazine decomposition rates when in cintact with stainless stéel
[e1.

In particular, the presence of relatively small~ amounts
(~100 ppm) of carbon dioxide impurity in contact with stainless
steel leads to metal corrosion and an increase in the concentration
of dissolved metal ions. The process is accompanied by a
corresponding increase in the rate of himogeneous decomposition of
hydrazine (measurgd in glassware to eliminatg heterogeneous
decomposition due to stalnless steel).

In view of the 1increasing recognition of the role of
impurities on the decomposition rate of hydrazine, it is
interesting to look at the historiczl evolution of hydrazine
propellant specificationms.

The first hydrézine propellant specification, MPD-139C, was
set on 3 Feb 1955 and required only 95% N:H. and allowed up to 1.5%
aniline and n-heptane [10]. The purity requirements for N:Hs have
become more severe as the effect of typical contaminants on
monopropellant catalysts and the decomposition of N:Hs itself have
become better understood. In particular, the role of CO. in N:Ha
decomposition has only recently been rascognized resulting in the
reduction of the MIL-P-26536C specification from 0.02 to 0.003% by

weight [11] (see TABLE No 1.2).
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TABLE No 1.2 Historical Evolution of Hydrazine Specification

Spec NPO-139C HIL-P-2653613 MIL-P-26536(
(Feb 1955) (Mar 64) (Admend 1) (Admend 2)
{July 74) (Feb 82)
Constituent/% by i
NzHa 95,0 ain 97.5 ain 98,5 uin 98.5 nin
H20 - 2,5 max 1,0 aax 1.0 max
Particulate (eg/l) - 10,0 aax 1.0 nax 1,0 max
¢l - - 0.0005 nax 0,0005 max
PhNHz 1,5 max - 0.5 max 0.5 max
Fe - - 0,002 nax 0,002 max
Nonvolatile Residue - - 0,005 nax 0,005 max
02 - - 0,02 aax 0,003 max
Volatile
Carbonaeous Material 1,5 max - 0,02 max 0,02 aax

The involvement of carbon dioxide in promoting stainless steel
corraosion by hydrazine and the consequent increase in decomposition
rate, has prompted the proposal that certain transition metal iocns
arising from the elements present in the steel may function as
homoganeous catalysts towards the decomposition of hydrazine. A

possible reaction scheme 1s shown in 1.17 and 1.18.

FAST
4M~ + N:Hy ——————— 4K+ + N> + 4H* 1.17
sLOv
AMo=1+ + NeHe + 4H* —————— 4M* + 2KH; + 2H* (1.18

This scheme demands that the metal displays variable oxidation
state chemistry in anhydrous hydrazine. The rate-determining step
requires hydrazine to act in an oxidising capacity which although
thermodynamically feasible is kinetically wunfavourable, (see
belaw). In this cycle both nitrogen and ammonia are produced.

Vhile Axwarthy's study remains the most comprehensive
investigation into the effects of impurities on the decomposition
rate of liquid hydrazine, the kinetic experiments were conducted at

comparatively high temperatures (128°C-171°C), so the results may
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not be applicable to normal storage temperatures. More recent work
in the USA, most notably at Beeing {12] and JPL (13], revealed that
even at moderate temperatures (40°C) very 1low levels of CO:
impurity (<250ppm) can cause significant stainless steel corrosion
and lead to an increase in the concentration of trace metals in
hydrazine. This process corresponds with an increase in the rate of
homogeneous decomposition of hydrazine.

Decomposition studies performed at PERME, Vestcott recently
have concentrated on investigating the effect of individual steel
constituents on the decomposition rate of hydrazine in the presence
of carbon dioxide [141].

A typical stainless steel composition shows the major metallic
constituents to be iron, chromium, nickel and manganese (TABLE Ko
1.3).

The PERME approach consists of isolating metal carbazato
complexes of the major stainless steel constituents, and
determining their effect on the rate of hydrazine decompasition by
kinetic methods. The metals were added as carbazato complexes
(where possible) to mimic the species present in hydrazine stored

in stainless steel after exposure to carbon dioxide.

TABLE No 1.3 A Typical Stainless Steel Composition (BS Spec 526>

Constituent %
Fe 66.1
Cr 15.0
Ni 11.0
¥n 2.0
Si 1.0
Ti 0.7
o 0.08
P 0.035
S 0.025
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The addition of iron as [Fe(O:CNHRH2)2(N:Hi)2] in increasing
amounts to hydrazine in glass vessels at 43°C produced no increase
in decomposition rates (151, The addition of chromium as
Cr (0:CNHNH2)5.2H:0 to hydrazine under similar conditions resulted in
a slight decrease in N:H. decomposition rate, but the addition of
an acid as well produced a three-fold increase 1; NzH.
decomposition rate. Manganesé was added as MnCl:.4H.0 because
{ Mn (O.CNHNH2)2(N2Hs)2] is insoluble in FzHs and this metal ion showed
a similar effect as chromium on N.H. decompsition rate [16]1. Fickel
as [Ni(OCNHNH2)2(N2Hs)] was found to be insoluble in N:H. and
thought not to affect N:H« decomposition rates [15]1. Most
interestingly, the addition of acid to hydrazine containing
manganese(;l) and chromium(III) in titanium vessels brought about
the greatest increase in decomposition rate, well above that found
by the addition of acid alone or chromium and acid [161.

It is suggested that homogeneous decomposition of anhydrous
hydrazine may be catalysed by trace chromium and manganese acting
in conjunction with the hydrazinium ion (the acid of the hydrazine
solvent system). The work reported in this thesis therefore mainly
focuses upon increasing our knowledge of chromium and manganese
species capable of existence 1in hydrazine or substituted

hydrazines.

1.3 HYDRAZINE COORDINATION CHEMISTRY

Two reviews have appeared on hydrazine coordination chemistry.
Bottomley reviewed hydrazine and carbazate coordination compounds
that had been reported up to 1970 [17], while Dilworth complemented
this by extending the coverage to the coordination behaviour of

substituted hydrazines (18]. This latter review appeared in 1976
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and much of the recent ;lcrk on deprotonated hydrazine derivatives
is therefore not included. Bottomley stated in 1970 that hydrazine
coordination chemistry '...is still 1in its <(somewhat prolonged)
infancy'. Sixteen years later this can still be said to be true.

Reactions of hydrazine with transition metals were first
reported soon after the discovery of hydrazine itself. Curtius,
consolidating his discovery, showed in 1894 that the product of the
reaction between hydrazine and zinc chloride was the complex
{Zn(F2Ha)2C1l2] [19].

This first account of hydrazine coordination chemistry was
swiftly followed by the report of several mercury-hydrazine
complexes by Hofmann and Marburg in 1897 (20]. An early maturity
was reached when between 1908-11 Franzen, von Meyer and Lucking
undertook an extensi&e investigation of the reactions between
metal salts and hydrazine characterising over forty metal-hydrazine
complexes, thereby providing the basis for modern hydrazine
coordipation chemistry [21].

The next major period of interest came duriang the early
1960's, when two groups of Italian workers, led by A.Ferrari and
L.Sacconi, respectively, considered the application of vibrational
spectroscopy as a diagnostic tool for determining hydrazine
coordination geometry [22,23]. Sacconi and Sabatinl reported
extensive infra-red spectral data for hydrazine complexes [22],
while Ferrari, Braibanti et al. reported the first X-ray crystal
structures of metal-hydrazine complexes [24] and established the
predictive use of the wv(N-N) stretching frequency as a means of
distinguishing coordination mode [231.

Vorking 1in parallel to these groups FNicholls et al.

investigated the solution behaviour of some first-row transition
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metal ions in anhydrous hydrazine and concluded that they exist as
hexakis(hydrazine) cationic  species. However, unlike the
corresponding hexakis(ammine) species, the products [ M(NzHi)el22Cl-
(M = Co,Ni) were found to be unstable on isclation decomposing by
loss of N:He to lower hydrazinates [25,26]1. This group also
undertook the first systematic investigation of the coordinative
abilities of alkyl substituted hydrazines.

In addition, it has only been recognized in the last twenty
years that the redox potential of hydrazine allows the generation
of numerous specles apart 'from neutral hydrazine complexes on
reaction with transition metals (18].

It is now known that diazene, hydrazido- and hydrazine
complexes , amongst others, can be obtained ‘for first-row
transition metals depending on the metal and reaction conditions.
The ability of certain second- and third-row transition metals to
form multiple bonds to nitrogen increases the potential redox
character of hydrazine. Reactions of hydrazine compounds with these
metals can give rise to imido-, diazenido- and nitrido- complexes
as well as the species formed by first-row transition metal ioms.

Since the work described 1in this thesis is particularly
concerned with neutral Thydrazine or substituted hydrazine
complexes, the other species listed in TABLE No 1.4 will not be
considered further in detail.

Hydrazine acting as a simple Lewis base, without oxidation or
deprotonation, is a potential unidentate, bridging, or bidentate

“ligand [17] (see FIG 1.3)
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FIGURE No 1.3 Potential Cocrdination Modes of Hydrazine .

/ THz
\NH,

/NH;—_-NH; /NHZ—NHZ

M M : : M | M

Unidentate  Bridging Bidentate

TABLE No 1.4

Types of Species formed by Reaction of N:H: with Transition Metals

M-NH.NH. HYDRAZINE

{Zn (OCNHNH2) 2 () '—NHKH2) 2]
[ Zn(p—~NH:NH2)2Cl214

M-NHNH: HYDRAZIDO(1-)

[CpTiClz(y*~NHEMe2)], (CpTiCl:(n2-NHNPh)]
[ Mo{HB (Me2pz)s) (NO) I (3'~NHEMe2) ]

¥-N¥H: HYDRAZIDO<(2-)

[ Mo (7'-¥NH:) (triphos) (PPhs)1Cl
[ {CpTiClz)2(u—n'-NNPh2) (u-7%,7'-HNPh2) ]

M-NHNH-¥  DIAZERE

[ {Ru(PPhs) (dttd)}2(p—n',n'-NHNH)]
[ {W(CsMe.(t-Bu)) (CCMe3)C1l}2(u~n', 7' -NH:NH2) (p—92,72-NHNH) ]

¥-F¥=NH DIAZENIDO
[ ReBr (»'-HNPh) (»'-NNHPh) (PPhs)-], .
( HNEtal2[ Moz (»'~NNPh) (7'-NNHPh) (SCH2CH2S) 5 (SCH2CH2SH) 1
[(CpTiCl.(7*-HFPh)]
¥=NH IMIDO
[(ReCls(9'-NMe)]
¥=F  NITRIDO
[Re(»'-H)C12(PPha)2]
Note; All examples crystallographically characterised
Cp - CsHs
Me:pz - 2,3-dimethylpyrazol-1-yl, NNC(Me)CHC(Me)

dttd - 2,3,8,9-dibenzo-1,4,7, 10-tetrathiadecane
triphos - PhP(CH:CH2PPhz2): '

{271
[24]

[281]
{29]

{30]
[311

£32]
[331]

[34]
{351
{361

£371

£38]
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Generally, hydrazine prefers to bridge where possible,
altﬁough unidentate coordination occurs particularly in_ solution
where metal centres are coordinatively saturated. First-row
transition metal 1oms probably exist as the solvated species
[ M(N:Hs)el™ in anhydrous hydrazine but when isclated as solid salts
these specles readily lose hydrazine to form bridging hydrazine
species. Of the first-row metal ioms only [Co(N:Hs)elClz has been
shown to be moderately stable {25,25A1. The majorify of X-ray

structural studies on hydrazine-containing <complexes reveal

bridging coordination, however crystal structures of

TABLE No 1.5
X-ray Crystal Structure Determinations of Metal-Hydrazine and

Substituted Hydrazine Complexes.

Complex Coordination mode Ref
(Zn(N2Ha)2Clz2ln bridge {24]
(Zn(N2Ha)2(RCS)21n bridge (43]
{Zn(NzHa)2(0:CHe)2]1n bridge [ 44]
[ Mn(N2Hs)2Clz2ln bridge [ 45]
[ Co(O.CNHNH2) 2 (F2He) 2] unidentate. (391
{ Zn(O.CNHNH2) 2 (F2H4) 2] ‘ unidentate (271
[CuCN(N2He) 1n bridge [46]

- [ {W(FPh) Mes} 2 (u~NH-NHz) (u~NHFH) ] bridge | [ 331
[N(Ccﬁs) 2l p=N2He (Fe (S2CsHa) 2} 2] bridge - [47]
[ RuH(n4-cod) (NH:NMez)31[ PFel unidentate [48]
{ {RuCl (H) (n*-cod)}2(u-FH.NMe2)] bridge {491
[Pt (PEts) 2 (NH2NHC¢HaF)C11( BF4) unidentate [50]

[ (n5-CsHs) Mo (NO) I (NH-FHPh) ] { BF.] bidentate £511
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[ M(OCNHENH2)z (NzHs)2] ( M = Co and Zn), show hydrazine acting in an
unidentate mode (27,391. Other complexes possibly containing
unidentate hydrazine, but not confirmed gy structure
determinations, are listed in the reviewg by Bottomley and Dilworth
[(17,181.

The remainder of the crystal structure studies that have been
reported show hydrazine acting as a bridging ligand. All known
crystal structures of hydrazine complexes are listed in TABLE No
1.5, Despite the large number of such complexes known, the bridging
hydrazine coordination mode naturally leads to insoluble polymeric
complexes which are difficult.to crystallise. This feature explains
the paucity of X-ray structural information.

Bridging coordination of hydrazine occurs in an extensive
series of polymeric complexes, [M(N2Hi)2X:1n (M = divalvent first—
row transition metal, X = bhalide, pseudohalide or carboxylate)
(171, A limited group of related tris(hydrazine) complexes exist
but are generally confined to cobalt and nickel; [M(N:HoalXz (M =
Co or BN, X = C(Cl,Br,I,%S0,BF.) [(26,40,41,41A]1. The weakly
coordinating nitrate ion forms a futher group of tris(hydrazine)
complexes, [M(NzH«)31(FO3)2 (M = Mn,Fe,Co,Ni,Z2n, or Cd)> (254,42].
All these complexes are insoluble, ;except in solvents such as
hydrazinehitself where futher reaction accurs), and are usually
air- and moisture- stable.

X-Ray crystal structures of the series [Zn(N2He)2X2ln (X =
Cl,NCS,0CMe) [24,43,44] show the complexes to consist of pseudo-
one-dimensional chains of symbridging hydrazines between metal

ions, with coordinated anions occupying the axial positions, (see

FIGURE No 1.5), of an octahedral array.
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FIGURE No 1.5 Crystal Structure of CZn (NZ2H*)2 (02CKe) 2]n C441

Sequential structural changes observed when hydrazine
coordination changes from unidentate to bridging can be illustrated
by the thermal decomposition pathway of the unstable

hexakis (hydrazine) species CNi (N2H4)«]Cl2 (see FIGURE No 1.6) [521.

FIGURE No 1.6 Thermal Decompsition Pathway of CNi (NaH")*] Cl2

1

NHN/ i
! N
4

.NH,

The loss of hydrazine from the hexakis-species releases additional
coordination sites around the metal, inducing the change from
unidentate to bridging coordination of the ligands.

The thermal decomposition of metal-hydrazine complexes has
been studied by several groups €52,53,54]. 1In particular a group
lead by N.Ray Chaudhuri has been active in studying the thermal

decomposition of Mn(II) [551, Co(II) C563, Ni(II) [53], Zn(II) C57]
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FIGURE No 1.7 Thermal Decomposition Pathways of [ Mn(N:Ho)2X21 [55]

280*C C430%C N
[ Mn(N:Hs)2Clz] ——— [Mn(NzH4)0.66Clz] ~——— MnCl:
270*C 320*C
{ Mn(N2H4)2Brz] = [Mn(N2H¢): sBrz] —— [ ¥n(N2Hi)o. sBr:l
400°C
——— MnBr:
240°C ' 300°C
[Mn(N2Ha)2(S04)] —— [ Mn(BzH4) (S0 ] —— [ Mn(Nz2Hdi)o.2(S0.)]
384°C

——— MnSOC.

and C4d(II)> [58] hydrazine complexes by DTA/TG methods. Each metal-
hydrazine system was found to have its own thermal decomposition
characteristics. Vithin each metal system a variation in anion
coordination produced changes in decomposition pathway (see FIGURE
No 1.7). In general, the complexes lose hydrazine step-wise to give
a series of species with decreasing hydrazine:metal ratios. The
final products are invariably the anhydrous metal salts.

The loss of N:H. from such complexes is exothermic in contrast
to endothermic loss of NH: from metal-ammine complexes. This 1is
reasonable since the N:H: lost is subject to futher decomposition
to ¥2 and NHs, a known exothermic process.

The thermal decomposition of metal oxalate-hydrazine complexes
[ M(C204) (Nz2Hs)2]1 (M = Fe,Cao, i) proceedé in a similar fashion with
loss of hydrazine +to give metal oxides as final products
[59,60,61]1. Thermal decomposition of mixed metal oxalate complexes
MFe2(C204)3(N2Heds (X = Mn,Co,¥i,Zn) and MCo(C204)3(NzHi)x (M = Mg,
x=5; M=Ni, x=6) has been used as a method for low temperature
formation of spinel ferrites (MFe:0.) and cobaltites (MCQ:OQI
respectively [62,631.

The synbridging geometry of hydrazine is taken up because of

the restricted rotation about the N-N bond resulting in a rigid
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arrangement of lone pairs. This geometry 1is futher illustrated by
the structural characterisation of C<V(NPh)Me3>2 (/i-fflfejrih) (Ju-NHIfH)]
(see FIGURE 5fo 1.8) [333. The hydrazine bridges the tungsten atoms
in a syn-conf iguration giving rise to a zig-zag V-N-N-V

arrangement.

FIGURE No 1.8 Structure of C (VC£fPh)Me3>2<M-NHZNH2) (ir—-NHIH) ]

2.22606) C13 C2 2 20906)
2.21806) ClI <1 2.237(15)
1.735(12) N6 j 3
2.21707) 'Z-236°5)

Bidentate chelating coordination of hydrazine although
feasible, has yet to be unequivocally authenticated. The
opportunity for hydrazine to act as a chelating ligand will
undoubtedly be restricted due to the short N3T distance and the
acute 'bite' angle required. However, a single phenylhydrazine
complex, C (V 5-CsHs >Mo (NO) I (UHzEHPh) 3CBF43, 1is known to contain a
72- phenyl hydrazine [513 (see FIGURE No 1.11), so this mode of
coordination should not be dismissed without consideration.

Simple Lewis base behaviour of hydrazine seems to occur most
readily with divalent first-row transition metal ions, although a
few ncn-deprotonated second- and third-row transition metal
complexes containing neutral hydrazine have been characterised. The
metals ions in these complexes are 1in conventional oxidation

states, such as [Rull (y-cod) (N*H*>*3CBPh432 (643, COs1l (y-cod) -
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(NzHa)5][BPh4l: [65]1, and [Ru'(n°-CsMes) (N:H.)51Clz.H.Q ([66]. Other -
examples can be found in the review by Bottomley [171. It is
interesting that such complexes are stable, in vie\w of the fact
that noble metals and their salts are known to catalyse hydrazine
decompositibn [671. For example, the reaction of the ruthenium(II)-
nitrosyl complex, [Ru(NHs)sNOICls with Ne:H..H:0 at. room temprature
results in the formation of the dinitrogen complex, (Ru(NH3)sN21Cl:
[68]. Similarly the formation of [ IrBrs;(N2H.)s1.0.5H20 from reaction
of the [IrBrsNOl- anion with N:H.. H:0 also results in the formation
of N: [69].

Hydrazine complexes of f-block elements have also been
reported. Lanthanide petals give complexes of general stoichiometrf
(Ln(N:H)x1Xs (Ln=Pr,Nd,Sm etc; X=Cl,Br,0:.CMe etc; x=6 or 3)
[70,71,72]1. Hydrazine complexes are also known for 5f metals.
Uranium and thorium bhave been reported to form the complexes
[ M(S0«)2(N2He)21 (M=UQ2, Th) [731.

Hydrazine also acts as a reasonably good ¢-donor ligand in its
reactions with low valence macceptor metal complexes. Thus
reations with Group 6 and 7 metal carbonyl complexes can. result in

both unidentate and bridging hydrazine complexes (1.19) [(74-78].

(OC)sM(THF) + NzHi —— (QC)sM(N:Ho) + (OC)s’M(THF) ——
[{(OC)sM}2(pu-NHa>1 (M=Cr,Mo, V) (1.19)
This reaction sequence further illustrates the efficiency of the
bidentate bridging mode of hydrazine.
These complexes are easily oxidised to the corresponding
diazene complexes and under certain conditions to the analogous

dinitrogen complexes (see 1.20). Of the Group 6 metals, molybdenum
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exhibits the highest reactivity in this respect, which has added

weight to the speculation that a molybdendm—based catalytic cycle

.

Cu?*/H202 H20/THF
[ {(OC)sMa)2(u~K2Ha)] — [ {((OC)sMO)2(u~NHFH)] —
THF/=30*C 20°C

[ {(OC)sMo)2{(p-¥2>1 (1,20

in the enzyme nitrogenase is reponsible for nitrogen fixation [75].
Hydrazine can also act as a nucleophile towards coordinated ligands
in low valent complexes (1.21) [79].

{ M(CO)3Br (PPhMez2)2] + N2Hy ———— [ M(C0O) (XCO) (N-H.) (PPhMez) 2]
(¥ = Mn and Re) (1.21)

In these examples hydrazine attacks a carbonyl ligand to form an
isocyanate in preference to attack on the metal.

In other reactions with transition metal ioms, hyqrazine
displays its redox character.

Oxidation of hydrazine is in itself difficult to study due to
the instabilty of intermediates, but substitution of the protons of
hydrazine by alkyl or aryl functions allows the isolation of
oxidised intermediates or their transition metal complexes [18].

For example, the oxidation of arylhydrazines to diazonium
salts by first-row transition metals in acid solution, proceeds via
formation of diazene intermediates. Such intermediates can be

isoclated from the reaction of Cu®X. with PhNHNH- (1.22) (80].

CuX: + PhNHNH: ———— [Cu.X.(PhN=NH)] (X=Cl1,Br) (1.22>
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A crystal structure determination of the similarly prepared complex
[CuzClz(MeN=NMe)] shows dimethyldiazene molecules br}dging between.
infinite chains of copper(l) chloride [81].

The reactions of hydrazine 1ligands with oxo-containing
complexes lead to a different range of oxidised species.. For
exampie, reactions of the dithiocarbamato-complexes [ MoO:(S2CNRz):]
(R=He;Et.Ph) with R'R'NNH. (R'=Me,Et> give the hydrazido(2-)
complexes [MoO(NBR'2) (S:CNRz)2] (82]. These species can also be
prepared by the alkylation of coordinated dinitrogen in the

complexes [ M(N2)2(dppe’2], (M=Mo,V; dppe=PhPCH.CH.PPhz) (1.23) [831].

hv Her
[M(¥2)2(dppe)2] + RBr ——— [ MBr(N:R) (dppe).] ===
Cells K2C0>

[ ¥Br: (N:HR) (dppe)2] (1.23)

Also the reaction of the acetylacetonate complex [McO:(acac)z] with
Pb¥HNHz in methanol gives the diazenido complex [ Mo(F:Ph):z(acac) (u-

OMe)>1. [84].

1.4 ALKYL- AND ARYL-HYDRAZINE COORDINATION CHEMISTRY

Alkyl or aryl substitution of hydrazine reduces its ability to
behave as a bidentate bridging ligand, and most alkyl- and aryl-
substituted hydrazines function as simple unidentate ligands
towards non-oxidising transition metal ions. WVith substituted
hydrazineshe.g. MeNHNH2, Me:NNH: and PhNHNH:, acting as unidentate
ligands, linkage isomers are clearly possible although none appear

to have been isolated.
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1.4.1 METHYLHYDRAZINE

Methylhydrazine gives complexes with the ndn—oxidising
transition metal 1iomns Fe(II),Co(II)> and Ni(II) of \stcichiometry
[ MX2(MeNHNHz2)2]n  (X=halide) [25,26,40,85].‘ The complexes are
polymeric, but there is no direct evidence of the coordination ‘mode
of the methylhydrazine ligands due to the lack of structural
studies. It is probable that methylhydrazine is capable of bridging
coordination as the methyl group is unlikely to present a serious
steric crowding factor. Also the inductive effect of the methyl
group relative to a hydrogen of hydrazine would enhance the basic
character of +that nitrogen. Thus 1in [Co(MeNHNH2)s1Clz the
unidentate methylhydrazine ligands are held to be coordinated via‘

the methyl nitrogen atoms [25].

1.4.2 1,1-DIMETHYLHYDRAZINE

Even fewer transition-metal complexes containing 1,1-dimethyl-
hydrazine have been reported. However, two X-ray crystal structures
.of complexes containing 1,1-dimethylhydrazine have been reported.
The structure of [RuH( 7*-cod) (WH2NMez2)31[ PFel (cod=cyclo-pcta—1.5-'
diene) shows that the unidentate Me:NNH: ligands are coordinated to
the ruthenium by the unsubstituted nitrogen (FIGURE Ko 1.9)-[48].
The three Me:NNH: ligands are futher stabilised by strong hydrogen
bonds (mean = 2.90 A) which minimize the non-bonded contacts
between the bulkly NMe: groups. Electronically, the more basic
nitrogen dbnor atom would be the dimethyl nitrogen, but evidently
steric factors outweigh 2lectronic effects.

Remarkably, an alternative coordination mode 1is exhibited by

Me NNH. in the closely related [ (RuCl(H) (9*-cod)}.(u-NHNMe2>] (491,
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FIGURE No 1.9 Structure of the [RuH(m*-cod) (NH:NMe:),1* Cation

In this complex X-ray diffraction shows the Me:NNH: to act as
bidentate bridging ligand between two ruthenium atoms (FIGURE No
1.10.

There is significant distortion from a symmetrical arrangement
which can be ascribed to the steric hindrance of the two methyl
groups (Ru-FNH: = 2.124, Ru-NMe: = 2.244). This structure shows that
even Me:NNH: 1s capable of bridging coordination under favourable

circumstances.

FIGURE No 1.10 Structure of [ {RuCl(H) (n*-cod)}z(u-NHzNMe2)]
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One further series of complexes have been reported where the
coordination mode of'dimethylhydrazine is unequivocally known. The
species [Co(Me:NNH2)2X2] (X=Cl,Br,I,NCS) (25,85] are known to be

tetrahedral from electronic and magnetic measurements and therefore

can only contain unidentate dimethylhydrazine.

1.4.3 PHENYLHYDRAZINE

The presence of the aryl substituent of phenylhydrazine
results in mesomeric electron drainage'from the -NHPh nitrogen of
this ligand. The terminal -NH: therefore electronically becomes the
most basic donating site. Additionally the -NHPh lone pair will be
conjugated to some degree with the phenyl delocalized system, thus
mking it less available for donation.

Phenylhydrazine reacts with the non-oxidising transition metal
ions Mn(1I),Fe(II),Co(II),Ni(II> and P4(II) as well the Group 10
metals Zn(II) and Cd(II) giving complexes with the stoichiometry
{ MX2 (NH-NHPh).l. (X=Cl,Br or I) [86,871.

A Soviet group led by M.S.Novakovskii has published an
extensive series of papers on thé coordination behaviour of
phenylhydrazine and mono-substituted phenylhydrazines towards
first-row transition and Group 10 metals. Complexes of the types
{ W2 (R-CeH NHEH2) 21 (M=Fe,Co,N¥1,2Zn,Cd: R=H, 0-Cl, o-Br, p-Br, 0-OMe, m
OMe, p-OMe, p~NO: etc : X=Cl,Br,I etc) have been isclated (88].

The majority of these complexes are insoluble polymeric
species with the nature of the bridging ligands being uncertain,
although bridging halide seems likely. In certain complexes where
the phenyl substitutent is a group capable of coordination <(e.g.

N0z2), bridging substituted hydrazine has been proposed (89].
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Fhenylhydrazine complexes have not been restricted to 4 block
elemerts. Reactions of the lanthanide salts MCls.xH.O with PhNHNH.
have been reported to give [HCls(PhNHNHz)z].’hzo complexes
(¥=Y,1a,Ce,Pr,Nd and Sm) [901.

In addition, phenylhydrazine was reported to react with TiCl.
to give ‘a product analysing to TiCl.(PhNHNH2):, which. was thought
to beb t]:;e solvolysis mixture TiCls(PhNHNH) and PhNHNH,Cl, and so
involves a phenylhydrazido(l-) moiety [91].

¥> crystal structures have been reported for [MX:(PhNHNHz):]
complexes. However two distinct modes of coordination have been
established through X-ray crystal structure determinations.
p-Fluorophenylhydrazine bonds in a unidentate  manner in‘
[ PtCl (NH2NHCeHa—p-F) (PEt3)2][BFs], as expected from the above
arguments [50]. Unexpectedly, in [ (n®-CsHs)Mo(NO)I (NHNHPh)I[BF.],
phenylbydrazine acts as a bidentate chelating ligand, the only
known example of a simple hydrazine exhibiting this type of.
coordination mode (see FIGURE No-1.11) (51]. One explanation for
this coordination is that the complex was prepared by protonation
0f [ (9*-CsHs)Mo(NO) I (NHFNHPh)] in which the hydrazido(l-)> function
may also be dihapto-bonded. Protonation of this ligand may -then
result in the generation of the phenylhydrazine without change in
coordination mode. It seems reasonable to suspect that the majority
of known phenylhydrazine complexes contain unidentate

phenylhydrazine as found in [PtCl (NH:NHCeH4F) (PEts)21 [ BF.].
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FIGURE Fo 1.11 Structure of the [ (n5-CsHs) Mo (HO) I (n2-NH-NHPh)]

Cation
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1.5 CARBAZATE COORDINATION CHEMISTRY

The reaction of WN:H« with CO2 does not give hydrazinium
carbonate, but initially results in a syrupy liquid, hydrazinium
carbazate, [N:Hs]{O:CNHNH.], which with an excess of CO:. reacts

- +
futher to give carbazic acid, 0O:CNHNHa.

1.5.1 HISTORY

The reactions of carbazic acid <(and hydrazinium carbazate)
with metal salts have been only spasmadically investigated since
Stollé and Hoffmann discoveréd the acid and described the sodium
and barium salts <(the latter was subsequently formulated as a
hydrazine dicarboxylate salt) in 1904 (6]. The unstable ammonium
salt was prepared by Fichter and Becker in 1911 (921, and the first
transition metal chelates, M(OCNHNHz): (M=Ni,Cu) appear to have
been reported by Callegari in 1906 [93]. Ebler and Schott found the
product of the reaction between metallic zinc and N:H..H:0 exposed
té the air to be the complex (Zn(0:CNHNH2)2(N2H«)2] (941, These
workers believed the carbazate groups to be unidentate coordinated
to the zinc through an oxygen of the carboxylate.

A Georgian group of workers led by P.V.Gogorishvili
investigated the formation of cobalt and nickel carbazates from a
large range of starting materials during the late 1950's. For
example the reaction of either [Co(NH»2)sCl1Clz or [Co(N2He)2Cl2la
with N:HsCO:H in H:0 was reported to form the cobalt(II) complex,
Co(OCNHNHz2)2(Nz2H.) which was thought to contain both S5-membered
carbazate and 3-membered hydrazine qhelate rings [95,96]1. The
action of N:H..H:0 with CO: on these and other cobalt salts gave

what was formulated as [ (NH:NHCO:):Co(N:2Hs)2COs;] 1[97]1. Identical
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product stoichiometries were found for similar reactions .using
nickel salts (98,99].

It was not until the 1960's that systematic studies of metal—.
carbazate reactions were undertaken. In 1965 Funk, Eichoff and
Giesder described a variety of preparative routes for metal
carbazates. This proved to be the first extensive report of
transition and non-transition metal carbazate chemistry (100].

At that time, a group of Italian workers led by A.Ferrari and
A,Braibanti started to publish a series of reports on hydrazine and
carbazate coordination behavicur [1011. The importance of these
reports 1is that they include the majority of carbazate X-ray
crystal structure determinations that have been carried out to
date. These workers were also concerned with the vibrational
spectroscopic features of the complexes and this work has provided
the baseline for all later comparative studies [22]1. However this
group seem to have terminated their activity in carbazate
chemistry, no publications dated later than 1971 having appeared.

More recent studies reported by Indian and Yugoslav workers
have kept carbazate chemisty alive. Of particular interest to the
Indian group has been the thermal decomposition of metal carbazates

as precursors of metal/metal oxide dispersions [102].

1.5.2 PREPARATIONS

FIG No 1.12 shows the elements which are known to form
carbazate compounds. A notable feature is the absence of heavy
transition metal carbazate cocmplexes (with the exception of

zirconium which is reported to form ZrO(O:CNHNHz)..H.0 [1031).
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Comparison with the reactions betweeen N:H. and these metal ioms
may indicate that unprotonated carbazate complexes of the second
and third row transition metals will prove difficult to prepare,
but this remains to be tested.

Other gaps 1in the Table illustrate the fragmentary knowledge
of carbazate chemistry. For example, in Group 2 both mgnésium and
calcium carbazates are well known, whilst the beryllium salt has
not been reported. Other metals in this Group should equally be
able to form carbazates but presumably the reactions have never
been attempted (a strontium carbazate has been reported but it has
not been isolated in a pure form [1041).

In other areas of the Table it is probable that elements will
form carbazates, but remain to be investigated (germanium and tin
are promising candidates). The lack of a mercury carbazate is alsa
surprising. Although~ susceptible to reduction in the presence of
hydrazine species, mercury(IlI) hydrazine complexes are well known
(1051, and therefore there appears no additional barrier to

mercury(II) carbazate formationm.

TABLE No 1.6 Product Stoichiometries formed by Divalent Metal

Carbazates
Complex Stoichiometry Metal Ioms
( N-Hs1[ M(O:CNHNH2),1. H20 Mg, Fe,Co,Ni,Zn
{ M(O:CNHNH2) 2 (N2Hs)«] x=1 or 2 x=1 ©Ni,Co
x=2 Mn,Fe,Co,Ni,Zn
[ M(OCNHRH2) 21, Ca,¥n, Fe,Cu,Zn,Cd

{ ¥(O.CNH¥H:) 2. xH.0] x=1 Ca, Cd
- x=2 Mg, Mn,Fe,Co,Ni,2Zn,Cd
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The best characterised metal carbazates are those formed by
the divalent ions of the first-row transition metals and those of
Groups 2 and 12. N

The preparation of these metal carbazates generally involve
the interaction of a metal salt (e.g. halide, acetate, hydroxide,
sulphate etc) wi;ch hydrazinium carbazate 1in aqueous solution.
Dependent upon reaction conditions a number of product
stoichiometries can be formed (see TABLE No 1.6).

In early reports of carbazate work, products of formulae
M(0.CNHNHz) 2 (N2Hs)2COs were propaosed (97,99,106]1. However, an X-ray
structural determination of the nickel example showed the correct
formulation to be [N:Hs][ M(OCNHNH2),).H:0 (1071.

Dilute solutions of [N:Hsl[O:CNHNH.] with divalent metal salts
generally give hydrates or hydrazinates of bis(carbazato)metal (II)
complexes, while concentrated solutions (> 15%) give hydrazinium
tris(carbazato)metallates . For example’, when carbon dioxide is
passed through an aqueocus hydrazine solution of metal salt,
[ N:Hs][ M(O-CNHNH2)s] . H.0 (M=Fe,Co,Fi,Zn) is formed, but if similar
solutions are allowed to absorb carbon dioxide from the atmosphere,
[M(OCHHNH2) 2 (N2Ho)2] 1is pr'eferex;tially formed (108]. Also mono-
(hydrazinates) of the ©bis(carbazates> form in preference to
bis(hydrazinates) when the carbazate:metal salt ratio is high.

Apart from the use of metal salts in the formation of
tris(carbazato) complexes, the metals themselves can be employed
under certain circumstances. The reaction of magnesium powder with
aqueous solutions of (N:Hs1[0:CNHNH:] 1leads to the formation

[ N2Hs]( Mg (O.CNHNH2)51.H20 [108].



34

The formation of [N2Hs]{M(Q:CNHNH2)s].H0 (M=Fe,Co,Ni) has also
been achieved by reaction of ammonium metal double sulphates with

N:H..H:0 in the presence of air <1.24) [109]. »
(FHe)2M(S04) 2. 6H20 + 6NzHs. H20 ——— [ NoHs1[ M(OCNHNH2)»] . H20(1.24)

The hydrazinium trisd{carbazato’metallates .also undergo a
limited series of reactions, usually resulting in the formation of
bis-(carbazate) species.

Reaction of [N2Hsl{M(O:CNHNH2):1.H0 (M=Fe,Co,Ni,Zn) with XOH
yields the complexes, KI[M(OCNHNHz)s!. The isolation of these
complexes demonstrates the existence of the [M(0CNHNH2)sl- énions
in solution during these reactions [110,11041.

Hydrolytic transformation of [N:Hsl(M(G.CEHNH2)al.H20, by
suspension in H20, results in thé formation of bis(carbazate)
species e.g. M(O:CNHNH2)2(H20>, (M=Co,Ni)> and M(OCNHNHz): (M=Zn)
(111,1121.

A serieé of carbazate interchange reactions involving the
tris-(carbazato)iron<II) anion has been reported (FIG Fo 1.13)

(1137,

FIGURE No 1.13 Reactions of Iron(II) Carbazate Species.
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The big(carbazato)bis(hydrazine) metal (II) complexes
(M=Mn,Co,¥i,Zn) can also prepared by the evaporation of ammoniacal
aqueous solutions of metal halide salts 1in the' presence of
N.H..H20, the CO: necessary for carbazate formation being absorbed
from the atmosphere [1141]. |

Divalent non-transition  metal salts generally form
bis(carbazato) complexes, anionic tris{carbazato)magnesate being
the sole exception known at present [108]. Evaporation of aqueous
solutions of Ca(OH): and [N:HsJ[O.CNHNH:1 1initially yields
Ca(0.CNHNH2)2.H20 which on standing transforms to Ca(O:CNHNH:2):
(1151, Cadmium carbazates are <formed 1in a similar manner.
Evaporation of aqueous solutions of CdCl: or Cd<(0CMe): and
[ N2Hs1 [ O2CNHNH:] produces both  anhydrous and  monohydrated
Cd (0.CNHNH2>» [1161].

Adduct formation by preformed bis(carbazato)metal complexes
appears rare. However, Srivastava claimed the reaction of
copper<IIl) carbazate with pyridine or diethylamine yielded the
adducts Cu(0.CNHNHz):L2 (L=py,Et:NH) (1171, This work 1is open to
question as other workers have failed to repeat the reactions
(1181,

Trivalent metal ions generally form only tris(carbazato)
complexes. For example the reaction of chromium(III) chloride with
[ N2Hs] [ O-.CNHNH:] under aqueéus conditions yields Cr(O:CNHNH2)s.2H0
(1.25) [100].

Hz0

{Cr(0H2).C1l21C1.2H20 + 3[N2Hs][0.CNENH;} — Cr (OzCNHNHz)a- 2H20
(1.25
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Lanthanide trichlorides react with [N:Hs]{OCNHNH:] in H20 to
form Ln(0zCNHNH2)s.3H20 (Ln=Ce,Pr,Nd, Sm, Eu,Gd, Tb, Dy,Ho, Er, Tm, Yb and
Lu) [119], Lanthanum {itself under similar conditiSns forms the
complex, La(0OCFHNH2)s.2H.0. X-ray diffraction measurements sh;aw
Ln(0.CNHNH2)5.3H20 are isostructural with Y(0:CNHNH2)s.3H20 but -not
with the lanthanum complex (120]1. The remaining Group 3 congener,
scandium, forms an unusual tetra(carbazato) complex on reaction
with [Nz2Hs1{OCNHNH.l. The complex has been shown by X-ray single
crystal analysis to be [N2Hs1[Sc(O:CNHNH2).].3H20 [1211.

Group 13 <trivalent metal salts also form tris(carbazato)
species. The reaction of Ga(NQOa)> with [(N:Hs1{OCNHNH.] in H20 gives
Ga (0-CNHNH2)3.H20, while under similar conditions InCls reacts to
give In(0:CNHNH2)a. Reactions of trivalent aluminium salts with
[ N2Hs) [ O.CNHNH.] under aqueous conditions did not yield a pure
aluminium carbazate (122]. The remaining member of Group 13,
thallium 1is also known to form a carbazate under similar
conditions, but this is the univalent T1(OCNHNH.) [100].

Although the ‘majority of trivalent metal carbazates contain
tris(carbazato) species, Gogorishvili and Karkarashvili reported
the reaction of the cobait(III) species, [CoClz2(en>2]JCl with
62cm§H3 in H:0 gave [Co(D.CNHFH2) (en):]Cl.H:0. Reaction with excess
azCNH;IHa resulted in reduction and formation of @ ([NzHsl-

[{Co(O.CRHNH2>a2lH20 (1.26) [123].

H20
- +
[Cot''Clz(en)21Cl + QO.CNHFH; —— [ Co*!'(0.C¥HNH2) (en).1C1.H20
- (1.26)
+ 4 0.CNHNH,;/H.0

[ N2Hs1 ([ Co** (O:CFHNH2)al . H20
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A number of oxocation carbazate species have been reported.
The reactions of vanadyl, zirconyl and uranyl salts in ethanol with
aqueous solutions of ([N:HsJ{OCNHNH.] yield VO}OzCNHNHz)z.HzO,
ZrO(0:CNHNH2)2. H.0 and U@ (O;CNHHH2)2. H20, respectively 1[1031. A
futher uranyl species has been reported; The éissolution of
(NH)2U207, UO2(NOs)2.6H20 or UOs in aqueous [N:Hs1{O:CNHNH:1 gives
UO2(O.CNHNH2)2. N2Ha. H20 (1241, This formulation 1indicates the
presence of both N:H. and H:0, which is not found in other
carbazates and must be thought of as unlikely due to the acid/base

reactions which these species undergo together.

1.5.3 STRUCTURES

The coordination potential of the carbazate anion is expected
to be similar in scope to that displayed by the isocelectronic
glycinate anion. This has been confirmed unambiguously by X-ray
structural studies which show carbazate acting as a &, O-bidentate

ligand (see FIG ¥o 1.14).

FIGURE No 1.14 Comparison of Coordination of Glycinate and
Carbazate Anioms.
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An additicnal mode of coordination shown by carbazate is as a

tridentate ligand. In addition to the usual N, O-chelation, the
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second carboxylate oxygen bridges to a further metal atom (see FIG

No 1.15).

FIGURE No 1.15 Tridentate Coordination of the Carbazate Anion.

l

e

TABLE No 1.7 1lists the transition and main-group metal
complexes that have been adequately characterised by spectroscopic
and X-ray structural techniques. The X-ray structural studies
reveal a variety of stereochemistries and molecular structures.
Carbazate complexes chararacterised by X-ray single crystal

analysis are listed in TABLE No 1.8.
TABLE Fo 1.7 Adequately Characterised Carbazate Complexes

Metal Carbazate Preparation Characterisation
GROVP 1
Lithiua
Li(02CNHNH2) , H20 (100}
&ROVP 2
Magnasium

[N2Hs 10N 02CNHNHz)s 1, Ha0 (108 (108]
Hg(02CNHNH2) 2, 2H20 (104,127] [22,125,1271



Calciun

Ci(UzCNHNHz)z.HzO
{a(02CNHNHz)2

gROUP 3

Scandiua
[N2Hs1[Sc(02CNHNH2) 41, 3H20

Yitriua
Y(02CNHNHz2) 2, 3H20

Lanthanua
La(02CNHNHz) 2, 2H20

GROUP 4

Zirconium
ZrU(OzCﬁHNHz)z.HzO

GROUP 5

Vanadiun
VO(02CNHNH2) 2, H20

GROUP &

Chronjua
Cr(D2CNHNHz) 2, 2H20

8ROUP 7

fanganese
Hn(02CNHNHz2) 2(N2He) 2
An(02CNHNH2) 2, 2H=0
¥n(02CNHNH2) 2

gROUP 8

Iron
[N2Hs1{Fe(02CNHNH2 )21 H20
KIFe(02CNHNH=) 2]
Fe(D2CNHNH2) 2(N2Ha) 2

Fe(D2CNHNH2) 2, 2H20
Fe(02CNHNH2) 2
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L104,115,127
(18,1271

{1201 -

(1201

(1001

(1031

{1031

15,1001

(108,141
£108,111,133,1291
11001

(15,100, 106,108, 1331
(103

15,1081

(13,1351

(100

[22,125,1281
[115,127]

{121,1281

(el

(1191

(1031

(1031

(128]

1108, 114]
(108,125,132, 1331
(1341

122,106,108,125,133,137,138]
£22,1108, 1371
£1081



GROVP 9

Cobalt
[N2Hs1[Co(02CNHNH2 )31 H=20
K[Co(02CNHNHz) 3]
Co(02CNHNH2) 2(N2Ha )2
Co(02CNHNH2)2(N2H4)
Co(02CNHNH2 )2, 2420
Co(D2CNHNAzZ) 2

GROUP 10

Nickel
[NzHsIINi (02CNHNH2 )2l H20
KINi(02CNHNHz) 3]
Ni(02CNHNHz2)2(N2Ha )2
Ni(02CNHNH=2)2(N2Ha)
Ni(02CNHNHz2 )2, 2420
Ni{D2CNHNHz) 2

GROVP 11

Copper
Cu(02CﬂHN32)z

§ROUP 12

Zinc
[N2Hs102n{02CNHNH2)31  H20
KIZn(D2CNHNH2) 5]
In(02CNHNH2 ) 2(N2Ha ) 2
Zn(020NHNH2) 2

{adnium

Cd(0=CNHNHz) 2, 2H=20
(d(0=CNHNH2 ) 2

gROUP 13
gallium
Ga(02CNHNHz2) 3, H20
Indiun
In(02CNHNH2) 5
Thallium

T1(02CNHNHz2)

40

196,97, 100, 106,108,133
(101

195,96,108,114]

11251

197,100,111
195,97,1251

199,100,106, 107,108, 1331
(101

(14,1361

115,98, 1141

199,100, 1111

1931

193,100,131

[106,108, 1331
(103
[22,94,114,129]
£100,112]

(11,1163
(116,126]

(1221

(1221

{1001

N
122,106, 125,133
(22,1104, 1251
(22,108,114,125,1311
[1251
(22,1251
[125,134]

[22,106,107,108,125, 133, 140]
122,110

(221

(1141

(22,1301

(1341

(118,125,133, 1341

(22,106, 108,133
[22,110A]
(22,114,129
(112,134

(22,1161
(1261

(1221

{1221
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GROUP 14

Lead
PH(02CNHNH2)2 £1001

“4f (Lanthanide) Metals; Ln = Ce,Pr Nd, Sa Eu,Gd,Tb, Dy Ho Er Ta,Yb Ly
Ln(02CNHNH=2) 3, 3H20 (1191 e

5f (Actinide) Metals

Uraniua
U02(02CNHNH=2) 2, H20 {1031 {1031
U02(02CNHNH=2) 2, N2Ha  H20 [124] [124]

NOTE; Characterisation of metal carbazates has mainly been
achieved by X-ray single crystal/powder diffraction, infra-red and
thermal decomposition analysis. In the case of transition metal
carbazates very little electronic spectral and magnetic
susceptibility data has been published. The tris(carbazato)iron<(II)
species have been characterised by Mossbauer spectra [137,1381].

TABLE No 1.8 X-ray Crystal Structure Characterisation of Metal

Complexes
Complex Reference
Ca (O:CNHNHz) 2. H.0 ‘ (1283
Ca (0:CNHENH2) » {1151
{ N2Hs] [ Sc (0.CNHNHz) .1 . 3H20 [121]
¥n (OCNHNHz) 2. 2H2:0 (1321
Co(0CNHNHz) 2 (NzHs) 2 (1311
[ N2Hs1(§1 (OCNHFH2) 5] . H20 (107, 1401
Ni (O.CFHEH:).. 2H20 [130]
Zn(D:CNHNH2) 2 (N2Ha) 2 (129}
Zn (0.CNHNHz2) > (1121
Cd (O.CNHNHz) 2. H20 [(116]

Cd (O.CNHYNH2) 2 {1261
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In general, transition metal complexes complexes fall into

three structural types (see FIG No 1.16)

FIG Fo 1.16 Metal-Carbazate Structural Types

;
dv/ N av W av

¥ O = 0.CNHNH: L = W.H., H:0 L = H:0, O-CONHNH;

The tris(carbazato)metallate(II) anions, as shown by the X-ray
crystal structure of [N:Hs][¥i(0CNHNH2).)l.H:0, contain carbazate
ligands N, O-chelated with the oxygen and nitrogen atoms bofh in a
fac-configuration around the pseudo-octahedrally bound metal ion
{1071. The complex is racémic with both enantiomers co-existing
within the crystal. The hydrazinium and water molecules are bound
to the anion by hydrogen bonding.

The bis(carbazato)metal complexes, however, show a variety of
geometries, The ~bis(carbazato)bis(hydrazinel)metal complexes
[ M(OCNHNH2)2(N:Had2] (M¥=Mn,Fe,Co,¥i,Zn), as shown by X-ray crystal
structures of the Co(II) and Zn(II) species [131,129], have the
bidentate carbazate ligands ¥, O-bound in a trans-configuration. The
unidentate hydrazines occupy the remaining axial positions (see FIG
No 1.170.

A similar coordination geometry is exhibited by Ni(OCKHNH2):-
2H:0, the two water molecules occupying similar positions to the

hydrazine molecules in [ M(OCNHNH2)2(N:Hs)2]. [130]
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FIGURE No 1.17 X-ray Crystal Structure of ICo (02CNHHH2>2 (Nzlk)*]

H(3I) HH2)~SEV H @)

NO)
H(1)

o(o

0(2)

However, Hi (02CHHHH2>2. 2 H20 1s not isostructural with other
M<O2CHHNH2>2.2 H2O complexes. X-Ray diffraction data show the
complexes with M=Mg and Co to be similar to Xn(02CHHHH2)Z2. 2 H20 for
which a single crystal X-ray structural study has been reported
[132]. This complex contains chains farmed by two types of
octahedral chelates, bridged by tridentate carbazate ligands. The
first type of octahedron is constructed by two N, Ocoordinated
carbazate chelate groups, occupying four sites, with the two
remaining coordination sites taken up by oxygens atoms of bridging
carbazate groups. The second structural unit has the same geometric
arrangement of donor atoms except that two coordinated water
molecules replace the bridging groups (see FIG Ho 1.18). The chains
are cross-linked by hydrogen banding, either direct chain-to-chain

or via waters of crystallisation.
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FIGURE No 1.18 Mclecular Structure of 'Mn(0.CNHNH.)..2H:0'

OMr Q0 HH,0@N ©OC

Polymeric, anhydrous (Zn(O:CFHNH2):]l. displays a  futher
geometric variation. Again a tridentate carbazate group is used as
a bridging ligand to form an infinite chain, but the geometry
around the zinc differs from first-row transition metal carbazates
in being square pyramidal [112]. Two carbazate anicns N, O-chelate
trans to each other with the fifth coordination site occupied by an
oxygen from a bridging carbazate (see FIG No 1.19. The sixth

coordination site trans to this bond is empty.

FIGURE No 1.19 X-ray Crystal Structure of [Zn(0:CNHNH2):21,

One futher structural characterisation of a metal carbazate of

interest 1is that of [ N:Hsl

€3]

c (0.CNHNH.)41.3H:0 which has fcur
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chelating carbazate ligands around the scandium in a distorted
quadratic antiprism arrangement [121].

In addition to metal chelates, essentially ioﬁic carbazates
are also known ‘ for some Group 1 and 2 metals. Thus
L1 (0.CNHNH2) . H20, Mg(OCNHNH2)2,2H.0 and Ca(0:CNHNH2)2.xH:0 (x=0 and
1> have been reparted with single crystal structural studies
perférmed on the calcium salts [115,128]. These show the calcium to
possess a coordination number of seven, being surrounded by pseudo-
chelating carbazate groups. For both the anhydrous and monohydrate
species the coordination geometry around the calcium ions is

pentagonal bipyramidal.

1.5.4 PROPERTIES

As the majority of metal carbazate complexes are insoluble,
solid state characterisation techniques have been extensively
employed to provide structural infomation.

In considering the vibrational spectroscopic features of
carbazates, workers have tended to treat the coordinated ligand as
a simple substituted hydrazine. Consequently only the assignments
of immediately apparent vibrations such as w(NH) and v(CO2) have
been made. However, some structural infomation can be obtained
using these'assigned vibrations, although attempts have not been
made to correlate vibrational spectroscopic data with known
structural arrangements.

Braibanti et al. recorded the infra-red spectra of various
metal carbazates and correlated bands appearing in the 1000 - 980
cr' region with similar bands in coordinated hydrazine spectra
which they assigned to v(N-N) [22]. This band is of slightly higher

frequency in carbazates than in hydrazine complexes, a feature
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ascribed to the H:N-NH~ radical being adjacent to a conjugated
system. A distinction between non-coordinated and coordinated
carbazates was proposed based on the broadening of %he v(NE) band
on chelation.

Patil et al. recorded the infra-red spectra of
{ N2Hs]{ M(O:CNHNHz2)21.H:0 (M=Ni,Zn), M(O:CNHNH2)2(N:Hs): (M=Fe,Co) and
M(O:CNHNH2)2.2H20 (M=HMg,Mn) and attempted a more complete assignment
than had Braibanti et al. [102]. Bands present in the 1015 - 980
cm' region remained assigned to v(NN) despite Sathyanarayana and
Nicholls previously reassigning v(NN) in coordinated hydrazine
complexes to the 1170 = 1150 cm’' region (1411 (see SECTION 2.3).
The carboxylate derived absorptions were assigned with the v¢(CO2)
bands appearing in 1655 - 1620 cmr' and 1510 - 1480 cm' regions.
The metal-nitrogen stretching vibrations were assigned to the 430 -
415 cm' region.

As stated earlier, thermal decomposition analysis has been
used to investigate the stability of metal carbazates. Results from
TG/DTG/DTA experiments show that in general metal carbazates appear
to thermally decompose, initially to metal oxalates and finally to
metal.oxides or metal powders.

Ravindranathan and Patil bhave performed an extensive study of
the thermal characteristics of wmetal carbazates {108]. The
hydrazinium tris(carbazato)metallate (II) monohydrate  species
decompose initially to a metal oxalate hydrazine adduct and finally

to the metal oxide (1.27)

{ N:Hs][ M(O.CNHNH2)3] . H.0 ——— MC.0..N:H, ——— MC:0, ——— ¥O
(M=Fe,Co,Fi and Zn> (1.27)
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The bis(carbazato)bis(hydrazine)metal (II) species decompose to the
metal oxide via the anhydrous metal carbazate <(1.28).
M(0.CNHNH2) 2(N2Hs)2 ——— M(0:CNHNH:)z ——— MO (M=Mn,Fe,Co,N1i
and Zn)(1.28)
The bis(carbazato)metal (II) dihydrates decompose thermally in a
similar manner to the ©bis(hydrazinates) ©but with 1initial

dehydration and an intermediate metal oxalate stage (1.29).

M(0.CNHNH2)..nH.0 ——— M(0.CNHNH:)2 —— MC20. — MO
(n=1,M=Ca; n=2,M=Mg,¥n> (1.29)

1.6 N-SUBSTITUTED CARBAZATO COMPLEXES

Compared to metal carbazate complexes, Fsubstituted metal
carbazates have received very 1little attention. Although, for
example, a reaction between phenylhydrazine and carbon dioxide has
been known for almost 100 years {1421, apart from the formation of
a potassium phenylcarbazate, PhNHNHCO:K ({1431, there has been
little aftempt to utilise the resulting phenylcarbazate as a ligand
towards metals. |

The reaction of 1,2-dimethylhydrazine with sodium hydroxide
under a CD: atmosphere has been reported to form MeNHNMeCO:-Na. This
salt was subsequently reacted with vanadyl, =zirconyl and uranyl
salts in aqueous/alcoholic media to form the complexes,
MO (O:CMeRNHMe).. H-0 (M=V,Zr,U0Q) [103].

P.Bartz and H.P.Fritz raported the preparation of
{Zn(0.CMeKNHMe).L21 (L=H20, %(MeNHNHMe)) in 1972, and this appears
to be the first report of WNsubstituted carbazate metal complexes

[144].
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TABLE ¥o 1.9 HF-Substituted Metal Carbazates claimed by
A.K.Srivastava.

