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ABSTRACT

The temperature and ionic strength dependence of high spin - low spin
equilibrium constants of [Ni(l2aneN,)](C1l04);, [Ni(Meyl2aneN,)(C10y),,
[Ni(13aneNy)](Cl0y)» and [Ni(Me,l4aneNy)]1(Cl04), are studied using uv/visible
spectrophotometry and the results are reported. The temperature dependence
of magnetic moments (using Evans method) of [Ni(1l2aneN;)](Cl0,), in 4.0 mol
dm™3 aqueous LiClOy, consistent with high spin - low spin equilibrium are also
reported. The kinetic study of the system

k1

[Ni(lZaneNq)]2+ + 2 Hy,0 =—> [Ni(12aneN,)(0H,)]?*t + H,0

1
o] Je2

[Ni(12aneNy) (OH,) »1°t

in aqueous LiClO, solution is reported and kl/k_1 is found to be rate deter-
mining in the establishment of the overall equilibirum between the square
planar and octahedral species. Oxygen-17 n.m.r. water exchange kinetic
studies (data obtained from J.P. Hunt and H.W. Dodgen) of the
[Ni(12aneNy) (OH2)51%t system at 5.75, 11.5 and 13.2 MHz in 3.00 mol dm™ 3
aqueous LiCl0, solution are summarised here. The high spin - low spin
interconversion of [Ni(Meyl2aneNy)](ClOy),, [Ni(1l3aneNy)](Cl04), and
[Ni(MeyldaneN,)](ClOy) o systems are studied in aqueous LiCl0, solution using.
temperature jump technique. The temperature dependence of uv/visible spectral
change of [Ni(tbl2aneNy)Cl]Cl and [Ni(tbl2aneN,) NO3 ] NO3; systems are also
reported. In the case of [Ni(Me,12aneNy)](Cl0y), and [Ni(Me,l4aneN,)]1(CLlOy),
systems in high aqueous LiClOy concentrations, the temperature dependence
of spectral changes is explained in terms of isomerisations.

The stoichiometry of the complex formation between metal ions and ligands
in water and N,N'—dimethylformamide (here after dimethylformamide) are studied

using Job's method of continuous variation and one to one complex formation



ii
is established in all cases except [Cu(tbl2aneNy)»]1(Cl0Oy)» formation in
dimethylformamide in which case one metal ion combines with two molecules of the
ligand. The pKa values of macrocyclic ligands and complexes as well as
equilibrium constants between complexes and monodentate ligands are reported.
Substitution reactions of different complexes with N3~ are also studied.

The acid dissociations of [Ni(1l2aneN,)](ClOy)y, [Cu(l2aneNy)](ClOy),

and [Cu(Meyl.2aneN,) ](Cl0y,) , are studied using uv/visible spectrophotometry

and the curvature of the plot of kops VS [Ht] in each case is explained

s
in terms of the formation of different protonated species in the course of
the acid dissociation. Different protonated species are expected to
dissociate at different rates with the higher protonated species dissociating
faster.

The rate of formation of [Ni(lZaneNq)(OH2)2]2+ from [Ni(0H2)6]2+ and
12aneN, is studied using uv/visible spectrophotometry and the possibility
of an I mechanism is discussed. The reaction of [Ni(lZaneNq)(OH2)2]2+
with NaOH is studied using stopped flow spectrophotometry and the results
are discussed in terms of an isomerisation.

The rates of formation of [Ni(Me412aneN4)]2+, [Ni(Meql4aneN4)]2+,
[Cu(Mey12aneN, }°F, [Cu(MeyléaneN,) ]2t and [Co (Meyl4aneNy) 12t in dimethyl-
formamide are studied using stopped flow spectrophotometry. In the case of
the [Ni(Meyl4aneN,)]2t system, the possibility of am I4 mechanism is discussed.
In all cases, the first metal-nitrogen bond formation is expected to be rate
determining followed by the other (three) metal-nitrogen bond formation.

The temperature dependence of high spin - low spin equilibrium constants
of different nickel (IT) complexes are studied in dimethylformamide and
acetonitrile, and the results are compared with similar aqueous studies.

Different isomers of nickel(II) complexes with MeylZaneNy and
MeyldaneN, are prepared under different conditions and their properties are

studied in different solvents using uv/visible spectrophotometry. The

molecular structures of [Ni(Me,l2aneN,)N3]Cl0, and [Ni(Meyl2aneNy)](ClOy) 2,
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related to this project, were determined by John R. Rodgers and the results

are disqussed.

Different macrocyclic ligands and their complexes with nickel(II) and
copper(II) are prepared and characterised using infra-red spectral analysis,
metal analysis, elemental analysis and n.m.r. spectral analysis. The

magnetic moments in the solid state and in nitromethane solution of some of

the nickel(II) complexes are measured using the Gouy method.
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CHAPTER ONE

Introduction

S o
) . . . . . . ALIS=-
The research described in this thesis is mainly concerned with:-

i. Formation and dissociation reactions of macrocyclic complexes of
nickel(II) and copper(II).

ii. High spin-low spin equilibria of macrocyclic complexes of nickel(II).
iii. Isomerisation and substitution reactions of macrocyclic complexes

of nickel(IT).

Therefore, a general review of these topics especially with respect to
macrocyclic complexes of metal ions is presented here.

1.1 Formation and Dissociation Reactions of Macrocyclic Complexes

1.1.1 The Macrocyclic Effect:- .

Cabbiness and Margerum! introduced the term "macrocyclic effect"
in1969 to highlight the large increase in stability constants of the
macrocyclic complex compared to an open chain analogue. They observed
a large difference in the stability constants for the formation of
[Cu(tet—é)]2+ and [Cu(2,3,2—tet)]2+ in an aqueous solution. In principle
the "macrocyclic effect" refers to the decrease in the Gibbs energy, AG®,
for the metathetic reaction? 1.1

Mt 4+ L —— M 4T 1.1
(T = non-cyclic ligand, L = cyclic ligand and M = metal ion).

Macrocyclic complexes play an important role in many naturally
occuring systems and as for the chelate effect before it, considerable
attention has been directed towards separating AG®° into its component en-
thalpic and entropic parts in order to understand the origin of the enhanced
stability of macrocyclic complexes. Moreover, the rate of formation of
metallo-macrocyclic complexes in an aqueous medium or the rate of their
dissociation in an acidic medium is very slow. There are many excellent
review articles3s>%55 treating various aspects of metallo-macrocyclic
complexes. However, the discussion here will be limited mainly to the
nitrogen containing macrocyclic complexes of metal jons. A clear understand-
ing of the macrocyclic effect should indicate why these complexes are so

stable and kinetic studies should help shed light on these enhanced stabilities
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Although the existence of macrocyclic effect has been accepted, controversy

has arisen over its specific thermodynamic origin. It has been established
that the chelate effect is of largely entropic origin®, but no agreement has
been reached as to whether the macrocyclic effect is of enthalpic or entropic
origin in the macrocyclic ligand reactions.

Cabbiness and Margerum! rejected the possibility of explaining its
origin in terms of entropy. They proposed that two important factors contri-
bute to the macrocyclic effect, the configuration and solvation of a free
macrocyclic ligand compared to its non-cyclic analogue. Later on with a
detailed study Hinz and Margerum7 found that the AH® and TAS®° values are
~-129.7+2.5 and 2.5 kJ/mol for the [Ni(1l4aneN,) 1?2t formation in an aqueous
solution whereas these values correspond to -70.3%2 and 17.2 kJ/mol for the
[Ni(2_,3,2—tet))]2+ formation at 298.2K (ionic strength 0.1). They proposed
that the macrocyclic effect is due to the large negative AH®° value for the
formation of [Ni(l4aneN,) ]2t complex. They reasoned® that the smaller
desolvation that occurs in the macrocyclic complexes leads to a more favourable .
enthalpy change for a macrocycle compared to a linear molecule.

Paoletti and co-workers? reported the preliminary results of a study
of copper(II)tetraamine complexes. They proposed that the origin of the
macrocyclic effect is a combination of enthalpy and entropy factors. After
an extensive study and reassessment of the results, however, it was found
that only the entropy factor was important?!C, Fabrizzi, Paoletti and Leverl0
reported that the AH® and TAS° values are -90.4 and 24.3 kJ/mol for the
formation of the [Cu(2,2,2—tet)]2+ complex at 298.2K in an aqueous solution.
Kodama and Kimurall’12 found that these AH°® and TAS® values correspond to
-76.6 and 64 kJ/mol for the formation of the [Cu(lZaneNu,)]2+ complex. They
compared these results with those of Fabbrizzi, Paoletti and Lever!®? and
concluded that the macrocyclic effect is due to the favourable changes in AS°
and that the apparent contrast between their results with [Cu(lZaneNq)]2+ and
those of Hinz and Margerum7 with [Ni(l4aneNL,)]2+ is not fully explained by
differences between ring sizes and metal ioms.

Fabbrizzi and co~workers? estimated that the AH® and TAS®° values are
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-84.9 and 41.8 kJ/mol, respectively, for [Ni(l4aneN4)]2+ formation whereas
these values correspond to -77.8 and 14 kJ/mol, respectively, for
[Ni(2,3,2—tet)]2+ formation at 298.2K in an aqueous solution. Therefore they
congsidered that the macrocyclic effect in the [Ni(1l4aneN,) 12T complex is due
to the favourable change in AS°.

Kodama and Kimura!3? determined the equilibria and kinetics of reaction
of zinc(II), cadmium(II) and lead(II) with 12 to 15-membered macrocyclic
tetraamines in an aqueous solution using polarographic methods. The stability
constants of the zinc complexes hardly change with macrocyclic ring size
unlike the copper(II) system. .The much larger cadmium(II) and lead(II) form
complexes only with 12aneN,. The 103-105 times greater stabilities of the
macrocyclic complexes compared with the related complexes of linear tetraamines
are all due to’'favourable entropy change regardless of the metal ion size.

So systems have been reported in which the macrocyclic effect is a
result of enthalpic stabilization or entropic stabilization. However, it is
necessary to study more comparable systems using a variety of solvents in
order to establish the thermodynamic origin of the macrocyclic effect.

1.1.2 Formation of Macrocyclic Complexes:-

Cabbiness and M'argérum1L+ reported kinetic studies on the complexation
of copper(II) with meso-1,7-CTH, rac-1,7-CTH, 1,7-CT, 2,3,2-tet and porphyrin
ligand (see Figure 1.1) in both acidic and basic solutions. In acid solutions
the aliphatic macrocyclic ligands react much slower with [Cu(OH2)6]2+ than
do the porphyrin. 1In 0.5 mol dm~3 NaOH, the l4-membered macrocycles
(meso-1,7-CTH, rac-1,7-CTH and 1,7-CT) react more slowly than the open chain
ligand 2,3,2-tet by factors of 103-10%. The more rigid phorphyrin ring was
found to be less reactive than 2,3,2-tet by a factor of 10°. All reactions
are kinetically second order and the products are believed to be square
planar complexes of copper. The porphyrin structure because of its rigidity,
has the greatest tendency to force a mechanism of multiple desolvation of the
metal ion and the open chain polyamine can cause a serial displacement of the
co-ordinated solvent. In the case of l4-membered macrocycles, Cabbiness and

Margerum suggested that both paths must be considered since these ligands are
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not very flexible. The factors which suggest that twisting or folding of
these cyclic ligands may be important are:- 1. their much greater reactivity
compared to the porphyrin molecule, 2. the formation of intermediate structural
isomers, 3. the fact that subtle changes in structure, as in meso-1,7-CTH
compared to rac-1,7-CTH cause noticeable changes in the rate constants.
Models indicate that some degree of multiple desolvation is necessary in the
co-ordination of the third and fourth nitrogens. However, the rate determin-
ing steps may still occur earlier in the co—ordination process i.e. first or
second metal-nitrogen bond formation. Cabbiness and Margerum also treated
the problem of protonation of the nitrogen atoms in acidic solution. They
found that the observed lst order rate constant increases with increase of pH.
The resolved rate constant for the reaction of [Cu(0H2)6]2+ with monoproton-
ated meso-1,7-CTH is 7.6 x 103 mol~! dm3 s~! and the value for the rate cons-
tant with diprotonated meso-1,7-CTH must be less than 10~5 mol~! dm3 s™1,
The macrocyclic structure causes the two protons in (meso-1,7-CTH)H,%*2 to be
nearer one another than would be the case in an open chain molecule. The fact
that the pK, value is as large as 10.4 (pK; = 12.6) suggests that hydrogen
bonding compensates for electrostatic repulsion of the two protons and there-
fore it is kinetically difficult for [Cu(OHj;)¢]%* to react with (meso-1,7-CTH)
H22+. The porphyrins do not add protons in the ring until pH 4-5 and there-
fore their rates are less drastically affected by acidp

Hertli and Kaden!S reported that formation kinetics of copper(II),
nickel(II), cobalt(II) and zinc(II) with Mejyl4aneN, in an aqueous solution
using a pH-stat technique. Stability constants were calculated from the form-
ation and dissociation rates, and they observed no macrocyclic effect. The
kinetics of complex formation between MeyldaneNy and cobalt(II) or zinc(II)
were found to be directly proportional to [M2+]tot, to [Meyl4aneNy],, . and

inversely proportional to [H'] (see equation 1.2).

d[ML]
dt

= k IM*F] o0 [MeylbaneNy]y o,/ [HF] 1.2
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Since in the pH range in which the reaction was studied, the ligand exists
as LH22+, the inverse proportionality to [HT] suggests that LHT ig the
reactive species. The rates of reaction between Me,l4aneN, and each of the
four metal jons studied, although slower than normal complexations by a
factor of 103-10%, closely follow the order copper(II)>zinc(II)>cobalt(II)>
nickel(II), found for the rate of water exchange of these metal ionsl®,

They suggested that the slow complexation reaction could be a conformational
change of the ligand. This conformational change may occur in a rapid
pre-equilibrium before the complexation step or takes place in an intermediate
in which the metal ion is already co-ordinated to one or more nitrogen atoms
of the ligand.

Kodama and Kimural!? studied the complexation reaction between copper(II)
and 12aneN, in an aqueous solution using polarographic method. The formation
of [Cu(lZaneNq)]2+ proceeded at a measurable rate in acetate buffer solution
(pH <4.0). They established that the complex formation is first order with
respect to the concentrations of copper(II) and 12aneN,. They also suggested
that a one to one [Cu(0,CMe) It complex, 12aneN,Ht and 12aneN,H, %t are
involved in the slow step. Thus the following reaction mechanism is suggested
(see equation 1.3)

kg
12aneN4H++':Eff:i [Cu(l2aneN,) ]t

[Cu(0,CMe) 5] + MeCO,H, slow

/ L rapid
[Cu(OZCMe)]+ +
/ L rapid
2+
- o+ K2 +
12aneNyH, —_— [Cu(lZaneNL,)]2 1.3
Kk, '

+ MeCOH + H+, slow

The formation rate constants at 298,2K were determined as 1.84 x 10% and
1.80 x 107! mo1™! dm3 s™! for the reaction [Cu(OZCMe)]+ with monoprotonated

and diprotonated 1l2aneN,, respectively. The slowness with which the



diprotonated species reacts suggests that the rate determining step is an
associative process, probably proton loss preceding second bond formation.
Kodama and Kimural!? measured the rate constants for formation of
complexes of zinc(II), cadmium(II) and lead(II) with 1ZaneNy, 13aneN,,
l4aneN,, 1l5aneN, and their non-cyclic analogues in acetate buffers. They
proposed that the rate law for complex formation of all the metal ions in

acetate buffer is

d[]}’[[.2+]

i ky [M(0,cMe)TILHT] + ko [M(0pCMe)t][1H,2F] 1.4

(M = metal ion, L = ligand, kg = formation rate constant with monoprotonated
ligand and kyy = formation rate constant with diprotonated ligand). The
kinetic behaviour of these complexes in acetate buffer is identical to those
found for the copper(II) system!Z>17,

Kodama and Kimural’ also reported polarographic studies of [Cu(1l3aneNy)
]2+

complexation in acetate buffer. The proposed mechanism, similar to that

of the 12aneN,11°!2 gsystem, is shown below (see equation 1.5)

k)
[Ccu(0,CMe) 5] 13aneN4H+-————+[Cu(13aneNq)]2+ + MeCO,H, slow
k
/ L rapid -1
[Ccu(0,cMe) 1T 2
f L rapid
2+ o+ k2 -
Cu 13aneNyH, ——> [Cu(13aneNy) ]
k,

-2
+ MeCO,H + H', slow 1.5

The rate of complexation depends upon the protonation of the ligand but not
as much as for the 12aneN, system. They suggested that this may be due to
less significant proximity effect of the l3-membered ring structure.

Further studies of complex formation with macrocyclic ligands are also

reported in the literatures!® 25,



1.1.3 Dissociation of Macrocyclic Complexes:-

Cabbiness and Margeruml“ reported that the kinetics of dissociation
of the more stable macrocyclic ligands require high acidities to cause the
reaction to occur at a conveniently measureable rate. The observed first
order dissociation rate constants for ICu(teGa)]2+ (red) and [Cu(2,3,2—tet)]2+
complexes in 6.1 mol dm~3 HCl at 298.2K are 3.6 x 10”7 and 4.1 s™!, respect-
ively. The factor of 107 in the relative reactivity gives an indication of
the large effects which macrocyclic structures have on the dissociation
kinetics.

Hertli and Kaden!S studied the dissociation kinetics of the penta
co-ordinated copper(II), nickel(II), cobalt(II) and zinc(II) complexes with
Meyl4aneN, at acid pH (spectrophotometrically). The rate law is shown by

equation (1.6),

. S | AR SR Y Ry

+ kH%L [ML] [rt] 2 1.6

(where kML, kHML and ngL are dissociation rate constants, M = metal ion and
L = ligand). For M = zinc(II) and cobalt(II) only the term proportional to

+ ML, ML,
[HT] was observed, whereas for M = copper(II) both kH2 and kH and for

. ML ML . . A

M = nickel(II) k ' and kH were involved. The dissociation of
[Ni(Meql4aneN4)]2+ complex was studied in more detail over a broad range of
proton concentrations. They assumed that the dissociation for the penta
co-ordinated nickel(II) complex with Meyl4aneN;, proceeds by the generally
accepted dissociation mechanism for chelate compounds26 as shown in Figure

1.2
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N/“N\N
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N/

N—N \N

Products

Scheme for the dissociation of [Ni(Meql4aneNq)]2+
Figure 1.2
If it is assumed that k_;>>k; + k3[Ht], the rate equation can be expressed as
ky
R0 L1 (ky + k3] 1.7

dt k_,

.In the case of [Ni(Me414aneNq)]2+ system equation 1.6 becomes

diML) - ML ML
-5 Sk DLl o+ kg [MLEY]
or
- ———dIELFML] = @™ o+ kH mt]) 1.7a

Equations 1.7 and 1.7a are of similar form. The mechanism proposed by Hertli
and Kaden for the dissociation of [Ni(Meql4aneNq)]+ is very similar to the
one observed for the dissociation of the nickel(II) complex with cis,cis-1,3,5

triaminocyclohexane?’ as shown below (Figure 1.3)

N k1 N
i\khdi::/ N—-N1 N
Lj + H"‘
fast fast
I\l N 3 |9H - H
Pruducts

A 24
Scheme for the dissociation of [Ni(cis,cis-1,3,5~triaminocyclohexane) ]

Figure 1.3
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In a review by D.H. Busch", the acid dissociation reaction of the

macrocyclic complexes is shown by the equation 1.8

[NiL12F 4+ ot — [Ni(OH) 12T + 1w, 1.8
(L = macrocyclic ligand)
The hydrogen ion concentration dependence of dissociation rate constants

makes comparison between systems difficult. However, the dissociation rates
obtained under identical conditions clearly indicate the relative labilities
of the complexes. The dissociation rate constants were found to be 2 x 1073
s™1 for [Ni(1l2aneN,)1%", 6.4 x 1075 s~! for [Ni(15aneN;)]2* and 1.9 x 1071
s™! for [Ni(l6aneN,)]2" in 0.3 mol dm~3 aqueous HC10, at 298.2K and ionic
strength 0.5. The [Ni(l4aneN,)]1%" complex is stable for many months under
these conditions. Kinetics of dissociation of nickel(II) complexes of 0oN»p
donor macrocycles in acid are also reported?8>29,

In this thesis, the rate of formation of [Ni(lZaneNu)(OH2)2]2+ in
aqueous solution is reported. The acid dissociations of [Ni(lZaneNq)]2+,
[Cu(lZaneNq)]2+ and [Cu(MeHIZaneNq)]2+ are also reported together with the
reaction of [Ni(12aneN,)?" in aqueous sodium hydroxide. The rate of formation
of nickel(II) and copper(II) complexes with Me,l2aneNy and Meylé4aneNy in dmf
are presented here. Kinetics and mechanism of formation of nickel(II)
complexes of OyN, donor macrocyclic ligands in methanol were reported30 but
there appears to be no study of complexation in dmf using tetra-azamacro-

cyclic ligands.

1.2 High Spin-Low Spin Equiljbria

A number of first row transition metal complexes exhibit magnetic
susceptibility and uv/visible spectral change consistent with a thermal

equilibrium between two states of differing spin multiplicity. A variety

of systems in which the spin equilibrium is present in solution3!736 are

reported.

In solution it is possible to measure spin state lifetime and rate

constants using rapid perturbation—relaxation kinetics37739, Such kinetic
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studies of spin equilibrium processes should result in an understanding
of these phenomenon. Chemical modification of ligands, ionic strength,
temperature and pressure are some of the important factors"0 which may
influence an equilibrium between high spin and low spin states. Para-
magnetic susceptibility, n.m.r., spectra, electronic spectra and infra
red spectra are some of the important physical properties"? of the
molecules exhibiting spin eqilibria. Among these properties, temperature
and pressure dependence magnetic susceptibility and uv/visible spectral
change are commonly employed to characterise spin equilibrium processes.

L1

Eaton and colleagues reported the diamagnetic-paramagnetic

equilibrium in nickel(II)aminotroponeimineates (see Figure 1.4) using

R
___i h R = -CH CH ;CH »— He— etc.
::;:Ni where 3, 3CHy—-, CgHs- etc
"--__N
| 2
R

Ni(IT) N,N'dialkyl(or diaryl)aminotroponeimineates
Figure 1.4

magnetic susceptibility, electronic spectra and n.m.r. experiments. The
equilibrium 1.9 was found

square planar ———~ tetrahedral 1.9

(diamagnetic) (paramagnetic)
to be markedly dependent upon temperature, solvent and the structure of the
ligand. The diamagnetic form was identified with a square planar configur-
ation and the paramagnetic form, with an approximately tetrahedral configur-
ation. The parameters associated with these solution equilibria were derived
from temperature dependences of n.m.r. contact shifts, magnetic susceptibilit-
ies and spectral intensities.

2

Busch and Melson'Z assumed an equilibrium between singlet and triplet

states to explain temperature dependence magnetic properties of the chloride

and bromide salts of nickel(II) complexes containing a macrocyclic ligand,

tetrabenzo[b,f,j,n)[1,5,9,13] tetraazacyclohexadecine (see Figure 1.5).
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HC

Nt

tetrabenzo{b,f,j,n,]1[1,5,9,13)tetraazacyclohexadecine
Figure 1.5
With Cl04~, BFy, and B(CgHg)y , the resultant complexes are diamagnetic in
the solid state and therefore have singlet ground states. With 17, NO; and
NCS~™, the resultant complexes exhibit magnetic moments consistent with triplet
ground states in the solid state. The equilibrium arising from thermal

distribution between singlet and triplet states can be written as

. eq :
singlet —————> triplet
= 1,10
(diamagnetic) (paramagnetic)
low spin high spin
Ny
The equilibrium constant, Keq =N where Ny, and Ny represent the mol fractions
L

of the low spin and high spin forms, respectively. These mol fractions can
be estimated from the measured magnetic moment at any temperature, assuming
the moment of the compound in the high spin state to be 3.2 B.M., (i.e. moment
at room temperature for the high spin thiocyanate complex) and that of the
substance in the low spin state to be 0.5 B.M. (i.e. moment at room temperat-
ure for the perchlorate complex). The thermodynamic parameters were calculate

using equation 1.11

- RTaneq = AH®° -~ TAS® 1.11

Wilkins and co—workersL+3 observed that the [Ni(2,3,2—tet)]2+ complex
exists in dilute aqueous solution (298.2K and ionic strength 0.5) as a

mixture of approximately 257 planar [Ni(2,3,2—tet)]2+ and 75% octahedral
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[Ni(2,3,2—tet)(OH2)2]2+, the latter is probably a mixture of cis and trans
diaquo forms“*“s%3, The equilibrium 1.12 is shifted to form more of the

planar species on addition of inert electrolytes,

[Ni(2,3,2-tet) (OHp) 2]1%F ——= [Ni(2,3,2-tet)]?* + JH,0  1.12

particularly NaClOy, or by an increase in temperature.

Ivin and co-workers“® followed the kinetics of planar-octahedral
interconversion in a [Ni(2,3,2-tet) ]2t system using neodymium laser radiation
technique. In aqueous solution this complex exists mainly as the trans
configuration in equilibrium"3 with the yellow, square planar configuration.
They observed that the relaxation time was independent of the complex
concentration over the range 0.05 to 0.2 mol dm~3 but varied (0.3 to 0.09 ysec)

with temperature (285.2 to 331.2K). They proposed two step mechanisms

k)
[NL)** 4+ H,0 ST— [NiL(0Hp)1%* 1.13
B |
ko
[NiL(0H2) 12T 4+ Ho0 ——= [NiL(OH,),]2t 1.14
S
-2

(L = 2,3,2-tet)

as proposed for the octahedral-tetrahedral interconversion in [Co(py)y4Cly]
complexq7 (py = pyridine). Considerations of the stereochemistry and the
extent of d-orbital perturbation expected to be caused by water ligands“7a
indicate that the penta co-ordinated intermediate, [NiL(OHz)]2+, is also
likely to be a high spin species, so that step 1 (equation 1.13) involving
a change of spin is likely to be rate controlling according to these authors.
The following expression for the relaxation time T was derived!’

! = ky[H,0](1 + K) 1.15
where K = [NiL2t]/[NiL(0Hj)»2%]. They have also observed similar effect
in aqueous solution of [Ni(trien)]2+ complex, The relaxation times were

about a factor of 2 slower than in the [Ni(2,3,2—tet)]2+ system.
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Creutz and Sutin“® also reported that the [Ni(2,3,2—tet)]2+ complex
exists as an equilibrium mixture of low spin planar and high spin octahédral
forms in aqueous solution at room temperature”3,%9 (gee equation 1.16).

[NL(2,3,2-tet) ]%F + 2H,0 == [Ni(2,3,2-tet) (0H,),]2* 1.16
They observed a rapid increase in absorbance followed by a slower absorbance
decrease using a neodymium laser technique. The relaxation time for this
decrease is 0.30%0.02 usec at 296.2K and independent of the concentration
of the nickel complex, in accord with the previously reported results™6,

Jordan and Rusnak?®? investigated the temperature dependence of the
diamagnetic paramagnetic equilibrium (1.17) of nickel(II)

square planar _——>= octahedral 1.17
(diamagnetic) (paramagnetic)

complex of 2,12—dimethyl—3,7,11,17-tetraazabicyclo[ll.3.1]heptadéca—l(l7),

2,11,13,15-pentaene and its methylated analogue (see Figure 1.6).

I A
| |
N \’N)
M
) X

2,12—dimethyl—3,7,ll,l7—tetraazabiCyclo[ll.3.l]heptadeca—1(l7),2,11,13,15—
pentaene (when X = H) and its methylated analogue (when X = CH3)
Figure 1.6

in water, methanol, dmf, DMSO and acetonitrile. They observed that the
diamagnetic form of the complex is thermodynamically favoured at high
temperatures. The equilibrium constants ([paramagnetic species]/
[diamagnetic species]| have been determined from the studies of the temperat-
ure dependence of the magnetic susceptibility and of the ligand proton chemical
shifts. They have also estimated AH®° and AS® values for the square planar
octahedral equilibrium.

FabbrizziS! reported that an aqueous solution of [Ni(lZaneNq)]?‘+ is

blue and its electronic spectrum is typical of a presumably cis-diaquo high

spin octahedral complex. An increase in either inert electrolyte concentrations
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or temperature increases the intensity of a new absorption band at 435 nm.
The intensity of the other bands (355 and 555 nm) simultaneously decreases.
The absorption band at 477-435 nm is typical of a yellow diamagnetic nickel(II)
complex. The reaction of interest is shown by equilibrium 1.18. But Fabbrizzi
could not

[Ni(12aneN,) (OH,) ,]*" —= [Ni(12aneN,) 1%t + 21,0 1.18
assess the thermodynamic parameters because of the impossibility of reaching
100% of the yellow species and determining its limiting spectrum.

Fabbrizzi and colleagues®? have made a thermodynamic study of the blue-
to-yellow conversion of the nickel(II) complexes of l4aneN, and its linear
analogue 2,3,2-tet and 3,2,3-tet. The formation of low spin species is
favoured by increasing either the temperature or the ionic strength in all
cases and the equilibrium is shown by equation 1.19. In aqueous 0.1 mol dm™ 3

[NAL(OH) 5177 —= [NiL]? + 2H,0 1.19
blue yellow

NaCl0y at 298.2K, [Ni(l4aneNy)]”¥, [Ni(2,3,2-tet)]?* and [Ni(3,2,3-tet)]2*
exist as 71%, 227 and 8% of the yellow forms, respectively. The AS° values
for the blue-to-yellow conversion of nickel(II) complexes with l4aneN,, 2,3,2-
tet and 3,2,3-tet are 83.7, 37.7 and 41.8 (error #8) J K~ ! mol™ !, respectively.
While the AH® values for these complexes are 22.6, 14.2 and 18.4 (error +1.7)
kJ/mol, respectively. The [Ni(l4aneNq)]2+ system exhibits the greatest
proportion of the yellow form at equilibrium. Of these three systems the
formation of the yellow form from the blue form is the most endothermic for
the [Ni(léaneNq)]2+ system. This enhanced stability must therefore depend
on a very favourable entropy term. Finally, it was concluded that the ability
of l4aneNy to stabilise the yellow form relative to that of its linear
analogues does not result from any special cyclic effect but depends only on
the steric interactions which are also present in the appropriate linear
ligands.

Sabatini and Fabbrizzi®3 reported that [Ni(isol4aneNq)2+ exists in
aqueous solution as a mixture of blue, octahedral (high spin) and yellow,

planar (low spin) species (see equation 1.20). The
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[Ni(isolhaneNy) (OH) 217" == [Ni(isoldaneNs) 12 + 2,0  1.20
equilibrium 1.20 was found to be displaced to the right both by increasing
temperature and by increasing supporting electrolyte concentrations. The
thermodynamic parameters for the blue~to-yellow conversion are given in
Table 1.1.

Table 1.1

Thermodynamic quantities for the blue-to-yellow conversion of nickel(II)
complexes with cyclic and non-cyclic tetraamines at 298.2K in aqueous 0.1 mol

dm™ 3 NaClo0,.

ligand AH®, kJ mol”! AS°, J K lmo1-1
isol4aneN; 22,2+0.4 78.2+2.1
l4aneN, 2 22.6£1.7 83.7+8.4
2,3,2-tet 8,52 14.2+1.7 37.7+8.4
3,2,3-tet52 18.4%1.7 41.8+8.7
2,2,2-tet8 14.2 12.6

They compared the thermodynamic quantities of nickel(II) complexes with
different ligands as shown in Table 1.1 and concluded that the entropy term
is specially favourable for the enhanced stabilities of the macrocyclic
complexes. The blue-to-yellow conversion is more endothermic for cyclic
ligands than for their open chain counter parts but this enthalpic disadvantage
is more compensated by the entropy term.

Moore and Herron®" have made assessment of equilibrium constants and
related thermodynamic parameters associated with diamagnetic paramagnetic
equilibria of [Ni(Meql4aneNq)]2+ and [Ni(l4aneNq)]2+ complexes in aqueous
solution from visible spectra and magnetic susceptibility measurements. The
reaction of interest is shown by equation 1.21.

ML+ nH,0 === [NiL(oH), 12" 1.21
(L = ligand)

Two isomers of [Ni(MeqléaneNq)]2+ (see Figure 1.7) and a single isomer of
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[Ni(l4aneNq)]2+ have also been investigated in HCON(CH3) 2, (CH3),S0, CH 3CN

and CH3NO,. _
[NiLa]?t [NiLy 1%+
Two isomers of [Ni(Meyl4aneNy) ]2t

Figure 1.7
All three complexes, [NiLa]2+,.[NiLb]2+ and [Ni(l4aneNq)]2+ dissolve in water
to give a mixture of diamagnetic square planar and paramagnetic solvated
species. Thermodynamic parameters for the diamagnetic to paramagnetic con-
version of all, three nickel(II) complexes are given in Table 1.2 and this
will allow an estimation of the effects of macrocyclic conformation and ligand
structure on the equilibrium 1.21,

Table 1.2

Thermodynamic parameters at 298K (ionic strength 0.2) for the diamagnetic to

paramagnetic conversion of nickel(II) complexes in aqueous solution using

visible spectra.

system K (equilibrium constant) -AH®, kJ mol~l 4aS°, JK™! mol”!
[NiLa]*t 1.05 12.2+1.6 —41+9
[NiL, 12t 1.14 43.8+1.6 ~146+10
[Nil4daneN, 14+ 0.25 24.0%1.5 -91+8

Watkins and colleagues®® reported the solvent adduct study of [Ni(l4ane-
Nq)]2+ with co-ordinating solvents CH3CN, HCON(CH3)2, (CH3)»SO and H,0 using
optical and n.m.r. techniques. The reaction of interest is given by

NL]%F + 2Hp0 == [NiL(OH,),1% 1.22

diamagnetic paramagnetic
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The thermodynamic parameters for each solvent system were determined
and the stability order for solvent adduct formation (solvated Paramagnetic
species) was found to be HCON (CH3) 2>CH3CN>(CH3) 2S0>H»0 over the investigated
temperature range for each solvent system.

Moore and co-workers®® reported that an aqueous solution of
[Ni(R.S.S.RrMe414aneN4)](Cqu)z exists as an equilibrium between unsolvated
planar diamagnetic and the disolvated pseudo octahedral paramagnetic form
(see equation 1.23)

[NL]* 4 nH 0 === [NiL(0H,) ,12* 1.23
(L = R.S.S.R-Meyl4aneNy)
as a result of their variable-temperature and variable-pressure !H n.m.r.
studies. Thermodynamic functions were also assessed by them. More spin
equilibrium syétems are also reported in the literaturesS57760,

In this thesis, the spin equilibria of [Ni(lZaneNq)]2+, [Ni(MeinaneNq)
]2+, [Ni(lBaneNL,)]2+ and [Ni(MeqléaneNq)]2+ systems in aqueous and non-aqueous
solvents are reported. The temperature dependence of magnetic moments (using
Evans method) of [Ni(12aneNy)1(C104)» in 4.0 mol dm~3 aqueous LiCl0,; consistent
with high spin-low spin equilibrium are also presented. The relaxation time
of the spin equilibrium systems are studied in aqueous solution using the
temperature jump technique. The temperature dependent uv/visible spectral
change of [Ni(tblZaneNq)Cl]Cl and [Ni(tblZaneNq)NO3]NO3 complexes are reported.
The results of the 0!7 n.m.r. studies of [Ni(lZaneNq)(OHz)z]2+ are also

summarised.

1.3 Substitution Reactions:-

Ligand substitution reactions of metal tetra-azamacrocyclic complexes
were studied only with a few systems. McAuley and associates®! studied the
kinetics of the reaction of [Ni(ll&aneNq)(OHz)z]3+ with C17, Br~ and NCS™ in
aqueous perchloric acid medium using spectrophotometric and stopped flow
techniques. The observed rate law in the reaction with NCS™, carried out in

excess [Ni(léaneNq)(OH2)2]3+ is shown in equation 1.24.
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d[Ni(1l4aneNy) (NCS) 2T)
dt = kobs

[Ni(1l4aneNy,) (OH,) 5311 [NCS™] 1.24

The rate was found to be independent of acid concentration and the product
spectrum is consistent with the formation of a one to one complex under the
conditions used. They proposed a dissociative mechanism for all the three
systems ([Ni(l4aneNq)(0H2)2]3+ with C17, Br  and NCS™) studied. The general
mechanism for many tervalent metal complexes (especially aquo ions) is an
associative interchange type®2,

Poon and Tobe®3 reported the kinetics of the reactions of
[Co(l4aneNq)(C12)]+ with-Cl‘, N3~, NO,~ and NCS~ . The rate constants for the
C1~ substitution and NCS~ substitution were found to be independent of Cl~
and NCS™ concentration over the range studied. In the reaction with NCST,
the rate of reaction was independent of pH within the pH range 2-3 and the
replacement of the first chloride ligand was very much faster (t% = 2.5 h)
than the replacement of the second (t% = 60 h) at 333.7K. 1In order to see the
environmental effect on the rate constant, they have also studied the entry
of NCS™ in an environment of excess chloride. They found that the reactions
were slowed down in presence of excess chloride. They proposed that the change
were consistent with the following scheme (see equation 1.25).

kj

trans—[Co(lltaneNq)Clz]+ + NCS~ <o trans-[Co(l4aneN,)NCSC1]
2

S o

trans-[Co(Ll4aneN,)NCscl]t + Nes™ B trans-[Co(léaneNy,) (NCS) 211 + c1”
1.25
Poon and Andrew®* studied the ligand substitution reactions of low
spin trans-[Fe(l4aneNy) (NCS)X]T complexes (X = C1~, Br~, CH,ClCO0 , CHC1,C00 )
by thiocyanate and trans-[Fe(l4daneNy) (NCS) »]1T by a series of nucleophiles in
aqueous acidic solution. The rate constants are strongly dependent on the
nature of the leaving ligands but are independent of the nature and concen-

tration of the entering groups. They proposed a dissociative mechanism for
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the substitution reactions of these low-spin iron(III)-amine complexes.

In this thesis, substitution reactions of metal tetra-azamacrocyclic
complexes with azide are reported together with the results of equilibrium
constant for [Cu(lZaneNq)X]+ and [Cu(MequaneNq)X]+ formation (where X = N3,
NCS™ or OCN ),

1.4 Isomerisation:-

Bosnich and co-workers®2?66 have discussed the stereochemistry of
l4aneNy macrocycle. They pointed out the possible existence of five basic
structural forms, as determined by the distribution of nitrogen atom configur-
ations with respect to five and six-membered chelate rings.

Busch and Warner®? reported that the complex ion [Ni(1,7—CTH)]2+ can
exist in twenty possible isomeric forms depending on the configurations of the
two asymmetric’ carbon centres and the four assymmetric nitrogen centres. They
have characterised three isomers. Isomerism of nickel(II) and copper(II)
macrocyclic complexes are also reported in the literature®8,

In case of co-ordinated Me,l2aneN, and Me,l4aneN,, theoretically there

could be five possible sets of nitrogen configurations for a coplanar array

of nitrogen donors as shown below:-

+ +
A N—(CHj) —N B + + c + -
(CHy) (CH,) 5 + + + -
N—{(CH 9_) n—N
(n =2 or 3)
D + + E S +
+ - + -

In these diagrams a plus refers to a methyl group above the plane and a minus
methyl group below the plane of the four nitrogens. The number of carbon atom
in the linking chain are also represented. The configurations of a general
nature of the co-ordinated ligand are discussed in the literature®7:69, The
complex prepared by adding hydrated nickel(II) perchlorate to one equivalent
Meyl4aneN, was shown to have the stereochemistry (B) where all four methyl

groups lie on the same side of the macrocyclic plane7o. The complex produced
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by direct methylation of [Ni(l4aneNy) ](ClOy) 2 possesses the stereochemistry
(A) where two methyl groups lie above the macrocyclic plane and the other two

below’l. The complex of stereochemistry (B) shows a marked propensity towards

five co-ordination’0s72573

, a fifth unidentate ligand (e.g. solvent or halide
ion or azide) co-ordinating on the same side of the macrocycle as the four
methyl groups, thereby pulling the metal atom out of the plane and forcing the
complex to adopt either a square based pyramidal or trigonal—bipyramidal7”
structure. The sixth co-ordination in such complexes is hindered by the folde
alkyl backbone of the macrocyclic ring and octahedral complexes are therefore
rare. The complex of stereochemistry (A), however, frequently tends to form
an octahedral complex, although five co-ordinate species are also known with
strong ligands such as cyanide or hydroxide ions’!,

As a fﬁrther exploration of the effects of macrocyclic ligands upon
the properties of complexes, nickel(II) complexes of Mejyl2aneNy, and MeyldaneNy
were prepared under different conditions (see section 2,3) expecting different

sets of nitrogen donor configurations and their properties were investigated

in different solvents. The results of these studies are reported in this

thesis.
1.5 Kinetic Terminology:—
The possible mechanistic pathways can be categorised into three main
processes’>, d
i. Syl (1im), dissociative (D)
ii. Syl (Ig) or SNZ (Iz) and
ifii. SNZ (1im), associative (A).

During a dissociative process, the leaving ligand is lost in the first step
producing an intermediate of reduced co-ordination number which undergoes
rapid association with the incoming ligand. In the process, therefore, the
reaction rate is dependent on the rate of dissociation and the nature of the
leaving group. But, the rate is independent of the nature of the incoming
ligand (neglecting solvent effects etc.) and concentration of the incoming

ligand at excess ligand concentration. The associative process involves the
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addition of the entering ligand during the first step, resulting in an
intermediate of increased co-ordination number. Here the reaction rate is
dependent on the nature and concentration of the entering group. The rate
should show a first order dependence on the concentration of the entering
ligand. Furthermore, since both entering and leaving groups are involved

in the transition state, their nature will, therefore, determine its activation
energy. During an interchange (I) process the leaving group moves from the
inner to the outer co-ordination sphere, while the incoming group moves from
the outer to the inner. When in an I mechanism the two groups are only weakly
bonded in a D like transition state, then the reaction rate is only slightly
dependent on the nature of the entering group and hence the process is des-
cribed as a dissociative interchange (Ig). The reaction rate of an I4 process
is independentlof the ligand concentration at high ligand concentrations where
all the ligand exists in the ion pair complex. Although many salts may be
regarded as almost completely ionized at all reasonable concentration in
solution, the ions are not necessarily free to move independently. As a re-
sult of electrostatic attraction, ions of opposite charge may form a certain
proportion of what are termed ion pairs; these are not definite molecules,

but they behave as if they were non-ionized molecules. Any particular ion-pair
has a temporary existence only, for there is a continual interchange between
the various ions in the solution. 1In the A like transition state of an I
process, substantial bonding to both the entering and leaving groups occurs,
hence they have a large influence on the activation energy. Such processes
are called associative interchange (I;). The main pathways mentioned above

can be illustrated by the following equations:

-X +Yo
—_—
MXp <X MXn__l\—:Y— MXn_ lY (D)
+Y, -XS
MXy S5 MY <o MXp Y (4)
MXn- Y >MXn_1Y"'X (D)
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where, X represents the leaving group and Y the entering group, while MXn---Y
represents an out-sphere complex.

1.6 Objective of this Project:-

Metal complexes of naturally occuring macrocyclic ligands have been
known for more than fifty years but synthetic macrocyclic ligands and their
metal complexes have been the subject of extensive research over the last
sixteen years. The significance of macrocyclic ligands and their metal com-
plexes is most obvious as it relates to such naturally occuring macrocycles
as the metallo-porphyrins, vitamin B;, and chlorophyl. The possibility of
using synthetic macrocyclic complexes as models for more intricate biological
macrocyclic systems, has been recognised3=5,76, Tetra-azamacrocycles are able
to induce strong ligand field effects’’ and stabilise unusually high oxidation
states of metais78. The useful and unusual thermodynamic! and kinetic’9
stabilities of the metal complexes of the new synthetic macrocyclic ligands
make them ideal systems for studying a great variety of chemical phenomenon such
as ligand substitution reactions, unusual redox behaviour and solution charact—l
eristics. A particular spin state may be often essential for the functional
behaviour of several naturally occuring ring systems such as porphyrins and
corrins which contain metal ions as macrocyclic complexes. Spin-state iso-
merism in the case of nickel(II) complex has been a subject of interest and
contention over a number of years. Maki®C first observed this phenomenon
for salicylaldimine complexes (see Figure 1.8) in 1958 (chloroform, pyridine

etc. as solvents). R,

Ni bis salicylaldimines

(a) R = OH; salicylaldoxime

(b) R = CH3; N-methyl salicylaldimine

Figure 1.8
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However, to date the study with metallo-macrocyclic complexes is by no means
as yet exhaustive. Therefore, the complexes and methods as presented in this
thesis were chosen to increase the knowledge and understanding of this field.
The main object of this study was to prepare a number of nickel(II)
complexes with different macrocyclic ligands and study spin equilibrium
processes as a function of temperature, ionic strength, solvent type and the
structure of the ligand. It was desirable to gain an insight into the factors
which control the lability of these equilibria and to determine which of them
embraces the rate determining step for the low spin to high spin interconver-
sion. Another objective was to study acid dissociation reactions of nickel(II)
and copper(II) macrocylic complexes to see the factors affecting the rate of
dissociation and possibly to propose a mechanism for their dissociation. It
was also proposed to study the kinetics of formation of nickel(II), copper(II)
and cobalt(II) macrocyclic complexes in aqueous and non-aqueous solvents to
gain an insight into the factors controlling the rate of formation and
possibly to propose a mechanism for their formation. It was anticipated
that different isomers of nickel(II) complexes of Me,l2aneN, and Me,l4aneN,
may be prepared under different conditions expecting different sets of nitrogen.
donor atoms configuration and the aim was to characterise the different
isomers. A further objective was to study substitution reactions of nickel(II)
and copper(IIl) macrocyclic complexes with monodentate ligands in aqueous
solution with a view to establishing the mechanism of such substitution
processes and to gain an insight into the factors controlling the lability of
these complexes. For these objectives, the experimental techniques were
chosen to be mainly uv/visible spectrophotometry, temperature jump spectro-

photometry and stopped flow spectrophotometry.
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CHAPTER TWO

Preparative Chemistry and Characterisation

Contents
2.1 Reagents and Materials
2.2 Preparation of Ligands:-

(a) 12aneNy

(b) Meyl2aneN,

(c¢) tbl2aneN,

(d) 13aneN,

(e) 1lhaneN, and Me,l4aneN,

2.3.1 Preparation of Complexes:-

(a) [Ni(1l2aneNy)]1(Cl0y),

(b) [ﬁi(MeHIZaneNu)](CIOH)Z (ethanol water preparation)

(¢) [Ni(Me,l2aneNy)](Cl04), (ethanol preparation)

(d) [Ni(Meyl2aneN,)1(Cl0,), (ethanol preparation using triethyl-
orthoformate)

(e) [Ni(Me,l2aneN,) (dmf)](C10,), (dmf preparation)

(£) [Ni(tbl2aneN,)C1]Cl

(g) [Ni(tbl2aneN,)NO3]NOj

(h) [Ni(13aneNy) JC10y4)»

(i) [Ni(Me,l4aneNy) ](Cl0y), (ethanol water preparation)

(1) [Ni(MeyléaneN,)]1(ClOy), (ethanol preparation using triethyl-.
orthoformate)

(k) [Ni(Me,l4aneN,) (dmf)](Cl0,), (dmf preparation)

(1) [Cu(12aneNy)1(Cl0y) 5

(m) [Cu(Meyl2aneNy) ](Cl0,), and [Cu(tbl2aneN,) ]1(C10,) 5

(n) [Ni(tbl2aneNy)](Cl0y),

(o) [M(dmf)¢1(C1l0y) 5 (where M = nickel(II), copper(II) and cobalt(II)

(p) [Ni(Me,l2aneN,)N3] ClO,

(q) [Ni(Meyl2aneNy)NCS]NCS
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Contents (cont.)
2.3.2 Ligand Extraction from [Ni(1l3aneNy)](Cl0y),
2.4 Characterisation of Compounds:-
(a) Infra-red Spectral Measurements
(b) Metal Analysis
(¢c) The eleméntal analysis (C, H and N)
(d) N.m.r. Spectral Analysis
2.5.1 Determination of pKa Value of 12aneN, and Me,12aneN,
2.5.2 Potentiometric and Spectrophotometric Titration of Metallo-Macro-
cyclic Complexes’
2.5.3 Determination of Stoichiometry and Equilibrium Constants:-
(a) [Ni(Me412aneNq)N3]+ system
(b) [NiMeyl4daneN,)N3]t system
2.5.4 Substitution Reactions in an Aqueous Medium:-
(a) [Ni(MeyléhaneNy) ](ClO,),/NaN; system
(b) [Cu(12aneNy)](Cl0y) 5/NaN3 and [Cu(Mey12 aneNy) ]1(C10y) »/NaN3
systems
(c) [Ni(12aneN,) ]1(Cl0y) ,/NaN3 and [Ni(13aneNy) ](ClOy) o/NaN3 systems
2.5.5 Uv/visible Spectroscopic Method of Equilibrium Constants Determination
in an Aqueous Medium
(a) [Cu(lZaneNL,)X]+ (x = Ng, SCN or OCN) formation
(b) [Cu(MequaneNq)X]+ (X = N3, SCN or OCN) formation
(c) [Ni(lZaneNq)Ng]+ and [Ni(lBaneNq)SCN]+ formation
2.5.6 Solid State Magnetic Moments by the Gouy Method
2.6.1 Isomeric Properties of [Ni(Me412anéNq)]2+ complexes
2.6.2 TIsomeric Properties of [Ni(Meql4aneNq)]2+ compleges
2.6.3. Red to Green Colour Change of a Mixture of [Ni{dmf)g](ClOy) > and

MeylbdaneNy in dmf
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CHAPTER TWO

Preparative Chemistry and Characterisation

2.1 Reagents and Materials:-

All chemicals used were analytical grade except for preparative
chemistry where reagent grade chemicals without further purification were
used. All volumetric glassware used were A-grade. Doubly distilled water
was used to prepare all solutions. Ionic strength was adjusted either with
NaClOy or LiClOy and pH was adjusted using NaOH and HC10,. HC1O0, was
standardised against NaOH which was standardised against potassium hydrogen
pthalate. In non-aqueous study, all manipulations were carried out in a
dry box which was kept dry by nitrogen (continuous flow) and phosphorous
pentoxide. Molecular sieves (BDH 4A) were used to dry the solvents. Ether
was dried with sodium wire and filtered to remove any NaOH formed. Commercial
deuterated nitromethane was doubly distilled, dried by molecular sieves and
purity checked by H n.m.r. using a T60 spectrometer. A large quantity of
dnf was distilled!. About 10 grams of anhydrous copper sulfate was added to
2.51itresdmf and the mixture was left stoppered for at least three days with
shaking twice a day. Dmf was distilled at 314K under vacuum using an oil
pump and a nitrogen leak tube. It was then stored over molecular sieves
under nitrogen in the refrigerator. The purity was checked by !H n.m.r.
using a T60 Spectrometer. Dmf was distilled and dried to remove any hydrol-
sis products (e.g. dimethyl amine). Methanol was distilled under normal
conditions and used to wash and dry the spectrophotometer cells. Distilled
acetone was used to rinse the glassware before drying in the oven at 388K.
Deacon 90, detergents, perchloric acid-sulphuric acid mixture and chromic
acid mixture were used to clean the glassware. Spectrophotometer cells were
cleaned by Deacon 90.

All the compounds, including ligands and complexes, were dried either
by a vacuum line or in a vacuum dessicator over phosphorus pentoxide and

silica gel.
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g Preparation of Ligands:-

(a) 12aneNy:-
The preparation of 12aneN, was carried out by modification of

reportedz"5 methods.

(1) Preparation of tritosyldiethylenetriamine:-
(
CH2—CH2—N—TS
Ts — N/ (Ts = CH3CgHLS05)

CH »—CHo—-N-Ts

A solution of diethylene triamine (10.3 gm) and sodium hydroxide
(12.0 gm) in 100 cm® of water was placed in a 1000 cm3 beaker and stirred
magnetically. A solution of p-toluene sulphonyl chloride (57.2 gm, re-~
crystallised from X, petrolleum ether) in 300 cm? of solvent ether was added
dropwise to the above solution. The mixture was stirred for half an hour. A
white precipitate was formed and about 150 cm?® methanol was added to coagu-
late the products. Stirring was continued for a further half an hour The
crystals were filtered, washed with water followed by ethanol (and then
dried in a vacuum dessicator using silica gel). A yield of 71% was obtained
(melting point range of 443 to 448K). Several batches were prepared similar-
ly and the yield varied from 65 to 857%.
(ii) Preparation of tritosyldiethanolamine:-
/CH 9—~CH »-0Ts

Ts — N
\cu 5—CH»-0Ts

Diethanolamine (21 gms) and dry pyridine (192 em3) were placed in a
4-necked, 2 litre flask equipped with a mechanical teflon stirrer, thermo-
meter, nitrogen inlet tube and a separating funnel. The reaction mixture
was cooled and solid p-toluene sulphonyl chloride (115 gm) was added slowly
keeping the temperature below 283K (using a crude sodium chloride ice bath).
The mixture was stirred (mechanical stirrer with electric motor) for two
3

and a half hours in the ice bath. A solution of hydrochloric acid (600 cm

of 2¢9 mol dm~3) was added dropwise from a separating funnel maintaining the
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temperature below 283K. After the addition was complete, the flask was
allowed to stand overnight resulting in the formation of yellow cry-
stals. The crystals were filtered, crushed in a mortar, washed sequent-
ially with water, ethanol, ether and finally dried in a vacuum dessi-
cator using silica gel. Several batches were prepared using this

method and the yield varied from 60 to 70% (melting point range of

346 to 348K).

(iii) Preparation of tetratosyl 12aneN,:-

x?r————-1)h

[

f;L““‘"'J\&s

About iS gm sodium hydride (507 in o0il) was added slowly to
magnetically stirred solution of tritosyldiethylenetriamine (56.5 gm)
in 1 litre of dmf in a 3 litre conical flask. The solution was stirred
for more than one hour, until the evolution of hydrogen gas ceased.
A solution of tritosyldiethanolamine (56.8 gm) in dmf (500 cm3) was
slowly added to the stirred solution at 383K (oil bath used) over a
period of two and a half hours. The resulting solution was stirred for
a further period of one hour before cooling to room temperature, and
an addition of approximately 12 litres of water caused crystals to
precipitate. The solutionswere stirred for more than three hours and
allowed to stand overnight. The crystals were filtered, washed with
water followed by a small amount of ethanol and minimum amount of ether.
The colour of the compound is light yellow and it decomposes at 513K.
The compound can be recrystallised from chloroform. Several batches
were prepared and the yield varied from 62 to 75%.

(iv) Preparation of 12aneNy-hydrobromide:-

H
N l/'H
N N
«4HBY
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Tetratosyl-:1l2aneN, (50.5 gm), mixture of 47% hydrobromic acid
(700 cm3) and acetic anhydride (550 cm3), phenol (140 gm) and anti~
bumping granules were added to a 2 litre three necked round bottom flask
fitted with condensers (two, one above the other). A mixture of
hydrobromic acid and acetic anyhydride (about 307 HBr/ACOH) was
prepared by adding acetic anhydride to hydrobromic acid very slowly.
Phenol was used to increase the solubility of tetratosyl-l2aneN,. The
solution was then refluxed for approximately 50 hours using a heating
mantle. The reaction mixture was then concentrated to about 60 cm3 by a
rotatory evaporator. About 100 cm3 water was added and the solution
was washed several times with chloroform using a separating funnel.
The bottom layer was drained off and the aqueous layer was collected
after filteriﬁg through glass wool. This solution, after adding about
20 cm3 acetic anhydride, was then concentrated to about 20 cm® by a ro-
tatory evaporator. Some yellowish white crystals were formed. About
1 litre of ethanol was added to the solution and allowed to stand over-
night. The crystals were filtered, washed with ethanol and dried in a
vacuum dessicator. Glacial acetic acid may be used instead of ethanol.
The compound decomposes at about 513K. Several batches were prepared
and the yield varied from 45 to 55%.

(v) Free ligand extraction:-

About 12 gm of 12aneNy-hydrobromide was dissolved in a minimum
amount of water and was neutralised, with excess sodium hydroxide solut-
ion over the stoichiometric amount. Several extractions were carried
out with chloroform. The chloroform was flashed off using a rotatory
evaporator, ether was added and also flashed off leaving behind the
solid ligand. The 1l2aneN, ligand was dissolved in minimum amount of
distilled water, filtered through millipore filter paper (plastic
syringe) and recrystallised. The purity was checked by 13¢ and 'n
n.m.r. spectrophotometers (tables 2.1 and 2.2). The melting point range
is 343 to 346K. Several batches were prepared and the yield varied

from 55 to 68%.
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36
The Meyl2aneN, ligand was prepared
Table 2.1
13¢ n,m.r. Chemical Shifts (ppm)
Compounds Solvent Shift % Shift # Assignment
(w.r.t. TMS™) (w.r.t. TB")
1 12aneNy D»0 14,2 >N-CH -
2 12aneNy - hydrobro- D0 13.54 >N-CH g~
mide
3 Meyl2aneN, CDCl3 44.5 >N-CH 3
55.9 >N-CH »—
4 N-benzylaziridine CDClj 27.6 —thﬂg
65.2 N-CH,-Ar
’ 126.8 -Ar (p)
128.0 -Ar (o)
128.5 -Ar (m)
140.5 -Ar (tertiary)
5 tbl2aneNy CDC1; 53.1 >N-CH »~
60.3 >N-CH-Ar
126.7 -Ar (p)
128.2 -Ar (o)
129.2 -Ar (m)
140.4 -Ar (tertiary)
6 13aneN, D,0 -3.3 >N—¢—CH2—¢—N<
15.4 >N—CH2—(I,;—(|}—N<
15.7
16.5 >N-CH »-C-N<
16.7
7 lhaneNy CbClj 29.5 >N- —CHZ—é—N<
49.8 >N-CH 2—('%-(E-N<
50.8 >N—CH2—¢—N<
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Table 2.1 (cont.)

compounds solvent

shift shift

(w.r.t.

TMS*) (w.r.t. Tp)  Aassignment

8 MeylbdaneN,,

CDCl3 24.8
43.5

54.4

9 [Ni(1l3aneN,)](Cl0y), CD3NO,

[} ]
>N~C-CHp~C-N<

>N-CH3
[
~CHp-N-C-
[}
~4 .41 >N—q—CH2-¢-N<
17.07 >N—CH2—¢—C-N<
18.072
1
18.98 >N—CH2—9—N<
22.95

N.B. The chemical shifts of the carbon

given in Table 2.1.

*

#
TB
TMS

Ar

internal reference
external reference
tertiary butanol
tetramethylsilane
aromatic

ortho

meta

para

atoms containing hydrogen are
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Table 2.2

Y n.m.r. Chemical Shifts (ppm)

compounds shift assignment
: 1
1 12aneNy 2.71 >N—CH2—9—N<
4,73 >N-H
2 Meyl2aneNy, 2.24 >N-CH 3
i
2.54 >N-CH p—C-N<
3 N-benzyl aziridine 1.15 CH,
>N-C<
1.73 S
: 2
3.30 >N-CHy-Ar
, 7.31 CeHs~
1
4 tbl2aneN, 2.68 >N~CH zw(ll—N<
3.43 >N-CHo-Ar
7.30 CgHs—
| |
5 lbaneN, 2.25 >N—9—CH2—9—N<
2,82 >N-H
'
2.69 >N-CHp-C-N<
)
2.76 >N—CH 2—9-¢-N<
1 {
6 MeylbdaneN, 1.68 >N—9—CH2-9—N<
2,22 >N-CH3
t
2.43 >N-CH p-G-N<
1
2.51 >N—CH2—q—?—N<

N.B. Ar = aromatic, solvent = CDCl3 with tetramethylsilane as reference.
The chemical shifts of the proton or protons attached to the carbon

atom or nitrogen atom are given in Table 2.2.
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for the first time by a method® similar to the preparation of Meyl4aneNy, .
About 9 gm of 12aneN,, 60 cm® of formic acid (98-100%), 15 cm3 of
formaldehyde (37-40%), 6 cm3 of water and antibumping granules were
added to a 500 cm3 two necked round bottom flask fitted with a condenser.
The reaction mixture was refluxed for more than 30 hours using a heating
mantle and then transferred to a 500 cm3 beaker. A concentrated solution
of sodium hydroxide was added dropwise to the cooled and stirred reaction
mixture until the pH became greater than 12. Several extractions were
carried out with chloroform and the chloroform was flashed off by a
rotatory evaporator leaving behind an oily liquid. The oily liquid was
transferred to a pear shaped distilling flask with a little chloroform and
distilled at about 363K at 0.1 mm pressure to a clear oily liquid. The
purity was checked by !3C and H n.m.r. spectrophotometers (Tables 2.1
and 2.2). Mass spectral analysis7 indicated the parent molecule ion at
228. Several batches were prepared and the yield varied from 40 to 66%.
The fraction of the distillate collected separately at 333 to 343K and
0.15 mm pressure was discarded.

(¢) tbl2aneN,:-

The tbl2aneN, ligand was prepared according to the following

procedure8™12,_
(1) Preparation of N-benzyl aziridine:-
CHo
CgH 5C112-—N<'

CH,

About 50 gm (0.33 mol ) of 2-benzylaminoethanol and 18.3 cm3
of 98% Hy80, (0.33 mol , sp. gr. = 1.84) were separately diluted
with half their weight of water. The acid was taken in a two necked
round bottom flask fitted with thermometer and cooled in an ice bath.
The amine was added slowly to the acid with constant stirring. The

reaction mixture was then heated to  boil under reduced pressure. Some
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antibumping granules were used to prevent bumping. The solution was
heated just to keep it boiling until a definite white turbidity appeared
between 413 to 423K. Suddenly crystallization took place and the temp-
erature rose up to 458K. The white crystals of 2-benzylaminoethyl~
sulphuric acid were collected, washed with ethanol and dried. The yield
was 95Z.

The mixture of 2-benzylaminoethyl sulphuric acid (72.6 gm),
water (126 cm3 ) and sodium hydroxide (55 gm) was heated very close to
boiling point (about 373K) .in a two necked round bottom flask fitted with
a thermometer and a condenser. The cyclization took place before the
boiling point was reached and heating was stopped at that time. Two
layers were obtained on cooling. The upper imine layer was taken up in
ether and mechénically separated from the reaction mixture using a
separating funnel. Ether was evaporated off using a water pump leaving
behind N-benzyl aziridine. The pure compound was finally obtained by
vacuum distillation (353 to 355K, 7 mm pressure). The purity was checked
by 13C and lH n.m.r. spectra (Tables 2.1 and 2.2). The yield was only
20%. A fraction collected at 463 to 473K was discarded.

(i1) The tbl2aneN, ligand was prepared by refluxing a mixture of
N-benzyl aziridine (5 gm) and p-toluenesulfonic acid (0.025 gm) in 98%
ethanol (38 cm3) for more than six hours. On cooling, the white solid
ligand was collected by filtration and recrystallised from absolute
alochol., The yield was 50% and the melting point was 413K. The purity
of the ligand was checked by !3C and lH n.m.r. spectra (Tables 2.1 and
2:2).

(d) 13aneNy:-

This ligand was prepared by modification of methodg?2? 32131k
as follows:-

(1) Preparation of tetra-p-toluene sulfonyl derivatives of triethyl-

enetetramine:—
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HN-CH9-CH»>-N-CH-CH »-N~CH 2—CH»-NH

Ts Ts - Ts Ts Ts = CH3CgHySOo—

To a stirred solution of triethylenetetramine (29.3 gm) and
sodium hydroxide (32 gm) in 216 cm® water, a solution of p-toluene
sulfonyl chloride (153 gm) in 800 cm® of ether was added dropwise with
stirring. The mixture was then stirred for about an hour and a paste
like substance was obtained after decantation. This substance was diges-
ted with 1 litre of methanol and filtered to get tosylated linear tetra-
amine, Two batches were prepared and the yield was 407 and 45%, respect-—
ively. The compound starts decomposing at 488K.

(ii) Preparation of tetratosyl 13aneN,:-

Tsr_.._...__.I Ts
\N N/

,N N=
Ts Ts
About 15 gm of 507 sodium hydride was added slowly to a magnet-

ically stirred solution of tosylated linear tetramine (92 gm) in 2.3
litres dmf in a 3 litre conical flask. The solution was then stirred
until the evolution of hydrogen ceased. A solution of 1,3 dibromopropane
(25 gm) in 500 cm® dmf was slowly added to the stirred solution at 393K
over a period of 3 hours. The resulting solution was stirred for a
further period of two hours. The addition of water (approximately 12
litres) to the cooled solution caused crystals to precipitate. The
solutions were stirred for more than three hours and allowed to stand
overnight. The crystals were filtered, washed with water, small amount
of ethanol and dried. The colour of the compound is light yellow and

it starts decomposing at about 483K. The yield was 72%.
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(iii) Preparation of l3aneN, hydrobromide:-

1/
N N

*4 HBr

N N
L1

= s Vs

The 13aneN,*hydrobromide was prepared by exactly the same method
as that used in the preparation of 1l2aneN, "hydrobromide. Two batches
were prepared and the yield was 50% and 457, respectively.

(iv) Free ligand extraction:-

The ligand was extracted by exactly the same procedure used for
the extraction of 12aneN,. The purity was checked by 13C n.m.r. spectrum
(Table 2.1). | Two batches were prepared and the yield was 63% and 55%.
The ligand is an oily liquid.