Complex Reference
Nickel(II)

[ HsNNHMel [ Ni (0.CMeNNH2) 2] .2H20 [145]
[ PhEHNH.1 [ ¥i (Q:CNHNHPh) .1 . H20

[ N1 (Q.CNHNMe2) 2 (OHz)21 . H20

Ni (Q.CNHNMePh).. 2H20

Ni (Q-CNHNMePh).. 2py

Ni (0.CMeNNHMe)». 2H20

Copper(ID)
Cu (OzCMeNNHz) 2. 2H20 (1171
Cu (0-CNHFHPh) 2. 2H20
Cu (O-CNHNMe2) 2
Cu (Q.CNHNMePh) >
Cu (OCMeNNHMe) -
Chromium(III)
Cr(0:CMeNNH2) 5 [ 146]
Cr (O.CFHNHPh) s
Cr (0-CNHNMePh) >
Cr (0.CHHNHMe) s
Cobalt(ID)
Co (O:CNHNHPh) 2. 2H20 {1471
Co (0.CNHFMe2) »
Ca (O:CNHNMePh)2
Ca(0CNHNPh2) 2
Co(0zCMeNNHNMe)

The only extensive investigation of the coordination potential
of N-substituted carbazates has been undertaken by A.K.Srivastava
from 1977 onwards. Complexes of nickel(ID), copper(<Il),
chromium(III) and cobalt(II) have been claimed. These are shown in
TABLE No 1.9.

A number of dubious conclusions have been made concerning the
nature of the compounds in TABLE No 1.9 especially with respect to

the mode of coordination of substituted carbazates to the metals.

For example, the CO: group in methylcarbazate was thought to be
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positioned on the non-methylated nitrogen (3) even though the 2
position 1is the more basic site <for nucleophilic attack.
Consequently methylcarbazate was formulated as ChCNﬁNHMe' whereas
0:CMeNNH.~ appears more probable on electronic grounds. Other

discrepancies will be discussed in the RESULTS AND DISCUSSION

sections of later chapters aof this thesis.
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CHAPTER Xo 2

MANGANESE(II)> HYDRAZINE CHEMISTRY
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MANGANESE(II) HYDRAZINE CHEMISTRY

In the view of the proposed role of manganese }n homogeneous
hydrazine decomposition {161, an investigation of the
manganese(II)-hydrazine system was undertaken.

The dissolution of MnCl. in anhydrous hydrazine re.sult‘s in the .
formation of the hexakis(hydrazine) species [Mn(N:H.)sl?*.2Cl-. This
complex can be isolated as a pale blue crystalline solid by cooling
a saturated MnCl:-hydrazine solution. This solid rapidly loses
hydrazine on drying at room temperature to give the well known
bis(hydrazine) complex [Mn(N2H.)2Cl:l. (2.1) whose crystal structure
has been determined {45].

Passage of carbon dioxide through a hydrazine solution of
MnCl. yields the pale blue, air stable complex,
[ Mn (O.CNHNH2)2(N:H.)2], a typical example of a divalent first-row
transition metal carbazate (2.1a) [101]

x5 NaoHa “NaHa
MnCl ——— [Mn(N2Ha)e1Clz ——— [ Mn(N2He)2Clz2]n 2. D

- r.t,
0=

- [ Mn (O:CNHNH2): (N2Hu)21 (2.1a)

[¥n(N:H4).Clzln can also be formed by reaction of anhydrous
hydrazine with methanol solutions of MnCl.. This complex 1is just
one of an extensive series of general formula [M(N2He)2X2ln (M =
divalent first-row transition metal ion; X = halide, pseudohalide
or carboxylate). The first examples of these complexes were
reported in 1894 by Curtius and Schrader [19], with Franzen et al.
completing an extensive study of 40 such complexes including the
first manganese examples, [(Mn(N2H«)2X2]n (X=Cl1,%(S0.>,N03), in 1908-

11 [21]. The manganese-hydrazine complex, [Mn(N2H.)2(BCS):]l. was
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reported in 1921 by Ray and Sarkar, who noted the sensitivity of
the complex to hydrolysis, quite unlike the anélogous complexes
[ M(NzHe)2(NCS)21. (M=Ni,Co,Zn) [148]. )

As the usual preparative method for these complexes consists
of mixing ammonia, hydrazine hydrate and metal salt in . aqueous
solution, this hydrolyéis may explain wﬁy manganese complexes were
not repoggégdas frequently as other hmtal—hydrazine complexes in
early work. Few other reports appeared between this date and the
start of the 1960's, but during this period of renaissance for
hydrazine coordination chemistry, manganese-hydrazine complexes
became as commonly reported as other transition metal-hydrazine
complexes. Complexes reported include (Mn(N:Hus)2X2]1a with X = F
(149],Cl1,Br, 1 (22]1,%(S0.),0CH (150]1,0.CMe and #(C20.> ([151,152].
The tris(hydrazine) complex {Mn(N:Hs)3(HO3)2}Jsn has been reported
[22,153], to date the only known manganese example of this type.
The crystal structure of [Mn(Ndy)zCIz]n shows 1t to be
isostructural with [Zn(N:H«)2Clzl., bhaving syn-bridging hydrazine
ligands forming pseudo-one dimensional <chains and axially
coordinating chloride anions [45].

As stated above, the manganese complexes were found to
decompose in the presence of water, therefore an alternative
preparative method using an alcoholic medium was developed.

The complexes [Mn(N:H.)2X2ln <(X=Cl,Br,I,NCO,NCS, NCSe, N5, CHaCO:
and two isomers of NO:) were prepared as microcrystalline solids.
Only the complexes with X=Cl,Br,I,NCS and CHaCO. have been reported
previously and therefore as <far as 1is known the complexes
X=NCO, NCSe, Na and NO:(I) and (II) are reported for the first time.

The complexes were prepared using two general methods. These

consisted of the interaction of anhydrous hydrazine with either (aj
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the manganese(II) salt (2.2) or (b) a manganese(Il) salt plus a
large excess of the desired anion as 1its sodium, potassium or
ammonium salt in alcoholic media (2.3).

ROH

MnX: + 2 N2Hy ———— [(Mn(N:Ho)2X21n X=Cl,Br, I, 0CNe 2.2
~ 9 . - - B

MnBr: + 10 X~ + 2 NHa ——iTL——ﬂ [ Mn(N2Hs)2X21n X=NCO, NCS, RCSe, Na,
NO2(I) and NO(II)
(2.3
The two separate isomers of [Mn(Nﬂh)z(NOz)ﬂ; were prepared by
metathesis of NaNO: and MnX: (X=Br or 0:CMe) to give isomer(I), and
¥nCl, to give isomer(II). An aquepus/alcoholic reaction medium was
used in some of the metathesis reactions to achieve sufficient
dissolution of starting anion salts. The use of very large excesses
of anion salt in non-aqueous solvents can result in the formation
of insoluble complex anions which in turn are inert towards
reaction with hydrazine (e.g. 2.4). Their formation is undesirable
in procedures designed to produce [ Mn(Nz2Hs):2Xzl..
H20/MeOH NoHa
MnX, + 10 KNCO ——— K. Mn(¥CO)eli + 2KY —— 2.4
The complexes generally appear colourless, although some
display a very pale blue colour. The complexes are susceptible to
hydrolysis on contact with water, resulting in gas evolution and
sample decomposition. The brown insoluble solid product is eifher a
hydrate of manganese(III) hydfoxide or manganese dioxide.
[{¥n (N2Ha)2(NCSed2]ln 1s subject to thermal decomposition at
temperatures much above roam temperature <(~60°C), resulting in
decomposition of the selenocyanate ligand and release of elemental

gelenium. The majority of the complexes dissolwve in anhydrous
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hydrazine forming (Mn(Nz2Ha)el2?*.2X- species, but [Mn(N:Ho2(0CMe)zln
is not readily soluble, presumably as a result of additional
interchain hydrogen-bonding as observed in the crystgl structu’x:'é of
the zinc acetate analogue [44].

The complexes were characterised by solid state methods, in

particular by vibrational and electron épip resonance spectroscopy. -

2.1 MAGNETIC SUSCEPTIBILITY MEASUREMENTS

The room temperature magnetic moments of [Mn(N2Hu)2X2ln (X =
Cl,Br, I, RCQO, KCS, NCSe, Na, 02:CMe and NO2) wez;e measured using the Gouy
_method (see TABLE No 2.1). The values shown by the complexes are
all close to the spin-only magnetic moment of 5.92 BM. Therefore no
spin-orbit coupling is observed, confirming the presence of a high

spin 3d% configuration with a A1y ground state.

TABLE Ro 2.1 Magnetic Moments of [Mn(N2H.):X:1. Complexes

X p/BY /K
cl 5.80 295
Br 5.68 297
I 5.75 204
§CO 5.72 295
NCS 5.67 295
NCSe 5.75 293
Ns 5.75 | 294
0.CNe 5.74 294
0. (I) ~ 5.74 296

NO: (ID) 5.92 298
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2.2 ELECTRONIC SPECTRA

The electronic transitions of d® high-spin systems in
octahedral fields are spin-forbidden as well as pa}ity-forbidden,
resulting in the extremely pale colour of such compounds. The most
noticeable features of high-spin d® electronic spectra are; 1) the
weakness of bands, ii) the large nuxﬁber_ of bands and 1ii) the’
variation in band width. ) - . |

The observed d-d transitions of [(Mn(N2Ha)elClz in anhydrous
hydrazine are well resolved in comparison with the diffuse

reflectance electronic spectral bands of { Mn (N2Ha) 2X214

(X=C1, NCS, MeCO2)> (see TABLE No 2.2).

TABLE No 2.2 Comparison of [Mn(N:H.)e]l?** and [Mn(OHz2)el?* Solution
Electronic Spectra/nm.

Peak Maxima/nm Assignment
[ Mn(N2He)el?* [ ¥Mn(OH2)el2*

624 529 “Tig(G) ¢ SAyg

484 433 4T2g(G)  SAyg

463

418 401 “815(G),“Eg(G) + SAig

395
376 357 4T2g(D) « SAiq
352 337 “Eg(D)  « SAqg

The observed d-d transitions of solid [Mn<(¥:He):X21. (X=Cl,XNCS,
0.CMe) are considerably weaker in intensity and difficult to
resolve from the background (see TABLE No 2.3>. Overall the peak
maxima are accurate to ~#5nm, though with broader absorptions the
error may be larger. Indeed it was found to be difficult to obtain

consistent results for these solids on different occasions.
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The most prominent band in high-spin d® spectra is due to the
SAig @ *Ag(G),*Eg(G) transition, which in hydrazine complexes was
found to occur at ~420am (24000 cm'). The SAg ‘ng(z}) transitien
splits into two components, presumably as a result of a symmetry
lower than On. This feature has been noted fcr_other complexes e.g.
Mn (dipyam)2Cl:z (dipyam = '2,2'—dipyridy'1amine> which is axially
distorted and shows two cqmponents for the ‘A}, 2 *T25(G) transition
at 475 and 495 nm [154].

The d-4 transf‘ti«cms of the two isomers of [Mn(H:Ho2(HO2)21.
could not be detected due to the presence of intense NO: charge-
transfer absorptions which tail into the visible region. Diffuse

reflectance electronic spectra of the remaining complexes were not

investigated.

TABLE No 2.3 Diffuse Reflectance Electronic Spectra of
{ Mn (N2H4)2X21n /nm.

[ Mn (¥2Hs) 2C12] [ Mn (N2Ha)2(NCSY2] [ Mn(¥:Hs)2(02CMe)2]

615 (br) 650 (br) 625 (br) ‘Tig(G) + SAg

490 (br) 515 (br) 515 (br) *T26(G) + SAig

463 (sp) 474 (sp) 474 (sp)

421 (sp) 421 (sp) 419 (sp) Eig (@), *A1g(G)  +
sA'Ig

375 (sp) - 371 (sp) “T2g (D) « SAig

(br) = broad, (sp) = sharp

2.3 VIBRATIONAL SPECTRA
The infra-red and Raman spectra of solid [Mn(N:Ho:2X2ln (X =
Cl,Br,I,NCO,¥CS and O:CMe) were recorded, together with the infra-

red spectra of [Mn(N:Hi)2X2]n (X = RO: (I> and (II), NCSe and N3’.
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‘Raman spectra of the nitrite species could not be measured due to
explosive decompasition of the samples on exposure to- the laser
beam. A

In addition, the infra-red spectra of [M(FzD.)2Cl2ln (M = Mn
and Zn) were measured. ‘

The vibrational spectral data of [ﬁn(Ndﬂ)éXﬂn can be
conveniently sub-divided into two separate sections, one concerned

with the vibrations of the coordinated hydrazine ligands and the

other with the vibrations of the axially coordinated anioms.

.

¢« —

2.3.1 COORDINATED HYDRAZINE VIBRATIONS

The vibrational épectra of [M(N2He)2X2ln (M=Cr, Mn, Fe, Co, Ni, Cu,
Zn,Cd,Hg X=C1,Br.I)- have beeﬁ reported previously by several
workers. Sacconi and Sabatini (23] measured the infra-red spectra
of (M(NzHs)2Clzln (M=Mn,Fe,Co,Ni,Cu,Zn,Cd) Dbetween 4000-300 cm'.
Assignment of the spectra was achieved by comparison with the
analogous ammine complexes and deuteration studies of
[ Cd (H2He)2Cl2]n. Complexes  containing unidentate  coordinated
hydrazine ligands were proposed to exhibit the v(NN) mode at 931-
936 cm' whereas this mode was suggested to lie between 948-985 cm’
for complexes containing bridging coordinated hydrazine. These
assignments were based on a v(¥N) assignment for free hydrazine of
873 cm', an assignment subsequently questioned. These frequency
shifts were ascribed to changes in electron pair repulsions as the
lone pairs become involved in bonding.

As indicated above, the assignment of v(¥N) to a band at 873
cm' in the IR spectrum of liquid hydrazine was later challenged by
Durig, Bush and Mercer (155]. This group achieved a reliable

vibrational assignment for hydrazine and hydrazine-ds using infra-
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red and Raman data obtained from liquid, solid and gas phase
spectra. In particular, v(NN) was reassigned to a band at 1098 cm™
on the basis of its highly polarised characfer in the Raman spectra
and its small shift on deuteration. This reassignment was supported
by the normal coordinate analysis of Sathyanarayana and Nicholls
(141] employing both general valence and mo'difie'd. ‘Urey-BradAley
force fields. The results obtained were used to reassess the
vibrational assignments for (M(N2H.)2Cl2ln (M=Co,Ni,Zn,Cd) and
[ M(N2D¢)2Cl2ln (M=Zn,Cd). The majority of the previous assignments
of Sacconi and Sz;lbatini [23] were confirmed, but as v(§N) had been
reassigned for fz:ee hydrazine, it was essential to reassign fhis
band in the spectra of [M(N:Hs)2:Cl:]ln. Absorptions present in the
1150-1170 cm' region were thus assigned to v(NN) in the complexes.
This band was also observed to be sensitive to the type of
hydrazine coordination and to the nature of the metal ion. It
thereby parallelf\ the behaviour exhibited by the 873 cm' band of
liquid hydrazing’,/ the 1latter band now assigned to an aati-
symmetrical NH: rocking vibration,

Assignments of the fundamental vibrations of coordinated
hydrazine have now reached a level of maturity, but the same cannot
be said of the assignments of the metal-ligand vibrations where a
number of problems remain. Ia an attempt to resolve some of these
difficulties, an infra-red study of [(M(FzH.).Clzln (M=Mn,Zn)> and
their N:D. analogues was extended into the 700-200 cm' region.

In C: point group symmetry (gauche N:H: structure), the 12
fundamental vibrations are classified into 7 symmetric (4> and 5
antisymmetric (B) vibrations. In addition to these vibrations, a
torsional vibration belonging to an A mode is also predicted (see

TABLE 2.4).
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TABLE No 2.4 Vibrational Spectra of N:H. and N:D: /cm’

NzHa N2D. Main Character of
Vibration
A modes 3332 2493 » vNH:
3189 - 2853 vNH:
1608 1194 §FH:
1283 936 . - wNH:
1008 . 1032 vl
871 727 r¥H.
625 495 tNH:
B modes 3332 2493 vNH2
3189 2415 vNH2
1628 : 1164 _ S§NH-
1324 987 wNH2
1042 787 rNH2

The observed vibration&}l spectra of [Mn(N2Ha)2X21n (X=Cl1,Br,I,
NCO, NCS, NCSe, N3, 0:CMe, HO: (‘I') and (II))> (see TABLE ¥No 2.5 all
appear very similar once the vibrational modes of the coordinated
anions have been subtracted. This is indicative of the expected
structural feature of bridging hydrazine groups with trans-axial X
groups giving an octahedral eanvironment around the metal.‘

The coordinated hydrazine bands in the infra-red spectra of
[ M(N2R4)2Cl21n (M=Mn,Zn; R=H,D) (see TABLE Fao's 2.5 and 2.6 and FIG
No 2.1) can be assigned using the approach of Sathyanarayana and
Nicholls [141] who studied the complexes [M(N2Re)2Cl2]a (M=Zn,Cd;
R=H,D). The v(NH:2),6(NHz) and w(¥H.) vibrations show H/D ratiosof
~1.35 indicating high NH character. The reassigned v(NN) shows a
H/D ratios of ~1.12 (a shift of 1157 to 1046 cm’ on deuteration of
[ ¥n(N2Hs)2Cl21n) indicating minor NH: character. The previously

assigned v(EN) found at 961 cm' in [Mn(N:H.)2Cl:], is shifted to 832

cm' on deuteration, an isotopic shift of 1.16. It 1s clear that
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this low isotopic shift would have caused initial confusion over

the assignment of v(NND.

N

TABLE No 2.5 Infra-red Spectra of [ Mn(N:R4)2Cl2ln (R=H,D) /cm™’

[ Mn (N2H.)2Cl21n [ Mn (N2D4)2Cl210 H/D ratio Assignment
3284 (vs). 2472 (vs) 1,33
2417 (w,sh) ¥Rz
3233 (m 2386 (m 1.36
3147 (vw) 2326 (vw) 1.35
1606 (s) 1183 (s 1.36  6NR,
1574 () 1166 (ms) 1.35
1340 (mw) 1021 (m 1.31 bR
1298 (mw) 954 (m 1.36
926 (w)
1157 (vs) 1046 (w) 1.11 N
855 (s 1.35  riR
961 (m 832 (ms) 1.16
596 (m) 456 (m 1,31  tER.
527 (m 410 (m 1.29
344 335 (mw) 1.10 N
314 (mw)

Furthermore, this assignment problem is compounded because the
reassigned v(NN) bands often occur as shoulders on or hidden under
the r.(NH2) absorption. The 961 cm' band of [ Mn(N2H4)2Cl:ln is now
assigned to essentially r.(§Hz) even though the N§H» character
appears small, as assessed by deuteration studies, Even in
hydrazine, the rs(FHz> band at 871 cm', has an ilsotopic shift of
1.20 on deuteration, indicating a reasonable degree of skeletal
(1.e. v(NN)) character in the nature of this vibration. i.e. the
1157 and 961 cm' bands show a greater and lesser proportion of

v(NN) character in fheir vibrational description.
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FIGURE Fo 2.1 Infra-red Spectra of [Mn(Nz2R4)2Clzln (R=H and D)

{ Mn(NzHA) 2Cl21,
.
[ Mn (N2D4)2C1l21n

. 4000 2000 1400 800 - 200
' Vavenumber/cm' .
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TABLE No 2.6 Infra-red Spectra of [Zn(FzR.)2Cl2la (R=H,D) /cm™

[Zn(N2Ha)2Cl2]1n [Zn(N2De)2Clz2]y H/D ratio Assignment
3286 (vs) 2467 (vs) * 1.33
3233 (m 2383 (w) 1.36 viR2
3143 (vw) 2322 (vw) 1.35
1608 (s) 1186 (s) 1.35 SXR2
1570 (s) 1158 (m ) 1.36
1342 (mow) 1033 (m) 1.30 wRR2
1308 (mw) 965 (m) 1.36
1184 (m, sh) 1046 (w) 1.13 VRN
1170 (vs) 865 (s) 1.35 rNR:
078 (m 854 (m) 1.15
630 (m 487 (m 1.29 tNR.
586 (m) 460 (m) 1.27
388 (mw) 348 (aw) 1.12 vMN
347 (mw) 318 (mw) 1.09
.

On coordination, the NH: groups of hydrazine show a slight
decrease in their stretching and bending frequencies, while the NH:
rocking mndes are found to be very sensitive to coordinatiaon, their
frequencies increasing by ~100 cm'. This is expected as, for
example, the CH: rocking modeé of ethyleﬁediamine increase at least
100 cm' on coordination. The large shifts in the NH: rocking
frequencies have been ascribed to changes in the conformation of
the hydrazine molecule rather than any change on coordination.

The v(BN) frequency of free hydrazine 1s found at 1088 cm’
and increases by ~50-70 cm' on complexation. This may be due to
changes in electronic repulsion brought about by the involvement of
the nitrogen lone pairs in bonding. The r.(NHz) vibration appears

to be sensitive to the nature of the axial ligand present,
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FIGURE No 2.2 Infra-red Spectra of [ M¥n(N2Hs)2X2ln
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TABLE No 2.7 Vibrational Spectra of [ Mn(N:Ha)2Xzln /cm™’

( N:H« absorptions)

ueve

huYEE

24

13

eype

Wee

561§
R66S

5067
815

514§
557§
¥709

"E0§
%585

575
%365

‘HEY

96
»5E911

4056
serii

(¥156) 5186
SAOVLL

g56
+55ELL

(5156) w816
5051t

(5A096) 5136
(5G911)54511

NI

x5€911

(CETARRLIZAY!

+58ELL

(UrLLRELLL

(5591154511

1

o6l
mrEl

ugeZl
ROFEL

(N16Z1)55621
(ASYE1)NGEEL

rG6Z1
RBEEL

(ASOE1)RO0EL
(NSYEL)REVEL

(NZ0E1)M86LI
(h9YELIROFEL

ZHHO

"i6s1
56191

¥3L51
WERS|

(®0451)81861
(%7651)59651

(M1851)¥56S1 .

(R1091)u8191

(50851)55£51
(N5091)5€091

(v1851)5¥L51
(219159091

*HNS

hOYZE
hBSZE
5E67¢
557¢¢
hSgee

hOS1E
vpoze
wlze
500¢€E
50Ze€

(MYSLEIMLSLE
(W812€)5112€
(MUEEZE )SEOEE
(A91€€)507€€

(WL97€)M082E
(MLTEE)SGVEE

- MSELE
(S12TEINOIZE
(W1L2€)55L2€

RLYIE
(SALETEINEETE
("68TE)SYETE

ZHNA

N

9SON

SOK

00K

agq

10



0.CMe

§O: (I

RO: <(ID

VNHz

3353vs(3343w)
3310vs(3307n)
32585 (3255ms)
3234n (3227as)
3190m (3186a)

3315vs
3260n
31754

3295vs
32430
3155w

Raman data in parentheses

6NH:2

1623s

wNH:

13365(1344w)

16135(1612n) 1296u

16235
1594n

1618
1583

13480
1308w

13430
1305w

viN

11665(1175w)

1183ns

1178rs

rNH:

1121vs
959s (961vs)

1146vs
946m

1144vs
953m

* -~ coincident band ( v(NN) with r.(NH2))

tNH.

558as

595

519s

598a
515us

vMN

350w

346n

348

(3UBS) /L'2 ON HIgVI -
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TABLE No 2.8 Vibrational Spectra of [ Mn(Nz2Hs)2Xz2]n /cm™’
( Anion absorptions)

x AY
NCO 2215vs*(2186w)* 1318m*(1315vs)® 624m, she (622 w)©
2 35w* (2166w)* 620s¢
(2102vs)*
NCS 2068s? (2070vs)d 794w* (791s)e ‘ 4915‘ 314w’
2015w¢ (2060vs)e 480m®
417m*
NCSe 2075vs? (2103w ¢ 616w 419w 311w!
2020w (2061w)°
N3 2080vs9 1360w" 640gt 295m’
620s!

02CNe 2930w (2926v3)* 1544vst (1551w)t  1045w=(1048mo>*
1419vs! (1405s)' 101l4ms®

922ms"(922vs)"  648mr (646m)° 619wP (620wW) P
480w (481w)° 315w (319w)"
NOz(I) 1384s* 818m* 283w~
271w
NO:(II) 1211s® 820w 264 mw
243mw-
a = va(NCO) b = v (NCO) c = §(NCX) d = v(CHO
e = v(CX f = v(¥-NCX) g = w(NNN) h = va(NEED
i1 = §(AFID J = v(M-NNN) k = v(CHa) 1 = v(CO
m = r(CHa) n = v(CO o = §<0C p = m(CODY
q = r0Co r = v s = v(NO2 t = §(NC2
u = v(MM? :

Raman data in parentheses

increasing in the order NCO>C1>N3>0CMe>Br>NCS>I>NCSe>ONO (as well
as being sensitive to the hydrazine coordination mode as explained
above).

The vibrational spectra of [Mn(N2Ha)2X2ln (X=0:CMe,NCO,NCS,
NCSe,Ns)> show further splitting in the v(NH2) region and a reduced
frequency difference between the A and B modes of §(NH2) (see TABLE

Ko 2.7, Single crystal X-ray structural studies of
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[Zn(NzHe)2¢(0:CHe)2)n [44] show hydrogen-bonding present between the
pseudo-one dimensional chains involving the uncoordinated oxygen of
an acetate and a hydrogen of a hydrazine molecule. Such an
interaction would be expected to have an effect on the vibrational
spectrum. However, a crystal structure 7 determination of
[Zn(N:He)2(NCS)21n shaws no cofresponding hydrogen-bdndiﬁg [43]. .
Electron spin resonance spéctra (see SECTION 2.4) indicate that all
the abaove carboxylate and pseudohalide complexes have pseudo-
octahedral geometry around the manganese atoms, the halide
complexes having tetragonally distorted structures. The additional
splitting observed in the vibrational spectra of the former
complexes could therefore result from interactions arising from the
proximity of the axial ligands to other hydrazine ligands. Such
interactions would be absent in the halide complexes leading to a
less complex pattern of bands for these cdmpounds.

The far-infrared spectra of [M(Nz2Hue)2X21n (M=Mn,Co; X=Cl,Br)
have been reported in part by Goldstein and Unsworth [156]. They
confirmed that v(MN) occurs 1in the 400-340 cm’' region, as
previously assigned [23]1. However v(MX) was assigned to bands in
regions normally associated with complexes containing bridging
halide. This apparent anomaly was rationalised using
crystallograpic data which showed the Mn-Cl bond of [ Mn(N2Hs)2Clz2l.
to be exceptionally long (2.5704) for a terminal metal-chloride
bond. The weak interaction thus resulis in a low v(MX) frequency.

The work reported here supports these assignments. The far-
infrared spectral bands of [(MN:Ho):X21n <(M=Mn,Zn; X=Cl,Br)> and
[ M(¥zDs)2Cl2]n (M=Mn,Zn) are listed in TABLE No 2.9 and assignments

given,
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596ns (650vw)
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344n (357vw)

253w (276m)
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(140n,sh)

Raman data in parentheses

¢

[Mn(N2D4)2C121n

456us
41005

335v,sh
K11

[Mn{NzH4)2Br21n

589m (629n)
518ns

344n

250nw (270mw)
206my (229n)

(122a,5h)

[2n(NzH4)2C12]n

630as
586s

388
KTY[

All data in cm!
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The bands assigned to t(NHz) are derived from the torsional
vibration of hydrazine, found at 627 cm' in the solid phase of the
free ligand (495 cm' on deuteration). In the infrar\ed spectra of
[M(N:Ha)2Clz2ln  (M=Mn,Zn> this vibration is split into two
components. On deuteration these bands shift some -130, cm' with a
H/D ratio of ~1.29 thus confirming the high NH> character involved.

Goldstein and Unsworth (1561 considered the [Mn(NzHs)2Xz21a
polymer to have Czn local symmetry. Group Theory predicts four MN
stre;chs for this symmetry of which only two are IR-active and only
two are Raman-active with no coincidenées. Bands at 344 cm' (¥=Mn)
and 388, 347 cm' (M=Zn) are halogen-insensitive, as shown by
comparison with the bromide analogues, and show H/D shifts of
~1.10, These bands can be confidently assigned to v(MN) modes. For
the complex with M=Zn, both the A, and Bu modes are observed, while
these modes appear coincident in the complex with M¥=Mn. The
corresponding Raman-active bands have not been detected, but are
expected to be of low intensity.

Other halogen-insensitive bands are found in the 280-200 cm™’
region which can be attributed to §(NFMN) by analogy Qith haloggn—

bridged metal(II) ammine complexes, (MX:(NHa):l, [1571.

2.3.2 COORDINATED ANION VIBRATIONS
Halide Vibrations

Goldstein and Unsworth (1561 assigned v(MX) in [Mn(NzHa)2X21s
(X=Cl,Br) to IR-active bands at 210 and 175 cm' respectively. No
significant Raman bands were observed in this region in this work
and so the above assignments remain unconfirmed. Halide-sensitive
bands have been observed in the Raman spectra of [Mn(Nz2Hs)2X:21. at

140 cm' (X=Cl) and 122 cm' (X=Br) and may tentatively be assigned
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to §(XMX> vibrations. Neither the v(MI) or &§(INMI) vibrations were
observed in either the infrared or Raman spectra of [Mn(N:Hi)2I21n.
Psuedohalide Vibrations

Three normal vibrations are e?pected for a linear triatomic
molecule NCX, which can be described asj

9 9+
N-C-X w, pseudo-asymetric stretch (v(CH))

r
N-C-X w2, §(XCX
4 4

- 2
N-C-X v, pseudo-symmetric stretch (v(CX))

The designation in parentheses is commonly uséd, and approximates
the major bond deformation involved in the vibration. However in
cyanate; the modes are appreciably mixed (i.e. mixing between the
v(CO) and v(CN) modes.

Cyanate has been shown to almost exclusively coordinate
through its ¥ atom [158]1. On coordination there appears an increase
in w (v(CH)) and usually wv» (~v(CO))> and a decrease in w
(§(RCO>) from the free ion values. In [(Mn(N2Hso)2(NCO):21n w is found
at 2215 cm', an increase from 2165 cm', the value found in KNCO.
The v band also iacreases from 1254 +to 1318 cm' while <the
deformation band v is observed to decrease slightly from 637,628
cm' to 624,620 cm'.

It 1s possible from the observed vibrational shifts to
conclude that NCO in [¥n(¥-Hs):(NCOQ):l, is coordinated through its X
atom.

The thiocyanate ligand is capable of three common types of

coordination [158];
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M-§-C-S ¥-S-C-X M-N-C-S-X
I 11 I1I

These modes of «coordination can be distinguished by
differences in the fundamental vibrations. Thus w (v(CN)) 1is
generally lower in E-bonded comp;;s_ (~>2050 cm') than iln S-
bonded complexes (;2100 cm'). The bridging complexes exhibit v(CI)
well above 2100 cm'. The v (v(CS)) wvibration 1in B-bonded
complexes 1is found between 860-780 cm’', while for S-bonded
complexes the corresponding region is 720-690 cm'. Alsa 6 (NCS)
shows a sharp peak at ~480 cm' for N-bonded complexes, while for
S-bonded complexes a series of low intensity peaks appear at -~420
cmt.

From these criteria, [ Mn(¥:H4)2(BECS)2l, can be shown to contain
N-bonded iso-thiocyanate ligands (v(CN) 2068 cm', v(CS) 794 cm’,
§(RCS) 491-471 cmw'). This 1is expected as in general first-row
transition metal ions tend to form N-coordinated thiocyanates in
preference to S-coordinated omnes. According to the concepts of
Pgarson {1591, the nitrogen end of this ion is a hard, and the
sulphur end a soft, base. Consequently, N-bonding is expected with
the hard <(class a) metal ions while S-bonding should take place
with those of the soft category (class b).

Trends of band shifts of selenocyanate on coordination closely
follow those seen for thiccyanate [158]1. The w» (v(CI)) is
generally found below the free ion value of 2070 cm’' for N-
coordination, although some examples are known with higher values
typical of Se-bonding. However w (v(CSe)) is clearly diagnostic,

with N-bonded examples showing bands above 558 cm', the free iom

value, and Se-bonded examples showing bands below it. The w
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(§(NCSe) band also appears ta follow the NCS- pattern. Se-bonded
compounds show at least one component of this vibration below 400
cm', while for N-bonded complexes, bands are not observed at such
low frequencies. /

The KNCSe bands in [Hn(NzH‘)z(NCSg;.]n generallyr fo}low the
trends for N-coordination with both wv(CSe) at‘ 616 ém“ and & (NCSe) -
at 419 cm' above the freg ion values. However, v(CN) at 2075 cm’
is slightly above the free ion value of 2070 cm'.Since v: and w
are more diagnostic it is considered that selenocyanate is N-bonded
in [ Mn(FNzHe) 2 (RCSe)2ln.

There appea;'s no clearly defined vibrational correlation for
azide coordination unlike the other pseudohalides (160]. It appears
the majority of examples known are unidentate, although N: can act
as a bridging ligand in a number of different geometries.Three
fundamentals are observed as with NCX and are described as w
(va(¥NE)) a pseudo-antisymmetric stretch, v (G(NNN)) and w
(v (N¥K)) a pseudo-symmetric stretch. The free ion frequencies are
2041, 645 and 1344 cm' respectively. On coordination these bands
are often split due to the non-linearity of the M-NNF group. In
general, va(NNN) increases while both w(NNN) and & (NNK) decrease
on coordination.

In [Mn(NzHa)2(N2d2ln, both wa(FNND, at 2080 cm', and & (NN, at
640 and 620 cm’', follow the above trends. However v (NNN) appears
at 1360 cm’', higher than the free 1ion value. As with
selenocyanate, this band may not be as diagnostic as the other
fundamentals. Given the stoichiometry of [Mn(N:Hu)2(Ns):l1. and the
vibrational data, it is probable that Ns- acts as a unidentate

ligand.
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Acetate vibrations

Using the criterion of A [160], the frequency difference
between the w.(CO:) and w(CO:;) vibrations, it wcn‘xld seem that
[ Mn(N2He)2(0.CMe):2]1n contains bridging acetate ligands. Haowever the
X-ray crystal structure of [Zn(N:H4)2(0:CMe):ln [44], shows the
acetates to be unidentate. Since the vibrational spectrum of
[ Mn (N2H4)2(0:CHe)2ln indicates bridging hydrazine ligands and the
e.s.r. spectrum indicates an octahedral environment for the metal,
the acetate groups of this éomplex mist be similarly unidentate.
The failure of A& to accurately indicate coordination type can be
explained by additional hydrogen-bonding between the uncoordinated
oxygen of the acetate and neighbouring hydrazine hydrogens. In this
way acetate appears to be acting in a bridging role giving rise to
an anomolous A value. It has been shown by Deacon et al. [161) that
use of the A value as a means of assessing the mode of coordination
of acetate to metals needs to be used with caution. An extensive
survey of reported acetate v(CO.) values revealed that the use of a
is limited to i) recognition of complexes with wunidentate
carboxylate coordination [Aunidentate?Aionic] and 1i) identification of
some complexes with chelating or <(and)> ©bridging Dbidentate
carboxylate groups [Asrigging or cana) chetating Often <Aicnic]l. Even these
criteria cannot be regarded as universally valid. For example,
apart from [(Mn(¥:H.)2(0CMe):l., [N1(OHz2).(OCOMe):] is known to be
octahedral with unidentate acetate groups [(162]. A large A value is
however not observed and it has been suggested that hydrogen-
bonding with the water ligands may make the C-C bonds mare

equivalent than expected for unidentate acetate coordination.
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Nitrite vibrations

The nitrite ion has 3 fundamental vibrations; va(NO2), wvs(NO2)
and §(¥0z), which for the free ion occur in the infrared at 1330
(w), ~1260 (vs) and 828 (m) cm', respectively. In the Raman
spectrum a reversal in intensities 1s expected for the two w(NOz)
bands [163].

Vhen the 1iom is involved in M bonded nitro coordination
va (NO2) generally falls between 1280-1380 cm'. For O-bonded nitrito
coordination v.(NO.) falls between 1350-1380 cm’, while §(NO2) is
not normally greatly affected by coordination. Nitro groups also
characteristically exhibit an out-of-plane wagging mode at ~8620cm™’
which is absent in nitrito complexes.

The infra-red spectra of [Mn(Nz2H.)2(NO2)2]n (I and II) reveal
the NO.- ligands to be in different environments 1in the  two
isomers. Neither complex shows wagging modes, therefore suggesting
the NO: groups are Ohégordinated. Nitrite (I) exhibits a v.(E02) at
1384 cm* which can be related to unidentate (-coardination.
Nitrite (II) exhibits va(NO2) at 1211 cm', a frequency outside of
the ranges established for either (O~ or MNbonded nitrito/nitro
coordination. The w(NO2) modes are thought to be weak and hidden
by coordinated hydrazine bands in the 1130-1190 cm' region.

It is concluded from the IR spectra that isomer (I) has the
molecular formula of _[(Mn(¥N2H.)2(F02)2].» with O-bonded unidentate
nitrito groups, while the isomer (1D may contain bridging nitrito
groups which give rise to an uncharacteristic v.(NO2)> band

position.
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2.4 ELECTROF SPIN RESONANCE SPECTRA

The application of e.s.r. 1is particularly u‘seful in the
investigation of manganese(II) compounds. Manganese(IID) complexes_
are almost invariably high spin and hence possess five unpaired
electrons. The half-filled shell, 345, implies that the ground
state for the ion will be an orbital singlet, €S, There are no
other sextet states, and the nearest excited state is a triplet,
‘T,

The spectra of manganese(II) species can only be discussed
adequately by a consideration of zero-field splitting and Kramer's.
degeneracy.

Vhen a metal ion is placed in a crystalline field, the
degeneracy of the d orbitals will be resolved by the electrostatic
interacj:ions. Vhen the species contains more than one unpaired
electron, the spin degeneracy can also be resolved by the crystal
field. Therefore the spin levels may be split even in the absence
of a magnetic field. This phenomenon is called zero-field splitting
(see FIG Fo 2.3). In transition metal systems, the zero-field
effect is employed to describe any effect that removes the spin
degeneracy  including dipole interactions and spin-orbital
splitting.

Vhen a system contains an odd number of unpairéd electrons
(such as Mn?*) the spin degeneracy of every level remains doubly
degenerate. This is known as Kramer's degeneracy.

In FIG No 2.3 the model system has two unpaired electrons i.e. &=l
and M=-1,0,+1. In the absence of zero-field splitting, the two

possible transitions, 0-+1; -140 (AM=%1), are degenerate and only
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one absorption 1s observed. Zero-field splitting removes this

degeneracy and as a result two absorptions are observed.

FIGURE No 2.3 The Energy Level Diagram for a System with S=1,
(a) in the Absence of and (b) in the Presence of
Zero-field Splitting.

— —
O Inc.field O Inc.field
strength strength

(@) ~ (b)

Manganese(II)> has an oadd ﬁumber of electrons, so Kramer's
degeneracy must exist. Zero-field splitting produces three doubly
degenerate spin states (JMa=25/z,%%/,,%'/;) (see FIG No 2.4) Each of
these is split into two singlets by the applied field, producing
six levels. As a result of this splitting five transitions (-5%/z -
=32, =3z 9 =2, =2 3 #'/2, #V/[2 9 32, +3/2 3 +5/2) are expected. The
spectrum is further complicated by the hyperfine splitting due to
the manganese nucleus (I=%/z), Therefore the five peaks are each
split into six Ayperfine components (see FIG No 2.4).

The magnitude of the zero-field splitting in transition metal
ions can generally be described as arising from the crystal field.
However manganese(II) has a spherically symmetric electron
distribution, so that the ¢S ground state is not split by the
crystal field, but does show a zero-field splitting. This is
explained by spin-orbit coupling which mixes into the ground state
excited triplet states <(such as *T), which are split by the

crystal field, and allows weak zero—field splitting. In this case
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the spectra observed exhibit g values very close to the free

electron value (#=2.0023).

FIGURE No 2.4 Splitting of the Energy Levels in Octahedral
Manganese (II).

Zero field Applied Nuclear
leve,s field splitting

It was observed that certain iron(III) 3d? systems gave e.s.r.
spectra displaying g*;l values greatly removed from the free
electron value Cl63A] . Subsequently Dowsing et al. [1641 found that
certain manganese (II)-substituted pyridine complexes also displayed

such anomoious e.s.r. behaviour.
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The spin Hamiltonian 1is a mathematical expression which
describes the different interactions that exist in transition metal
ions or radicals. The e.s.r. spin Hamiltonian for an ion in an

axially symmetric field, i.e., tetragonal or trigomal is;

H=DIS#' 2SSt + g S + g (KSH+HS) +
4 (Sl + ASLAS L) + Q'UIE I +1)]1 - gufnibI  (2.5)
The first term describes the zero-field splitting. The remaining
terms describe the effect of the magnetic field on the spin
multiplicity remaining after zero-field splitting, the hyperfine
splitting, the quadrupole interaction and interaction of the
nuclear magnetic moment with the extermal field.

In species that display a distortion to lower symmetry, the g
values become gx §&» and g: and an additional zero-field term is
required, i.e. E(S%+5% . The spin Hamiltonian can be written in a
simplified form as the hyperfine splitting and quadrupole
interaction terms can be neglected (2.6).

It was shown that certain features of manganese(II) e.s.r.
spectra could be related to the zero-field splitting parameters D
and E of the simplified spin Hamiltonian [165];

): 4

gBH.S + DIS% /. 5(S+1)] + E(S3%SP (2.8

[}

g8 + K

In (2.6) S is the spin operator, D is a measure of axial distortion
and E is a measure of rhombic distortion. For ease of manipulation
the parameter A=E/D can be used, so K can be defined solely in

ternms of D (see (2.7)).

B = S5%3.5(5t1) + XSSP 2.7
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Symmetry considerations show that the only significant values for i
must lie between zero when the compound will show axial symmetry
and 0.33 when it will display rhombic symmetry.

Before the studies of Dowsing et al. (1661, it was generally
thought that D was always small for manganese(II). This will be
true for manganese(II) compounds of high symmetry i.e. regular
octahedral or tetrahedral where D-107°-10"' cm' and A=0. Compounds
of such symmetry only show resonance signals near the free electron
value (g=2), further split by hyperfine interactionms.

However, if the symmetry of the compound is reduced either by
geometric distortion or by the introduction of differing ligand
types, so D and A increase. The e.s.r. spectra become more complex,
the transition at gerr=2 being split and further components are
observed at higher and lower fields. Compounds with D >0.05 cm™
are found to show resonances well away from ge.rr=2. For ezample, a
complex with axial symmetry, with D >0.15 cm' should have its
strongest line at gu.rr=6 with other transitions also detectable. A
complex much distorted from axial symmetry with D >0.15 cm' and i
close to 0.33 should show a very strong signal near gerr=4.27
[166]1. Using these calculations it should be possible to deduce the
stereochemical environment of a manganese(II) ion from its e.s.r.
spectrum (see TABLE No 2.10).

Unfortunately, some compounds only give a single resonance
near ge++=2 even though their structures must be distorted. This is
likely to ©be +the result of magnetic interactions between
neighbouring Mn?* ions in polymeric structures. These 'magnetically
concentrated' compounds can be studied to some degree by diiution

0f the compound in an iscmorphous but diamagnetic matrix.
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TABLE No 2.10 E.s.r. Spectral-structural Correlations for
Manganese(II) Complexes.

Complex type Example Spectral Features ' Structural
Type

(MnLeln® An(0Hz)e** Gat 132 Reqular

Hn(NCS)e*- Gare=2 with Near Regular
hyperfine splitting

(MnLaX2] Mn( Fpic)aBrz Gete36 Axial distortion

[MnL2X2] En( Fpic)z(l2 fet+=2,broad Polymeric
Mn(Phafs0)2Br2 Jte24,27 Tetrahedral

The solid state e.s.r. spectra of the complexes [Mn(Nz2Hs)2X2ln
(X=C1,Br, ) have been studied in detail, p&rticularly when diluted
in the diamagnetic, isomorphous matrices of the Grou? 12 metal
complexes [ M(NzH4)2X2]ln (M=Zn,Cd, X=Cl,Br or I; M=Hg, X=Br) (167].
The objective of this work was to use the spectral results as a
probe of the stereochemistry of the Group 12 metals. The spectra
were interpreted in terms of D and A. D was found to increase with
ligand field distortion in the series Cl<Br<I as expected from the
above arguments.

In this work X-band e.s.r. spectra of [Zn(Mn) (N2H.):X2]. have
been re-measured when X=Cl,Br,I and measured for the first time for
X=NCO, NCS, RCSe, N3, 02CMe, NO2(I) and (ID. The spectra were
interpreted by ccmparison with complexes of Xnown structural type
using the approach described above.

The e.s.r. spectra of the undiluted complexes were merely very
broad signals centred at gerr=2. Resolution of the spectra could be
achieved by nominal doping (1-£%) of manganese(II)> in the analogous
zinc(II) matrix.

The spectra 5f the diluted complexes were found to be

dependent on the nature of the axial ligand present. In general



81

four types o0f spectra were observed for the [Mn(Nz2Hda)2X2la
complexes, the types being; a) X=Cl,Br,I b) X=NCQO,NCS, NCSe,C.CMe,
or NO2(I) c) X=Na and d) X=NO..

The complexes [Mn(NzHi)2X21n (X=Cl,Br,I) show e.s.r. profiles
similar to those reported previously [167]. The main features of
the spectra consist of a strong transition near ge=6 (~1300 G
using an operating frequency of ~9.5 GHz) another strong line near
getr=2 (~3400 G) and a weak resanance at 5000 G. The bands at gert=
6 and 2 were hyperfine split into six components (see TABLE Fo 2.11
and FIG No 2.5). The overall appearance of each spectrum indicated
a tetragonally 'distorted octahedral environment surrounding the
manganese ion for each complex.

The e.s.r. spectra of the complexes [Mn(F2H.)2X21n (X=KRCO,NCS,
NCSe,0:CMe and HNO2¢(I)) have not been reported before. The only
feature of each spectrum 1is a strong absorption near geee=2
(3400 G)> which is hyperfine split (see TABLE No 2.11 and FIG No
2.5). Correlation with the data presented in TABLE No 2.10
indicates a more regular environment around the manganese when
compared with [Mn(N2Hu)2X2ln (X=Cl,Br,I).

This conclusion is supported by X-ray crystallographic studies
on analogous zinc complexes. The structural characterisations of
[ Zn(N2He)2X21n (C1l,NCS and 0=CMe) [43,44,168] reveal the chloride to
have a marked tetragonal distortion as result of elongated axial
bonds when compared with the acetate and isothiocyanate (Zn-Cl =
2.5784, Zn-BCS = 12,1904, Zn-0C(O)He = 2.1474). Assuming the
manganese  complexes  show similar bond length  variations
(crystallographic data for [M(Nz2H«)2Cl2l1n (M=Mn,Zn) show 1little
change in metal-chloride distances; Mn-Cl = 2.570&, Zn-Cl = 2.5784

[45,1681), the nature of the e.s.r. spectra praobably indicate that
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the acetate and isothiocyanate complexes have more regular
octahedral structures than the chloride. This would also imply that
the other complexes in this group with X=NCO, NCSe and NO:(I) also
have reasonably regular octahedral structures.

The other complexes [ Mn(N:H.)2X2]ln (X=Ns and NO2(II)) show more
complicated e.s.r. spectra (see TABLE No 2.11 and FIG No 2.5). The
nitrite(ID) displaysva major absorption at gerr=4.27 together with
other signals, this type of spectrum being characteristic of
rhombically distorted octahedral symmetry. The azido-complex
displays a rather complex spectrum, which although suggesting a
regular structure, contains several unexplained absorptions not
consistent with either an octahedral or a tetrahedral structure. It

is possible that these two complexes may not be isomorphous with

TABLE No 2.11 X-Band E.s.r. Spectra of [{Zn(Mn) (N:Hde)2X21n / Gauss

X Centre of Major Resonances Operating
/gauss Frequencies/GHz

Cl 1275 vs, 3556 n, 9.550
5019 w

Br 1155 s, 3411 s, 9.536
5785 w

I 1152 s, 3403 w, 9.536
5761 w, 6680 w

NCO 3403 vs 9.537

NCS 3399 vs, 3441 vs 9.5%50

NCSe 3365 vs, 3408 vs 5.530

N, ~1580 m,~2700 vs 8.538
3411 vs

02CMe 3370 vs,3424 vs 9.550

NO2 (1) 3411 vs 9.550

NO2(II) 1825 vs,2858 w 9.545

3429 s, 5088 m
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FIGURE No 2.5 E.s.r Spectra of (Zn(Mn) (N2Hs)2X21n

2000 4000 6000
Field / Gauss
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their zinc hosts thus generating more complicated spectra than

expected.

2.5 X-RAY POVDER DIFFRACTION MEASUREMENTS

Spectroscopic data have shaown that two isomers of
'[Mn(F2He)2(NO2)21." have been isolated, the particular isomer being
determined by the nature of the manganese salt used in the
preparation. An X-ray powder diffraction study was carried out on
the two isomers to definitely confirm that they were genuinely
different species. Chromium K.-radiation was employed in the
diffraction experiments. The d - spacings were obtained by
diffractometer analysis of the resulting powder photographs. The
d spacings were subsequently indexed using a computer routine
developed to provide unit cell infomation from powder data.

This routine is based on combination theory and was developed
following the work of Taupin [168]1, the principles of which are
outlined below;

The following equation can be derived for the measured values
of 4,

1
(h/a)? + (k/b)2 + (1/ci2 (2.8)

A2 =

with planes hkl and Miller indices <(abc) (1691. This can be
rearranged for the program to;

Hi%A + Ki?B + L.2C + 2HK.D + 2K.L:E + 2L.H:F = Q 2.9
such that Qi = 1/d:?, A=a?, B=b?, C=c?, D=a.b, E=b.c and F=c.a; n =
1 to 1.

If N lines are measured it is possible to select the first n
lines equivalent to the number of unknowns and assigned indices

H:K:L: which satisfy the n equations produced above. The number of
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unknowns are the parameters needed to define the unit cell and will
be 1,2,3,4,6 for the crystal systems cubic, tetragonal and
hexagonal, orthorhombic, monoclinic and triclinic respectively.

The program starts with the first n lines and assigns H:, Ki
and L; values, computes the positions of all possibilities and
compares them with the input values. If fits between the calculated
and experimental can be found for all lines then a solution is
obtained. A series of checks such as unit cell volume and precision
are carried out and if the solution passes then it will be printed.
If a fit is not found the prbgranl systematically increases the
values of H:,, K. and Li, and if a fit is still not found the
program then makes trials for a system with lower symmetry.

To reduce the number of trials and the size of the calculated
tables certain symmetry conditions are applied, i.e. A4=B=C and
D=E=F=0 for cubic systems, and hence only a table of h*+k*+1? need
be computed for this system. Other restrictions of the type A>EXC
prevent treatment of equivalent cells related by permutation and
translation. Experimental error can also be accommodated.

The data obtained includes details of trials which have
failed, deviations between calculated and observed lines for
solutions found, with a figure of merit. Details of the unit cell

are given with the lattice type and the number of lines indexed.

TABLE No 2.12 Possible Unit Cells for [ Mn(N:H.)2(0F0)21.(I)

Cell a b c o B Y
) 7.560 13.661 4.517 90.00 90.00 96. 438
(i1 7.548 13.825 4.517 90.00 90.00 96.48

a,b,c values in 4, «,B,Y¥ values in degrees
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The program produced two very similar monoclinirc unit cells
for [Mn(N:H.)2(ONO)21.(I> of high merit (see TABLE No 2.12).As can
be seen the two calculated cells have very similar dimensions and
angles. It is cléar that as the cells have similiar merit ratings,
the true cell must have very similar values to these.

The data can be compared with powder diffraction results
obtained for [M(N:H.)2(NCS):]. (M=Zn,Cd,Mn) as reported by Ferrari
et al. [44] (see TABLE Ko 2.13). The isothiocyanate ligand is
expected to possess a broadly similar volume to the nitrite ligand,
even though the former is linear and the latter is non-linear.

TABLE No 2.13 X-ray Powder Data for { M(N:H.)(NCS)>:l. (M=Cd,Zn and
Mn) compared to that of [ Mn(F:H.)2(0NQ):1.(I).

[CA(N2Ha)2(NCS)2]n  [ZN(N2Ha)2(NCS)2]n (MN(NzHa)2(NCS)21n [Mn(NzHa)2(N02)21n(1)

a (i 7.28 7.14 7.21 7.56 7.55
b (4> 14.94 14.76 14.82 13.66 13.83
c (i 4,41 4.21 4,37 4.52 4.52
al*) 90. 00 90.00 30.00 90.00 90.00
g( 106.43 105.98 105.98 80.00 ©90.00
Y 90. 00 80.00 90. 00 86.48 96.27
Z 2 2 2

Z = number of formula- welghts in unit cell

Given the similarity of the unit cell dimensions, it can be
concluded that the unit cell of [Mn(N:Ho2(0N0>2]1.(I> contains two
monomer units, assuming a common M(N:Hs): backbone. The other
dimensions are broadly comparable given the differences between the

shapes of NCS. and KO:. The large b parameter observed in
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[ Mn (N2H,)2(ONO)212¢I) precludes the possibility of bridging ORO and
hydrogen-bonding between chains.
The computer program produced one monoclinic cell for

[ Mn(H2H.)2(0OND)214(II) of high merit (see TABLE No 2.14).

TABLE No 2.14 Unit cell Parameters for [Mn(N:H.)2(ONO):1.CII).
a b c o g Y

8.662 12.266 6.166 90. 00 90,00 104.79

The calculated values do not compare well with any reported
[M(N2Hs)2X2]1, unit cell parameters, so it is apparent that the
crystal structure is unlike those known for other [M(N:He 2Xzln
complexes.

Considering all spectroscopic and powder diffraction results
it 1is reasonable to suggest that nitrite isomer (I) |is
[ Mn(¥2Hs)2(ONO)2]~ containing C-unidentate nitrito ligands.

It 1s not possible to assign a satisfactory molecular
sfructure to isomer (II) on the basis of the characterisation data
presented. The very anomalous v(NOz2) frequency observed in the
infra-red spectrum indicates the NO: ligand to be in an unusual
coordination mode. It is possible that ¥O: is acting in a bridging
role between [Mn(N:H.):] chains, but given the lack of infra-red
correlation data on the more uncommon bridging modes of §0: it is

not possible to come to a definite conclusion.

2.6 OXIDATION OF [ Mn(N2H.)2X2]. COMPLEXES (X = 0.CMe, NO2)

Manganese, (along with chromium), has been implicated as a
possible homogeneous catalyst for hydrazine decomposition [16]1. In
proposed mechanisms of this catalysis, manganese is required to

display variable oxidation states in anhydrous hydrazine. As
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'maﬁganese(II) is well known to survive in hydrazine (see SECTION
2.2) we were interested in investigating whether manganese(II)-
hydrazine complexes could be oxidised to discrete ‘manganese(IIl)
complexes.

On contact with air, methanol 'suspensions of [ Mn(N2Ha)2Xz21n
(X=0:CMe, NO:(I)) were found to be susceptible to oxidation giving
intense brown solutions. Other complexes of the group [ Mn(N2H.)2Xzla
were found not to oxidise under similar conditions. Further
investigation of this process was limited to [ Mn(N:H.)2(0:CMe)2l..

Complete conversion of (Mn(N:H.)2(0:CMe)2l. into its oxidation
product was aciieved using Soxhlet extraction of a methanol
solution. No oxidation occurred when the extractions were run undér
nitrogen or carbon -dioxide indicating the necessity of dioxygen.
During the initial stages of reaction, solids could be recovered
that gave analytical results 1in Dbroad agreement Qith the
stoichiometry ([Mn(N:H.) (0CMe):l., i.e. the loss of one hydrazine.
but retention of the metal +2 oxidation state. Alsoc gas evolution,
presumably dinitrogen, is observed at this stage.

The subsequent brown solution product gave an electronic
spectrum which could be explained on the basis of the presence of

manganese(III) (see TABLE No 2.15).

TABLE No 2.15 Electronic Spectrum of [ Mn(N:H.)2(0:CMe).].
‘ Oxidation Product in Methanol Solution /nm.