(e) 1l4aneN, and Me,l4aneN,:-

These ligands were purchased from Strem chemicals, recrystallised

from water and the purity was checked by !3C and !H n.m.r. spectra (Tables

2.1 and 2.2),

2.3:1 Preparation of Complexes:-—

The complexes were prepared by methods similar to those in the
literature?»6,15-18

(a) [Ni(12aneN;)]1(ClOy):-

About 5.8 gm of [Ni(ClOy),], 6H,0 was dissolved in 40 cm3 of
absolute ethanol and filtered. About 2.8 gm l2aneN, was dissolved in
20 cm® absolute ethanol. To the hot and stirred ethanolic solution of
[Ni(C10y) »],6H,0, the ligand solution was added dropwise and after comp-

letion of addition, the reaction mixture was refluxed for 15 minutes. The

solution was then cooled, filtered through millipore filter paper and

evaporated to dryness by rotatory evaporator. The brownish yellow product

st

was dried in a vacuum dessicator and digested by four 30 cm” lots of dry

chloroform to remove chloroform soluble impurities and excess ligand. The
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last traces of water was finally removed by digestion in triethylortho-
formate for about two hours. The product was then filtered and washed
with dry chloroform under dry nitrogen atmosphere and finally dried in
a vacuum dessicator and characterised. A few batches were prepared and
the yield varied from 75-80%.

(b) [Ni(Meyl2aneNy)](C1l04) o (ethanol water preparation) :-

About 8.1 gm of [Ni(ClOy)2], 6H20 was dissolved in 100 cm® of
water and filtered. About 5.1 gm of Meyl2aneN, was dissolved in 50 cm?
of ethanol. To the hot and stirred solution of nickel(II), ligand solut-
ion was added dropwise. The reaction mixture was refluxed for four hours
and left overnight at room temperature with stirring to ensure completion
of the reaction. The solution was then filtered through millipore filter
paper and evaporated to dryness by rotatory evaporator. The orange cryst-
als were washed several times with dry ethanol, dried in a vacuum dessi-

cator and finally characterised. The yield was 807%.

(¢) [Ni(Meyl2aneN,)](C1l04), (ethanol preparation) :-—

To the hot and stirred ethanolic solution of [Ni(Cl0y),], 6H50
(1.1 gm in 30 cmd ), ligand solution (0.7 gm in 20 em?) was added dropwise
and the reaction mixture was refluxed for about 10 minutes. The pink
crystals were collected by filtration, washed with ethanol, dried in a
vacuum dessicator and finally characterised. The yield was 78%.

(d) [Ni(Meyl2aneN,)](Cl0y)»> (ethanol preparation using

triethylorthoformate) :~

About 0.8 gm of [Ni(C10y) 2], 6H20 was dissolved in 20 cm3 ethanol
containing 9 gm of triethylorthoformate and filtered. The ligand solution
(0.5 gm in 10 cm S ethanol with a little triethylorthoformate) was added
dropwise to the hot and stirred solution of [Ni(Cqu)z], 6H20. The react-
ion mixture was refluxed at 328K (a silica gel drying tube was inserted into
the top of the reflux condenser) for about an hour and then filtered to
obtain light orange crystals. The crystals were washed several times with
dry chloroform, left overnight by passing mitrogen through the complex

inside a dry box, dried under a vacuum line and finally characterised. The
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yield was 68%.

(e) [Ni(Meyl2aneN,) (dmf)]1(Cl0y), (dmf preparation) :—

The ligand solution (1 gm in 10 cm® dmf) was added dropwise to the
filtered and stirred solution of [Ni(dmf)g](C1O4) o (3 gm in 20 em3 dmf)
inside a dry box. The reaction mixture was left overnight with stirring
and then evaporated to dryness by a rotatory evaporator The green complex
was washed with ether, dried under nitrogen and in a vacuum dessicator
before characterisation. The yield was 92%.

(£) [Ni(tbl2aneN,)C1]C116:-

To the filtered, hot and stirred ethanolic solution of [NiCl,],
6H,0 (0.3 gm in 20 cm3), the ligand solution (0.3 gm in 50 cm3) was added
dropwise. The reaction mixture was refluxed for 15 minutes, cooled and
filtered. The yellow-green crystals were washed with ethanol, ether and
dried in a vacuum dessicator before characterisation. The yield was 60%.

(g)  [Ni(tbl2aneN,)NO4]NO,16:-

This complex was prepared by exactly the same way used for prepar-
ing [Ni(tbl2aneN,)Cl]Cl. The colour of the complex is blue and the yield
was 68%.

(h) [Ni(13aneN,)](CLO,) 5:-

This complex was prepared by exactly the same way used for prepar-
ing [Ni(12aneN,)](Cl0,),. The colour of the complex is yellow and the
yield was 78Z%.

(1) [Ni(MeyldaneNy)]1(C1l04),» (ethanol water preparation) :-

The same preparative method was employed as used in the case of
[Ni(Me,12aneN,) ](C104) , (ethanol water preparation). The colour of the

complex is red and the yield was 96%.

(i) [Ni(MeyldaneNy) 1(Cl0y)» (ethanol preparation using

triethylorthoformate) :—

The method used for the preparation of [Ni(Meyl2aneNy)](C1lOy) 2

(ethanol preparation using triethylorthoformate) is also used for preparing

N.B. Hereafter, unless otherwise mentioned, the [Ni(Meyl2aneNy) }(ClOy), and

[Ni(MeylbaneNy) J(C104) 2 complexes are from ethanol water preparation.
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this complex. The colour of the complex is red and the yeild was 82%.

(k)  [Ni(Meyl4aneNy) (dmf) 1(C10,) 5 (dmf preparation) :-

This complex was prepared by the method used for the preparation
of [Ni(Me412aneNq)(dmf)](ClOu)z except that in this case solid ligand was
added slowly to the metal ion solution. The colour of the complex is
green and the yield was 93%.

(1)  [Cu(12aneN;)](C10,) 5 :-

To the filtered, hot and stirred ethanolic solution of
[Cu(Cl0y) 2], 6 H20 (3 gm in 20 cm3L the ligand solution (1.4 gm in 10 cm3)
was added dropwise. The reaction mixture was refluxed for another 15
minutes and cooled to obtain purple crystals which were washed several times
with ethanol to remove excess ligand. The complex was dissolved in water,
filtered through a millipore filter, evaporated to dryness by a rotatory
evaporator and dried in a vacuum dessicator before characterisation. The
yield was 65%.

(m) [Cu(Me412aneNu)](C104)2 and [Cu(tblZaneNq)](ClOH)Z:—

These two complexes were prepared by the method used for the
preparation of [Cu(12aneN,)](C10,),. The colour of both the complexes are
blue. The yield was 92% and 68% for [Cu(Meyl2aneN,)](C1l0,), and
[Cu(tblZaneNq)](C104)2 respectively.

(n) [Ni(tbl2aneNy) ](ClOy) o:-

An attempt to prepare this complex was unsuccessful. Ethanolic
solution of tbl2aneNy (0.2 gm in 50 cm®) was added dropwise to the filtered,
hot and stirred solution of [Ni(ClOy),], 6H,0 (0.12 gm in 10 cm?®) . No
reaction was occurred even after refluxing for more than one hour.

(o) [M(dmf)g](ClOy) 517218 (yhere M = nickel(IT), copper(II), and

cobalt(II) :~

A mixture of 0.039 mol of [M(ClOy),], 6H50, 27.5 x 0.039 mols of
triethylorthoformate and 0.028 mol of dmf was refluxed at 328K under silica gel
drying tube for about two hours., The product was filtered, washed several

times with ether inside a dry box, left to dry overnight under nitrogen and
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finally dried under a vacuum line. The yield varied from 80 to 90%.

(p) [Ni(Me412aneNq)N3] Cloy :-

About 0.3 gm of NaN3 and 2.0 gm of [Ni(Meyl2aneNy] (ClOy) o (2.3b) were
dissolved separately in a minimum amount of water. To the stirred solution
of the complex, NaNj3 solution was added dropwise and then filtered. The
green crystals were washed with ethanol and dried in a vacuum dessicator
and characterised. The yield was 74%.

(¢) [Ni(Meyl2aneNy)NCS]NCS:—

This complex was prepared by the method employed for the prepar-
ation of [Ni(Meyl2aneNy) ](CLlOy)> (ethanol water preparation). The colour
of the complex is green and the yield was 75%.

2.3.2 Ligand Extraction from [Ni(13aneNy) 1(C104) 5 :—

It became necessary to synthesis a small amount of the 13aneNy
ligand and the ligand was therefore synthesised from pure [Ni(1l3aneNy]
(C104) , in the following wayl®s1* yhich is a standard procedure for
extraction of ligand from metal complexes. A strong solution of sodium
hydroxide was prepared in water and added to 2.5 gm of NaCN so that aque-
ous NaCN solution is basic. The [Ni(13aneNy) ](C104) » complex (2 gm) was
added slowly to the aqueous solution of NaCN with stirring and refluxed
for more than two hours. The reaction mixture was cooled and pH was
adjusted to above 12 with sodium hydroxide solution. Several extractions
were carried out with chloroform which was flashed off using a rotatory
evaporator leaving behind the oily ligand. The purity of the ligand was
checked by 13¢ n.m.r. spectrum (Table 2.1) and the chemical shifts were
found similar to those obtained previously using the ligand mentioned in
section 2.2, The yield was 7Q%.

2.4 Characterisation of Compounds :-

(a) Infra-red spectral measurements:-—

A qualitative infra-red spectral analysis was employed to detect
the presence of co-ordinated water, bound or free perchlorate and the
general characteristic of the compounds. The measurements were recorded

on a Perkin Elmer 457 grating infra-red spectrophotometer using NaCl windows
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with nujol as the mulling agent (0.05 mm polystyrene film as reference).

The I.R. frequencies of the compounds assigned according to the liter-

ature 1923 are given in Table 2.3
Table 2.3
I.R. Spectral Data
Compounds Substituents I.R. Frequencies (cm_l)
1 12aneN, HO-H 3560(msh) , 3400(bs)
>NH, HO-H 3330(msp), 3280(mwsp)
DCN < 1130(m), 1125(s), 1082(msh),
90-—(}6 1053(m), 1040(m), 1020(w),

>N( CH 2) 2N<

1012 (w)
962(ms), 946(s), 890(bm),

860(s), 762(s), 725(w)

2 Meyl2aneN, HO-H 3300(bs)
>N9H2 2760(s)
—CN< 1140(msh), 1105(s), 1065(s),
>C-C& 1030(s)
>N(CH,) oN<  970(s), 8% (m), 880(ms), 815(wsh),
770(w) , 745(s)
3 tbl2aneN, HO-H 3400(bm)
>NCH 5 2710 (w)
Ar. rings 1600(w)

——

énm<
o5

>N(CH,) oN<

1153(w), 1138(w), 1130(w),
1080(m), 1060(m), 1043(m)

985(m), 970(m doublet), 925(m),
903(w), 882(w), 825(w), 795(m),

760(m) , 728(s), 690(s), 660(w)
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Compounds Substituents I.R. Frequencies (cm—l)
4 Tetratosyl®l2aneNy HO-H 3280(bw)
Ar. rings 1595(m)

5 Ni(lZaneNq)(C104)2

6 [Ni(Meyl2aneNy) ]1(C10y) o
(ethanol water prep-
aration) (KBr plate

used)

7 [Ni(Meyl2aneNy)]1(Cl0y)

(ethanol preparation)

8 [Ni(Meyl2aneNy) ](Cl0y) 2
(ethanol preparation
using triethylortho-

formate)

9 [Ni(Meyl2aneN,) (dmf)]
(Cloy) ,

(dmf preparation)

-S09-N<

>N(CH2) pN<

>NH, HO-H

cl0y~

>N(CH3) oN<

HO-H
cloy~

Ni-N
>N(CH2) oN<

HO-H
cloy

>N(CHp) oN<

cloy™

>N(CH2) oN<

0
H—H—N(CH3)2

cio,”

1342(ms), 1164(s)
975(m), 900(m), 818(ms), 770(msh),

720(s)

3322(m), 3255(s)
vy 1085(bvs), vy 960(ms) ,
vy, 628(s)

925(w), 870(w), 810(m), 728(ms)

3520 (bm)
vy 1075(bs), v1965(m), vy 616(s)

520 (mw)
915(m), 802(w), 750(ms), 720(wsh)

3460(bm)
vy 1080(bs), vy 618(m)

780 (bw) , 740(msh), 715(m)

vz 1089(s), vi 960(w) , vy 620(ms),
918(w), 755(ms), 719(ws),

663(w)

1670(s)
vz 1091(vs), v; 963(m), vy 622(ms)
904(m), 795(w), 748(m), 725(w),

622(vw)
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Compounds stiiﬁzgts I.R. Frequencies (cm™1)
10 [Ni(tbl2aneN,) NO3 ] NO3 HO-H 3400 (bw)
>NCH, 2720 (mw)
~0-NO, vs 1305(m), v; 1278(m), v, 1023(m)
vy 720(ms), 700(m) (split)
DN(CH2) oN<  780(m), 745(w), 720(s), 700(m
doublet), 660(msp)
11 [Ni(tbl2aneN,)Cl]lCl HO-H 3400 (bw)
>NCH, 2720 (mw)
! Ar. rings 1580 (vw)

12 [Ni(l3aneNq) ] (Cloh) 2

13 [Ni(MeylédaneN,) ]1(Cl0oy) o
(ethanol water prepar-

ation) (KBr plate used)

>N(CHz) 2N<

HO-H
>NH, HO-H
Cloy~

>N(CHj) oN<

>N (Cﬁz) 3NC

HO-H

Cloy~

Ni-N
‘>N((‘.H2) oN<

>N(CH?_) 3N<

780(msp) , 743(m), 723(ms) 700(s),

660 (ms)

3460 (bw)
3200(ms)
vz 1075(bs), vy 965(m), v, 615(w)

715(s), others vw

3440 (vw)

vy 1075(bs), vy 950(m), vy 618(s)
vo 47(vw)

528 (w)

925(mv), 902(w), 868(w), 802(ms),

733(m) , 715(wsh)
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Compounds stiizzgts I.R. Frequencies (cm™!)
14 [Ni(Meyl4aneNy) J(C10y) o cloy~ vy 1082(bs), vy 980(m), vy, 622(s)
(ethanol preparation >N(CHp) ,N< | 927(mw), 905(w), 870(vw), 805(ms),

using triethylortho-

formate)

15 [Ni(MeyldaneNy) (dmf)]

(C1i04) 2

(dmf preparation)

16 [Ni(Meyl2aneN,)N3] ClOy

17 [Cu(1l2aneNy)](Cl0y)»

18 [Cu(Meyl2aneNy) ](Cloy) o

>N(CH. 2) 3N‘(

i
H—C—N(CH3)2

cloy~

>N(CH2) oN<

>N(CH2)3N<

HO-H
N3~
Cloy~

>N(CHp) 2N<

HO-H

>NH

cloy~
>N(CHj) oN<
HO-H

clo,

>N(CH2) oN<

758(m), 735(m)

1670(s)
vy 1090(bs), v; 960(m), vy 620(s)
928 (mw) , 896(w), 868(vw), 803(ms),

756(w), 727(m), 700(m)

3325 (bw)

2045 (ssp)

v 1080(vs), vi 963(m) vy 621(ms)
905(m), 795(w), 749(ms), 718(w),

660 (vw)

3480 (bm)
3280(sps)
vs 1090(bs), v 980(m),
vy 630 (mw)
925(w), 912(w), 875(m), 812(m),

728(m)

3360 (bw)
vg 1070(bs), v 960(m),
Vig 617(mw)

902(m), 865(w), 749(m), 715(ms)
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Compounds stitizzzs I.R. Frequencies (cm 1)
19 [Cu(tbl2aneNy) 1(C10y) , HO-H 3330(vw)
>N—9H2 2720 (mw)
Ar. rings 1580 (vw)

cloy~

>N(CH») »N<

V3 1075(bs), vy 938(m), vy 612 (mw)
780(m), 750(m), 720(s doublet),

702(ssh)

N.B. cClo,~
~0-NO»
Vi
V2
v3
Vy

Ar.

sp
sh
b

A\

(b)

ionic perchlorate
unidentate

éymmetrical stretching
symmetrical bending
asymmetrical stretching
asymmetrical bending
aromatic

strong

medium

weak

sharp

shoulder

broad

very

Metal analysis:-

Ion exchange method?" was carried out using Dowex 50W cation exchange

resin in the hydrogen form for a quantitative determination of metal ion

content and stoichiometry for each of the complexes prepared.

A known amount

of dry complex was dissolved in distilled water and eluted through the resin.

The acidic effluent was then titrated against standardised sodium hydroxide

using bromothymol blue indicator.

given in Table 2.4,

The results of the metal analysis are



Microanalysis and Metal Analysis Data

Table 2.4

% C 4 |G ZH 7 H Z N %z N % metal 7 metal
Compound
required found required found required found required found
1 12aneN; - hydrobromide 19.39 18.62 4.88 4,92 11.30 11.36 - -
2 tbl2aneN, 81.16 80.97 8.32 8.08 10.52 10.44 - -
3 [Ni(1l2aneNy) ]1(C1lCy) o 22.35 21.90 4.69 4.71 13.03 12.52 13.66 13.45
4  [Ni(Meyl2aneNy) 1(C1l0y) » 29.66 29.97 5.81 5.97 11.53 10.75 12.08 11.93
(ethanol water preparation)
5 [Ni(Meyl2aneN,) ](Cl0y) o 29.66 28.44 5.81 5.62 11.53 10.68 12,08 11.40
(ethanol preparation using
triethylorthoformate)
6 [Ni(Meyl2aneNy) (dmf) 1(C1lOy) » 32.28 32.16 6.32 6.38 12,55 12.43 . 10.52 10.39
(dmf preparation)
7  [Ni(Meyl2aneNy) ](Cl0y) o - - - - - - 12.08 11.62
(ethanol preparation)
8 [Ni(Meyl2aneN,)N3] ClOy 33.64 33.80 6.59 6.87 22.88 22.93 13.70 13.43
9 [Ni(Meyl2aneNy)NCS]NCS, H20 39.89 38.55 7.12 6.50 19.94 18.23 - -
10 [Ni(tbl2aneN;)Cl]Cl 64.40 63.10 6.61 5.82 8.35 7.84 8.86 8.67

25



Table 2.4 (cont.)

Compound %z C % C Z H ZH Z N Z N % metal %Z metal
P required found required found required found required found
11 [Ni(tbl2aneNy)N0O3]lNOj 59.68 58.33 6.26 .5.83 11.60 10.88 8.21 8.02
12 [Ni(13aneNy) ](Cl0y) o 24,35 24.83 5.00 5.20 12.62 12.72 13.23 13.08
13 [Ni(MeyléaneN;)](C10y) 2 32.72 32.47 6.28 6.03 10.90 11.10 11.42 11.36
(ethanol water preparation)
14 [Ni(Meylé4aneNy)](Cl0y) - 32.72 32.73 6.29 6.19 10.90 10.76 11.42 11.32
(ethanol preparation using
triethylorthoformate)
15 [Ni(MeylbdaneNy) (dmf) ](ClOy)» 34.79 34.65 6.70 6.69 11.93 11.82 10.00 10.01
(dmf preparation)
16 [Cu(l2aneNy)](ClOy), 22.11 22.49 4.64 4.64 12.89 12.71 14.50 14.62
17 [Cu(Me,12aneN,) 1(Cl0y) o 28.30 29.68 5.90 6.37 11.01 10.30 12.33 12.49
18 [Cu(tbl2aneNy)](ClOy) 54.37 53.50. 5.58 5.76 7.05 7.15 7.99 7.75
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(¢) The Elemental Analysis (C, H and N):-

The analysis was carried out by the C.S.I.R.0. Microanalytical
Division in Melbourne. The results of the analysis are given in Table 2.4,

(d) N.m.r. Spectral Analysis:-

13¢ n.m.r. spectra25 were recorded either on a Bruker WP80 {80 Mhz for 1H
and 20.1 Mhz for !3C) or HX90E (90 Mhz for 1H and 22.63 for 13C) to char-
acterise the ligands and also complex. A Varian T60 (1H n.m.r.) was also
used whenever appropriate. Deuterated solvents and 10 mm n.m.r. tubes
were used, The results of '3C n.m.r. and !H n.m.r. are given in Tables 2.1
and 2.2, respectively.

The !3C n.m.r. peaks were assigned according to intensity, multipli-
city and in consultation with the literaturel9,26-28  1p Meyl4aneN,, three
peaks were observed instead of theoretically expected four peaks because of
two different carbon environments having the same chemical shift. The
peaks of other compounds are consistent with those expected. The chemical
shifts differ due to solvent and functional group.

All the H n.m.r. spectra were run in CDCl3 with tetramethylsilane
as reference. The peaks were assigned according to intensity, multiplicity
and in consultation with the literaturel!9°26728, The number of peaks
found in each case are consistent with those theoretically expected.

2.5.1 Determination of pKa Value of 12aneNy and MeylZaneNy:-

In theory, the presence of four amine groups in 1l2ZaneNy creates the
possibility that each ligand molecule may accept four protons and that such
behaviour does occur is shown by the isolation of l2aneNy'4HBr (see section
2,2). The pKa value of 12aneNy at 298.2K and ionic strength 1.0 (adjusted
with NaCl0,) was found to be 10.1+0.2 by potentiometric titration. Only
one equivalencepoint was observed which is consistent with two protonations
(characterised by similar pKa's of 12aneN,), Experimentally 5.0 cm3 of 4.88
x 1072 mol dm~3 12aneNy in 1.0 mol dm™ 3 NaCl0, (nitrogen gas bubbling through
the solution) was titrated with 1.0 mol dm~3 HClO, using a calibrated micro-

meter syringe and the pH was recorded after each addition. Blank 1.0 mol dm™ 3
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NaClOy, was also titrated under identical conditions for pH correction.
Figure 2.1 shows the plot of pH (after correction for the blank titration)
against the number of mmols of acid added. The end point observed at pH
5.0 indicate that two protonation of l?.aneN,+ occurs each characterised by
similar pKa (= 10.1) values. The pKa values of Mejyl2aneN; in 1.0 mol

dm~ 3 NaClO, and 298.2K were determined under conditions identical to those
for 12aneN,. Two equivalence points were observed (Figure 2:2) indicating
that at equilibrium the ligand exists as MequaneNqH§+. The two pKa
values are approximately 11.4 and 9.2.

Protonation of the three -N(CH3), and three -NH, groups of the
ligands Megtren and tren, respectively, results in a single equivalence
pointzg’30 because of similar pKa's in each case. In the case of the
12aneN, ligand two intramolecular hydrogen bonds probably form, each involv-
ing two nitrogen and one hydrogen atoms. Hence, leaving only two nitrogen
lone pairs easily accessible for protonation. This would explain why two
protons are accepted by l2aneN, during titration with acid. The titration
of Meyl2aneN, with acid results in the protonation of only two of the
nitrogen atoms, hence allowing similar hydrogen bonding as for the 12aneN,
ligand. The l4aneN, and Me,l4aneN, ligands also only accept two protons
in two well separated steps and the same explanations were given in the

literature3?!,

2.5.2 Potentiometric and Spectrophotometric Titration of Metal Macrocyclic

Complexes :-
Aqueous 1.0 mol dm~3 NaCl0, with and without the [Ni(lZaneNq)]2+.
complex was titrated against 0.20 mol dm™3 NaOH and 0.20 mol dm—3.H0104
(ionic strength 1.0 adjusted with NaClO,) separately at 298.2K. The tit-
ration curves did not show any equivalence point and the curves looked like
the titration curve of pure water. The [Ni(13aneNy)](Cl0y)p, [Ni(Meyl4aneNy)
(C10y) » and [Cu(l2aneN,) J(Cl0,), complexes were also titrated under condit-
]2+

ions identical to those for the [Ni(12aneNy) complex with the same

result.



Figure 2.1

Potentiometric pH titration curve for
the determination of pKa of 12aneN,

at 298.2 K. An aqueous solution

. (5 cm3) of 4.88 x 1072 mol dm 3 ligand
(ionic strength adjusted to 1 with
NaCl0,) was titrated against 1 mol dm™3

HCl0y from calibrated micrometer syringe.
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Figure 2.2
127 Potentiometric pH titration
curve for the determination
of pKa values of MeylZaneNy
at 298.,2 K. An aqueous
solution (5 cm3)_of 3.08 x
1072 mol dm 3 ligand (donic
strength adjusted to 1 with
F}}i NaClOy) was titrated
against 1 mol dm™ 3 HCLO,

from calibrated micrometer

syringe.

) : 04 08 12
mmels of acid added
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Therefore spectrophotometric pH titration with NaOH was employed to
determine the pKa values of these complexes. Experimentally, 2.0 cm3
solution of known concentration of a complex was taken in a spectro-
photometer cell and the spectrum was run using a uv/visible spectro-
photometer after recording the pH of the solution. A known quantity of
aqueous sodium hydroxide solution (micrometer syringe used) was added

to the solution in the cell and the solution was stirred with a teflon
plunger mounted on a thin platinum wire. The pH and the spectrum of

the solution were recorded after each addition. The new concentration

of the complex was calculated in each case. The molar extinction
coefficient at a particular wavelength was then plotted against pH. The
results of the pH titration of different complexes are given in Table

2.5, Figures/2.3 and 2.4, 2.5 and 2.6, and 2.7 and 2.8 show the spectro-
photometric pH titration of [Ni(Meyl2aneNy)](ClOy),, [Ni(Meyl4aneN,) (Cl0Oy);
and [Cu(Me,12aneN,) ](Cl0y), in 0.5 mol dm~3 LiCl0, at 293.2K, respectively.
No isosbestic point was observed in the case of [Ni(lZaneNq)]2+ and
[Ni(13aneNL*)]2+ complexes after constructing the spectra for the same
concentration in each case and this implies that the molar extinction
coefficient of aquo and hydroxo complexes are different at all wavelengths
examined. At the end of the titration, the purple-blue solution of
[Ni(lZaneNq)]2+ turns blue, the yellow solution of [Ni(lBaneNq)]2+ turns
yellow-green, the reddish solution of [Ni(MequaneNq)]2+ turns greenish,
the red soluti9n of [Ni(Meql4aneN4)]2+ turns green and the blue solution
of [Cu(MequaneNq)]2+ turns light blue but the original colour reappears
on addition of HC1l0, in all cases. The results of spectrophotometric pH
titration of [Ni(Meql4aneNq)]2+ are consistent with those of a recent

32,

publication For example, the pKa value of 10.7 compares with 10.8 of

the literature32. (The results discussed here were obtained prior to the

appearance of reference 32). The pKa values were taken as the pH at which

the spectral change was half way between the limiting spectra observed at
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Figure 2.3

Spectrophotometric pH titration of aqueous
2.78 x 1073 mol dm~ 3 tNi(MequaneNq)](Cloq)z
solution against NaOH (ionic strength
adjusted to 0.5 with LiCl0,) at 293.2 K.

pH 6.30, 8.38, 9.66, 10.46 and 11.45 for the

spectra from A to E.
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Spectrophotometric pH titration curve of aqueous 2.78 X 10"% mol du™®

[Ni(Meyl2aneN,) 1(C104) o solution against NaOH at 293.2 K and X = 468 nm
(ionic strength adjusted to 0.5 with LiCl0y). Further addition of base
does not cause a significant spectral change. Some datum points are

obtained from Figure 2.3



Figure 2.5

Spectrophotometric pH titration of
aqueous 2.80 x 1073 mol dm™3
[Ni(MeyléaneNy) ] (ClOy)» solution
against NaOH (ionic strength adjusted
to 0.5 with LiCloy) at 293.2 K.

pH 7.54, 9.28, 10.21, 11.05, 11.52

and 11.85 for the spectra from A to F.
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Tigure 2.6
Spectrophotometric pH titration curve of aqueous 2.80 x 1073 mol dm 3
[Ni(MeylbdaneNy) ]1(Cl0y) o solution against NaOH at 293.2 K and A = 514 nm
(ionic strength adjusted to 0.5 with LiCl04). Further additon of base

does not cause a significant spectral change. Some datum points are

obtained from Figure 2.5.
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Figure 2.7

Spectrophotometric pH titration of aqueous 1.09
x 1073 mol dm~3 [Cu(Me,l2aneNy)]1(Cl04), solution
against NaOH (ionic strength adjusted to

0.5 with LiCl0,) at 293.2 K. pH 6.28, 11.32,
11.83, 12,12 and'12.27 for the spectra

from A to E.
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Figure 2.8

Spectrophotometric pH titration curve of aqueous 1,08 x 10™3% mol dm™3

[Cu(Mey12aneNy) ](C10y) » solution against NaOH at 293.2 K and A = 600 nm

(ionic strength adjusted to 0.5 with LiCl0y).
obtained from Figure 2.7. Further addition of

significant spectral change.

Some datum points are

base does not cause a
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low and high pH. The spectrophotometric pH titration was carried out to
estimate the pKa of the co-ordinated water molecules in the aquo complexes.
The value of pKa for the aquo complex is a thermodynamic measure of the
ease with which a proton is transferred to water from that complex.

Table 2.5

Spectrophotometric pH Titration Data at 293.2K

Comp1 isosbestic wavelength, Ka ionic
pLex points, nm nm P strength
1 [Ni(12aneNy)](Cl0y), X 355 8.0 1.0
2 [Ni(Meyl2aneN,)](C10y), 400, 438 468 10.2 0.5
and 610
3 [Ni(lBaneNLj) ] (Cqu) 2 X 350 8.4 1.0
4 [Ni(MeylbaneN,)](Cl0y), 398, 462 514 10.7 0.5
and 626
5 [Cu(Meyl2aneNy) 1(C10y) 5 688 600 12.0 0.5

2.5.3 Determination of Stoichiometry and Equilibrium Constants:~

(a) [Ni(Me412anqu)N3]+ System:-

Qualitatively, when NaNj3 is added to the aqueous reddish solution
of [Ni(Me412aneN4)](C104)2,the solution turns green and the reddish colour
reappears on dilution. Aqueous solutions of 2.93 x 10~ 3 mol dm~3 in
[Ni(Meyl2aneNy) 1(C104) » and 3.05 x 10~ 3 mol dm~3 in NaN3 were prepared
separately with 1.0 mol dm~3 in NaCl0y, for Job's method (see section 7.3)
of continuous variation (all reaction mixtures are reddish) at 298.2K.
Figure 2.9 shows the plot of Y (Apeasured — Acalculated) at 346 nm against
the mol fraction of NaN3. The molar extinction coefficients of
[Ni(MequaneNq)](CIOq)2 and NaNj3 at 346 nm are 6.83 and 0.33 mol~! dm3
cm” 1, respectively. The [Ni(Me,l2aneNy)N3]Cl0, species absorbs strongly

at 346 nm allowing Job's plot calculation. The solid lines in Figure 2.9

are least squares linear regression lines for datum points 2, 3, 4, and



Figure 2.9

Apeasured — Acalculated (A = 346 nm and cell path = 1 cm) vs mol fraction of NaN3 faor Job's method of continuous
variation for the determination of stoichiometry of [Ni(Me412aneNq)N3]+ formation at 298.2 K. Stock solutions
of aqueous 2.93 x 1073 mol dm~3 [Ni(Meyl2aneN,)](C104), and 3.05 x 16—3 mol dm™3 NaN; were used (ionic strength

adjusted to 1 with NaClOy).
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10, 9, 8, respectively. The peak appears at 0.51 mol fraction of NaN3
showing a one to one complex formation. The molar extinction coefficient
of [Ni(Meyl2aneNy)](Cl0y), is 139.8 mol~! dm3 cm_l, and the absorbance

of [Ni(Meyl2aneNy)N3]Cl0, at 466 nm is negligible. Therefore, the
equilibrium constants (i.e. [Ni(Me412aneNq)N3+]qu[Ni(MequaneNq)2+]eq
[NaN3]eq))were calculated at 466 nm for the solution mixtures 8, 7, 6, 5,
and 4 (see Figure 2.9) and found to be 54.4, 60.4, 39.4, 59.1 and 56.6
mol™! dm3. The spectrum of the azide complex in 0.5M NaN3 (ionic strength

1.0 adjusted with NaCl0,) is shown in Figure 2.10.

(b) [Ni(Meql4aneNu)N3]+ System:-—

Qualitatively, when NaNj is added to the red aqueous solution of
[Ni(Meyl4aneN,) 1(C10y) o, the solution turns green and the red colour
reappears on dilution. Aqueous solutions of 5.19 x 10”3 mol dm™3
[Ni(MeyldaneNy) ](C104) o and 5.48 x 1073 mol dm 3 NaNj were prepared for
Job's method of continuous variation at 298.2K (ionic strength 1.0 adjusted
with NaCl0y). Figure 2.11 shows the plot of Y (Apeasured — Acalculated)
at 351 nm against the mol fraction of NaN3. The molar extinction coef-
ficients of [Ni(Meyl4aneN,)](Cl0,), and NaN3 at 351 nm are 7.3 and 0.37
mol™! dm 3 cm_l, respectively. A Job's plot was constructed at 351 nm.