577+1 (s,sh), 518 (w,sh), 487 (m,sh), 440 (m,sh), 403 (m,sh)
The electronic spectrum, which is typical of manganese(III) [170]

showed a charge transfer band rising in the UV, with d-d

transitions appearing as shoulders.



89

Solid products were isolated either by evaporating the solvent
to dryness or by addition of inert solvents (e.g. Etz0). The
infrared spectrum of the dried product showed the presence of
coordinated 0:CMe (v(CO.) ~1560 and 1410 cm', 6(CHs) 1330 cm’,
v(CC) 938 cmr', 6(0CQ) 661 cm', =m(COO> 615 cm™’) with the A& value
indicating the probable presence of bridging acetate ligands.
However no aﬁsorption bands were observed assignable to N:H. modes.

Elemental analysis of the isclated samples did not give a firm
indication of a discrete molecular formula. However a C:H ratio of
1:2 was readily apparent. It is probable, given the presence of
manganese (II1) aﬁd acetate, that the species formed are similar to
the well known { Mna(us-0) (p—02CR)6L3l** (L= O and N donors; x=0 or 1D
complexes [171]. In this case the determined C:H ratio could be
fitted to the molecular formula [ Mnas(us~0) (u—-0CMede(MeQH)sl (i.e.
C:H = 15:30).

Methanol solution e.s.r. spectra of the oxidised species
revealed a I=%/> hyperfine split gerr~2 (3408 G)> absorption
indicating the presence of manganese(II). Spectra of the known
complexes £ Mna (us—0) (u-02CMe )61 [ 02CMel . MeCO-H and {Mna (ua=-0) (pu-
0O:CMe)slsl (L=py and 3-Clpy> were investigated for comparative
purposes.

Complexes possessing d* electronic configurations are
generally e.s.r. silent, probably due td shart ~spi_n—lattice
relaxation times, together with large zero-field splittings [172].

As expected for [Mns(us-0) (u-02CMedel[0:CMel.MeCO:H in which
all the metal atoms are in the +3 oxidation state, no e.s.r.
spectrum could be recorded for a methanol solution..

Conversely, [Mn;(us—0){(u-0:CMe)s(3-Clpy)s] 1s a one-electron

reduced species which has been shown by X-ray crystallography to
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contain one discrete manganese(II) ian and two discrete
manganese(III) ions in the solid state [173]1. The methanol solution
e.s.r, spectrum 1is 1in agreement with this fof'mulation, an
absorption with I=5/> hyperfine splitting at grr~2 (3415+3 G) being
observed. In the solid state the complex [ Mns(us~0) (u~02CMe)e(py)sl
has been shown crystallographically to be rather different than the
3-chloropyridine analogue 1in that it contains 3 equivalent
manganese atoms, each thereby having a formal oxidation state of
+%/a [174]. The methanol solution e.s.r. spectrum of this -complex
shows a I=%/> hyperfine split absorption at gere~2 (3413%£3 G). The
spectra of the two pyridine adducts therefore appear essentially
the same indicating similar manganese(II) environments for each
complex in solution. On first inspection this would seem contrary
to the solid state structures deduced from X-ray crystallographic
analysis. However, 1t is possible that in methanol solution the
manganese atoms in [ Mns(us~0) (u-0:CMede(py)s] may be reorganised to
the discrete +2,+3,+3 pattern observed 1n solid [Mna{us-0) (u-
02CMe)s (3-Clpy)s]l. Alternatively, the manganese(II) signal observed
in both species may represent a rapid 'flipping' of a manganese(II)
character between the three atoms within the timescale of the
e.s.r. experiment (1074-10-® sec), in an averaged magnetically
equivalent MnsO moiety.

The above e.s.r., behaviour appears to be mirrored by the
{Mn(N2H()2(0CMe)2]1n oxidation product, a further indication that a
{ Mns (us—0) (u~02CMe)dsLal species may possibly be formed.

The fate of the hydrazine released is unknown. Analysis showed
no nitrogen remained in the oxidised solid and it is clear that
free hydrazine would reduce any manganese(III) centre because it is

known that addition of hydrazine to soclutions of [Mna(ua-0) (u-
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0:CMe)s] species causes rapid reduction to manganese(lI). The
evolution of gas observed in the initial stages of reaction
suggests hydrazine decomposition.

If this 1is so, it 1is interesting to speculate whether
hydrazine is involved in the oxidation process. One possibility is
that all hydrazine must be consumed before oxidation éommences.
This could be achieved by reaction with dissolved dioxygen which
would result in H.0 and evolved N:. However this would leave only
Mn(O:CMe): 1in solution which is known not to be susceptible to
atmospheric oxidation.

It is possible that hydrazine is acting as an oxidising agent
towards manganese(II), or is activating the manganese(II) centre
towards oxidation by atmospheric dioxygen. This is not impossible
as hydrazine is known to act as an oxidising agent towafds certain
transition metals <(e.g. rhenium (175], ruthenium ([176] and
molybdenum [1771, also see SECTION 1.2). The apparent cleavage of
hydrazine 1ligands from (Mn(B:H«)2(0CMe):z]n may be the rate-
determining step of the reactionm.

Although this reaction system remains to be fully understood,
it 1is clear that hydrazine is playing an important role in a
manganese (I oxidation. Normally, high-spin manganese (I1)
complexes are highly resistant to oxidation, a feature which has
been attributed to the éffect of the symmetrical 4s configuration
despite zero CFSE. However the presence of hydrazine appears to
overcome this stability. The ability of hydrazine to show oxidation
potential towards manganese(II) is a significant step in proposed
mechanisms for homogeneous catalytic decomposition of hydrazine. In

these models a combined chromium/manganese system is suggested to
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decompose hydrazine by succesive oxidation and reduction at

Mn(illl‘lll) and Cr(ll)/<lll) metal centres,



93

2.7 EXPERIMENTAL

Details of physical techniques and purificaticfn of solvents

and reagents appear in appendices 1 and 2.

2.7.1 PREPARATIONS OF MANGANESE(II)-HYDRAZINE COMPLEXES

a) catens-Dichlorodi- p-ﬁydrazinemnganese (I1) [(¥Mn(N:H.)2Cl:]1n
Anhydrous MnCl: (1.26 g, 10 mmol) was dissolved in methancl
(40 cw®). To this stirred solution was added a methanol
solution (20 cm®) of Nz:H: (0.95 cm®, 30 mmol). The white
product precipitated immediately and was filtered off, washed
with Me(QH, Et:0 and dried under vacuum.

b) catena-Dibramndi-p-hydrazinemanganese(II) [Mn(N:H.):Br:l.
As for (Mn(N2H«)2Cl2]ln but using MnBr: (2.15 g, 10 mmol) as the
mang;nese salt. Yield. (1.51 g, 77%).

c) catepa-Di-p-hydrazinediiocdomanganese(II) [¥n(¥:H.):I:1,
1> As for [Mn(F:Hs)2Cl2]., but using Mnl. (3.09 g, 10 mmol) as
the manganese salt.
1i) To a stirred methanol solution (150 cm®) of KNH.I (36.35 g,
0.251 mol) was added MnBr2.4H:0 (1.47 g, 5.13 mmol), (Mn:I
ratio = 1:48.9)., To this solution was added dropwise a
methanol solution of N:H« (0.50 cm®, 15.8 mmol), The white
product precipitated i.mmediately and was filtered off, washed
with MeOH, Et20 and dried under vacuum. Yield. (1.29 g, 68%).

d) catena-Diacetato-0-di-p-hydrazinemanganese(I1I)
{ Mn (H-H.) 2 (OCOMe) 21 n

Reaction of Mn<(0.CMe):.4H20 with N:H. in methanol resulted in

products that gave poor elemental analysis.



94

Suspension of Mn(O.CMe):.4H:0 (1.19 g, 5 mmol) 1in excess
liquid FN:He (15 cm®), resulted in rapid formation of the white
product. This was filtered off, washed with MeOH, Et:0 and
dried under vacuum.

e) catena-Di-p-hydrazinediisocyanato—~¥manganese (II)
[ ¥n (W:Hs) 2 (NCO) 214

To an aqueous solution (25 cm®) of EKNCO (4.25 g, 52.4 mmol)
was added dropwise an ethanol solution (50 cm®) of MnBr:.4H0
(1.45 g, 5.1 mmol). To the resulting reaction mixture was
added N-H. (0.50 cm® 15.8 mmol). The resulting white product
was filtered off, washed with EtOH, Et:0 and dried under
vacuum.

f) catena-Di-p—~hydrazinediisothiocyanato— ¥ manganese(II)
[ Mn (N-H,)2 (NCS)21.

To a stirred methanol solution (100 cm®) of NH.ECS (7.61 g,
100 mmol) was added a methanol solution (30 cm®) of anhydrous
MnCl: (1.26 g, 10 mmol). To the resulting reaction mixture was
added a methanol solution (20 cm®) of N2Hs (0.95 cm®, 30 mmol).
The resulting white product was filtered off, washed with
MeQH, Et:0 and dried under vacuum. Yield. (2.20 g, 94%).

g) catena-Di-p-hydrazinediisoselenocyanato—-¥manganese (II)
[ ¥Mn (N-H,) > (BCSe) 2],

To a methanol solution (130 cm®) of KNCSe (7.20 g, 50 mmol)
was added MnBr:.4H:0 (1.42 g, 4.95 mmol). To this stirred
suspension was added a methanol solution (50 cm® of RH.
(0.50 cm®*, 15.8 mmol). The resulting white product was
filtered off, washed with MeOH, Et:0 and dried under vacuum.

Yield. (1.54 g, 94%.
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h) catena-Diazidodi-p-hydrazinemanganese (I1) [ Mn(W:Hi)z(N3)2].
To a stirred aqueous/methanai solution (¢50/130 cm®) of Nals
(0.88 g, 152 mmol) was added MnBr:..4H.0 (1.43 g, 5 mmol). To
the resulting solution was added a methanolic solution (20
cm®) of N2He (0.50 cm®, 15.8 mmol). The white product
precipitated slowly’on stirring. This was filtered off, washed
with MeOH, Et:0 and dried under vacuum. Yield. (0.82 g, 81%).
D) catena:Dk p-hydrazinedinitritomanganese (I11) [ Mn(N:H.):(ONO):]1.
Isomer (I)
To a stirred metharol solution (140 cm®) of NaRO: (6.90 g,
100 mmol) was added anhydrous Mn(0:.CMe’). (1.73 g, 10 mmol). To
the resulting soiution was added a methanol solution (20 cm®)
of N2Ha €0.95 cm®, 30 mmol). A pale brown solid precipitated
immediately, was filtered off, washed with MeQOH, Etz0 and
dried under vacuum. Yield. (1.80 g, 85 %
Found: C, 0.97; H, 3.88; N, 37.8 (Calc for. [Mn(N:Hi)2(NQO2)21.:
H, 3.82; ¥, 39.82 %.»
The same product can be prepared by the substitution of MnBr:
for Mn(0:CMe)-.
Isomer (11D
To a stiArred methanol solution (100 cm®) of NaKNO: (6.90 g,
100 mmol) was added anhydrous MnCl: (1.26 g, 10 mmol). To the
resulting solution was added a methanol solution (10 cm®) of
NzHe (0.95 cm®, 30 mmol) dropwise. A pale brown solid
precipitated immediately, was filtered off, washed with MeOH,
Et20 and dried under vacuum., Yield. (1.68 g

Found: C, 0.86, H, 3.88; N, 35.9 %.
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J) Zinc diluted electron spin resonance samples
These were prepared as for the pure complexes, but using a
mixture of the appropriate zinc salt (10 mmol)' and manganese

salt (0.1 mmol, 1% dilutiomn).

TABLE No 2.16 Elemental Analysis of [ Mn(FzHe)2Xzln

Complex % Expected (Found)
C H N
{ Mn (N2Hs)2Cl21a 0.0 (0.0 4.25 (4.42) 29.50 (29.50)
{ ¥n (N2H4) 2Br2la 0.0 0L 2.89 (2.93) 20.09 (19.99)
[ Mn(F2Ha)212]n 0.0 (0.0 2.16 (2.29) 15.03 (15.23)

[ Mn (NzH)2(RCO) 214 11.83 ((11.7DL 3.97 (4.02) 41.39 (40.73)
[ ¥n (B2H4) 2 (HCS) 210 10.21 (10.21) 3.43 (3.2 35.73 (35.13
[ Mn (§2Hs) 2(HCSe) 214 7.30 (7.22) 2.45 (2.80) 25.55 ¢25.00
[ Mn (N2Ha)2(Na)2ln 0.0 0.5 3.97 (3.9 68.98 (68.95)

{ Mn (N2H.)2(02CMed21. 20.26 (20.10) 5.5 (6.10 23.63 (23.87).

2.7.2 DEUTERATED HYDRAZINE COMPLEXES

a) catena-Dichlorodi-p-hydrazinel?Hlmanganese(II) [ Mn(N:D.)>2Cl:1.
To a methanol-d» solution (5§ cm®) of anhydrous MnCl: €0.251 g,
1.99 mmol) was added N.H. H20-d¢ (0.20 cm® 4.12 mmol? dropwise
under N2, The white product precipitated i'mmediately. was
filtered off in air, washed with MeQH-d, Et:0 and dried under

vacuum. Yield. (0.36 g, 90%).
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b) catena—Dichlorodi-p~hydrazinel?Hlzinc(II) [Zn(¥2D.):Clz]n
To a methanol-d, solution (5 cm®) of anhydrous ZnCl: (0.234 g,
1.72 mmol) was added NoH..H.0-ds €0.20 cm®, 4.12 mmol) dropwise
under N.. The white product precipitated immediately, was

filtered off in air, washed with ¥eOH-d, Et:0 and dried under

vacuum. Yield. (0.33 g, 92%).

2.7.3 MANGANESE(III) COMPLEXES

a) ‘Manganese(III) acetate dihydrate Mn(OCOMe)..2H.Q' [1781
Hn(O:CHe):A}i:O (12 g> 1in glacial acetic acid (125 cm®) was
heated under reflux for 20 mins. The solution was cooled to
Jjust belaow the boiling point, then maintained at gentle reflux
by the slow portionwise addition of KMnO. (2.0 g>. The mixture
was heated undex_‘ reflux for a further 30 mins and then cooled
to room temperature. After water (45 cm®) had been added, the
dark solution was left for 16 hours to crystallise. The solid
was filtered off and washed several times with cold MeCO:H and
dried in a desiccator over calciuﬁ oxide.

b) Hexa-p-acetato-0, O-ps—oxotrimanganese (III, III,III) acetate
ethanoic acid [ Mns(u;-0) (p—0:CHe)sl*[0.CMel-, NeCO:H

The above compound 'Mn(0:CMe)s.2H.0' (5.0 g) was dissolved in
glacial acetic acid acid (50 cm®) containing 10% H20 and
heated to 100°C. The hot solution was filtered and on cooling
the dark brown product precipitated. This was filtered off and
dried under vacuum.

c) Hexa-p-acetato-0, O-ps—oxotris(pyridine)trimanganese (°/s, °/a ' 8/3)
[ M5 (ps—0) (u-0:CMe)s (py)al

The product 'Mn(0:CMe)s.2H:Q' (5.0 g)> and pyridine (5.0 cm®
were dissolved in ethanol (30 cm®). The solution was heated at

75° for 30 mins. The hot solution was filtered and allowed to
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cool to room temperature to yileld a dark brown precipitate.
This was filtered off, washed with EtOH, Et.0 and dried under
vacuum.

d) Hexa-p—acetato-0, O-ps—oxotris(3—-chloropyridine)-
trimanganese(III, III,II) [Mns(us—0) (p-0:CMe)s(3—Clpy)sl

This complex was prepared as for [Mna(us—0) (u~0:CMede(py)sl
except that 3-chloropyridine replaced pyridine at the initial
stage.
e) [Mn(N:H,>2(OCONe):]. oxidation product
The complex [Mn(N2H.)2(0:CMe)2ln (1.75 g, 7.4 mmol) was placed
. 1n a paper extraction thimble (3x10 cm) of a Soxhlet apparatus
containing methanol (75 cm®). The methanol was gently refluxed
in air for 72 hours. At the end of this time, all of the
[ Mn (N2H4)2(02CMe)21, had been consumed to give an intense brown
solution in the receiver flask. The resulting solution was
reduced In vacuo to dryness.
Elemental analysis: Found. C, 26.1; H, 4.52; N, 0.0 %. Calc.
for [Mna(us—0) (u-0CMe)s(MeOH)31: C, 28.5; H, 4.79 %..
If the reactioﬁ is stopped after a few hours of extraction and
the methanol in the receiver flask 1is cooled, the
precipitation of a manganese(II) solid is observed. This was
filtered off, washed with MeQH, Et:0 and dried under vacuum.
Elemental analysis: Found. C, 19.94; H, 4.40; N, 10.59 %
C:H:F = 2.18:5.75:1.00. Calc., for [Mn(N:Ha) (02CHed:la: C,
23.43; H, 4.92; N, 13.66 %. C:H:¥ = 2:5:1,
£) [Mn(N.H).(0N0):1, oxidation product
The complex [Mn(N:Ho)2(0RO0)21n(I> could be oxidised under

similar conditions to [Mn(F¥:H.)2(0zCMe):]l» using a methanol



99

Soxhlet extraction. No further characterisation was performed

on this system.
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CHAPTER Ko 3

THE HYDRAZINE - CARBON DIOXIDE SYSTEM AND ITS REACTIOKNS VWITH
CHROMIUMCII) AND (IID)
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THE HYDRAZINE -~ CARBON DIOXIDE SYSTENM

The reaction of carbon dioxide with hydrazine under aqueous
conditions initially leads to the formation of the \mo'lecular ion-
pair hydrazinium(l+) carbazate, [ N:Hs1{OCNHNH.1. Prolonged exposure
to carbon dioxide leads to the formation of carbazic acid
(hydrazine carboxylic acid) which most probably exists as the

- +
insoluble zwitterion Q.CNHNHa.

3.1 HYDRAZINIUM(1+> CARBAZATE

The kinetics of the interaction of carbon dioxide with
hydrazine has been studied by two groups. Staal and Fourholt [179]
showed that the reaction of K:H« with CO: in the presence of OH- led
to the formation of a 'carbamate' and carbonate ions. A rate
constant of 10%% was found for ‘'carbamate' formation. The
‘carbamate’ was thought to bhave the formula, NH.NHCO.". Caplaw
[180] whilst investigating the kinetics of carbamate formation from
amines, showed that the reaction of Nz:H« with CO: at 10° followed
the Bronsted relationship log kiaine (M'sec™™) = 0.48 pK - 0.20.
Acid-catalysed decarboxylation was fitted to the relationship
log ks (M'sec™™ = 0.77 pK + 3.6 at 10° between pK 1.05 to -5.

The compound [N-Hsl1{O:CNHNH.] 1is a viscous 1liquid, which
crystallizes only reluctantly after extended storage over
concentrated sulphuric acid under vacuum. This solid melts near
344K and is readily soluble in water. If heated in a sealed tube at
413K, it is partially conﬁerted to‘carbohydrazide, OC(NHNH2). [6].

Only a limited number of Group 1 and 2 carbazate salts have
been reported. LiO:CNHNH2.H.0 was prepared by reaction of LiCl with
[ NzHs1{0.CNHNH.] by Funk, Eichhoff and Giesder [1001. The

preparation of NaO:CNHNH: was reported in a patent and recommended
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as a sensitizer for light-sensitive materials [181]. Group 2 salts
have been characterised rather more fully. Thermagnesium salt,
Mg (O:CNHNH2)2.2H20 has ©been reported by several groups and
characterised by IR and thermal decomposition techniques [100,108,
1261. Two forms of Ca(0.CNHNHz2) have ©been prepared and
characterised by single crystal X-ray diffraction analysis
{115,128]1. The major structural features have been mentioned in
SECTION 1.5.

The hydrazinium(l+) carbazate system has been investigated in
the present work with the aim of preparing carbazate salts for use
in metal-carbazate reactions where the absence of free hydrazine
was essential. The strong ion-pair nature of [N:Hsl[OCNHNH:], which
was demonstrated by the inability to exchange the N:Hs* cation for
other desired cations, proved to be a severe practical difficulty.
Although a number of methods for the preparation of carbazate s'alts
of main-group and organic cations were attempted, none were totally
successful. The routes employed are summarised in TABLE No 3.1

The reaction of HO.CNHNH: with LiOH.H.0 (using an analogous
method to the preparation of lithium glycinate (182,1831), gave a
stable colourless solid product. Elemental analysis indicated the
molecular formula LiO.CNHNH:..H.0. The IR spectrum showed the
probable presence of carbazate and water (see TABLE No 3.2). The
spectrum was tentatively assigned by reference to the spectrum of
Cr (OCNHNH2)2.H20 (see SECTION 3.7.5 ). The carboxylate absorptions
are easily assigned (v(CO;) 1593 and 1504 cm', 6§(0CO) 832 cm',
n(CO0) 611 cm' and r(CO0> 481 cm') with the majority of remaining
bands assignable to NH vibratioms.

The compound Li0CNHNH..H.0 had been reported earlier by Funk,

Eichhoff and Glesder [100] but no infra-red data were published so
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TABLE No 3.1 Attempted Cation Exchange Reactions of
[ N2Hs1{ O.CNHNH.1*

i) H20
1) [Nz2Hsllcbzl(aq» + NaOH ———— 1insoluble viscous liquid, no
ii) Et0H evidence of Nalcbzl

Na* ion-exchange

11) (N2Hsllcbzl(aq ——— decomposition of carbazate on
column column
N2He, 0°

111) [ N2Hsllcbzl(aqy + PhePBr —— PhsP=0 formed, no evidence of
Nz, CO2 [ Ph.P1(chz]

NzHe, 0° v
iv) [NzHsllcbzl(aqy + PhuAsCl —— unidentified [Ph.As]* species
Nz, €02 formed

H20
v) [N2Hsll{cbzliaay + Cs2003 ——— colourless viscous liquid, no
evidence of Cslcbzl

NOTE * - OCNHEH:- = cbz-

comparison between their compound and the product prepared here is

not possible.

Li0H. H0 + HOCNHNH: m Li0-CNHNH:. H20 3.1
Nz

On exposure of a solution of BaCl:.2H:0 in anhydrous hydrazine
to a CO: atmosphere, a white crystalline solid formed. Elemental
analysis of this water-soluble solid indicated the molecular
formula Ba(O.CNHNH2)..N:Hi. The IR spectrum of the solid appears to
indicate the presence of both carbazate and hydrazine groups (see
TABLE No 3.3).

As with LiOCNHNH:.H.0, the carboxylate absorptions are easily

assigned. Two r(¥NHz) appear in 1000-900 cm' region which implies
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TABLE No 3.2 Infra-red Spectrum of Li02CNHNH:2.H:0 /cm'

Absaorption Assignment Absorption .~ Assignment
3382 m 1372 vs v(CIDO
3365 m v(NH) 1206 vw
3340 w,sh 1090 w b (FNHD
3295 w 1055 w
3215 w 995 w r(NH2)
2974 m 832 w 6 (0Co
2945 m H-bonding 611 w 7 (CCO>
2875 m 481 mw r (COO»
1637 m § (NH2) 416 w t (NH2>7
1593 vs va (CO2) 361 w
1504 vs Vs (CO2) .

TABLE No 3.3 Infra-red Spectrum of Ba(0:CNHNH2):2.N:H. /cm’

Absaorption Assignment Absorption Assignment
3350 s 1138 w

3282 vs v(NH) 1080 m,sh b(NH)?
3185 s 1068 s r (NHz2)
1646 m 6 (§NH2) 955 w r (NH2)
1596 vs va (CO2) 922 w

1524 s 821 mw §(0CO
1484 vs Vs (CO2) 726 m

1361 s v(CHD 587 s 7t (COO)
1266 w w (NH2)

1203 w

the presence of two hydrazine-derived épecies as would be expected
if carbazate and hydrazine were both present. Other absorptions are
tentatively assigned to further NH motions by comparison with other
hydrazine/carbazate species. Attempts to obtain single crystals of
this product for én X-ray structural determination were not
successful.

i) NaHa

BaCl..2H.0 —————— [Ba(0.CNHNH2).. N:H.] (3.2
ii) CO2
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3.2 CARBAZIC ACID, HO:CNHNH:

Carbazic acid was first reported as a colourless, hygroscopic,
sparingly water-soluble solid in 1904 by Stolleé an;l Hofmann (6].
When heated to 363K HO.CNHNH: lost CO: and formed [ N2Hsl[{OCNHNH:].
More recent DTA experiments [184] showed that decomposition begins
at 314K and becomes rapid at 357K. The same conversion can be
achieved by distillation of HO.CNHNH2. under CO. at ambient or
reduced pressure [6]. Carbazic acid has also been used as source of
anhydrous hydrazine. It has also been reported that heating a
suspension of HO.CNHNH: in MeCN at 408K produces a dilute solution
of anhydrous hydrazine [1841].

The thio- and selenocarbazic acids and their hydrazinium and
potassium salts have been well characterised by Anthoni et al.
(1851. The free acids are thought to exist in zwitterionic form.

Previous attempts to prepare anhydrous carbazic acid have not
been entirely successful. It was difficult to eliminate the last
traces of water, attempts to dry samples under vacuum at ambient
and elevated temperatures resulting in thermal decomposition.

In this work anhydrous HO:CNHNH: has been obtained by passage
of CO: through a cooled aqueous solution of N:H. for 12 hours. The
resulting white solid was filtered off under N» and then left to
stand over anhydrous MeOH for several days after which it was re-
filtered under N.. The resulting solid was dry enough to mull in
liquid paraffin and to pack into glass capillaries for study of its
IR and Raman spectra, respectively.

Additionally HO.CNHNH.-di was prepared in a similar manner, by

passage of CO: through a H:0-d: solution of N.H..H20-ds for 12 hours.
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3.2.1 VIBRATIONAL SPECTRA

The infra-red spectra of azCNHEHa and azCNDEDs were recorded as
paréffin and hexachlorobutadiene mulls and the Ramah: spectra as
-péwdered samples (see TABLE No 3.4 and FIG No 3.1). Solution
studies were not possible because of further reactions of the acid
in solvents in which it is soluble such as water and hydrazine.

Although 21 normal modes of vibration are expected for an
isolated O:CNHNH. molecule, the molecular geometry and hence point
group 1s unknown for carbazic acid, so any vibrational assignments
of the solid state spectra must be regarded as tentative.

The molecular symmetry will undoubtably be low and many of the
absorptions observed are unlikely to be associated with isolated
vibrations. Coupling with other modes giving vibrations of highly
mixed character is very probable. However, assignments have been
suggested by considering the predominant mode of vibration likely
to be associated with a particular vibrational band.

Carbazic acid is expected to be zwitterionic in the solid
state, as known for the isc-electronic amino acid glycine and
assumed for its thio- and seleno-analogues. However, comparison
with the vibrational spectrum of glycine [ 1861 has been found to be
of only limited wvalue. This lack of correlation is probably a
consequence of increased hydrogen bonding in carbazic acid relative
to glycine. The spectra of azCNHﬁHa and azCNDEDa are therefore
complex, especially in the v(NH) and & (NH2) regioms.

Assignments have been made by comparison with (i) coordinated
glycinate and acetate for the carboxylate derived vibrations, and
(11) hydrazinium(l+) and <(2+) and coordinated carbazate anion

spectra for the N-H derived and skeletal vibrations.
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The carboxylate absorptions are most readlly assigned by a
consideration of their 1low deuteration shifts and their
insensitivity to variation in the nature of adjacent gf‘o;lps.

Five carboxylate normal modes are expected, but these may be
split by the extensive hydrogen-bonding present and by solid state
effects. There are two (CO2) stretching modes, an 0CO deformation,
a COO out-of-plane bend and a COO rocking .mode.

In glycine, the two v(CO2) vibrations occur at 1610 and 1415
cm'. The sgpectrum of 52CNH§H3 contains a number of strong
absorptions in this region, that at 1668 cm’' being the most
intense. On deuteration only one broad band appears at 1627 cm',
an isotopic shift ratio of 1.03. The v.(CO2) mode is assigned to
these absorptions.

The corresponding vs(COz2) vibration can be expected to be
lower in frequency than w(COz), e.g. a reduction of between ~160
cm' (Na*O.CMe™) to ~326 cm' (Na*0:CCBrs~) [187] . Suitable bands for
assignment as v,(COz2) appear at 1476 and 1351 cm'. On deuteration
only one band appears 1n this region, a particularly intense band
at 1373 cm'. This may indicate coincidence between w(CO2) and a
skeletal vibration expected to lie in this region. A similar effect
s seen the IR spectrum of Cr(0.CNDND2)2.D:0. No corresponding
v (CO2) Raman bands are seen in this region, but the skeletal
vibrationv shifts on deuteration from 1465 cm' to the coincident
band at 1367 cm'. Therefore v.(CO2) 1s assigned to the band at 1351
cm’ in 6zCNH§H3 shifting to 1373 cm' on deuteration.

The remaining carboxylate bands can be assigned by reference
to bands present in acetate and glycine spectra.

The 6(0CO) band is found at 646 cm' in NaO:CMe (188] and

- +
694 cm' in O0:CCHzNHs [186] (NOTE: this band is assigned in the
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orginal work as w(C00), with 6(0CO) appearing at lower frequencies.
As shown for the acetate anion, only three carboxylate modes are
expected below 700 cm™; 6(0C0), =n(COQ) and r (CO0), ~so this may
indicate a confusion in the description of the vibration). In the
IR spectrum of azCNHﬁHa, a strong absorption appears at 656 cm™’.
However no corresponding band appears in the spectrum of 62CND§D3,
indicating significant NH character associated with the vibration.
A deuteration-insensitive absorption does, however,appear at higher
frequency (838 cm' in E)zCNH%Ha, 817 cm' in azCNDEDa). As no NH-
derived absorptions are expected in this region, these absorptions
have been assigned to §(0CO>. A high frequency §(0CD) was also
found in the IR spectrum of Cr(Q.CNHNH2)2.H:0 at 802 cm’.

The n(COO> band in NaO:CMe appears at 615 cm' [188], and at
607 cm' in (SzCCHz;Ha (186). An intense absorption in BZszfma at
586 cwm' in the IR with a Raman counterpart at 579 cm™', appears to
shift on deuteration to 581 cm'. This isotopic shift ratio of 1.01
confirms an assignment of these bands to w(COQ).

The final carboxylate band, r(C00), occurs at 460 cm' in
NaO.CMe [188] and 504 cm' in 6200H2§H3 [186]1. A strong absorption
appears at 514 cm' in the IR spectrum of 62CNH§H3, but no band is
found near this frequency in deuterated carbazic acid, so the band
is assigned to t(NHz). However, a further deuteration-insensitive
absarption occurs atA 380 cm' in azCNH;I.Ha. which may be assignable
to the true r(C0OQ) vibration.

Assignment of NH-derived bands is hampered by the lack of
firm, well-founded assignments of these bands in closely related
molecules. Thus, assignments of v(NH) bands in hydrazinium salts
are uncertain. For example, the vibrational spectrum of N:HsCl was

completely assigned by Schettino and Salomen (1891 wusing
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deuteration studies, but comparison with the assignments proposed
by Milicéur and Marek (1901 for the vibrational spectra of N:HsF
and N:HeCl: is confused by their differing descriptiox\lsv of the HNH:/
NHs* modes. Despite these difficulties it is possible to make some
general comments concerning -NHNH.* absorptions.

The -NHs* moiety can simply be assumed to vibrate in a similar
manner to -CHa. Therefore nine normal vibrations can be associated
with 1t. These can be described as three NH stretches, three
deformations, a wagging, a rocking and a torsional mode. In
addition, there will be three vibrations from _fche ~NH- bond; a NH
stretch and two bending motions. It is expected that some of these
vibrations will be mixed and it is unlikely that 12 pure NH/NHas*
vibrations will be observed,

In BzCNH;Ha the NH stretching region 1is complex, with six
major broad bands extending from 3226 to ' 2524 cm', and an
additional band at 2102 cm'. Undoubtedly some of these absorptions
arise from hydrogen-bonding within the solid state lattice. Raman
spectra reveal only three bands in ;his region. On deuteration nine
bands are found in the corresponding ND stretching region, both in
the infra-red and Raman spectra. Therefore it is not possible to
distinguish  between fundamentals and hydrogen-bond-derived
absorptions in these regioms.

Three 6(NH2) vibrations are expected and can be assigned to
the group of absorptions found at 1579, 1553 and 1539 cm'. On
deuteration, these absorptions appear to shift to a multiple
absorption centred at 1163 cm', an isotopic shift ratio of ~1.35.

The w(NH2) bands of N:Hi are found at 1324 and 1283 cm'. A
vibration of comparable frequency is found at 1331 cm’' in N:HsF

although it was not assigned to a wagging mode by the authors
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{190]. The IR spectrum of 6=CNH§H3 contains a band at 1264 cm™', the
Raman spectrum only showing a band at 1329 cm'. On deuteration, a
very weak IR band at 1042 cm' with a Raman ccunterpﬁft of medium
intensity at 1045 cm' can be assigned to w(NH2), the isotopic
shift ratio being 1.32.

The r(NH,) absorptions of BN.H: and coordinated N:H. appear
~100-200 cm' below the wagging motions and can be assigned in
EhCNHﬁHa to the strong band at 1224 cm'. On deuteration the band is
found at 948 cm’', an isotopic shift ratio of 1.29.

A weak absorption at 1116 cm’' is likely to be a NH derived
vibration, possibly b(NH) as absorptions present in this region for
coordinated carbazate spectra have been assigned to this mode. A
second b(NH) 1is expected from the above simple treatment of the
-NH-NH> system and may contribute to the mainly skeletal absorption
observed at 1003 cm' in the IR spectrum of EhCNHEHm

The t(NHz) vibration in glycine occurs at 519 cm’ [186],
while in the spectrum of N:HsCl it has been assigned to a band at
435 cm' [189]. A deuteration-sensitive absorption in 62CNH§H3
appears at 514 cm' in the IR, its deuterated analogue being found
at 343 cm’'.

Two pure skeletal vibrations are expected. These can simply be
described as v(CN) and wv(¥N).

The antisymmetric vibration (v(CN)) is readily assigned to a
band at 1476 cm' in the IR spectrum of 620NH§H3 with a medium
intensity Raman counterpart at 1465 cm'. This band shifts on
deuteration to 1375 cm' to become coincident with w(C02). A
skeletal description for this band is suggested by the intense

Raman counterpart at 1365 cm™’.
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The symmetric vibration (v(RN)) is difficult to assign to a
particular absorption. As indicated before, the absorption present
at 1003 cmr' in the IR spectrum of Bzcnnﬁna appears to 'be shifted on
deuteratioﬁ to 992 cm', an isotopic shift ratio of 1.01. A further
skeletal vibration of 6;CNH§H3 appears at 1264 cm' and shifts on
deuteration to 1202 cm', an isotopic shift ratio of 1.05. This
situation is similar tb that found in the vibrational spectrum of
N2Ha. So-éalled v(NN) in N:H. is found at 1098 cm’',but is known not
to be a pure vibrational mode, the rs(NH2) vibration also
containing a high proportion of skeletal character.

Several unassigned absorptions remain in the spectra of
azCNHEHa and Bzcmai?m. They all appear to be deuteration-sensitive
to some degree, but are found in regions (i.e. below 800 cm™")
where pure NH vibrations are not expected, if comparisons are made
with spectral data for N:H. and NzHs*.

In summary, a provisional vibrational assignment for 6ﬂCNH§Ha
has been attempted using deuteration methods. However, many
assignments are uncertain as a consequence of confusion over the
vibrational assignments of hydrazine derivatives in general. More
assured assignments will only be possible when the configuration
and point group of the molecule in the solid state is known and the

nature of the hydrogen-bonding present is clarified.
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TABLE No 3.4 Vibrational Spectra of O:CNHNH: and O:CNDNDa /cm™

- +
Q2CNHNH;
IR RAMAN
3226 vs 3320 a,br
My
3072 av,br
2959
2859 n
2729
2628 vs,br
2524
1668 vs
1631 s
1615 o¥
1603 5
1579 s
1553 5 1552 v
1839 s,sh 1535 v
1476 s 1465 av
1351 s,br
1329 vs
1264 5 1262 v
224 vs 1225 a
1116 v
1003 ns 996 s
838 s,br
780 s T4 w
728 v
656 vs p43 ¥
586 vs 579 a
S s
380 vs

- +
O=CNDNDs

IR

U3
2383 5,br
2335

2253 s,br
2

2148

2117 5,br

2079
2030 as

1627 vs,br

1163
1152 »,sh

1373* vs
1373* vs
1042 vv
1202 »

948 nw

992 n
885 s
817 s
698 vs
543 5
581 s
343 s,br

372 as,sh

RAMAN
2423
2369 aw,br
2345

2244 w,br
2212

2165 av
2133 au,br
2102 aw,br
2070 v
2020 w,br

1625 w

1155 a

1367* s
1367* 5
1045
1202 nv

947 nw

930 v

877 a

812 vw,br
-691 vw,br
536 w,br

570 vw,br

H/D ratio Assignment

1,33

1,21

1,01

KNH) + WNHa)
+

hydrogen-bonding

va(C02)

§(NHa)

skeletal stretch
ta(C02)

¢(NHa)

skeletal stretch
r{NHz)

bNH}

skeletal stretch ¢+

b(NH) ?
?

§(oco)

1(C00)
L(NHa)

r(co0)
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- +
TABLE No 3.4 (cont) Vibrational Spectra of 0:CNHNH:
and OCNDNDs; /cm'

OzCNHﬁ:Ha OzCNDﬁDa H/D ratio Assignment
IR RAMAN IR RAMAN )
359 s 350 av
304 vs .
208 aw 303 v,sh lattice modes
269 a N s 258 v,sh
225 s 236 v,sh

- + - +
FIGURE 3.1 Infra-red Spectra of 0.CNHNH: and OCNDKDs

il

- +
0:CNHNHa

- +
0.CNDHDa

LS LA T

4000 2000 1400 800
_ Vavenumber/cm
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3.3 CHROMIUM(II)>-HYDRAZINE CHEMISTRY
3.3.1 BACKGROUND

The reactions of hydrazine with chromium(II)’ épecies has
received less attention than comparable reactions employing other
first-row transition metal ioms.

In 1913 Traube and Passarge [191] reported the preparation of
the surprisingly air-stable pale 1lilac compounds [Cr(NzHs)2X2la
(X=C1,Br,I). Hein and Bahr claimed that the reaction between Crl:
and N:H. gave a red solution. Evaporation of this solution under
various conditions gave Crl.(N:H.o) . (x=6,4,3). The reaction of the
latter compound with water apparently gave Cri(OH).l.(NzHi)s(H20)6,
~an unlikely formulation (192]1. Reaction of the compound with
ethanol gave a similarly unlikely Cr2(0Et)2I.(N:He)s. These workers
alsa found that the reaction of CrCls with N:H. produced a red
solution similar to that formed by Crlz. This observation was
rationalised as a reduction of Cr(III) to Cr(II) by hydrazine.
Fazlur-Rehman and Malik reported (193] the formation of the
tris(hydrazine) complex [CrCl:(NzH.)s].3H20, for which an anomalous
room temperature magnetic moment of 3.4 BM was reported.

The most reliable work 1s that reported by Earnshaw,
Larkworthy and Patel [194] who confirmed the stoichiometry of
{Cr(NzHs)2X21n and found these compounds to be isostructural with
other divalent first-row transition metal-bis(hydrazine) complexes.
These complexes have also been reported by Kauffman and Saugisaka
(1951, who prepared [Cr(NzHa)2Cl2]n by reduction of
[Cr(OH2).Cl21C1.2H:0 with Na/Hg amalgam and subsequent reaction with
N:Hey, and by Aliev (1961 who reported the preparation of

(Cr(¥:Hue)2X21n (X=Cl,Br,I,%(S0.).
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Recently, CrF: has been shown [197] to react with N:H. to give
impure [Cr(N:Hs)2F21n, a complex unstable at room temperature.

In additionm, the chromium(II) hydraziniu‘m sulphate,
(N2Hs)2Cr (S0.)2 has long been known to be stable towards atmospheric
oxidation, X-ray powder diffraction studies [198] revealing it to
be 1isostructural with (N2Hs)2Zn(SO.)2 1in having coordinated

unidentate hydrazinium and bridging sulphate ions [199].

3.3.2 THE BIS(HYDRAZINE) COMPLEXES [Cr(NzHs)2X21. (X=Cl,Br)

The complexes [Cr(Nz2He)2X2l1n (X=Cl,Br) have been prepared in
this work by the addition of bhydrazine to aqueous-ethanolic
solutions of chromium(II) chloride or bromide. These solutions have
been prepared by the reaction of aqueous hydrogen halide with
chromium metal in ethanol under nitrogen (3.3), a method first
employed by Lux et al. [200] and subsequently used by Fackler and
Holabh ([201]. The hydrazine complexes precipitate immediately, and

once dry are stable towards prolonged atmospheric exposure.

EtOH, 4 341],]
Cr + 2 Hi(aqy ™ [Cr(0H2)elX> + Z2N2H¢ —— [Cr(N:Hs)2X21n
Nz N2 3.3

It was observed that some reaction products contained hydroxide
impurities. This was thought to arise from a competing reaction in
which N:Hs attacks a coordinated H:0 molecule forming a Cri'-QH
species which is then subject to atmospheric oxidation producing
chromium(III) hydroxides.

The reflectance electronic spectra of the complexes as
reported by Earnshaw et al. [194] indicate that the octahedral
geometry 1is extensively distorted in a tetragonal manner, the d4d-d4

transition energies being independent of halide. This result
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implies that the mutually trans chromium-halide interactions are
very weak, the geometry being almost pseudo-square planar.
Crystallographic data for [M(NzHo)2Clzl. (M=Mn,Zn) [24, 45] show that
even in typical complexes of this type the metal environment is
approximately D« with long M-Cl bonds. The additional Jahn-Teller
distortion present in the chromium(IIl) species would magnify this
structural distortion to the point where the MX bonds could be
regarded as semi-ionic in nature.

The vibrational spectra of [Cr(N:H.)2Xz2]. are similar to those
of other [M(N:H.)2X2]1, species. Earnshaw et al. [194] assigned the
spectra following the arguments of Sacconi and Sabatini [23]. The
revised assignments listed in TABLE Ko 5.5 are based on the
approach of Sathyanarayana and Nicholls [141]1. The spectral range
has been extended to 200 cm’, previ‘ous spectra only being recorded
to 400 cm'.

Assuming Czn local symmetry <(see SECTION 2.3), Group Theory
predicts two IR active v(MN) bands and for [Cr(NzH.)2Xz]. (X=Cl,Br
two such bands can be assigned. The v(MX) bands are expected to
appear below 200 cm' as a result of the weakness of the M-X bonds

as discussed above.

3.3.3 ATTEMPTS TO PREPARE [Cr (NzHu)2(¥CS)21n

To complement the known complexes [Cr(NzH.)2X2ln (X=Cl,Br, D),
attempts were made to increase the range of anions coordinated to
the [Cr(N:Hs)2] backbone, as had been achieved with the analogous
manganese complexes (see CHAPTER No 2).

The preparation of [Cr(N:H.)2(NCS):]ln was attempted following a

successful procedure developed for [Mn(N2Hs)2(NCS)>:l.. This involved
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an anion exchange in solution, with additional precautions being

essential in view of the ease of oxidation of chromium(II).

TABLE No 3.5 Infra-red Spectra of [Cr(N:He)zXzln /cm!

X Cl Br I Assignment
3237 3226 3192
3200 3102 3175 v(NHa)
3125 3125 3003
1613 1608 1592 § (NHa)
1572 1570 1555
1357 1350 1344 © (NH2)
1326 1326 1325
1218 1221 1221 v (N
[ 3
1199 1102 1186 r (NH)
068 961 048
656 644 624 t (NHz)
612 601 594
427 420 ~400 v (M)
346 338

NOTE * - from ref. 194

Addition of an ethanolic solution of potassium thiocyanate to
[Cr(OH2)61Cl: resulted in the formation of soluble KalCr(NCS)sl,
(following Larkworthy et al. [2021)., However, subsequent addition
of hydrazine induced oxidation and precipitation of a pink
chromium(III) species, as shown by reflectance electronic
spectroscopy (spectrum of oxidised product /nm ; 545 (s,br), 410
(s, br), assignable to ‘Az 4 4Tzg »and 4+ *T;g transitions
respectively) (3.4).

ELOH
Cr + 2 HClcaqy —— [Cr(OH2)6¢lCl: + SKNCS —— Ks[Cr(NCS)s]
N2
NzHe

———— splid chromium(III) (3.4)
compound
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Hydrazine 1is apparently acting as an oxidising agent towards
chromium(II) in this reaction. The nature of the chromium(IID)

product was not explored.

3.3.4 ATTEMPTS TO PREPARE [Cr(Nz2H.)2(BF4)2]n

The reaction of aqueous tetrafluoroboric acid in ethanol with
HCl-activated chromium metal wunder nitrogen resulted 1in the
formation of royal blue '[Cr(OH2)el(BF.l2' (solution electronic
spectrum showed one broad peak at 694 nm assignable to the ®Eg -
5T2¢ transition)., Activation 6f the metal by treatment with HCliaa»
allows the tetrafluoroboric acid to react by providing an oxide
free surface. This compound and the hexafluorophosphate analogue
could provide useful chromium(II) starting materials in reactions

where non-coordinating anions are required (3.5).

Cr + 2 HBFia —-———-)EwH '[Cr(OH2)6] [ BFil2' ceram> (3.5
N2

It was hoped that the addition of hydrazine to this solution
would allow the formation of hydrazine complexes with a higher
N:H.:Cr stoichiometry than 2:1 as shown by [Cr(N2Ha)2X2]n (X¥=halide).
There 1s precedence with other divalent first-row transition metals
forming [M(N2H4),.12* (x=3 or 6) [25,26]. However, the addition of
N:He to [Cr(OH2)¢l1{BFsl: under N: resulted in the rapid precipitati’on
of a dark lilac solid, which was shown by reflectance electronic
spectra to be a chromium(IIIl) species (see TABLE No 3.6)

As further evidence that oxidation had occured, it was found
that the addition of FN:H«e to deliberately air-oxidised

(Cr(OH2)61[BF.]2 caused the preciptation of a solid with similar
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electronic spectral and magnetic susceptibility properties
confirming the presence of chromium(IIl) im the product (see TABLE

No 3.6 and SCHEME 3.6)

TABLE No 3.6 Comparison of Electronic Spectral and Magnetic
Susceptibility Properties of the Products of
Chromium Tetrafluoroborate-Hydrazine Reactions

Reaction product Electronic Spectrum Magnetic Susceptibility

/nm /x10"¢ cm® g~'
Cr(BFo)2 + N2Ha 571(s, br), 409 (s, br) 23.11
oxidised Cr(BF.): 574 (s, br),412(m. br) 24.12
+ N:H,
chromium(III) complex
NzHa
N2
(Cr(OH2)6][BF.]2 : NaHa (3.6
02

chromium(III)-BF. species

Infra~red spectra of the products show several absorptions
assignable to hydroxy- and tetrafluoroborate vibrations (e.g. v(OH)
3280, 6(0Hz> 1605, v(BF) 1040, §(FBF) 520 cm'), but no bands which
could be assigned to coordinated hydrazine. The product is likely
to be a hydroxy-bridged chromium(III) complex.

The 1lack of hydrazine coordination tawards chromium(II)
tetrafluorobeorate suggests that oxidation is a more
thermodynamically favoured process than the formation of a

[Cr(¥2H)el1?* cation.
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3.3.5 THE CHROMIUK(II) ACETATE-HYDRAZINE REACTION PRODUCT,

tCr2 (P-02CMe) 4p—N2H* )3,

The reactionof Cr2 0 2dte>4 (OH2)2 with hydrazine in
deoxygenated ethanol under nitrogen gives the orange-red air-
sensitive solid [Cr2 (/i-02CMe) 4<j!-N2Ei) ]In.

The essential diamagnetism (xee* = 1.09x10"* cms g"’', Ji.M =
0.57 Bit per Cr at 296K), reflectance electronic spectrum (see TABLE
No 3.7) and infrared spectrum (see TABLE No 3.8 and FIG No 3.3)
support a structure in which the quadruple metal-metal bond of the
hydrate is retainedbut axialbridging hydrazine replaces the water
ligands generating a chain of alternating dichromium(II) and
hydrazine units as in [Crz2 (p—Q2CJte)s (ji-pyrazine)]n C2033.

The complex can be compared with the known Cr2 (p—o2Cltes (NHs):2
C2041 where the two ammonia molecules replace the water ligands in
Cr2 (02CMe) * (0OH2)2. This compound is very weakly paramagnetic (jurt =
0.6 Bt at 295 K) and displays a diffuse reflectance electronic
spectrum typical of a quadruply banded dichromium(II) species (513
(s,br), -345 (s,vbr), 270 (s,br) /nm).

The diffuse reflectance electronic spectrum of

[Cr2 (p—-02CMe) 4 (p-NeHa) 1In is compared with that of Cr2 (p—o2CMe)s (o H2)2

FIGURE No 3.2 Proposed Structure of CCrz (p-o2CMe)s (Ji-NeH.d) In
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in TABLE No 3.7. Soloﬁen et al. (2051 have concluded that both
major bands I and II are derived from orbitally degenerate (E)
electronic states assuming an approximate Di«n symmetry for the
molecule. It was concluded that I and II were associated with § -

n* and npx + n* transitions respectively.

TABLE No 3.7 Diffuse Reflectance Electronic Spectra

L = OH: % (N2Ho) Assignment*
' 486 s,br 478 s, br I
469 w,br 462 w,sh
445 w,sh
390 w,sh
347 s,sh 360 s,sh
326 vs 333 vs II
294 vs

*-see text for assignment description

The 1infra-red spectrum of (Crz2(u-0CMe).(u-N2H]1n displays
absorptions assignable to both coordinated O:CMe and N:He (see
TABLE No 3.8 and FIG No 3.3). The infra-red spectra of [(Crz(p-
0:CMe)«(OH2)2] and a typical bridging hydrazine species [M(NzHa)2Xzln
have been used to provide reference data.

Both wv(NN) and r.(NHz) have lower frequencies than normally
found in bridging hydrazine complexes (e.g. v(NN) (Crz(u-02CMe),(u-
N:Ho)1a = 1162, [Cr(p-Nz2He)2Clz2ln = 1218 cm'). This could be a
consequence of coordination to the Crz** moiety. There is some
uncertainty over the specific assignments of v(CC) and r.(NH2)
which occur in the same region. In [Crz(u-0:CMe).(OH2)2], v(CC) is
assigned to a weak absorption at 966 cm'. In [Cr2(u-0CMe).(u-
N.H4)1, the same vibration appears at 961 cm'. This leaves r,(NH2)

to be assigned to a weak sharp absorption at 926 cm'. Such a
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frequency would normally be characteristic of unidentate hydrazine
coordination, but the band position may again be influenced by the
Crz** centre. This also implies that use of the frequéncy of r.(NH2)
vibration as a indicator of hydrazine coordination mode may not be

valid in all cases.

FIGURE No 3.3 Infra-red Spectrum of [Crz(u-0:CMe).(u-NzHs)]n

T T T

4000 . 2000_ ‘ 140_0 800 _ 200
Vavenumber/cm™’

A band at 469 cm' has been assigned to v(CrN) as no
absorption is present at this frequency in the spectrum of the
hydrate. The same vibration has been reported at 475 cm’ far

[Crz(}l‘OzCMe)A (HHa)z] [204].
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TABLE No 2.8 Infra-red Spectra of [Cr2(u-0:CMe).Lz] (L=0H:,%(N2Hs))
Major bands /cm!'

L = OH: % (N2Ha) Assignment
3493 m
3373 m v(OH)
3275 n
3175 sh
3444 mw v(¥H2)
3316 mw
1576 s 1595 vs va(CO2) +
. § (OH2) oré (NH2)
1476 s 1453 vs vs (CO2)
1420 ms 1433 sh 6§ (CHs»
1413 sh
1349 m w{(NH2
1162 m (¥
1125 s r«(NHz)
1047 m 1049 s r (CHs)
1029 m 1032 vw
966 w 961 vw, br v(CC)
026 w ra (NH2)
680 m 679 s § (0CO)
624 mw 621 m t (CO0)
469 m v(MD
407 m 402 s v(NOD
384 m 384 m,sh

3.4 CHROMIUM(III)-HYDRAZINE CHEMISTRY
3.4.1 BACKGRQUND

Very few chromium(III)-hydrazine complexes have been reported.
The interaction of Cr2(C204):.6H20 with hydrazine has been reported
by several Soviet workers [206-9]. The hydrated chromium(IID)

oxalate was reported to react with hydrazine in ethanol to give the
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complex Cr2(Cz04)3.4N:H..4H20. Reaction of the oxalate with N.H.
vapour  additionally gave Crz(Cﬂh)a.7N}HhIhO' as well as
Cr2(C204)3. 4N2Hs. 4H:0 [206]1. Thermal decomposition of these compounds
was claimed to give the further chromium(III) oxalate-hydrazine
species; Cr2(C204)3. 6N2Ha and Cr2(C204) 3. 2N2Ha [209]. These
formulations indicating the presence of both hydrazine and water
are suspect as it is probable that internal proton transfers would
occur, forming hyrazinium(l+) and hydroxide species.

The complex [Cr(N:H.)2(Cl10.)21C10. has been reported to be
produced from the reaction of [Cr(OHz)el (C104)3 with Nz2Hs [210]. The
complex is said to be reasonably stable with low friction and
dropweight sensitivities to explosive decomposition.”

The chromium(III) fluoride-anhydrous hydrazine system has been
investigated by Glavic, Slivnik and Bole [(197]. Anhydrous CrFs; was
found to be inert towards anhydrous hydrazine, but reaction with
CrF3.2Hz0 or M:CrFs (M=NH. or N:Hs) resulted in the formation of air-
sensitive Cr(H:H4)sFa, It was aiso reported that in N2H..H20, CrF:,
CrF;,2H20 and MsCrFe gave non-stoichiometric addition compounds
containing CrFz, N2H« and H20. Again it 1is 1likely that these
compounds contain hydroxide species given the presence of hydrazine
and water.

In addition, the complexes Cr (02CMe) 3 (NzH4) 3. H20 and
CrCls(NzHs)5.2H.0 have been reported (1961 by Aliev but little if
any characterisation was carried out and the actual existence of
complexes of these stoichiometries must be said to be qOubtful._

Hein and Bahr in their work on the reactions of chromium(II>
iodide with hydrazine (1921, also reported that addition of

hydrazine to CrCls; caused an explosive reaction with gas evolution,
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but if CrCl, was added slowly to excess hydrazine, a less violent

reaction occurred to give a red solution.

3.4.2 REACTION OF (Cr(OH2).C1l:1Cl1.2H:0 VITH HYDRAZINE

The reaction of (Cr(OH2).Cl:1Cl.2H.0 with N:Hi was found to
glve hydroxide species rather than chromium(III)-hydrazine
coordiration compounds. This occurred whether anhydrous or aqueous/
alcoholic solutions of hydrazine were used. Thus, the interaction
of hydrazine with the chromium(III) metal centre appears to proceed
as a simple acid-base reaction, whereby in the presence of water,

hydroxide formation occurs.
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3.5 CHROMIUM(II> AND (III);HYDRAZINE SOLUTION CHEMISTRY

As chromium has been implicated as a possibleicatalyst for the
homogeneous decomposition of hydrazine, an investigation of the
behaviour of chromium(II) and -(III) in anhydrous hydrazine was
undertaken.

As indicated in "the background sections earlier in this
Chapter, previous work reported on chromium-hydrazine chemistry has
not been particularly definitive, apart from the preparation of the
chromium(II) complexes [Cr(NzH.)2X21n (X=Cl,Br,I). In particular no
information 1s available on the relative stabilities of oxidation
states of chromium in hydrazine solution. As part of a PERME
investigation [2111, Ratcliffe assumed that when anhydrous CrCl:
dissolved in anhydrous hydrazine, the metal +2 oxidation state was
retained, but little direct evidence was presented to support this
assumption. Following this, it was proposed that dissolution of
CrCls 1in anhydrous hydrazine effected a rapid reduction to
chromium(II).

In view of the suggestion that chromium and manganese ions are
involved in an internal redox couple when leached from stainless
steel by anhydrous hydrazine and, further, that this couple is
implicated 1in the catalytic homogeneous decomposition of the
solvent, 1t was thought necessary to investigate which oxidation
state(s) of chromium survive in anhydrous hydrazine.

Anhydrous CrCl: and CrCls were employed as the sources of the
+2 and +3 oxidation states of the metal and solution electronic
spectra, conductiometric and magnetic susceptibility measurements
were used to determine the resultant oxidation state(s) of the

solution products.
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Both anhydrous chromium(II) and -(III) chlorides dissolved in
anhydrous hydrazine to give deep red solutions oﬁ standing. This
mirrors the observations of Hein and Bahr (192] who‘reported that
dissolution of both chromium(II) iodide and chromium(III) chloride
in anhydrous hydrazine gave red solutions. Both reactions are
exothermic with considerable gas evolution. Initially CrCl:
dissolved to give a pale violet solution which rapidly converted

into the final red solution product.

3.5.1 ELECTRONIC SPECTRA
The solution electronic spectra of CrClz, CrCls and
Cr(O:CNHNHz):.2H20 1in deoxygenated hydrazine were recorded under
" nitrogen. The very closely related spectral prpfiles of the
solution products obtained from both CrCl: and CrCls starting
materials suggest that identical or at least very similar species
exist in both solutions (see TABLE 3.9 and FIG No 3.4). However,
these solution spectra although similar to each other are not
typical of octahedral chromium(III) as displayed by
Cr(0.CNHNH2)5.2H20 in N:H. solution. This observation led to the
original suggestion that reduction of chromium(III)> chloride had
taken place [211].

TABLE Fo 3.9 Solution Electronic Spectra of Chromium Species in
Anhydrous Hydrazine /nm

CrCl: CrCl; Cr (O2CNHNH:)3. 2H20
694 w,br,sh 698 w, br,sh 700 vw,sh

525 s,br 532 s,br 522 s,br

387 s,sh 390 s,sh 402 s, br

364 s,sh 356 s,sh
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3.5.2 CONDUCTIOMETRIC MEASUREMENTS

Conductiometric measurements  were perfo;med on 103 M
solutions of CrCl: and CrCls in hydrazine under ﬁitrogen. The
hydrazine used was purified by distillation from CaH. to ensure the
absence of water. It was found that conductivity measurements of
salts in 'propellant grade' hydrazine (~1-5 % H:0 present) gave
values inconsistent with the presence of 1:1, 1:2 or 1:3
electrolytes. Hydrazine purity was assessed by specific
conductivity measurements. Values 1less than 5x10-® Q'cm' were
considered to be acceptable for further work. Typical reference
values for 1:1, 1:2 and 1:3 electrolytes were obtained by measuring
the conductivities of a number of salts as 10~ X solutions in the
same batch of pure hydrazine. The conductivities of solutions of
CoCl: and NiCl: in anhydrous hydrazine were also measured for
comparison with the values reported by Nicholls et al. [25,26].
From the results presented in TABLE No 3.10, acceptable ranges for
1:1, 1:2 and 1:3 electrolytes can be suggested (see TABLE No 3.11).

The A. values determined for CrCl: in N.H suggest ‘that
reduction is uﬁlikely to have occurred, the chromium remaining in
the +3 state in solution. The molar conductance values are somewhat
higher than those of the 1:3 reference electrolyte, probably due to
impurities produced when CrCls is added to NzH., this being a
highly exothermic process. Hawever, the As values suggest that a
species such as [Cr(¥zHs)¢l3*.3Cl- is the major soluticn product. It
is possible that the exothermicity and gas evolution occurs because
of some catalytic decomposition of hydrazine, although no

decomposition products could be detected.
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The An values determined for CrCl: and [Cr(N:H.):Clzl. in N:H.
are considerably lower, being only slightly above the values of

typical 1:2 electrolytes. Therefore although electronic spectral

TABLE Fo 3.10 Conductivity Measurements of Dissolved Salts in
Anhydrous Hydrazine.

Compound Concentration Conductivity Molar Conductance, Ax
" /107 mol 17 / 10-4Q-'cm! / Q'm2?Kmol-!
Me.NI 1.000 1.210 11,96
KI 0.994 1.283 12.83
Sr (NOs)- 1.011 1.401 . 21.46
CaCl: 1.017 1.711 23.73
1.017 1.496 22.56
NiCl: 1.049 1.320 19.78
' 1.049 1.255 19.72
[Co(NHs)elCls 1,043 2.318 32.70
CrCl: 1.123 1.910 25,70
1.212 1.867 25, 47
(Cr(NzHs)2Clz]. 0.978 1.488 24,76
CrCls 0.998 2,372 36.60
1.029 2,482 37.53

TABLE No 3.11 A Values for Reference Electrolytes in Anhydrous

Hydrazine. -

Electrolyte type Nn 70 'mr2Kmol-
1:1 12 £ 1
1:2 21.5 £
1:3 33

evidence suggests that identical oxidation states are present in
these solutions irrespective of whether chromium(II) or -(III) is

employed, the nature of ions generated seems to differ. This is not
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unfeasonable since dissolution of CrCl: can at most only generate
two chloride anions. A solution species such as
[Cr(B:H.)s(NHNH2)]2%*.2Cl- is a possible solvolysis product.

The An values determined for 10-°¥ CoCl: and NiCl: solutions
although numerically different to those reported by Nicholls et al.
(25,261, do indicate 2:1 electrolytes when compared to the other
2:1 reference electrolytes measured in this work., It 1is therefore
suggested that (M(F¥2Hu)el?*.2Cl- (M=Co,Ni) are likely to be present
in these solutions and, indeed, [Co(N:H.)>¢lCl: has been isolated as

a solid from hydrazine solution {25].

3.5.3 MAGNETIC SUSCEPTIBILTY MEASUREMENTS

Magnetic measurements were carried out using the Gouy method
and Evans nmr method [211A] on solutions of CrCl: and CrCls in
hydrazine to complement the conductiometric study. As a reference,
the magnetic susceptibility of a solution of CoCl: in hydrazine was
also determined.

There have been no previous reports of the magnetic
susceptibilities of transition metal ions in hydrazine solutionms,
although Nicholls et al. (25] reported a solid state magnetic
susceptibility of [Co(N2Hs)6l1Clz, the species almost certainly
present in solutions of CcCl: in hydrazine.

It was assumed that the susceptibility of the solid complex
and its solution in hydrazine would be identical. Therefore
comparisons could be made of the susceptibilities of the cobalt and
the chromium soiutions.

The magnetic moment of (Co(N:Ho)elCl: was reported to be
4.92 BM at 290 K which corresponds to a mass susceptibility of

31.86x10"¢ cm’g™'. Using this value, magnetic susceptibilities of



131

CrClz and CrCls in N:H: can be calculated as 14.82 and 11.93 x10-¢
cm’g™' respectively (see TABLE No 3.12). —

In order to avoid any assumptions concerning the.nature of the
species present in the solutions, only a comparison of

susceptibilities was attempted.

TABLE No 3.12 Magnetic Susceptibility Measurements of Salts in
Anhydrous Hydrazine at 296K.

Compound Concentration X / 10°¢ cmg™’
/ mol 17

CoCl: 0.7814 31.86*

CrCl: 0.8349 14,71 -
0.7340 14.93

CrCls 0.8949 11.64
1.0855 12.22

*—assumed value from solid state compound (see text)

High spin octahedral cobalt(II) complexes (d” ; 3 unpaired
eléctrons) have magnetic moments in the range 4.8-5.2 BM at room
temperature, rather than 3.8 BM expected from spin-only
considerations. The increase is due to a temperature-dependent
orbital contribution. Therefore given similar molecular weight
species 1in solution, cobalt(II) could be expected to have
susceptibility values of similar magnitude to high-spin octahedral
chromium(II) species which also have magnetic moments close to 4.9
BM.

The results obtained show that the susceptibility values are
not similar to those of CoCl: and so it 1is unlikely that the
chromium solutions contain four unpaired electrons per metal ion as

expected for high-spin octahedral chromium(II)
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The values determined ‘for the CrCl:-N2H. solutions were
consistently slightly greater than those found fér the CrCls;-N:H.
system. This is presumably a consequence of generating.a species of
smaller molecular mass 1in the CrCl: reaction. However, the
susceptibility values are sufficently in agreement to suggest that
at least most of the chromium ions are present in the +3 oxidation
state irrespective of the chromium chloride used.

The Evans nmr method for determining magnetic susceptibility
has the advantage that only dilute solutions are required and no
reference value is required for the calculation of a susceptibility
value. Therefore it is possible to test the assumption that the
so0lid state susceptibility value of [Co(NzHe)elCl2 is unchanged when
in hydrazine solution.

Solutions <(103M) of CoClz, CrCl: and CrCls in anhydrous
hydrazine were prepared and their magnetic susceptibilities

measured by the Evans method (see TABLE 3.13).

TABLE 3.13 Magnetic Susceptibility Measurements of Salts in
Anhydrous Hydrazine as determined by the Evans nmr
Method at 296K.

Compound Concentration  Frequency X / 10°¢ cm®g™’
/107°xg cm® Separation/Hz

CoCl2 4,144 30.0 57.0
5.356 43.7 62.8

CrCla | 5.148 15.7 23.7
1.8%52 5.9 24.7

CrCls 3.664 7.6 15.8
3.700 7.2 14.9

The usual frequency shift indicator, tetramethylsilane (TMS),
was found to be insoluble in hydrazine. As an alternative indicator

the methyl resonance of methyl cyanide was used. Only a small
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volume (~0.01 ml) of MeCN was added to each solution, as larger
additions caused partial precipitation of the dissblved species.

The susceptibilities show the same general trends as those
determined by the Gouy method, the chromium solutions having much
lower susceptibilities than those of the CoCl:-N:H: solution. Also
the CrCl:-N:H. solutions have slightly greater susceptibilities
than the CrCls-N:H. solutioms. |

The susceptibilities of the CoClz-N:H. solutions are greater
than those obtained by the Gouy method. Assuming that cobalt(II)
is an octahedral environment (and thus has an effective magnetic
moment of 4.8-5.2 BM), a species of lower molecular weight than
[Co(N2Hs)61Clz would need to be proposed‘to account for the high
susceptibility value.

Assuming that [Cr(N:Hs)slCls is the dominant species in the
CrCls-N:Hs solutions, a magnetic moment of 3.7 BM can be calculated
from the susceptibility value. This is in good agreement with the
spin-only value of 3.88 BM for octahedral chromium(III) systems.

The higher susceptibility value for the CrCl.-N:H. solutions
implies that a species of lower molecular weight than [Cr(N2Hs)sl1Cls
is the dominant complex in solution. Given the presence of residual
water 1n  anhydrous hydrazine, it 1s conceivable that hydroxide
lons could be generated which may replace one or more hydrazine
ligands in the coordination sphere , thus producing a lower

molecular weight species in solution such as [Cr(N2H.)sOHICl:.

3.5.4 CONCLUSION
The above evidence indicates that chromium(II) is oxidised to
chromium(III) on dissolution in hydrazine. Therefore the stable

oxidation state of chromium in anhydrous hydrazine is +3.
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This conclusion implies that hydrazine must be acting as an
oxidising agent towards the powerful reductaﬁt chromium(ID).
Presumably, the species obtained by the reduction of hydrazine will
_be ammonia although no evidence of its formation was found. There
is a precedent for this proposal, VWells and Salam [212] reporting a
kinetic study of the reduction of hydrazine in perchloric acid by
chromium(II). However the conclusions drawn from that work have
subsequently been questioned by two groups of workers [213,214].

As discussed in SECTION 1.1, thermodynamically, hydrazine is a
good oxidising agent but due to the high activation energy involved
in the breaking of the RN-N bond it rargly behaves as an oxidant.
Also the oxidation of chromium(II) appears to conflict 'with the
well established stability of the complexes [Cr(NzHs):2X21n (X=Cl,Br,
I). However, it 1is worth noting that these complexes cannot be
prepared from a chromium(III) source in hydrazine and their
stability owes more to their polymeric structure than the oxidising
ability of hydrazine with respect to chromium(II), It should also
be pointed out that these complexes have been isolated from aqueous

or alcobolic hydrazine solutions, and not from anhydrous hydrazine.
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3.6 ATTEMPTED ISOLATION OF CrClz.- AND CrCls-N:H. SOLUTION SPECIES
3.6.1 ISOLATION

In an attempt to elucidate more positively the ﬁature of the
chromium species present in hydrazine solution, attempts were made
to isolate solid products from the solutions. Unstable hexakis-
(hydrazine) species can be isolated from divalent first-row
transition metal ion-N:H« solutions, either by reduction of solvent
volume or by addition of inert solvents to aid precipitatiom.

Two isolation techniques were employed in this work, similar
to those reported for the isolation of [M(N2HoelX: (M=Co.Ni) [25,
26], 1.e. (i) direct evacuation of the chromium-hydrazine solutions
and (ii)> addition of organic solvents followed b& evacuation.
Technique (ii) was fﬁund to be more effective. Addition of either
excess ROH (R= Me or Et) or MeCN to concentrated chromium-hydrazine
solutions (>1M) causes the precipitation of dark red oils.
Evacuation of these oiis under high vacuum 1left gelatinous,

hygroscopic, red solids.

3.6.2 DIFFUSE RELECTANCE ELECTRONIC SPECTRA

The reflectance electronic spectra of the isolated solid
CrCls;-N:Hs species appear to be dependent on the extent of
evacuation.

The spectra of the solids show more typical octahedral
chromium(III) profiles than those of the solutions (see TABLE No
3.14>. After isolation, the “Ax; - 4Ty transition (w) of the
freshly isolated solid (I) is now resolved as a peak instead of
being just a shoulder on an intense charge-transfer absorption.
After prolonged evacuation to give solid (II), the maximum of this

peak appears to shift to 357 nm. However, if this peak is correctly
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assigned as v, a B value of 930 cm' can be calculated. This value
is clearly impossible, being greater than the Cr3 free ion value
(918 cm'), so the 357 nm band is more likely to be of charge-

transfer orgin.

TABLE No 3.14 Electronic Spectra of the CrClis-N:Hs System /nm.

N2Hacsor'mo I II Assignment

698 (w,sh) 710 (w,sh) 691 (w,sh) 2B, 2T ¢ “Azg
832 (s,bm 520 (m 521 (w 4T2g ¢ *A2g, Wi
3%0 (s,sh) 379 (&) Tig & *A2g, W
364 (s,sh) 357 (s) charge-transfer?
18800 19200 19200 Ao / cm’?

660 706 B/ cm?

0.72 0.77 B

246 239 calculated v /nm

(‘Tlg + ‘AZQ)

I - precipitated oil, II - oil after 72 hrs evacuation.

W = A.. B, B and w3 values were calculated using a computer
program based on Transition Ratio Tables published by Lever (2151
(see APPENDIX No 3.

Assuming that in solution chromium is present as [Cr(N:Ha)el2*, the
A, values can be compared to other related chromium(III) species.
Cr(NHs)6®* shows absorption bands at 464 and 351 nm [216] of which
the first is w, hence 4. = 21550 cm'. From these B and B values of
652 and 0.71 can be calculated. Similarly Cr(en)s** shows a 4. of
21850 cm' and B and 8 values of 615 and 0.67 can be calculated.
The CrCls-N:Hs species have lower A, values suggesting the
introduction of ligands of higher electronegativity e.g. H20 or CH-
into the coordination sphere, (c.f. Cr(NHs)s(H0)3*,A, = 20800 cm';

Cr(NHs)s(OH)2*, A, = 18700 cm™).
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Analysis of the spectral data indicates an increasing
electronegative environment (increasing B and. 8> around the
chromium(III) cation on evacuation. This may be related to the
apparent loss of hydrazine from the coordination sphere of the
metal with possible replacement by hydroxide species.

The CrCl:-N:H. system appeared to exhibit similar behaviour on
evacuation, although this system was not investigated further using

diffuse reflectance electronic spectroscopy.

3.6.3 VIBRATIONAL SPECTRA
The IR spectra of the two isolated species were recorded as
liquid films between FaCl plates. It was not possible to mull the
dried solids in liquid paraffin because of their gelatinous nature.
The IR spectra of the two solids resemble each other (see
TABLE FNo 3.15), an indication that the same or a very similar
ligand set, presumably mainly N:H., is present in both species.

TABLE No 3.15 Infra-red Spectra of isolated Chromium-Hydrazine
Species / cm'.

from CrCl: from CrCls Assignment
3400-3200 (s,br> 3200 (s,br) v(NH), v(OH)>?
2625 (m, br 2600 (m, br)

1610 (s) 1610 (s) 6 (NH2), 6§ (OH2)?
1385 (w) 1410 (w,bry> . w(NH2)

1290 (w,sh) 1300 (w,br)

1100 (s 1105 (s,br r (NH2)

945 (m 945 (m)

Assuming hydrazine to be involved in the ligand set, the type

of hydrazine coordination present can be proposed using the rs(NH2)
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absorption as a guide (see SECTION 2.3). The observed r.(NHz) bands
are found towards the lower end of the bridging ﬁydrazine range.
These absorptions also have shoulders on their 1oﬁer frequency
edges falling in the unidentate coordination range. This evidence
is, perhaps, indicative that each product contains both unidentate

and bridging hydrazine ligands.

3.6.4 ELEMENTAL ANALYSIS
CrCls-N:Hs Product

The Cr:Cl ratio was found to be 1:2.99 indicating that no
chloride is lost on reaction of CrCls with N.H., followed by the
removal of excess hydrazine. Considering the overall results a
molecular formula of Cr(Nz:Hs)«Cls.H:0 is indicated. A better fit to
the experimental results 1s achieved 1if the Cr:N;H4 ratio 1is
reduced to the non-stoichiometric 1:3.8. The suggested presence of
H.0 is not unreasonable given the hygroscopic nature of the product

and the consequent handling difficulties.

CrCl.-N:Hs Product

The Cr:Cl ratio is 1:2.20 also indicative of no loss of
chloride on reaction and isclation. An overall formulation is more
uncertain than for the CrCl. species, as the nature of the third
anion required for charge balance on oxidation from chromium(II) to
(III) is unknown. As the presence of H.0 is suspected in the CrCls
reaction product, a possible additional anion could be hydroxide. A
molecular formula which fits the analytical results is
Cr(N2Ha>sCl2.0B.H20, but there 1is little other evidence to justify

such a formulation.
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3.6.5 REACTIONS OF THE CHROMIUM-HYDRAZINE SPECIES

In the hope of isolating more easily charactérised compounds,
attempts were made to react the 1isoclated solids with 2,2'-
bipyridyl. It was felt that replacement of the N:H. ligands by
2,2'-bipyridyl would occur and this would have the conceivable
advantage of allowing the identification of the third anion in the

CrClz.-NzH. system (3.7).

Cr(NzH4)xXClz + 3 bipy —— [Cr(bipy)s1XClz + xN:H. 3.7
X = C1 or unknown anion

Unfortunately, no ‘reaction occurred when the CrCl.-N:H. solid
species was reacted with 2,2'-bipyridyl in anhydrous MeCN, even
after heating under reflux for 16 hours. It was expected that the
CrCl.-N:H. species would similarly remain inert to substitution, so
this approach was not pursued further.

As an alternative approach, the isolated CrClz- and CrCls;-N:H.
solids were reacted with CO: in the presence of NHi, It was
anticipated that the products would be stable carbazato-complexes
and once again the nature of the unknown third anion may be more
easily elucidated (3.8,

NzHe

[Cr (N2H4)61XCl: = Cr (O2CNHNHz) L¢3+ 3.8
(02

The solids were separately dissolved in N:Hs and CO: was
passed slowly through while maintaining the temperature at -~0°C.
The reactions were continued until the solutions had become too
viscous for <further passage of gas. Electronic spectiral data
suggest that chromium(III) carbazates had been formed (see TABLE No

3.16), but exact stoichiometries are uncertain.
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TABLE No 3.16 Diffuse Reflectance Electronic Spectra of Cr-N:H.-
CO; Reaction Products / nm. :

CrCls product CrCl. product Cr (0.CNHNH.) 5. 2H20
693 (vw)

579 (s, br) 510 (m, br) 512 (s,br)

387 (m.br) 361 (s,br) 366 (m, br)

3.6.5 CONCLUSIONS

No well-defined discrete solid compounds have been 1isoclated
from either the CrCl:z-anhydrous N:He or CrCls-anhydrous N:H.
systems. As hydrazine is removed by evacuation, the Cr:N:H: ratio
of the products decreases. It is probable that in anhydrous
hydrazine, chromium forms a soluble hexakis(hydrazine) species,
[Cr(Nz2Hua)s]3 1in common with a number of divalent first-row
transition metal ions M2* (M=Mn,Co,Ni). However, on isolation at
least some of these ligands are lost and the hydrazine remaining
successively changes from a unidentate to a bridging coordination
mode. This would 1imply a final product of stoichiometry
[CrCls(NzH4)1.sln, assuming the presence of terminal chlorides. From
the above evidence there is no indication that this formulation is
achieved, loss of hydrazine becoming progressively more difficult
to achieve.

The identity of the CrCl.-N:H. species isolated is open to
speculation. It 1is probable that using the work-up conditions
employed hydroxide may have provided the extra anion required for
oxidation of chromium(II)> to (III), i.e. I[Cr(W:2H.elCl2.0H. In
strictly anhydrous hydrazine systems, the possible presence of

either NH:- or NHNH.” exists.
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The acidic nature of the chromium(III) cation <(pK.~4) may
preferentially promote acid-base reactions with hydrazine rather
than Lewis acid acceptor behaviour. Also water, whiéh acts as an
acid within the hydrazine salvent system, would exist almost

exclusively in the form of OH" (3.9).
¥-H¢ + H0 —— WHs* + OH (3.9

Chromium(III) would thus form strong bonds with hydroxide in
preference to hydrazine coordination and generate a kinetically
inert hydroxo-complex, which may account for the product observed.
Also coordinated hydrazine may be subject to deprotonation in the
manner of chromium(III) aquo complexes;

0%
[(HzOhCr\ ,Cr(OHz2) 414 + 2H:0

CH
[Cr(DHz2)sOHIZ*
-H*

[Cr(OH2)el® e===2 [Cr(OH.)sOH]?* (3.10)
e
[Cr(0H2)61%
OH }
[ (H0)sCr” NCr(OH2)sl5* + Hz0

A combination of hydrazine and hydroxide ligands could lead to

hydroxide bridged polynuclear complexes;

OH
[ (HaN2)oCrl SCr(FoHo Wl + 2NH,
\N_7Z
OH
[Cr(N2Ha)s0HIZ®
-H*
[Cr(¥zH)el? + H:0 == [Cr(N:H.)sOHI?* + N:H. (3.1
+H*
[Cr(N2Ha)e 13
OH

[ (HaN2)sCr” “Cr(NeHo)s1%* + NaHa
The possibility of bridging hydroxide groups could imply partial

spin-pairing of adjacent metal d electrons as observed in other
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hydroxide-bridged chromium(III> amine complexes such as 1in
[ (NH3)sCr-OH-Cr (NHa)s1Xs [217]. This may explain ;hy the solution
magnetic susceptibility values are 1lower than \expected -for
octahedral chromium(III) species.

The oxidation of chromium(II> by bulk hydrazine contrasts
sharply with the stabilization of this lower oxidation state by
N:H. and N2Hs* in the complexes [Cr (u-N2H4)2Clz2]4 and
[Cr(N2Hs)2(S042]. It is noted that these complexes are insoluble in
all solvents which do not destroy them. However, in this work it
has been shown that (Cr(RzH.)2Cl:ln undergoes oxidation in bulk
hydrazine in line with the behaviour of CrCl: itself. It is
probable that the rapid formation and resultant insolubility in
reaction solutions assists the retention of the chromium(II)
oxidation state,.whereas if soluble these complexes would probably
undergo rapid oxidation. This proposal is further illustrated in

chromium(II) carbazate chemistry (see SECTION 3.7).
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3.7 CHROMIUM(II)>-CARBAZATE CHEMISTRY
3.7.1 BACKGROUND

As chromium, 1in conjunction with manganee‘;e, has been
implicated as a possible homogeneous catalyst towards hydrazine,
the investigation of the CrCl.-N:H. system was extended to include
reactions with [N:Hs1[O:CNHNH:] and §H3NHC62. The carbazate anion is
known to be present in hydrazine which has been exposed to CO: and
would be a logical ligand for those variable oxidation state metal
ions thought to induce homogeneous decomposition of the solvent.
Chromium(III) is known to form a stable carbazate [15,100] but no

reactions of carbazate anions with chromium(II) have been reported.

3.7.2 PREPARATION

The reactions of either [Cr (OH2)s1X2 (¥=C1,Br)  or
[(Cr2(0:CHe)«(OH2)2] in aqueous solution with [N:Hs1{O.CNHNH:] results
in the novel, air-stable mononuclear lilac chromium(II)> complex,
Cr (0CFHNH2) 2. H20.

Analytical data cannot easily distinguish between
Cr**(0:CNHNH2)2.H.0 and the hydroxo-bridged ([Cr''*(0.CNHNH2)2(OH)]:.
Hence characterisation rests with other physical measurements.

The atmospheric stability of this new complex is in marked
contrast to the analogous glycinate complex, Cr(0:CCH2NH2)2.H:20
which in common with the majority of mononuclear chromium(ID)
compounds, is extremely air-sensitive (218,219].

The complex [Cr(0CNHNH2):.H:0l. can be prepared from several
chromium(II) startiag mater;als and aqueocus [N2Hsi[OCNHNH2l (see
(3.11).

The reaction of ([Cr2(0:C¥e).(0H2)2:]1 with aqueous [NzHsl-

[ OCNHNH2] under N. producing Cr(0:CNHNH2)2.H:0 is a particularly
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interesting reaction because it involves cleavage of the quadruple

metal-metal bond to yield a mononuclear species.

[ Cr2(02CMe) « (OH2) 2]
[Cr2(0CMe)(u-N2HadJn
[N2Hs 1[02CNHNH=1
CrCl.. 4H20 ——————— Cr (OCNHNH:).. H20 (3.1
H20,N2

CrBr..6H20

[CrXz(u-NzHuo)2ln (X=Cl or Br)

The stability of Cr(0:CNHNH2)..H.0 on exposure to normal
laboratory atmoséheres, a feature also shown by [CrXz(u-N2Hed2ls,
contrasts with the oxidative potential of hydrazine towards -
chromium(II)>. This dichotomy "is observed in the formation of
Cr(0:CNHNHz2)2.H20. The addition of chromium(II) to [ N:Hsl{O.CNHNH:]
initially results 1in a dark ©blue solution from which
Cr(0.CNHEH2)..H>0 rapidly ©precipitates. Prolonged contact of
insoluble Cr(0.CNHNH2)..H20 with a solution of [N:Hs]{O.CNHNH.]
results in dissolution and oxidation to form a bright red sclution
from which air-stable chromium(III) carbazate can subsequently be
isolated (see 3.12). The rate of this oxidation appears to depend
on the concentration of (Nz2HsJ{O.CNHNH:1.

In solution, such as when dissolved in excess
{ N2Hs]1 ([ O:CNHNHz2] (aqy, the chromium(II) centre is susceptible to
oxidation by N:Hs or N:Hs*. The successful isolation of
Cr(0:CNHNHz2)2.H20 therefore depends on its rapid formation in
solution and resultant insolubility.

Wzl
[Cr(QHz)sl?* + 20 N2Hsl1{ O.CNHNH2] ———— Cr (C.CNHNH2)2. H20
€02
{NzHs1{02CNHNH-]

—— Cr(0.CNHNH2)3.2H0 (3.12)
H=0
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3.7.3 MAGNETIC MOMENT AND ELECTRONIC AND X-RAY PHOTOELECTRON

SPECTRA :

Magnetic susceptibility measurements indicate a high-spin d*
electronic configuration (xcex = 45.01x10°¢ cm’g™'; perr = 4.87 BM at
206K). This also indicates a mononuclear environment for the
chromium(II) centre. Comparison with the magnetic properties of
Cr(0CNHNH2)3.2H20 and Cr(0:CCH:NH2)2.H.0 is shown in TABLE No 3.17.

TABLE No 3.17 Magnetic Susceptibility Measurements of Chromium
Carbazate and Glycinate Species.

Complex Xeoxx107¢/cmPg™'  Mare / BM T/7 K
Cr(0.CNHNHz2)5.2H0  19.19 3.82 295
Cr (0O:CNHNH2) 2. H20 45.01 4.87 296
Cr (0CCHzNH2) 2. H20 41.60 4.61 295+

*» - taken from ref. 220.

TABLE No 3.18 Reflectance Electronic Spectra of Chromium Carbazate
and Glycinate Species.

Complex Spectrum / nm.
Cr (OCNHNH2) 5. 2H20 698 (vw), 523 (s), 395 (m), 261 (vs)
Cr (0.CNHNH2) 2. H20 551 (m, br),~400 (w,sh), 275 (vs)
02 exposed
Cr (0:CNHNH2) 2. H20 561 (s,br>, 404 (m, br), 367 (m br
' 277 (vs)
Cr(0.CCH.FH.>2. H20 833, 614»

*» - taken from ref. 220,

Although once isolated Cr<(0.CNHNH2):.H:0 appears air-stable, it
is subject to slow surface oxidation. Thus, the reflectance spectra
of samples stored under nitrogen are distinctly different to the
spectra of samples exposed to air for several weeks. The spectra of

the former are identical to those of fresh samples, whereas the
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latter contain peaks attributable to the presence of chromium(IID)

(see TABLE Fo 3.18 and FIG Xo 3.5).

FIGURE FNo 3.5 Reflectance Electronic Spectra of Chromium Carbazate
Species.

. Absarption

T T 1

200 400 600 800
¥avelength/nm
ke a-Cr (0:CNHNHz) 5. 2820 b-Cr (0-CNHNH2) 2. H20

- ¢-0z exposed Cr<0.CNHNE:).. H.0
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The electronic spectrum of Cr(0O:CNHNH»)..H:0 shows the metal
environment to be greatly distorted from tetragonally distorted
octahedral chromium(II)., For example [Cr(0OHz)¢l12* in fNH4>zCr(SO‘)z—
6H:0 shows the 5Eg,5Bzg ¢+ 5B;; transition at 714 nm (14000 cm®
{2211, However in Cr(0.CNHNH2)..H:0 this transition occurs at 551 nm
(18200 cm’). In the analogous glycinate complex, Cr(0CCH:NHz):.H:0,
where a similar 1ligand set could be expected, this tramsition
appears at 614 nm (16300 cm'), so there must be a considerable
distortion from regular octahedral symmetry. Square planar
chromium(II) complexes exhibit major bands at lower frequencies
than octahedral complexes e.g. Cr(O:PPhz)2.H:0 at 495 nm (20200
cm') [2221, It is clear that the symmetry of Cr(0:CFHNH2):.H:0 is
nat regular octahedral or even Jahn~Teller tetragonally distorted
octahedral. The spectrum is markedly similar to those of
[Cr(N2Hs)2X2]n (X=Cl1,Br, DD complexes which show their major
transition at ~570 nm (17500 cm') [194]. As discussed earlier in
this chapter <(see SECTION 3.3), the structure of the latter
complexes can be described as pseudo-square planar with
additionally two extremely long mutually trans-halide ligands.

The X-ray photoelectron spectrum of Cr(0CNHNH2):.H:0 also
indicates the presence of surface oxidation. The binding energies
displayed by Cr(Q:CNHNH2)..H.0 were insignificantly shifted with
respect to those of Cr(0.CNHNH2)s.2H20 (see TABLE No 3.1%9).

Additional evidence for the presence of a chromium(II)
oxidation state in the complex arises from solution electronic
spectroscopy. Although Cr{(0.CNHENHz)2.H.0 1is insoluble in all
solvents with which it does not react, it is possible to react it
with a non-oxidising aqueous acid to give a solution without change

in metal oxidation state. Thus, decompositicn of Cr(0.CNHNHz):. H20
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in concentrated aqueaus HCl1 under nitrogen exclusively generates
[Cr(QHz)¢1Cl2. On exposure of this solution to air, a change in the
electronic spectrum occurs consistent with oxidation of
chromium(II) to chromium(III) (see TABLE No 3.20).

TABLE No 3.19 X-ray Photoelectron Spectra of Chromium Carbazates
/ binding energies (eV).

Complex C 1s Cr 2p'/=2 Cr 2p%/: Cr 3s
Cr (0.CNHNHz2) 5. 2H20 291.1 589.1 579.4 46.6
Cr (O:CNHNH2) 2. H20 291.1 589.9 579.3 46.1

TABLE No 3.20 Solution Electronic Spectra of Cr (OCNHNH2)2.H20 in

HClcaqy.
Complex Spectrum / nm.
Cr (O.CFHNH2) 2. H20/ HClcaa> ~470 (w,brd>, >800 (s,br)
02 exposed |
Cr (QCNHNH2) 2. H20/ HCl(aq> 463 (s), 664 (m,br)

3.7.4 REDOX TITRIMETRY

The chromium(II) oxidation state has finally been confirmed by
redox titrimetry. Decomposition of a sample under basic conditions
liberates N:H:¢ and chromium(II). The released species then reduce
added [Fe(CN)e¢l3 to [Fel(CN)el*  and the generated iron(II) can be
titrated with Ce(S0.):2 using MNF-phenylanthranilic acid as indicator

(see 3.13)

4{Fe(CN)el? + 'NzHs' —— 4[Fa(CM)sl* + N2 + 40" (3.13

A four electron change occurs when XN:Hs is oxidised to N, so 4

equivalents of [Fe(CN)¢l® are consumed per UN:Hs.. In addition
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Cr(II), if present, is oxidised to Cr(III> by a further mole of
[Fe(CN)sl® ., All the [Fe(CN)sl*" thereby generated is titrated with

Ce(IM.

TABLE No 3.22 Redox Titrations on Chromium-Hydrazine and Carbazate

Species.
Compound Equivalents of Fe(CN)e*- Consumed
thearetical found

N2HeSO. 4 4.2
- +

0.CNHFH, 4 4.1
CrCl: 1 1.0
Cr (0.CNHNH2) 5. 2H20 12 12.6
Cr (0.CNHNH2) 2. H20 9 9.3
[ Cr(N2Ha)2Brz1, 9 8.7
[Cr2(0CMe) +(NzHa) 1 6 4.5

The technique was performed on various hydrazine and carbazate
compounds as well as on anhydrous CrCl: to test the reliability of
the oxidation, before being applied to the ;hromium(II) complexes,
(Cr(NzHo)2Br2ln,  Cr(0CNHNH2)2.H20 and [Crz(0:CMe’a(NzHe)la. The
results are listed in TABLE No 3.22.

The results appear to correspond well with the theoretical
electron changes, except for [Cr2(0:CMe).(N:2H.)1., where the complex
was probably somewhat air-oxidised before treatment with
{Fe(CN)sl3, The value found corresponds essentially to a four-
electron N:H: oxidation with 1little oxidation of the chromium
content.

Therefore the titrimetry indicates +that the chromium in

Cr (0:CNHNH2)..H20 is in the +2 oxidation state with the presence of
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two hydrazino-groups as expected if the compcound is bis(carbazatao)-

chromium(II) monchydrate.

3.7.5 VIBRATIONAL SPECTRA

Although selective infra-red absorptions of metal carbazates
have been reported, no attempts at complete assignments based on
deuteration studies have previously been undertaken.

To complement other spectroscopic data for Cr(0O:CNHNH2):.H20
and to provide a baseline for the vibrational assignments of other
carbazate complexes, a complete infra-red investigation of
Cr(0:CNHNHz2)..H20 and its deuterated analogue, Cr(0:CNDND2):.D:0, has
been carried out (see TABLE No 3.22 and FIG FNo 3.6). The deuterated
complex was prepared by the addition of a solution of CrClz in H20-
d2 to a solution of N:H.. H:0-d¢ in H:0-d> through which CO: had been
passed for 120 mins. The resulting product precipitated almost

immediately (see 3.14).

D20 020
N2Ds4. D20 ——— [ N2Ds][ OCNDH¥D.] + ®BCrCl, — ®Cr(0CNDND2)2. D0
(02 (02 (3.14)

Previously infra-red spectra of metal carbazates have been
assigned by considering the carbazate ligand as separate CO.- and
NH-NH- moieties. This is a reasonable approach given that X-ray
crystal structures of compounds containing coordinated carbazate
ligands indicate planar 0C-¥ units, with the NH-NH: unit out of
this plane. This approach has therefore been followed here in
assigning the infra-red spectra of Cr(0.CNRNR2)2.R:0 (R=H or D).
¥H vibrations

The vibrations associated with the -NHNH. portion of the
carbazate ligand have been assigned by comparison with those of the

structurally related monomethylhydrazine [213].
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As with CH.NHNH., -OCNHNH: is expected to have nine internal
degrees of freedom which involve motions of the hydrogens bonded to
the nitrogen atoms. These can be déscribed as three stretching
vibrations, a NH: scissoring mode, a NH: wagging, a NH: rocking,
two NH bending motions and a NH: torsional vibration. |

Cr (0.CNHNH2)2.H.0 shows only two definite bands which can be
assigned to v(NH.), aithough the band at 3283 cm' is broad and may
comprise two or more closely overlapping bands. On deuterationm,
three bands are found as expected with H/D ratios of ~1.36
indicating high v(NHz) character. The band at 2385 cm' has a
prominent shoulder centred at 2415 cm’.

The &§(NHz2) vibrational band in Cr(O.CNHNHz):.H.C appears as a
shoulder at 1627 cm' on the intense w.(CO.) band. On deuteration
this is shifted to 1219 cm', an isotopic shift ratio of 1.34. This
band may have a minor component at 1611 cm' which shifts on
deuteration to a weak band appearing at 1187 cm'.

In the vibrational spectra of [M(Nz2H.):X2l1. complexes (M=Cr, Mn,
Fe,Co,Ni,Zn etc), bands assigned to w(NH2) motions occur in the
1350-1290 cm' region, so the band appearing at 1319 cm' in the
spectrum of Cr(0:CNHNH:):.H.0 has also been assigned to w(NHz). This
vibration usually has high NH character and on deuteration would
therefore be expected to appear at ~1000 cm'. The <closest
absorption to this is a doublet at 997/989 cm' which is likely to
also be derived from the r(NHz2) motion.

As for the [M(N:Hs)2X2]n species, the r(NHz.) vibration is
assigned to a strong vand near 1200 cm', in the present complex at
1194 cm'. As commented above, this band shifts on deuteration to

989 cm', a H/D ratio of 1.21.
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The two NH bending motions can be assigned to the two
remaining non-carboxylate assigned absorptions present in the 1200-
900 cm' region. These occur at 1102 and 985 cm', and appear to
shift to 896 and 879 cm' on deuteration with H/D ratios of 1.23
and 1.12, respectively. The low frequency b(NH2) shows similar
behaviour to the r.(NH2) absorption in [M(NzHu)2Xz]la compiexes in
shifting relatively little on deuteration. This probably implies
that the band has a mixed origin with a high degree of skeletal
character .

The band assigned to the t(NH2) vibration appears to be split
into two components at 693 and 636 cm' as found for t(NH2) in

[ M(NzH.)2X21n. These bands shift to 538 and 483 cm' on deuteration.

CO: vibrations

Carboxylate absorptions are assigned by reference to complexes
containing coordinated acetate, such as [ Mn(Nz2H.):(0:CMe)2l..

The band assigned to w(COz) in Cr(O:CNHNH2)..H.0 appears at
1579 cm’', and as expected, does not shift appreciably on
deuteration, being found at 1572 cm'. The band assigned to the
symeetric v(COz) vibration occurs at 1370 cm’ in Cr(0:CNHNH2):. H20,
and at ~1372 cm' as a shoulder on the v(CN) Dband in
Cr (O:CNDHD2) 2. D=0,

The other carboxylate vibrations appear at characteristic
positions when considered alongside the spectra of acetate
complexes., The &§<0CO)> band is split into two components at 803 and
773 cm' in Cr(0:CNHNH:2):.H:0, these shiffting to 802 and 780 cm' on
deuteration. The  n(COO)> band at 604 cm' in Cr(O:CNHNHz).. H:0 shifts
only & cm' on deuteration. The r<(C00> band 1in coordinated

glycinate complexes appears at ~500 cm'. However no band appears
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in this region in Cr(OchHﬁHz)z.Hzo, so no absorption has been
assigned to this mode.

All the carboxylate vibrations were found to bé essentially
pure, shifting 1less than an 1isotopic ratioc of 1.03. This
observation justifies the separate consideration of the -CO: and

~-NHKNH, vibrations of coordinated carbazate.

FIGURE No 3.6 Infra-red Spectra of Cr(0:CNRER2)2.R:0 (R=H or D)

Cr (OzCNHNHz Y2, H0

Cr (0CNDND2>2. D20

T T '
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" Wavenumber/cm™'



TABLE Ko 3.22

Cr (O=CNHNH2) 2. H20

3283

3155

1627
1611

1579

1460

1370

1319

1215

1104

1102
685

803
778

693
636

604

417
369

239
226

/ cm!'.

(s)

(s)

(s)
(s)

(vs)

(s)

(s)
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Cr (02CNDND2)2. D20
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Skeletal vibrations

Two skeletal vibrations are expected,

symmetric modes.
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Infra-red Spectra of Cr(0:CNRNRz>2.R:0 (R=H or D)

Assignment

v(NH2>

§ (NH2»

Va (COZ)

antisym. skeletal
stretch

v (CO2)

w(NH2>

sym. skeletal
stretch

r(NH2>

b (FH2)

§ <0CO)

t (NH2)

T (COO»

v(M0> + v(MD

the antisymmetric and

These can also be broadly considered as v(CN) and

The antisymmetric skeletal vibration is easily assigned in

Cr(0.CNHNH2)2.H-0 to a strong band at 1460 cm'. This shifts to 1424
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cm' on deuteration, a H/D ratio of 1.03 indicating a small NH
contribution as expected from a vibration involving a protonated
nitrogen.

The symmetric skeletal band appears as a shoulder at 1215 cm™
on the r(NHz) absorption in Cr(0.CNHNH2)2.H.0, a situation found in
the wvibratiocnal spectra of many [K(N2Huo)2X21n complexes. On
deuteration, this band appears to shift resulting in a weak
absorption at 1187 cm', which could alsc be assigned to a minor

component of the §(NH:2) mode.

Metal-Ligand vibrations

The two deuteration-insensitive absorptions appearing at 417
and 369 cm' 1in Cr(0O:CNHNH2):.H.O are assigned to metal-ligand
vibrations. As the symmetry of the complex is unknown, i-t is not
possible to assign v(MO) and v(MN) to particular bands, even if the
vibrations could be regarded as relatively pure. A further metal-
ligand vibration occurs at 239/226 cm' which may be a deformatiom

mode.

H20 vibrations

Elemental and DTA/TG analysis both indicafe the presence of a
molecuie of water per formula unit. Additionally, DTA indicated
that the water may be directly ‘coordinated to the chromium.
However, no distinct ¢(OH) or (OD) has been observed in the spectra
of either complex. Such bands are likely to be obscured by the
strong v(NH2) or v(¥D:2) vibrations. Likewise the &§(0OH2) or &§(0OD2)
bands are expected to be overlaid by §(NHz) and va(CO2) or &6 (ND2)

vibrations.
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The possibility of one band in the v(NH2) region being
assigned to v(OH) has been rejected after comparison of the IR
spectrum of Cr(0.CNHNHz)..H.0 with that of anhydrous Cu(0O.CNHNH2):
[118]1. This complex similarly shaws two v(NH:) bands at 3275 and
3150 cm' i.e. close to those found for Cr(O:CNHNH2)..H:0 (3283 and

3159 cm"),

3.7.6 THERMAL DECOMPOSITION

DTA and TG determinations were performed on Cr (O:CNHNH2):.H:0
both in air and argon (see TABLE No 3.23 and FIG No 3.7).
Comparison of the profiles shows that the initial decomposition-:
step is due to the loss of water. Under an argon atmosphere, two
expthermic DTA peaks are found. The major peak with a maximum at
214°C appears to correspond to the loss of water, as indicated by
complementary TG data. The second exothermic DTA peak with a
maximium at 304°C relates to the decomposition of the carbazate

groups, leaving chromium(III) oxide as the final product (see 3.15

and 3.16).
214 279* 413
IN AIR Cr<(0.CNHNH2)..H:0 —— Cr (0OCNHNHz)2 = Cr0x* — Cr:0s
(3.15>
* - unknown chromium oxide
214 304°
IN ARGON Cr(0:CNHNH2)..H20 —— Cr(0:CNHNH2), —— Cr:z0s (3.16>

The loss of H.0 was found to give an non-isclable anhydrous
Cr(Q.CRHNH2)2 (by weight loss). It appears that the water molecule
plays a crucial role in the stability of the ccmplex. Once the
water is lost, the complex decomposes spontaneously. The presence
cf the water may be the key in explaining the unexpected stability

of the chromium(II) <complex to atmospheric oxidation. On
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dehydration this stability is lost and the complex oxidises forming

chromium(III) oxide.

TABLE No 3.23 Differential Thermal Analysis of Cr (0:CNHNHz):.H20

Atmosphere Peak positions (heat change) / °C
AIR 214 (#), 279 (+), 413 ()
ARGOXN 214 (+), 204 (£

The DTA/TG results give an indication of the considerable
strength of the bonding of water within the complex. It is probable
that the water is bound by extensive hydrogen-bonding to the
carbazate groups within the lattice and such interactions would
explain why attempts to either remove the water by refluxing 2,2-
dimethoxypropane [224] or replacement by other donor molecules were
unsuccessful.

Comparing the DTA peak for Hz0 loss from Cr(0:CNHENHz2):.H:0 (DTA
peak maximum 214°C) with similar losses from M(O:CNHNHz):.xH0 (M =
Mg,Ca,Mn) [101,108] (DTA peaks with maxima in the\range 130-170°C)
suggests a more strongly bound water in the chromiuﬁ complex.

A consideration of the bis-carbazates whose structures have
been solved by X-ray crystallcgraphy, shows that only one mono-
hydrate has been characterised, namely Cd(O0CNHNH2)2.H.0 (116]. The
cadmium ion is in an octahedral environment being surraunded by two
N, O-chelating carbazate groups with the remaining two coordination
sites occupied by two oxygens from bridging carbazates. The water
molecules are hydrogen-bcnded to the carbazate groups and do not
coordinate to the cadmium. The individual octahedral units are
grouped into layers which are held together by bridging carbazates

and hydrogen bonding involving the uncoordinated H:0 molecules.
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FIGURE No 3.7 DTA/TG of Chromium Carbazate Species

Cr (0O2CNHNH2)2 .H20 in Ar
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Cr (2CNHNH2 )2 .H20 in AIR
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FIGURE No 3.8 Structure of CCd(02CNHNH2)2.H203

OoCd 00 @HJO QN oC

The DTA data for Cr (02CNHNH2)2.H20 suggests that the H20 1is
bound strongly and probably coordinated to the chromium. The
complex therefore may not be iso-structural with Cd(02CNHNHZ2)2. H20.
However, it 1s not possible to assign a definitive structure using

the spectroscopic data acquired in this work.

3.8 REACTIONS OF CHROMIUKdl) SPECIES WITH CARBAZIC ACID

3.8.1 BACKGROUND

In addition to reacting chromiumdl) compounds with CNZHS3—
. +
[Q2CNHNH2], reactions with carbazic acid, G2CNHNH3  were also

investigated. In particular, it was hoped that ligand-bridged
complexes analogous to the chromiumdl) glycine species,
CCr2 (2CCH2NHs )4X4 ] xH20 (X=C1,x=3; X=Br, x=4) [219,2253 could Dbe
isolated. 1In these complexes the glycine is in the zwitterion form,
- +

O2CCH2NH3 and 0, (“-coordinates in a bridging manner between two

chromiumdl) ions. The complexes also possess quadruple metal-metal

bonds.

3.8.2 REACTION OF [Cr<0H2)s3Br2 WITH CARBAZIC ACID
The complex [Cr (OHt)s3Br2, generated by reaction of the metal

with aqueous hydrobromic acid under nitrogen, was reacted in situ
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with O.CNHNHs in the presence of C0: under N:. Reactions were

carried out in both ethanol and water.

[Cr (N2Ha) 2Brzla
E4OH Nz, C0z
[Cr(QH2)6lBr: + 62CNH§H3 (3.17)
H20 Nz, (02

Cr (0:CNHNH2>2. H20

In ethanol, the product was shown to be [Cr(N:He)2Brzln, while
in water, Cr(0:CNHRH.)..H.0 was produced. Carbazic acid is not
soluble in ethanol so a suspension was used. As a consequence, the’
reaction proceeded slowly. Presumably, the water liberated from the
chromium(II) starting material partially hydrolyses the acid
releasing sufficient hydrazine to generate [Cr(N:Ha)2Br:l. which is
precipitated from the reaction medium.

In water, carbazic acid hydrolyses forming [NzHsl[O:CNHNH:].
This species therefore reacts with the chromium(II) compound to

form Cr (O:CNHNH2):.H:0 (see 3.17).

3.8.3 REACTION OF (Cr2(0zCMe)«(0H2)2] VITH CARBAZIC ACID

The acetate, Cr2(0:CMe):(OH2)2, was reacted with carbazic acid
under nitrogen 1ia methanol using a variety of reaction
temperatures.

At room temperature, little reaction was observed, the pale
pink solld recovered being shown by IR spectroscopy to be mainly
carbazic acid.

After 120 minutes at 55°C the reaction product was still
predominately carbazic acid but mixed with a small amount of

Cr(0-CNHNH2)..H.0 as assessed by the IR spectrum. In refluxing
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methanol (65°C) the reaction was complete after 30 minutes (see

3.18).
- +  MNeQH, 4
Crz2(02CMe)4{0H2)2 + 4 OCNHNH; ——— 2 Cr(0:CNHNH2)..H.O0 <(3.18)
N2

It is apparent that carbazic acid only reacts at a significant
rate at elevated temperatures where decomposition occurs readily

[6,1841.

3.8.4 REACTION OF CrCl2(MeCN)>2 WITH CARBAZIC ACID

The reactive CrCl:(MeCN): was prepared by the addition of a -
concentrated aqueous/ethanclic solution of (Cr(OH2)s]Clz to excess
MeCN, and treated in situ with carbazic acid in methanol at room
temperature. The product was shown to be [Cr(NzH.)2Clzln Dby IR

spectroscopy (see 3.19).

MaOH

- +

CrCl.(MeCN): + 2 0:CNHNH; —— (Cr(N;Hs)2Clzln + 2MeCN + 2CO:
N2 3.19

It is clear that carbazic acid in alcoholic media usually
reacts with chromium(II) species to form hydrazine complexes. No
products have been isolated which contain the BchH§33 species, but
only those containing -C:CNHNH. cr ¥N:H.. It is therefore, unlikely
that analogues of the glycine-bridged complexes [Crz(02CCH2NHs).]**
will be capable of preparation. Indeed the complexes
[ Cr2(0:CCH2NH3) 4] X4, nH20 (X=Cl,n=3; ZX=Br,n=4) [219,225] require acid
sclution conditions <for formation octkerwise <+the wmononuclear
Cr (0:CCH2NH2)2. H.0 forms (2191, These conditions would destroy

carbazic acid.
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3.9 CHROMIUM(III) CARBAZATE CHEMISTRY
3.9.1 BACKGROUND

The chromium(III) carbazate, Cr(Q.CNHNH:)s.2H.0, was first
repaorted by Funk, Eichhoff and Giesder [100] in 1965. However
characterisation was limited to elemental analysis. More recent
work by Macek, Rahten and Slivnik (125] reported the thermal
decomposition of the complex and Bellerby [16] employed the complex
as a model chromium homogeneous catalyst in studies of hydrazine
decomposition. Srivastava using similar preparative routes claimed

[146]1 to have formed anhydrous Cr(O:CNHNHz)s.

3.9.2 PREPARATION

To complement the characterisation of Cf(OzCNHNH;)z.Hzo, a mare
complete characterisation of Cr (0:CNHNHz2)s.2H:0 was undertaken.

The reaction of [Cr(CHz).Cl21C1.2H0 with aqueous [NoHsl-
{ 0.CNHNH.] resulted in the formation of pink, microcrystalline,
air-stable, Cr(OCHEHNHz)3.2H20 (see 3.20). Aggregated 'crystalline
Cr (0:CNHNH2) 5. 2H20 as red needles is formed when the
Cr:{NzHs][0CNHNH.] ratio is raised above ~1:50. This complex is
alsc formed as a by-product in reactions desigred to synthesise

Cr (Q.CNHNH2) .. H20.

H=0,4
[Cr(0OH2).C121C1.2H20 + 3[N2Hs][O.CNHNHz] — Cr (0CNHNH2)5.2H0 +
€02 3N:HsCl 3.20

The complex 1is 1insoluble in all solvents that do not
subsequently react with it, apart from scze sclubility in N.H: and
concentrated [N:HsJ[OCNH¥H.] solutions where the Cr{(0.CNHNH:);
molety is suspected to survive, as based on visible spectroscopic

evidence (see TABLE FNo 3.24).
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This 4insolubility has frustrated attempts to grow single
crystals of Cr(O.CNHNH:)5.2H:0 for an X-ray structure determination.
As described above, crystalline material can be produced from the
preparative media, but proved to be microcrystalline aggregate. It
is thought that a modification of this procedure may eventually
yield suitable material for structural énalysis.

Following the reported deprotonation of M(S:CNHNH2)3.2H20
(M=Co,Cr) (2261 to form [M(S:CNNH2)3]*- species, the action of base
on Cr(0CNHNHz)s. 2H.0 was investigated.

It was found that although a deep red solution was initially
formed on treating Cr(0.CNHNH2)5.2H.0 with concentrated aqueous
NaQH, rapid hydrolysis followed giving green-grey solutiomns,

presumably containing [(Cr(OH)s<]®* anions (see 3.21).

Cr (O:CNHNH2)3. 2H20 ——— (Cr (0:CNNH2)3]3" ——— [Cr(0OH)el* (3.2D)

Attempts to stabilize the initially formed deprotonated
[Cr(0:CNNH2)3]° species using [(Me.N1* in the form of Me,NOH.S5H:0

were unsuccessful.

3.9.3 MAGNETIC SUSCEPTIBILITY AND ELECTRONIC SPECTRAL
CHARACTERISATION

Cr(0:CNHNH2);.2H-0 exhibits a magnetic susceptibility value

0]

(Xeox = 19.19x107¢ cm®g™", perr = 3.82 BM at 295K) which is
characteristic of a octahedral chromium(III) species.

This 1is confirmed by the diffuse reflectance electromnic
spectrum (see TABLE ¥o 3.24). Compariscn with the reflectance
electronic spectrum of Cr(0.CCH2NHz)3.H:0 indicates a Dbroadly
similar environment around the chromium in both complexes. The

calculated B values are similar as are the derived B values of both
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complexes. Since the glycinate complex is known to contain three
¥, O-chelating groups around the chromium(III)> [227}, the similarity
of the spectrum of the carbazate suggests that three ¥, O-chelating

carbazate groups surround the chromium in Cr (O:CKHNH2)s.2H20.

TABLE No 3.24 Electronic Spectra of Cr(0:CNHNH2)s.2H.0 and a
Comparison with Cr(0:CCHz2NH2)s.H20 / nm.

Cr (0.CNHNH2) 3. 2H20 Cr(0:CCH2NH2)3. H.0 Assignment
Reflectance N2H: sol'n . Reflectance®
698 (vw) 700 (vw,sh) 689 (vw) 2Eg  + “Ayg
523 (s 522 (s,br) 503 (&) 4T2g & 4Axg
395 (m 402 (s,bm 384 (m “Tig & “Azg
261 (vs)
19100 18200 19900 b / cm!
587 533 578 B/ cm’
0.64 0.58 0.63 B
245 246 237 calc vz / nm

* - taken from ref. 227. B, B and w; calculated from ref.215.

The calculated spectral parameters for Cr(0CNHNH2);.2H:0 in
N:H. are sﬁaller than those of the solid. This implies an increase
in the covalency of the metal-ligand bonds. Dissolution of the
complex in hydrazine probably destroys much of the strong
intermolecular hydrogen-bonding that exists in the solid, and tke

solution spectrum may be reflecting this.

3.9.4 VIBRATIONAL SPECTRA
The infra-red spectrum cf the complex indicates the presence
of N, 0-chelating carbazate ligands, with non-coordinated hydrogen-

bonded water molecules {(see TABLE No 3.25 and FIG No 3.9). The band
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assignments are based on those made for Cr(0CNHNH2):.H20 (see
SECTION No 3.7).