The points 5, 6 and 7 are not included in the least squares linear regress-
ion lines (solid lines). The occurrence of a peak at 0.49 mol fraction
of NaN3 indicates the formation of a one to one complex. The molar extinct-—

ion coefficient of [Ni(Meyl4aneN,)](Cl04), at 510 nm is 142.4 mol ! dm3

em ! and the absorbance of [Ni(MeylbaneNy)N3]1Cl0, at 510 nm is negligible.

Therefore, the equilibrium constants were calculated at 510 nm for the
solution mixtures 4, 5, 6, 7 and 8 (see Figure 2.11) and found to be 57.9,
53.5, 64.4, 48.8 and 70.2 mol”! dm3, respectively. The spectrum of the
azide complex in 0.5 mol dm™ 3 NaNj3 (ionic strength 1.0 adjusted with NaCloy)

is shown in Figure 2.10.
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Figure 2.10

Uv/visible spectra of aqueous 1.46 x
107% mol dm~3 [Ni(Me,12aneN,)](C10y)
(spectrum A) and aqueous 1.46 x 1073
mol dm™3 [Ni(MeylbaneN,)](C104),
(spectrum B) complexes in 0.5 mol
dm™3 NaN3 at 298.2K (ionic strength

adjusted to 1 with NaClOy).
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Figure 2.11

Ajeasured - Acalculated (A = 351 nm and cell path = 1 cm) vs mol fraction of NaNj3 for Job's method of continuous
variation for the determination of stoichiometry of [Ni(Me414aneNq)N3]+ formation at 298.2 K. Stock solutions
of aqueous 5.19 x 1073 mol dm™3 [Ni(Me,l4aneN,)](CLO,), and aqueous 5.48 x 1073 mol dm™ 3 NaNj were used (ionic

strength adjusted to 1 with NaClOy).
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2.5.4 Substitution Reactions in an Aqueous Medium:-

(a) [Ni(Me,l4aneN,)]1(Cl0y) /N3 System:-

With the [Ni(Meyl4aneNy)](Cl0,),/N3~ system the stopped flow
technique was employed at the wavelength of 350 nm and the pseudo 1st
order kinetic condition was attained by the use of high azide concentrat-
ion (0.25 and 0.5 mol dm 3, ionic strength 1.0). Under these conditions
three kinetic processes were observed as shown in Figure 2.12. However,
with low azide concentration (0.05 mol dm~3) and under otherwise identical
conditions only one fast process was observed (t% = 0.12 s). Three
kinetic processes were again observed when a solution of 2.06 x 107"
mol dm™ 3 [Ni(MeyléaneN;)1(C104), and 0.05 mol dm 3 NaNj was mixed with
an equi-volume solution of NaNj giving an azide concentration of 0.525
mol dm~3. At/298.2K and a concentration of 0.5 mol dm 3 NaNg3 the half
lives were found to be approximately 0.0016, 0.08 and 8.0 seconds for the

first, second and third processes, respectively. The above observations

can be explained by the following reaction sequence (see equation 2.1):-

1. [Ni(Meql4aneNq)]2+ + N3 =——+ [Ni(Meql4aneN4)N3]+
2, [Ni(Meyl4aneN,)N3]t + N3~ =—— [Ni(MeyléaneNy) (N3),] 2.1
3. [Ni(Meyl4aneN,) (N3) 2]is;’—__mn [Ni(MeylbdaneN,) (N3) 5]

In the first reaction a five co-ordinate species forms on the addition of
the first azide. While, on addition of the second azide a six co-ordinate
complex forms in the second reaction. Six co-ordinate complexes of the
type [Ni(Meyl4aneNy)X7] (where X = N3~ OCN, CN or SCN) can be formed by
addition of a two-fold excess of the appropriate sodium salt to an aqueous

t33s3%,  1In section 2.5.3, the formation

solution of the perchlorate sal
of[Ni(Meql4aneNq)N3]+ was established by Job's method of continuous
variation. The present kinetic study was performed in large excess
concentration of azide and therefore a six co-ordinate complex,

[Ni(MeyldaneN,) (N3) o] can be formed. The third process may be understood

by an isomerisation step (reaction three) in which inversion of the
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Three kinetic processes for the reaction of aqueous 2.06 x 10”4 mol dm™3
[Ni(Meyl4aneN,) 1(C104) 5 with 0.5 mol dm™~3 NaNj3 at 298,2 K and X = 350 om
(ionic strength adjusted to 1 with NaCl0y) . 1In process (4), the first

1 x 107%s is due to solutions flowing after mixing before the flow has
stopped and in process (B),the first 0.6 x 10" !s is due to the flowing
solution and process (4); Process (C) was obtained using the chart

recorder without using Oscilloscope and Data Lab.
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nitrogen atoms of the ligand is required to attain a thermodynamic
equilibrium. In principle four such isomers may arise (see Chapter 1):-
i) four methyl groups on the same side of the ring

ii) three methyl groups on the same side

iii) two methyl groups on either side (cis) and

iv) two methyl groups on either side (trans).

The available data cannot be used to distinguish between these possibilit-
ies. The [Ni(Meylé4aneN,)](C1l0,), complex may exist as one of the two
square planar isomers (boat, R.S.R.S. and chair, R.S.S.R.) discussed in

the literature33’3”.

Figure 2.13 shows crystal structure3® of
[Ni(Me,1l4aneN,)N3]C1l0, where all four methyl groups lie on the same side
of the macrocyclic plane. The crystal structure of [Ni(Meql4aneNL+)2(N3)3]+
was also repoi‘ted36 where two methyl groups lie on either side of the
macrocyclic plane (see Figure 2.14).

A solution of 2.93 x 10~ 3 mol dm 3 [Ni(MeylbdaneN,) ]1(C10y) o with
0.01 mol dm 3 NaN3 (ionic strength 1.0) was also studied at 298.2K using
the temperature jump technique (A = 510 nm)and two processes were observed.
The fast process occurred within the heating time of the solution which
is about 4us and the second process was accompanied by a small absorbance
change. So no kinetic data were obtained from this study. However, these
two processes may be attributed to the formation of a six co-ordinate
species and the isomerisation discussed earlier.

The kinetics of substitution reactions of [Ni(Meql4aneNq)(0H2)2]3+
and [Fe(l4aneN4)(NCS)X]+ with halide and thiocyanate ions in an aqueous

437,38

medium using stopped flow technique were recently reporte and are

consistent with a dissociative mechanism. The study of the water exchange

39 and the results

rate constant on [Ni(Meql4aneNq)(OH2)2]2Fis in progress
may be useful in interpreting the observations reported here for the

reaction of [Ni(Me414aneN4)(OH2)2]2+ with azide.



75

Figure 2.13

Crystal structure of [Ni(Meql4aneNg)N3]+ where all four methyl groups lie on

the same side of the macrocyclic plane (diagram from reference 35). The

filled small circles represent nitrogen atoms and the attached large

circles represent methyl groups.

Figure 2.14

Crystal structure of [Ni,(MeyldaneNy) p(N3) 31T where two methyl groups lie on

either side of the macrocyclic plane (diagram from reference 36). The

filled small circles represent nitrogen atoms and the attached large

circles represent methyl groups,
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(b) [Cu(l2aneNy)](ClOy),/N3~ and [Cu(Meyl2aneN,)](Cl0y) /N3~

Systems:-
These systems were studied at 298.2K and a wavelength of 620 nm
under pseudo first order condition with excess azide (ionic strength 1.0).
The kinetic processes were too fast to be detected by either the stopped
flow or the temperature jump technique.

(c) [Ni(lZaneNq)I(Cqu)z/Ng_ and [Ni(13aneNy)](Cl0,) /N3~ Systems:—-

The [Ni(l2aneNy)](Cl04),/N3~ system was found to be too fast to be
studied under pseudo first order condition with excess N3 wusing the
stopped flow technique (560 nm, 298.2K and ionic strength 1.0). The water
exchange rate constant on [Ni(lZaneNq)(0H2)2]2+ is very fast (see Chapter
4) and the substitution reaction is also expected to be fast. While,
the [Ni(lZaneﬁq)](ClOu)z/NHz(CHz)ZNHZ system could not be studied because
of precipitation in presence of electrolyte (i.e. NaClOy).

Qualitatively, the absorbance of an aqueous solution of [Ni(1l3aneNy)]
(C10y) o changes slowly on addition of N3~ . Quantitative studies using
uv/visible spectrophotometry were carried out under pseudo first order
condition with excess azide at 288.6K and 500 nm (ionic strength 1.0 and
pH 7.0). Only one process was observed. The half life of this kinetic
process was found to be 19.11 and 19.58 minutes with 0.06 and 0.07 mol
dm~3 NaNj, respectively. It is not clear whether slow substitution occurs
or isomerisation due to inversion of the nitrogen atoms of the ligand to
achieve thermodynamic equilibrium as discussed in section 2.5.4 (a) (also
see Chapter 1),

2.5.5 Uv/visible Spectroscopic Method for the Determination of Equilibrium

Constants in an Aqueous Medium:-

(a) [Cu(l2aneNy)X]" (X = N3~, SCF or OCN) Formation

To a fixed volume of the [Cu(lZaneNq)]2+ complex a solution
containing the ligand (N3~, SCN or OCN) was added from a calibrated Finn

pipette. The solution was stirred with a teflon plunger mounted on a thin
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platinum wire and a spectrum was recorded after each addition. The
concentrations of both the complex and the ligand were calculated after
each addition. Let M = complex, L = ligand, ML = complex formed,

€7 = molar extinction coefficient of M, ery = molar extinction coefficient
- A
of ML, & = experimental molar extinction coefficient (T?ﬁ—° and A =
-4 O

absorbance. Then, at equilibrium for a 1 cm path length cell

A = ¢gg [M]eq + €T [ML]eq 2.2

M, = M, + Dl 2.3

and [L]eq = [L]lg - [ML]eq 2.4
A = e ([M}o - [ML]eq) + €11 [ML]eq 2.5

L= e Mo 4 (epp - e DML

e M, = ep MIo + (epp - o) DML]

' 2] =o€ 2.6
; bl = =50 [M], .
Ml = DM}, - DML]_
€ - EZI
= [M] = — M
1 - & [M]
and (L], = [L1o - Ee } Ez M1, 2.7
11~ &1
(o Mg
eq Ml [Tl
(e - ep)
v [M],
(egg - ep) -

. K = (e - €1)
eq  ([M], - I
ey M) [l
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. - -1 - -1 - -1 -1 71
@ (e €1) (eII eI) + (e171 eI) [L]eq Keq 2.9

A plot of (e - EI)—l against [L];é gives

= intercept
eq slope

1

To obtain (e, - EI)—I for the [L]eq calculation (equation 2.7), (e - eI)_

II
is plotted against [L]:1 giving the intercept equal to (SII - EI)leince
at high [L], values, [L], is approximately equal to [L]eq' Equation 2.9
is derived"? for a one to one complex formation. Knowing the value of ey,
the value of ey can be obtained from the intercept of the plot of

(e - EI)_I against [L]:l. Thus knowing the value of e, the Keq values
can be calculéted individually by solving the simultaneous equations

2.2, 2.3 and 2.4. The Keq values were determined using both methods and
are comparable to within 10%. Subsequently equation 2.9 was used for

all determinations of Keq' The Keq values (ionic strength 1.0 and pH 7.0)
were determined at three different temperatures. The Keq’ AH® and AS°
values are given in Table 2.6. Figure 2.15 shows the spectrophotometric
titration of [Cu(lZaneNq)]2+ with N3~ at 297.9K. All the spectra shown

were constructed for 1.20 x 102 mol dm™3 [Cu(lZaneNq)]2+ and one

isosbestic point occurs at 606 nm.



Figure 2.15
Spectrophotometric titration of aqueous 1.20 X 1072 mol dm~3 [Cu(12aneNy)](ClOy), solution against NaNj at
297.9 K and pH = 7.01 (ionic strength adjusted to 1 with NaClo,). [NaN3] = 0, 0.019, 0.056, 0.090, 0.122 and

0.166 mol dm~ % for the spectra from 1 to 6.

6L
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Table 2.6

Keq’ AH® and AS° values for the formation of [Cu(lZaneNq)N3]+

[Cu(lZaneNq)SCN]+ and [Cu(lZaneNL})OCN]+ complexes.

10%/T X Keq AH® AS°®
kJ mol } J K} mo1™?
1. [Cu(12aneNy)]1?t/N3™ system, A = 580 nm.
34.65 7.37+0.02 8.8%3 48+10
33.56 8.93+0.8
32.36 9.42+0.7
2. [Cu(lZaneNq)]2+/SCﬁ system, A = 546 nm.
34.65 ’ 11.9+0.8 -6+2 -1%9
33.56 10.3+£0.5
32.36 10.1+0.5
3 [Cu(lZaneNq)]2+/0Cﬁ system, A = 580 nm.
34.65 12.620.1 -814 -7%16
33.56 12.8+0.3
32.36 10.2+0.3

N.B. The errors represent one standard deviation.

(b) [Cu(MeulZaneNu)X]+ (X = N3, SCN or OCN) formation

The equilibrium constants for the formation of [Cu(MequaneNq)X]+
(X = N37, SCN or OCN) complexes were determined under identical conditions
as for the formation of [Cu(lZaneNq)X]+ (X = N3_, SCN or OCN) system.

The results are given in Table 2.7.
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Table 2.7

Keq’ AH® and AS° values for the formation of [Cu(MeHIZaneNq)X]+ (X = N3,

SCN or OCN) complexes.

L [} [
10*/T X Keq AH AS

kJ mol ! J K mo17!

1. [Cu(MequaneNq)]2+/N3— system, A = 580 nm.
34.65 18.3%20.4 -2.9+2 14+7
33.56 18.6+0.2
32.36 16.9+0.3
2. [Cu(MequaneNq)]2+/SCﬁ system, A = 700 nm.
34.65 ’ 56.2%0.2
33.56 46.920.1 -6.3%4 11+14
32.36 47.1+0.8
3. [Cu(MequaneNq)]2+/0Cﬁ‘system, X = 720 nm.
34.65 20.40.4
33.56 18.320.2 -6.5+0.8 2,63
32.36 17.0+0.5

N.B. The errors represent one standard deviation.

(c) [Ni(lZaneNq)N3]+ and [Ni(l3aneNq)SCN]+ formation:-

The equilibrium constants for the formation of [Ni(lZaneNq)N3]+
and [Ni(lBaneNu)SCN]+ complexes could not be determined because of slow
precipitation occurring on continual addition of the ligand. The formation
of the [Ni(lBaneNq)N3]+ complex could not be used for an equilibrium
constant determination because of the slow reaction rate as mentioned in

section 2.5.4.
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2.5.6 Solid State Magnetic Moments by the Gouy Method (see Chapter 7):-

The [Ni(12aneN,)](C104),, [Ni(Meyl2aneN,)](Cl0,), and
[Ni(Meyl4aneN,)](Cl0y,), complexes were found to be diamagnetic. The
magnetic moments of [Ni(Me,l2aneN,)NCSINCS, [Ni(Me,l2aneN,)N3]Cl0,,
[Ni(Meyl2aneN,) (dmf) 1(C104) , and [Ni(Me,l4aneNy) (dmf)](Cl0,), were found
to be 3.17, 3.22, 2.98 and 3.24 B.M., respectively. Usually the magnetic
moments of five co-ordinate high spin nickel(II) complexes range from 3.2
to 3.4 B.M.%1,

2.6.1 Isomeric Properties of [Ni(Meq12aneNq)]2+ Complexes:—

The [Ni(Me,l2aneN,)](Cl0,), complex (pink colour) prepared in
ordinary ethanol (= 997%) rapidly decomposes in water and after refluxing
this solution for several hours a new complex is formed with a brick red
colour. This éan be understood in terms of an intramolecular isomerisation
through bond rupture of metal-ligand bond to form a thermodynamically stable
complex in water. The complex was found to be insoluble in nitromethane.
The colours of the complexes prepared in a ethgnol water mixture, dry ethanol
using triethylorthoformate and dry dmf are brick red, light brick red and
green, respectively. The green complex when dissolved in nitromethane and
in water gives yellow and reddish solution (probably due to the dissociation of
co-ordinated dmf), respectively. The magnetic moment measurements of the
above three complexes in nitromethane using the Gouy method (see Chapter 7)
indicate that they are diamagnetic. The complex prepared in dry ethanol using
triethylorthoformate decomposes partially in water giving a light reddish
colour implying that the complex obtained is a mixture of different isomers.
The solid complex prepared in a ethanol water mixture has the stereochem—
istry where all four methyl groups lie on the same side of the macrocyclic
plane as shown from X-ray structural data (see Chapter 3). The uv/visible
spectral data given in Table 2.8 show that the complexes prepared in a
ethanol water mixture and in dmf produce similar spectra in different solv-
ents used. Whereas, the complex prepared in dry ethanol using triethylortho-

formate is characterised by a significantly different spectrum. The spectra



were recorded immediately after making the solutions.
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The aqueous solutions

of both complexes (ethanol water and dmf preparation) were heated to 313.2 K

for about eight days and the spectra obtained were similar to those recorded

immediately after making up the initial solutions.

Table 2.8

Uv/visible Spectral Data for [Ni(Meyl2aneNy)](ClOy)> Complexes at 298.2K.

Complex solvent Amax/nm (e/mol-l dm3 cm_l)
1. [Ni(Meyl2aneNy)](Cl0y) > H,0 398 (69.3), 474 (98.9),622 (22.7)
(ethanol water prepar- dmf 396 (67.2),
ation)
(0.5 mol dm 3 490 (52.0), 620 (27.9),
' NaCl0y)
CH3NO» 455 (189)
2. [Ni(Meyl2aneNy) (dmf) ]1(C1l04) 5 H,0 398 (73.7), 474 (101),
(dmf preparation) 622 (23.7)
dmf 396 (68.7), 490 (51.2),
(0.5 mol dm™ 3 620 (27.7)
NaCloy)
CH3NO, 455 (190)
3. Ni(Meyl2aneN,) (Cl0y) o dmf 396 (47.2), 490 (24.7),
(ethanol preparation (0.5 mol dm 3 620 (21.4)
using triethylortho- NaCl0y)
formate CH3NO, 455 (168)
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2.6.2 Isomeric Properties of [Ni(Me414aneNu)]2+ Complexes:—

The red [Ni(Me,l4aneN,)]}(Cl0,), complex (prepared in a ethanol water
mixture) when dissolved in dmf (with 0.5 mol dm 3 NaCl0,) gives a reddish
solution which slowly turns green at a rate with a half life of 29.3 min-
utes at 307.0K using 3.81 x 1073 mol dm™3 complex. The red complex
prepared in dry ethanol using triethylorthoformate also gives a reddish
solution in dmf (0.5 mol dm™3 NaCl0,) which turns green with a half life
of 23.3 and 22.2 minutes (307.0K) using 3.79 x 1073 and 8.70 x 10”3 mol dm 3
complexes, respectively. The green complex prepared in dmf gives a red
solution in water and in nitromethane (probably due to the dissociation of
co-ordinated dmf). The magnetic moment measurements of the three complexes
in nitromethane indicate that they are diamagnetic. All of these complexes
exhibit spin eduilibria in different solvents (see Chapters 4 and 6) and
they possess different percentages of low-spin species in a particular
solvent at the same temperature. When equi-molar volume of [Ni(dmf)g](C104),
and Me,l4aneN, solutions (dmf, 0.5 mol dm™3 NaCl0,) are mixed together, a
reddish solution is obtained and this reddish solution slowly turns green
with a half life of 23.7 minutes at 307K (discussed in detail in section
2.6.3). The uv/visible spectral data given in Table 2.9 show that the
spectra of the complexes produced in the four different preparations are
different. The spéctra of the complexes in water and in nitromethane were
recorded immediately after making the solutions. However, those in dmf
were recorded after the attainment of equilibrium, characterised by the red
to green transformation. The aqueous solution of the complexes (ethanol
water preparation, ethanol preparation using triethylorthoformate and dmf
preparation) were heated to 305K for 64 hours and the spectral data given
in Table 2.9 show that the spectra of the complexes prepared in ethanol
using triethylorthoformate and in dmf became similar but different from

those run immediately after the preparation of each solution.



Uv/visible Spectral Data for [Ni(Me414aneNq)]2+ Complexes

Table 2.9

at 305.0K

Complex

Solvent

>‘max/nm (e/po1™?! dm® em™ 1)

[Ni(Me,l4aneN,) ] (CLOy) 5 H,0 392 (80.5), 512 (86.4), 652 (22.5),
(ethanol water preparation) H,0 392 (85.5), 512 (85.8), 652 (23.2)
(after 64 hours heating)
dmf 395 (123), 506 (30.0), 656 (35.9)
(0.5 mol dm 3 NaClOy)
CH3NO2 514 (205)
[Ni(MeylédaneNy) (C104) 5 H,0 392 (69.5), 512 (96.0), 652 (19.8)
(ethanol preparation H,0 392 (91.2), 512 (82.1), 652 (24.9)
using triethylorthoformate) (after 64 hours heating)
dmf 400 (119), 514 (21.7), 660 (36.2)

(0.5 mol dm 3 NaCl0,)

CH3NO»

514

(176)

98



Table 2.9 (cont.)

Complex

Solvent

>‘max/nm (e/mo1™1 dm3 cm V)

3. [Ni(Meylé4aneNy) (dmf)](Cl0y)» H,0 392 (95.2), 512 (74.4), 652 (26.5)
(dmf preparation) H»0 392 (90.5), 512 (82.0), 652 (24.8)
(afte; 64 hours heating)
dmf 400 (142), 514 (26.0), 660 (43.4)
(0.5 mol dm™ ¥ NaClOy)
CH3NO», 512 (165)
4. Complex obtained in solution by dmf

mixing [Ni(dmf)g](C1lOy)o and

Meyl4aneN, (1:1 molar ratio )

(0.5 mol dm™3 NaClOy)

400 (74.6), 490 (27.2), 658 (25.1)

L8
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2.6.3 Red to Green Colour Change of a Mixture of [Ni(dmf)g](Cl0y), and

Me,l4aneN, in dmf:-

When equal volume of [Ni(dmf)g](C104), (2.97 x 10 3 mol dm™ 3) and
Me,l4aneN, (2.93 x 1073 mol dm~3) solutions (dmf, 0.5 mol dﬁ_3 NaCl0y)
are mixed together, a red solution is formed rapidly which slowly
turns green. This slow reaction was followed using a uv/visible spectro-
photometer. The first metal-ligand bond is expected to form rapidly if
substitution on [Ni(dmf)G]2+ is characterised by a rate determining step
involving the dissociation of dmf. The substitution of one water molecule
of [Ni(OH2)6]2+ by an amine nitrogen renders the remaining five more
labile*2 (also see Chapter 4). By analogy, one could postulate that the
substitution of one dmf molecule of [Ni(dmf)G]2+ by an amine nitrogen
will also render the remaining five more labile and hence the remaining
metal-ligand bond formation is expected to be very rapid. Consequently,
the slow red to green interconversion may be attributed to isomerisation
(co-ordination of dmf is expected to be fast). 1In principle four such

£

isomers may arise (also see Chapter 1):-

i) four methyl groups on the same side of the ring
ii) three methyl groups one the same side
iii) two methyl groups on either side (cis)

iv) two methyl groups on either side (trans)

The available data cannot be used to distinguish between these possibilities.
The [Ni(Meyl4aneN,)](Cl0y), complex may exist as one of the two square
planar isomers (boat, R.S.R.S. and chair, R.S5.S.R.) discussed in the liter-
ature335>3%, The kinetic data (consistent with a first order rate equation)
for this slow interconversion along with AS# and AH# (see Chapter 4,

equation 4.9) are given in Table 2.10. TFigure 2.16 shows the spectra
recorded at the time intervals 0, 13, 38, 88, 133 minutes (from (1-5)) at
298.0K while spectrum (6) is the equilibrium spectrum. The slow process was

also studied with excess metal ion and ligand concentrations. Figure 2.17



Figure 2.16
Time dependent uv/visible spectra of a mixture
of equal volume of 2.97 x 1073 mol dm 3

[Ni(dmf) ¢](CLlOy) 2 and 2.93 x 10 3 mol

t

dm~3 Me,l4aneN, at 298.0 K in dmf

icien

(ionic strength adjusted to 0.5 with
NaClOy). Time = 0, 13, 38, 88 and
133 minutes for the spectra from 1 to
5 and spectrum (6) is the equilibrium

spectrum.
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Figure 2.17
Time dependent uv/visible spectra of a mixture containing 19.5 x 1073 mol
dm~3 [Ni(dmf)g](Cl0y), and 1.95 x 1073 mol dm 3 Meyl4aneN, at 298.0 K in
dnf (ionic strength adjusted to 0.5 with NaClOy and cell path = 2 cm).

Time = 0, 20, 35, 50, 70, 95, 120, 125, 130, 135, 145 and 170 minutes for

the spectra from 1 to 12 respectively.
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Kinetic data for the slow process (red — green) observed after mixing

equi-molar volume of [Ni(dmf)g](ClOy), and MeylédaneNy (ionic strength 0.5)

1 Y 5 o—1

T-X 10 kobs x 10° s
34.55 8.80+0.09 ast = (- 89%2) 7 k™! mo1”l
33.55 20.440.10
32.53 48.7+0.16 rrt = (68+0.5) kJ mo1”l

N.B. The errors represent one standard deviation

shows the spectra recorded at the time intervals 0, 20, 35, 50, 70, 95,
120, 125, 130; 135, 145 and 170 minutes at 298.0K in presence of excess
metal ion. The effect of excess metal ion and excess ligand on the slow
interconversion processes at a fixed wavelength are also shown in Figures
2.18 and 2.19, respectively. It is difficult to understand this unusual
effect, but a possible explanation is as follows. During isomeric inter-
conversion to achieve thermodynamic equilibrium, inversion of the nitrogen
atoms occurs following the rupture of the metal-ligand bond, thereby allow-
ing the possible formation of a temporary species. In the case of excess
metal ion, the possible molecular formula of the species could be

[I\Ii2(MI<EL+ll+ar1eI\Il+)(dmf)5]+L‘L as shown below

N-~CH 5 CH » CH N
CHN i~ G
Hy -~ Ho

NZCH»CH,CHoN — Ni (dmf) g

l |

CH, CH,

While in the case of excess ligand, the molecular formula of the temporary

species could be [Ni(Meql4aneNq)2]2+ as shown below



Figure 2.18

Time dependent absorbance change

(X = 504 nm and cell path = 2 cm)
of a mixture containing 19.5 x 1073
mol dm 3 [Ni(dmf) ¢](C104), and

1.95 x 1073 mol dm” ¥ Meyl4aneN,

at 298.0 K in dmf (ionic strength

adjusted to 0.5 with NaCloy).
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Figure 2.19 Time in minutes

Time dependent absorbance change (A = 506 mm and cell path = 2 cm) of a mixture containing 1.85 x 10”3 mol dm™ 3 [Ni(dmf) g1 (C10y)»
and 1.95 x 1073 mol dm™3 Meyl4aneN, at 307.4 K in dmf (donic strength adjusted to 0.5 with NaCloy).
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3.4, Discussion.
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CHAPTER THREE

Molecular Structure

3.1. Introduction:-

The interest in the structures of synthetic macrocyclic
compounds and their cation complexes has been generated by their
ability to surround or enclose several different catlons. It is
possible to investigate some of the factors which determine the type
of co-ordination which occurs after obtaining the information from
structural studies of macrocyclic molecules and their complexes.
These factors are cation size, type and charge; ligand size, donor
atom type, and substituent; and solvent type. The Me412aneN4 ligand
was prepared for the first time in this study. The [Ni(Me412aneN4](C104)2
complex (ethanol water preparation) showed interesting temperature
dependent uv/visible spectral changes (see Chapter 4) at high LiClO4
concentration which, together with the question of the conformation
of the co-ordinated ligand, suggested the need for an X-ray analysis
of the molecular crystal structure of the [Ni(Me412aneN4)N3]ClO4 and

[ Ni(Me 12aneN4)](ClO4)2 (ethanol water preparation) complexes.

4
Molecular crystal structure studies of different macrocyclic molecules

and their complexes are presented in the literature.!??

3.2. The Molecular Crystal Structure of [Ni(MeQIZaneN,) Nq]ClOﬁ:—a
: §2-=3 A2

Crystals of [ Ni(Me 12aneN4)N3]ClO were examined by precession

4 4
film techniques and showed the crystal system to be orthorhombic.
Lattice parameters were determined by least squares fit to 25
independent reflexions on a 4 circle CAD4 - Enraf Nonius diffractometer
using Cu-Ko radiation (A = 1.5418A ). [Ni(Me412aneN4)N3]ClO4,
mol. wt = 428.2, orthorhombic space group Peab; a = 13.734(2),
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. (-] -] 3
b= 14.071(1), ¢ = 19.870(2)A ; v 3840.21A° 5 =z = 8, dh = 1.511

g.cm—3, dc = 1,481 g.cmf3, F(oo00)

1211e, u(Cu - Ka) = 33.7.
Profile analysis of a representative reflexion indicated that

the conditions for measurements of the integrated intensities would

be optimized by w - n(20) scans, where n = %. The intensities were

collected in the range 2.0° <8 5‘700.

The w-scan angle and the
horizontal counter aperture were (0.55 + 0.15 tane)o and (1.0 + 0.5
tanf) mm, respectively. Each reflexion was scanned in 96 steps. The
peak count P was recordea over the central 64 steps, with 16 steps at
each end to measure the backgrounds B1 and BZ' The intensity I was
calculated as I = VP - 2(B1 + BZ)] with the standard deviation

o(I) = M2+ 4(B1 + BZ)]}%’ where v is a factor to account for
differences in scan speeds. Two reference reflexions were measured
every 100 minutes of X-ray exposure time. No decomposition or
movement of the crystal was detected. Lorentz and polarisation
corrections were applied to all 4081 reflexions with the program
SUSCAD." Of the 4081 reflexions, 1032 were rejected as being
systematically absent or having zero or negative bes’ giving 3049
unique reflexions.

For the purposes of structure analysis the unit cell and space
group were transformed by (010/100/001) to give a = 14.071(1), b
= 13.734(2), ¢ = 19.870(2) and space group Pbca. A schematic diagram
of [Ni(MeAIZaneN4)N3]+ is shown in Figure 3.1 and structural parameters
in Tables 3.1 - 3.4. The nickel (II) atom was located by Patterson
techniques.5 Subsequent difference fouriers gave the co-ordinated
nitrogen atoms of the Me,12aneN, ligand and the azide. The carbon

4 4

atoms of the Me4123neN4 ring showed a high degree of disorder and

were not located with any degree of certainty. The chlorine atom of

the perchlorate was located, the linked oxygen atoms were disordered.
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CHs

Figure 3.1

Schematic diagram (not to scale, drawn for visual aid) of
[Ni(Me412aneNq)N3]+ where all four methyl groups and one

azide are on the same side of the macrocyclic plane.



b
At this stage the R = 297 for 2527 reflexions having Fobs > BU{Fb

TABLE 3.1
Least Squares Plane through N(1),N(2),N(3),N(4)

R

Y

NfS)

Ni —— N(4)
N(1)/N|(2\)\M3)

Equation of the least squares plane is given by

0.9033x + 0.4069y - 0.1351z = 0.4346

Atom Deviation from Plane (A)
Ni 0.602

N(1) -0.1160

N(2) 0.1039

N(3) -0.0906

N(4) 0.1028

TABLE 3.2

Atomic Co-ordinates

Atom X y z

Ni 0.1074 0.2416 0.6210
N(1) 0.0100 0.3484 0.6493
N(2) 0.0408 0.2578 0.5255
N(3) 0.1232 0.0700 0.5966
N(4) 0.1056 0.2068 0.7251
N(5) 0.2256 0.3030 0.5974
N(6) 0.2996 0.2856 0.6152
N(7) 0.3810 0.2830 0.6343
Ccl 0.2338 0.5517 0.8646
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TABLE 3.3

Bond Lengths (A )

Ni - N(1) 2.084, Ni - N(2) 2.128, Ni - N(3) 2.416,
Ni - N(4) 2.123, Ni - N(5) 1.922, N(5) - N(6) 1.125,
N(6) - N(7) 1.195

TABLE 3.4

Bond Angles (o)

N(1) - Ni - N(2) 83.0 N(1) - Ni - N(3) 143.2
N(1) - NI - N(4) 83.6 N(1) - Ni - N(5) 109.0
N(2) - N©i - N(3) 87.9 N(2) - Ni - N(4&) 152.5
N(2) - Ni - N(5) 96.8 N(3) - Ni - N(4) 88.7
N(3) - Ni - N(5) 107.4 N(4) - Ni - N(5) 110.3
Ni - N(5) - N(6) 129.1 N(5) - N(6) - N(7) 169.3

3.3 The Molecular Crystal Structure of [Ni(MES’lZaneNq)](ClOz}_)_Q_E_—3

C12H28N4Ni, (C104)2, 2H20 , mol. wt. = 521.6, orthorhombic;
space group Puma or Pnazl; a = 15.695(2), b = 9.007(4), ¢ = 16.675(2)2 :
v o= 2357.19113 s 2 =4, dh = 1.501 g.cm—3, dc = 1.47 g.cm_3; F(ooo0) =
572e; uy(Mo - Ka) = 5.28 cm—l.