The NH vibrations are found in similar positions to vthose in
the chromium(IlI) complex. There appears to be only one detectable
band assignable to a b(NH) in the spectrum of Cr(0:CNHNH2)s.2H20

whereas two are expected for a -NH-KH: system.

TABLE No 3.25 Infra-red Spectrum of Cr(0:CNHNH2)s.2Hz20.

Cr (0O.CFHNH2)5.2H20 / cmr’ Tentative Assignment
3535 (m, br) v(OH)
3329 (s)
3205 (s) v(NH)
3106 (s)
3060 (s)
1668 (vs) §(NHz) + 6(OH2
1648 (s)
1615 (s, br va (CO2)
1454 (vs) antisym. skeletal stretch
1367 (m, br) v (CO2)
1342 (m, br)
1308 (w) @ (NHz)
1246 (ms, sh) sym. skeletal stretch
1226 (s) r (NH2)
1216 (s
993 (m b (NH2)
793 (m) §(0CO
~742 (w,br) t(FH2) ?
629 (m 7 (C00)
494 (mw) r(CCO
413 (m v(M0) + v(MW)

334 (mw)
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The w(OH) absorption is found at ~3535 c¢m' and is broad
indicating that the H0 molecules are uncgordinated. The §&(QHz2)
absorption is expected in the 1650-1600 cm' region, but is
presumably hidden by the strong va(CO2) and &§(NH:) absorptions also

present in this regionm.

FIGURE No 3.9 Infra-red Spectrum of Cr(0:CNHNHz)s.2H:0

L B L) v

12000 1400 800 200

4000 o
Vavenumber/cm™'

A band assignable to the r(CO0) mode is present in the
spectrum at 494 cm'. This band was not detected in the spectrum of
Cr (Q:CNHNH2)2.H20, perhaps an indication that the carbazate ligands
are bonding in different ways in the two complexes. Undoubtedly in
the chromium(III) complex the carbazate ligands are merely acting
in a bidentate chelating manner, whereas in the chromium(II)
complex additional metal-carbazate cxvgen interactions may be
present to produce a polymeric structure, the carbazate ligands

thereby being, perhaps, terdentate.
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3.9.5 THERMAL DECOMPOSITION

DTA/TG experiments in air show that the two H:0 molecules are
evolved at separate temperatures, endothermic peaks with maxima at
136* and 169°C being defeoted. The first ﬁTA peak which can be
assigned to carbazate decomposition is an exothermic change with a
peak maximum at 222° (see TABLE No 3.26). However, Cr(O.CNHNH2),.H20
and Cr(0:CNHNH2); are non-isolable intermediates. Attempts to
dehydrate Cr(0.CNHFH:):.2H.0 by heating inm vacuo or by use of a
water scavenger such as 2,2-dimethoxypropane resulted in
decomposition or no reaction. Presumably the Hz0 molecules occupy
intermolecular positions and once removed the resulting complex is
of lower stability than Cr(0.CNHNH:2)5.2H.0 and merely decomposes

further.
TABLE No 3.26 Differential Thermal Analysis of Cr(O.CNHNH2)s.2H20.

Peak positions (heat change) / °C

Cr (02CNHEH2)3. 2H20 136 (-), 169 (=), 222 (+), 288 (),
420 (+)
136/169* 2221298 420°
Cr (QCNHNH2) 3. 2H.0 —— 'Cr(0.CNEHNH2)3' = Cr0«* —— Cr20:

~2H20 (3.22)

* - unknown oxide pﬁase

The water molecules are lost at higher temperatures than expected
for non-coordinated water (-~100°) indicating that strong hydrogen-
bonding exists in the complex. The structure of Cr (0:CNHNH2)s.2H:20
can be compared to the known crystal structure of Cr (02CCHz2NH2) 5. H20
[2271. The latter complex, like the carbazate, is insoluble in

water and has been shown to have an unusually high heat of
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sublimation [228]. The X-ray crystal structure shows an extensive
network of hydrogen bonding between the H20, -NH2 and the -CQO
groups which give rise to the unusual physical properfies.

It is proposed that the molecular  structure of
Cr(0:CNHFH2)3.2H20 is similar to that of Cr(0.CCH:NHz)s.H.0, in that
it-is enantiomorphic and displays an elaborate network of hydrogen-
bonding intimately involving the two water molecules.

It is clear from the characterisation data presented in this
work that the formation of an anhydrous chromium(III) carbazate is
unlikely under the conditions quoted by Srivastava (146]1. These
consisted of the passage of CO: into an already prepared aqueous
solution of ([Cr(0OH2).C121C1.2H.0 and ©N:H.. This solution will
undoubtedly contain chromium<III) hydroxide, which is known to be
blue/grey in colour, On passage of COz, a red colouration develops
from which Cr(0.CNHNH2);.2H.0 eventually precipitates. The blue
product reported by Srivastava 1s most 1likely to be mainly
chromium(III)> hydrozide. However, elemental analysis was claimed to
correspond to a Cr(O:CNHNHz)s formulation. This report also
contained details of other chromium(III) substituted carbazates
which must now be looked upon as suspect, as must other work on

carbazates reported by Srivastava.
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3.10 EXPERIMENTAL

3.10.1 ATTEMPTED CATION EXCHANGE OF [ N:Hs1([ O:CNHNHz]

a) Reaction of NaOH with [ N:Hs1[{OCNHNH:]
An aqueous solution of [N:Hsl[OCNHNH:1 (~5.00 g, 50 mmol) was
prepared t\>y the method of Patel et al. (134]. To this
solution, was slowly added an aqueous solution (10 cm®) of
NaCH (4.00 g, 100 mmol). The combined solution was stirred for
15 mins after which excess EtOH (50 cm®) was added. On
extended stirring two layers formed, and attempts to
precipitate a solid from the lower carbazate layer failed.

b) Sodium ion-exchange of [N:Hs1[O.CNHNH:]
An aqueous solution of {N:Hs1{O:CNHNH:] was prepared by the
passage of CO:. through an aqueous solution (45 cm®) of N:H.
. (5.0 cm®, 160 mmol) for 120 mins. The carbazate solution was
passed down a column of Duolite C225 (Na) cation exchange
resin. Gas evolution (presumably C02) was observed from the
column indicating carbazate decomposition.

c) Reaction of PPBr with [ N:Hs1[ O.CNHNH:]
To NzHa (40 cm®) at 0° was added azCNHE}Ia (5.00 g, 66mmol).
This solution was stirred at 0°C while N2 and CO: were passed
through for 30 mins. To the resulting solutioﬁ was added
Ph.PBr (0.50 g, 1.2 mmol) and the mixture stirred under N: at
0°C for 30 mins. The reaction mixture was allowed to warm to
room temperature and opened to ;:he vatmosphere. On leaving
overnight, off-white crystals had formed which were filtered
off and dried under vacuum. The product was identified as

PhsP=0, ffom IR, 'H and '3C nmr spectra,
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d) Reaction of PhuAsCl with [ N:Hs1[O:CNHNH:]
Ph.AsCl.H:0 was dehydrated by heating at 120°C in vacuo for 4
hours, the H20 removal being checked by IR spectroscopy. To
N.He (30 cm®) at 0°C was added OCNHNH, (5.00 g, 66 mmol). This
solution was stirred at 0°C while N and CO: were passed
through for 60 mins. To the resulting solution was added
PhsAsCl (0.05 g, 1.2 mmol) and the reaction mixture stirred at
0°C for 30 mins then allowed to warm to room temperature and
left overnight. During-this time a white precipitate had
formed, which was filtered off and dried under vacuum. IR and
'*C nmr spectroscopy indicated the presence of a PhiAs®
species.

e) Reaction of Cs:C0; with [N.Hs1{O.CNHNH-1
A solution of ([N:Hsl1{O.CNHNH:] was prepared by bu‘bbling CO:
through N:H: (30 cm®) for 90 mins at 0°C. To the resulting
stirred solution, was added an aqueous solution (20 cm®) of
Cs2C0; (2.00 g, 6.1 mmol) dropwise. The solution was reduced
to low volume by heating and cooled to -3°C. After 48 hours, a
viscous colourless liquid had resulted.

f) Preparation of LiO:CNHNH:.H20
Li0OH.H:0 ¢0.5 g, 12 mmol) was suspended in deoxygenated MeCH
(60 cm® . To this was added freshly prepared azCNH}Ha (1.41 g,
18.5 mmol) and the reaction mixture heated under reflux for 90
mins. The resulting colourless product was then left to stand
for 10 days before being filtered off and dried under vacuum.
Calc. for CHsLiN:0s: C, 12.01; H, 5.04; ¥, 28.01 %. Found: C,

11.49; H, 4.76; N, 27.67%.
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'8) Preparation of Ba(QCNHNH:)..¥.H
Solid BaCl: (1.50 g, 7.2 mmol) was dissolved in N:H« (40 cm®)
under N> and heated under reflux. Carbon dioxide was .passed
into the heated solution for 30 mins, after which the solutiomn
was allowed to cool overnight. The resulting white crystalline
product was filtered off, washed with EtOH and dried under
vacuum.

CzH10BaNeOs. Requires: C, 7.52; H, 2.98; N, 26.31 %. Found: C,

6.44; H, 2.98; N, 26.40 %.

3.10.2 CARBAZIC ACID

a) Preparation of Bzcxﬁm
Carbon dioxide was passed slowly through an aqueous solution
(30 cm®) of N:H: (30 cm®) at 0°C for 12 hours. The resulting
white solid was filtered off under H: and suspended in
anhydrous MeOH. After 3 days, the white solid was refiltered
under N,, washed with Et:0 and dried under wvacuum. The
resulting solid was sufficiently free-flowing to mull in nujol
and to pack into glass capillaries.
Calc. for CH.N20.: C, 15.79; H, 5.30; N, 36.83 %. Found: C,
15.63; H, 5.42; N, 36.62 %.

b Preparation af O,CHDND:
A solution of NHi H:O-ds (1.00 cn®, ~18.4 mmol) in D:0 (1 cm®),
was saturated with CO. for 10 hours until a white precipitate
began to form. MeOH-d. (4 cm®) was layered on this reaction
solution and after 72 hours, the white product had solidified.
The solid was filtered off, washed with Et:0 and dried under

vacuum. Yield 1.31g (91.0% based on N:H..H:0-ds taken).
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3.10.3 REACTIONS OF N:H. WITH CHROMIUM(II)

a) Preparation of {Cr(¥:H.).X:1» (X = C1, Br)
An ethanolic solution of ([Cr(0OHz)¢lCl2 was prepared by
reacting excess electrolytic Cr metal (1.00 g) with a solution
of conc. aqueous HC1 (s.g. 1.17) in deoxygenated ethanol (15
cm®) under N.. This was reacted with a deoxygenated solution
of N-H, (0.63 cm®, 20 mmol) in EtOH (10 cm;‘). The resulting
grey-blue product was filtered off under N., washed with EtOH
and Et:0 and dried under a stream of N:.
The corresponding bromide complex was prepared by replacing
HC1 with aqﬁeous HBr (s.g. 1.48) (1.06 cm®, 9 mmol),

b) Reaction of ‘Chromium(II) Thiocyanate® with N:H.
To a solution of [Cr(OH2)¢1Clz in EtOH (prepared by reaction
of aqueocus HCl1 (1.00 cm®, 11.5 mmol) with excess Cr metal in
EtOH (50 cm®)) was added a deoxygenated solution ﬁf KNCS (4.00
g, 41 mmol) in EtOH (75 cm®) under N:. The resulting royal
blue solution was decanted from the precipitated KCl and to
this solution was added a deoxygenated solution of N:H. (0.90
cm®, 28 mmol) in EtOH (10 cm®), A pink solid precipitated
immediately'and was filtered off in air, washed with EtOH and
dried under vacuum. Solution electronic spectrum of the
product: 545¢(s), 410(s) nm.

¢) Reaction of ‘Chromium(II) Tetrafluoroborate' with N.H.
The reaction of hot aquecus HBF. (s.g. 1.41, 2.00 cm®, 16
mmol) with HCl-treated electrolytic Cr metal (1.00g) in EtCH
(50 cm®) under N: resulted in the formation of royal blue
'{Cr(OHz2)6][BF.l2' (solution electronic spectrum: 694 (s, br)
nm}. To this solution was added a deoxygenated solution of

N2H. (1.50 cm®, 47 mmol) in EtOH (15 cm®) under N.. A lilac
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solid precipitated ;ﬁmediately, was filtered off, washed with
EtOH and dried under vacuum.
(Reflectance electronic spectrum: 571 (m, br) 409 (m, br) nm;
X-:px = 23.11 x 10°¢ cm’g™")
The reaction was repeated, but the solution of
‘[Cr(0OH2)61[BF.l2* was allowed to oxidise in air before the
add.iticm of N:H.. A 1lilac solid was isolated in a similaf
manner.
(Reflectance electronic spectrum: 687 <(vw, sh), 574 (s, bry,
412 (m, br) nm; ycex = 24.12 x 107¢ cm®g™").

d) Preparation of [Cr:(0.CMe).(u~N:Hi)1.
Preparation of Cr2(0:CMe).(H20): was achieved by the reaction
of [Cr(OH2)¢1Clz (29 mmol, pz;epared as in 3.10,.32) with NaO:CMe
(9.00 g, 110 mmol) in H20 (50 cm®).
i‘o a deoxygenated solution of Cr2(0:CMed.. (H20): (2.04g, 5.42
mmol) in MeOH (30 cm®) was added a deoxygenated solution of
N:He (5.00 cm?®, 15.78 mmol) in MeOH <10 cm®) under Nz. The
reaction mixture was stirred under N: at room temperature for
12 hours, before the resulting orange product was filtered
off, washed with MeOH and Et:0 and dried under a stream of Na.
CeH1sCr¥20e. Requires: C, 25.82; H, 4.33; N, 7.53 %
Found: C, 25.34; H, 4.26; N, 7.53 %.

3.10.4 CHROMIUMCII> AFD (III) - HYDRAZINE SOLUTION CHEMISTRY

a) Conductivity Measurements of Salts in Anhydrous HN:H.
For a description of the conductivify apparatus see Appendix
1. The conductivity of propellant grade N:Hs was found to be

2.321 x 10°Q'cm' which was considered too high for
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conductiometric work; Therefore purification of the N:Hs was
undertaken before use.
Anhydrous N:H. was prepared by distillation from CaH: at
ambient pressure under N.. The N:H: was heated over CaH: under
N2 for 60 mins to remove H.0 and CO: impurities before
distillation. The ©purity of +the ©N:H. was assessed by
coﬁductivity. Values below 5 x 10°%Q'cm' (literature value
1.6 x 10°Q'cm' (229]) were considered satisfactory for
further use..
All conductivity measurements were performed in a dry bag
under Nz, the solutions being prepared and loaded into a
sealable conductivity cell wunder N.. Salts employed as
standards were all anhydrous. CoCl:.6H.0, ©NiCl:.6H.0 and
[Ca(en)s]1Brs.3H20 were dehydrated by heating in air at 110°C
for several days.

b) Magnetic Measurements in Anhydrous N:H.
For a description of the Gouy and Evans methods for
determining magnetic susceptiblities see Appendix 1.
Concentrated solutions (0.75 - 1 M) of salts in propellant
grade N:H« were used for the Gouy method. CaCl: was dehydrated
as per 3.10.4a, CrCl: and CrCls were used as received.
Solutions were prepared under N: and loaded into a wide bare
(6mm o0.d.) magnetic moment tube. The densities and hence
molarities o0f the solutions were determined by weight
difference. x
10*M sclutions of anhydrous Cociz, CrClz and CrClal'in
propellant grade N:H. were used for‘the Evans nmr method: They
were prepared as above. Molarities were determined by sfandard

volume preparation.
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c) Isolation of Chmmiun(il) and (III> Solution Products
4 solution of CrCl: (1.26 g, 10.4 mmol)> in N:H, (10 cm®, -1M)
was prepared under Nz2. To this solution was addéd an excess of
deoxygenated MeCHN (150 cw®). The excess MeCN was decanted
after 72 hours and the red product was dried Iin wvacuvo. The
resulting red solid was found to be hygroscopic and
electostatic.
H23C12CrNi002. Requires: Cr, 16.34; Cl, 22.29; N, 44.03; H,
7.29%. Found: Cr, 15.97; Cl, 23.98; N, 44.22; H, 7.04%.
A solution of CrCls (1.60 g, 10.1 mmol) in N:H. (10 cm®, ~1M
was prepared under ¥.. To this solution was added an excess of
deoxygenated MeCK (150 cm®). The excess MeCN was decanted and
the remaining liquid was Areduced in volume in vacuo. The
resulting red solid was heated at 110°C in vacuo.
Hi7.2C1sCrN;.60. Requires: Cr, 17.44; Cl, 35.67; N, 35.70; H,
5.82%. Found: Cr, 17.42; Cl, 35.44; N, 35.71; H, 5.71%.

d) Attempted Substitution of 2,2'-Bipyridyl into the Chromium (ID)
and (III) - Hydrazine Solution Products.

To a solution of 2,2'-bipyridyl (bipy> (0.12 g, 0.77 mmol) in
anhydrous MeCF (50 cm®) was added the chromium(III) -
hydrazine product <(prepared as in 3.10.4c)> (0.073). This
suspension was heated under reflux for 16 hours (82°C). After
this time, the reaction was cooled to room temperature and the
‘resulting solid filtered off, washed with Et20 and dried under
vacuum. An IR spectrum indicated the absence of bipy.

e) Reaction of Chromium(II) and (III)> - Hydrazine Solutions with
CO; in N2H.

Carbon dioxide was passed through a solution of the Cr<(ID)-
¥:H« product in N:H: (50 cm®> at 0°C under Nz. After 90 mins

the reaction was stopped, as the' solution had become too
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viscous for gas passage (reflectance electronic spectrum: 510
(m, br), 361 (s, br) nm.
A similar reaction was attempted for the Cr(IIi)-NzH‘ product

(reflectance electronic spectrum: 579 (s), 387 (m) nm).

3.10.5 CHROMIUM(II) CARBAZATE CHEMISTRY

a) Preparation of Cr(Q.CNHNH:):.H-0
Cr(0:CNHNHz)2. H20 can be prepared by reacting a variety of
chromium<ID) sources (e.g. Cr2¢02CMe) « (H200 2,
[Cr2(0CMe)«(N2He)1n, CrClz.4H20, CrBr2.6H:0 and [CrXz(NzHe)2]ln (X
= Cl or Br)) with aqueous solutions of ([N:Hs]1(O:CNHNH:1. A
typical preparation is detailed below.
Passage of CO: through an aqueous solution (5.00 cm®) of
NeH. . H:0 €0.78 cm®, 16.0 mmol) for 125 mins gives an aqueous
solution of [N:Hs]1[OCNHNH:] (8 mmol), A deoxygenated aqueous
solution (1.50 cm®) of CrCl: <0.139 g, 1.13 mmol) was prepared
under N and the two solutions mixed in a N: atmosphere. The
pale lilac product precipitated rapidly and was stirred for 15
mins before isolation. The product was filtered off under N,
washed with H20, MeOH and Et:0 and dried under a stream of Na.
Yield: 0.152g (61.0% based on CrCl: taken).
C2HeCrN.0s. Requires: C, 10.91; H, 3.66; N, 25.46 % Found: C,
11.21; H, 3.14; N, 25.85 %

b) Preparation of Cr (0.CHDND:):.D.0
This complex was prepared in a similar manner to
Cr(0CNHNH2):.H20 using NzH.. H.O-ds (O'. 78 cm®, ~16mmol) and D20
(3.50 cm®) as solvent. The product was filtered off under N,
washed with D0, MeOH-d and Et.0 and dried under a stream of

F2. Yield: 0.130 g (55.2% based on CrCl: taken).
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c) Oxidation Titrimetric Analysis

Direct titration of a hydrazine-containing solution by
Ce (804 2 fai'led to give the expected four electron oxidation
change. Use of Kis[Fe(CH)¢l] as an oxidant was found to be
satisfactofy, the resu.l‘ting [Fe(CN)¢l4~ Dbeing back titrated
with Ce(SQs)2.

Typical Experimental Procedure; To a sample containing ~107°M
of N.H. was added 0.5M Ks[Fe(CN)el (15 cm®> and 2M NaOH (15
cm®) solutions. The resulting yellow solution was diluted with
an equal volume of Hz0. Once all solids had dissolved and gas
evolution ceased, the solution was acidified with a small
excess of H2S0.. The resulting [Fe(CN)e¢l*- was titrated with a
standard solution of Ce(SOu2, (standardised by acidic
(enH2)S0., FeSO.. 4H.0 with ferroin as indicator; colour change
Iis sharp from red to blue), using N-phenylanthranilic acid
(0.5 cm®) as 1indicator. The colour change is from green to
brown-red.

e.g. Cr(0CNHFH=2)». H20,

1) Cr(0:CNHNH2)..H0 + 8Fe (CN)g3* ————- 2 Cr?* + 2N2 + 8Fe(CN)e*
+ H0 + 6H* + 2C0:

i1) Cr?* + Fe(CN)¢?> ————- 9 Cr3* + Fe(CN)e*

11i) SFe(CN)e*~ + OCe4* —=——- + 9Fe(CN)¢3~ + 9Ce3*

3.10.6 REACTIONS OF CHROMIUM(II> WITH azCNH;TH;
a) Reaction of [Cr(OH)elBr: with O.CHENE,
An ethanolic solution of [Cr(OH2)¢]lBr: (4.5 mmol) was prepared
by reacting electrolytic Cr metal (1.00 g) with aqueous HBr -
(1.06 cm®, 9 mmol) in EtOH (9 cm®) under N2. This solution was

- +
added to O.CNHNHs (3.04 g, 40 mmol) under N2/CO2 at ~-10° (ice-
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salt bath). The combined reaction mixture was stirred for 60
mins, before being allowed to warm to room temperature. The
pale lilac product (with unreacted OCHHNH.) was filtered off
under N. and dried under a stream of N:. The product was
identified as [Cr(F:H.):Br:l» by IR spectroscopy.
The reaction was repeated as above but wusing aqueous
conditions. On addition of ([(Cr(OH2)elBr: to E)zCKH;IHa. a dark
lilac solid formed rapidly, with all 62CNH§H:~) consumed on
warming to room temperature. The solid was filtered off under
N., washed with deoxygenated H.0 and EtOH and dried under
vacuum. The product was identified as Cr(O.CNHNHz)..H.C by IR
spectroscaopy.
b) Reaction of Crs(0:CHe).(H:0); with OCNHNE:
Cr2(0:CMe).(H0)2 was prepared as 1in SECTION 3.10.3d. To
Cr2(0zCHe) (H20)z (1.00 g, 2.7 mmol) and C-)zCNHEH:, (1,50 g, 19.8
mmol) vunder N: was added deoxygenated MeOH (50 cm®). The
- reaction was sealed under N, and stirred at room temperature
for 14 days, after which the resulting solid was allowed to
settle for a futher 14 days. This product was filtered off
under N2, washed with deoxygenated MeOH and Et.0 and dried
under a stream of N.. The product was shown to be
predominately 62CNH§H3 by IR spectroscopy.
Reaction of Cra(0:CMe).(H:0dz (0.50 g, 1.3 mmol) and O:CNHNH
(0.75 g, 9.9 mmol) in deoxygenated MeOH (50 cm®) under N: at
60° <(oil-bath) Afor 8 hours, resulted in a pink-lilac solid
which was shown to be mixture of Cr<‘02CNHNHz)2.H20 and E)zCNH;fHa
by IR spectroscopy.
A repeat of the abave reaction under reflux (65°) for 120 mins

resulted almost exclusively in Cr(0O.CKHNH2)..H:0.
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o) Reactiom of CrCls.2MeCH with O,CNENE,

The complex CrCl:.2MeCN was prepared by reaction of
[Cr(OH2)61Clz (14.5 mmol) (prepared by action of aqueous HCl
(2.50 cr®, 29 mmol) on Cr metal (1.00 g in EtOH (12 cm®)),
with hot deoxygenated MeCN (30 cm®). The resulting solution
was heated under reflux for 30 mins, during which the product
precipitated and was subsequently filtered off under K.

To a solution of CrCl:.2MeCN <(~1.50 g, 7.3 mmol) in
deoxygenated MeOH <40 cm®) was added azCNHg'Ha (1,11 g, 14.6
mmol) under N2 and the resulting solid was filtered off in
air, washed with MeOH and dried under vacuum. The product was

shown to be [Cr(NzHe)2Clzln by IR spectroscopy.

3.10.7 CHROMIUMCIII) CARBAZATE CHEMISTRY

a) Preparation of Cr(0.CNHNH:);.2H:0
An aqueous solution (75 cm®) of FN:H« (17 cm®, 531 mmol), was
saturated with CO: for 60 mins while being heated to 80°.
After this time an aqueous solution 5 cm® of
(Cr(OH2).C121C1.2H20 (1.60 g, 6.0 mmol) was added dropwise. The
resulting red solution was kept at 80° for 24 bhrs, then
cooling produced a pink microcrystalline precipitate. This was
filtered off, washed with H.Q, EtOH and Et:0 and dried under
vacuum.
Calc. for GCsHisCrNeQs: C, 11.51; H, 4.18; N, 26.84; Cr, 16.60%.
Found: C, 11.72; H, 3.93; N, 26.76; Cr, 16.26 %.
Crystalline Cr(Q:CNHNH2)s.2H.0 can be prepared by increasing
the Cr:[N:Hs]1(O:CFHNH.] ratio to ~1:50. A typical preparation;
COz is passed through a heated aqueous solution (75 cm®) of

N:He (25.00 cm?, 789 mmol) for 120 mins. To the resulting
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solution was added an aqueous solution (40 cm®) of
[Cr(0H2).C121C1.2H0 (1.60 g, 6 mmol> dropwise. A layer of EtOH
(50 cm®) was carefully placed above the aqueous solution. The
red crystalline product formed at the solvent interface on
leaving overnight.
b) Deprotonation of Cr(0.CHNHNH:);.2H.0 by Base

The complex Cr(0.CNHNH2)3.2H:0 (0.50 g, 1.6 mmol) was added to
2M aqueous NaOH (50 cm®) to give a deep red solution. On
standing, a dark green colouration rapidly developed. Addition
of an aqueous solution of Me.NCl1 (0.5 g, 4.6 mmol) gave no
precipitate.

A similar result is obtained if Me.NOH.5H20 replaces Me.NCI.
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CHAPTER ¥No 4

REACTIONS OF PHENYLHYDRAZINE VITH CARBON DIOXIDE AND
FIRST-ROW TRANSITION METAL IONS
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REACTIONS OF PHENYLHYDRAZINE VWITH CARBON DIOXIDE AND FIRST-ROV
TRANSITION METAL IONS

Since its discovery by Emil Fischer in 1875, phenylhydrazine
has generally been thought of as an exclusively organic reagent
(230]. Its isolation provided the impetus for a revolution in the
understanding of sugar 'chemistry in 1880's and it is still in
routine use as a spot test for carbonyl functioms. |

However, socon after its isolation phenylhydraziﬁe was réported

to form coordination compounds with metal ions [231,2321.

4.1 REACTIOFS VITH CHROMIUM(II) HALIDES

Simple Lewis base behaviour of phenylhydrazine towards non-
oxidising transition metal ions give complexes of stoichiometry
{ MX. (PhNHFH2).] (M=Mn,Fe,Co,Ni,Zn,Cd; X=Cl1 or Br) [86]. As. there
have been no reports of chromium(II)> phenylhydrazine complexes,
attempts have been made to prepare the analogous [CrX:(PhNHNHz):]
species.

The reactions aof (Cr(OH2)e¢lX: (X=Cl,Br> with PhNHNH: in
ethanol-diethyl ether media under nitrogen produce the very air-

sensitive pale blue complexes [CrX:(PhNHNH2):].

EtOH Et20
Cr + 2 HX(aa» — [Cr(CH2)s1X2 + 2PhNHNH, —— [CrX.<(PhNHNH:):]
N2 N2 4.1>

4.1.1 DIFFUSE REFLECTANCE ELECTRONIC SPECTRA

The liquid paraffin mull reflectance spectrum of
{CrCl2(PhNHNH2) 21~ shows one broad absorption with a maximium at 704
nm, assignable to the 5Big + *Bzy, SEg transition assuming a pseudo-
octahedral environment for the metal, as dictated by Jahn-Teller
distortion. The 1low intensity SBig -+ °SAig transition was not

observed below 1000 nm. The spectrum (and colour) of the complex is
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unlike those of [CrCl:(NH:NHR):l» (R=H or Me) (see TABLE No 5.1
which contain ©bridging Thydrazines and pseudo-square planar
chromium(II) environments with additional very long metal-chlorine
interactions. This may imply a change from bridging hydrazine to
bridging halide in [CrCl:(PhNHNH2)2l.. The reflectance spectrum of

[CrBr.(PhNHNHz)>21n could not. be recorded due to Trapid surface

oxidation.
4.1.2. MAGNETIC SUSCEPTIBILITY MEASUREMENTS
The magnetic susceptibility values of [(CrX.(PhNHNH2):z].

indicate high-spin d* configurations (see TABLE No 4.1).

TABLE No 4.1 Magnetic Susceptibility Measurements

Complex Xeox / 10°¢ cmg~' W / BM T/ K
[CrCl:(PhNHNH2) 214 25.58 4.59 296
{CrBr2(PhNHNHz2)21n 20.61 4.61 296

The magnetic moment values are somewhat lower than those displayed
by monomeric high-spin octahedral chromium(II)> complexes (~4.90 BM
and this may indicate some additional electron-electron
interactions through the halide bridges or in view of the air-
sensitivity of the complexes, partial oxidation of the samples

taken during packing into tubes.

4.1.3 INFRA-RED SPECTRA
The infra-red spectra of [CrX:(PhNHNH2):ln (X=Cl,Br) are

similar, probably indicating that the phenylhydrazine ligands show
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the same mode of bonding behaviour in both complexes (see FIG No
4,1,

No detailled vibrational spectral analysis seems to have been
reported for PhNHNH:, either as a free base or as a ligand. Glass
and McBreen reported [86]1 the preparation of [MClz(PhNHNH2)21.

(M=Kn,Co,Ni,Zn,Cd)> but although an. extensive infra-red analysis.of

these complexes was’ promiséd in Ta fallov-z‘ing pubiicgt'ion. no such
report subsequently appeared. Therefore the assignments proposed in
this work are based on those of N:H:. [141,155] and CeHsNH: [2331].
TABLE No 4.2 lists the vibrational spectral bands of PhNHNH: as a
liqu;d film and in CCl: solution, while TABLE No 4.3 lists the
infra-red spectra of [Cri:(PhNHNH2):l. (¥=Cl and Br).

The strong absorptions at 3338 and 3303 cm', for X=Cl and Br,
respectively, are slightly lower in frequency than analogous bands
shown by PhNHNH:. (CCl. solution) and can be assigned to v(NH) of
the NH group adjacent to the phenyl ring. Greater low frequency
shifts on complexation are exhibited by two absorptions at 3235,
3202 (X=Cl> and 3255, 3237 cm' (X=Br) and these may be assigned to
v(NHz) of the coordinated NH.- nitrogen. The greater reduction for
. the complex with X=Cl may be indicative of a stronger M-N bond in
the chloride than in the bromide.

Those phenyl-derived vibrations that can positively be
assigned show little change from their frequencies in the free
base. No FNH derived absorptions (apart from the stretching modes
mentioned above) can be assigned. Reglons whére the NH vibrations
of metal-hydrazine <complexes are found contain only weak
absorptions for the phenylhydrazine complexes, so correlations

between [CrX:(PhNHNHz2):1. and [ M(N:H.)>.:X:l. are of no value.
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TABLE No 4.2 Vibrational Spectral Bands of PhNHNH: / cm™.

3324

3194

3084
3049
3021
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15908
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1428
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1137
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- 1028
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884

824
758
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563
515

453

Infra-red
liquid film

(s, br)

(m

(w
(m
(m

(s, sh)
(vs)

(vs)
(w)
(s)

(s)
(s)
(m
(mw)
(mw
(m, sh)
(m, sh)
(s)
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(s)

(w)
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TABLE No 4.3 Liquid Paraffin Mull Infra-red Spectra of

(CrClz(PhNHNH2)21n

3338

3235
3202

3101
3083

1595

1499
1269
1217
1168
1156
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1022
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855
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{CrXz:(PhNHNH2)21n (X=Cl and Br) / cm™’.
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FIGURE FNo 4.1 Infra-red Spectra of [CrX:(PhNHNH2).l. (X¥=Cl and Br)
and Cr2(0:CMe),(PhNHNHz) 2.

g

CrCl,(PhNHFH.)2

CrBrz(PhNHNH2)

Cr2(0:CHe’ . (PhNHNH2) >

H L 1

2000 1400 800 200

" Vavenumber/cm™’
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The chloride [ CrCl:(PhNHNH2)2]. exhibits two strong absorptions
at 323 and 223 cm', <(metal-chlorine stretches in [M(N:H.):Cl:1,
appear below 250 cm' due to their weakness - see SECTION 2.3),
with no counterparts in the IR spectrum of [CrBr.(PhNHNH2)2]l.. They
can therefore be assigned to v(MCl> and §(C1NC1) modes,
respectively. Group theary predicts, one IR active v(MX) and one IR
active v(ML) for ‘a trans-MX.L: oct;ahe;ralws-ys:tem, . which - would
appeér to confirm the assignment. This implies that the Cr-Cl bonds
are stronger than those foﬁnd in [M(Nz2He2Cl:1n and possibly
terminally bonded. However, in pseudo-octahedral [MnCl:(PhNHz)2].,
v(MCl) is found at 318 cm' and bridging chlorides are thought to
be present [2341. Also metal-ligand vibrations in chromium(II)-
hydrazine complexes appear at higher frequencies than for dther
analogous first-row transition metal complexes. In [Cr(N:H.)2Clzln
v(ME) appears at 427 and 346 cm compared with 344 cm' for
(Mn(N:He)2Clzln and 388, 347 cm' for ([Zn(NzH«)2Cl2la. Therefore
although the observed v(MCl) in [CrCl:(PhNHNHz2).l. is in a region
where terminal metal-chloride stretches are expected, no definite
structural conclusions can be made.

Veak absorptions present at 390 and 393 cm' <(Cl1 and Br,
respectively) have been tentatively assigned to v(MN). These
compare with v(MN) displayed by [Cr(N:Hu.)2X21n ({=Cl,Br) at 427, 346
and 420, 388 cm' respectively. These values can also be compared
with v(MN) of ZnCl:(PhNH2): at 406 and 366 cm™' [234].

From the spectral data available it 1is not possible to
conclusively assign a molecular structure to (CrXz:(PhNHNHz2):zl.
(X=C1,Br), but from a consideration of the coordination potential

of PhNHNH., it is probable that the complexes exhibit a halide-
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bridged polymeric structure with unidentate phenylhydrazine ligands

(see FIG No 4.2).

FIGURE No 4.2 Possible Molecular Structure of [CrXz (PhNHNH2)2]n.

Cr
Cl

4.2 REACTION WITH CHROMIUM(II) ACETATE

The reaction of Cr2 (Jj-02XMe),t(HXQD)2 with PhNHNH2 in ethanol
under dinitrogen results in the formation of air-sensitive, pale
orange, Cr2 (ju02Me) 4 (PhNHNH2)2. The complex is moderately soluble

in MeOH and EtOH.

EtOH

Cr2 (02CMe) 4 (H20) 2 + 2PhNHNH?2 ¢ Cr2 (02CMe) 4<PhNHNH2) 2 (4.2)
N

The essential diamagnetism (cp* = -1.42x10 a cn”g-1l, p.ft = 0.39

BM per Cr at 295K) and the electronic spectrum (see TABLE No 4.4)
indicates the retention of a quadruple metal-metal bond between the
two chromium(II) atoms in a dinuclear arrangement.

The npx » x* band 1s observed only as a shoulder (in
comparison with other Cr2 (02CMe)d4dlL2 species in which the band is
resolved), on the low-frequency side of an intense absorption band

relating to a x = transition of coordinated phenylhydrazine.
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TABLE No 4.4 Electronic Spectrum of Crz{(p-0:CMe).(PhNHNHz2): / nm.

MeOH solution Liquid paraffin mull Assignment
476 (m,br) 475 (m, br) § 3+ m*
462 (m, br’
346 (m,sh) 358 (m,sh)
324 (vs,sh) 330 (m,sh) npx & 7*
: . 312 (s,sh) :
265 (vs, br) T 4 m* (PhNHNH2)

The § -+ n* transition of Crz(u-0:CMe).(PhNHNHz): with a
maximium at 475 nm is comparable to the analogous transition of
[Crz(u—02CMe) 4 (u—N2Ha)1n occurring at 478 nm.

The infra-red spectrum of sz(p—OzCMe>4(PhNHNHz>z indicates the
presence of both coordinated acetate and phenylhydrazine (see FIG
No 4.1). The absorptions at 3358, 3330 and 3239 cm' are assignable
to NH stretching vibrations, the latter being specifical-ly assigned
to v(NH2) of the terminally coordinated nitrogen, in view of the
greatest shift from v(NH.) of free PhNHNH: (3324 cm™").

The phenyl and acetate derived absorptions are found in
characteristic positions when considered alongside the vibrational
spectra of ([(CrX2(PhNHNHz).ln (X=Cl,Br> and Crz(u-0:CMe).L: (L=0Hz,
% (NzHs)) (see TABLE No's 3.5 and 4.3) and are assigned in TABLE No
4.5,

The majority of the NH derived absorptions, as for other
phenylhydrazine complexes are not simple and remain, at present,
unassignable. Bands assigned to v(CrN) seem to occur at higher
wavenumbers in metal-metal bonded species than in mononuclear
species (i.e. v(CrN); Crz2(p-0.CMe),(NHz)2 = 475 cm'’; [Crz(u-

469 cm'; [Cr(N2Ho:Clzln = 427,346 cm';

1]

DzCME).t (p”NzHA) 1 n

[CrCl2(PhNHNH2)2]x

390 cm')., In Cr2(u—-0:CMe’«(PhNHNH2)2, two bands
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at 427 and 401 an*' can tentatively be assigned to v (CrN), lower
than found in comparable Cr2 (Q2CMe)*L2 complexes. This may be an
indication of weak metal-nitrogen bonding, possibly due to the
electron-withdrawing effect of the phenyl ring of phenylhydrazine.
The complex Cr2<p-02CXe}4<PhIfHNH2)2 is therefore 1likely to
contain unidentate phenylhydrazine 1ligands, banded axially to a

Cr2<02CMe) 4 unit (see FIGURE flo 4.3).

FIGURE No 4.3 Possible Structure of Cr2 (0zCMe)* (PhRHRH2)2.
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TABLE 4.5 Infra-red Spectrum of Crz(u-0:CMe).(PhNHNHz2): (major

bands) / cm'.

Band maximium

3358
3330
3239
1589
1573
1558
1487

1455
1446

1346

1266

1155
1150

1051
1044

945

759
755

701
688

632

519
508

427
401

323
299

Relative intensity

o

=]

vs,sh_
vs, br
vs, sh

vs, sh
vs, br

=]

ms, sh

28

Ei

Tentative Assignment

v(NH)

v(NH2)

Va (CO2) +

§ (NH2) + wv(C=C)
v(C=C)

vs (CO2

& (CHs)
v{(CH)

& (CHa»
r (CHi)

v(CC>

§ (CHD
§<0COY + §(CH)

T (COO»

r(Cooy ?
v(MID

v(MO)
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This work shows that the Cr2(0:CMe). unit can be used as an
effective praobe of the coordination abilities of hydrazines.
Hydrazine itself bridges between two Cr2(0:CMe). units as expected,
while phenylhydrazine acts only as a unidentate ligand, again as
expected from the arguments presented in SECTION 1.4.3.

4.3 REACTIONS OF PHENYLHYDRAZINE VITH CARBON DIOXIﬁE

Shortly after Fischer reported the preparation of PhNHNH: in
1875 (2301, he described in 1878 the preparation of 'phenylcarbazic
acid phenylhydrazine', from the reaction of PhNHNH: with CO: [142].
Later work by Stern (1431 showed that potassium phenylcarbazate
could be obtained by treatment of phenylcarbazic acid with KOH.
Later workers have added little of significance to what was already
known about the PhNHNH-.-CO: system. ,

Milla et al. (2351 found that PhNHNH: reacted with CO: in the
pH range 5.95-8.25, each mole of PhNHNH. taking up 0.25 moles of
COz. Frances, within an extensive investigation of binary and
tertiary systems with CO2, found that PhNHNH: formed a salt on
reaction (2361. Morrow, Keim and Gurd, as part of a study of the
binding strengths of COz to amino acids in D20 solution, recorded
the '*C nmr signal of the carboxylate carbon of phenylcarbazate
[2371.

The use of phenylcarbazate as a ligand towards transition
metal ions has been reported by Srivastava. A series of complexes
containing Cr(III)> (1461, Co(II> ([147], Ni<(II> [145]1 and Cu(ID)
[117] have been claimed. Our interest in the ligating ability of
the phenylcarbazate anion was stimulated by the failure to repeat
the preparation of chromium(III) phenylcarbazate [146]. Also, it

was hoped that metal phenylcarbazates could be prepared which would
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retain the structural features of unsubstituted metal carbazates
but advantageously display sufficient solubility for solution
studies and single crystal formation after recrystallisation from

an appropriate solvent.

4.3.1 PHENYLHYDRAZINIUM PHENYLCARBAZATE

The passage of CO: into or even over a methanolic solution of

PhNHNH: causes the ©precipitation of <colourless [PhEHNHal-
[PhNHNHCO.l1. The yield can be improved by cooling the resultant
filtrate to produce the compound as colourless platelets.

The salt is air-sensitive, decomposing in a manner similar to
that of phenylhydrazine, after exposure to air for several minutes.
It is moderately soluble in MeOH and DMSO, but less so in EtOH or
solvents of lower polarity.

In some respects the infra-red spectrum is not of the form
that might be expected assuming the presence of the ion-pair
{ PhEHNHs]l [ PhNHNHCO.]1 (see FIG No 4.4). Thus, absorptions present in
the IR spectrum of PhNHNHJCl (see FIG No 4.4) which are assignable
to PhNHFHs* are absent. In fact, overlaying the expected spectrum
of PhNHNHCO.-, is a profile more associated with PhNHNH: than with
PhNHNH,".

Two absorptions at 3340 and 3230 cm' can be assigned to v(NH)
as expected (two absorptions for PhNHNHCO.- and one for PhNHNH:,
the latter overlapping the second phenylcarbazate absorption). The
hydrogen-bonded absorption appears at 2660 cm' as would be
expected for PhNHNH.* although it is very much brocader than the
analogous band of PhNHEHaCl, In the fingerprint region (1300-650
cm'), the 6&(CH)out-or-prane bands expected for PhNHNHs* are absent,

the absorptions that do appear being very intense relative to the
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FIGURE No 4.4 Infra-red Spectra of PhNHNH., PhNHNH.Cl, PhNHNHCQO:Na
and PhNHNHCO-H.PhNHNH-.

W A

PhNHNH,C1
W PhNHNHCO.Na

PhNHNHCO-H. PhANHNH:

= = [ . ' T - - I
4000 . 2000 1400 800 200
Vavenumber/cm-'
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v (Co2>+£ (M2) coincident band, indicating that the intensities of
the S(CH) Dbands are enhanced due to the presence of two similar
species, i.e. PhNHNHCQ2- and PhNHNH2 exhibiting $(CH) at very
similar frequencies.

Analysis of the IR spectrum indicates that more association is
present than would be. expected for an individual ion-pair. The
extreme situation could be described as the removal of a proton
from the phenylhydrazinium cation and its transfer to the
phenylcarbazate anion, leading to the formulation as the PhNHNH2
adduct of phenylcarbazic acid (see FIG No 4.5). In the solid state,
considerable intermolecular hydrogen-bonding will also undoubtedly

be present in the crystal lattice.

FIGURE No 4.5

In the negative ion FAB mass spectrum of PhNHNHCQ2H. PhNHNH?
(see TABLE No 4.8) the most prominent m/z peak corresponds to
PhNHNHCCLr. The lack of detectable multimoiecuiar species (unlike
the alkali metal phenylcarbazates - see SECTION 4.4) is indicative
of a much -less strongly intermolecular bound structure. This could
explain the observed differences in atmospheric stability between
PhNHNHCOZ2H .PhNHNH2 itself and the alkali metal phenylcarbazates.
The detection of several ions assignable to fragments derived from
PhNHNHCQZH. PhNHNH2 rather +than from CPhNHNHaJ CPhNHNHCO02] is in

agreement with IR and conductiometric results (see TABLE 4.9), both
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of which favour an adduct rather than an ionic formulation. Further
properties of PhNHNHCO:H.PhNHNH. are discussed below alongside

those of the alkali metal phenylcarbazates.

4,4 ALKALI METAL PHENYLCARBAZATES
The passage of CO. through an alcoholic solution of an alkali

metal alkoxide and PhFHNH: results in the precipitation of

PhNHNHCO:¥ (M=Li,Na,K) (4.3).

PhNHNH. + MOR ——ﬂﬁt——e PhNHNHCO:M M=Li,Na,K R=Me or Et (4.3)
(02
Only the potassium salt bad been reported previously [143]1, but no
more than its preparation and analysis were described.

These <colourless compounds are more resistant towards
atmospheric decomposition than PhNHNHCO:H.PhNHNH2, surviving for
several weeks without appreciable discoloration. The compounds are
sparingly soluble in MeOH, but such solutions undergo rapid
decomposition and oxidation on atmospheric -exposure at room
temperature. However, dissolution of the sodium salt in NeOH
followed by reprecipitation by the addition of diethyl ether shows
that the alkali metal carbazates display a reasonable solution
stability in methanol solution if kept at low temperatures (<0°)
and under an inert atmosphere (preferably CO2>.

Three different preparative procedures have been utilised to
prepare PhNHFHCO:M (M=Li,¥a,K).

a) A MeOH solution of the alkali metal methoxide was generated

by reaction of the metal with anhydrous MeOH. To this sclution

was added PhNHNH: and then CQO. introduced (4.4).
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b) A MeOH solution of the alkali metal hydroxide was prepared,
PhNHNH., added and then CO: introduced (4.5).

c) An EtOH solution of the alkali metal ethqxide was generated
by reaction of the metal with anhydrous EtOH. To this solution

was added freshly prepared PhNHNHCO:H.PhNHNH: (4.6).

MelH PhNHNH2 :
MeOH + ¥ ——— MeOM + ¥%H; ——— PhNHNHCO.M + MeOH 4.4)
N2 €02
fHeQH PhNHNH=
MeOH + MOH ——— MeOM + H.0 ————— PhNHNHCO.M + MeCH (4.5
Nz €0z
EtOH PhNHNHCO=H , PhNHNH=
EtOH + ¥ ~——— Et0OM + ¥H, ——————— PhNHNHCO:M + EtOH + PhNHNH:
N2 (02 (4.6

PhNHNHCO:L1 was prepared only by route (a), while pure PhNHNHCO:K
was prepared omly by route (c). The potassium product obtained by
method <(b> was characterised as PhNHNHCO2K.H.0 by elemental
analysis. PhNHNHCO.Na was prepared by all three routes.

An occasional by-product in these reactions is the formation
of organic carbonate species from the reaction of the alkoxide and

carbon dioxide (4.7).

RO + COz ———— R-CO:M 4.7

4.4,1 INFRA-RED SPECTRA

The infra-red spectra of PhNHNHCO:M are very similar with only
slight differences, presumably resulting from solid state packing
changes on increasing the ionic radius from Li* to K* (see FIG No

4.4 for the IR spectrum of PhNHNHCO:Na).



199

TABLE No 4.7 Vibrational Spectra of PhNHNHCO.K (major absorptions)

/ cm?,

Infra-red Raman Assignment
3385 (w)
3263 (w)
3344 (w) v(NH>

3331 (m . - 3329 (w ’

3272 (m ‘ T oL

3056 (w) 3955 (vs) v(CH)

1608 (vs) 1595 (&) va (CO2) + v(C=C)

1494 (m

1488 (m 1487 (W

1456 (m, br) v(C=C)

1439 (ms, sh)

1431 (ms)

1361 (s

1345 (&) 1338 (W) va(CO2) ?

1324 (w,sh)

1306 (ms) v(CN)

1275 (W)

1263 (W) 1248 (w, br)

1174 (w 1168 (mw)

1158 (vw)

1154 (vw) 1153 (mw, sh)

1079 (w) 1071 (w, b

1023 (w) . 1022 (s 8§ (CH) out-or-piane

1014 <(w)

004 (w) 893 (vs) G(CH)aut-of-nllne

799 (s 756 (w) 6(CH)zn-pllnn

702 (s
508 (w) t(CO0) 7
567 (vw) r(Coo) ?

Two bands assignable to ¢(NH) appear in the 3500-3200 cm'
region for PhNHNHCO:M (M=Na and K), while these absorptions are
split into four components in PhNHFNHCO:Li. This may reflect either

stronger intermolecular bonding in PhNHNHCO:Li,as indicated by its
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greater atmospheric stability, or the presence of two or more
distinct molecular conformations within the crystal lattice.

This additional complexity is mirrored in the w(CO2) region
between 1640-1600 cmr'. Thus, PhNHNHCO:Li displays a complex band
pattern, while PhNHNHCO.M (M=Na or K) show a single strong band.

Band assignment within the fingerprint ;gg}og (1350-650 can
is difficult due to the variety and éenerally weak intensities of
the absorptions. As noted previously, no complete vibrational
assignment for ©PhNHNH: has been made and extrapolation to
PhNHNHCO.- is therefore open to uncertainty.

TABLE No 4.7 shows the IR and Raman spectra of PhNHNHCO:X as
typical of the PhNHNHCO:M group, with provisional assignments of
selected absorptions based on the PhNHNH: assignments of SECTION
4,1.3. FIGURE No 4.4 shows the IR spectra of PhNHNHCO:X in

comparison with those of PhNHNHCO:H.PhNHNH: and PhNHNH.C1.

4.4.2 FAST ATOM BOMBARDMENT MASS SPECTRA

The FAB mass spectra of PhNHNHCO:M (M=Li,¥a,X,PhNHNHs) have
been recorded using a glycerol matrix. Addifionally, 70eV EI and CI
techniques on PhNENHCO:Na were found to yield no extra useful
information and resulted in cleavage of the N-N bonds of the
carbazate generating PhNH- type fragments.

In contrast to PhNHNHCO:H.PhNHNH., FAB spectra of the alkali
metal salts show significant proportions of negative ions of m/z
greater than one molecular unit indicating the presence of
polymeric ions in the vapour phase.

The positive ion FAB spectrum of PhNHNHCO:H.PhNHNH: showed
only the presence of PhNHNH,* and species derived from it. The

(+)FAB spectra of the other phenylcarbazate salts, however, show
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TABLE No 4.8 Negative Ion FAB Mass Spectra of PhNHNHCO:M*

¥ =1 n/z 1% Possible species
91 55 (glycerol-Hl-
Q7 85 [glycerol-2H+Lil-
151 100 { Phebzl-
157 90 [PhcbzLi-H1-
217 - 25 '
245 ’ 50 " [PhcbzLifglycerol-Hl-
309 50 [ PhcbzLi+Phebz]-
315 45 {2xPhcbzLi-HI1-
401 [PhcbzLi+Phecbz+glyceroll-
407 [2xPhcbzLi+glycerol-Hi-
467 [2xPhcbzLi+Phcbz]-
473 [3xPhcbzLi-H1-
631 [4xPhcbzLi-H1-

NOTE Background glycerol matrix spectrum was not subtracted as no
lithium correlation data was available

M = Na n/z I7% Possible species
107 35 { PhNHEH] -
113 22 {glycerol-2H+Nal-
123 21 { PANHNHCO1 -
151 50 { Phcbzl-
172 30 { PhcbzNa-2H1-
173 100 { PhcbzNa-H1-
216 20
277 19 { PhcbzH+PhNHNHCOI -
303 22 {2xPhcbz+H1-
325 53 [ PhcbzNa+Phcbzl-
347 28 [2xPhcbzNa-Hl-
369 45 [2xPhcbzNa—-2H+Nal-
521 32 [ 3xPhcbzRa-Hl-
543 20 {3xPhcbzRa-2H+Nal-
673 - [4xPhcbzNa-Nal-
695 { 4xPhcbzNa-Hl-
717 [ 4xPhcbzNa-2H+Nal-
847 [ 5xPhcbzNa-Nai-
869 {5xPhcbzNa-HI-

891 (5xPhcbzNa-2H+Nal-
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X=X m/'z I% Possible species

91 35 {glycerol-Hl-

107 60 { PhNHNH] -

133 30

151 100 { Phebzl-

189 60 { PhcbzK-H1-

341 40 [ 2xPhcbz+K1-

379 22 [ 2xPhcbzK-H]-

417 48 [ 2xPhcbzK-2H+K1"

460 . . _ ‘

4908 ’ o . T

569 : [ 3xPhcbzK-H]1"

607 [ 3xPhcbzK-3H+2K]-
M = PhNHNHs m/z I % Possible species

151 100 [ Phcbzl-

179 23

243 . 55 [ Phcbz+glyceroll-

267

268

271

277

285

289

301 [ 2xPhcbz-H1-

303 [ 2xPhcbz+H1-

325

333

334

335

339

351 [ PhcbzH. PhNHNH:+glycerol-H1-

NOTE *» - All peaks lacking an I % value'are > 10 % in intensity

Phcbz = PhNHNHCO2-

the presence of multimolecular positive ions. Commonly observed
species are of the types [ nPhNHNHCO:M + M]l* and [ nPhNHNHCO:M + M +
glyceroll* where n = 1,2 for M=Li and n = 1,2,3>for ¥= Na,X.

TABLE No 4.8 lists the ions observed in the (-)FAB spectra of
PhNHNHCO:M (M=Li,Na,K,PhNHNHs) with possible formulae relating to

the m/z values.
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For M=Li and K, the parent (-)FAB peak is 151 m/z (PhNHNHCO:
while for M=Na, it is 173 m/z ([ PhNHNHCO:Na-H]1-). Other prominent
species indicate the presence of multimolecular negative ioms in
the vapour phase, as also shown by the (+)FAB spectra. Tetra- and
pentanuclear species are detected in the M=L1 and Na spectra, while
trinuclear species appear in the M=K spectrum <s_ee‘ TABLE Fo 4.'5).
This apparent decreage in 1ntermolecuiar bonding is mirrored by the

decrease in atmospheric stability from Li to K.

4.4.3 CONDUCTIOMETRIC STUDIES

To complement the solid state characterisation, conductivities
of the phenylcarbazate salts were measured in methanol. Because
only a few conductivities have been reported in this solvent [238],
the conductivities of a number of standards were also measured to
define a range for 1:1 electrolytes <(see TABLE No 4.9) at a
concentration of approximately 10-3K.

From a consideration of the conductivities of the standards a
reasonable average value for a 1:1 electrolyte was 102 Q 'cm?mol-’.
A particularly low An Qalue is shown by PhsBNa, due to the low
mobility associated with the Ph.B~ anion.

The salts PhNHNHCO:X show increasing An values from ¥ = Li to
K reflecting a variation in the strength of association and the
tendency to dissociate into discrete ions in solution. Certainly
lower mobilities are expected for associated species compared with
monomeric ones and all three alkali metal salts show lower Ax
values than expected for simple 1l:1 electrolyte behaviour. Only
PhNHNHCO.K shows a An value close to that expected for. a fully
dissociated monomeric species. It 1is probable that the lower A

values of PhNHNHCO:M (M=Na,Li)> reflect +the expected greater



204

covalent character between ion pairs on decreasing the size of the
cation.

PhNHNHCO:H. PhNHNH: effectively shows non-electrolyte behaviour
in methanol, indicating +that only a small proportion of
[ PhNHNH21 { PhNHFHCO.] can be present. This confirms the conclusion
drawn from vibrational .spectroscopic eviquncg_.’_ that this compouﬁd
is best considered as a molecular édduct, rather than an iomnic
species.

PhNHNH:Cl also shows a low Aw value in methanol 'indicating
only partial dissociation into ions. The ion-pair is expected to be
strongly associated, in line with solid state evidence which

indicates the presence of strong -N-H---Cl1 hydrogen-bonding.