Intensity data were collected using an Enraf-Nonius CAD4
diffractometer in the w-26 scan mode. The intensities were collected
in the range 1.50 < 6 _<__25O using monochromated Mo-radiation
(A = 0.710738 ). The w-scan angle and the horizontal counter aperture
were (0.85 + 0.35 tane)0 and (2.1 + tanb®)mm, respectively. Two
standard reflexions were measured every 3600 secs of exposure time
and indicated no decomposition or movement of the crystal. Lorentz
and polarisation corrections were applied to give 2479 reflexions.

346 reflexions were rejected as being systematically absent or having
zero or negative Fobs; giving 2133 unique reflexions. Details of

intensity measurements and their related standard deviations are

indicated in section 3.2.
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The nickel atom was located by Pattersons methods.® Subsequenf

difference fourier revealed the remaining non-hydrogen atoms.
Refinement of the structure in space group Pna21 was unsuccessful

as the R-factor reached a minimum of 217 (isotropic):. However
refinement in space group Pnma gave a better agreement R = 15,2%
(isotropic). Further anisotropic refinement gave a final R = 8.34%,
for 1554 reflexions. The oxygen atoms of the perchlorates and the
water molecules were highly disordered. All hydrogen atom positions
were calculated with C- H = 0.96A . Figures 3.2 and 3.3 show the
crystal structure of the [Ni(Me412aneN4)]2+ complex. Atomic
co-ordinates are given in Table 3.5, whereas bond lengths and valence

’

angles are given in Tables 3.6 and 3.7, respectively.

TABLE 3.5

+
Atomic Co-ordinates for lNi(Me,lZaneN,]2 and the
e &

Chlorine Atoms of the Perchlorates

The co-ordinates of all oxygen atoms have not been included since they
are highly disordered.

Atom X y z

Ni 0.2330(1) Y 0.1280(1)t
N(1) 0.1625(5) 0.0984(9) 0.1765(5)
N(2) 0.3198(5) 0.0993(8) 0.1091(5)
c(1) 0.2255(9) -0.0157(16) 0.2027(10)
H(1) 0.2015 -0.1119 0.1895
H(2) 0.2327 -0.0079 0.2603
C(2) 0.3032(9) -0.0112(16) 0.1697(9)
H(3) 0.3436 0.0060 0.2127
H(4) 0.3144 -0.1071 0.1453
C(3) 0.1270(10) 0.1666(14) 0.2495(8)
H(5) 0.0859 0.2423 0.2348
H(6) 0.1730 0.2116 0.2799
H(7) 0.0993 0.0915 0.2820
C(4) 0.4028(6) 0.1755(12) 0.1278(9)
c(5) 0.0949(7) 0.0321(15) 0.1294(8)
H(8) 0.1197 -0.0123 0.0818
H(9) 0.0540 0.1075 0.1137
H(10) 0.0664 -0.0439 0.1606
Cc(6) 0.3234(8) 0.4689(15) 0.0277(7)
C1(1) 0.4618(2) Y% 0.8495(2)t
C1(2) 0.3535(3) Y 0.4154(2)+

+ occupancy = 0.5




Figure 3.2

Pluto plot of the [Ni(MequaneNL,)]2+ complex showing all four methyl groups on the same

side of the macrocyclic plane.

0T
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Figure 3.3
Pluto plot of the [Ni(Meb,IZaneNq)]2+ complex viewed

perpendicular to the plane of the four nitrogen atoms.
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TABLE 3.6
Bond Lengths (A )

Ni - N(1) 1.937(8) Ni - N(2) 1.945(7)

N(1) - C(3) 1.47(2) N(1) = C(1) 1.49(2)

N(1) - C(5) 1.45(1) Cc(l) - C(2) 1.34(2)

c(2) - N(2) 1.44(2) N(2) - C(4) 1.51(1)

N(2) - C(6) 1.49(1) c(3) - C(3)* 1.50(3)

C(4) - C(4)* 1.34(2)

* gymmetry position : x, % -y, z
TABLE 3.7
Valence Angles )

N(1) - Ni - N(Z) = 88.6 (5) Ni - N(1) - ¢(1) = 103.2 (7)
Ni - N(1) - €(3) = 105.7 (7) c(1) - N(1) - ¢(3) = 107.2 (1.0)
Ni - N(1) - C(5) = 119.0 (7) C(1) - N(1) - c(5) = 111.1 (9)
C(3) - N(1) - €(5) = 110.0 (9) Ni = N(2) - C€(2) = 104.0 (7)
Ni - N(2) - C(4) = 104.6 (6) C(2) - N(2) - c(4) = 109.0 (9)
N(1) - c(1) - C(2) = 117.6 (1.3) c(1) - Cc(2) - N(2) = 118.3 (1.3)

3.4 Discussion:-

The square-pyramidal cation, [Ni'(Me414aneN4)N3]+,6 has the azide
ion co-ordinated on the same side of the macrocycle as the four methyl
substituents, with nickel (II) ion 33 pm from the N4 plane. A recent
crystal structure determination on [Ni(Me414aneN4)N3]C104 (see
Chapter 2, Figure 2.13) showed that the nitrogen domars are co-planar
and all methyl substituents are on the same side of the co-ordination
plane.7 The macrocycle conformation present in the
[Ni(Me412aneN4)](ClO4)2 complex (ethanol water preparation and
diamagnetic in the solid state) is similar to that found for the

[Ni(Me4l4aneN4)N3]C10 complex. The fact that the [Ni(Me412aneN4ﬂ(ClO4)

4

complex (ethanol water preparation) tends to be five co-ordinate in

2

the solid state if a co-ordinating anion is present is well established

by the magnetic moment measurement (see Chapter 2), uv/visible



107

spectrum (see Chapter 2) and molecular structure. This fact was

also established for metal complexes with Me414aneN4.6 The molecular
crystal structure of [Ni(Me412aneN4)NCS]NCS could not be studied
because of shattering of the crystal. However, it would be interesting
to obtain informations from molecular crystal structure on the

macrocycle conformation in the [Ni(Me412aneN4)dmf](0104)2(dmf

preparation) complex.
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CHAPTER FOUR

High-spin - Low-spin Equilibria of Nickel (II)

Systems in Aqueous Solution

4.1. Introduction.

Octahedral complexes of d4 - d8 transition metal ions (e.g.
ions such as chromium (II) (d4), iron (III) (d5), iron (II) (d6),
cobalt (II) (d7) and nickel (II) (d8) ) may occur in high-spin
or low-spin states depending upon whether the ligand field splitting
energy is smalier or greater than the interelectronic repulsion
energy, according to one of the predictions of ligand field theory.*
Systems in which both high and low-spin species co-exist in solution
are often described as systems in spin-equilibrium. The co-ordination
number may remain constant 2~% (e.g. the [iron(II) (hydrotris (1~
pyrazolyl) borate)z] and [nickel (II) aminotroponeimineates] systems)
or may not remain constant (e.g. the [Ni(lZaneN4)]2+ system described
here). In all of the nickel (II) systems reported here, the
co-ordination number either changes from six to four or five to four.
The spin-equilibrium may exist for complexes for which the low-spin
and the high-spin ground states do not differ greatly in energy
(i.e. separated by only a few hundred reciprocal centimetres). Since
the energies involved in changes in chemical bonding are in general
much larger than this, the requirement is very restrictive and
accounts for the fact that there are few cases of this type of
equilibrium.

1

Figure 4.1 shows the approximate energy-level diagram™ showing

the splitting of the d orbitals for octahedral, square planar,
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Figure 4.1

Approximate energy level diagram showing the splitting of the d orbitals
for octahedral, square planar, square pyramidal and trigonal bipyramidal

complexes of nickel(II).
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square pyramidal and trigonal-bypyramidal complexes of nickel(II).

It is in general possible for the energy of the dz2 orbital to drop
below that of the dxy orbital depending upon the distortion, as in

the limiting case of a square planar complex. The geometry of the
complex depends both upon the nature of the metal centre and the ligand.
The spin-equilibria of the nickel (II) systems discussed here involve
octahedral or square based pyramidal species (to a geometric first
approximation, see Chaptgr 3) in the high-spin state and square

planar species in the low-spin state. Firstly, a number of nickel (II)
systems exhibit a temperature dependence of their uv/visible spectra
and magnetic susceptibility consistent with a change in the position
of the spin-equilibrium. Typical of such a system is:-

[Ni(lZaneN4)]2+ + 2H,0 = [Ni(12aneN4)(H20)2]2+ which is a system

2
discussed in detail here. For nickel (II) systems, this type of
equilibrium exists in both aqueous and non-aqueous solution,(")_16

, 2+ . 2+
(e.g. the [N1(14aneN4] , [Ni(2,3,2 - tet)] systems) and has been
shown to be sensitive to the nature of the ligand, the counter anion
in the case of cationic complexes, temperature and also to pressure.
The kinetics of square planar-octahedral equilibria of nickel (II)
complexes have been studied using photochemical and temperature jump

perturbations.9915

(In the case of iron (II) 8917_20, iron (III)
59598921922 and cobalt (II),’ the dynamics of spin-equilibria have
been studied using Raman laser temperature jump and ultrasonic
absorption techniques.)

In this study, a number of nickel (II) complexes with tetra-aza
macrocyclic ligands have been prepared to observe the effects of
ring size and steric hindrance on the dynamics of spin-equilibria.

The magnetic moment (solid state and in solution), uv/visible

. . 1
spectroscopic, temperature jump, and 70 n.m.r. data for the
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[Ni(12ane)N4]2+ system are first discussed. Discussion of similar
data for the [Ni(Me412aneN4)]2+, [Ni(tblZaneN4)]2+, [Ni(13aneN,)] >+

and [Ni(Me414aneN4)]2+ systems then follows.

4.2.1. The [Ni(12aneN,)] (C10,), System.
4 ~=2
1
The low-spin square planar (singlet, diamagnetic, Alg) and the
high-spin octahedral (triplet, paramagnetic, 3A2g) equlilibrium

(4.1) of nickel (II)

k1 k2
[Nl 2t + 2m0 = [wirom 12T + m.0 = [NiL(oH,).1%T 4.1
2 2 2 272
k k
-1 -2
] transient . .
O =S intermediate high-spin

complexes with tetradentate polyamine ligands have been investigated

92 15923=27 }ut the dynamics of sequential equilibria

extensively
between (i) the four co-ordinate species and the transient five
co-ordinate species (kl/k—l) and (ii) this iIntermediate and the

six co-ordinate species (kZ/k—Z) have been separately characterised
for the first time in this study. The ligand 12aneN4 (L' in

equation 4.1) has been chosen to gain an insight into the factors
controlling the lability of these equilibria and to determine which

of them embraces the rate determining step for the spin state change.
The lZaneN4 ligand is the smallest tetra—aza macrocyclic ligand
presenting a macrocyclic hole and is estimated to restrain the
metal-nitrogen distance to 1.704°2% or 1.814°2% However in linear
polyamine complexes, the observed low-spin and high-spin nickel (II) -
nitrogen distances are 1.89 = 0.03A° and 2.1 *+ 0.054° respectively
25926928929  Thyus the coplanarity of nickel (II) and the four nitrogen
atoms in low-spin [Ni(12aneN4]2+ is more probable whereas the
coplanarity in the high-spin state is improbable and indeed
cis-stereochemistry is inferred for [Ni(lZaneNq)(H20)2]2+ from

9

spectroscopic data.? The existence of high-spin and low-spin states
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in aqueous solution facilitates both temperature jump spectrophotometric
and 170 n.m.r. kinetic studies of the system under identical

conditions; the stability of the complexes and the very slow
dissociation of the 12aneN4 ligand from the complex under strongly
acidic or basic conditions (see Chapter 5) rules out the possibility

of the interference of other reactions with the study of the square
planar - octahedral interconversion.

4.2.2. Magnetic Moment Measurements by the Gouy Method and the
Evans' Method:-

The ground electronic state of nickel (II) complexes is very
sensitive to geometry and ligand field strength. The equilibrium
between the high-spin and low-spin states can be studied by variable
temperature magnetic moments measurement. In the solid state and in
nitromethane solution [Ni(lZaneN4)](C104)2 was found to be
diamagnetic using the Gouy method®® and the Evans' methodal (see
Chapter 7) respectively, implying that the same species exist in
the solid state and in the nitromethane solution. The magnetic
moment (Meff) of [Ni(12aneN4)](C104)2 (0.101 mol dm—3) in aqueous
solution at 274K was determined to be 2.90B.M. by the Evans' method
which may be compared with the magnetic moments of the analogous
dichloro (3.06), dibromo(3.16) and dinitro (3.15)29 species in the
solid state. The magnetic moment (Hobs) of a solution of
4,06 x 10—2 mol dm_3 [Ni(12aneN4)](C104)2 in aqueous 4.0 mol dm_3
LiClO4 solution was determined by the Evans' method within the
temperature range 288.40 - 362.9K. The equilibrium constant;

[Ni(lZaneN4)2+]

K = 4.2
€d [Ni(lZaneN4)(OH2)22+]

was calculated using the equation given below

2 2
K _ peff” - jobs 4.3
eq 2
pobs



assuming the square planar species to be diamagnetic in aqueous

solution. 3?2

The magnetic moment of the paramagnetic
[Ni(lZaneNa)(OH2)2]2+ species 1s peff and pobs is the observed
magnetic moment at a particular temperature. The enthalpy, AHC

and entropy, As® for the equilibrium (4.4) were determined by a

linear

2+ ke
[Ni(12aneN,) (OH,),] b

T [Ni(12amen, )] %" + 28,0
regression of the keq data according to the equation (4.5)

AH® - TAS® = - RTInk
eq

The keq’ AR® and AS® values are given in Table 4.1 and the plot of

k wvs l-is shown in Figure 4.2. Both aqueous 4.0 mol dm—3 LiCl0

eq T

and aqueous 4.0 mol dm_3 LiClO4 with [Ni(12aneN4)](C104)2

were assumed to have the same volume expansion. The densities of

aqueous 4.0 mol dm_3 LiCl0, solution were determined at different

4

temperatures to make density corrections in evaluating the mass

susceptibility of [Ni(12aneN4)](ClO The concentration of

2
[N1(12aneN4)](ClO4)2
the following equation

D

T
= ——— xM
My Dyos o 294.2

i

mol dm_3 at a particular temperature TK

where MT

= mol dm > at 294.2K

Mys4.2
DT = density at temperature TK
D294.2 density at 294.2K

and the weight of [Ni(12aneN4)](C104)2 in 1.0 cm3 solution was

calculated for each temperature.

4.4

4.5

solutions

at a particular temperature was calculated using

4.6
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Figure 4.2

The variation of Keq with temperature and [LiClO;). The filled circles and
squares represent spectrophotometric data obtained in a) 4.00, b) 3.00,

¢) 2.00, d) 0.00 (plotted as SKeq) and e) 1.00 mol dm~ 3 aqueous LiClO,
solution, and the solid lines represent least squares linear regression
lines. The filled triangles represent data obtained from magnetic moment
measurements in 4.00 mol dm™3 aqueous LiCl0, solution. The open squares,
circles and triangles represent data obtained from 170 n.m.r. shift

studies at 5.75, 11.5 and 13.2 MHz in 3.00 mol dm™ 3 aqueous LiClO, solution.
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TABLE 4.1
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K , AH® and AS® Values from Magnetic Moment Measurements in Aqueous

—eq

4.0 mol dm_3 LiCl0, for the [Ni(lZaneN,)(OHzlq]2+ System

10%/1 Kk @
eq
27.55 0.283 + 0.01
28.00 0.294 *+ 0.02
28.70 0.258 + 0.02
29.10 0.209 + 0.01
29.50 0.198 + 0.01
30.35 0.192 + 0.01
31.20 0.168 + 0.01
32.20 0.157 + 0.01
© 32,59 0.134 + 0.01
33.60 0.110 + 0.01
34.68 0.092 + 0.004

(a) The errors represent one standard deviation

W

>

2]
I

o
>
w

o]

It

(13.11

(25.92

+ 0.72) kJ mol !

+ 0.26) Ik mol’l

4.2.3. The Temperature and Tonic Strength Dependence of

Equilibrium Constants:-

The [Ni(12aneN4)](ClO

4)2

species exists in aqueous solution as

a mixture of octahedral (high-spin, blue) and square planar

(low-spin, yellow) species according to the equilibrium (4.4)

given by equation 4.

4.

The visible spectrum of the aqueous

[Ni(lZaneNA)]2+ system is markedly dependent upon temperature

(Figure 4.3) and ionic strength.

An increase of either the

temperature or the supporting inert electrolyte concentration

(e.g. LiClO4) displaces the equilibrium (4.4) to the right. The

electronic spectrum of aqueous [Ni(lZaneN4)(OH2)£ A

is typical of

a high-spin octahedral complex, probably cis octahedral. Qualitatively,

at low temperature and low electrolyte concentration, this solution is
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blue but addition of LiClOa (e.g. 4.0mol dm_3) causes the solution
to become brown (yellowish) and more brown (yellowish) as the
temperature increases. Quantitatively an increase of either
temperature or ionic strength increases the intensity in the band
at 443nm with simultaneous decrease in the bands at 357nm and
560nm as seen in Figure 4.3. The band at 443nm shows a progressive
increase in intensity in the spectra at 293.7, 302.5, 313.2, 323.0,
332.3 and 344.0 K respectively. The two isosbestic points (365nm
and 542nm, Figure 4.3) suggest the occurrence of two predominant
species; low-spin [Ni(lZaneN4)]2+ and high-spin [Ni(12aneN4)(OH2)2]2+,
presumably in the _(_:_ig_—configuration.”’33 The band at 443nm is
typical of the yellow diamagnetic nickel (II) complex. The effect
of temperature was studied in zero, 0.1, 1.0, 2.0 and 3.0 mol dm
aqueous LiC104, and two isosbestic points were observed in each case
as in the case of aqueous 4.0 mol dm_-3 LiClO4 solution. To

*

+
determine the thermodynamics of the [Ni(lZaneNa)]2 [Ni(12aneN4)(OH2)2-]2

equilibrium at a fixed ionic strength, the molar extinction co-efficient

(temperature independent, 71.0 mol-—1 drn3 cm-l, 443nm) of

[Ni(12aneN4)]2+ in dry nitromethane was determined from 3.49 x 10—3
mol dm—3 and 1.49 x 10—2 mol dm_3 [Ni(lZaneNa)]zf solutions and the
species present in nitromethane solution was assumed to be identical
to that of the low-spin species in aqueous solution. To determine
the molar extinction co-efficient of the high spin species, an
aqueous solution of 4.53 x 10_3 mol dm_3 [Ni(lZaneNl})](Cloa)2 was
prepared and the spectra were recorded at different temperatures down
to 280.15K (no 443nm band present at this temperature). The
temperature-absorbance curve at 443nm (not shown) was extrapolated

to 273.15K to obtain the molar extinction co-efficient (1.43

mol_1 dm3 cm_l, 443nm) of the high spin (octahedral) species.
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The equilibrium constant (K =C /C ) was calculated using the
eq sp oct

following two equations:-

A .
tot €OCtCtot
C = 4,7
sp € - €
sp oct
c = C -
oct tot Csp
where CSp = concentration of square planar species
Coct = concentration of octahedral species
Atot = total optical density of low-spin and high-spin species
Ctot = total concentration of low-spin and high-spin species
€sp = molar extinction co-efficient of square planar species
Eoct = molar extinction co-efficient of octahedral species
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The keq values at different temperatures are given in Table 4.2 and the

plots of keq against %—are shown in Figure 4.2. The enthalpy, AR®
and the entropy,AS0 for the equilibrium (4.4) are determined by a
least squares analysis of the Keq data according to equation 4.5.
These AH® and AS® values together with keq values at 298.2K for
different LiClO4 concentrations are given in Table 4.3.

The [Ni(12aneN4)](C10 complex is slightly soluble in dmf

4)2
(blue), triethylamine (yellow), nitrobenzene (yellow), pyridine

(violet) and acetonitrile (violet) but iInsoluble in dichloromethane,
tetrahydrofuran, chlorobenzene and tetrachloroethane. However, the

present study of high-spin low-spin equilibrium is limited to

aqueous medium only.

4.2.4. Temperature Jump Kinetic Study.

The temperature relaxation of the high-spin low-spin
equilibrium at 443nm in aqueous 2.0, 3.0 and 4.0 mol dm“3 LiClO4
was studied at different temperatures in the complex concentration

range of 0.047 - 0.140 mol dm-3 and was characterised by a single



TABLE 4.2

Values at Different Temperatures and Ionic Strengths

K
—eq

for Ni(lZaneN,)(OHzlq 2+ System

10%/7 10%x 2@ 10%/T 10%k @ 10%/T 10’k 2@
eq eq eq

1. [Lic104] = .0 mol dm > 3. [1iC10,] = 1.0 mol dm > 5. [LiCl10,] = 3.0 mol o>
35.67 16.5 + 1 33.81 74+ 3 33.95 471 + 19
34.57 23.0 £ 1 33.06 90.5 £ 5 33.07 529 + 26
33.58 30.0 + 2 31.92 120 5 32.04 621 + 34
32.78 37.5 + 2 31.08 152 + 7 31.10 751 + 34
31.87 47.5 * 2 30.28 189 + 9 30.26 860 + 40
31.03 63.5 + 2 29.40 241  + 13 29.36 1018 + 56
30.17 78.0 + 3 28.62 1183 + 49
27.92 1348 + 63
27.42 1512 + 75

2. [LiClOJ = 0.1 mol dm™> 4. [LiClOd = 2.0 mol dm > 6. [LiClOd = 4.0 mol dm >
33.72 30.5 + 2 33.63 197 10 34.04 991 + 55
32.93 40.0 + 2 32.90 229  + 12 33.05 1199 + 51
31.92 54.5 *+ 3 31.91 289 + 12 31.92 1456 + 68
30.87 67.5 £ 3 31.03 373+ 17 30.95 1746 + 87
30.13 88.0 + 3 30.17 Gut 21 30.10 2064 + 93
29,34 114 + 6 29.44 518 + 28 29.07 2533 + 106

a .
The errors represent estimated error.
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TABLE 4.3

Keq (298.2K) , AR and AS® Values for [Ni(lZaneN,)]2+ System

123

[Lic10,] 104Keqa P An° Pas®
mol dm™> (298.2K) kJ mol™ ! 3k mo1™?
0 30.0 £ 2 23.6 * 0.3 30.8 = 1.1
0.10 33.0 &+ 2 24.2 + 0.8 33.7 + 2.7
1.0 79.0 £ 4 22.1 + 0.2 34.0 = 0.7
2.0 200 * 10 19.6 + 0.5 33.3 £ 1.5
3.0 490 + 20 15.0 + 0.3 25.1 + 0.9
4.0 1070 £ 50 15.5 * 0.2 33.7 £ 0.6

The errors represent {(a) estimated error

(b)

one standard deviation

concentration independent relaxation (T).

for the spin~equilibrium in 1.0 mol dm_3

Since the relaxation time

LiClO4

solution is similar

to the heating time of the temperature jump apparatus at 285.5K

(the lowest

the [Ni(12aneN4)](C10
accurate relaxation times.

at 298.8K, the relaxation time was found to be (3.32 + 0.15) x 10~

4)2

system in 1.0 mol dm_3

In aqueous 3.0 mol dm_3

and (3.30 * 0.20) x 107°S using 0.070 mol dm >

[Ni(lZaneN4)](C104

independence of relaxation time.

)2

LiCl0

and 0.140 mol dm

4

LiCl0

practical temperature), it was not possible to study

or evaluate
solution

4
6

3

respectively, thus showing the concentration

Figure 4.4 shows a typical

photograph for an aqueous 3.0 mol dm—3 LiClO4 solution at 298.8K.

The relaxation time,

equation 4.1 by the equation 4.8

1
T

. k1 [HZO] (1+Keq)

The above equation 4.8, may be derived as follows:-

is related to the rate constant, kl’ of

4.

Since the concentration of water in any particular perturbation

S

8



Ni L(H,0)2* = NiL?" +2H,0

NH
NH(CH,),

L = [12]aneN, = (?Hz)_z (?Hz)z
NH(CH,),NH

Y
\

o
\ o
R H N A H R

b 4 W)
l\' AR NARRERS

\
<

m:‘&mmwywm,

T-dump 443 nm 20mv/cm
E@m;cm 298.8K
ag. LEC 300 mol dm™3

Figure 4.4
Typical temperature jump photograph for an aqueous solution of

[Ni(12aneNy)](ClOy) 2 in 3.00 mol dm™> LiClO, at 298.8 K.
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experiment may be regarﬁed as constant, the equation may be written as

ky k,
(ML) 2T + 28,0 = [NiL(H.0] 2T + H.0 = [NiL(om.).]%t
2 2 2 272
k k

-1 -2

(where L = 1ligand)

' _ 4 =
Let K| = k[H,0], ¥, ke[ Hy0]

Hence the rate of disappearance of [NiL]2+ may be written as

2+
" ELE%%__L = ¥, [nit?h) - k_y [NiL(H2°)2+]

4.8a

Expressing concentrations as an equilibrium plus a small perturbation

) aqar®f o+ arwin®y
dt

k&([NiL2+] + ALNiLETY

- k_l([NiL(0H2)2+] + A[NiL(OH2)2+])

but at equilibrium kl[NiL2+

constant, hence

2+
_dAINILT ] .
dat klA[NlL

2+

] - k_AlNiL(0R,) "]

] = k_l[NiL(OH2)2+] and [NiL2T] is

from 7O n.m.r. data the second step in the equation 4.8a is in rapid

equilibrium, hence at all times

K, [NiL(OH2)2+] k_, [NiL(OHz)ZZﬁ

’ . 24 _ . 2+
Hence k2 A[NlL(OHz) ] = k_2 A[NlL(OHZ)2 ]

+

Additionally there must be conservation of [NiL]2 3

Hence [NiLZT] + [NiL(OH2)2+] + [NiL(OH2)22+] = nin?h

thus A[NiLZT] + A[NiL(OH2)2+

1 + A[NiL(OH2)€+ | = 0

But from equilibrium measurements [NiL(OH2)2+] is small and during
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perturbation [NiL(OH2)2+] is believed to be invariant in the steady

state, hence A[NiL(0H2)2+] = 0
Thus  ALNIL™] = - AINiL(0H,),™
_— 20 _ , 24 2+
and sz[NlL(OHZ) ] = k_zA[NlL(OHz)2 ] = k_zA[NlL ]
2+ k—2 2+
2 k2
.. 2+ k .k
JAMNLTT 2 g L2 e 2
dt 1 k2
k .k
Hence ) = k. + +:lr:g
T 1 k
2
1 k 1k p
r B k1[H20] + E;FHEGT' = kl[Hzo](l + Keq)
k .k
-1"-2 [ NiL]
where K = —_— =
eq klkZ[HZO]Z [N1L(H20)2]

Using the Keq data from Table 4.2 and determining the densities of
different concentration of LiClO4 solution at different temperatures
to obtain the concentration of water, the k1 values obtained are

given in Table 4.4, The kinetic parameters AH# and AS# are obtained

by least squares analysis using the equation 4.9.

_ kgt _ AH#/RT AS#/R
k = F—r— o 4-9
1 h e
where h = Planck's constant
kB = Boltzmann's constant
R = 8.314 JK T mo1 "
kl = forward rate constant
T = absolute temperature

# #

The relaxation time,T, H , S and k1(298.2K) values are given in
Table 4.5. The concentration of water determined for this study
was found to be 50.9, 48.6 and 46.1 mol dm_3 in 2.0, 3.0 and 4.0 mol

dm'_3 LiClOA, respectively.
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TABLE 4.4

Temperature jump Kinetic Data for the

[Ni(lZaneN!*)]2+ / [Ni(lZaneNa)(OH212]2+ System

TR a 104K b k1 X 10_3
eq _ _
mol 1 dm3 S 1
[LiC10,] = 2.0 mol el
286.05 143 4.42 £ 0.11
291.45 167 + 8 5.67 + 0.12
296.35 190 * 10 8.82 + 0.21
[LiC10,] = 3.0 mol dm ™3
287.20 387 * 16 2.84 £ 0.05
293.35 441 * 20 4,34 * 0.11
298.75 493 * 27 5.94 * 0.13
[LiClO4] = 4.0 mol dm™3
305.75 1232 * 58 6.86 £ 0.25
310.55 1340 = 56 8.47 * 0.13
315.95 1469 * 66 9.27 + 0.21

The errors represent
a estimated error

b one standard deviation

The keq value for a particular temperature are obtained by a least

squares analysis of the Keq data according to equation 4.5.




Temperature jump Kinetic Data for the

TABLE 4.5
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[Ni(lZaneN,)12+ / [Ni(lZaneN,)(OHzl?]2+ System

[LiClO4]

mol dm

106T

S

10_3k1(298.2K)

mol_1 dm3 S_l

AH#

kJ mol—1

AS#

JK mol

2.0

3.0

4.0

o~
1+

1+
(@

N
I+
o

o
+ I+
o

W
I+
o

00
+ I+
o

1+

.2 (286,
0.2 (291.
.1 (296.

.3 (287.
0.2 (293.
.2 (298.

.1 (305.
0.1 (310.
0.1 (316.

1K)
5K)
4K)

2K)
4K)
8K)

8K)
6K)
0K)

9.5 + 0.5

5.8

1+

0.3

5.6

I+

0.3

44,5 +

43,1

I+

20.9

1+

Ok

1.

3

7

.1

-19.4 + 32

-28.15 5.9

1+

-103.0 + 20

The

errors

represent one standard deviation

4.2.5

17

O n.m.r. Water Exchange Kinetic Study:-3*

Fundamental to the understanding of reactions occurring at metal

centres in aqueous solution is a knowledge of the water exchange process.

Such knowledge is essential to the present study and accordingly the

dynamics of water exchange in the [Ni(12aneN4)]2+ system are now

considered.

Initially a 0.0498 molal aqueous solution of

[Ni(lZaneNA)](ClO

4)2

using pure water as reference was studied for

shift and line broadening measurements of the water resonance

(1,

17O) at 11.5 MHz within the temperature range 273.2 - 363.2K.

Later on, 0.0498 molal [Ni(lZaneNA)](Cloa)2 in aqueous 3.0 mol dm_3

LiClO4

solution using aqueous 3.0 mol dm—3

studied for extensive measurements at 5.748,

over the temperature range 253.2 - 363.2K.

LiC1l0

4

as reference was
11.493 and 13.199 MHz

These data are plotted in



Figure 4.5. A decrease in shift with an increase of temperature
indicates a parallel increase of the concentration of the low-spin
spedies [Ni(12aneN4)]2+' The magnitude of the high temperature
shift indicated the paramagnetic species contained two rapidly
exchanging water molecules i.e. [Ni(12aneN4)(0H2)2]2+ as is

discussed later. Equations 4.10 and 4.11 were used to calculate

sz* and Q respectively using shift and broadening measurement data.

1 1 1 -2TMAW.55.5

= - = 4.10
*
T oo Too m
_ Af 55.5
Q B TEE . == 4.11
o ’
where AW = increase in half width (in Hz) at half maximum

amplitude of the water resonance of [Ni(lZaneNA)](C104)2 solution

relative to that of the reference.

m = Molal concentration of [Ni(lZaneN4)](C104)2
T = absolute temperature
Af = shift

fo = spectrometer frequency

If the magnetic moment of [Ni(lZaneN4)(0H2)2]2+ (paramagnetic) obeys
Curie's law' and a single species is present in solution, Q should

become independent of temperature and thus reach a limiting value

o . . o _

Q 1ip 1P the n.m.r. fast exchange limit (for example Q 1im = 24 for

[Ni(0H2)6]2+ solutions which exhibit this behaviour®®). The actual

Qlim value is given by the equation 4.12.

o

Uim = X Viin b.12
. ] 2+ ’

where Xp = mol fraction of [N1(12aneN4)](OH2)2 species

(paramagnetic) present assuming the diamagnetic [Ni(lZaneN4)]2+

species neither shifts nor broadens the water resonance.
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Figure 4.5

Oxygen-17 n.m.r. data obtained in 3.00 mol dm~ 3 at 5.75, 11.5 and 13.2 MHz
are shown as squares, circles and triangles respectively, and that obtained
in absence of LiClO, at 11.5 MHz are shown as inverted triangles. The
upper and lower sets of solid curves are respectively the simultaneous
non-linear least squares best fits of the line broadening, ng, and shift,
Q, data obtained in 3.00 mol dm”~3 aqueous LiCl0, solution to equations

4,14 and 4.15.
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Equations 4.1 and 4.12 give

Q°, - Q
- lim lim _ diamagnetic 4.13
eq Qlim paramagnetic :
Kk . o} , . ]
now1ng(Qlim, Keq may be obtained from 4.13 using the high

temperature shift measurements. It is not possible to get precise

value of Qolim from the n.m.r. data alone but Keq calculatediwith'

= 7.5 for the aqueous 3.0 mol dm_3 LiCl10, solution is in

4

excellent agreement with the spectrophotometrically determined

o
Q 1im

Keq values (Figure 4.2 and Table 4.2) and is also consistent with
the maximum value of Qlim = 7.38 obtained for aqueous

[ Ni(12aneN 4)] (c1o solutions (no added L10104) in which the

42
spectrophotometric data shows the diamagnetic species fraction to

be very small. The spectrophotometrically determined Keq, 1° and

s® obtained in aqueous 3.0 mol dm_3 LiClO4 and Qolim = 7.5 were used

in the fitting of the T, * and Q data to the Swift and Comnnick

2p

equations®® 4.14 and 4.15
1+1+A2]

_1 X L .TZMZ Y 4.14
% . :
T2p P Ty [(Elﬂ + ?1)2 + Aw; J
M M
n(TAw, / w )
Q = ¥ {2_ i 02 +q L 4.15 .
P2/ 1 2 °f
M\—T'—-—"l':'r_ +A(DM
2M m
using the Dye and Nicely37 non-linear least squares program.
In equation 4.14 and 4.15, L
n = number of co-ordinated water molecules of the complex which
is set equal to two on the basis of A/h as is discussed
later.
TZM = 17O transverse relaxation time of co-ordinated water in the
complex.
T = mean lifetime of one co-ordinated water molecule in the complex.
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AwM = frequency shif£ (radians/sec) between the 17O resonances

of co-ordinated water in the complex and in the bulk solvent.
Q = portion of Qo1im arising from interactions outside the

first co-ordination sphere.