TABLE No 4.9 Conductiometric Measurements of PhNHNHCO:M in MeOH

Compound Molarity / 102 M Nv 7 0en?mol-
Me.N1 1.050 126.7
Me.NBr 0.857 117.0
NaBPh. 1.026 79.5
KI 1.018 ° -~ 113.0
PhNHNHsC1 ’ 1.065 78.5
PhNHNHCO.L1 0.860 76.7
1.102 64.6
PhNHNHCO.Na 0.471 84.3
0,856 83.5
PhNHNHCO-K 1.104 99.7

PhNHNHCO-H. PhNHNH2 1,137 5.4
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4.4.4 '*C NMR SPECTROSCOPY

To give further indications of solution stability, the '°C nmr
spectra of PhNHNHCO:M (M=Li, Na,K,PhNHNH3) were recorded in MeOH-d.
solution under N2 (see TABLE No 4.10).

Vhen the spectra of the M=Li,Na,K and M=PLNHNH: samples are
compared, it 1s apparent that _fhe solution bghaéiour is ﬁﬁt
identical for all the salts. The pﬁenylhydraziniunx salt, better
regarded as the adduct PhNHNHCO.H.PhNHNH: as discussed earlier,
decomposes in methanol at room temperature. Only one set of phenyl
resonances are observed whereas two would be expected. Overall the
spectrum is similar to that of PhNHNH: both in chemical shift
values and relative intensities. After one month in solution the
'3C nmr spectrum of PhNHNHCO:H.PhNHNH: contains some additional
minor signals indicating futher decomposition.

The '°C nmr spectra of the alkalil metal salts each display two
sets of phenyl signals. A comparison of intensity ratios shows,
however, that the assignment of these resonances is not consistent
from one metal salt to another. For M = Li and X, the relative
intensities of +the Cs,s and Cz6 signals are reversed and
furthermore the intensity ratio profile for the sodium salt is
considerably different to those of the cother salts.

It 1s possible that either partial decomposition to the
species present in PhNHNHCO:H.PhNHNH:/MeOH solutions has occurred
or two conformationally different phenylcarbazate specles are
present.

The carboxylate carbon <(C;> has only been detected for
PhNHNHCO:K, as a very weak signal, as expected for a quaternary
carbon. The chemical shifts of 214.6 and 200.1 ppm can be compared

to 222 ppm reported for C; when PhNHNH: was reacted with '3CO: in
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D:0 [237). The lack of signals assignable to C; in the spectra of
PhNHNHCO M (M=Li and Na) can be attributed to the higher solubility

of PhNHNHCO:K.

TABLE No 4.10 '3C nmr MeOH-d: Sclution Spectra of PhNENHCC:M / ppm

PhNHNHCO.M, ¥ = Li Fa K PhNHNH: ~PhNHNH, Assignment

214.6 Cs
200.1

153.1 153.0 152.9 o

- 151.7 151.6 152.5

128.9 129.9 129.9 129.9 Ca,s

129.7 129.7 129.8 129.6

120.2 120.2 120.3 Ca

120.1 120.1 120.0 120.1

113.8 113.8 113.8 Cz,6

113.7 113.7 113.5 113.6

NOTE: Spectra referenced to TMS

- 3
Assignments refer to \ 0
- 4 N—-N——<
70
5 b

The above results imply that the solution behaviour of the
alkali metal phenylcarbazate salts is clearly not straightforward.
In particular when undertaking solution reactions the instability

of PhNHNHCO:H.PhNHNH: must be taken into account.
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4.5 REACTIONS OF THE PHENYLCARBAZATE ANION VITH FIRST-ROW

TRANSITION METAL CATIONS

Srivastava has reported the reactions of PhNHNHCO.H.PhNHNH:
with chromium<(III) [1461, cobalt(II)> [(147], nickel(II) [145]1 and
copper(II) [117]. In each case the \isolation of metal-
phenylcarbazate complexes was claimed. In view of our own work on
the characterisation of PhNHNHCO.M (HfPhNHNHa,Li,Na.K;. it was félt
appropriate to confirm the coordinative ability of the aﬁionic
phenylcarbazate 1ligand. Any resulting phenylcarbazate complexes
would provide comparisons with the better established unsubstituted
carbazate complexes., There was a particular desire to characterise
the phenylcarbazate anaiogue of Cr(0:CNHNH2)2.H20. As an entry into
this aspect of the work, attempts were made to repeat some of the

published work of Srivastava and his co-workers.

4.5.1 THE CCORDINATION POTENTIAL OF THE PHENYLCARBAZATE LIGAND
The presence of a phenyl group on the carbazate moiety
potentially alters the coordination modes displayed by the ligand.

There are four possible major coordination modes of

phenylcarbazate:
P
Eh P I'\lh
e _N e
| 0 N h
C ’ ! C
070 N=C AN 070
| Ph—N<. 0 00 ]
M M M M M
[ I I v

Mode I 1is wunidentate O-bonded as shown by the majority of
carboxylate anions as well as carbamate im [Co(NHs)s(OCONH2)12*
{239,240]1. ¥ode II is N,O-chelation as shown by many unsubstituted

carbazates. Modes III and IV are O, O-chelation or bridging, similar
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to those displayed by the carbamate ligand, NH:CO:.", which can be
regarded as the ammonia solvent analogue of the hydrazine solvent
system derived carbazate [241-51.

Variations in carbamate coordination are illustrated by the
reaction of Cr'v(NEtz). with CO: which yields Cr2(0:CNEtz).(u-NEtz2):
and Cr: (OzCNEtz)A(NHE.tz)z, dieth_ylcarbamate "displnayi_ng Mode III tyﬁe |
coordination in the chromium(IIID) product but Mode IV coordination
in the dinuclear chromium(II> product in which the familiar

quadruple metal-metal bond has been generated [246] <(see FIG No

4.6).

FIGURE No 4.6 Structures of Cr2(0:CNEtz).(p-NEtz). and
Cr2(0-CNEtz).(NHEt2)-. _

[
j
i
!

Cr2(02CNEt2) s (u-NEt2)2 Cr2(0.CNEt2) .« (NHEt,) 2

Vhether O, 0-coordination (Modes III and IV) is favoured over
N, O-coordination (Mode II) for phenylcarbazate is probably largely
dependent on the availability of the phenyl-adjacent N lone pair
for donation (and conversely its involvement in the aromatic ring
conjugation). Only one example has been established where

phenylhydrazine is known to act as an %2-ligand, namely
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[ (n5-CsHs)Mo(NO) I (PhNHNH2)1, which has the phenyl-adjacent N active
in coordination [51].

Srivastava and Tarli [145] considered N(3) of phenylcarbazate
to be incapable of additional bond forma@ion. but preferred to

consider phenylcarbazate coordinated through N<(2) and O.
L '? - R

Ph (3) (2) C
\N_N/ \0
\M/

PO

It is our contention, however, that in view of the acute bite
angle required for this coordination mode and the necessary
considerable rehybridisation of ©N(2), the other less-strained
coordination modes discussed above are more likely to be favoured.
In addition, although a KN(2),0-coordination mode may be feasible
the resulting chelate ring would not be planar, as would the ring
of Mode III as a result of C==0 multiple bonding. Indeed, it is
pertinent to note that the corresponding phenyldithiocarbazate
complexes { M(S:CNHNHPh) 2] (M=Ni, Pd, Pt,Zn, Cd, Hg, Sn, P and
[ M(S:CNHNHPh)3] (¥=Cr,Co), were considered by Haines and Louch to
display S,S'-coordination following analysis of their vibrational
and electronic spectroscopic data [226]1. This suggests that
phenylcarbaéate may favour O, 0'-coordination i.e. Modes III and IV,
where delocalisation allows planar MO.CR or MOC(R)OM units to be

present.
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4.5.2 COPPER(D AND (I1) PHENYLCARBAZATE SYSTEMS

Srivastava reported [117] that reaction of copper(Il) salts
with phenylcarbazate in EtOH gave a copper(II)> phenylcarbazate of
stoichiometry.Cu (0:CNHNHPh)..2H.0. This contrasts with the work of
Petredis, Burke and Balch (2471 who showed that reaction of CuCl:
and CuBr: with PhNHNH: in H.0 proceeded with ;e@uctioﬁ to givertﬁe
copper(I)> phenyldiazene complexes [C;;X4(PhN=NH)]. This has been
confirmed in this present work. These results directly contradict
other work reported by Srivastava in which the formation of stable
copper(II) phenylhydrazine complexes has been claimed [248].

The reaction of CuCl: with PhNHNHCO.H,PhNHFH. in MeOH at 0°
under CO2 results in the formation of off-white, diamagnetic,
[ CuCl (PhNHNH2>]». The IR spectrum of this product showed the
presence of coordinated PhNHNH: but no evidence of PhNHNHCO.- (see
FIG No 4.7). It is clear that reduction to copper(l) has occurred,
the same complex being produced by reaction of PhNHNH: with either
CuClz.2H20 or CuCl in alcoholic media (4.8).

The 1isolated <complex is thermally unstable at room
temperature,decomposing by loss of PhNHNH:, and presumably forming
a complex with a lower PhNHNH: content i.e.; [CuxCl.(PhNHNKH2)1, x>1.

The reaction of CuBr: with PhNHNH. in EtOH gives the analogous
off-white, diamagnetic, { CuBr (PhNHNH2) I .. This  complex is
substantially more stable than (CuCl(PhNHNHz)]l. and can be stored
at room temperature in air for several days without excessive
decomposition. The IR spectrum shows significant differences to
that of ([CuCl(PhNHNH2)l., especially in the v(NH) region (see FIG
No 4.7), perhaps reflecting a change in molecular structure as a

consequence of moving from a bridging chloride to a bridging

bromide polymeric structure.
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Infra-red Spectra of Copper(I)-Phenylhydrazine
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It 1is probable that in these complexes the copper 1is
coordinated in a distorted tetrahedral manner with wunidentate
phenylhydrazine and bridging halide 1ligands. FIG No 4.8 shows two
passible structures.

Beaction of either CUCI2.2H20 cr CuCl with excess PhNHNH2 in
the absence of a solvent results in an unstable, off-white, solid,
whose IR spectrum and elemental analysis indicates it to be
CCuCl <PhNHNH2>] (see FIG No 4.7). This complex was too thermally
unstable for complete characterisation, but may be dimeric as are

many other copper(I) halide-MsCnitrogen donor ligand) complexes.

FIGURE No 4.8 Two Possible Molecular Configurations of
[CuCl (PhNHNH2) In.

- Cu 0-Cl 1-PhNHNH.,
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In addition to these complexes a number of other
uncharacterised products were extracted from this reaction system,
as indicated by IR spectra. This system may therefore resemble the
Cu(I)/(II)-N-Hi/N:Hs* system studied by Brown et al. [249]. In this
system, minor changes in procedure afforded a number of copper-
hydrazine/hydrazinium species displaying yari;b}e“oxiﬁation statés
(L.e. (ID), (ID)/CI) and <I)>. In ;Any reactions ‘only mixtures

could be recovered.

{ CuCl (PhNHNHz2) 2]

PhNHNH2 ' AR\\\ PhNHNH2
PhNHNH=2/H=20

CusCl (PhN=FH) &———— CuCl:,2H20 CuCl 4.8

PhcbzH, PhNHNHz \ ELOH PhNHNH=/E tOH ‘Z// PhNHNH=/E40H

[ CuCl (PhNHNHz2)]

In conclusion, it is clear that phenylcarbazate or phenylhydrazine
reduces copper(II) halides to copper(I) phenylhydrazine species.
Given that phenylhydrazine is likely to be a more powerful reducing
agent (> 0.1V) than hydrazine with respect to copper(ll), a stable
copper (II) phenylcarbazate/phenylhydrazine complex is probably not

isolable.

4.5.3 THE NICKEL(II)-PHENYLCARBAZATE SYSTEM

Srivastava reported [145] that on reaction of
PhNHNHCO-H. PhNHNH, with [Ni(OH2)¢lClz in EtOH, the complex
{ PhNHNH31 [ N1 (O:CNHNHPh) 3], H20 was formed. This would be analogous to
the crystallographically characterised £107] carbazate
[ N-Hs1[ N1 (O:CNHNH273].H:0 the anion of which contains O, F-chelating

carbazate groups. However, following the precise experimental
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procedure reported, the only product that could be obtained was the
known phenylhydrazine complex, [NiCl:(PhNHENH:):1. [861. However, a
change 1n procedure did result in the formation of a
phenylcarbazate complex.

The reaction of anhydrous NiCl: with PhNHNHCO.H.PhNHNH. in
MeOH at 0° under CO: results. in the formation of éhe thermal-ly

unstable, pale blue, [Ni(O.CNHNHPh).(PhNHNH2).] (4.9).

MeOH/0*
NiCl: + PhNHNHCO.H.PhNHNH, ——— ([ Ni (O:CNHNHPh).(PhNHNH2).1 + 2HC1

{02 4.9

On reaction at lower temperatures (e.g. -15°), a turquoise blue
solution is initially formed from which the product precipitates on
warming to 0°. The complex is thermally unstable at room
temperature, but can be stored for several days without noticeable
decomposition at 0° under CO..

The infra-red spectrum of the product indicates the presence
of phenylcarbazate e.g. the intense v(CO2) bands at 1601 and 1494
cm' <(see TABLE No 4.11)., The lack of characteristic absorptions
corresponding to [(PhNHNH2]1* calls into question the formulation
‘claimed (1451 by Srivastava. The analytical results obtained
clearly fit the suggested formula rather than that of Srivastava
although the empirical formulae do not differ markedly 1i.e.
NiCz6H30NsOs and NiCzrHi2Ne0s, respectively. However, a molecular
formula comprising two phenylcarbazate and two phenylhydrazine
ligands is more consistent with the IR data (see TABLE 4.11 and FIG
No 4.9). Although coordinated PhNHNH: is indicated by elemental

analysis, its presence is difficult to deduce from the IR spectrum
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because o0of overlap of phenylcarbazate and phenylhydrazine
absorptions.

Magnetic 'susceptibility measurements (yex = 6.25x10°% cm’g™’
Hettr = 3,03 BM at 294K) are indicative of an octahedral environment
around the central nickel.

TABLE No 4.11 Infra-red Spectra of [Ni (O:CNHNHPh) 2 (PhNHNH2) 2] and
{ Co(OCNHNHPh)2(MeOH)2] (major bands) / cm’.

N1 (Phcbz) 2 (PhNHNH2) 2 Co(Phcbz) 2 (MeOH) 2 Assignment

3352 (m

3246 (s) 3241 (m, sh) " v(NH2) + v(¥H)

3158 (s, b 3173 (&) + v(CH>

3108 (s,sh)

1601 (vs) 1617 (vs) 7 (CO2) + v(CO)
1592 (vs) + 6§ (NH2),6 (OH2

1516 (s) 1522 (s, br) v(CC>

1494 (vs) 1491 (s> vs (CO2)

1486 (vs) :

1464 (m) 1462 (m v(Cce>

1379 (vs) 1377 (s, br) v(CKh ?
1021 (=) v(CQ)

832 (mw) 831 (m S (0CO

752 (s) 756 (s) §(CH)

693 (m) 692 (s)

667 (m 660 (ms) T (CO0)

508 (mw)

454 (w) 441 (ow)

391 (w) 383 (aow)
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FIGURE No 4.9 Infra-red Specfra of [Ni(O:CNHNHPh).(PhNHNH.).] and
[ Co(O.CNHNHPh) 2 (MeCOH)2] / cm™'.

-

( Fi (O:CNHNHPh) ; (PhNHNH:) 2]

- [ Co(OCNHNHPh) 2 (MeOH) -]

- r S ﬁi L .
4000 I 2000 ‘__“*____139_0 800 200
Vavenumber/cm'
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4.5.4 THE COBALT(II)-PHENYLCARBAZATE SYSTEM

Srivastava repaorted [147]1 that the product of the reaction of
cobalt(II) with phenylcarbazate was (Co(O:CNHNHPh)2(OH2)2]1. The
exact procedure employed for this preparation was not available,
the report, according to Chemical Abstracts, having been published
in Acta.Ciencia.Indica.,[Seriesl.Physics, but the British Lénd_i‘ﬁg
Library has not been able fo locate the article. It. is poSsi‘ble
that the bibliographical details have been incorrectly abstracted.
As a result it was decided to use the method developed for the
preparation of [Ni(O:CNHNHPh):(PhNHNHz2)2].

The reaction of K anhydrous CoCl: with PhNHNHCO.H.PhNHNH: in
MeOH at -10° under COz, initially results in the formation of a
deep red solution from which no solid is precipitated when warmed
to 0°. However, ([CoClz(PhNHNH2)2]n is precipitated on warming to
room temperature. On leaving the original reaction solution
overnight at 0® wunder COz2, the insoluble pale red product

[ Co(OCNHNHPh)>2(MeOH)2] is precipitated (4.10).

HelH
CoCl: + 2PhNHNHCO:H. PANHNH, —— [ Co(0Q:CNHENHPh):(MeOH).1 +
02 2PhNHNH,C1 (4.100

The electronic spectrum of the reaction solution (489 (sh),
508 (3,br), 539 (sh) nm; MeOH solution, “A29(F) and *T29(P) ¢ *T25(F)
transitions, indicates an octahedral environment for the cobalt
with a ligand set of rather similar strength to [Co(OH2)el** (c.f.
{ Co(OCNHNHPh)2(MeOH)21, Ao = 19700 cm' and [Co(OHz)el?*, 4. = 19400
cmty.

The IR spectrum of the product (see TABLE No 4.11 and FIG No

4.9) resembles that of [(Ni(O.CNHNHPh).(PhNHNH:):]J, but has a less
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complex v(NH) region (3241, 3173 and 3123 cm'), and bands
assignable to coordinated methanol (e.g. v(CD) at 1021 cm").

The solid complex appears to have a greater thermal stability
than the nickel complex. Magnetic susceptibility measurements
indicate a d” high-spin electronic arrangement (ycpx = 21.33x10°¢
cm®g™', pett = 4.67 BM at 293K), the magngtiq_mument‘being in fﬁe
range of known values for octahedral cobalt(II) species.

The nickel and cobalt phenylcarbazates must be formed by
somewhat different routes. The nickel complex,
[ Ni (O.CNHNHPh).(PhNHNH2)2], forms on warming the initial reaction
solution. Given the nature of the final cobalt species, it is
possible that [Ni(O.CNHNHPh).(MeOH);] 1is an intermediate in the
nickel system.

The formation of different adducts (1.e. 2PhNHNH: in the
nickel system and 2MeOH in the cobalt system), may reflect the FNi-N
versus Ni-O and Co-N versus Co-O bond labilities. Thus Co(ID)-XN
bonds are known to ge more labile than Co(lI>-0O bonds which may
explain the preferred formation of a methanol adduct in the cobalt

system,.

4.5.5 THE CHROMIUM(II)-PHENYLCARBAZATE SYSTEX

| The reaction of chromium(II> with phenylcarbazate has not been
previcusly studied. A chromium(II) phenylcarbazate complex would
provide an interesting comparison with the unsubstituted
chromium(II) carbazate, Cr(0:CNHNH2):.H.0 isolated in this work (see
SECTION No 3.5). However, potential differences in coordination
behaviour between carbazate and phenylcarbazate have already been

mentioned. In addition, the ability of chromium(II)> to form both
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mononuclear and binuclear metal-metal bonded complexes makes a
prediction of product type somewhat hazardous.

The reaction of [Cr(OH2)elCl: with PhNHNHCO:H.PhNHNH. in MeOH

under CO: at 0° results in the fairly rapid formation of the

extremely air-sensitive salmon-pink { Cr2(0CNHNHPh) . (MeOH)2] '(4.11).

" MelH, 0*
[Cr(OH»)s]Clz + 2PhNHNHCO,H. PhANHNH, —— [ Cr2(O:CNHNHPh) 4 (MeOH) 2]
R + PhNHNH.Cl (4.11)

Magnetic susceptibility measurements (ycx = 0.27x10°¢ cm’g™’',
Mert = 0.56 BM per Cr at 296K) indicate an almost diamagnetic
electronic arrangement consistent with the presence of a quadruple
metal-metal bond. The formation of a mononuclear chromium(II)
phenylcarbazate which would be expected to show a magnetic moment
of ~4.9 BM can be ruled out. Thus, the nature of the
phenylcarbazate product is remarkably different to that of
chromium(II) carbazate.

The diffuse reflectance electronic spectrum confirms a
binuclear structure with bands assignable to § -+ =n* and npx -+ =n*
transitions (see TABLE No 4.12). Oxidation products of the complex
display typical octahedral chromium(III) electronic spectral
profiles.

An electron impact mass spectrum (70eV 1ionising energy’
contained a base peak at m/z 44 assignable to CO:*. Other prominent
peaks at m/z 77 and 78 confirm the presence of Ph*. However, there
was no evidence that fragments containing the Cr:* unit survive

under the conditions employed.
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TABLE No 4.12 Reflectance Electronic Spectra of Cr:** Species /
nm.

Cr2 (O.CNHNHPh) « (MeOH) » Cr2(0:CMe) «(OH2) 2 Assignment

469 (m, sh) 486 § 3 7*
455 (m, br) : 469

332 (s,sh) - . 347 npx 4 7n*
320 (vs) - 326

286 (m)

The infra-red spectrum of the complex shows the presence of
phenylcarbazate with v¢(C0O2) at 1599 and 1460 cm’' (see TABLE Ko
4.13 and FIG No 4.10)., The separation of the antisymmetric and

symmetric vw(CO2) bands (A = 139 cm’') suggests, following acetate

coordination trends, bridging O, O'-phenylcarbazate coordination.
However. such correlations can be unreliable as shown by Deacon et

al. [161],

TABLE No 4.13 Infra-red Spectrum of [Cr2(0:CNHNHPh),(MeOH)-2]
(major bands only) / cm’.

Absorption Assignment Absorption Assignment
3283 (&) v(NH) + v(OH 1009 (m v(CO) nean
3048 (mw) v(CH 792- (m § (0CO>
1596 (vs) . va(C02) + w(CO) 754 (s) §(CH> + m(COM7?
1563 (s v{(CC) 695 (s)
1483 (vs) v(CC) 503 (m r(Coo~?

i 1460 (vs) va (CO2) 432 (m
1373 (vs) v(CID 297 (mw) 148, (8))
1302 (m 279 (mw)
1257 (m)
1171 (w) § (CH)
1162 (w)

The presence of coordinated methanol is indicated by the w(CO
vibration at 1009 cm'. Surprisingly, only one band is clearly

evident in the v(OH)/(FH) region at 3283 cm'. Attempts have not
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been made to assign other bands in the spectrum in view of the

uncertainties associated with assignments of phenylcarbazate modes.

FIGURE No 4.10 Infra-red Spectrum of [Cr:(0CNHNHPh).{MeOH):]

T R T R !

4000 , 2000 1400 800 200
~ Vavenumber/cm'
The evidence acquired therefore suggests that

[Cr2(0.CNHNHPh).(MeOH).] has a quadruple metal-metal bonded
structure similar to that of (Cr2(0:CNEt2).(NHEt2):] <(see FIG No
4.6). The phenylcarbazate ligands will O, 0'-bridge two chromium
centres giving local Cr:010 Den symmetry. Axial methanol ligands
complete the chromium coordination spheres (see FIG No 4.11).

The molecular structure of [Cr2(0:CNHNHPh).(MeOH):] contrasts
markedly with that of Cr(O.CFNHNH2):.H:0. The change of coordination
from N,0 to 0,0’ induced by the presence of the phenyl group on the
 carbazate backbone also allows the formation of a binuclear metal-
metal bonded structure. With the pﬁenyl-nitrogen lone pair not
acting as a donor, the phenylcarbazate displays O, 0'-coordination

in the manner of a conventional carboxylate ligand, producing a
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planar CrOC(R)OCr unit. So on reaction with chromium(II), a

quadruple metal-metal bonded species is formed.

FIGURE No 4.11 Proposed Molecular Structure of [Cr2 (Q2ZCNHNHPh) *-
(MeOH) 2].

4.5.6 THE CHROMIUM (III)-PHENYLCARBAZATE SYSTEM

The reaction Dbetween [Cr(GH2)«iCl23C1.2H2Q and PhNHNHCOZH.-
PhNHNH2 in EtOH was reported by Srivastava C146l1 to give green-
purple Cr (02CNHNHPh)3. As 1in the other phenylcarbazate complexes
reported by this group, the chelate ligands were considered to be
N(2), O-coordinated.

As a result of not being able to confirm other aspects of the
work on phenylcarbazate complexes reported by Srivastava et al., a
series of reactions were performed to test the authenticity of
Cr (02CNHNHPh) 3 and the nature of the chromiumd II)-phenylcarbazate

system in general.
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4.5.6a REACTION QOF [Cr(OH2).C121Cl.2H.0 VITH PhNHNHCO:M

The reaction of PhNHNHCO:2M (M=Na, PhNHNHs) with
[Cr(OHz2).C121C1.2H20 in MeOH under CO: results in the formation of
an intensely purple solution, with no solid being produced even on
lowering the reaction temperature to < -30°.

A study of the electronic spectrﬁ of such solutions over a
temperature range shows that ;eaction between [Cr(OH2).,Cl:1Cl.2H20
and PhNHNHCO.H.PhNHNH: 1in MeOH occurs only above =7°, being

complete between -1 and 10°C (see TABLE No 4.14).

TABLE No 4.14 Solution Electronic Spectra of Cr(III)/PhNHNHCO:H
Reaction System.

Reaction Temperature / °C Spectrum / nm
-19 584, 427
-7 577, 421
-4 576, 416
-1 574, 396
+1 574, 394
+10 574, 393
after 24 hrs, +18 576, 423

On standing at room temperature for several hours, the product
in solution gradually hydrolyses, giving an absorption spectirum
similar to the initial [Cr(QHz).Cl21Cl/MeOH solution.

Addition of imert solvents of low polarity (e.g. Etz0) to the
solution leads to the precipitation of all product species. In the
M = Na reaction, a pale violet solid‘ hﬁs been isolated by
precipitation from diethyl ether. The IR spectrum of this product
contains peaks assignable to phenylhydrazido groups (e.g. &(CH)),

but elemental analysis shows the presence of large amounts of

inbrganic material, the Cr:PhNHNH- ratio being <1. Alternatively,
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reduction of the solvent volume im vacuo, gave a product showing
similar results. |

In the ¥ = PhNHNHs; reaction, the same isolation procedures
give a product whose IR spectrum contains a strong PhNHNHs*
profile. The presence of PhNHNHa*, (presumably pairéd with C17,
suggests the removal of chloride from the coordination sphere of
the metal. This would accouné for the change in the electronic
spectrum on reaction. Loss of chloride would leave an unsaturated
chromium centre available for  subsequent reaction  with

phenylcarbazate (4.12).

3PhNHNHCQO:H. PhNHNH, + [Cr(OH2).C121Cl1 ——= 3PhNHNH.Cl + 3PhNHNHCO:-
+ "[Cr(OH2).13" (4.12)

The 1interaction of "[{Cr(OHz).1°*" and PhNHNHCO{' could possibly
follow one of two routes. Thus PhNHNHCO.- could either a)
coordinate to the metal in an O,0'-mode displacing H20 ligands and

generating chromium(III) phenylcarbazate (4.13)
3PhNHNHCO:- + Cr3* ——————— Cr(0:CNHNHPh)s (4.13)

or b) react as a base with the acidic "[Cr(OHz).]%" species (pK.
~4) giving a chromium(III) hydroxo-species by deprotonation as

depicted in 4.14 and 4.15.

3PhNHNHCO2- + "[Cr(0OH2).3** ———— “Cr(CH)5s" + 3PhNHNHCO.H + H:0
—— PhNHNH. + CO: 4.14>

SPhNHNHCOz- + "[Cr(QHz2).}®*" -——— 3PhNHNH. + 3C0O: + “[Cr(OHz2).13*"
— "Cr(OH)s" + 3PhNHNH.* + H.0 (4.15)
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Although it is suggested in 4.14/15 that "Cr(OH):" is a
possible product, this would be insoluble in alcoholic media, and
no such precipitates are observed, suggesting that the actual
reaction is more complicated than the scheme suggests.

Analysis of the <changing visible spectrum profile on
increasing temperature indicates a changing ligand set around the
metal (see TABLE 4.15).

On reaction B increases, 1implying a more electronegative
ligand set than in ([(Cr(OH2>.Cl:l1* with the ligand-metal bonding
becoming more ionic than in [Cr(OH2).Cl:1*.

Although the individual values of B and B calculated for the
final purple solutiﬁn product are obviously unrealistic, exceeding
the most ionic chromium(III) ligand field possible (c.f. {CrFel3;
B = 0.89), the increasing trend in f suggests that bonding by
phenylcarbazate - ligands 1s wunlikely with a more ionic metal

environment favoured.

TABLE No 4.15 Electronic Spectral Data of TABLE No 4.14 with
calculated w, B and B Parameters.

Band Positions / cm™?

14 V2 va 2/ Wi Dq/B B/ ecm' B
17120 23420 37160 1.380 2.673 615 0.67
17330 23750 37600 1.371 2.760 627 0.68
17360 24040 37940 1.385% 2.627 660 0.72
17420 25250 37310 1.450 2.121 820 0.89
117420 25380 39480 . 1.457 2,073 840 0.92
17420 25450 39570 1.4863 2.033 857 0.93
17360 23640 : 37590 1.362 2.850 810 0.66

NOTE w» = 100q, Calculated values are based on Laver's Transition Energy Ratio Tables {2153,
. The calculated values of B and B should only be considered to give an indication of the
changing ligand field and should not be directly compared to other published data, It appears

that at values of B near the free ion value (918 ca~'), calculated values become unrealistic,
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4.5.6b REACTION OF CrCla(THF)s WITH PhNHNHCO.H.PhNHNH:

The reaction of PhNHNHCO:H.PhNHNH: with CrCla(THF)s in MeOH
produced an intensely purple solution without precipitation of a
solid. No further work was carried out on this system as it was
assumed to be similar to the reaction observed in the

[ Cr(OH2)4C12] C1/PhNHNHCO:H. PhNHNH, system.

4.5.6c CORCLUSION

The above observations on the reactions of PhNHNHCO.H.PhNHNH:
with chromium(III) show that Qhromium(IiI) phenylcarbazate has not
been formed in this system. Following the procedﬁres of Srivastava
{1461, no solid product could be isolated. From the arguments
presented, it is thought that a soluble basic chromium(III) species
not containing phenylcarbazate is produced.

This reaction system can be contrasted with that between
chromium(III)> and (PhNHNH.](PhNHNHCS:] which gives Cr (S:CNHNHPh);
[226], an easily isolable solid. The stability of this dithio-
analogue can be attributed to the stability of [ PhNHNH»1{ PhNHNHCS:]
which survives 1in aqueous solution without decomposition.
Conversely, [PhNHNH.]( PhNHNHCO.] decomposes on contact with Hz0.

It is disconcerting to find that>much of Srivastava's work on
-phenylcarbazate compounds could not be repeated even though
détailed preparative methods were published. Indeed in view of the
observations reported above, it would seem not unreasonable to
suggest that, in particular, the reported isolation of copper(II)
and chromium(III) phenylcarbazates is incorrect. The formulation of
isolated nickel(II) and cobalt(II) phenylcarbazates was alsoc found
to be in error. It may be pertinent to note that another worker in

this laboratory [118] has been unable to repeat the preparation of
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copper(IlI) carbazate hydrate reported by Srivastava [117]1. The
actual product was found to be a polymeric anhydrous compound.

Thus, despite having reported the majority of transition metal
substituted cafbazate compounds known to date, it would appear that

much of the work of Srivastava's group warrants reinvestigation.
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4.6 EXPERIMENTAL

4.6.1 REACTIONS OF PhNHNH. WITH CHROMIUM(ID)

a) Preparation of [CrCl.(PhNHNH:):1.
A methanolic solution of (Cr(OH:z)e]Clz (5 mmol) was prepared
by the reaction of conc. aqueous HC1 (0.86 cm®, 10 mmcl) with
electrolytic chromium metal (1.00 g> in MeOH (15 cm®) under
N.. This solution was added to a deoxygenated solution of
PhNHNH: (1.02 cm®, 10.4 mmol) in Et:0 (30 cm®). The pale blue
product precipitated immediately, was filtered under N,
washed with deoxygenated Etz0 and dried under a stream of M.
CizH16C12Cr¥s. Required: C, 42.50; H, 4.76; N, 16.52, Found: C,

42.21; H, 4.85; N, 16.37 %.

b) Preparation of [CrBr:(PhNHNH:):1.
The same method as for (CrCl:(PhNHNH2)2]n was employed but

conc. aqueous HBr (1.20 cm®, 10.0 mmol) replaced HCl.

¢) Preparation of Cr.(0.CMe).(PhNHNH:): '

Cr2(0:CHe)«(OH2): was prepared as in SECTION 3.10.3d. To a
suspension of Crz2(0CMe).(0OHz). (1.20 g, 3.2 mmol) in
>deoxygenated EtOH (20 cm®) was added a deoxygenated solution
of PhNHNH: <€0.94 cm®, 9.6 mmol) in EtOH <10 cm®) . The
resulting mixture was stirred at room temperature under N: for
180 mins, before the pale ‘orange product was filtered off,
washed with deoxygenated EtOH and Et:0 and dried under a
stream of RN, |

C20H28Cr2Ns0s. Required: C, 43.17; H, 5.07; ¥, 10.07. Found: C,

43.10; H. 5.34; X, 10.29 %.
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4.6.2 REACTIONS OF PhNHEH. VITH CQ2

a) Preparation of PhNHNHCO.H.PhWHNH.
Carbon dioxide was passed through a solution of PhNHNH. <10.0
cm®, 102 mmol) in MeOH (150 cm® for 120 mins. Then the
colourless product that had precipitated was filtered off,
washed with Et.0 and dried in vacuo. Additional crystalline
PhNHNHCO.H.PhNHFH. can be obtained by cooling the above
filtrate. After ~7 days, colourless platelets had formed.
CisHi6Ne02. Required: C, 59.99; H, 6.20; N, 21.52. Found: C,

60.46; H, 6.31; N, 21.88 %.

b) Preparation of PhNHNHCO.X (M=Li,¥a,X)

Three general procedures were employed, <(see text for
explanation).

1) M=Li, A solution of LiOMe was prepared by adding petroleum
washed Li metal (0.39 g, 52 mmol) to deoxygenated anhydrous
MeOH (100 cm®) under N.. To the resulting solution was added a
deoxygenated solution of PhNHNH: (5.00 cm®, 51 mmol) in MeOH
(10 cm®) under N and the combined solutions cooled to 0°C
(ice bath). Carbon dioxide was passed through the reaction
mixture for 60 mins, after which time the colourless product
had precipitated. The solid was filtered off under N2, washed
with Et:0 and dried in vacuo.

C7H,LiN202. Required: C, 53.19; H, 4.46; N, 17.72. Found: C,

53.47; H, 4.45; N, 17.74 %,

ii) M=Fa, A solution of PhNHNH: (5.00 cm®, 51 mmol) in MeOH
(50 cm®) was saturated with CO: for 15 mins. To this solution

was added NaOH (2.04 g, 51 mmol) and CO: passage continued for
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a further 100 mins. The resulting colourless product was
filtered off, washed with EtCH and Et:0 and dried in vacuo.
C/H,N.NaO.. Required: C, 48.28; H, 4.05; N, 16.09. Found C,

48.38; H, 4.09; N, 16,40 %.

111> M=K, A solution of: KOEt in EtOH was prepared by the
reaction of petroleum washed K metall (~1,53 g, 39 mmol) with
deoxygenated EtOH (60 cm®) under N: at room temperature. To
the resulting solution was added freshly prepared
PhNHNHCO.H, PhNHNH: (5.00 g, 19.2 mmol) under N2. The resulting
colourless product was filtered off, washed with Etz0 and
dried in vacuo. Yield, 1.81 g (72 %) .

CsH;KN20.. Required: C, 44.19; H, 3.71; N, 14.73. Found: C,

44,19; H, 3.74; N, 14.63 %.

4,.6.3 REACTIONS OF PHENYLHYDRAZINE/CARBAZATE VITH COPPER(II)/ (D)

a)> Preparation of {CuCl (PhNHNH:)1.
1) To a suspension of freshly prepared PhNHNHCO.H.PhNHNH:
(1.04 g, 4 mmol) in anhydrous MeOH (20 cm®) under CO: at -5°C
(ice-salt bath), was added dropwise a solution of anhydrous
CuCl: (prepared from CuClz.2H:0, by heating in air at 110°C
for 24 hrs) (6.2’7 g, 2 mmol) in MeOH (20 cm®). On initial
addition, a green colour developed. However, on continued
addition reduction occurred and the off-white product
precipitated. This was filtered off, washed with Etz0 and
dried in vacuo.
i1) A solution of PhNHNH: (0.40 cm®, 4.06 mmol) in EtOH (25
cm®) was added dropwise to a solution of CuCl..2H.0 (0.33 g,

1.94 mmol) in EtOH (25 cm®). The resulting off-white product
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was filtered off, washed with Et.0 and dried iIn vacuo. Yield,
0.25 g (62 %).

CeHeClCuN2. Required: C, 34.79; H, 3.89; N, 13.52. Found C,
34.91; H, 3.90; N, 13.58 %.

iii) To an aqueous suspension of CuCl (0.43 g, 4.34 mmol) and
FaCl (1.05 g, 17.97 mmol) was added PhNHNH: (2.00 cm®, 20.32
mmol). The resulting. reaction mixture was stirred at room
temperature overnight. The resulting off-white product was
filtered off, washed with EtOH and Et:0 and dried ia vacuo

Yield, 0.76 g (85 %.

b) Preparation of [CuCl (PhNHNHz):21,
i) Excess PhNHNH: (6.50 cm®) was added to CuCl;.ZHﬂJ (0.34 g,
1.99 mmol) under BN at room temperature. The resulting
reaction mixture was stirred for 30 mins, before excess
deoxygenated MeOH (30 cm®) was added. The resulting off-white
product was filtered off, washed with Et:0 and dried under a
stream of N2, Yield, 0.57 g (91 %), )
C12H16C1Cul.. Required: C, 45.72; H, 5.12; N, 17.77. Found: C,
43.13; H, 4.88; N, 16.81 %.
11) Excess PhNHFH. (10.00 cm®) was added to CuCl (0.41 g, 4.14
mmol) under N: at room temperature. The reaction mixture was
stirred for 30 mins, before being refrigerated overnight.
After dilution with Et20, the off-white product was filtered
off, washed with Et20 and dried under a stream of N..
Ci1z2H16C1CuNa. Required: C, 45.72; H, 5.12; N, 17.77. Found: C,

42.14; H, 4.69; N, 16.17 %,
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c) Preparation of [CuBr (PhNHNH:)1.
To a deoxygenated solution of CuBr: (0.45 g, 2.02 mﬁol) in
EtOH (25 cm®) was added a deoxygenated solution of PhNHNH:
(0.40 cm®, 4.06 mmol) in EtOH (25 cm®). The resulting off-
white product was filtered off, washed with Et:0 and dried
under a stream of N2. Yield, 0.35 g (69 %).
CeHeBrCuN.. Required: C, 28.64; H, 3.21; N, 11.13. Found: C,

28.69; H, 3.22: N, 11.20 %.

d) Preparation of [Cu.Cl.(PhN=NH)] [247]
To a deoxygenated aqueous solution (30 cm®) of CuClz.2H:0
(0.34 g, 1.99 mmol)> wunder N2, was added dropwise a
deoxygenated aqueous solution (20 cm®) of PhNHNH: (0.40 cm®,
4,07 mmol)., The red-brown product was filtered off, washed

with MeOH and Et20 and dried under a stream of .

4.6.4 REACTION OF PHENYLCARBAZATE VITH NICKEL(ID)

a) Preparation of [ N1 (O.CNHNHPh).(PhNHNH:)-]
To a suspension of freshly prepared PhNHNHCO.H.PhNHNH. (¢3.25
g, 12.5 mmol) in MeOH (30 cm®) under CO: at 0°C was added a
solution of anhydrous NiCl: (prepared <from NiCl:.6H0 by
heating at 110°C for 48 hrs) (0.65 g, 5.02 mmol) in MeOH (17
cm®). The resulting pale blue-violet product formed rapidly.
After being stirred for 30 mins at 0°C, the product was
filtered off and dried in vacuo. The solid was stored under
COz2 at 0°C .to limit decomposition.
C26H30NeN1Q4s. Required: C, 54.10; H, 5.24; N, 19.41. Found: C,

54.00; H, 5.38; N, 19.40 %.
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4.6.5 REACTION OF PHENYLCARBAZATE WITH COBALT(IID)

a) Preparation of {Co(O.CNHNHPh):(MeOH)-1
To a suspension of PhNHNHCO.H.PhNHNH: (3.36 g, 12.9 mmol) in
deoxygenated MeOH (30 cm®) under CO: at 0°C, was added a
solution of CoCl: (prepared from CoCl:.6H.0 by heating in air
at 110°C for 24 hrs) (0.64; g, 4.93 mmol) in anhydrous MeOH (20
cm®). A red solution formed after complete addition, from
which the pale red product precipitated after 72 hrs under CO:
at 0°'C. It was filtered off, washed with MeQOH and Et:0 and
dried in vacuo,
CisHz2CoN4Os. Required: C, 45.19; H, 5.21; N, 13.77. Found: C,

45,38; H, 5.22; N, 13.45 7%.

4.6.6 REACTION OF PHENYLCARBAZATE WITH CHROMIUM(ID)

a) Preparation of [Cr:(0O.CNHNHPh).(MeOH)-]
A solution of (Cr(OHz2)s]Cl: (5 mmol) in MeOH was prepared by
the reaction of conc. aqueous HC1 (0.86 cm®, 10.0 mmol) with
electrolytic chromium metal (1.00 g) in MeOH (15 cm®) under
Na. This solution was added to a suspension of
PhNHNHCO.H. PhNHNH2 (3.00 g, 11.53 mmol) in deoxygenated MeOH
(30 cm®). The salmon-pink product precipitated rapidly and was
filtered ofif undef N2, washed with deoxygenated MeOH and Et:0
and dried under a stream of N:.
CaoHssCrzNeOio. Required: C, 46.64; H, 4.70; N, 14.50. Found: C,

46.53; H, 4.72; N, 14.80 %.
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4.6.7 REACTIONS OF PHENYLCARBAZATE WITH CHROMIUM(III)

a) Reaction of PhNHEHCO.H.PhNENH, with [Cr(OHz).Cl.1Cl.2H0
To a suspension of PhNHNHCO:H.PhNHNH: (1.56 g.‘ 6 mmol) in MeOH
(80 cm® under CO2 at -20°C (acetone-CO: bath) was added
dropwise a deoxygenated solution of [Cr(0H2).C1:1Cl.2H.0 (0.53
g, 2 mmol) in MeOH (40. cm® under CO.. The addition was
completed at -20°C and then the solution allowed to warm up
gradually, with UV/VIS solution spectra taken at intervals by
extraction of samples using syringe/septum techniques. At
10°C, the solution was sealed under CO:. and kept overnight at
~3°C and a final solution spectrum recorded. This procedure
was repeated, but after complete reaction of
PhNHNHCO.H. PhNHNH. (violet-blue solution), the solution was
cooled to -30°C and reduced to low volume In vacuo. The
resulting purple solid was filtered off, washed with Et:0 and
dried in air. The solid was soluble in MeOH (solution
electronic spectrum; 564 (ms,br), 406 <(s) nm and IR

spectroscopy showed the presence of PhNHNHs*.

b) Reaction of PhNHNHCO:Na with [Cr(OH:)>.Cl:]1Cl.2H:0
To a suspension of PhNHNHCO:Na (2.16 g, 12.4 mmol) in MeOH (15
cm®> under CO: at 0°C, was added a solution of
[(Cr(OH2)4C121C1.2H0 (1.04 g, 3.9 mmol) in MeOH (10 cm®). The
resulting dark blue solution was reduced in volume by futher
CO: passage, and the solid produced filtered off, washed with
Etz20 and dried in vacuo.

Found: C, 11.96; H, 1.26; N, 3.10 %.
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¢) Reaction of PhNHNHCO:H.PhNHNH: with CrCls(THF):
The complex CrCla(THF)s was prepared as per [250]1. To a
deoxygenated suspension of PhNHNHCO.H.PhKHNH. (1.63 g, 6.3
mmol) in anhydrous MeOH (75 cm®) under COz2 at -30°C (acetone-
COz bath), was added a solution of CrCla(THF»s (0.73 g, 2
mmol) in anhydrous  MeOH (40 cm®). After complete addition, the
solution was allowed to warm to 0°C, giving a dark violet

solution. Solid products were not isolated.
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CHAPTER Na 5

REACTIONS OF CHROMIUMCII) AND (III) VITH METHYL- AND 1, 1-DIMETHYL-
: HYDRAZINES AND THEIR CARBAZATE DERIVATIVES



REACTIONS OF CHROMIUMKII> AND (III) WITH METHYL- AND 1, 1-DIMETHYL-
HYDRAZIRES AND THEIR CARBAZATE DERIVATIVES

THE METHYLHYDRAZINE/METHYLCARBAZATE SYSTEX
5.1 METHYLHYDRAZINE
5.1.1 BACKGROUND

Methylhydrazine is expected to show some differences to
hydrazine in its coordination behaviour, the electronic effect of
the methyl substituent being to increase the basicity hence domnor
ability of the -NHMe nitrogen. However, the presence of the methyl
substituent introduces a steri-c factor which opposes the
possibility of the methylated nitrogen acting as a donor to a metal
centre. The coordination chemistry of this ligand may well depend
on a balance of these two factors.

The reactions of some first-row transition metal ions with
anhydrous MeNHNH: result in the formation of sparingly soluble
[ M(NH:NHMe) ¢l X2 species (M=Fe, Co; X=Cl,Br, I; M=Ni; X=Cl)
(25,26,40]. However, thermal decomposition of these species, .or
reaction of metal salts in alcoholic media with MeNHNH. produce
[ M(NH:NHMe>:X21. species (¥=Fe,Co; . X=C1,Br,I; M=Ni; X=Cl)
[25,26,40,85] which appear to be structurally similar to the
bridging hydrazine complexes [M(N2Hu):2X2l.. Methylhydrazine is a
stronger reducing agent than hydrazine and some reactions with
first-row transition metal ions result in reduction. Thus, the
copper(Il) complex [ (CuCl).(NH:NHMe)] is the product of the reaction
between copper(II) chloride and methylhydrazine in ethanol, whereas
unreduced [Cu(N:Hs)2Clzla results from use of hydrazine itself
[251]. JMethylhydrazine alsa reduces FeCl; to [Fe(NH:NHMe)2Clzla

{851,

g
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5.1.2 REACTION OF CHROMIUM(II> CHLORIDE VITH METHYLHYDRAZINE

Reactions of MeNHNH: with either chromium(III} or (II) species
have not been reported previously.

The reaction of [Cr(OH2)e¢lX: (X¥=Cl,Br) with MeNHNH: in methanol
afforded only chromium(II) hydroxide species. As with other first-
row transition metal ioms, the presence of water results in
hydroxide formation. |

The reaction of CrCl:(MeCN)> with MeNHNH: in acetonitrile
under strictly anhydrous and inert conditions results in the
formation of the pale blue-grey, air-sensitive, solid
{ Cr(NH:NH¥e)2Cl:1n..

Magnetic susceptibility measurements (ycox = 44.78x10"¢ cm’g™’,
Mere = 4.82 BM at 295K) indicate a high spin d* electronic
configuration consistent with mononuclear octahedral chromium(ID).

Diffuse reflectance spectra indicate a similar electronic
environment to [Cr(WzH.):2X21, (X=Cl;Br,I) but one which is different
to those in [Cr(R'R®NNH2):Cl.]. (R'=R?=Me; R'=Ph, R?*=H) (see TABLE No

5.0,

The SEq - STz, transition is of higher energy for both the NzH. e

and MeNHNH: complexes than the analogous transition of [Cr(OHz2)el?*

(714 nm [221]1), as would be expected because of the greater ligand

Iield of the nitrogen donors. The complex (Cr(NzHe)2Clzln is known

to be isostructural with the manganese and zinc analogues (45,241
which have the metal ions in tetragonally distorted octahedral
environments with bridging hydrazines. However, Jahn-Teller
distertion effects present in the chromium(II) ccmplex may ampliiy
this distortion, leading to a pseudo-square planar geometry. The
similar electronic spectra of [(Cr(F:HaR)2Clz2la (R=H or Me) may

indicate a similar stereochemistry for both complexes.
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TABLE No 5.1 Diffuse Reflectance Electronic Spectra of
[Cr(NH:NR'R*)2Cl2]n species / nm.

(CriNzHa)2Cl21n" {CrNzHaMe)2Cl2]n [Cr(NzH2Me2)2Cl2] [Cr(NzHoPh)2Cl2] Assignment
~900 (w,br)

~570 (m, br> 584 (m,br> 662 (m, br> 704 (m, br) 5T2¢ + SEg
- 582 (w,sh)

478 (w,sh) 477 (w,sh)
462 (w,sh) 460 (w,sh)

s - from ref. 194,

Very 1little has been reported on the vibrational spectra of
MeNHNH. complexes. The assignment of the IR spectrum of
{Cr(NH:NHMe).Cl:],n (see TABLE No 5.2 and FIG No 5.1) has been
attempted using the work of Durig et al. [223] on the assignment of
free MeNHNH. as a basis. Comparison with the IR spectrum of
{Cr(N2Hs)2Cl21n (see SECTICN No 3.3) has also been helpful.

The NH stretching region shows two pairs of absorptions at
3222, 3203 and 3166, 3136 cm', slightly decreased in frequency

from the bands found for methylhydrazine. The v(CHs) vibratioms

barely shift on coordination. The NH: scissoring vibration occurs -

at 1622 cm' ip the 'Raman spectrum of liquid MeNHNH., and is
shifted to 1597 cm' in (Cr(NH:NHMe).Cl.l.. Conversely, w(NHz) is
shifted +to higher frequency on coordipation (1327 cm' in
{Cr(NH.NHMe)2Cl:]. compared with 1305 cm' in MeNHNH2).

The rocking modes of N:H: are very sensitive to coo_rdination,
increasing by 100 cmw' or more. Likewise r(NH.) of MeNHNH: is found
at 8838 cm', whereas in (Cr(NH:NHMe)>:Cl:l» this band is found at
1039 cm', an 1increase of some 150 cm'. No other bands are found
for the complex between 877 and 1039 cm', so alternative

assignments cannot be proposed.

e
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FIGURE No 5.1 Infra-red spectra of [Cr(NH:NEMe)>:Cl:l. and
[{Cr2(0:CMe) («(NH-FHMe) ] '

_[CrCl: (NHNHXe) ],

[Cr2 (OgCHe )« (u~NH2NHMe) 1,

L 1 T

4000 2000 1400 800 200

- Vavenumber/cm’ ' o

The final N-H motions to be assigned are two NH bends found at
1137 and 821 cm' in MeNHNH: itself. The complexity of the regi-.on
where these bands are expected in the complex prohibits definite.
assignments. However, bands at 1271 and 877 cm’ may be due to
these motions, with increases of 135 and 56 cm' respectively on
coordination. It should be stressed that many of the bands shown by
coordinated MeNHNH: are 1likely to be of mixed character. This
appears to be especially true for b(NH) and r(NHz2)> modes.

The v(CH;) absorptions are little affected by coordination.
Durig et al. (2231 had some difficulty assigning w(CHs) and r<(CHi)

modes due to the large number of fundamentals in the expected

frequency region, but tentatively assigned them to bands at 1200
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and 1118 cm', respectively. A band at 1127 cm' in the spectrum of
{Cr(NH:NHMe):Cl:2]1n 1is assignable to r(CHa), but no w(CHs) is found
at ~1200 cm', The band at 1216 cm' may be assigned to a skeletal

stretching vibration.

TABLE No 5.2 Infra-red Spectrum of [Cr(NH:NHMe):Cl:l, with the
Vibrational Spectrum of MeNHNH: / cm'.

(Cr (NH:NHMe)2Clzlw MeNHFH: Assignment
3222 () 3316
3203 (m,sh) 3304 v(NH2)
3166 (s) ' 3258 ’
3136 (m,sh)
2973 (w,br) 2926
2956 (w, br) 2938 v(CHs)
2022 (w) 2782
1597 (vs) 1622 ¢ (NH2)
1481 (m 1469 :
1464 (m) 1445 6 (CHa)
1412
1327 (w) 1305 w (¥Hz2)
1271 (s) 1137 b (NH)
1216 (s) 1104 Antisym. skeletal — - - -=-. =
1200 stretch or w(CHy) 7 )
1127 (ms) 1118 r (CHa)
1056 (m 992 Sym. skeletal
stretch
1039 (w 888 r (NH2)
877 (s) 821 b (NH)
610 (ms) ‘ 447 Skeletal bend
524 (m 315 t (NH2)
257 t (CHa)
426 (w) 48. 1))
358 (w
3268 (vw, br)

307 (vw, br) =
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The skeletal stretches can be approximately localised as v(CN)
and v(NN)>. In MeNHNH: these vibraticons accur at 992 and 1104 cm',
but nevertheless shift appreciably on deuteration indicating some
FH and CH character. ’l‘héy should, therefore be affected by
coordination to some degree, so bands at 1216 and 1056 cm' in the
spectrum of [Cr(NH:FHMe):Cl:l» are so assigned. The skeletal ben@ing
mode of MeNHNH: (447 cmr') appears to shift to 610 cm' on

coordination.

The remaining torsional modes, t(NHz) and t(CHs), occur at 315

and 257 cm' respectively in MeNHNH.. The latter is not expected to
shift much on coordination but has not been identified in the
spectrum of (Cr (NH:NHMe):Cl:l.. However, t(NHz) shifts ~200 cm' to
524 cm' on coordination, a feature previously observed for NHs on
coordination to metals.

In common with [Cr(N2H.)2Cl:l., two w(MN) vibrations appear in
the spectrum of (Cr(NH:NHMe):Cl:ln at 426 and 359 cm'. Assuming
both complexes adopt a common structure, v(MCl) should occur below

230 cm' following the work of Goldstein and Unsworth [156].

The spectral data acquired suggests that [Cr(NﬁzNHMe'):Clz]n and” "~

[Cr(N2H4)2Cl2]n are isostructural with bridging NH:NHR (R=H or Me)
groups and terminal chlorines. However, deuteration studies seem
necessary to support the tentative vibrational assignments

presented in this work.

5.1.3 REACTION OF CHROMIUM(II)> ACETATE WITH METHYLHYDRAZINE

The reaction of Crz2(0:CMe) (EtOH): (prepared by the addition of
anhydrous Cr2(0:CMe). to anhydrous EtOH) with MeNHNH. in EtOH under
N2 4resulted in the formation of the red/orange air-sensitive solid

(Cr2(0CHe) s (u-NH:NHMe)ln (see 5.1). This product is also formed by



243

the reaction of Cr2(0.CMe).(0Hz): with MeNHNH: in EtOH, but appears
to be contaminated with a hydroxide. impurity, the MeNHNH:
presumably deprotonating a H0 molecule to form hydroxide
anions.Use of the ethanol adduct Cr2(0:CMe) (EtOH): appears to

eliminate this undesirable reaction.

| EtOH
Cr.(0:CMe)((0OH2)2 = Cr2 (0CMe) ¢ = Cr2(02CMed. (EtQH) 2
In vacuo N2
NeNHNH2/EtOH
———— [Cr2(02CHe).{pu—MeNHNH2) 1,
Nz GB.L

The magnetic susceptibility (xepx = 0.65x107% cm®g™', perr = 0.49
BH per Cr at 296K) indicates the retention in the product of the
quadruple metal-metal bond of the ethanol adduct.

Diffuse reflectance and MeOH solution electronic spectra also
support the presence of a quadruple metal-metal bonded structure

for the product (see TABLE Fo 5.3).

TABLE No 5.3 Electronic Spectra of [Crz(0:CMe).(p-L)I. (L =
MeNHNH2, N:Ho) / nm. ) .

L = MeNHNH- N2H. Assignment®
Reflectance Solution® " Reflectance
476 (m, b 484 (m, br) 478 (s,br § 3 n*
349 (m,sh’ 346 <(m, sh) 360 (s,sh)
331 (= 326 (s 333 (ve) npx + ©*

* — ¥eOH solution, ® - assignments based on [205]

The infra-red spectrum of ([(Crz(0:CMe).(p-MeNHNH2)1l. (see TABLE

No 5.4 and FIG Nao 5.1) reveals the presence of coordinated acetate

WIE
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and methylhydrazine. The acetate absorptions have been assigned by

comparison with the spectrum of [Crz(0:CMe).(u-NzHi) 1. (see SECTION

TABLE No 5.4 Infra-red Spectrum of [Crz(0CMe).(y-MeNHNHz2)1, / cm.