The following relevant equations are also used in the various

derivations:-
= 1/(1 + K 4.16
X, = UQ+EK)
ft :
_ h -AS"/R _.AH"/RT
TM = TTe e 4.17
B
nTAwM
C— 0 =
w = Q 1im Qo 4.18
o
T, .
T = T° eE(X_Xo)/R + ! e E (X_Xo)/R 4.19
M 2M £ 2
.o

(X = 103/T and X = 102/298.2)

Equation 4.16 is derived from equilibrium (4.1) and equation 4.17 in
which AH# and AS# are the enthalpy and entropy of activation for the
exchange of a single water molecule in the first co-ordination sphere.
Equation 4.18 ariseé from considering the high temperature limit of
equation 4.15. Equation 4.19, a phenomenological equation, is
constructed to give a frequency and temperature dependence of

T as required by the data. 1Initial attempts to fit the data

2M

indicated that an equation for T, , based on an impact or rotationally

2M
modulated zero field splitting38 alone was not adequate. Equation
4,19 may be arrived at by considering a combination of rotationally
modulated zero field splitting and an anisotropic 'g' tensor as
sources of electron spin relaxation in the system but in the data

treatment it is simply used as an empirical equation (the kinetic

data are little affected in any case).



134

The parameters allowed to vary in the final fitting of the shift

#

and line broadening data to equations 4.14 and 4.15 were AH#, AST,

TgM , T E and E.

oM? Since the shift data do not extend significantly

into the water exchange controlled region (where TM is dominant

in determining the maénitude of Q) where Qo becomes important, a
value of 0.3 was assigned to Q0 on the basis of previous observations
on nickel (II).35 The parameters with standard deviations derived

from the data fitting appear in Table 4.6 and the best fit computed

curves appear In Figure 4.5.

TABLE 4.6

Kinetic and 17O n.m.r. Parameters for Water Exchange on Nickel (II) Species.

Species [ Ni(12aneN, ) (OH,) ]2+ [ Ni(OH,) ]2 [ Ni(trien) (OH,) ]2+
4 272 a2 6 b 272
-8 -5 -6
TM (298.2K)S (4.76x0.39) x 10 3.18 x 10 1.75 x 10
kH -1 7 4 5
2O (298.2K)s (2.1040.17) x 10 3.14 x 10 5.7 x 10
AH# kJ mol -1 32.7 £ 1.1 56.9 34.4
ast gk o1l 5.0 + 4.6 32.1 ~19.2
T;"M S (2.56+0.08) x 107°
EkJ mol™ ! -9.04 * 0.54 - -
' 2
T2M S kHz 119 + 6 - -~
E'kJ mol ! ~14.2 + 1.4 - =
A/h MHz 23.2 22.2 22.5
a Data from reference 35
b Data from reference 39
N.B. The errors represent one standard deviation.

The value of the

scalar coupling constant (A/h) was calculated

from equation 4.18 and Aw,k6 =

M

S(5+1). (A)
3kBT h

S

h w, where S is the
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summed unpaired electron spin, kB is Boltzmann's constant and ws is
the electronic Larmar precession frequency. The value of A/h
calculated in this way is close to that observed®%23® (Table 4.6)

for [ Ni(OH ]2+ and [ Ni(trien) (OH ]2+ systems. The value of

2)6 2)2

40

A/h found and the assumption'’ that A/h per water is not significantly

dependent upon the composition of the first co-ordination sphere

suggest that two water molecules are co-ordinated per nickel (IT)
+

consistent with the soichiometry [Ni(lZaneN4)(OH2)2]2 . The Q and

sz* data for aqueous solution (no added LiClO4) were not fitted but

the proximity of these data to those for aqueous 3.0 mol dm_3 LiClO4

solution suggest that Ta 0 is probably not markedly dependent upon
2

electrolyte concentrations. The different T values derived from the

temperature jump data are >102 Ty the lifetime of a water molecule

in [Ni(lZaneN4)(OH2)2]2+, derived from the 170 n.m.r. data (Table

4.6) (T characterises the equilibrium between [Ni(lZaneNA)]2+ and

[Ni(lZaneN4)(OH2]2+ as shown in equation 4.1). Under these conditions

?*! to the rate constants of equation 4.1 through

T is related®
equation 4.20

2
1T = IglH,01(1 + k_jk_,/(k k[ 1,01 ©)) 4.20

k1[H20](1 + keq)

In aqueous 3.0 mol dm"3 LiClO4 solution at 298.8K,

1. 2.\ 5 o1
T E kl[HZO]<1+k_lk_2/(klk2[H20] )) = 3.028 x 10° S

<(k—1k-2/(k1k2[H20]2) = [NiL2+]/[NiL(OH2)22+] = 0.0493>

Hence k, = (5.94 % 0.13)103 mol—l dm3 S--l and utilizing k_2 = ZkH 0

L 2
, / k, = 0.016 mol dm . At 298. 8K,
1

T = (3.30 % 0.07)10—68 (Temperature jump) and Ty o =2
8 17

(Table 4.6) k_

H,O

4,7 x 100° 8 ("0 n.m.r.) in aqueous 3.0 mol dm LiClOi solution.



A comparison of kHZO and T values confirms that the release of
water from [Ni(lZaneN4)(OH2)z]2+ is not the rate determing step
in the high-spin low-spin equilibrium and that T characterising
the relatively slow equilibrium between four and five co-ordinate
species in equation 4.1 is the rate determining step i.e. kl/k—l
is slower than kz/k_z.
Both the 17O n.m.r. and spectrophotometric data indicate that
the five co-ordinate species, [Ni(lZaneN4)(OH2)]2+, is uﬂlikely to
exist at a concentration of more than a few pércent of the total

nickel (II) concentration which is the basis of discussions

appearing at the end of this chapter.

4.3.1 The [Ni(b‘ie,12&neN‘,J')](ClO_ﬁl2 System: -

Substitution on the nitrogen atoms of polyamine ligands has
been shown to have a major effect on the molecular geometry; the
stoichiometry, and the electronic configuration of nickel (II)

complexes, *23 %3

Depending upon the type of organic groups on the
donor atoms and the counter anions, square planar, octahedral and
tetrahedral geometries have been observed for nickel (II)

complexes. The [Ni(Me, 12aneN,)] (C10 complex has been prepared
4 4

4)2
for the first time to study its solution characteristics and it is

probable that, due to the methyl group substituted on the nitrogen

atoms, steric hindrance around the nickel (II) allows only a five

+
co-ordinate geometry for the aquo species, [Ni(Me4123neN4)(0H2)]2 s

formed in aqueous solution.

4.3.2 Magnetic Moment Measurements by the Gouy Method:-

In both the solid state and the niltromethane solution

[(Ni(MeAIZaneNA)](ClO was found to be diamagnetic using the Gouy

4)2

method, 3° implying that the same species exists in the solid state
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and in the nitromethane solution (i.e. [Ni(Me412aneN4)]2+).

4.3.3 The Temperature and Tonic Strength Dependence of Equilibrium
Constants:—

The [Ni(Me412aneN4)](C10 species dissolves in water to give

4)2
a mixture of four co-ordinate and five co-ordinate species. The
colour of the aqueous solution is yellow and its electronic spectrum
is typical of a five co-ordinate high spin species** (Figure 4.6).
The position of the equilibrium (4.21) between

k

R 24 eq . 2+
[N1(Me412aneN4)(OH2)] = [Nl(MeAIZaneN4)] + H20

high-spin, five co-ordinate low-spin, four co-ordinate 4.21
the high-spin and the low-spin species is markedly ionic strength
and temperatuée (Figure 4.6) dependent. The high values of these
two experimental variables favour the low-spin species. The band
at 455nm shows a progressive increase in intensity in the spectra

at 291.7, 303.8, 314.9, 324.4 and 340.1K respectively as seen in
Figure 4.6. The isosbestic points (400nm and 578nm) observed in

the spectra are consistent with two predominant species existing

in solution:- low-spin [(Ni(Me412aneN4)]2+ and high-spin
[Ni(Me4lzaneN4)(0H2)]2+ species. At 291.7K, 46.6% low-spin and
53.4% high-spin species co-exist at equilibrium and this changes to
57.0% low-spin and 43.0% high-spin species at 340.1K. The effect of
ionic strength on the equilibrium (4.21) was also studied at
different temperatures. As in aqueous solution, aqueous 0.25 and

0.50 mol dm_3 LiCl0 have

4

similar spectra which are typical of five co-ordinate species. In

solutions of [Nl(Me412aneN4)](ClO4)2
all these solutions, isosbestic points occur at the same wavelengths
(400 and 578nm). In aqueous 1.0 mol dm_3 LiClO4 solution the
absorbance change with temperature is very small and isosbestic

points occur at 392 and 526nm. It was observed that the band at

455nm decreases in amplitude with a simultaneous slight increase
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Figure 4.6

Temperature dependent uv/visible spectra of 4.08 x 1073 mol dm™ 2 [Ni(Mey1l2aneN,)](C104), (ethanol water preparation)
in water. The band at 455 nm shows a progressive increase in intensity in the spectra recorded at 291.7, 303.8,

314.9, 324.4 and 340.1 K respectively.
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at 370 and 570nm as theltemperature increases for aqueous 2.0,

3.0 and 4.0 mol dm_3 LiClO4 solution (Figure 4.7). However, the
two isosbestic points (426 and 512nm for 2.0 mol dm—3,416 and

506nm for 3.0 mol dm—3, 416 and 502nm for 4.0 mol dm_3 LiClO4
solution) indicate the existence of two predominant species in each
solution. The different wavelengths of the isosbestic points
observed in these solutions indicate, however, that the predominant
species are not the same. Since high ionic strength favours the
square planar species over the five co-ordinate species, a possible
explanation of the spectra observed in 2.0 - 4.0 mol dm—3 LiClO4
solution is t?at these spectra are predominantly due to square planar
species and that the possible isomeric equilibrium between such species
is ionic strength dependent. In principle, four such isomers may
arise: (i) four methyl groups on the same side of the ring,

(ii) three methyl groups on the same side, (iii) two methyl groups
on either side (cis) and (iv) two methyl groups on either side
(trans). The available data cannot be used to distinguish between
these possibilities, but the structure of [Ni(MeAIZaneN4)N3] ClO4
in which four methyl groups are on the same side of the ring

(see Chapter 3) suggests that this is a probable stereochemistry
for one of the square planar species in solution. (The

[Ni(Me414aneN4)](ClO complex may exist as one of the two

4)2
square planar isomers (boat, R.S.R.S. and chair, R.S.S.R.) discussed
'-4591}6)

in the literature. The possibility of a variation in the

position of the chair/boat conformational equilibrium for each
N.CH2.CH2.N segment with ionic strength also exists. (A similar
variation in the spectral temperature behaviour with variation

in ionic strength is also observed with the [Ni(Me414aneN4)](0104)2

system (Section 4.6.3)). The limiting spectrum of the pure square
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Temperature dependent uv/visible spectra of 4.12 x 10”3 mol dm™ 3

[Ni(Mey12aneN,)](C10,)» (ethanol water preparation) in aqueous 4.0 mol dm

3

1LiCl0y solution. Temperatures are 290.5, 307.1 324.9 and 343.4 K for the

spectra from A to D respectively.
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planar species was recorded in dry nitromethane solution from which
the molar extinction co-efficient was calculated to be 184.4 mol_1
dm3 cm—l at 455nm. Using this extinction co-efficient for the
square planar species, (and assuming that it is characteristic of

the square planar species in aqueous solution) the equilibrium

constants, K , ngﬂ_Engl_ were calculated from the followihg
eq’\[ high spin]

1k

equation at 455nm.
K = —& 4,22
eq € €
sq -
where € = experimental extinction co-efficient
Esq = extinction co-efficient of the square planar species

(assuming zero extinction co-efficient of the high spin species)
The Keq values at different temperatures are given in Table 4.7.
The enthalpy, A and the entropy, AS® for the equilibrium (4.21)
are determined by a least squares analysis of the Keq data according
to equation 4.5. The H° and S° values for different LiClO4
concentrations are given in Table 4.8. No equilibrium calculation
were carried out on the data from the 2.0, 3.0 and 4.0 mol dm_3

LiClO4 solutions.

4.3.4 The Temperature Jump Kinetic Study:

The high-spin low-spin interconversion rate was studied by the
temperature jump experiments at 455nm. A single relaxation process
was observed in aqueous 0.25 and 0.50 mol dm_3 LiClO4 solution. 1In
aqueous 0.25 mol dm“3 LiClO4 solution at 287.5K, the relaxation time
was found to be (4.60 + 0.27) x 10_68 and (5.70 + 0.34) x 10—68
using 2.53 x 10_3 and 4.10 x 10—3 mol dm—3 [Ni(MeAIZaneNa)](ClOA)2
solution respectively. This indicates that within experimental error

the relaxation time is independent of complex concentration. As the

ionic strength increases the relaxation time decreases as demonstrated
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TABLE 4.7
K Values for the[Ni(Me,12aneN,)] (C10,), System
Zeq 4 4 42
l-x 10 a 1 4 a
T K = x 10
eq T eq
, ' -3 . -3

1. [L1C104] = 0.0 mol dm 3. [L1C104] = 0.50 mol dm

34.28 0.85 + 0.04 34.34 1.60 £ 0.09

32.91 1.0 * 0:05 32.77 1.75 + 0.08

31.75 1.1 + 0.06 30.73 1.90 + 0.09

30.82 1.2 + 0.05 29.09 1.95 = 0.08

29.40 1.3 + 0.06
2. [LiC10,] = 0.25 mol aue

34. 34 1.25 % 0.05

32.89 1.4 + 0.08

31.45 1.5 + 0.08

30.37 1.6 + 0.08

29.16 1.7 + 0.08

TABLE 4.8

Mi° and AS° Value for [ Ni(Me, 12aneN,)] (C10,), System
0 S b ik

b

[LiC10,] PAu° AS®
mol dm_3 J mol-1 JK—1 mol_1
0.0 7.17 + 0.42 23.56 + 1.33
0.25 4.71 + 0.25 18.12 + 0.81
0.50 3.29 + 0.38 15.33 + 1.20
The errors represent
a Estimated error

b One standard deviation.
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by the determination of.the relaxation time ( (2.0 * 0.1) x 10—68)

in aqueous 0.50 mol dm_3 LiClO4 solution at 287.5K. However, two
processes were observed in aqueous 2.0 mol dm'_3 LiClO4 solution, the
fast process is as fast as the heating time of the solution and the
half 1life of the slower process was found to be roughly 75us. Because
of the two processes and the small absorbance changes, the system was
not studied to a great extent. However, no other relaxation was

observed at a longer time scale.

4.4.1 The [Ni(tbl2aneN,)C1]1Cl and [Ni(tbl2aneN,) NO, ] NO, Systems:-
Both [Ni(tb12aneN4)Cl]Cl and [Ni(tb12aneN4)(N03)](NOB) complexes
PEEPY

were prepare to study their solution characteristics. The solid

state magnetic moment of [Ni(tblZaneN4)Cl]Cl, 3.78.M+79"%8 is too
large for nickel (IT) to exist in an octahedral configuration. It was
concluded?®® that the large benzyl groups on the tblZaneN4 give rise to

the five co-ordinate geometry of the [Ni(tblZaneN4)(OH2)]2+ species

in aqueous solution.

4.4.2 The Temperature Dependence of UV/ Visible Spectral Change:-—

The [Ni(tb12aneN4)Cl]Cl species is green while the
[Ni(tblZaneN4) NO3 ]NO3 species is yellowish. Aqueous and
nitromethane solution of both complexes are brown and yellow
respectively. If a very small amount of inert electrolyte (LiClO4
or NaClO4) is added to the aqueous solution of these two complexes
precipitation occurs immediately. The visible spectra of the two
complexes are shown in Figure 4.8 and Figure 4.9. Qualitatively,
an increase in temperature increases the intensity of the band at
476nm with a simultaneous decrease in amplitude of the bands at
400nm and 625nm (Figure 4.8 and Figure 4.9) in case of both complexes.

A possible explanation for the temperature dependence of wuv/visible
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Figure 4.9

Temperature dependent uv/visible spectra of 1.15 x 10™3 mol dm~3 [Ni(tbl2aneN,)NO3]NO3 in water. Temperatures are 294.0, 311.8

and 340.1 K for the spectra from A to C respectively.
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spectra may be that there exists either a spin-equilibrium or an
equilibrium between the species [Ni(tblZaneNh)Cl]+ (or
[Ni(tblZaneNa) NO3 ]+) and [Ni(tblZaneN4)(OH2)]2+ which is
temperature dependent in aqueous solution. The molar extinction
co-efficients at 476 nm were found to be 200.1 and 254.0 mol_1

dm3 cm—-1 for the dichloro and dinitro species respectively in
aqueous solution at 340.1K. In nitromethane solution, the molar
extinction co-efficients at a fixed temperature and at a particular
wavelength are also different for the two complexes (two bands are
observed in each case). The molar extinction co-efficients (at

two bands) are 256.9 mol_1 dm3cm—1 at 437 nm, 88.9 mol—1 dm3 cm_1

at 710 nm for the dichloro and 70.9 mol_1 dm3 cm-1 at 384 nm,
39.4 mol_1 dm3 cm-1 at 610 nm for the dinitro complexes in
nitromethane solution at 293.2K Solution magnetic moment
measurements were not feasible because of the low solubility of
the complexes in water. The temperature jump spectrophotometric

study (discharge type) was not possible as the complexes precipitate

out on addition of inert electrolyte in aqueous solution.

4.5.1 The [Ni(13aneN£)](ClO&lq System:—

The [Ni(lSaneN4)](ClO complex dissolves in water,

4)2
nitromethane, nitroethane, nitrobenzene,pyridine, acetonitrile
and formaldehyde giving yellow solution but is insoluble in
CH2C12, cyclohexane and chlorobenzene. In aqueous solution, the
cis-stereochemistry of the high-spin [Ni(lBaneNa)(HZO)Z]2+
species may be explained33 in a similar way to the

species. Since the macrocyclic hole of the

[Ni(lZaneN4)(H20)2]2+

13aneN4 ligand is slightly bigger than that of 12aneN4 and the

ionic radius of low-spin nickel (II) is slightly smaller than that

of ‘high-spin nickel (II), coplanarity of nickel (II) and four
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nitrogen atoms in low-spin [Ni(13aneN4)]2+ is more probable.

4.5.2 The Temperature and Ionic Strength Dependence of Equilibrium
Constants:-

The - uv/yvisible spectrum of the [Ni(lBaneN4)(OH2)2]2+ species is
dependent upon temperature (Figure 4.10) and ionic strength as

shown by the equilibrium 4.23

K
. eq s -
[N1(l3aneN4)(0H2)2](C104)2 = [N1(13aneN4)](ClO4)2 + 2H20 4,23
high-spin ) low-spin
(octahedral) (square planar)

An increase of temperature or ionic strength increases the band
intensity at 427nm but decreases at 345nm. Three isosbestic points
(310, 370 and 535nm) are observed which are consistent with the
existence of two predominant species, high-spin and low-spin species

e reported the solution

of the complex. A recent publication
thermodynamic behaviour of this complex (in aqueous 0.1 mol dm
NaClOA) after completing the present study independently. The
equilibrium constants, Keq’ enthalpy, AE® and entropy, AS® are
calculated for the equilibrium (4.23) according to the equations
4.22 and 4.5. The molar extinction co-efficient at 450nm

(71.60 mol—1 dm3 cm_l) of the square planar species is obtained
from the spectrum in nitromethane and the Keq values are calculated
at 450nm because the largest absorbance changes occur at this
wavelength. The Keq values together with associated AE® and AS°
values are given in Table 4.9. In aqueous solution at 294.8K,

there exists 71.2% low-spin and 28.87% high-spin species which

changes to 82.17% and 17.9% respectively at 343.2K.

4.5.3 The Temperature Jump Kinetic Study:-

The [Ni(l3aneN4)](C10 complex (1.72 x 10-—2 mol dm_3) in

4)2

aqueous 2,0 mol dm—3 LiClO4 solution was studied by the temperature



Figure 4.10
Temperature dependent uv/visible spectra of 1.72 x 1072 mol dm 3 [Ni(13aneN,)]1(Cl0oy), in water.

325.1 and 343.2 K for the spectra from 1 to 4 respectively.

Temperatures are 294.8, 308.7,

0ST
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TABLE 4.9
K, A° and AS® Values for the [Ni(l13aneN,)](Cl0,), System
—eq & 4‘*2

%—x 104 aKeq bActivation Parameters
, -3
1. [L1C104] = 0.0 mol dm
33.92 2.45 + 0.10 AR = (10.75 * 0.06) kJ mol !
32.139 3.00 + 0.15
30.76 3.70 + 0.20 AS® = (43.97 * 0.12) JK ' mol
29.14 4.60 + 0.20
2. [LiC1O,] = 2.0 mol dm ™3
33.78 4.55 + 0.20 AR® = (9.39 * 0.98) kJ mol !
32.72 5.10 + 0.20
30.70 . 6.05 % 0.30 o 1 -1
29.17. 7.70 + 0.45 AS® = (44.09 * 3.08) JK = mol
3. [14C10,] = 4.0 mol ™
33.79 17.8 + 0.80 A° = (34.65 * 10.5) kJ mo1™?
32.32 21.2 + 1.0
30.79 32.0 + 1.5 As® = (138.8 + 33.0) gkt mo17!
29.12 133+ 7.0

The errors represent
a estimated error

b one standard deviation

jump technique at 286.5K and 450nm. In this system, a spectral
change consistent with a shift in the square planar-octahedral
equilibrium was observed and the approximate relaxation time (1)
is 0.4pus which is similar to the heating time of the solution. No

other relaxation was observed at a longer time scale.

4.6.1 The [Ni(Me,14aneNdlli§lQ _System:-—

(+-)-2

As with the [Ni(MeAIZaneNa)](ClO case, it is also assumed

4)2
that due to the methyl groups substituted on the nitrogen atoms, the

geometry of the [Ni(Me414aneN4)](C104)2 complex is five co-ordinate
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in aqueous solution (i.e. [Ni(Me414aneN4(OH2)]2+). A recent

) reported the equilibrium studies of this complex

publication1
in co-ordinating solvents including water (pure water and
aqueous 0.2 mol dm—3 NaClO4 only) after completing the present

study independently.

4.6.2 Magnetic Moment Measurements by the Gouy Method:-

In the solid state and in dry nitromethane solution
[Ni(Me414aneN4)](ClO4)2 was found to be diamagnetic using the Gouy
method®® indicating that the same species (four co-ordinate,
square planar) exists in the solid state and in the nitromethane

s

solution.

4.6.3 The Temperature and Tonic Strength Dependence of
Equilibrium Constants:-

The equilibrium (4.24) between the high-spin (five co-ordinate,
paramagnetic) and low-spin (four co-ordinate, diamagnetic) species
has been studied as a function of

k

. 2+ Teq 2+
[Nl(Me414aneN4)(OH2)] = [Ni(Me414aneN4)] + H20 4.24

high-~spin low-spin

temperature and ionic strength. The visible spectrum of the complex
in aqueous solution is consistent with the five co-ordinate species
(Figure 4.11). With the increase in temperature or ionic strength,
the intensity of the band at 5l4nm increases with simultaneous
decrease at 390nm and 650nm as seen in Figure 4.11. The isosbestic
points occur at 340, 434 and 596nm. The spectra of the
[Ni(Me414aneN4)(OH2)]2+ species in aqueous 0.5 mol dm-3 (isosbestic
points at 340, 434, and 602nm) and 1.0 mol dm—3 (isosbestic points

at 350, 434 and 606nm) LiCl0, are similar to those in pure water.

4

With aqueous 2.0 mol dm—_3 LiClO4 solution and increasing temperature



Figure 4.11
Temperature dependent uv/visible spectra of 2.88 x 1073 mol dm™3 [Ni(MeyléaneNy)](C1l0y), (ethanol water preparation) in

water. Temperatures are 293.2, 303.8, 313.9, 323.0, 331.1 and 340.1 K for the spectra from 1 to 6 respectively.
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the band intensity at 5l4nm increases up to 307.4K and then starts
to decrease. However, with 3.0 and 4.0 mol dm—3 LiClO4 solutions,

the band intensity decreases at 5l4nm as the temperature increases

with simultaneous slight increases at 390 and 590nm (Figure 4.12).

156

The two 1sosbestic points (370 and 532nm for 3.0 mol dm—3, 380 and 536nm

for 4.0 mol dm-_3 LiClOA solution) indicate the presence of two
predominant species in each solution. However, the different
wavelengths of the isosbestic pofnts indicate that the predominant
species are not the same. Since high ionic s£rength favours the
square planar species over the five co-ordinate species, a
possible explanation of the spectra observed in 3.0 - 4.0 mol dm
LiClO4 solution is that these spectra are predominantly due to
square planar species and that the possible isomeric equilibrium
between such species 1s temperature and ionic strength dependent.
In principle four such isomers may arise: (i) four methyl groups
on the same side of the macrocyclic plane; (ii) three methyl
groups on the same side; (iii) two methyl groups on either side
(cis); (iv) two methyl groups on either side (trans). The available
data cannot be used to distinguish between these possibilities.
(The [Ni(Me414aneN4)](0104)2 complex may exist as one of the

two square planar isomers (boat, R.S.R.S. and chair, R.S.S.R.)

45946y, The molar extinction co-efficlent

at 51l4nm of the square planar species (i.e. [Ni(Me414aneN4)]2+)

discussed in the literature.

calculated from the spectrum in nitromethane solution is 207.01
-1 .3 -1 C i o
mol dm™ ecm . The equilibrium constants, Keq’ enthalpy, AH
and entropy, As® are calculated using the equations 4.22 and 4.5.
The Keq values along with AH® and AS® values are given in Table 4.10.

At 331.1K, 57% low-spin and 437% high-spin species exist in aqueous

solution whereas at 330.7K, 70.7% low-spin and 29.3% high-spin
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Figure 4.12

Temperature dependent uv/visible spectra of 4.03 x 1073 mol dm™ 3 in [Ni(MeyléaneNy) ]

500
Wavelength nm

600

(C104) o (ethanol water preparation) in aqueous 4.00 mol dm~3? 1icl0, solution.

Temperatures are 290.8, 308.6, 323.6 and 341.3K for the spectra from A to D

respectively.




158

TABLE 4.10

K, AH® and As® Values for the [ Ni(Me, l4aneN,)] (C10,). System
—eq & 4 4=2

%-x 104 aKeq bActivation Parameters
. -3

1. [L1C104] = 0.0 mol dm
34.11 0.555 + 0.05 ARC = (18.51 *+ 0.09) kJ mol !
32.92 0.720 + 0.05
31.86 0.920 + 0.05 AS® = (58.26 + 0.29) gk ! o1l
30.96 1.15 + 0.05
30. 20 1.35 + 0.05
29.40 1.60 * 0.05

2. [LiC10,] = 0.5 mol dn~3
33.87 1.45 + 0.10 AE® = (11.68 *+ 0.15) kJ mol™!
32,55 1.75 + 0.10
31.40 2.05 + 0.10 AS® = (42.68 + 0.47) JK ¥ mo1”!
30.24 2.40 + 0.10
29.10 2.80 * 0.15

3. [LiC10,] = 1.0 mol dm™3
24.15 2.55 * 0.15 AE® = (8.29 * 0.29) kJ mol !
32.83 3.00 # 0.15
31.44 3.40 * 0.15 AS® = (36.2 * 0.93) JK ' mo1 !
30.28 3.75 + 0.20
29.13 4.25 + 0.20

The errors represent
a estimated error

b one standard deviation

=B = .
species are in equilibrium in aqueous 0.5 mol dm L1C104 solution

showing the effect of ionic strength.

The temperature jump kinetic experiments were performed with

5.0 x 10_3 mol dm_3 [Ni(Me414aneN4)](ClO4)2 concentration in
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aqueous 0.5 and 1.5 mol dmn3 NaClO4 at both 312nm and 390nm. The
interconversion process is very fast, as fast as the heating time
of the solution and therefore it was not possible to obtain any
reliable kinetic data. A single relaxation was observed at

5120m with both 0.5 and 1.5 mol dm > NaCl0, solution but at

390nm, two processes were observed with aqueous 0.5 mol dm

NaClO4 solution, the slower process (T &®# 7ys) may be due to
isomerisation. The square planar species of the complex

(1.e. [Ni(Me414aneN4)]2+) may exist in different i%omers depending
upon the position of methyl groups and isomeric equilibrium between
such species is temperature dependent. The equilibrium between two
or more interconvertible isomers may give rise to the slower

relaxation process. Hence the fast process probably characterises

the spin-equilibrium.

4.,7.1 General Discussion:-

Both [Ni(l2aneN4)(H20)2]2+ and [Ni(trien)(H20)2]2+9 co—exist
in solution with their square planar analogues and in consequence
one mechanism for water exchange must be dissociation in nature

% it has been

(equation 4.1) (on the basis of AV# measurements”
concluded that [Ni(OH2)6]2+ undergoes water exchange through an

Id mechanism). The increased lability of [Ni(lZéneNa(Hzo)z]2+

over [Ni(H20)6]2+ (Table 4.6) is consistent with the well established
tendency of co-ordinated amine to labilise aquo ligands in

39940  The larger AH# value for

octahedral nickel (II) systems.
[Ni(OH2)6]2+ is the major thermodynamic factor for the reduced
lability of this species by comparison to the [Ni(lZaneN4)(OH2)2]2+
species. The smaller AS# value for [Ni(lZaneN4)(OH2)2]2+ is the

consequence of the greater lability of this species by comparison
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to the [Ni(trien)(0H2)2]2+ species (significantly negative AS#

2+ R .
2)2 species may exist

value). In principle, the Ni(trien) (OH
as the g-cis and the R-cis isomers in which the aquo ligands are
equivalent and non-equivalent, respectively and also as the trans

239 24

isomer. The cis configuration is preferred from spectroscopic

data?"

and the observation of a single water exchange process in
the 17O studies (exchange rates differing by a factor of <3 are
unlikely to be distinguished separately) suggests either one isomer
predominates in solution or that the water exchange rates are

very similar for various isomeric sites available in
[Ni(trien)(OH2)2]2+. Because of this uncertainty it is difficult
to explain the kinetic differences between the [Ni(lZaneNa)(OHz)z]2+
and [Ni(trien)(OH2)2]2+ on the basis of detailed stereochemical
arguments. The high-spin [Ni(12aneN4)(OH2)2]2+ in which the ligand
restrains nickel (II) to be out of the plane of the four nitrogen
atoms results in a relatively small stereochemical rearrangement

to form a high-spin transition state or intermediate
[Ni(12aneN4)(0H2)]2+ in which nickel (II) is also out of the ligand
N4 plane. But in the case of [Ni(trien)(OH2)2]2+, the greater
flexibility of the trien should permit a greater stereochemical
rearrangement in the formation of the transition state such that
this in conjunction with the concurrent solvent rearrangements is
the origin of the AS# difference between the two systems. The five
co-ordinate high-spin species [Ni(tblZaneN4)X]+ (where X = Cl, Br or
SCN) is reported29 to have trigonal bipyramidal geometry but
[Ni(12aneN4)(OH2)]2+ could have either trigonal bipyramidal ot
square based pyramidal geometry because of the small energy

differences®’ between the two geometries.

The rate determining equilibrium between the square planar to
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octahedral interconversion is that between the high-spin

. 2+ ) ) 2+
[N1(12aneN4)(OH2)] and low-spin [N1(12aneN4)] as was concluded
from a comparison of the T values derived from temperature jump

data (Table 4.5) and T (Table 4.6) derived from 17O n.m.r. studies.

H20

Two extreme mechanisms may be possible for the spin state change.

In the first mechanism the spin change occurs in [Ni(lZaneNa)(OHz)]2+

prior to any stereachemical rearrangement and nickel (IT) subsequently

moves into the N4 plane with the prior, synchonous or subsequent

loss of the aquo ligand. The second mechanisﬁ differs only in
that the spin change occurs subsequently to nickel (II) achieving
co-planarity with the N4 plane. The much shorter T characterising
the interconversion in the [Ni(13aneN4)(OH2)2]2+ system in which

)26929%  ghould ease the

the larger macrocyclic hole (1.80 or 1.92 A°

high-spin nickel (II) movement into the N, plane suggests that the

4

second mechanism may be operative. Data from linear tetramine

systems9 also support this view to some extent. Square planar-

octahedral interconversions in the [Ni(trien)(OH2)2]2+ and

[Ni(2,3,2—tet)(0H2)2]2+ systems have been interpreted in terms
of the equilibrium between high-spin [Ni(trien)(OHz)]2+ and low-spin
[Ni(trien)]2+ being rate determining in the overall square planar-

9

octahedral interconversion. A re-—-examination of the data suggests

that this may not be so since for the [Ni(trien)(OH2)2]2+ system
the spectrophotometrically determined T = 0.6us (296.2K) whereas

2
]

T for the [Ni(trien)(OH,), iy [Ni(trien)(OHz)]2+ equilibrium

will be =~ 0.9us (/1 = 2/71 + k2, see equation 4.1 and

HZO
Table 4.6). It is improbable that such similar 1 values could be
distinguished separately from the spectrophotometric data and thus

in the [Ni(trien)(OH2)2]2+ system either the T values characterising

the sequential equilibrium in equation 4.1 are very similar or else
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the octahedral-five co-ordinate equilibrium is rate determining. 1% 52

14

51952 from microwave temperature jump and N

It has been shown
n.m.r. studies that the octahedral to five co-ordinate interconversion
is the rate determining step in the overall octahedral to square

planar interconversion in the system (4.25)
. 2+ N . + N .
[ Ni(bbh)] + 2L = [Ni(bbh)L] + L v-[Nl(bbh)]Lz 4,25

where L is a substituted pyridine and bbh is tetradentate biacetyl

13
bis-0~-hydroxybenzylidenehydrazone (2-)- NlN 00 .

The equilibrium shift towards the square planar species with

increase in temperature and electrolyte concentration (Table 4.2

and 4.3) is consistent with such observations in related systems 104132

16925926553 pabbrizzi!® reported a similar equilibrium shift in

aqueous 6.0 mol dm_3 NaClO4 with no observed isosbestic points for
the [Ni(12aneN4(0H2)2]2+ system. The present study appears to be
the first in which the accompanying variation in A® and AS® has
been examined. In the [Ni(12aneN4)(OH2)2]2+ system, as [LiClO4]

o . o I
increases AH decreases systematically whereas AS~ exhibits a

smaller and non-systematic variatlion. Ion pailring between the

4

equationsu) will occur to an increasing extent as [LiClO4]

nickel (II) and C10 (Klp = 0.1 calculated from the Fuoss
increases and consequently the observed AR® and AS® values are
composed of contributions from the ion-paired and non-ion-paired
nickel (II) species. The perchlorate lon does not interact
significantly (both in the solid and solution states) with the
nickel (I1) centre to perturb the low-spin state of [Ni(lZaneN4)]2+
which thereby rules out the probability that ClO_4 significantly
modifies the component of A which arises from the bonding between

nickel (II) and the ligands in the first co-ordination sphere of
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the ion-paired species. However, the ion pairing with ClO4 may
modify the component of AHO provided significant solvation changes
accompany changes in spin state and stereochemistry. In the

[Ni(lZaneN4)]2+ €10, ion pair,ClO4 is likely to be in a position

4

perpendicular to the N4 plane, thereby blocking access of a
potential aquo ligand to this axial co-ordination site and also

as a consequence of the net charge distribution difference between
the ion pair and [Ni(lZgneN4)]2+, causing a change in solvation.
Mechanistically the first effect attributed to ion-pairing should

reduce the magnitude of k, as is seen to be the trend (Table 4.5)

1
as [LiClO4] i?creases from 2.0 - 4.0 mol dm—3. This trend is also
accompanied by a decrease in AH# and a tendency for AS# to become

more negative as [LiClO4] increases. However, a detailed mechanistic
interpretation of these activation parameters is not warranted

because of the accumulated errors in the kl data derived through
equation 4.8.

In the [Ni(Me4123neN4)(0H2)]2+ and the [Ni(Me414aneN4)(0H2)]2+
systems, as [LiClOA] increases both AHO and ASO decrease systematically
(see Table 4.8 and 4.10). The smaller AH® values may be ascribed
due to the changes in the ionic radius of the nickel (II) in going
from high-spin to low-spin states. On the other hand, the steric
repulsions between the methyl portions of the ligand and the
co-ordinated water molecule may give rise to smaller ASO values.

The Keq’ AHO, AS® and % low-spin species in aqueous solution at
298.2K for all the systems are given in Table 4.11. for comparison.
As the steric hindrance increases, the % low-spin species increases

in the case of [Ni(12aneN,) (OH,),] 2t

system but there is no
systematic trend in the percentage of low-spin species as the ring

size increases. Moreover the steric hindrance does not increase the



TABLE 4.11
K , AH, ASO, and 7 Low-spin Species in Aqueous Solution 298.2K for all the Systems

—eq
2y bAHO bASO % Low-spin

System &4 kJ mol_1 JK—lmol_1 Species
. [Wi(12ameN,)] (C10,), 0.00305 % 0.0002 23.6 + 0.3 30.8 * 1.1 0.30
- PN K2k, Il 610 0 0.945 % 0.05 7.17 + 0.42 23.6 + 1.33 48.6
. [Ni(13aneN,)] (C10,), 2.60 + 0.12 10.8 + 0.06 44.0 + 0.12 72.4
. [Ni(l4aneN,)] (C10,),'* 2.45 + 0.12 22.60 83.7 71.0
. [Ni(Me,l4aneN,)] (C10,), 0.630 * 0.03 18.5 + 0.09 58.3 = 0.29 38.4
- [Ni(13aneN,)] (C10, 225 6.89 31.4 * 0.42 125 + 2.1 87.3
. [Ni(Me414aneN4)](C104)21° 0.95 12.2 *+ 1.6 41 9 48.7

N.B. Data from reference 14 and 25 were in 0.1 mol dm_3 aqueous NaClO4

Data from reference 10 were in 0.2 mol dm_3 aqueous NaClO4

The errors represent

a estimated error

b one standard deviation

99T
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percentage of low-spin species in the case of [Ni(14aneN4)(OH2)n]2+
system. The low-spin species in the [Ni(lSaneN4)(OH2)rl2+ system
is about one percent?® (room temperature and low ionic strength) and
the high~spin species has trans-octahedral stereochemistry.33 In

these studies, LiCl0, was used as supporting electrolyte. Different

4
electrolytes may have different effects®® on the equilibrium constants.
It can be concluded from the temperature jump kinetic experiments,

that the T value characterising the high-spin low-spin interconversion
becomes shorter and shorter as the ring size increases. The methyl
group substitution on the nitrogen atoms of the ligand also resulted
in a shorter T values than the absence of such substitution group

on the ligand. The two relaxations observed in both the
[Ni(Me412aneN4)(OH2)]2+ and [Ni(Me4l4aneN4)(OH2]2+ systems ma§ be
interpreted as a fast spin state change followed by a slower

isomeric change. The square planar speciles of both complexes may
exist in different isomers depending upon the position of methyl
groups and isomeric equilibrium between such species is temperature
and ionic strength dependent. The fast process characterises the

spin-equilibrium and the slower process characterises the isomeric

equilibrium between two interconvertible square planar isomers.
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CHAPTER FIVE

Formation and Dissociation of Macrocyclic Complexes in
Aqueous Solution

5.1 Introduction

The relationship between the structural features of ligands
and the properties of their metal complexes is dramatically
demonstrated in the case of tetra aza macrocycles. The formation of
complexes of macrocyclic ligands with metal ions which are markedly
more stable than that of comparable open chain ligands has been termed
the macrocyclic effect! or multiple juxtapositional fixedness? in
order to distinguish it from the well known chelate effect. For

example, there is more than a 106-f01d3 difference in the stability

constant of [Ni(14aneN4)]2+compared with [Ni(2,3,2-tet)]2t.

Complex formation in solution may be described by equation 5.1

+
Ll . ((1“'0) + (m+p—q)S 5.1

MS + LSp — MLS

where 'M' is the metal ion, 'S' is the solvent and 'L' is the ligand.
In the case of [Ni(l4aneN,)]%t formation", the solvation of the macro-
cyclic ligand is less than that of the linear open chain analogue.
Therefore, the solvation entropy change for the macrocyclic ligand
complexation may be less than that expected for the open chain
analogue. However, this entropy difference between the macrocycle

and the linear ligand will be reduced somewhat because of the loss of
rotational entropy by a linear ligand which does not occur in the case
of a mac;ocycle. As far as formation enthalpy changes are concerned,
the smaller desolvation that occurs in macrocylic complexes leads to a
more favourable enthalpy change for a macrocycle compared to a linear

molecule.
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As discussed in- chapter 1, in the case of [Cu(lZaneNq)]2+
formation", although the ligand solvation is less than that of the
linear open chain analogue, the macrocyclic effect is likely to be
entropic in origin whereas the effect is probably of enthalpic origin
in the case of [Ni(l4aneN,)]2t formation. This apparent contrast
between the results with [Cu(lZaneNq)]2+ and [Ni(14aneN4)]2+ is not
fully explained by differences between the metal ions and rings.
Space filling molecular models show that nickel (I) or copper an
can fit neatly into the cavity of the larger l4aneN, ligand and this
observation is confirmed by X-ray crystallographic studies®~7,
However, molecular models demonstrate that the cavity of the smaller
12aneN4(see éhapter 3) is too small to accommodate these cations.

Thus, the question arises as to whether the studies of [Cu(lZaneNq)]2+

and [Ni(l4aneN)])?" formation measure the same "macrocyclic effect".

Solution properties such as thermodynamic and kinetic
stabilities, redox behaviour and spin-state equilibria of tetra aza
macrocyclic complexes are strongly dependent upon the size of the
ligand cavity. For instance, in the formation of nickel (D) and
copper (I1) complexes with a series of 12 to l6-membered cyclic tetra-
mines, the most exothermic reactions occur with the l4-membered ringg.
A smaller or a larger ligand cavity gives rise to a substantial
decrease (up to 60%) in the enthalpy of formation. The ring size,
substituents at both the co-ordinating amino groups and the carbon
atoms of the ring, and the electrostatic interactions between the
incominglligand and polarised solvent molecules in the first
co-ordination sphere of the metal ion effect® the rate of complexation,
which for the protonated macrocycles is slower than that of the
analogous open chain polyamines. In the formation of the nickel (D)

complex with the l4aneN, ligand, Kadenl0 reported that the mono and



172

diprotonated ligand species exhibited formation rate constants which
were 30,000 times smaller than those observed for the corresponding
species of the open chain polyamine trienll. Kaden suggested that

the kinetic effect of a more rigid cyclic structure l4aneNy in
comparison with trien is a consequence of the rate limiting step which
is the formation of the second co-ordination bond. The rates of
complexation of different metal ions with macrocyclic ligands have
been studied®>12-21  the rates of formation and dissociation have also

been reviewed?2s23,

Because of extreme kinetic inertness and the associated high
formation constants, comparative studies of kinetic and thermodynamic

:

stabilities of tetra aza macrocyclic complexes have proved difficulel9 2425,
Moreover, the study of the ring size effects on the kinetics of
dissociation of tetra aza macrocyclic nickel complexes is complicated

by stereochemical and spin-state changeszs. However, the dissociation

of macrocyclic complexes has been studied to a limited extent!9,26728,
The present study appears to be the first of its kind since it includes
the formation of [Ni(lZaneNq)(OH2)2]2+, and the acid dissociation of

[Ni(l2aneN,) 1%*, [cu(l2aneNy) 1%t and [Cu(Me,12aneN y12*. The reaction
4 iy 4 4

of [Ni(lZaneNq)]2+ with sodium hydroxide is also reported here.

5.2 Determination of stoichiometry of [Ni(lZaneNq)(0H219]2+

formation: -

The possible interactions of [Ni(lZaneNq)(OH2)2]2+ and
[Ni(OH2)6]2+ with the buffers v collidine, lutidine, hepes and pipes,
respectively, were investigated using uv/visible spectrophotometry.
The uv/visible spectra of [Ni(OH2)6]2+ and [Ni(lZaneNq)(OHz)z]2+ were
not apparently affected by the presence of pipes buffer. Solutions of

12aneN, (0.01842 mol dm™3) and [Ni(CL0y),], 6H,0 (0.02600 mol dm™3)



173

were prepared separately in aqueous 1.0 mol dm™3 LiC20y, containing
0.1 mol dm™3 pipes, the pH of both solutions was adjusted to 6.65.
Job's method29,30 of continuous variations (see section 7.3) (using
uv/visible spectrophotometry) was carried out at 298.2K. The pH was
subsequently checked and found to be slightly less (0.10 - 0.30) than
6.65 indicating that the buffer cannot maintain the pH. Knowing the
molar extinction co-efficients of [Ni(OH2)6]2+ (0.25) and 12aneN,
(0.067) at 560 nm, the absorbance difference, Y (A measured -

A calculated) values at 560 nm were calculated for each spectrum.

The Y values are plotted against the mol fraction of the ligand in
Figure 5.1. The solid lines are calculated by least squares linear
regression. 'The maximum occurs at 0.46 mol fraction of the ligand,
indicating the predominance of one to one complex formation (ideally
the mol fraction of the ligand should be 0.5). The discrepancy (8%)

may be due to a slight change in pH and experimental errors.

5.3 Formation rate constants of [Ni(lZaneN4)0H2)2]2+

The rate of formation of [Ni(lZaneNq)(OH2)2]2+ was studied
using uv/visible spectrophotometry (A = 560 nm) at pH values 5.95,
6.35 and 6.60 in 1.0 mol dm™3 LiCR0, and 0.1 mol dm~3 pipes at 290.1K,
with an excess concentration of 0.1002 mol dm™3 [Ni(OH2)6]2+ and
0.01 mol dm~3 12aneN,. It was found that the reaction is highly pH
dependent (Table 5.1). The rate of formation was also studied at pH
6.35 (290.1K, 1.0 mol dm=3 LiC%20, and 0.1 mol dm~3 pipes) with various
metal ion concentrations again under pseudo lst order conditions
(Table 5.1). The observed rate constants (kobs) are plotted against
[Ni(OH2)62+] in Figure 5.2. The solid line is the least squares
linear regression. The negative intercept is probably due to

experimental errors and the inability of the buffer to hold the
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Figure 5.1 Ap..cured — Acalculated (A = 560 nm and cell path = 1 cm) vs mol fraction of 12aneN, for Job's method
of continuous variation for the determination of stoichiometry of [Ni(lZaneNq)(0H2)2]2+ formation in an aqueous

medium at 298.2 K. Stock solutions of 2.60 x 10”2 pol dm™3 [Ni(OH2)6]2+ and 1.84 x 10~2 mol dm_s 12aneNy were
prepared in aqueous 1 mol dm™3 Licloy containing 0.1 mol dm~3 pipes (pH = 6.65).
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Figure 5.2

k vs [Ni(OH2)§+] for the formation of the

obs
[Ni(lZaneNL,)(OHz)z]2+ complex in water contain-
ing 1 mol dm™3 LiCl0y and 0.1 mol dm™3 pipes
(pH =6.35) at 290.1 K and A = 560 mm. [l2aneNy]
= 5.0 x 10”3 mol dm_s for all reactions. The

solid line is a least squares linear regression

line.
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Table 5.1

k values for [Ni(l2aneN,(OH,),]1?* formation

obs

pH = 6.35%0.10

3a-1
kobs x 10°8S

[Ni(OH,)¢2t] mol dm™3
276

0.59+0.06 0.05

1.02%0.10 0.08

1.2420.12 0.10

2.05%0.19° 0.15

3.0320.27 0.20

4.1240.41 0.24
K X 103s-1 pH

0.75+0.08 5.95%0.1 [Ni(OHy)%*] mol dm~3

1.24+0.12 6.35%0.1 (in all experiments)
(2.61£0.24) 6.60+0.1 0.1002

N.B. The errors represent estimated uncertainty

176
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pH constant. At the end of the reaction pH was found to decrease

by about 0.3 units. In the pH region studied, the ligand mainly
exists as the diprotonated species with a small amount of
monoprotonated and a negligible amount of unprotonated species (see
chapter 2). The metal ion therefore probably reacts with ligand
giving the product [Ni(lZaneNq)(OH2)2]2+ and releasing protons. The
observed rate of reaction is directly proportional to [Ni(OH,)g?*]
and [12aneN4H2+] as shown in equation 5.la (Figure 5.2).

d[Ni(lZaneNq)(0H2)22+]

=k [Ni(0Hp) %] [12aneNi "] 5.1a
dt

ob

If the pH is increased, the rate of formation increases, suggesting
that monoprotonated ligand is more reactive than the diprotonated
species and unprotonated ligand is more reactive than monoprotonated

species.

It is of interest to explore the possibility of the fitting of

this complex formation data to the dissociative interchange model 3! ,
believed to apply to substitution on nickel (D).
n+ Keq . n+
[Ni(OHp) g 12T +12ane Nyl o= [Ni(OHp) 1", 12ameN,H 5.2
kf

[Ni(OH,) ¢ 12T, 12aneNL+H2+ ——— [Ni(l2aneN,) (0H,) ,1%% + aH' + 41,0
5.3

The ligand and the aquated metal ion are in rapid equilibrium with an
outer sphere complex in which the incoming group occupies a position
in the second co-ordination sphere. The collapse of this outer sphere

complex to give the inner sphere complex is the rate determining step.



The observed rate constant, ko would be given by equation 5.4.

bs

- : 2+
L ke Keq [Ni(OHp)g“T] 5.4

Equation 5.4 may be deduced in the following way32734

considering 'B' in excess.

k
_ k f
12aneNL,HE+ + [Ni(OH2)6]2+';;§é:£? [Ni(0H2)6]§+12aneN4H2+ —_
-1
A B C
[Ni(12aneN,) (OHp),12% + nH' + 4H,0

D

If the first step is fast compared with the second, then

K = [C] = kl
eq [allB] k-
and
ki, ko > kf

The rate of production of D must be equal to the rate of loss of

(A+0).

d[p] _ =-d(fal+lcD) _
dt dt

Rate = kobs([A]+[C]) = kf[C] = kaeq[A][B]

keRog[AI[B]  keRog[Bl kaeq[Ni(0H2)62+]

+ e Kobs T Al ¥ [C]

' . 2+
1-+Keq[B] 1+ Keq[N1(0H2)6 ]

; 24- -
If Keq[N1(0H2)6 I>1, then kObS kf

: S : 2+ = : 2+
and if 1> Keq[N1(0H2)6 1, then k . kaeq[N1(0H2)6 ]

178

where [Ni(0H2)62+] is the metal ion concentration which essentially
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remains constant under pseudo lst order conditions. kobs is the

observed pseudo lst order rate constant for the reaction.
The value of kf Keq was calculated to be (18.2 *1.2) x 10-3
mol=! dm3 S~! from the slope of the plot of kobs vs [NLi(OH,)g2t+].

The value of Keq may be approximately estimated in two ways:

(D The rate constant of water exchange3® on [Ni(OH,) 12+ at 298.2K
276

was reported to be 16.2 x 10* §~l, Taking k_ as 16.2 x 10% s7L,

f
the Keq value is calculated to be 1.12 x 1077 mol~! dm3.
This value of Keq implies that the concentration of outer
sphere complex is very small indeed, such a concentration of
compléx could represent simply molecular collisions between

the reactants. Obviously this Keq value is in accord with

1> Keq[Ni(0H2)62+].

(2) The Keq value may be estimated using equation 5.4a3%:36
_ 47Na3 U(a)
Keq 3000 exp - —3 5.4a
(U(a) is the Debye Hiickel interionic potential)
2122e2 lezezh
where U(a) = P - D(l+ké)
b2 _ 8w Ne?J
1000DkT
N = Avogadro's number
a = centre to centre distance of closest approach of the

solvated metal ion and the reacting site of the ligand.

k = Boltzmann's constant

e = charge of an electron in e.s.u. unit
D = bulk dielectric constant

I = ionic strength

Z1,Z2 = charges of reactants

T = absolute temperature
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Setting a = 4A° arbitrarily, the value of Keq is calculated to be
0.16 mol™! dm3 and kf becomes 0.114 S$~! which is much slower than
water exchange rate. However the Keq values calculated by both
methods are only approximate. As soon as one of the nitrogens
co-ordinates to the metal ion after removal of a water molecule,
desolvation of the metal ion becomes more labile37 (chapter 4) and
co-ordination of metal ion with other nitrogen atoms become favourable.
Hence it is more probable that the first co-~ordination bond between

metal ion and ligand is the rate determining step.

The alternative mechanism to that so far discussed is the
dissociative . (D) mechanism3® (see chapter 1) which could also give

rise to the equation 5.4 as shown below (also discussed in chapter 6).

k
+
12aneN B2V 4 [Ni(OH,) (]2t ——= [Ni(OH,)s]2" + H,0 + 12aneN,H
i 206170 = 275 2 yH
-1

A B C A

(excess) k

[Ni(12aneN,) (OHy) 12" + nH' + 48,0

D
rate = dggl = kf[C][A]
Under steady state conditions
el - Gy - katelt 0] - koIAllel = 0
kl [B]
[cl

. " k_1[H,0] + Kk [A]

‘ kf ki[A]l[B]
.+ rate = ac k_l[Hzo]-ka[A]
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Thus dgg] will exhibit a non-linear dependence upon [A] between
the limits.,

(1) k_1[H20] >> kf[A] when

o kfkl[A][B]

d[p] _ dfA]
dt dt ~ k_;[H,0]

At a fixed excess concentration of B, an apparent first order
plot will be obtained with

k'f k]_ [B]
k = ek
obs k-1[H50]

(i1)  k,[H;0] <k [A]  when

d[D] d[A]

dt dt

~ k;[B]

At a fixed excess concentration of B, an apparent zero order plot
would be obtained at this limit. Since experimentally in the system
under discussion, a first order plot is obtained, if the reaction

were dissociative limit (i) would apply. Accordingly the appropriate

expression for kobs’ the pseudo first order rate constant, would be
k k. [B]
e ; . J W

In form this expression is identical to equation 5.4. Thus one cannot
distinguish between an Id or D mechanism using the available data.
Moreover, the possibility of an associative interchange mechanism,
(la)38 cannot be ruled out because the rate law is identical to that
for the dissociative interchange mechanism. In this mechanism an

outer sphere association occurs between metal ion and the ligand, the
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ligand moves inside thé first co-ordination sphere thereby forming an
intermediate of co-ordination number 7. However, this intermediate
is quite unlikely to form because both the ligand and the metal ion
are positively charged. Moreover, ligand substitution on nickel

@) 3240 with other ligands in other solvents appear to proceed
through an Id or D mechanism and it is not likely that an 'Ia'

mechanism is operating in this system.

Because of the inability of the buffer to hold pH constant,
further experiments in this system and systems using different metal

ions and different ligands were not attempted.

’

5.4 The Effect of Hydrogen Ion Concentration and Temperature on

the Rates of Dissociation of [Ni(l2aneNy) J(C204)7,

[Cu(12aneNy) 1(C20,) » and [Cu(Me;12aneNy) J(C20y)o:-

The dissociation of [Ni(l2aneN,)](C04),, [Cu(12aneN,)]J(CL0,),
and [Cu(Me,12aneN,)](C20y), was studied at various acid concentrations
as a function of temperature under pseudo lst order conditions using

uv/visible spectrophotometry.

Figure 5.3 shows the spectra of approximately 2.5 x 10~2 mol dm™3
[Ni(12aneN,)1(CR0y)5 in 0, 0.2, 0.4, 0.6, 0.8 and 1.0 mol dm™3 HCRO,
(ionic strength 1.0 adjusted by NaC%0y). The spectra were recorded
immediately after mixing at 288.2K. The lower absorbances at higher
acid concentrations indicate that some complex has been dissociated
prior to the recording of the spectra. The absorbance band at 558.5 nm
is shifted towards higher wavelengths as the acid concentration
increases (Table 5.2). Figure 5.4 shows the spectra of

[Ni(12aneN;) 1(C20y) o recorded at increasing times after mixing in
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Figure 5.3 Uv/visible spectra of 2.50 x 10~ 2 mol dm 3 [Ni(12aneNy)]1(C104), in 0.0, 0.2, 0.4, 0.6, 0.8 and 1.0
mol dm ° HC1Oy (from 1 to 6 respectively) at 288.2 K (ionic stremgth = 1.0). The spectra were recorded immediately

after making the solutions.
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Figure 5.4

Uv/visible spectra of 3.48 x 1072 mol dm~3 [Ni(12aneN,)](C10,), at increasing times after mixing in 1.0 mol dm~3 HC104
(ionic strength = 1.0) at 312,1 K. Time intervals are 0, 12, 23, 34 and 45 minutes for the spectra from 1 to 5
respectively. Spectrum (6) is the equilibrium spectrum. Spectrum (7) was obtained by mixing [Ni(OH2)6]2+ and 12aneNy
in 1.0 mol dm~3 HC10, (after heating at 312.1 K for about two hours) whereas spectrum (8) is the difference spectrum
between (6) and (7). Spectrum (9) was obtained by adding the spectra of [Ni(OH2)6]2+ and 12aneNy in 1.0 mol dm~3 HC1O,
run separately (after heating at 312.1 K for about two hours) whereas spectrum (10) is the difference spectrum

between spectra (9) and (6).
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Shifting of

absorbance band for [Ni(l2aneN,)](CR04),

Table 5.2

[HC20,] mol dm—3

wavelength of
absorbance band

558.5

563.0

0.4

570.5

574.0

578.5
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1.0 mol dm'3 HCL0, (dionic strength = 1.0) at 312.1K. The
equilibrium spectrum (6) was obtained after eight half lives.

Spectrum (7) was obtained by mixing [Ni(OH2)6]2+

and 12aneN, in

1.0 mol dm~3 HC20, (after heating at 312.1K for about two hours)
whereas spectrum (8) is the difference . spectrum between spectra (6)
and (7). Spectrum (9) was obtained by adding the spectra of
[Ni(OH2)6]2+ and 12aneN, in 1.0 mol dm—3 HCL0, run separately (after
heating at 312.1K for about two hours) and spectrum (10) is the
difference spectrum between spectra (9) and (6). Theoretically

for a simple dissociation reaction spectra (6), (7) and (9) should
be identical, The difference between spectra 7 and 9 may be due to
experimental errors. However, it appears that there is an additional
species present in the equilibrium solution. The plot of observed
rate constant (kobs) against the acid concentration (at different
temperatures and ionic strengths) is shown in Figure 5.5 and the kobs
values are given in Table 5.3. Since it was not possible to form the
complex [Ni(lZaneNq)(0H2)2]2+ at high temperature (333.2K) in 0.1 mol
dm~3 HCLO, (ionic strength = 1.0) by reaction of [Ni(OH,)g12T with
12aneN,, it is thus assumed that the backward reaction does not

occur apparently under the conditions used.

The rate of dissociation of [Cu(12aneNy)]1(CR04), with HCRO, at
low ionic strength is very slow and therefore it was studied at an
ionic strength of 6.0 (adjusted by NaC20y) under which conditions
the rate is greater. 'The spectra of [Cu(l2aneNy)](CR04);, were recorded

at 288.2K immediately after mixing with 0, 0.5 and 1.0 mol dm~3 HCLO,

li

(ionic strength 1.0) as well as 0, 1.0, 2.0 and 3.0 mol dm—3 HCRO,,
(ionic strength = 6.0), but the absorbance band did not shift at a

fixed ionic strength probably because of the slow dissociation reaction.
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Emo_;] mol dm=3

Figure 5.5
obs VS [HC10,] for the dissociation of the
INi(12aneNy) 1(Cl04) 2 complex at different ionic

strengths and temperatures (A = 558 mm). The

filled circles represent kinetic data at 294.4, -

303.0 and 312.1 K for ionic strength adjustéd
to 1.0 with NaClOy. The open circles represent
kinetic data at 302.7 K for ionic strength 3.0
whereas the cross circles represent kinetic data

at 297.4 K for ionic strength 6.0.
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TABLE 5.3
kobs Values for [Ni(lZaneN4)](C104)2 Dissociation
A = 558 nm

[HC104] Kk g~ [HC104] X x 1055_1
mol dm Bl mol dm obe

Tonic Strength = 1.0 Ionic Strength = 3.0
(a) T = 294.4K (a) T = 302.7K
0.5 6. + 0.03 0.2 10.3 * 0.03
0.6 9. + 0.05 0.4 27.8 £ 0.10
0.7 11. + 0.04 0.5 39.3 + 0.30
0.8 13. + 0.09 0.6 46.9 + 0.20
0.9 16. * 0.10 0.7 58.6 + 0.30
1.0 , 19, + 0.10 0.8 76.1 + 0,80
(b) T = 303.0K 0.9 83.4 = 0.70
0.3 8. + 0.06 1.0 100 + 1.1
0.5 S8 WO dall Tonic Strength = 6.0
0.6 22, * 0.18 (a) T = 297.4K
o 28.4 +0.15 0.1 9.08 + 0.06
0.8 s 5 000 0.2 20.7 * 0.20
0.9 40; + 0.25 0.4 48.0 + 1.0
. SISOL S ORCl 0.5 62.7 + 1.1
(¢) T = 312.1K 0.6 68.5 * 0.80
0.1 3. * 0.04 0.7 82.9 £ 0.60
0.2 8. + 0.08 0.8 97.4 * 0.60
0.4 24, + 0.10 0.9 107 + 1.10
0.5 31. + 0.40 1.0 119 + 0.40
0.6 44.0 + 0.28 (b) T = 303.0K
0.7 49. + 0.75 1.0 219 + 4.6
0.8 65. * 0.23 2.0 262 + 8.6
0.9 2. ; + 0.70
1.0 92. + 0.30

N.B. The errors represent one standard deviation.
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Figure 5.6 curves 1-7 shows the spectra obtained at times of
0, 11, 21, 31, 41, 51 and 64 minutes after mixing at 306.2K with

3.0 mol dm—3 HClO4 and ionic strength 6.0. The equilibrium

spectrum (8) was run after at least eight half lives. The
equilibrium spectrum was found to be similar to the spectrum of a

mixture of [ Cu(OH ]2+ and 12aneN, under identical conditions,

2)6 4

indicating that the reaction goes to completion and only two species

2+
6

[ Cu(OH,) and 12aneN,H ot are present in the equilibrium solution.
2 n P

4
The rate of dissociation was studied at 303.0K and 313.0K at ionic

strength 6.0 (A

570nm). At 303.0K, the reaction was also studied

6.0) in presence of 0.01 mol dm—3 12aneN,. It was

(ionic strength 4

observed that the excess ligand does not have any effect on the rate
of dissociation under these conditions. The plots of observed
rate constants (kobs) against the acid concentrations are shown in

Figure 5.7 and the associated ko values are given in Table 5.4.

bs
Because of its very slow dissociation in acid, the

[Cu(Me412aneN4)](Clo system was studied at ionic strength 8.0

4)2
(adjusted by NaClO4) and at high temperature to speed up the

reaction. The reaction was followed at a fixed wavelength (600nm)
using uv/visible spectrophotometry. The plots of observed rate
constant (kobs) against the acid concentrations are shown 1n Figure 5.8

and the associated ko values are given in Table 5.5.

bs

The rates of dissociation are highly dependent upon acid

. . 19,22,23,

concentration for all three complexes. A number of studies !
involving transition metal complexes of macrocycles containing
nitrogen donor atoms have shown the existence of an acid dependence
pathway for dissociation. It is not possible at present to interpret
the plots in Figure 5.5, 5.7 and 5.8 (curves are drawn by hand)

quantitatively in terms of the degree of protonation of the complex.