Spectrum Tentative assignment

3344 (w v(FH)

3269 (mw)

2974 (w v(CHa)

2925 (w)

1590 (vs, br) v(CO2> + 6 (NH)

1439 (vs,br) v(COz2> + 6§ (CHa

1374 (s)

1343 (m) § (CHs) (acetate)

1305 (vw)

1273 (vw) b(NH) ?

1228 (vw) Antisym. skeletal stretch
or w(CHs) (MeNHNH2)

1149 (w) r(CHs) (MeNHNH2)

1102 (w Sym. skeletal stretch

1095 (w) (MeNHFH2)

1048 (m rcy el

1034 (m,sh) o

1007 (m

934 (vw) v(CC) (acetate) ?

882 (w) b(NH) ?

- 684 (vs) § (0CO»

628 (s t(C00»

~559 (w,br> t(NH2) ?

~47% (vw, br) 1461 DI

398 (s

310 (m v(MO)

302 (w

284 (w,sh)

pIE
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3.3), but it has not been possible to assign all the expected
fundamentals of MeNHNH: by comparison with {Cr (NH:NHMe):Cl:l..

It is possible that different configurations for coordinated
MeNHNB: occur in [Cr2(0:CMe).(u~MeNHNHz2>1n and [Cr(NH:NHMe)>2Cl:l..
However, Durig et al. [223]1 calculated a rotational barrier bf 15.6
kJ mol-' between the two skew forms ('inner' and ‘outer') which
would appear to rule out an easy change of -configuratiom.

The two v(NH)> vibrations, at 3344 and 3269 cm’, shift less
than 1in (Cr(NH.NHMe).Cl.l, from their positions in MeNHNH.. The
6§ (NHz) vibration is obscured by the intense w.(CO2) absorption at
1590 cm', and no other NH derived absorptions can confidently be
assigned although two abs&rptions appear in similar positions to
the bands assigned to b(NH) in [Cr(NH:NEMe):Cl:l. and the broad weak
band at 559 cm' could be assigned to t(NH2). By contrast, the
acetate absorptions are easily assigned by comparison with the IR
spectrum of [Cr2(0zCMe).(u~NzHs)1n. The v(CO2) vibra;ione at 1590 and
1439 cm' give rise to a A value of 151 cm', in line with the
expected bridging nature of the acetate ligands. Other acetate
absorptions are assigned in TABiE No 5.4,

It 1s concluded that reaction of MeNHNH: with Crz(0:.CMe).
results in the formation of the methylhydrazine-bridged polymer,
[Crz2(0:CMe) «(u-MeNHNH2)1,, directly analogous to the hydrazine

derivative.

5.2 THE METHYLCARBAZATE ANIOQY
5.2.1 BACKGROUND

The reaction of MeNHNH: with CO: has received only scant
attention, whereas the reaction with CS: has been investigated more

thoroughly, thermally stable methylhydrazinium(l+) 2=

NIE
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methyldithiocarbazate, { MeNH.NH-] [ S2C (Me) NRH-1] being formed.
Protonation of this species using dilute HCL results in
decomposition rather than the expected formation of 2Z-methyl-
dithiocarbazic acid, ézCMe;lHNHz [2s521. Surprisingly, the
corresponding diselenocarbazic acid, gézCMEEHNHz can be
successfully produced by protonation of [MeNH:NH.1(Se:CMeNNH.l.

The 1p situ formation of methylcarbazate anion and its
reaction with nickel salts has been claimed by Srivastava and Tarli
{145], but they did not attempt to isolate it from solution. So-
called ‘methylcarbazate' has also been reported to have a toxic

effect on pineapples! [253].

5.2.2 THE REACTION QF MeNHNH. VITH CARBON DIOXIDE

The passage of CO: into a solution of MeNHNH: in ethanol
resulted in a colourless hygroscopic precipitate which by analogy
to hydrazinium(l+) carbazate was assumed to be [ MeNH:NH:](O:CMeNNH:]
Unfortunately, this product was thermally unstable even at room

temperature and no elemental analysis could be obtained.

2 MeNHNH: + COz>——E—tEE—O—-» [ MeNH-NH21[ 0-CMeNNH-] (5.2)
Unlike carbazic acid itself, methylcarbazic acid appears not to
have formed. Reaction of CO: with MeNHNH: in aqueous solution
(following the method of preparation of E)zCNH;Ha from N:He)> did not
result in methylcarbazic acid owing to rapid hydrolysis.

Protonation and niiration studies have shown that both
nitrogens 1in MeRHNH: can ©be protonated resulting ’in a
[ MeNH.NH.]*: [ MeNHNHsl* ratio of 2.6:1 (in dil HC1/HC1O. media)

{254,2551. Also the reaction of the alkyl carbonates (R0)2CO
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(R=Me,Et) with methylhydrazine similarly yields two isomers (5.3)

[2561.
R-Q, R-Q,
(RD),CO + NH.NHMe ——— C-NMeNH: + C-NHNHMe (5.3
0 0

However. reaction of CO: with MeNHNH: produces only one
carbazate isomer, as implied by IR spectroscopy and subsequent
complex formation. Electronic considerations would suggest the
MeNH- nitrogen to be the most basic and hence the favoured position

of CO: attack (structure I) (5.4),

Q Me Q
- k=X - \c-mHEHNe
NH: 8]
I 1T

A study of the reactions of the methylcarbazate anion with
first-row transition metal ions have led to ciains by Srivastava
that methylcarbazato-complexes can be isolated. Thus, reactions
with [Ni(OH2)elClz in EtOH were said to give (MeNHNH.I-
[Ni(0.CMeNNH2)3].2H20 [ 1451, and the cobalt(ID [1471. and copper(il)
(1171 analogﬁes were also reported. The neutral chr.omium(III)

complex [Cr{(0:CMeN¥H2)3] was also reported [ 1461].

5.2.3 REACTION OF METHYLCARBAZATE ANION WITH CHROMIUMCIID)
Srivastava reported {146] +that reaction of C0O: with an
ethanolic solution of chromium(III> chloride and methylhydrazine
produced the violet-blue solid Cr(0:CMeN¥H2)s.
A similar reaction using [Cr(0OH2).Cl:1Cl.2H.0 and MeNHNH: in
EtOH carried out in this work yielded a pale blue solid. Analytical

and  spectroscopic data  suggest the praduct to be a

‘N
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hydroxochromium(III) species containing one uncoordinated
methylhydrazine or methylhydrazinium moiety per metal atom. We bave
therefore not been able to confirm that the procedure reported by
Srivastava leads to tris(methylcarbazato)chromium(IID).

However, the reaction of [Cr<0OH:z).Cl:1Cl1.2H.0 with preformed

{ MeNH:NH-]1{ 0-.CMeNNH:l, (prepared by passage of COz through a

solution of MeNHEH. in EtOH for several hours), in EtOH at ~'70°C'

resulted in the precipitation of the pink, microcrystalline, air
and thermally stable compound Cr(0:CMeNNH2)5.H.0. This complex
appears to be insoluble in all common solvents, except water which

causes decomposition.

ELOH,8 [Cr(OH2)C121C1/EL0H
6MeNHNH, —— 3[ MeNH:NH:1(O0:CMeNNH,] ——— Cr<(0:CHMeNNH2)3. H-0
€02 (02 (5.9

The magnetic susceptibility (yxcex = 18.08x10"® cm®g™', perr =
3.84 BM at 292K) and diffuse reflectance electronic spectrum (see
TABLE Fo 5.5) of the complex are consistent with a tz2g° octahedral

chromium(III) electronic configuration.

TABLE No 5.5 Diffuse Reflectance Electronic Spectra of
Chromium(III) Carbazates / nm.

Cr (0CMeNNH2) 5. H20 Cr (O.CNHNH2)3.2H.0  Assignment
517 (s 523 (s “T2g & *Azq
384 (ms) 395 (ms) “Thg + “Azq

The parameter a. (19300 cm'), obtained directly from the

*T2g ¢ “Azq transition. is slightly greater than that calculated for

ik
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Cr (0CNHNH2)3.2H.0 (19100 cm'). The B and R values of 644 cm' and
0.70 have been calculated fron; the spectral data of
Cr (02CMe¥NH2)5. H20. These can be compared to B and B values of 587
cm' and 0.64 calculated for Cr(OzCNHlsz)a.ZHzO‘ which indicates a
slight decrease in metal-ligand covalency on moving from carbazate
to methylcarbazate.

The 1infra-red spectrum shows the presence of coordinated
methylcarbazate groups and uncoordinated water molecules, the broad
v(OHz) indicating some hydrogen-bonding (see TABLE No 5.6 and FIG

No 5.2),

FIGURE No 5.2 Infra-red spectrum of Cr(0:CMeNNH:)s.H20

I Rk 1 T

4000 2000 1400 800 200
) . V&VénUmbér/ cm'

The spectrum is difficult to assign with confidence, as no IR
data for the few other known methylcarbazate ccmplexes have been
reported. In a simplified treatment, the IR spectrum of the

methylcarbazate anion may be approximated to the -NH:. of Me NNH.,
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TABLE No 5.6 Infra-red Spectrum of Cr(0:CMeNNHz)s. H20

Spectrum / cm’ Tentative Assignment
~3320 (w, b v(CH> -uncoordinated H:0
3182 (ms) v(NH2)
3041 (ms) )
2931 (mw) v(CHa)
1635 (vs) ’ va{C02) + §<(NH2)
1453 (mw) & (CHa»
1432 (m, br> vs (CO2)
1380 (ms) § (CHs)
1320 (vw) w(¥Hz2) ?
1266 (s» skeletal stretch
1218 (m w (CHs)
1168 (vw)
1008 (m r(NH2
871 (mw skeletal stretch
805 (ms) §¢0COY ?
792 (m,sh)
666 (m) , t(§H2) ?
6959 (mw, sh) :
635 (ms, sh) x(C00)
630 (s?
554 (mw) r(CoD»
415 () ‘ VD) + v
348 (w) :
302 (w)

the MeFH of MeNHNH. and a -CO. moiety, and the provisional
assigments of TABLE No 5.6 take this approach.

The amino group in Me:NNH: has 6 fundamental vibrations which
can be described as two v(NHz) modes, as well as w(NHz2), r(lH2),
§ (NH2) and t(NHz) vibraticns [2571. Bands can be assigned to each
of these with varying degrees of confidence. The v(NH:) vibrations
are easily assigned to bands at 3182 and 3041 cm', but §(NHz) is

hidden beneath the intense va(C02) at 1635 cm'. The weak absorption



251

at 1320 cm' is possibly associated with w(NHz), the corresponding
vibration in Cr(0.CNHNH2),.2H.0 being assigned to a band at 1308
cm'. The r(NH;) motion has been assigned to a medium intensity
absarption at 1008 cm’.

Vibrations associated with the methyl group are barely shifted
from their positions in MeNHNH. (223], but no band appears in the
1120 cm’ region as expected for r(CHs).

The CO: vibrations (see TABLE No 5.6) appear at values typical
of coordinated carboxylates. The separation between the anti-
symmetric and symmetric ¢(CQOz) vibrations, (203 cm'), indicates
that the carboxylate part of each anion is probably unidentate
(this is the only firm trend which is thought to be obtained from a
consideration of & values (1611), as expected if the
methylcarbazates are O, Fchelating.

The DTA and TG investigations of Cr(0:CMeNNH2);.H.0 were
carried out in air. Five exothermic DTA peaks (see TABLE No 5.7 and
FIG No 5.3) were detected.

- The first exathermic peak at 195°C relates to water loss and

the onset of carbazate decomposition. However, TG does not show a- B

specific step, only a slight shoulder on the main decomposition
sfep. The heat change associatéd with the DTA peak at 195°C is the
greatest of the Ifive heat changes, and as.with Cr(0CNHNH2):.H20,
the loss of water probably results in a fundamental structural
change, which destroys the inherent stability displayed by the
original complex. As a vresult the methylcarbazate rapidly
decomposes. It is apparent that the water in Cr(0:CMeNNHz)s. H:0 is
more strongly bound than that in Cr<0.CNHNH:)s;.2H.0 as DTA of the
latter complex shows that the water molecules are lost with

endothermic heat changes at lower temperatures (136 and 169°C).
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TABLE No 5.7 DTA of Cr (02CHeNNH2)3.H20 in Air.

Peak Positions (heat change) / *C

195 (+), 231 (+>, 256 <+>,-288 (+), 410 (+)

The methylcarbazate decomposition appears complex, three
exothermic DTA peaks being detected. This complexity may be related
to the presence of oxygen. Unfortunately, the DTA of
Cr (Q2CMeNNH2)3.H20 could not be run in argon for comparative
purposes due to the unavailability of the equipment. The final
exothermic peak at 410*C appears to be related to an oxide

modification resulting in the formation of Crz2os.

195+ 231,256 /288~ 410+
Cr (02CKeNffH2) 3.H20 —-—-—--* ‘Cr (02CMeNNH2>3' ¢ 'CrOx' * Cr203
(3.6)

FIGURE No 5.3 DTA and TG of Cr (02MeNNH2)3.H20

Veight Loss

DTA

100 200 300 400

Temperature/ C
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As demonstrated for Cr(0:CCH:NH2):.H20 (2271, Cr(0.CMeNNH2)s.H:0
ig likely to be enantiomorphic. There appears to be strong hydrogen
bonding involving the water molecules within the complex, and this
feature plays a key role in the stability of the complex. Once the
water 1s lost the complex is no longer stable and rapidly
decomposes.

The above results are not 1in agreement with those of
Srivastava (1401, who reported +the formation of anhydrous
Cr(0:CMeNNH2)s from either the reaction of CO: with solutions of
MeNHNH: and (Cr(QOH2).C121C1.2H.0 in ethanol or the addition of
(Cr(0Hz).C121C1.2H.0 in EtOH to CO:-saturated MeNHRNH.. The data
presented in this work, clearly suggest that Cr(0.CMeNNH:):.H20, and
not the anhydrous compound, 1is formed in +the chromium(III)-

methylcarbazate system.

5.2.4 REACTION OF THE METHYLCARBAZATE ANION WITH CHROMIUM(IID)
It has been shown that the addition of a methyl substituent to

hydrazine does not appear to significantly alter the coordination

potential of the hydrazine with respect to chromium(ID). -

Comparisons of [Cr(¥:Hs>2Clz]ln and (Cr(NH:NHMe):Cl:]l. suggest similar
structural features occur, although the methylhydrazine complex
appears somewhat less stable to atmospheric expasure. Given the
formation of an air-stable chromium(ID) carbazate,
Cr (O:CNHNHz2) 2. H20, it seemed reasonable to expect that
methylcarbzate would also form a stable chromium(II) species.

The reaction of [Cr(OHz2)sl?* with [MeNH2NH21{0OCMeNNH:1,
(preformed in solution), in EtOH at 0°C under N2/CO: initially gave
a dark blue solution. This parallels the 1initial stages of

Cr (O:CHHNH2)2. H:0 formation. However, instead of the precipitation

N
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of a chromium(II) product, on leaving at 0°C under N:/CO: rapid

oxidation ensued producing Cr(0:CMeNNH2)s3.H:0 (3.7).

EtOH,0° .
[Cr(QHz2)el?* + { MeNH-NH2][ 0CMeNNH2] ——— 'Cr (QCMeNNH2)2'
(02,2 non-isolable
- rapid
— Cr{0:CMeNFNHz)a. H20
3.7
As discussed previously (see SECTION No 3.5), Cr(QO.CNHNH2):.H20
can be isolated as a stable complex as a result of its rapid
precipitation from the reaction solution. In the corresponding
methylcarbazate reaction that advantage 1s not present, the
chromium(II) methylcarbazate produced reﬁains in solution so that
oxidation can occur rapidly to produce a chromium(III) species. The
same oxidation can be induced for the unsubstitutad carbazate
system but requires the presence of a higher concentration of
[ N-Hs][ O-CNHNH:].
It is possible that although chromium(II) methylcarbazate does

form in solution, it does not contain in its structure a hydrogen—

bonded water which earlier has been suggested to play a crucial

role in stabilizing carbazate and substituted carbazate complexes.
As a result a solid product is not produced and so oxidation can

rapidly occur.

ir
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THE 1,1-DIMETHYLHYDRAZINE/DIMETHYLCARBAZATE SYSTEM
5.3 1,1-DIMETHYLHYDRAZINE
5.8.1 BACKGROUND

1,1-Dimethylhydrazine may be expected to show some differences
in its coordination behaviour when compared to hydrazine and
methylhydrazine. The substitution of two methyl groups on a
nitrogen, affects the domor ability 'of the lone pair on that
nitrogen in two opposing ways. Firstly, the basicity of the lone
pair will be enhanced by electron donation from the methyl groups,
but secondly, there will be an undesirable steric hindrance effect.

The reactions of first-row transition metal ions with Me:KNH:
result in the formation of <complexes of general formula
[ MX2 (Me:NNH2).] (M=Fe, X=Cl,Br (851; M=Co, X=Cl,Br,I,NCS [25,40]1;
M=Ni, X=Cl [26]1). From electronic spectral and magnetic evidence
tetrahedral structures with unidentate ‘ Me:NNH: 1ligands were
proposed for the cobalt complexes. However, the 1fon and nickel
complexes were thought to be octahedral polymers with either halide
or dimethylhydrazine bridges. The compounds TiXs (X=Cl,Br,I) were
reported to react with Me:NFH: by solvolysis forming mixtures of
TiXs(Me:NNH) and 2Me-NHNH:X [91].

A crystal structure determination of ([(Ru{n*-cod) (MeNNHz)3]-
[PFe] [49] shows the presence of unidentate Me:NNH: ligands
coordinated by their non-methylated nitrogen atoms, clearly the
steric hindrance factor is more important than increased lone pair
basicity of the dimethylated nitrogen in determining the
coordination mode ia this complex. However, in ?(RuCl(H)(n‘—ocd))z—
(u~Me-NNH2)1 (48], Me.NNH. acts as an unsymmetrical bridging ligand,

the Ru-FMe: bond (2.244) being longer than the Ru-NH: bond (2,124).
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No reactions of chromium(II) with Me.NNH. have been reported
previously. Se an investigation of the chromium(ID)-1,1-~

dimethylhydrazine system was undertaken.

5.3.2 REACTION OF CHROMIUM(II) CHLORIDE VITH 1, 1-DIMETHYLHYDRAZINE

The reaction of CrCl:(MeCN)z: <(prepared from anhydrous CrCl:
and MeCN), with Me.NNH: in anhydrous MeCKN at room temperature under
N2 results in the formation of the blue-green air-sensitive solid

[CrClz(Me-NNH2)21. (5.8).

HeCN NaCN
CrClz ¢(sy = CrCl., (MeCN>2 + 2Me:NNH; ~—3 [CrCl:(Me:NNH2):1.
N2 N2 (5.8

Reaction of Me-NNH, with [Cr(0OHz)elX. <(X=Cl,Br) in aqueous
/ethanolic media resulted in chromium(II)> hydroxide formation. The
bromide analogue [CrBrz(Me:NNH:):]l. could not be prepared because of
the unavailability of anhydrous CrBr..

The product has a magnetic moment (yepx = 39.90x107% cm®g~', Hars
= 4.85 BM at 298K) consistent with a mononuclear high spin d*
electronic configuration. The magnetic moment is close to 4.9%0 BN,
the spin-only value, indicating 1little orbital contribution,

The diffuse reflectance electronic spectrum of
[{CrCl2(Me2NNH2>2]n contains a prominent band at 662 nm, assigned to
superimposed SBzg, *Eg + SBig transitions. The low energy 5dig ¢ 5By,
transition has not been observed in the expected position below
1200 nm, though it may be hidden by backgrouxid noise. Additional
shoulders abserved at 477 and 460 nm may be cihe to chromix..lm(IID

impurity.
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The electronic spectrum of [CrCl:(Me:NNH2):]1, indicates that
the ligand environment of the chromium(lI) is more like that of
[{CrClz2(NHz:NHPh)2]l+ than those of [CrCl:(NH:NHR):l1n (R=H and Me) (see
TABLE ¥o 5.1). The A, value (15100 cm') is slightly greater than A
of [Cr(OHz2)el?* (14000 cm') [2211 as would be expected from the
ligation effect of nitrogen donors. The molecular structure of
[CrCl2(NH-FHPh).ln 1s suspected to contain bridging chlorides and
unidentate phenylhydrazines (see SECTION 4.1), whilst it is known
that (Cr(N:Ho:Clzln contains bridging hydrazine ligands (see
SECTION 3.3). Given the similarity of the electronic spectra of
[CrCl>(NH-NHPh)21, and [CrCl.(Me:NNH2)-]., the 1latter may adopt a
structure containing bridging chloride and unidentate
dimethylhydrazine ligands.

The infra-red spectrum of [CrCl:(Me:NNH:2):]. has been assigned
by reference to the assignment of the vibrational spectrum of
uncordinated Me:NNH: published by Durig and Harris [257] and the
vibrational spectra of MX:(Me:NNH:): complexes (M=Zn,Cd; X=Cl,Br, D
reported by Green [258] (see TABLE No 5.8 and FIG No 5.4).

Durig and Harris assigned the vibrational spectra of Me:NNH:
and Me:NND: by assuming C: symmetry and a gauche conformation.
Independently, Anthoni, Larsen and Nielsen [299] also assigned the
infra-red spectra of Me:NNH:, Me:NNH.~d> and Me:NNH.-de, but assumed
the point group C. was appropriate. Consequently, scme assignments
of the two studies differ.

The assignments of Durig and Harris have been used here,
mainly because of the consistency of their assignments with those

of NoH. [1551 and MeNHNH. [223].
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¥H. vibrations

Six fundamental vibrations are associated with the amino group
in 1,1-dimethylhydrazine and can conveniently be described as two
FNH. stretching motions, a deformation or scissoring mode, wagging
and rocking vibrations and a torsicnal oscillatiocn.

Three v(NH2) absorptions are found in the IR spectrum of
[CrCl2(Me2NNH2)21n at 3233, 3208 and 3183 cm'. This 1is a ~100 cm’
decrease from the v(NH2) vibrations of free Me:NNH.. The fact that
v(NH2) shifts sc substantially on coordination implies that the
amino nifrogen is directly coordinated to the chromium. If the
Me.NNH: ligands are unidentate they must be bonded only through
their amino nitrogen atoms as in [(RuH{(cod) (NH:NMez)5]* [49], rather
than via the dimethylamino nitrogen as favoured on electronic
grounds.

The 6§(NH2) mode 1is split in (CrCl:(Me:NNHz)2]l» with components
at 1588 and 1574 cm’, again a slight decrease from that found in
free Me:NNH. (1587 cm'). The wagging mode in free Me:FNH: is found
at 1319 cm'. In N:H. complexes, the frequency of w{(NHz) increases
on coordination [141], so has been assigned to the 1354 cm' band
in [CrClz(Me:NNH2):].. Durig and Harris (257] assigned r(¥Hz) in
Me NNH. to a band at 908 cm' while Anthoni et al. [259] preferred a
band at 945 cm'. In N:H: caomplexes, this vibration is sensitive to
coordination, increasing by ~100 cm'. In [CrCl:(Me:NNH2):1. a band
at 1020 cm' has, therefore, been assigned to r(F¥Hz), a shift of
~110 cm' (This band could alsoc be due to r(CHa)). Green (258]
found this band in [ ¥X2(Me:NNH).l. (M=Zn,Cd; X=€1,Br) to be at best
very weak in the infrared, often being only Réman active. However
it 1s 1intense 1in the spectrum of (CrCl:(Me NFNHz)2:]., possibly

indicating a change of structure between the two types of
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complexes. A band at 280 cm' has been assigned to t(NHz) of Me.NNH:
(2571, and this band should increase on coordination, but no
sultable absorption appears in the IR specrum of [CrCla:(Me:NNHz2)z21..
Green [257] assigned t(NHz) in (ZnX:(Me:NNH2).l. (¥X=Cl,Br,I) to
medium/weak absorptions in the 560-545 cm' region. However, these
complexes were thought to have monomeric tetrahedral structures and
the change to octahedral symmetry for [CrCl:(Me:NNH2)21, may alter

the nature of the t(NH2) vibration.

CHs vibrations

Eighteen of the 30 fundamental vibrations of Me.NNH: are
expected to arise from motions of the two methyl groups. These
éomprise six CHs stretching vibrations. six methyl deformations,
four rocking vibrations and two torsional vibratioms.

If the Me:NNH: ligands of {CrCl:(Me:NNHz2):]n are unidentate,
being bonded via the amino nitrogens, the methyl vibrations would
not be expected to show significant shifts from their free ligand
positions. The assignments given in TABLE No 5.8 are based on this

assumption.

Skeletal vibrations

Three skeletal stretches are expected and although mixed in
character they can conveniently be deséribed aé two v(CK> and one
v(NN) vibrations.

The three skeletal vibrations in Me:NNH: are assigned to bands
at 1246, 0966 and 808 cm'. The predominately NN skeletal stretch
should be most sensitive to coordination, thle the two w(CND
vibrations are expected to be less so. A band at 1286 cm' is

assigned as the highest frequency skeletal stretch, a shift of 40
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cm' on coordination. The free Me.NNH: skeletal stretch at 966 com
is found as a weak band at 991 cm' in [CrCl:(Me:NNH:2):l,.. This band
is not found in the IR spectra of [MX:(Me:NNHz):l. (M=Zn,Cd) (2581,
but is strong in the Raman spectra of these complexes, indicating a
likely skeletal nature to the wvibration.

The third skeletal stretch cannot confidently be assigned for
{CrClz(Me.NNH2)21n, although a band is found in the IR spectrum at
809 cm' which could correspond to the skeletal stretch of Me:NNH:
reported at 808 cm'., The lack of sensitivity to coordination is
puzzling.

Three skeletal bending modes of Me:NNH: are found at 459, ’441
and 411 cm', with [CrCl:(Me:NNH2)21, displaying bands at 441 and 434
cm'. However, comparison with the spectra of [Cr(N:HsR)2X2ln
suggests that v(MN) stretches are also expected in this region.
Without the advantage of deute‘ration studies or comparisons with
the spectra of other [CrX:(Me:NNHz2):l. complexes, it is not possible
to unambiguously assign these absorptions, but assignments as
v(Cr¥) stretches are favoured. A further band in this region at 302
cm' 1s assigned to v(CrCl). Such assignments are in line with
those suggested for [CrCl:(NH:FHPh)2)ln, v(MN) = 390 cm' and v(MCD1)
= 3283 cm'. A trans-MR:X. unit of Dun symmetry 1s predicted to
possess  one v(MF) and one @ v(ED IR active Dband. As
(CrClz(Me.NNH2).]n appears to shaow two v(MN) absorptions. some
distortion from Dsn symmetry may be indicated, although one band
may be a ligand skeletal bending mode.

The spectroscopic data  presented here indicate  that
[CrClz(Me.NNHz)21n is likely to be polymeric with bridging chloride
and unidentate dimethylhydrazine 1ligands, the latter ©being

coordinated via their -NH: nitrogen atoms.



TABLE No 5.9

He2NNH2*

3338
3315

2980
2061
2816
2777

1587

1464
1449
1402
1319
1246

1215
1144

1060
1032
966
908
808

295
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Infra-red Spectra of [MCl:(Me:NNHz)2ln (M=Cr,Zn,Cd)
and the Vibrational Spectrum of MeFNH: / cm'.

CrCl2(Me2NNHz)2®

3233
3208
3183
3071
2986
2952
2893
2868
2833
2784

1588
1574

1453
1430
1402
1354
1286

1222
1154

1090

1020

991

809

703

441
434

302

(s)
(m, sh)
(mw)
(ms)
(w?
(ms)
(mw)
(m
(m
(m

(s)
(mw, sh)

(s)
(mw)
(w)
(w)
(s)

(mw>
(s)

(w)
(m)

(vw)

(m)
(ms)

(m, sh)
(s)

(s)

ZnCl2(MezNNHz) 2"

3240
3170
3010

2990
2959
2920
2870
2814
2799

1597
1458

1427
1404

1297

1218
1160
1148
1084

1010

992

800
720
705
559

412

293
241

CdCl2(Me=NNH2)2¢ Assignaent

3265
3155
3091

2940
2905
2860
2825
2775
1588
1454
1426
1398

1340

1215

1133
1089

1014

989 R

802 R

620
432
411

207 R

v(NH2)

v{(CH3z)

& (NH2)

§ (CHs)

w(KH2

skeletal
stretch

r (CHa)

r(CHa) or
r(FH) ?
skeletal
stretch
r(NH2)

skeletal
stretch
t(NH) 7

v(MD

v(MCL)

R ~ Raman active only, * - from ref. [257], °®° -Abresent work,

© - from ref.

[2581.
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FIGURE No 5.4 Infra-red Spectra of [CrCl:(Me:NNH:):1, and
[Cr2(0:CMed s (u—MeNNH2)1.

FaY [

[CrCl2 (KH:NME:{) 21 n

| [Cr2(02CHe) s (p-NHzNMe2) 1«

T T . . T

4000 2000 1400 800 200
_ Vavenumber/cm!
5.3.3 REACTION OF CHROMIUM(II) ACETATE VITH 1, 1-DIMETHYLHYDRAZINE
The reaction of Cr2(0:CMe).(EtOH): with Me:NNH: in EtOH at room
temperature under N: produces a red-orange. air-sensitive, solid
with analysis consistent with the formulation Cr2:(0:CMe).(NH:NMez)

(cee 5.9). The stoichiometry implies that Me:NNH: coordinates in a

bridging manner.

110* ELOH
Cr2(02CMe)((H20)2 = Cr2(0:CMe)y — Cr2(02CMe) (EtOH):
in vicuo Nz ‘ 5.9
MezNNH=/ELOH

———3 Crz(0:CMe) (NHFMe2)
N2
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The addition of EtOH to this product appears to partially cleave
chromium-nitrogen bonds to form a species containing coordinated
dimethylhydrazine and ethanol as indicated by IR evidence. However,
no other characterisation was carried out.

The quadruple metal-metal bond of the hydrate is retained on
reaction with Me:NNH. as shown by magnetic susceptibility (xcoox =
1.06x10°¢ cm?g~", Herr = 0.59 BM per Cr at 296K) and electronic

spectral measurements (see TABLE No 5.9),

TABLE Fo 5.9 Electronic Spectral Measurements of Crz(0CMe).L:
species / nm,

L= % (MeFNH2> % (N2H4) H20 Assignment
reflectance solution* reflect. reflect.
479 (m, br) 491 (m, b 478 (m,br) 486 (s,br) § - =n*
464 (w,sh)
359 (s,sh) 345 (s,sh) 360 (s,sh) 347 (s,sh)

333 (vs) 327 (vs) 333 (vs) 326 (vs) npx -+ 1*

* - MeOH solution.

The electronic spectrum of (Crz(0:CMe).(u-Me:NNH2)] in MeOH
shows a significant shift of the § - =* transition when compared to
the solid-state reflectance spectrum, perhaps indicative of further
reaction with alcohols as mentioned above. Indeed, the peak maximum
of the § »+ n* transition, 491 nm, for [Cr2(0:CMe).(u-Me:NNH2)] in
MeOH 1s close to that of Crz(0zCHe) « (H20) 2, 486 nm, which may
indicate (O-donors rather than #donors coordinating axially to the
Cr2(0:C¥e). unit in solution. However, the § - mf'transition has yet
to be shown to'be a specific indicateor of axialfcuordination td the

Crz2(0CMe). core.
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The infra-red spectrum of (Cr2(0:CMe).(py-Me:NNHz2)l. shows the
presence of both coordinated acetate and dimethylhydrazine (see
TABLE No 5.10 and FIG No 5.4). Assignments have been made by
reference to the spectra of Crz(0:CMe)s(H20)2 and other Me:NNH:
complexes. However, some absorptions presumably associated with
bridging Me:NNH: vibrations in the dinuclear complex are found at
unexpected positions and consequently are difficult to assign by
comparison with mononuclear complexes containing unidentate
dimethylhydrazine ligands.

"The v(NH2) absorptions (see TABLE No 5.10), show smaller
coordination shifts than are found for (CrCl:(Me:NNH2).l.. Other NH-
derived vibrations are difficult to assign, and it 1is also
impossible to distinguish between the v(CHs) absorptions derived
from the‘ acetate groups and' those of dimethylhydrazine. The
carboxylate absorptions of the acetate groups are, however, easily
assigned. The frequency difference between the antisymmetric and
symmetric v(COO) absorptions is 140 cm' indicative of bridging
acetate groups, as expected. A band at 469 cm' has been assigned
to v(Cr¥) 1in [Cr2(0.CMe).(p-N2H)1n, so a band at 521 cm' with a
shoulder at 508 cm' in the IR spectrum of [Cr2(0:CMe).(u-Me:NNH2)],
may be similarly assigned. Tﬁe two components probably relate to
the unsymmetrical nature of the Me.NNH: bridge as Zfound in
[{RuC1(H)(n‘—cod)}z(p-NHzNHez)] [491.

In summary, the evidence acquired suggests that in
[Crz(0:CHe)s(u-Me-NNH2)1, dimethylhydrazine is acting as a bridging
ligand between two Cr2(0:CMed. units. Howevef. the Cr-N bonds
appear relatively weak being cleaved by dissol@fion in methanol and

ethanol.
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TABLE No 5.10 Infra-red Spectrum of [Cr2{(0:CMe).(u-Me NNHz)1

Spectrum / cm’ Assignment
3310 (mw)
3257 (mw) v(NH2)
3167 (vw)
3005 (w)
2980 (mw>
2933 (mw, br) v(CHa)
2923 (mw, br?
2883 (vw)
1589 (vs) va (CO2) + &6 (NH2)
1449 (vs) vs (CO2) + 8.(CH3z)
1418 (s,sh) . 8§« (CHa)
1346 (ms) w{(¥H2)
1240 (mw) skeletal stretch ?
-1202 (m
1157 (s r (CHa) - Me:NHNH:
1119 (w
1077 (vw)
1050 (ow) r{(CHs) - 0CMe
1029 (m
1014 (mw) r(§Hz) ?
975 (m _ skeletal stretch
938 (vw) v(CO>
816 (m skeletal stretch
683 (s) § OCO
632 (m . T (CCO»
521 (aw) ‘ v
508 (w,sh? '
408 (=) 129, (0))
301 (mw

5.4 REACTIONS OF Me.NNH: WITH CO. AND CHRCKIUM IONS
5.4.1 BACKGROUND
1,1-Dimethylhydrazine has long been known to form a carbazate

on reaction with CO. [(260,261]1, however little characterisation has
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been reported. For example, it is not known whether (Me,NHNH.I-
[0:CFHNMe2] or Me NNHCO:H is the final product.

The reaction of trimethylsilyl-1, 1-dimethylhydrazine,
Me:NNHSiMe: (and the analogous trimethylgermyi derivative) with CO:z
has been reported to give the trimethylsilyl ester of 3,3-
dimethylcarbazate, Me:NNHCO.SiMes, a colourless thermally stable,
solid (m.pt 76.6-77.0°C) [262,263].

The reaction of Me:NNH. with CS: or CSe:z was reported by
Anthoni [264] to result in the formation of [ Me-NHNH:l[X-CNHNMe:]
(X¥=5,8e). Treatment of these salts with aqueous 6N HCl resulted in
the free dimethyldithio- <(or diseleno-) carbazic acid, X:CNHNHMe:.
A dipolar ‘zwitterionic' configuration was proposed to account for

the high stability observed for these compounds.

5.4.2 REACTION OF Me:NNH: VITH CO:

Only some preliminary work has been carried out on the
Me:NNH2/CO: system and its interaction with chromium(II) and (IID).
Therefore, little characterisation of the products can be reported.

The passage of CO: through a solution of Me:NNH: in Et:0 at 0°C
for 3 hrs, resulted in a colourless, hygroscopic, thermally
unstable, solid which 1s assumed to be [ Me:NHNH.1{O.CNHNMe:l. The
product displays a complex IR spectrum (major abscorptions; v(§FH)
3430, 6 (NH2)+va(C02) -1620, w(CO2> 1450 cm™,

The passage of CO: through a methanol éolution of Me:NNH: in
the presence of NaOH, resulted in the precipitation of a white

solid (5.11), presumably scdium dimethylcarbazate.

Me0H
Me.NNH: + NaQH —————— Me NNHCO:Na ? 5.11>
0=
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The IR spectrum of the solid indicates the presence of carboxylate
(v(CO2>», 1620, 13457; §6<0CO>, 810 cm') and methyl (vI(CH),
2995,2930; &§(CHa), 1475, 1440; r(CHs), 1075 cm') vibrations, but nao
bands are assigﬁﬁble to NH vibrations, although w(FH)> would be
expected to be broad and weak in a hydrogen—bonded structure.

Given the use of NaOH and CO: in the reaction, some carbonate
formation may occur followed by further reaction with Me:NNH:.

The reaction of preformed (MeNHNH.1{O:CNHNMe:] with NaOH in
MeOH, results in the formation of a colourless solid, which,
although showing some similarities with the solid discussed above,
appears to be a different species. Similar carboxylate (1635, 1375
and 820 cw') and methyl bands are present in the IR spectrum, but

again no NH bands could be distinguished. These products remain to

be characterised.

5.4.3 REACTIONS OF 1,1-DIMETHYLCARBAZATE WITH CHROMIUMCIID

Reaction of ([Me:NHNH2]1{O:CNHNMe:] with [(Cr(QH2).Cl:1Cl.2H.0 in
EtOH produces a dark violet solution, from which a pale lilac solid
precipitates on addition of excess Et:0 or MeCN. IR spectroscopy,
however, suggests that the product 1is not a chromium(III)
dimethylcarbazate, but ra.thez; a product containing dimethyl-
hydrazinium cations. This system appears to resemble the
chromium(III)-phenylcarbazate system from which nc discrete product
could be isolated.

Srivastava E146] reported that Cr(O.CNHNMez2)s could be
prepared by passing CO: through a solution of ,[.Cr(OthClz}Cl.ZHzO
and Me NNH: in EtQOH. The above observations an'(i the unreliability
of other carbazate work reported by Srivastava suggests that this

claim requires independent reinvestigationm.
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5.4.4 REACTION OF 1,1-DIMETHYLCARBAZATE WITH CHROMIUM(IID)

The reaction of [ Me:NHNH-1[O:CNHNMe:] with [Cr(QHz2)s1Cl: in EtOH
at 0°C under N2/CO: resulted in a dark blue/viclet solution without
formation of a solid. Once isolated by evaporation or by addition
of inert solvents, the solid was extremely air-sensitive exhibiting
pyrophoric  behaviour. IR spectroscopy 1indicates that  the
chromium(II) product was contaminated with Me.NHNH:Cl.

The reaction of supposed 'MezNNHCOzﬁa' with [Cr(OH2)6lClz in
MeOH at 0°C under N2/CO:z results in the precipitation of a purple
solid, which was not isolated.

The coordination displayed by Me:NNHCO.- towards chromium(ID
may be similiar to that shown by PhNHNHCO2- in
Cr2(0:CNHNHPh) . (MeOH) 2 i.e 0, O-bridging carboxylate type
coordination. On the basis of electronic spectral evidence the
complex Cr(Me:NNHCS:); was considered to display &, S-coordination
rather than S, Fcoordination [226]. Therefore, it is likely that

Me.KNHCO.- will show O, O-coordination towards metal iomns.
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5.5 EXPERIMENTAL
MeNHNH: was purified before use by distillation from KOH under
N2, at atmospheric pressure. The middle fraction (B.Pt 87-88°C) was

collected.

5.5.1 REACTIONS OF CHROMIUM(II) AND (III) WITH MeNHNH:

a) Preparation of [CrCl.(MeNHNH:)2].
To a suspension of CrCl: (0.59 g, 4.79 mmol) in anhydrous MeCN
(25 cm®) under N: was added a solution of MeNHNH: (0.53 cm®,
10.01 mmol) in anhydrous MeCN (20 cm®). The light blue product
formed rapidly, was filtered off under N2, washed with MeCHN,
Etz:0 and dried under a stream of N..
C2H:2C1.CrN.. Requires: C, 11.17; H, 5.63; N, 26.05. Found: C,

10.89; H, 5.21; N, 25.53 %.

b) Preparation of [Cr:(0.CMe),(u-MeNHNH:>],

The complex Crz(0:CMe).(H:0): was prepared as in 3.10.34.,
1.27 g, (3.37 mmol) being dehydrated in vacuo at 110°C for
several hours. The resulting brown Cr2(0.CMe)s was added to
anhydrous EtOH (25 cm®) under N.. This suspension was stirred
at room temperature for 120 mins, before a solution of MeNHNH:
(0.54 cm®, 10.20 mmol) in anhydrous EtOH (15 cm®) was added
under N.. The resulting reaction mixture was stirred for 60
mins, before the red-orange product was filtered off under N,
washed with Et20 and dried under a stream of Na.

CoH1sCrzN20s. Requires: C, 27.88; H, 4.70;_N, 7.25., Found: C,

28.34; H, 5.21; N, 6.76 %.
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c) Reaction of [Cr(QH2).Clz1* with MeNHNH:
To a heated solution of MeNHNH: (1.24g, 27 mmol) in EtOH (50
cm®) was added a solution of [Cr(OHz).Cl:1Cl.2H20 (0.80 g, 3
mmol) in EtOH (20 cm®). The 1light . blue-grey product
precipitated almost immediately. The solid was filtered off in
air, washed with EtOH and Et:0 and dried in vacuo.
Found; C, 6.43; H, 5.21; Cl, 10.80; Cr, 28.09; N, 13.82 %.

This corresponds to an elemental ratio of CHs.eClo.sCrii.s.

5.5.2 REACTIONS OF MeNHNH. WITH CO: AND CHROMIUM

a) Preparation of [ MeNH.NH.}{O.CMeNNH:]
Carbon dioxide was passed through a solution of MeNHNH: (2.30
g, 50 mmol) in EtOH (50 cm®) for 180 mins. After this time the
colourless product had precipitated, was filtered off under N2
and dried iIn wvacuo. The product was very hygroscaopic,

decomposing on contact with H:0.

b) Preparation of Cr(0:CMeNNH:)».H:0

A solution of [ MeNH:NH:1[0.CMeNNH.] (25 mmol) was prepared by
the passage of CO: through a solution of MeNHNH: (2.30 g, S50
mmol) in EtOH (90 cm®) at 60°C for 120 mins. To this solution
was added a solution of [Cr(OH2).Cl21Cl.2H.0 (1.33 g, 5.0 mmpl)
in EtOH (40 cm®). The resulting pink, microcrystalline product
was filtered off under N., washed with MeCH and Et:0 and dried
in vacuo. The product was found to be soluble in DXNSO,
sparingly soluble in DMF, but decomposes on'contact with Hz20.

Celi:CrNe0;, Requires: C, 21.37; H, 5.08; N, 24.92; Cr, 15.42.

Found: C, 20.97; H, 4.65: N, 24.32: Cr, 15.26 %.
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c) Reaction of [ MeNH NH:]1[O:CMeNNH:] with Chromium(II)
To a solution of [MeNH:NH.1[O:CMeNNH.] (12.5 mmol) in MeOH (30
cm®) (formed as in 5.5.2b) under N:/CO: at -10°C, was added a
solution of [Cr(OH2)¢l1Clz (1 mmol) in MeOH: (formed by reaction
of conc aqueous HCl1 (0.17 cm®, 2 mmol) with 'electrolytic
chromium metal (0.50 g) in deoxygenated MeOH (15 ml) under
N2>. Initially a purple solution formed without solid
formation, but on standing Cr(C.CMeNNH2)s.H20 gradually"

precipitated.

5.5.3 REACTIONS OF CHROMIUM(II) VITH Me.NNH:
Me:NNH: was purified before use by distillation from KOH under
N2, at atmospheric pressure. the middle fraction (B.Pt 62-63.5°C)

being collected,

a) Preparation of [CrCl:(Me.KNH:):1,

To a suspension of CrCl: ¢0.71 g, 5.74 mmol) in anhydrous MeCN
(25 cm®) under N:, was added a solution of MeNFH: (0.92 cm?,
12.03 mmol) in anhydrous MeCN (20 cm®). On addition, a blue
solution formed from which the pale blue/green product rapidly
precipitated. The productA was filtered off under Nz, washed
with MeCH -and Et:0 and dried under a stream of Na.

CaHi1eCrN.Cl:. Required: C, 19.76; H, 6.63; N, 23.05. Found: C,

19.48; H, 6.85; N, 22.73 %.

b) Preparation of [Cr:(0CMe).(u-Me NNHz)1.
The complex Crz(0:.CMe). (H.0)> (1.30 g, 3.45 mmol) was
dehydrated as in 5.5.1b. To a cuspension of Crz:(0:CMe)s in

anhydrous EtOH (25 cm®) under N: at room temperature was added
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a solution of Me.NNH: (0.84 cm®, 10.99 mmol) in anhydrous EtOH
(10 cm®). The product was filtered off under N:, washed with
Et20 and dried under a stream aof ¥N-.

CioH20Cr2N20s. Required: C, 30.01; H, 5.04: N, 7.00. Found: C,

29.96; H, 6.58; N, 5.33 %.

5.5.4 REACTIONS OF Me.NNH: WITH CO: AND CHROMIUM

a) Preparation of [ Me NHNH.1[O.CNHNMe-l
The passage of CO: through a solution of Me:NNH: (2.50 cm?,
32.7 mmol) {in Et:0 (50 cm® at 0°C for 145 minutes,
precipitated the white product, which was filtered off and
dried under a stream of Nz. The solid was found to be

hygroscopic and thermally unstable.

b) Reaction of Me:NNH: with CO: in the presence of NaOH

1) Carbon dioxide was passed through a stirred solution of
Me NWH: (5.00 cm®, 65.4 mmol) and FaOH (2.62 g, 65.4 mmol) in
EtCH (40\ cm®). After 180 minutes a. white solid had
precipitated. This was filtered off, washed with Et:0 and
dried In vacuo.

11) To a solution of (Me,NHNH.](O.CNHNMe.] (16.4 mmol) in XeOH
(40 cm®) (prepared as in 5.5.4a), was added a solution of NaCH
(1.36 g, 34 mmol) in MeOH (40 cm® . After stirring for 30
minutes, a white solid had precipitated, which was filtered
off, washed with MeOH amd Et.0 and dried in vacuo. IR
spectroscopy sbowed the products from i_)— and 1ii) to -be

different.
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c) Reaction of Me NNHCO." with Chromium(II)
Carbon dioxide was passed through a solution of Me:NNH: (0.70
cr, 9.16 mmol) in MeCH (25 cm®) at 0°C for 100 minutes under
. N2. To this solution was added a solution of chromium(II) in
MeOH (prepared by reaction of conc. aq. HCl (0.43 cm®, 5 mmol)
with electrolytic Cr (0.25 g) in deoxygenated MeOH (15 cm®
under N2>, A dark violet solution was formed but no

precipitation of a solid.

d) Reaction of MeNNHCO.” with Chromium(IID
Carbon dioxide was passed through a solution of Me:NNH: (8.60
cm®, 112.5 mmol) in EtOH (40 cm®) for 120 minutes. To this
solution was added a solution of [Cr(OH2).Cl:1Cl.2H:0 ¢(5.00 g,
18.75 mmol) in EtOH (20 cm®). A dark purple solution was
formed but no solid precipitated even on cooling to -16'C..The
addition of excess MeCN caused precipitation of all solution

products.
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CHAPTER No 6

INVESTIGATION OF THE EFFECT OF DISSCLVED CHROMIUM ON THE RATE OF
- HOMOGENEQUS CATALYTIC DECOMPOSITION OF HYDRAZIKE
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INVESTIGATION OF THE EFFECT OF DISSOLVED CHROMIUM OF THE RATE OF
HOMOGENEQUS CATALYTIC DECOMPOSITION OF HYDRAZINE
6.1 INTRODUCTION

During long-term storage anhydrous hydrazine undergoes slow
decomposition to produce mainly nitrogen. ‘and ammonia. The
decomposition (3N:Hs » N2 + 4NHs) is subject to both heterogeneous
catalysis at containment vessel surfaces and homogeneous catalysis
within the bulk liquid (see SECTION 1,2) [265],

The majority of investigations into hydrazine decompoéition
have concentrated on vapour-phase studies at low partial pressures,
studies under these conditions being experimentally convenient.
However, such studies do not reflect actual operating pressures of
hydrazine decomposition reactors.

Liquid-phase N:H. decomposition is more difficult to study as
most container surfaces contribute to some degree to the overall
rate aof gas evolution.

Glass (borosilicate and quartz) vessels have been shown to
exhibit the lowest N:H. decomposition rates. Ten year storage tests
determined the N:H. decomposition rate to be 0.015 % yr-' (~0.10 cm®
N2 kg-'day'>) in the absence of metal surfaces and catalytic
contaminants. In the presence of the most inert metallic specimens,
specifically Ti-6A1-4V alloy, the rate of decomposition increased
to 0.15 % yr' (~1.03 cm® N: kg'day') ([266]. Much higher N:H.
decomposition rates have been observed in the presence of stainless
steel. It was found that various stainless steels gave rates of gas
evolution per unit area from 6.8x107® (S527) to ~130x107% cm® N: cm?
day~' (8526> (c.f. Ti-6A1-4V, 0.7x107° cm® N: cm2day-') [2671. It was
also observed that exposure of stainless steels to the atmosphere

whilst wet with N:H: caused marked increases in the rate of
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decomposition on subsequent immersion in hydrazine with rates as
high as ~1 cm® F: cm?day’'. This was thought to be due to
absorption of CO: and the formation of carbazic acid. It is known
that carbazic acid has a detrimental effect on the decomposition of
N:Hs in the presence of steel, (see below> [13].

The effect of contaminants on decomposition rates of hydrazine
has been extensively studied by several groups.

The effect of acid (as N:HsNOs) on N:H. decomposition at 426-
474K was studied by Rubtsov and Mabelis {268], who found the/rate
of decomposition was dependent on the concentration of both N:H.
and N:Hs*. The balancing nitrate anion had no effect on the
decomposition rate.

The effect of acid on N:Hs decomposition has also been studied
by Ross et al. [269] who showed that addition of either 6;CNH§H3 or
NH.C1 to N:H« in glass apparatus, gave large increases in N:H.
decomposition rates. This was attributed to the formation of NHs*
which subsequently initiated decomposition,

The importance of dissolved CO., which in N2H: is in the form
{ N2Hs] [ O:CNHNH=1, in promoting 1liquid-phase decomposition of
hydrazine, especially following exposure of the contaminated
propellant to stainless steel, was demonstrated in an extensive
study by Axworthy et al. working at Rocketdyne (9]. It was found
that all acidic impurities increased N:H: decomposition and, like -
BzCNH;in. were especially effective in the presence of stainless
steel. However, since the kinetic experiments were conducted at
comparatively aigh <emperatures (128-171°C) the findings of the
Rocketdyne group may not be applicable to normal storage
temperatures. More recent work (12,13] has revealed that at

moderate temperatures (40°C) very low levels of CO: in N:H. (£ 250
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ppm) can cauce significant stainless steel corrosion and lead to an
increase in the concentration of trace metal ions in NzHs:. This
process has been shown to be accompanied by a corresponding
increase in the rate of homogenecus decomposition of N2Ha [270].

It has been suggested (13,151 that the increase in Nl
decomposition rates of CO.-doped N:H:. in the presence of stainless
steel, is due to metal ion induced homogeneous catalysis, the metal
ions being leached from the stainless steel surface by the
corrosive effect of hydrazinium carbazate. }

To date only the work of Bellerby [15,;6] has been concerned
with the possible involvement of specific metal ions in this
homogeneous catalysis. These results will now be discussed in
detail, and will provide the basis for the work presented here.

In an early study (151, Bellerby investigated both iron and
chromium carbazate complexes, these being the most likely speciles
given the presence of hydrazine and carbon dioxide. However, these
complexes were found to have no effect on the decomposition rate of
hydrazine. Conversely, in a more recent study [16], both chromium
and manganese were shown to affect the N:Hs decompasition rate.

Chromium, in the form of Cr(0:CNHNHz)5.2H:0 dissolved in N:H.,
was found to have a slightly negative effect on hydrazine
decomposition rates (up to 0.002M, the limit of reported addition),
as measured in glassware at 43°C. However, the addition of an acid
(Z-naphthol) to the chromium-doped solution produced an almost
three-fold 1increase in N:H: decomposition rate. The rate was
further increased by a second acid addition.

Previous studies [15] have shown that a linear relationship
exists Dbetween hydrazinium ion (N:Hs*) concentration and the

homogeneous decomposition rate of anhydrous hydrazine in contact
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with stainless steel. Consideration of this result led to the
prcposal that a catalytic cycle for the homogeneous decomposition
of hydrazine may involve a metal ion and an acidic species acting
in tandem.

Manganese, in the form of MnCl..4H:0 in N:H., was also found to
suppress the N:Hi decomposition rate (up to 0.0035¥, the limit of
addition), according to the relationship: rate o [ Mn]-'/2,

Further studies involved the addition of the acid NH.Cl, which
had previously been shown [15] to have no significant effect on the
homogeneous decomposition rate of ©N:H., to a sample of N:H.
containing both manganese (0.0034¥) and chromium ¢0.002M) in the
forms described above. The decomposition rates of the blank,
chromium and mixed chromium + manganese solutions were all found to
be similar, but addition of the acid NH.Cl resulted in a three-fold
increase in rate, as measured in titanium vessels at 50°C. Further
additions of this acid gave sufficient data for the relationship
rate a [H*]'/? to be proposed.

It was concluded that a significant increase in the rate of
homogeneous decomposition of hydrazine at 50°C is observed on the
addition of an acid to samples of hydrazine containing manganese
and chromium.

The aim of the kinetic investigation presented in this work
was to confirm and extend the results reported by Bellerby. His
results were obtained only at cne temperature (43°C), therefore in
this work results have been obtained for a range of temperatures in

an attempt to detarmine activation energy parameters.



279

6.2 EXPERIMENTAL
Decomposition rate measurements on hydrazine were carried out
using a closed vessel of internal volume 1313 cm®, fabricated from

titanium, equipped with a ball-jointed entry port and fitted with a

strain-gauge pressure transducer, (conversion factor: mV - mmHg
15.080) <(see FIG Fo 6.1),. The vessel was housed in a
thermostatically controlled hot-air oven <Town§on & Mercer,
maximium power output = 1.8 kV¥). Temperature was monitored with a
Thandor digital thermometer fitted with a Type K (Hi-Cr ailoy)
thermocouple.

Hydrazine used in the decomposition rate studies was supplied
by Royal Ordnance, Westcott and stated to conform to the US
Monopropellant Grade specification {111. The complex
Cr (O.CNHNH2)5.2H:0 was prepared as described in SECTION 3.10.7a and
a welghed amount dissolved in N:He under N: to give a 0.100M
solution. A solution of ([N:Hs1(O.CNHNH.] in N:Hs was prepared by
dissolving (NHa>2CO0s (0.79 g, 10 mmol) in N2Hs (100 cm®) under N: to
form a 0.100M solution [134].

Decomposition rates were calculated from gas pressure
increases using a computer program originally written at PERNME,
Westcott, but now modified to run on a BBC B microcomputer (see
Appendix Ko 3).

In order to quantitatively relate the rates of pressure rise
in ullages of closed systems to rates of N:H: decomposition, the
solubilities of the produced nitrogen and ammonia in hydrazine must
be considered (see SECTIOQN i:2 for solubility expressions for XN
and NHs).

In addition, the fraction of the gas, (predominately N2),

produced by decomposition that is released to the ullage is a
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FIGURE No 6.1 Diagram of Titanium Vessel

PTFE Seal

Titanium Vessel
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function of the relative sizes of the ullage and liquid phases, as
well as a function of the variation in the solubility of the gas
with temperature.

The fraction of the produced gas which is released to the

ullage has been determined by an empirical equation (6.1) [267].

Vu (6.1
Fraction of gas 1in ullage = 2, 564KVuDT

Wt =05

volume of N:Hi = % N:H.
volume of ullage = % ullage
density in g cmr?
temperature in K

mole fraction of dissolved gas in N:H: in equilibrium
with a partial pressure of 1 atmosphere of the gas.

[ 4

Ko g <

The calculation of decomposition rates from rates of pressure
rise can be achieved in the following manner [267];

It is assumed that the rate of pressure rise in atmospheres
per unit time, dp/dt at a given temperature T (K), and the volume
of the ullage Vv (cm®) at that temperature are known. Also the
total volume of the system is known. The rate of pressure is first

converted to a rate of gas generation in standard cubic centimetres
(scc) per unit time (6.2);
dp 273

Rate of gas generation = Vy x 1T

scc unit time! (6.2>

It is next assumed that the decomposition proceeds according to

(6.3);
3 N:H4 ———— 4 NH: + N (6.3)

It is assumed that b (scc) of N: is being generated per unit time.

By use of the expression (6.1) above, the fraction of this N: that
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is released to the ullage, <(for the % ullage of the system at
temperature T), can be estimated (fn2).
Similarly the volume of NHs; generated per unit time is 4b, and

the fraction released to the ullage, Zfws, is therefore (6.4);

273y _ dp

T It (6.4

45 fayus + b Lz =

from which the value of b can be calculated. This can be converted
to weight of N:H. decomposed per unit time knowing that 96 g (NHo

ylelds 22400 scc (N2).

The volume of hydrazine contained in the vessel was kept
constant at 1087.24 cm® throughout the series of kinetic rumns, thus
maintaining an ullage of approximately 17 % (at 20°C) for the total.
assembly including the pressure transducer. Contaminant samples
were introduced by injection into the vessel via the entry port in
air. Pressure readings were not taken for at least 2 days after
addition to allow for initial high gas evolution resulting from the
reaction: Nz2H. + 02 o Nz + 2H.0. At the end of each rum, the vessel
was allowed to cool to room temperature before the accumulated gas
build-up was vented and the vessel resealed for a subsequent rum.

For each run, the following infomation.was recorded; DAY; TIME
(in fractions of hours); PRESSURE (in mV)> and TEMPERATURE (in °O).
As a result of the method of thermostating the oven, the
temperature was found to vary by ~+0.3°C. In eaéh case the lowest
temperature achieved during the «cyclical operation of the

thermostat was recorded.
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Using the approach given above the rate of pressure increase
is related to total gas evolution and hence to the decomposition
rate., The computer routine performs a Linear Squares Analysis on
the data pairs (PRESSURE:TIME) to give a Best ‘Fit Line, based on
the assumption that a first order rate equation applies (i.e.
linear increase of 1nP versus TIME).

The program also calculates the standard error (r) of the data
set, and from this, 90 and 95 % confidence limits for the’Nﬂh
decomposition rates. This is achieved by the multiplication of o by
the normal distribution values for 90 % (0.95) and 95 % (0.9975)

{2711,

6.3 RESULTS

It was hoped to confirm and extend the work already reported
on the effect of adding chromium and/or manganese species together
with acid on the rate of homogeneous decomposition of hydrazine
[161. However, because of difficulties in obtaining a suitable
thermostatically controlled oven and overcoming sealant failures on
the titanium vessel, data collection did not start until January
1986. The results presented here, therefore, represent constant
data collection over an eight month period.

Just three chromium additions and one acid addition could be
completed during this limited period. Further acid additions and
subsequent manganese additions will clearly be required in the
future in order to extend the results presented here.

The FK:H: used already contained 2x10-® mol Cr from previous
experiments. It was originally thought that this would have little

overall effect on experiments involving further chromium additions.
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Chromium, in the form of Cr(O:CNHNH2)s:.2H20 in N2Hs <0.100¥),
was added as successive 5, 10 and 10 pl aliquots (Hamilton syringe)
and the subsequent decomposition rates determined at ~50, 60, 70
and 80°C. Then acid, in the form of a 10 ul aliquot (1x10"? mol) of
(NHe)2COs in N2H. (0.100M), was added to the chromium-doped N:Ha

The individual data points are listed in Appendix No 4. The
Best-Fit Equation constants and resulting decomposition rates
obtained from computer analysis for each addition at each of the
four temperatures are listed in TABLE No 6.1. FIG's No 6.2-6.6 show
the PRESSURE:TIME data pairs plotted, with the calculated Best-Fit
Lines for each temperature set.

The 1internal consistency of the rates arising from each
addition data set can be checked graphically by plotting 1n(RATE)
versus 1/TEMP and assessing the linearity of the resulting plot.
From this an activation energy can be calculated from the Arrhenius
expression, 1n(RATE) = E.c:/RT + constant. Activation energies have
been calculated from a further Least Squares Analysis of the plot
(see APPENDIX No 3). FIG No's 6.7-6.11 show the plots of 1n(RATE)

versus 1/TEMP.

i) Blank

From FIG No 6.7, it can be seen that the 50.63° rate does not
lie on the line drawn through the other three points. Least Squares
Analysis of the three consistent points gives an Activation Energy
of 39.88 £ 0.67 kJ mol-' compared to 61.6 £ 11.6 xJ mol~' calculated
from all four points. An estimated decomposition rate of 1.3286 cm®
N kg'day' at 50.63° can also be calculated from this new

analysis,
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TABLE No 6.1 Calculated N:Hs Decomposition Rates
Equation of Best-Fit Line:
PRESSURE = TIME(xPressure rise) + (Intercept)
a) 'Blank Decomposition Rates' - initially doped with 2x10-° mol Cr
Temperature Rate of Pressure t 90/95 % Intercept Rate/ca®Nz ¢ 90/95 %
{0 Increase (1 r) c/linits (¢ 1) kg~'day~’ ¢/limit
50.63 0.1853 +0.0065 +0.0105 15.47 %0.07 0.6467 +0,0365

10,0181 +0. 0630

- 61.59 0.6683 +0.0098 £0.0160 23.74 x0.11 2,1387 +0.0513
+0.0276 +0. 0885

70.18 1.0373 £0.0354 +0.0354 28.06 $0.22 3.0959 +0.1058
+0.0611 : +0.1824

80.43 1.6761 +£0.0365 +0.0365 41.82 +0.25 4.5911 +0.0999
+0. 0629 £0,1723

b) Decomposition Rates after first Chromium Add'n - 5x10-'° mol Cr

Temperature Rate of Pressure 1 90/95 % Intercept Rate/cwN2 1 90/95 %
/¢ Increase (i r) ¢/linits (tr) kg~'day™’ ¢/limit

49,85 0.1538 +0.0029  £0.0048 14.63 +0.05 0.5397 +0.0169
+0, 0083 +0.0291

59.83  0.2335 £0.0037 £0.0060 21.60 £0.04 0.7579 £0.0194
+0,0103 10,0334

70.82  0.3330 +0.0053 £0.0086 29.83 0,07 1.5953 +0.0257
+0,0148 +0, 0442

79.51 1.2363 £0.0112 £0.0183 39.86 *0.08 3.4131 =*0.0506
+0.0316 +0.0871



286

¢) Decomposition Rates after second Chromium Add'n - 1x10-° mol Cr

Tesperature Rate of Pressurs

/¢

50.99

61.22

71.13

80.96

Increase (: r)

0.1313 +0.0083

0.2370 *0.0128

0.7477 +0.0337

1,1638 *0.0287

£ 90/95 %
t/linits

+0
0

+0.
0.

0,
, 0948

+0

+0

. 0135
. 0232

0208
0359

0550

. 0469
0.

0808

Intarcept
(¢t r)

15.56 +0.08
18.77 +0.10
27.20 +0.24

36.77 +0.16

Rate/ca®N2 £ 90/95 %
kg~ 'day™’ t/linit

0,4567 +0.0468
+0.0807

0.7605 £0.0669
+0.1153

2.2142 £0.1628
0, 2806

3.1735 £0.1278
+0,2263

d> Decomposition Rates after third Chromium Add‘'n - 1x10"® mol Cr

Temperature Rate of Pressure

¢

50.80
60.40
70.51

80.24

Increase (3 r)

0.1210 t9.0115
0.3122 +0.0133
0.6488 +0.0295

1.1569 £0.0175

+ 90/95 %
¢/linits

*0.
0.

0.
=0,

+0,
+0.

+0,
+0.

0187
0323

0217
0374

0482
0830

0286
0493

[ntercept
(¢ )

14.77 £0.06

16.97 +0.08

25,36 £0.17

37.27 £0.10

Rate/ceN2 ¢ 90/95 %

kg~ 'day™! ¢/limit
0.4217 +0.0652
+0.1125
1.0085 +£0.0701
+0.1207
1.9312 +0,1433
+0,2471
3.1742 £0.0784
+0,1351
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e) Decomposition Rates after Addition of Acid (1x107° mol) to
Solution (&).

Temperature Rate of Pressure $ 90/95 % Intercept Rate/caNz ¢ 90/95 3%
I ¢ Increase (& f) t/linits (tr) kg~'day™’ ¢/linit

52.33 0,1355 £0.0129 £0.0210 15.16 *£0.07 0.4666 +0.0722
+0.0361 £0,1244

61.36 0.2879 +0.0131 £0.0214 22.81 +0.07 0.9231 +0.0686
+0. 0369 : +0.1183

71.31 0.5802 £0.0162 +0.0265 28.04 +0.04 1.7154 +£0.0783
0. 0456 +0. 1349

81.43 1.2300 +0.0155  £0.0253 35.44 £0.10 3.3406 +0.0687
: ‘ +0.0436 +0.1184

FIGURE No 6.2 Plot of PRESSURE(mV):TIME(day> data pairs for 'Blank’
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FIGURE No 6.3 Plot of PRESSURE (mV) :TIME (day) data pairs for first
Chromium Add'n

70.8°C

59.8C
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— 499*C

0 5 10 15 20 25

Time/day

FIGURE No 6.4 Plot of PRESSURE<mV) :TIME (day) data pairs for second
Chromium Add'n

Time/day
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FIGURE No 6.5 Plot of PRESSURE<mV>:TIME (day)

data pairs for third
Chromium Add'n
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FIGURE No 6.6 Plot of PRESSURE<mV) :TIME (day)
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FIGURE No 6.7 Plot of 1n(RATE) versus 1/TEMP for 'Blank'
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FIGURE No 6.9 Plot of 1n(RATE) versus 1/TEMP for the Second
Chromium Add'n
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FIGURE No 6,10 Plot of 1n(RATE) versus 1/TEMP for the Third
Chromium Add'n
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FIGURE No 6.11 Plot of 1n(RATE) versus 1/TEMP for the Acid Add'n
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ii> First Addition of Chromium

Again a consideration of the plotted decomposition (see FIG KNo
6.8) shows that the rate determined at lowest temperature (49.85")
is out of 1line with the rates obtained at the three higher
temperatures. The activation energy obtained using all four data
pairs is 59.74 * 8.15 kJ mol-! wheréas use of the data obtained at
the three higher temperatures gives a refined Activation Energy of
74.60 £ 2.36 kJ mol-'. The estimated decomposition rate at 49.35°C
from this new analysis is 0.3240 cm® N kg-'day ' compared with the

observed rate of 0.5397 cm® N2 kg-'day~'.

iii) Second Addition of Chromium
The plotted data show a large scatter (see FIG No 6.9). The
decomposition rate at 71.13° appears abnormally high when compared

to those determined at 80.96 and 61.22°. Again the rate measured at
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the lowest temperature (50.99°) appears unreliable, although with
only four data palrs, no firm conclusions can be drawn. No Least

Squares Analysis was attempted in view of the limited data set.

iv) Third Addition of Chromium

Consideration of the plotted rates (see FIG No 6.10) again
shows £hat obtained at the lowest temperature (50.80°) is less than
expected when compared to the rates at the three higher
temperatures. Least Squares Analysis of these rate points gi;es a
refined Ea.c: 0f 56.72 + 2.78 kJ mol-™’, Extrépolation then gives an
estimated rate at 50.80° from this ahalysis of 6.5616 ce®* N2 kg~

day-', (found = 0.4217).

v) Subsequent Addition of Acid
The four decomposition rates <(see FIG No 6.11) appear
reasonably self-consistent. An activation energy of 64.37 % 1.14 kJ

mol-' can be calculated using all four rate determinations.

TABLE No 6.2 Calculation of Activation Energies from Decomposition
Rates / kJ mol-'

Addition E;t from all Refined Eac:
4 data pairs (see text)
BLANK 61.61 +11.61 39.88 +0.67
FIRST CHROMIUM ADD'N 59.74 +8.15 74.60 +2.36

SECOND CHROMIUM ADD'N 65.83 £8.74 -
THIRD CHROMIUM ADD'WN 64,99 =*4.77 26.72 £2.78

ACID ADD'N 64.37 =+1.14 -
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There appears to be 1little correlation between calculated
activation energies and increasing chromium content (see FIG No
6.12). As observed for the individual decomposition rates, the
activation energies are higher after the chromium additions than
for the blank, but a simple relationship with increasing chromium

content has not been observed.

FIGURE No 6.12 Plot of 1n(RATE) versus Chromium Concentratiocn.
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6.4 DISCUSSION

The addition of 5 pl of 0.1M Cr solution (5x107'° mol) caused
a large drop in the ©N:Hs decomposition rate. Analysis of the
decomposition rates indicate that the rate at ~50° is not in line
with the rates determined at the other temperatures. However, the
overall decrease in decompsition rate appears genuine. Further
additions of chromium ‘(up to 2.5x10"° mol) did not decrease the
decomposition rate as markedly, but a regular slight inhibition in
decomposition rate is discernable. FIG Fo 6.12 .shows a pld; of
1n(RATE) against chromium content which illustrates the -above
trend. Each rate is plotted with 1ts-95 % confidence 1limits. The
rates determined after the second éhromium addition appear from the
Least Squares Analysis to be the most unreliable of the complete
data set. This would explain the lack of correlation between the
rates determined after the second and third chromium additions 1i.e.
a decrease in the rate at ~70° 1is observed after the third
addition, but conversely an increase in the rate at ~60° occurs
after the third addition.

Bellerby observed an increase in decomposition rate after the
addition of an acid [(16]. However, in this work it has been found
that addition of acid (1x10-® mbl) failed to cause such an increase
in decomposition rate. In fact, all rates determined after acid
addition fall within the 95 % confidence limits (in some cases 90
%) of the rates determined after the third chromium addition.
Therefore acid does not seem to affect the N:H. decomposition rate
under the experimental conditions employed in this work.

So despite the anticipation of obtaining results which would
confirm those of Bellerby, a number of differences bhave emerged.

some of which méy relate to changes in experimental conditions.
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The decomposition rates reported by Bellerby (161 for
chromium-doped hydrazine (43°C; ~0.22 - 0.18 cm® N2 kg-'day') are
lower than those found in this work (-50°C; 0.65 - 0.42 cm® N: kg™’
day™'). This may be a consequence of ﬁsing a titanium container in
this study whereas an all-glass apparatus was used by Bellerby. As
noted previously, (see SECTION 6.1), titanium induces a higher
hydrazine decomposition rate than does glass [266].

Also the concentration of added chromium differs in the two
studies. In Bellerby's work, Cr concentrations of up to 2 mmol were
used whereas in the present study much lower cbncentrations of up
to 2.5x10®* mol Cr were used. Given the higher ‘'blank"
decomposition rate determined in this study, smaller additional
amounts of chromium may not have such a noticeable effect on the
N:H. decomposition rate.

In order to complete a reasonable series of results in the
time available it was necessary to limit the data collection for
each run to 7 days. Allowi'ng a two day delay before results could
be collected (see earlier) effective data collection was limited to
only 5 days. This may introduce errors that a longer time period
might eliminate.

The failure of the additién of the acid to the chromium-doped
N:H. to cause an increase in decomposition rate is surprising, as
numerous studies have noted the detrimental effect of protons on
N-H. decomposition rates [15,268,269]1. The low concentration of
added acid may partially explain the absence of a significant
effect (H*:Cr ratio = 1:4.5), although Bellerby observed a three-
fold increase in decomposition rate with H*:Cr ratio = 1':1‘33.
However the overall concentrations of both chromium and acid were

higher than those used in this present study.
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In view of the wvariation in experimental conditionz employed
in this work and that of Bellerby [16], it 1s concluded that
comparisons between the two sets of data are of limited value.

The failure to observe a simple relationship between N:H.
decomposition rates and increasing chromium concentrations may be
related to a number of factors. For example, a time périod of
approximately six months elapsed between the initial chromium
doping of the N:H. and the introduction of the first chromium
addition in the present study. The hydrazine supplied by PERME.
Westcott used in this study conformed to the US monopropellant
specification [11] at the time of anaiysis. However, no subsequent
analyses have been carried out at Bath.Also, time allowed only a
few chromium additions and this may limit the conclusions that can
be drawn. Additionally, the design of the apparatus did not allow
each chromium or acid aliquot to be lpaded under an inert
atmosphere, thus increasing the possibility of contamination by
COz, H20 or other impurities. However, introduction of CO: in
particular would be expected to enhance rather than inhibit the

decomposition rates.

6.5 CONCLUSION

The results presented in this work have given this laboratory
an introduction to kinetic investigations of hydrazine
decamposition by' the measurement of pressure increases within
closed systems. It is hoped that this study will be extended in the
manner cutlined in SECTION 6.3,

Very few definite conclusions can be made at this stage. It
appears that chromium alone does have some retarding effect on the

decomposition of hydrazine, but no clear reaction kinetics can be
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discerned. As discussed abave, few useful comparisons can be made
with the earlier work of Bellerby (16], but both studies seem
broadly in agreement. However, the effect of acid on the hydrazine
decomposition rate remains to be further explored.

It is suggested that strictly purified hydrazine be used in
future investigations of the effects of contaminants on hydrazine
decomposition. The wuse of ©purified hydrazine rather than
‘propellant' grade hydrazine, would eliminate possible effects from
permitted concentrations of contaminants and allow the effectlof a

single deliberately added contaminant to be studied.
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APPENDIX Fo 1

PHYSICAL METHODS AND INSTRUMENTATICHN

a) CONDUCTIVITY
Conductivity measurements were determined at 25°C under XN:
using a Vayne-Kerr autobalance bridge and a dip-type cell with
platinium electrodes <(for N:Hs measurements) and piatinium
black electrodes (for MeOH measurements). Cell constants of
174.1 and 41775 respectively were determined by measurement of

the conductance of standard aqueous 0.1000M KC1 solution.

b)> ELECTRONIC SPECTRA
1) Reflectance spectra of liquid paraffin mulls of powdered
solids held between quartz plates were obtained using a
Perkin-Elmer 330  spectrophotometer equipped with an
integrating sphere assembly.
i1) Solution absorption spectra were obtained using a Cecil
Instruments CE 595 spectrophotometer with 1 cm pathlength

silica cells.

c) ELECTRON SPIN RESONANCE SPECTRA
Spectra of solids and soiutions were obtained using a Varian
E-3 EPR spectrometer at room temperature with an operating
frequency of ~9.55 GHz. Spectra were calibrated using

diphenylpicrylhydrazyl (g = 2.0037 = 0.002).

d> DIFFERENTIAL THERMAL ANALYSIS/THERMOGRAVIMETRY
DTA/TG runs were performed on powdered solids heated in air or

argon using a Stanton Redcroft STA 780 Differential Thermal



300

Analyser at RMCS Shrivenham. Samples were referenced using

alumina and heated at 10°'C/min, to 600°C.

e) INFRA-RED SPECTRA
Infra-red spectra were obtained on a Perkin-Elmer 599B
spectrometer using 1liquid paraffin or hexachlorobutadiene
nmulls between NaCl <(4000-700 cm') or Csl (700-200 cm™")
plates. Calibration of spectra was achieved by reference to

-

the 2850.7 and 1028.0 cm' absorptions of polystyrene.

f) RAMAN SPECTRA
Raman spectra of powdered solids held in capillary tubes were
gbtained using a Spex 1401 spectrometer and a Lexel 85 argon
ion laser. A cooled photomultiplier and photon counting
detection were employed. Spectra were calibrated by reference

to the 665, 924 and 896 cm' bands of KReO..

g) MAGNETIC SUSCEPTIBILITY MEASUREMENTS

i) Gouy Method: Measurements were made using a Newport
Instruments electromagnet and a Staﬁicn Instruments MC3
balance at a current of 8A. Samples were held in 4 or 6 mm
0.d. glass tubes and calibrated using [Ni(en)sl (S203) (xcox =
11.03x10°¢ cm®g™").

1i) Evans Method [211A]: Measurements were made on a Hitachi
Perkin Elmer R-24B 'H nuclear magnetic resonance spectrometer
at an operating frequency of 60 MHz at 23°C. The methyl
resonance of MeCN (2.0 ppm) was used as the paramagnetic shift
indicator. The reference MeCN/N:H: was held in a sealed

capillary (1.5 mm o.d.)> which was suspended freely in the
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sample solution. The frequency separation, Av, was determined
by measurement of the peak differences and related to the

susceptibility of the species, x, by the expression;

- Sav + '
X~ 2aw T Xe

where yo. 1is the mass susceptibility for the pure solvent
(-0.62x10"¢ cm®g™' for N:H.), v 1is the operating frequency
(60x10-¢ Hz) and ¢ is the concentration of the species in g

-

cm?3,

h) MASS SPECTRA
Mass spectra were recorded on a VG 70 70E spectrometer
equipped with a DS 2025 data system using direct insertion
probes and an ionising energy of 70eV. Fast Atom Bombardment
gspectra were obtained on samples qispersed in glycerol

matrices using xenon as the fast atom beam.

1> '*C NUCLEAR MAGNETIC RESONANCE SPECTRA
'3C nmr spectra were measured on a Jeol GX 270 MHz FT
spectrometer using tetramethylsilane (TMS) as an external
reference. Samples were dissolved under nitrogen and held in 4
mm o.d. silica tubes. Gold Label (99.5 %) MeOH-d: was used as

received without purification.

J) X-RAY PHOTOELECTRON SPECTRA
X-Ray photoelectron spectra were rescorded on the Vacuum
Generators spectrometer at Bristol Polytechnic. Samples were
loaded into the instrument as powders dusted on to double-

sided adhesive tape. The Al Kai,2 line (1486.6 eV) was used as
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the X-ray excitation. source, Surface charging effects were
eliminated by use of an electron “"floodgun" which bathes the
sample surface in a flux of very low energy electrons (0.35
mA, 0.5 V). Wide survey scans (0-1000 eV binding energies) and
detalled high resolution scans (571-596 eV for Cr 2p, 36.75-

99.25 for Cr 3s and 256-319.25 eV for C 1s) were carried out.

k) ANALYSIS

Carbon, hydrogen and nitrogen analyses were determinéa by
microanalytical techniques using the University of Bath's
microanalytical service.

Chromium was determined either by a) oxidation to Cr:0,* using
KBrO: and subsequent determinétion of reduced I: by 8:20:*
(2721 or b) direct ignition of the sample to Cr:0s by thermal
decomposition at 500°C in air.

Chloride was determined gravimetrically as AgCl [2731.

Insoluble samples were decomposed by dil. HNO: before

anaiysis.

PREPARATION AND HANDLING OF AIR-SENSITIVE COMPOUNDS

Air- and moisture-sensitive compounds were prepared in flame-
dried glassware under a dry dinitrogen atmosphere. Compounds
so prepared were filtered and washed with deoxygenated
solvents 1in a filter-stick similar to that described by Holah
(274]. Compounds were normally dried by washing with
deoxygenated diethylether and subsequent svaporation under a
stream of Ne.

Handling of air-sensitive compounds for subsequent physical

measurement <(e.g. Magnetic susceptibility measurements, IR
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mull preparation etc.) involved transfer within filter-stick
apparatus for further manipulation within glove box or dry bag

systeﬁs.
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APPENDIX No 2

SOLVENTS, REAGENTS AND STARTING MATERIALS

SOLVENRTS
All Standard Laboratory Reagent grade solvents were dried over
molecular sieves and thoroughly purged with dry nitrogen gas
before use. In addition several solvegts required further
treatment as outlined below;
i) Methanol and Ethanol: Dehydration of CHsOH or CHsCH:0H was
achieved by refluxing under N2 over Mg turnings wif£ an
initial addition of I. to promote alkoxide formation.
11) Acetonitrile: CH:CN was refluxed under N2 over P:0s for
several hours before being distilled under N: and stored over
molecular sieves until use.
111> Tetrahydrofuran: CHzCH.CH.CH:0 was distilled from sodium-
lead alloy wunder RN: with benzophenone as dehydration
indicator. The solvent was stored over fresh Na-Pb alloy under

B2 until further use.

REAGEXNTS

Unless otherwise stated Analar and Standard Laboratory
Reagents were used as recieved without further purification.
Anhydrous hydrazine, ¥N:H. was supplied by R.0. Westcott,
analysis having shown that it conformed tao the U.S.
Monopropellant Specification {111, The N:H: was used as
received except for conductiometric measurements when further
purification was performed (see SECTION 3.10.4a).

RzH..H20-ds (98 %) was obtained from Merck, Sharp & Dohme and

used as recieved.



305

Methyl- and 1,1-dimethyl-hydrazine were purified Dby
distillation under N: from KOH. Methyl- and phenylhydrazines
were obtained from commerical sources, while 1,1-dimethyl-

hydrazine was a gift from R.O. Westcott.

STARTING MATERIALS
Starting materials for particdlar reactions are described in

the appropiate experimental sectioms.

TOXICITY OF HYDRAZINES

Hydrazines are known to be hazardous. TABLE A2.1 shows the
LCso (lethal concentration at which 50% of the test animals
survive) and the hazard index <(quotient of vapour pressure at
ambient temperature and the threshold limit value) of N:H., MeNHNH:

and Me»NNH:.

TABLE A2.1 Hazard Indices of Hydrazine and Methylhydrazines

Compound Vapour Pressure LCso (4 hrs) Hazard Index
25°C (mmHg) (ppm) (mmHg/ppm)
Hydrazine 14.4 570 0.03
Methylhydrazine 49.6 ’ 74 0.67
1,1-Dimethylhydrazine 156.8 252 0.62

Hydrazine 1itself has the least vapour toxicity of all
hydrazine fuels. In particular twc types of exposure are important,
vapour inhalation and 1liquid splashing. The first type of exposure
would cause predominantly respiratory and systemic effects (e.g.
nose and throat irritation, tracheitis, bronchitis, dizziness,

nausea, anorexia etc), whereas in the latter case, skin effects and
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eye effects must be considered in addition to respiratory and
systemic effects.

In the routine use éf these compounds, special care should be
taken to avoid both vapour and liquid exposure, by using fume

extraction systems at all times.



307

APPENDIX.NO 3 LISTINGS OF 'BASIC' COMPUTER PROGRAMS USED IN THE
CALCULATION OF HYDRAZINE DECOMPCOSITION RATES AND

ACTIVATION PARAMETERS

a) Program to calculate Hydrazine Decomposition Rates from DAY,
TIME, PRESSURE and TEMPERATURE measurements.

1L0INPUT "Transducer Conversion from mV to mmHg ";CONFAC
20INPUT "Volume of the vessel ":VOLUME

3JOINPUT "Weight of hydrazine in the vessel ";WEIGHT
4OINPUT "Number of pairs of data points ":N

SQREM Setting up of array to accept data points
60DIM DAY(N)

70DIM TIM(N)

80DIM PMV(N)

90DIM TEMP(N)

95 DIM PMMHG(N)

100REM Reading of data into array

110FOR I=1 TO N

120READ DAY(I)

125 REM Read in TIME data in fractions of 24 hour clock ,
130 READ TIM(I)

140 READ PMV(1I)

150 READ TEMP(I)

16ONEXT

170REM Calculate the maximum and minimum values of the pressure
18CPMIN=1000.0

190PMAX=0.0

200FCR I=1 TO N

210 DAY(I)=DAY(I)+TIM(I)/ /204

220PMMHG(I)=PMV(I)®XCONFAC

230IF PMV(I)<PMIN THEN PMIN=PMV(I)

240IF PMV(I)>PMAX THEN PMAX=PMV(I)

250NEXT

260REM Calculate the average temperature over the run
270TAV=0.0

280FOCR I=1 TO N

290TAV=TAV+TEMP(I)

300NEXT

310TAV=TAV/N

320REM Calculate Dp/Dt by simple least squares regression
3308SY=0.0

340SX=0.0

350SXY=0.0

3608SX2=0.0

370SY2=0.90

330SD2=0.0

390FOR I=1 TO N

100SX=SX+DAY(I)

410SY=SY+PMV(1I)

L20SXY=SXY+(DAY(I)*PMV(I))

430SX2=SX2+ (DAY(1)*DAY(I))

440SY2=SY2+(PMV(I)*PMV(I))

USONEXT

LE6QTP=( N®SXY-SX*SY)

470 DEL=(N#®SX2)-(SX*SX)

L30DPDT=TP/DEL

49ODTDP=TP/( (N*SY2)-(SY*SY))

SOQR=SQR(DPDT*DTDP)

S1O0RINTER=( (SY*SX2)- (SX*SXY))/DEL

520REM Calculate the rate of decomposition in Scec/day
S20TAVK=TAV+273
SUODENSITY=1.23078-6.2668E-UXTAVK-U.528UE~7*TAVK®TAVK
550VU=VOLUME~ (WEIGHT/DENSITY)
560PERCENT=100. 0% (VU,/VOLUME)
S7O0FACTOR=CONFAC*VU%273.0/(760.0%TAVK)
S80RATE=DPDTXFACTOR

590REM Modification allowing for the different solubilities of NH3 & N2
600 RKN2=EXP(-1185.93/TAVK-7.84)

610 RKNH?-EXP(ZGlz.OB/TAVK-ll.32)
515 QUO={VU+(2.56%RKN2*WEIGHT*TAVK) /(1.0-RKN2))

S20FKN2=VU/QUO

S25QUP=(VU+ (2, 56%RKNHI*WEIGHT®™TAVK ) (1. 0~-RKNH3))
530FKNH3=VU/QUP

SUOFAC2=(L.0%FKNH3)+FKN2

650RATE=RATE/FAC2

652 @X=8&20209

654 PRINT

655 PRINT TAB(S5):"Day":TAB(13);"Temp™;TAB(22); "PmV";TAB(30): "PmmHg"
656 PRINT

660FOR I=1 TO N

670PRINT DAY(I),TEMP(I),PMV(I), PMMHG(I)

S80ONEXT

690 PRINT
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7O00PRINT "Average Temperature =";TAV: " degrees Centigrade"
710PRINT

712 @%=&20409

72QPRINT "Rate= ";RATE: " scc/day"

730REM Calculate the Standard Errors of the Slope and the Intercept
.TULONU=N-2 )

750FOR I=1 TO N

760SD2=SD2+(DPDT*DAY(I)+RINTER-PMV(I))"2

" 770NEXT I

780RMSQE=SD2/NU

790SESLOPE=SQR (N®RMSQE/DEL)

800SEINTER=SQR(SX2*RMSQE/DEL)

810PRINT

820PRINT "Standard Error of Slope =":SESLOPE

830PRINT .

S84OPRINT "Standard Error of the Intercept =";SEINTER

850 PRINT

i 860 PRINT "EqQuation of Best Fit a":DPDT:"+":SESLOPE:" ~+ ":RINTER;"+";SEINTZR

b) Program to calculate Activation Energies from Hydrazine

Decomposition Rates and Temperature Measurements.

10 REM Program to calculate the Activation Energy from decomposition ratee
20 REM using a least squares analysis
30 INPUT "Number of Data Points = ";N
40 DIM TEMP(N)
50 DIM RECIPT(N)
60 DIM RATE(N)
70 DIM RLN(N)
80 GASCON1=1,9872E-03
90 GASCON2=8.3143E-03
100 XMIN=300.0
110 XMAX=0.0
120 YMIN=+1E38
130 YMAX=-1E38
140 FOR I = 1 TO N
150 READ RATE(1I)
160 READ TEMP(I)
170 TEMPK=TEMP(I)+273.15
180 RECIPT(I)=1/TEMPK
190 RLN(I)=LN(RATE(I))
200 IF RECIPT(I) < XMIN THEN XMIN=RECIPT(I)
210 IF RECIPT(I) > XMAX THEN XMAX=RECIPT(I)
220 IF RLN(I) < YMIN THEN YMIN=RLN(I)
230 IF RLN(I) > YMAX THEN YMAX=RLN(I)
240 NEXT
250 XY=0.0
260 Y=0.0
270 X=0.0
280 X2=0.0
290 XX=0.0
300 FOR I=1 TO N
310 XY=XY+(RECIPT(I)*RLN(I))
320 Y=Y+RLN(I)
330 X=X+RECIPT(I)
340 X2=X2+(RECIPT(I)"2)
350 NEXT
360 XX=X*X
370 M1l=(N*X2)-XX
380 Ms=( (N*XY)-(X*Y))/M1
390 Bs=( (X*XY)-(X2%*Y))/(XX-(N*X2))
400 QUO=0.0
410 FOR 1I=1 TO N
420 QUO=QUO+(RLN(I)-(RECIPT(I)*M)-B)"2
430 NEXT
440 SIGMA=QUO/(N-2)
450 ALPHAM=SQR( (N*SIGMA)/(N®X2-XX))
U460 ALPHAB=SQRT (SIGMA*X2)/(N*X2-XX))
470 @X=22040F
480 PRINT '"Slope of line = '":M
490 PRINT
500 PRINT "LN R = ( ":;M;"+";ALPHAM:" ) 1/T + ( ":B:" + ";ALPHAB:;" ) "
510 PRINT
520 ACT1=-GASCON1*M
530 ACT2=-GASCON2*M
540 SDA1=GASCON1*ALPHAM
550 SDA2=GASCON2™ALPHAM
560 PRINT "Temperature/C Decomposition Rate/scc/day Ln Decomp Rate

570 FOR I=1 TO N

580 PRINT TEMP(I),RECIPT(I), RATE(I). RLN(I)

590 NEXT

600 @%=131594

610 PRINT

620 PRINT "RATE= ( ";ACT1;"+":SDA1:" ) 1/T + ( ":;B:" + ";ALPHAB:" ) Kcal/mol"
630 PRINT

640 PRINT "RATE= ( ";ACT2;"+":SDA2:" ) 1/T + ( ":B:" + ";ALPHABR;" ) KJ/mo1r"
650 @x=10
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APPENDIX No 4 DAY, TIME, PRESSURE AND TEMPERATURE DATA OF THE
HYDRAZINE DECOMPOSITION ﬁXPERIMENTS DISCUSSED IN

_CHAPTER No 6

HYDRAZINE BLANK; %0'C HYDRAZINE BLANK; 60'C
Day Time (hr) Mv Temp ( C) Day Time (hr) Mv Temp ( )
2 10.7 15.96 50.7 2 10.78 24,83 61.5
2 16.93 15.98 50.5 2 16.03 25.27 61.4
5 9.9 16.U5 50.7 3 9.83 26.07 61.6
6 9.92 16.6 50.6 3 17.85 26.17 61.4
6 11.57 16.87 50.8 [ 9.27 26.9 61.6
7 9.52 16.6U 50.6 a 17.33 27.08 61.6
7 9.93 16.7 50.7 7 10.5 28.93 61.6
7 10.7 16.82 50.8 7 18.93 29.07 61.4
8 10.8 17.22 50.8 8 9.88 29.7 61.6
9 9.6 17.09 50.7 9 >3 35 gl'i
9 14, . 1.
3 Bl T8 82 w0 elks 3087 sils
12 10.77 17.78 50.7 10 18.63 30.96 61.1
b 11.97 13 50.7 11 9.55 31.27 61.4
13 9.82 17.87 50.6 11 10.37 31.37 61.4
13 10.87 18.08 50.7 11 17.13 31.52 61.4
13 11.75 18.16 50.7 14 10.4 33.51 61.8
14 0,43 18.01 50.5 4 20.22 33.29 61.6
14 11.83 18.06 50.4 15 9.78 33.95 61.8
15, 9.8 18.32 50.6 16 9.27 34.55 61.9
15 10.83 18.3 0.4 16 9.43 34,62 61.9
16 10.12 18.5 50.5 16 10 34,84 81.9

HYDRAZINE BLANK: 80'C
HYDRAZINE BLANK: 70'C

Day Time (hr) Mv Temp ( C)
Day Time (hr) Mv Temp ( C)
1 9.28 43, un 80.2
2 15.18 29.76 9.9 1 10.12 43.68 80.3
3 10.28 31.16 70.4 1 16.2 44,2 80.2
3 11.23 31.49 70.5 1 19.53 ua. 37 80.3
4 10.7 32.44 70.4 2 10.17 us. 32 80.1
4 13.75 32.56 70.2 2 11.22 45.3 80.3
5 9.33 33.57 70.6 2 15.47 s, 73 80. 2
5 10.57 33.92 70.5 3 10.22 u7.22 80.4
S B - B B
7 .92 36.08 70‘2 3 17.25 47.63 80.4
; 1875 36,79 Ao 3 18.22 47.81 80.3
10 9.52 39.11 70.2 2 11 tg 2;‘;3 28'2
11 9.3 39.74 69.9 ‘ ’

11 17.97 60,1 69.9 2 13'22 a:9g§ :o'f
12 9.92 41,12 70 7 1i.2 55'12 88'5
ti ;352 u:*;: 7°%; 7 18.27 55.21 80.14
. . 8 10.13 56.15 80.14
13 11.22 42,03 70 8 11.23 56.23 80.14
Lu 9.88 42.86 70 8 14,48 56.58 80.5
14 11.08 43.08% 70 8 16.42 56.73 80.5
poommB N B3 s wmas smol se.s
- ' ' 9 10 58.27 80.5
9 11 58.51 80.5
10 10.12 59.06 80.5
11 9.58 60.51 80.6
14 9.55 66.06 80.6
14 10.25 66.31 80.6
14 12.15 66.55 80.5
14 13.65 66.78 80.6
14 15.82 66.6 80.4
15 9.67 68.52 80.14
15 10.75 68.46 80.14
15 12.23 68.68 80.5
1 16.85 68.84 80.3
15 18.013 69. 34 80.5
16 8.85 70.15 80.5
17 9.9 71.13 80.3
17 13.4 71.76 80.14
22 10.23 76.25 80.5
22 12.57 76.76 80.7



310

CHROMIUM ADD'N I: 50°'C CHROMIUM ADD'N I: 60°'C
Day Time (hr) Mv Temp ( C) Day Time (hr) Mv Temp ( C)
1 9.57 14.89 49.9 1 9.72 21.97 59.9
1 10.55 14.96 49.9 1 10.95% 21.93 59.9
u 9.28 15.2 bo.9 2 9.78 22.08 59.9
L 14.57 15.36 9.9 2 10.48 22.09 59.9
5 9.68 15.45 u9.9 > 15 62 22.2 59.9
5 13.93 15.53 50 3 9.12 22.33 59.8
6 9.37 15.58 49.9 3 10.12 22.15 60
7 10.23 15. 62 49.8 3 13.28 22.58 60
7 11.57 15.72 49.8 3 16.02 22.63 60
8 9.68 15.¢1 19.9 8 9.28 23.6 60
8 10.67 15.95 49.9 8 10.55 23.51 59.8
. 49. .
i1 10013 1683 0.9 8 12.22 23.56 59.2
13 9.97 16.79 50 8 15.02 za.gg ;g.e
15 11.2 16.81 89.7 9 13'75 53'65 9.8
15 15.38 16.88 49.8 9 -93 i 0.8
15 18.65 16.9 49.8 9 15.73 3.85 -8
20 9.135 18.02 9.9 9 17.93 23.86 59.
20 11.37 17.96 49.8 10 9.58 23.91 0%
20 14.85 17.70 u9.8 Lo e P 290
20 16.67 17.79 19.7 ig 1 ’iu 2013 2.8
21 9-83 18.09 49.8 10 15.2 2u.17 59.8
21 10.42 18 49.7 11 9.2 2. 17 568
21 11.67 17.93 u49.8 11 10'2 zu'zz 59.8
22 9-42 17.95 by.8 11 11.33 2u.3 59.9
22 12.38 18.01 u9.8 11 14,53 20.02 59.8
22 14.45 18.09 peabe 11 16.97 20,4 59.8
22 15.43 18.11 4g.8 14 11.13 2u.88 59.7
25 9.82 18.44 49.8 i 15.95 25. 17 59. 9
14 22.67 24.8 59.6
15 9.5 24,95 59.7
- e i i e e e = 15 13.2 25.23 59.7
15 14.83 25.31 59.8
CHROMIUM ADD'N I; 70°'C 15 15.67 25.37 59.8
16 9.37 25.43 59.7
Day Time (hr) Mv Temp ( C) 16 10.28 25.49 59.8
16 11.43 25.55 59.9
2 9.72 31.07 69.9 16 14.3 25.62 59.8
2 11,02 31.21 69.8
2 12. 28 31.23 69.8
2 13.2 31.25 69.8
5 10.42 32.84 69.8
5 11.68 32.97 69.9 CHROMIUM ADD'N I: 80'C
5 12.42 33.03 69.9
5 14.62 32.42 69.9 Day Time (hr) Mv Temp ( C)
5 16. 45 32.5 70
6 10.27 32.61 69.7 2 9.73 42.63 79.3
-] 10. 85 32. 86 69.8 2 10.58 42,8 79.4
6 11.87 32.95 69.7 2 11.55 u2.94 79.4
8 14.28 33 69.7 2 12.65 43.1 79.3
6 17.02 33.06 69.9 2 13.53 43.19 79.4
7 9.2 33.21 69.7 2 15.82 43.37 79.5
7 10.23 33.42 69.7 5 10.03 46,43 79.4
7 11.52 33.51 69.6 5 11.2 u6.57 79.5
7 12.67 33.56 69.7 5 12.07 u6.65 79.7
7 15.2 33.66 69.7 5 14.22 46,80 79.4
8 9.75% 34,03 69.8 6 9.62 07.58 79.t
8 19.77 34.1 69.8 6 11.33 u7.74 79.4
8 11.83 348,16 69.7 6 13.28 48.02 79.6
8 12.78 34,21 69.7 6 15.65 u8.15 79.5
9 9.5 34.38 69.7 7 9.22 49.04 79.6
9 11.07 34.7 71 7 10.2 48.88 79.4
19 11.58 39.97 29'3 7 11.33 19.05 79.7
19 12.4 uo 9.8 X
19 14,38 Ko 69.9 7 13:3% £3:32 783
19 17.48 40.38 69.9 7 15.43 49.37 79.5
20 9.12 10,41 69.7 ) 9.87 49.97 79.5
20 10.62 40. 52 69.7 8 11.5 50.17 79.4
20 15.08 40.61 69.8 8 15.3 50.65 79.7
20 16.57 40.71 69.8 3 16.4 50.78 79.7
21 9.03 41.08 69.8 8 18.38 50.9 79.5
21 10.55 41,22 69.9 9 9.45 51.29 79.5
21 11.68 41.23 69.8 9 10.37 51.52 79.6
9 12.03 51.71 79.7
9 14,08 51.95 79.6



" CHROMIUM ADD'N II:

Day

ONNNNNoOOTOMWSVM FEREFOW

N SN T T
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11
11

12
12
12

13
13
13
13
13
14
14
14

Time (hr)

9.35 -

10.47
9.32
10.55
12
13.33
15.02
9.77
11.28
13.7
9.23
10.18
11.27
13.18
9.48
10.97
13.2
14.62
17.73
13.2
9.08
10.73
14.17
15.35
16.57
9.7
11.0
13.07
14,38
9.25
10.33
15.48
17.33
9.67
10.53
11,42
12.93
14.5%
15.87
9.63
10.63

11.9

e o e g S e

CHROMIUM ADD'N II; 70'C

Day

VOOVOREEEOENINNINININAOOTWWWNNN

Time (hr)

11
12.67
1,12
9.97
13.78
15.92
10.08
11.45
13.23
14.53
16.32
9.63
10.72
12.32
1u, 47
16.32
8.92
10.18
12.08
13.55%
15.6
9.03
10.5
12.77

50°'C

Mv

16.09
16.21
16.08
16.11
16.18
16.25%
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Temp ( C)

51
S51.1
50.9
50.8
50.9

51

51
50.8
50.9

S RVEC
P

wn
(=]
00O \0O OO 0 OOM®O®EFEWWWM®F P

Temp ( C)
71

71.1
70.9

71
71.1
70.9

71
71.2
71.2
71.1
71.1
71.2
71.1
71.4
71.3
71.1
71.2
71.2
71.2
71.4
71.1
71.2
71.1

CHROMIUM ADD'N II; 60'C

CHROMIUM

Day

NNNOoOOUMWULBLwWULMVLWULEEREFRFUOUWWLWW

ADD'N

£

NNNNOOOORR OV EEEFEFWWWWWW

Time (hr)

10.45
11.47
13.87
15.32
10.42
13.18
15.85
17.97
9.12
19.13
11.27
12.42
14.05
15,48
9.47
9.1
10.27
11.57
9.67
10.5%3
11.98
14.2
15.8
18.98
9.3
10.63
11.67
12.77

Ir; 8o0'c
Time (hr)

9.67
10.7
11,88
13.37
14.93
16.72
9.35
11.08
12.5
14.48
9.6
10.82
13.75
15.28
17.87
9.47
10.25
11.65
12.63
14.28
15.68
17.3
9.25
10.55
11.78
13.98

Mv

19.54
19.74
18.86
19.87
19.87
19.77
20.06
20.14
19.86
20
20.16
20.26
20.25
20.33
20.22
20.42
20.52
20.47
21.13
21.22
21.29
21.32
21.38
21.41
21.3
21.44
21.54
21.57

Mv

43.5
43.62
43.78
ta, o8
4u,21
aa. 37
sa.49
an. 89
45,14
4s.487
15,86
46.08
46,25
46.37
46.41
16,85
47.02
u7.2%
47.39
47.59
47. 74
47.87
48,16
48,34
48.5%

48.8

Temp ( C)

61.3
61.3
61.4
61.4
61.2
61.3
61.2
61.3
61.1
61.3
61.2
61.2
61.2
61.3
61.2

61.2
61.2
61.2
61.2
61.2
61.2
61.3
61.2
61.1
61.2
61.2
61.2

Temp ( C)

80.9
80.9
81
80.9
81
81.1
80.7
80.9
80.9
81
80.9
81
81
80.9
81
80.9
80.9
80.9

81.1
81
81.1
81
81
81
81



CHROMIUM ADD'N III; 50°'C

Day

NN NNNNNORORAOOOAOMMNUVVMVUULUVLUMERAREF FUWWWWWWNNNRNNNANNN

Time (hr)

11.02
12.02
13
14,02
15
16.48
17.5
18.93
9.97
11.93
12.98
15
16.83
18.08
9.27
10.52
13.5
16.95
19.75
9.97
10.05
11.35.

12.45
13.7
15.95
17.5
8.77
9.97
10.78
11.67
1a
15.3
16.93
19.37
20.13
9.78
10.83
12,13
13.47
14.73
16.32
19.02

CHROMIUM ADD'N

Day

NNNNVNOONOAORRRAONVM VMUV BN EERFREEFERERFRRWUL

I1I;: 70°'C
Time (hr)

14,33
15.78
8.5
9.7
10.87
12.78
13.77
15.5
17.93
18.73
19.78
20.6
9.92
12.28
13.07
14.05
17.83
19.13
20.07
9.5
10.62
11.63
13
14.5
16.28
17.82
21
8.78
10.72
12.6
14.38

Mv

14.9
14.98
15.05
15.11
15.16

15.2
15.19
15.19
15.13
15.23

15.3
15.35
15.35
15.37
15.25
15.28
15.36

15.5
15.45
15.05
15.13

15.2
15.26
15.31
15.33
15.39
15.41
15.45
15.51

15.6

15.7
15.74
15,74
15.68
15,64
15.61
15.72
15.77
15%.75
15.82
15,74

15.73

Mv

27.87
27.88
27.86
27.85
27.95
28.16
28,23
28.39
28. 44
28.46
28.u7
28.47
28.87
29.11
29.17
29.2t8

29.4
29.35
29.34
29.36
29.41
29.54
29.66
29.73
29.83
29.87
29.77
29.74
30.06
30.17

30.3
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Temp ( C)

50.8
50.9
50.9
50.9

50.9
50.9
50.9
50.8
50.8
50.9
50.8
50.9
50.9
50.8
50.8
50.9
50.9
50.9
50.6
50.7
50.7
50.7
50.8
50.8
50.7
50.7
50.7
50.8
50.8
50.9
50.9
50.9
50.7
50.8
50.7
50.7
50.7
50.7
50.8
50.7
50.7

CHROMIUM ADD'N

Day

NNNNNVNVNOOROORORGRCOOOMVUALAMVLMULLULVUVLWV E PR RERFRRRRPRRFRFUALOUOLWLWWW

: CHROMIUM ADD'N

1

Temp ( C)

70.4
70.1
70.2
70.3
70.2
70.5
70.2
70.5
70.3
70.4
70.3
70.3
70.5
70.7
70.9
70.8
70.7
70.6
70.7
70.5
70.5
70.6
70.6
70.6
70.7
70.7
70.5
70.4
70.7
70.7
70.7

£

ﬂﬂqﬂxxooamoumum\num\nncpakapnuuuuuwuuu

III; 60°'C
Time (hr)

9.93
11.08
12.07
13.62
15.68
16.55
17.78
19.43
21.22

9.35
10.32
11.23
12.75%

13.9
15.65

18.5
19.58

20.5
21.07

9.13
10.23

11.2
12.47
14.97
15.85
17.07

18
19.22
21.07

9.93
11.68
13.15
15.35
16.17
18.23
19.53
20.47

9.38

11
13.75
14.5%7
15.77
16.68

IIXI; 80'C
Time (hr)

10.13
11.07
12.2
13.17
14.87
16.37
17.95
19.47
21.78
9.25
10.52
12.4
13.82
16.05
17.6
19.85%
21.15
9
10.63
11.82
14.08
15.92
18.42
20.63
21.88
9.33
10.77
11.82
14.47
15.38
8.83
10.03
13.18
15.58
17.62

Mv

18
18.1
18.15%
18.25
18,24
18.2
18.21
18.19
18.13
18.09
18.18
18.26
18.44
18.47
18.58
18.59
18.52
18. 5
18.38
18.44
18.51
18.5%7
18. 64
18.65
18.71
18.79
18. 82
18.79
18.72
18.69
18. 82
19
19.04
19.09
19.13
19.1
19.07
19.19
19.35
19.47
19.5%
19.51
19,48

Temp ( C)

60.
60.
60.
0.
60.
60.
60.
60.
é0.
60.
60.
60.
60.
60.
60.
60.
60.
60.
60.
60.
60.
60.
60.
6o0.
60.
60.
60.
0.
60.
60.
60.
0.
60.
60.
60.
60.
60.
60.
60.
60.
60.
60.
60.

VU ONUUVUMEFOAOUVURNFWWVMAOAVLWVMEUVVMUWWHEFNWWEFWREFANANWRWW EF FOUWW

Temp ( C)

80.1
80.1
80.1
80.2
80.1
80.1
80.2
80.3
80.1
80.1
80.3
80.3
80.18
80.3
80.2
80.2
80.2
80
80.2
80.14
80.5
80.5
80.3
80.3

80.2
80.1

80.3
80.4
80.3
80.2
80.2
80.2
80.4
80.4
80.2
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ACID ADDIN: 30°¢ ACID ADD'N; 60'C

Day  Time (hr) Mv Temp ( C) ' Day Time (hr) Mv Temp ( C)
3 9.55 15.51 s2.2 2 12.13 23.61 61.3
3 10.8 15.57 52.2 2 14.85% 23.7 61.4
3 12.88 15.59 52.3 2 17.97 3.78 61.14
3 14.73 15.63 52.13 2 19.1 3.73 61.4
3 16 15.67 52.3 3 9.95 23.5 61.2
3 18.55% 15.64 52.3 3 11.15 23.6 61.2
3 20 15.67 52.13 3 12.47 23.68 61.3
4 9.8 15.68 52.3 3 13.53 23.73 61.3
[} 11 15.77 52.3 3 16.38 23.87 61.3
o 12.25 15.81 52.3 3 17.8 23.91 61.4
L iser  iaes 323 ORI AR+ 1 B 6
o . . .
u 12;?1 ig:g: gz'z a4 10.52 24.1 61.3
Ll 20.97 15.83 52.3 4 11.57 24,15 61.4
5 9.73 15.79 52.4 4 13.18 24,27 61.4
5 '10.87 15.86 52.3 4 15.82 24,36 61.4
5 13.95% 16.0% 52. 4 4 17.08 24.4 61.5
5 15.9% 16.07 52.4 5 9.45 24,11 61.3
5 17.02 16.03 52.13 5 10.77 2ﬂ321 61.3
s o e 2 :onn nn an
6 .8 15, . . . .
6 13.2 1;,;2 §§.§ 5 14.12 24.39 61.3
6 13.58 16.07 2.4 5 15.97 24,46 61.14
6 14,68 16.12 52.4 5 17.47 204.48 61.u
6 16.23 16.13 2.4 5 18.83 24.49 61.4
6 17.67 16.12 52.3 5 20.53 2u.4 61.3
7 9.92 15.87 52.2 5 22.3 24.36 61.3
7 10.8 16.04 52.13 6 9.78 24.47 61.3
7 12.4 16.18 52.4 6 10.72 24.55 61.3
7 14.12 16.25 52.4 6 13.22 24,77 61.4
7 16.6 16.3 2.1 6 14.52 24.79 61.5
7 17.42 16.28 iz,u 6 15.77 24,85 61.5
7 18.92 16.23 52.4 ] 17.25 24.87 61.5%
6 18.85 24.83 1.0
7 9.75 24,82 61.3
7 11.13 24.97 61.4
] 7 12.68 25.02 61.4
ACID ADD'N: 70'C 1 7 16.08 25.05 61.1
| 7 16 2%.11 61.4
Pay  Time (hr) Mv Temp ( C) | vé 18.02 25.1 61.4
i tN. '
3 9.3 29.93 71.2 | ACID ADD'N; 80'C
> i::g; ey Taz i Day Time (hr) Mv Temp ( C)
3 12.3 30.27 71.3 . 3 9.53 39.38 81.4
3 15.78 30.34 71.3 3 11. 08 39.83 815
3 17.2 30.39 71.3 : : :
3 18.42 30.36 71.3 3 12'25 39-33 a3
) 13. 39.7 1.3
: 9.i§ 33133 Zi'i 3 16.98 39.92 81.1
4 10.5 30. 36 211 3 18.72 10.0% 81.1
4 12.18 30.54 71.3 3 20.33 40.19 81.4
4 13.28 30.6 71.3 x 3 22.35 40.3 81.4
u 15.42 30.74 71.3 ﬁ 9.5 ﬁo.u7 81.3
4 16.87 30.79 71.4 10.57 0.59 81.3
4 18.85% 30.85 71.3 4 12.43 u0.88 81.14
4 19.55 30. 82 71.3 u 13.57 41.02 81.4
u 21.33 30. 81 71.3 4 14.65 11,12 81.4
5 8.93 31 71.2 4 16.85 41.3 81.5
5 11.13 31.17 71.3 a 19.15 41.4 81.5
5 12.23 31.27 71.3 5 9.77 42.28 81.5
5 13.42 31.3 71. 0 5 10.98 uz.27 81.5
5 16.08 31.45% 71.4 S 12.92 u2.86 81.4
5 17.5 21.48 71.8 5 14.18 42.4 81.4
6 9.62 31.4 71.2 5 15.75 u2.27 81.1
6 10.75 31.6 71.3 5 16.83 u2.51 81.1
6 12.05 31.78 71.3 5 19 L2.5%2 81.4
6 13.87 31.98 71.4 2 Zg-:g ﬁg.sg 21.3
6 15. . . .9 1.
6 13.2? 32.22 Zi,ﬁ 6 10.27 u3.24 81.3
6 18.82 31.94 71.3 6 11.62 13,81 81.14
6 20.88 3.9 71.3 2 1§A9: tg.:g gi_g
7 9.37 32.3 71.4 : . .
7 10.55 32. 19 718 . 6 16.62 43.76 81.5
7 11.87 32.56 71.5 i 6 18.5 43.83 81.5
7 13.17 32.51 71.3 : 7 10.47 ua.97 81.6
7 14,73 32.52 71.4 . 7 11.85% 45.07 81.6
7 17.28 32.53 - 71.4 ' 7 14.35 4n.91 81.5
‘ 7 15.4 an.9 81.5
: 7 16.8 ut. 97 81.4
7 20.97 44,98 81.4
- s - 9 13.53 47.07 81.5
~9 14.87 47.18 81.5
9 16.4 47.27 81.5
9 17.87 47.33 81.5
9 19.93 47,33 81.4
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