However, the results and observations for all three systems might
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TFigure 5.7 kops VS [HC104] for the dissociation of the [Cu(12aneNy) ](ClOy) 2

complex (A = 570 nm and ionic strength = 6.0). The open circles and filled

circles represent kinetic data at 303.0 and 313.0 K respectively.
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Figure 5.8 k vs [HCl0,] for

obs

the dissociation of the

[Cu(Meyl2aneNy) ](C104) 2 complex

. (A = 600 nm and ionic strength =8.0)

The filled circles and the open
circles represent kinetic data

at 331.7 and 341.4 K respectively.
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TABLE 5.4
kobs Values for [Cu(12aneN4)](Clo4)2 Dissociation.
A 5.-1 5 -1 5 -1
[HC].Oé]3 k-ObS x 1078 kObS % 1078 kObS x_ 1078
mol dm at 303.0K at 303.0K at 313.0K
(0.1 mol dm_312aneN4 added)
1 5.50 £ 0.01 6.49 + 0.03 13.7 + 0.04
2 18.5 + 0.04 19.9 + 0.04 46,8 £ 0.17
3 37.2 % 0.12 36.7 * 0.11 93.7 + 0.44
4 60.6 * 0.60 63.7 * 0.14 152 + 0.72
5 88.1 + 0.29 91.7 + 0.31 229 + 1.6
6 123 + 0.57 299 + 2.2
N.B. The errors represent one standard deviation.
TABLE 5.5
kobs Values for [Cu(Me412aneN4)](ClO4)2 Dissociation
5.-1 _ 5 -1
[HClO4]—3 Ko x 1078 ke x 1078
mol dm at 331.7K at 341.4K
2 2.66 £ 0.01
3 2.63 £ 0.01 5.76 + 0.05
4 4,82 + 0.01 10.5 + 0.08
5 .36 £ 0.02 19.0 + 0.11
6 15.3 + 0.06 29.3 £ 0.31
6.4 18.5 * 0.04 35.1 + 0.24
6.8 22.0 + 0.12 42.6 *+ 0.25.
7.2 25.7 + 0.11 50.8 + 0.21
7.6 33.0 £ 0.21 58.9 + 0.25
8.0 36.4 + 0.17 74.1 £ 0.43

N.B. The errors represent one standard deviation.
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possibly be rationalised by various protonation steps followed by

dissociation of protonated species according to equations 5.5 to 5.6.

[Ni(lZaneN4)(OH2)2]2+ -+ Products 5.5.
. +2 + 3 + 3+
[N1(12aneN4)(OH2)2] +H = [N1(12aneN4H )(0H2)2] 5.5a.
!
Products
[Ni(12aneN B ©0n) 13 + 0 = [Ni(12anen m 2ty cony 14t 5.5b
' 4 272 472 272 T
{
Products
i 24y ¢ L S S . 3+ 5+
[N1(12aneN4H2 )(OH2)2] +H = [N1(12aneN4H3 )(OH2)2] 5.5c.
!
Products
. 3+ S+ A+ s b+ 6+
[N1(12aneN4H3 )(OHZ)Z] +H = [N1(12aneN4H4 )(OH2)2] 5.6.
!
Products

More than one protonated species may be formed in the course of the
acid dissociation reaction and the proton transfer probably occurs
directly to the nitrogen atoms of the ligand. Different protonated

species will dissociate at different rates.

5.5 The Effect of Ionic Strength on the Rates of Dissociation of

[N1(12aneNa)](C10422, |Cu(12aneN4)](ClQ&l and

3
A

[Cu(Me¢12aneN,)](C10ﬂ22 =

The rates of dissociation of all the three complexes are highly
dependent upon ionic strength as shown in Tables 5.6, 5.7 and 5.8.
The curvature in Figure 5.5 decreases as the ionic strength increases

for the [Ni(lZaneN4)](ClO system. The absorbance band of

4)2
[Ni(lZaneN4)](C104)2 at 558.5nm (spectra recorded immediately after



TABLE 5.6
Ionic Strength Effect for [Ni(lZaneN4)](ClO[+)2 Dissociation
with 1.0 mol dm > HC10, (303.0K)

Ionic Strength 1 3 6
LI 10°s7t 51.0 £ 0.67 100 + 1.1 219 * 4.6

TABLE 5.7
Ionic Strength Effect for [Cu(12aneN4)](C104)2 Dissociation
with 3.0 mol dm - HC10, (303.0K).

Tonic Strength 3 6

kK x 10787 13.9 + 0.04 37.2 + 0.12

obs

TABLE 5.8
Tonic Strength Effect for [Cu(Me412aneN4)](ClO4)2 Dissociation (341.4K).

-3 8(6.0 mol dm > HC10, = 8(7.2 mol dm > HC10, and
Tonic Strength| 6(6.0 mol dm HC104) and 2.0 mol dm_3 NaClOA) 7.2(7.2 mol dm HC104) 0.8 mol dm_3 NaClO4)
k X 1055_1 | 6.66 £ 0.02 29.3 + 0.31 27.0 = 0.05 50.8 + 0.21

obs

TABLE 5.9
Ionic Strength Effect on the Shifting of Absorbance Band with
1.0 mol dm_3 HClO4 (288.2K) for [Ni(lZaneN4)](0104)2 Dissociation

Tonic Strength 1 2 3 4 5 6

Wavelength of
Absorbance Band | 579,0 | 589.5 | 597.5 | 603.5 | 508.5 | 611.6

96T

N.B. The errors represent one standard deviation.
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mixing) is observed to shift towards the higher wavelength as the
ionic strength increases when the acid concentration is constant
(Table 5.9). In the case of the [Cu(12aneN4)](C104)2 system, the
absorbance band for ionic strength 1.0 (1.0 mol dm—3 HClO4) occurs
at 585nm whereas for ionic strength 6.0 (1.0 mol dm—3 HGlO4 and
5.0 mol dm—3 NaClO4), it appears at 575nm showing a shift towards
the lower wavelength as the ionic strength increases (spectra
recorded immediately after mixing at 288.2K).

The effect of ionic strength at a constant acid concentration
is to increase the rate of dissociation for all the three complexes.
The higher ionic strength results in the reduction of charge-charge
repulsion between charged complex and acid, therefore the
association constant for the hydrogen ion with the complex will
be greater. This will produce a higher concentration of highly

protonated species for which the rate of dissociation is markedly

enhanced.

5.6 The Reaction of [Ni(lZaneN&)(Uﬂz)]2+ with Sodium Hydroxide:-
On addition of NaOH to a purple aqueous solution of

[Ni(lZaneNA)(OH2)2]2+, the solution becomes blue and the original
purple colour reappears on addition of acid (HC104). Similarly,

a blue solution of [Cu(lZaneNA)(OHz)z]2+ changes to light blue on
addition of NaOH and the original colour reappears on addition of
acid. The colour change in this system is too fast to be studied
by the stopped flow technique. (Colour changes from yellow to
yellowish green and yellow to yellowish blue are also observed on
addition of NaOH to aqueous solutions of [Ni(13aneN4)](0104)2 and
[Ni(l4aneN4](C104)2wrespectively.) The [Ni(lZaneN4)]2+ system was
studied at 0.125, 0.25 and 0.5 mol dm_3 NaOH (ionié strength = 2.0

adjusted with NaClOa) at 560nm by stopped flow technique under
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pseudo lst order conditiomns. The kobs value was found (Table 5.10)

to be independent of the concentrations of sodium hydroxide. The

TABLE 5.10
k Values for Reaction of [Ni(l12aneN,) (OH,) ]2+
obs 4 2°2
with NaOH
-1 -1 ~1
k S k S k S
[NaOH{3 obs obs obs
mol dm 308.2K 313.2K 318.5K
0.125 (0.313 + 0.04) (1.25 + 0.13)
0.25 (0.338 = 0.03) (0.414 % 0.04) (1.18 + 0.13)
0.50 (0.316 = 0.04) (0.425 £ 0.03) (1.16 + 0.11)
N.B. The errors represent one standard deviation

kinetic parameters AH# and AS# are obtained from least squares analysis

using equation 5.7 (see equation 4.9, Chapter 4)

kT # #
. - B -bH"/RT _AST/R

obs h 5.7

for the system. The AH# and AS# values are found to be

(101 £ 35) kJ mol 8 and (73 = 30) JK_l mol—1 respectively

(one standard deviation error). Both bands at 357nm and 558.5nm in
the uv/visible spectrum of [Ni(lZaneN4)(OH2)2]2+ (ionic strength

= 1.0) are shifted slightly towards the higher wavelength in

0.5 mol dm—-3 NaOH (ionic strength = 1.0). The water exchange rate
constant on [Ni(lZaneN4)(OH2)2]2+ is very fast and therefore
substitution by hydroxide ion is expected to be fast. The purple
to blue interconversion of [Ni(lZaneN4)(0H2)2]2+ with NaOH may
possibly be accounted for by an isomerisation in which inversion

of nitrogen atoms are required to attain thermodynamic equilibrium.

In principle four such isomers may arise: i) four hydrogens on

the same side of the ring; dii) three hydrogens on the same side;
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iii) two hydrogens on either side (cis); iv) two hydrogens on
either side (trans). The available data cannot be used to
distinguish between these possibilities. As the pH increases

the absorbance of [Ni(12aneN4(0H ]2+ in water also increases at

2)2
all wavelengths and markedly increases at 350nm, therefore strong

base may deprotonate the complex, and this proton transfer reaction

is expected to be very fast.

5.7 General Discussioii.

The kinetics of formation of transition metal complex with
12 - 16 membered tetra aza macrocycles have been studied?! by
others using'pH stat and stopped flow techniques. The results have
been analysed as bimolecular reactions between the metal ions and
various protonated species of the ligands. The rate of complexation
for a gi§en protonated species of the ligand follows the order
Copper (II) >zinc (II) > cobalt (II) > nickel (II) which parallel the
sequence of their water exchange rates and the macrocycle; react less
rapidly than the analogous open chain amines. A study of the
complexation of [Cu(lZaneNA)]2+ by a polarographic method using
acetate buffer was reported 14 %1 jn which complicated mechanisms
were proposed explaining the pH dependence of the rate constant.
The observed rate constants of [Ni(12aneN4)]2+ formation

complexation were found to be (0.75 * 0.02) X 10_38_1 and

3

(2.61 + 0.13) x 10 S-1 at pH 5.95 and 6.60 respectively in this

study. It was found (see Chapter 2) that 12aneN
3

4 accepts two protons

when titrated with 1.0 mol dm HClO4 (ionic strength 1.0) and

therefore mono and diprotonated 12aneN, are expected to be present

4

within the pH range studied. The two protons are forced much

closer together in the 12aneN, structure than in the more flexible

4

analogous open chain amine 2,2,2-tet. Therefore the complexation
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of [Ni(lZaneN4)]2+ is glower than that of the open chain amine.
As the pH increases, the kbbs value increases showing that the
mono-protonated species is more reactive than the diprotonated
species. The pH dependence of kobs is consistent with similar
systems,? 12714 19521, kly 42

A qualitative experiment showed that the rate of dissociation

of [Ni(Me412aneN4)](ClO is slower than that of [Ni(lZaneN4)](ClO4)2

4)2

with HClO4 under identical conditions showing the effect of steric

hindrance. The [Ni(13aneN4)](C104)2 complex also dissociates very

slowly with HC10, but with HC1, the dissociation becomes faster

4

showing that the chloride ion influences the rate of dissociation.

The ko values for the rate of dissociation of [Ni(13aneN4)](Clo4)2

bs
with 0.3, 1.0, 2.0 and 5.0 mol dm'3 Hcl at 341.3K (430nm, ionic

strength 5.0 adjusted by NaCl) are obtained in this study (under

pseudo lst order conditions) as (38.4 * 0.5) X 10—58_1,

(58.8 + 0.5) x 107251 (66.4 + 0.8) X 107°s7! and (83.3 = 2.6) x 10'55'1,

respectively. On anticipating a complicated mechanism, further
studies were not carried out with HC1l dissociation of

[Ni(13aneN4)](ClO The data from Table 5.11 shows that the rate

4)2'

of dissociation of [Ni(lZaneNA)](Clo is faster than that of

4)2

[Cu(lZaneN4)](ClO which in turn is faster than that of

4)2

[Cu(M8412aneN4)](ClO From these observations, it appears that

4)2'
the dissociation of the 12-membered complex is faster than that

of the l3-membered complex and the sterric crowding on the nitrogen
atoms dramatically decrease the rate of dissociation. These results

are also consistent with similar observations.!% 2% 27

i reported the acid dissociation of

Raycheba and Margerum"
nickel (II) tetraglycinamide and concluded that as many as three

protons can assist in the acid dissociation. The rate of

dissociation was found to be highly dependent on pH. The plot



TABLE 5.11
Half Lives for [Ni(12aneN4)](C10

Do
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[Cu(12aneN4)](ClO4)2

and [Cu(Me412aneN4)](Clo4)2 Dissociation.

[Ni(lZaneN4)]2+ [Cu(lZaneNa)]2+ [Cu(Me412aneN4)]2+
System System System
Half Lives 9.65 minutes 210.0 minutes at 439.3 minutes at
at 297.4K _ 30340K (1.0 mol 33137K (3.0 mol
(1.0 mol dm dm ~ HC1lO0, and dm ~ HC10, and
HC10, and ionic ionic strength ionic strength
strength 6.0) 6.0) 8.0)
12.3 minutes at
313:0K (3.0 mol
dm HC10, and
ionic strength
6.0
of k for nickel (II) tetra-glycinamide dissociation against

obs

acid concentration is similar to the plots in Figures 5.5, 5.7 and

5.8 for [Ni(lZaneN4)](ClO

[Cu(Me412aneN4)](ClO

WP

4)2

[Cu(12aneN4)](ClO

dissociation.

4)2 and

As with the case of

nickel (II) tetraglycinamide system,the protonation step for

these systems (reported here) are expected to be fast, equilibrium

constant becoming smaller as the higher protonated species are

formed.

rates and the

that of lower

observed rate

Margerum and co-workers"

Different protonated species will dissociate at different
higher protonated species will dissociate faster than
protonated species, thereby increasing the overall

constant with increasing acid concentration.

observed that the blue-to-red

interconversion of Cu(5,5,7,12,12,14-hexamethyl-1,4,8,11-

tetra-azacyclotetradecane is base catalysed.

The blue isomer

is converted into the red isomer very slowly in slightly basic

solution.

up to pH 12 after which the rate becomes nearly constant.

The rate of interconversion increases as the pH increase

It was

concluded from crystal structure determination of blue and red



isomers that two of thé nitrogen atoms must invert for the blue-
to-red reaction. They proposed that blue-to-red interconversion
occurs via monohydroxy species (blue) and co-ordinated hydroxide
is much more reactive than free hydroxide. The pH dependence of
the kinetic data and the fact that halide ions inhibit the
interconversion reaction by blocking hydroxide ion from a
co-ordination site support this proposal.

Poon and Tobe*® observed that the cis-to-trans isomerisation
of cis—[Co(ll+aneN4)C12]+ is accompanied by the exchange of two
of the four amine protons, the most likely way of inverting
co-ordinated nitrogen atoms. They proposed from their studies
of the kinetics of the exchange of the amine protons of
trans—-[C0(14aneN4)(0H2)2]3+ and trans-[ Co(14aneN4)(OH)(OH2)]2+
as a function of pH that the facile hydrogen exchange and
isomerisation of these hydroxoaquo complexes is a consequence of
an intramolecular proton transfer from nitrogen to oxygen thereby
allowing the otherwise unfavoured exchange with inversion of
configuration to take place. They also found chloride ion
inhibition in the isomerisation studies.

The reaction of [Ni(lZaneN4(0H2)2]2+ with NaOH seems very
similar with these two systems"”“"+5 discussed above but with the
limited data obtained, it is probable that an isomerisation reaction
takes place and this is probably a consequence of inversion of
nitrogen atoms because any proton transfer reaction is expected

to be very fast.
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CHAPTER SIX

Non-Aqueous Chemistry

6.1. Introduction.

3 with metal ions

Macrocyclic ligands form more stable complexesl_
than do their open chain analogues. This enhanced stability, the
macrocyclic effect, is one of the main reasons for wide spread
attention to these ligands. The ability to discriminate among
closely related metal ions based on the relative fit of the ligand
cavity size to the metal ion radius (ring size effect)? 3-8

is another reason for interest in macrocyclic ligands. The kinetics

of formation of metal complexes with macrocyclic ligands containing

16 16-18

nitrogen’~ or the polyether crown type or sulphur!® donors
have recently been reported. Although most of these investigations
have been carried out in aqueous media, several studies involving
other solvents'®=2? have also been reported. In this chapter
results from the study of the rate of formation of nickel (11),
copper (II) and cobalt (II) complexes with Me412aneN4 and Me414aneN4
in dmf are reported for the first time. Spin-equilibria measurements
of nickel (II) complexes with 12aneN4, Me412aneN4 and Me414aneN4 in
dmf and acetonitrile are also reported here. All of the latter
equilibria were found to be reversible with temperature. Systematic
thermodynamic studies of metal macrocyclic complexes, i.e.

[Ni(14aneN4)](ClO in a variety of solvents have been previously

4)2’
reported.‘“'23 Tt should be mentioned here that different nickel (II)

complexes prepared in a variety of solvents (see Chapter 2) possess

different properties and their spin-equilibria measurements are also
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included in this chapter.

Dmf is an important aprotic solvent frequently used as a
reaction medium for inorganic and organic reactions because of its
ability to solvate both metal ions and non-polar organic compounds.
The rate of complex formation with macrocyclic ligands is
dramatically increased in dmf compared with water and the kinetics
can be studied using the stopped flow technique. The stoichiometry
of complex formation in dmf was measured using Job's method of

continuous variation.

6.2. Determination of the Stoichiometry of the Metal Macrocyclic

Complexes in dmf Solution.

Solutions of metal salt [M(dmf)6](C10 (M = metal) and 1ligand

4)2
were prepared in dmf (ionic strength adjusted to 0.5 with NaC104).
Different solution mixtures were prepared with varying amounts of

ligand and metal ion for Job's method of continuous variation (see

Chapter 7) and the uv/visible spectra were recorded at 298.2K.

Figure 6.1, for example, shows the plot of Y (A measured - A calculated)

[ 1igand]
ligand]+ [ metal salt]

at 396nm against mol fraction of the ligand ([
for [Ni(MeAlZaneN4)]2+ formation. The solid lines are least squares
linear regression lines. The maximum occurs at 0.53 mol fraction
of the ligand showing the formation of a one to one complex within
experimental error. Similar experiments were performed for other
complexes and the results are given in Table 6.1 and Figures 6.1 to
6.7. Within experimental error, one to one complexes were formed in

all cases except for the [ Cu(tbl2aneN ]2+ system where one metal

4)2

ion appears to combine with two ligand molecules.
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Figure 6.1 A .

neasured ~ Acalculated (A = 396 mm and cell path = 2 cm) vs mol fraction of Meyl2aneN; for Job's

04

method of continuous variation for the determination of stoichiometry of [Ni(Me412aneNq)]2+ formation in dmf

at 298.2 K. Stock solutions of 2.99 x 1073 mol dm~3 [Ni(dmf)g](C104) 5 and 3.89 x 1073 mol dm~3 Mey12aneNy were

used (ionic strength adjusted to 0.5 with NaClOy).
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Figure 6.2 A .. cured — Acalculated (A = 398 mm and cell path = 1 cm) vs mol fraction of Meyl4aneN, for Job's

method of continuous variation for the determination of stoichiometry of [Ni(Me414aneN4)]2+ formation in dmf
at 298.2 K. Stock solutions of 2.97 x 1073 mol dm™3 [Ni(dmf)g](C104)» and 2.93 x 1073 mol dm™ 3 Me,l4aneN,

were used (ionic strength adjusted to 0.5 with NaClO,)
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Ameasured — Acalculated
0-16+ (A = 602 mm and cell path =
2 cm) vs mol fraction if
12aneNy for Job's method

of continuous variation for
012_ the'de%ermination of
stoichiometry of
[Cu(lZaneNq)]2+ formation
in dmf at 298.2 K. Stock
solutions of 4.89 x 107"%
mol dm~3 [Cu(dmf) g](C1O4) 5

and 5.16 x 10~% mol dm™°

0-081

12aneN, were used (ionic
strength adjusted to 0.5
with NaClOy).
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Apeasured - Acalculated (A = 610 nm and cell path = 1 cm) vs mol fraction of Meyl2aneNy for Job's method

Figure 6.4

of continuous variation for the determination of stoichiometry of [Cu(Me412aneNq)]2+ formation in dmf at 298.2 K.

Stock solutions of 2.45 x 10 3.mol dm 3 [Cu(dmf)g](Cl0,), and 2.10 x1073 mol dm~3 Me,l2aneN, were used (ionic strength
adjusted to 0.5 with NaCloQ,.
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Figure 6.5 A

neasured ~ Acalculated (X = 620 nm and cell path = 1 cm) vs mol fraction of Meyl4aneN, for Job's method of

o

continuous variation for the determination stoichiometry of [Cu(Me414aneN4)]2+ formation in dmf at 298.2 K. Stock

solutions of 2.25 x 1073 mol dm™? [Cu(dmf)¢](Cl04) 5 and 2.10 x 10™3 mol dm~3 Meyl4aneN, were used (ionic strength

adjusted to 0.5 with NaCloy).
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Figure 6.6  Aj..cured — Acalculated (A = 310 mm and cell path = 1 cm) vs mol fraction of tbl2aneN, for Job's method
of continuous variation for the determination of stoichiometry of [Cu(tblZaneN4)2]2+ formation in dmf at 298.2 K

Stock solutions of 1.55 x 10~ " mol dm 3 [Cu(dmf) ] (C10Oy4) 2 and 1.46 x 107" mol dm~3 tbl2aneN, were used (ionic strength

adjusted to 0.5 with NaClOy.
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Figure 6.7 Al ..cured — Acalculated (A = 470 nm and cell path = 2 cm) vs mol fraction of MeyléaneNy for Job's

method of continuous variation for the determination of stoichiometry of [Co(Meql4aneNq)]2+ formation in dmf at

298.2 K. Stock solutions of 2.48 x 1073 mol dm™ 3 [Co(dmf)g](ClO4)2 and 2.61 x 1073 mol dm™ 3 Meyl4aneN, were

used (ionic strength adjusted to 0.5 with NaCloy).
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TABLE 6.1.

Data for Job's Method of Continuous Variationa

. Mol Fraction
[Metal galt] [ngang] WaYelength of the Ligand
Complex x 10 x 10 in nm of
-3 - at which
mol dm mol dm Measurement .
Maximum Occurs

. 7+ =
1. [N1(Me412aneN4)] 29.9 38.9 396 0.53
2. [Ni(Me414aneN4)]2+ 29.7 29.3 398 0.50
3. [Cu(12aneN4)]2+ 4.89 5.16 602 0.51
4. [Cu(Me412aneN4)]2+ 24.5 21.0 610 0.55
5, [Cu(Me414aneN4)]2+ 22.5 21.0 620 0.48
6. [Cu( th 12aneN4)2]2+ 1.55 1.46 310 0.67
7. [cO(Me414éneN4)]2+ 24.8 26.2 470 0.52

a See Figures 6.1 to 6.7, respectively.

6.3. Rate Measurement on the Formation of:

6.3.1. INi(Me,l&aneN&)]2+ Complex.
"l =

When a solution of Me414aneN4 is added to a solution of

[Ni(dmf)6](ClO the resulting mixture rapidly turns red and then

Vo
very slowly turns green (see Chapter 2). The fast process was
studied using the stopped flow technique at 298.2K at different
wavelengths under pseudo lst order conditions keeping ligand
concentration constant (1.0 x 10_3 mol dm_3). Figure 6.8 shows
the plot of kbbs (510nm) against [Ni(dmf)6(C104)]2and the data
are given in Table 6.2. The solid line in Figure 6.8 is a least
squares linear regression line passing through the origin. The

rate of complex formation between Me4l4aneN and nickel (II) is

4

proportional to [Ni(dmf)6(ClO4)2] and [ Me 14aneN4] as shown in

4

equation 6.1



Figure 6.3

k

obs

vs [Ni(dmf)%f] for formation of [Ni(Meql4aneN4)]2+ in dmf at 298.2 K and A = 510 nm. [Meylé4aneN,] =1 x 10

mol dm~3 for all reactions (ionic strength = 0.5). The solid line is a least squares linear regression line.
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TABLE 6.2.

+
Kinetic Data for [Ni(Me,14aneN,)]2 System
¥ ¥

K Lok, s
[Ni(dmf)6(ClO4)2] kobs S—l kobs S—l k'obs S—l A sz60nm A :bz60nm
mol du > A = 510mm | A = 400nm | A = 435mm (‘;i;:er) (‘EEQZS
0.01 0.64+0.01 [ 0.57+0.02 | 0.53+0.02 | 0.66+0.02 | 0.55%0.03
0.02 1.26%0.04 - - - =
0.03 1.8 0.1
0.04 2.66x0.06 - - - -
0.05 3.2 #0.1
0.06 - 3.8 #0.2
0.07 4,2 £0.1 - - = o
0.10 6.4 +0,2
N.B. The errors represent one standard dgviation
d[Ni(Me414aneN4)(dmf)2+] n
= k[Ni(dmf)G(ClO4)2 ][Me414aneN4] 6.1

dt
(here ligand exists as an uncharged species)
Firstly, the possibility of a dissociative interchange mechanism,
Idzl““25 (also see Chapter 1) will be explored here. For an Id

mechanism, the pathways for the reaction between nickel (II) and

Me414aneN4 can be represented by equation 6.2

2+ = 2+
[ Ni(dmf) ] + Me, l4aneN, <=9 [Ni(dmf) ], Me, l4aneN
6 4 4 I 6 4 4

ITV %k
) 2+
[Ni(Me4l4aneN4)(dmf)] + 5 dmf 6.2
in which the rate determining step for the formation of the
inner sphere complex (step II) is preceded by the rapid formation

of an outer sphere complex (step I). The rate equation 6.3 may be
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deduced in the following way?® considering 'B' in excess.

5
L +[MS6]2+ - [MS6]2+, L
A B k-1 c
Kk
bk
[MLs] 2F 455 6.2a

D
(where L = macrocyclic ligand, M = metal ion and S = solvent molecule)

If the first step is fast compared with the second, then
k
[C] 1
P = k., k.. > k_.
Keq [ Al B] o1 and 10 El ¢+ The rate of appearance of

D must be equal to the rate of disappearance of (A + C).

_dnl _ -d@AlHc) _ ok
rate = 421 —ddAl = k(A1) = kdc]
. k] ke “eq [AILB]
“* “obs  [AlHC  [Al+ Ko LAILE]
, 2+
k k
or k _ _f Kéq [ 5] w "F Keq [MS6 ]
“obs 1+ K [B] 2+
eq 1 + Kéq [MS6 ]
2+
en k = k
If Kéq [MS6 ] > 1, then obs ¢
and if 1 >> K [MS 2+] , then
eq 6
2+
k =
obs kf eq [MS6 ] 6.3
where [MS 2+] is the metal ion concentration which essentially

6

remains constant under pseudo lst order conditions. kobs is the
overall observed rate constant for the reaction.

From the plot of ko vs [Ni(dmf)62+L the value of k Kéq

bs £

was found to be (63 % 2) mol_1 dm3 S_1 in the case of the ligand

Me414aneN4. The Keq value may be roughly estimated in two ways:-
(a) The rate constant for dmf exchange on [Ni(dmf)6]2+ at 298.2K
3 -1

was reported27 to be 6 x 3.8 x 107 § and this exchange rate
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constant is very fast compared with the observed rates constants

1

0.64 - 6.4 S = of the [Ni(Me414aneN4)]2+ system. The Keq value

was calculated to be 2,77 x 10—3 mol_1 dm3 by equating dmf

exchange rate constant to kf and this value is consistent with the

. , 2+
assumption 1 >> Keq [Nl(dmf)6 ].

(b) The Kéq value may be approximately obtained wusing equation

6.428
« o 4ma>  _  U(a) 6.4
eq 3000 & KT T
(U(a) = Debye-Huckel interionic potential)
Z.Z e2 Z.7Z ezh
Ua) = 172 _ 172
aD D(1+ka)
k(Z - STTNEZI__
1000DKT
N = Avogadro's number.
a = centre to centre distance of closest approach of the solvated

metal ion and the reacting site of the ligand.

k = Boltzmann's constant

e = charge of an electron in e.s.u. unit

D = bulk dielectric constant

I = dionic strength

Zl,Z2 = charges of reactants, T = absolute temperatures

The Keq value was calculated to be 0.16 m.ol_1 dm3 setting

a = 4A° arbitrarily and this is consistent with 1 >> Keq [Ni(dmf)62+].

Using this Keq value, kf becomes 3.95 x 102 S_1 which is slower than

the dmf exchange rate constant on [Ni(dmf)6]2+ and in the Id mechanism, 28
k,f is expected to be less than the dmf exchange rate constant because
the ligand is in competition with solvent molecules when it comes to

entering the co-ordination shell. However, the Keq values estimated

from both methods are only approximate because the calculations use
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indirect methods.

An alternative mechanism to the one so far discussed is the

25

dissociative (D) mechanism®® which could also give rise to the

equation 6.3 as shown below considering 'B' in excess.

2+ “ 2+
Me, l4aneN, + [Ni(dmf) ] = [Ni(dmf)_] + dmf + Me, l4aneN
4 4 6 Kk 5 4 4
A B -1 C A
{ k¢

[Ni(Me414anN4)(dmf)]2+ + 5 dnf

D
- 4[Db] _
rate at kf [A]l]C]
Under steady state conditions
da[C] _ - =
T = kl[B] - k_l[C][dmf] - kf[A][C] = 0
k. [B]
S [C] = o
k _[dmf] + k_[A]
-1 f
 oaee o dlpp R lAITE
= dt k_l[dmf] + kf[A]
a[p] . o .
Thus ~dt will exhibit a non-linear dependence upon [A] between the
limits

i) k_l[dmf] >> kf[A] when

o k Kk, [A][B]

dinl _  _ dlAl o
dt dt k_l[dmf]

At a fixed excess concentration of B, an apparent first order plot
will be obtained with

(o

obs k_l[dmf]

ii) k_l[dmf] << kf[A]when
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At a fixed excess concentration of B, an apparent zero order plot
would be obtained at this limit. Since experimentally in the
system under discussion, a first order plot is obtained, if the
reaction were dissociative limit (i) would apply. Accordingly the

appropriate expression for ko , the pseudo first order rate

bs
constant, would be

kfkl[B] k

e k_,[ dmf] = Kk, [B] (where K =

S S
k_l[dmf]

In form this expression is identical to equaﬁion 6.3. Thus using the
available data, one cannot distinguish between a D or an Id mechanism.
However, the ,main features of formation for many labile complexes of
nickel (II) in water,zg’30 methanol®! and ethanol®? are consistent
with an Id mechanism and it was observed that the rates of formation
of the complexes are controlled by the rates of exchange of solvent
molecules between the imner sphere of the nickel ion and the bulk
solvent. The possibility of an associative interchange mechanism?® (Ia)
cannot be ruled out but the formation of an increased co-ordination
number between a charged metal ion and an uncharged ligand seems to
be improbable. Moreover, ligand substitution on nickel (I1) 3% 3% py
other ligands in other solvents appear to proceed through an Id or

a D mechanism. Therefore it is quite unlikely that an Ia mechanism

is operating in this system.

6.3.2. [Ni(Me,lZaneN,)]2+ Complex:-—
4 4

The rate of formation of [ Ni(Me 12aneN4)]2+ from

4

and Me lZaneN4 was studied under pseudo lst order

[Ni(dmf)6](ClO4)2 4

conditions at 298.2K. The ligand concentration was kept constant
(2.0 x 10_3 mol dm_3) and the rate was studied as a function of

. 2+ .
excess [Nl(dmf)6 ]. Two processes (Figure 6.9) were observed with
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Figure 6.9 Two kinetic processes for the reaction of 2 X 102 mol dm™3 [Ni(dmf)g](ClOy), with 2 x 1073 mol dm~
Meyl2aneN, in dmf at 298.2 K and A = 600 nm (ionic strength = 0.5). 80 ms/cm, 4 mv/cm, Vo = -1.8 mv and back off

= 2.0 volts. The trace was obtained in a shorter time scale to observe both process simulataneously.
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the stopped flow instrument and a very slow process (t%=¥ 1 hour at
298 K) was observed using uv/visible sprectrophometry in excess
metal ion concentration. The more rapid first process was studied
at 600nm while the second slower process was studied at both

600nm and 400nm. The approximate observed rate constants for the
first process varied non-systematically from 17+ 3 to 30 £ 2 S_1
over the metal concentration range of 0.02 to 1.0 mol dm_3.

Because of two processes occqrring within a very short time, it is
not clear whether the first process depends upon the concentration
of metal ion or not. If it is not dependent upon metal ion
concentration, then it is probably preceded by a very fast process
which is too fast to be studied using the stopped flow technique.
The first metal-ligand bond is expected to form rapidly if
substitution on [Ni(dmf)6]2+ is characterised by a rate determining
step involving the dissociation of dmf. The substitution of one

water molecule of [ Ni(OH ]2+ by an amine nitrogen renders the

2)6
remaining five more labile®® (also see Chapter 4). By analogy, one
could postulate that the substitution of one dmf molecule of
[Ni(dmf)6]2+ by an amine nitrogen will also render the remaining
five more labile and hence the remaining metal-ligand bond
formation is expected to be very rapid. Consequently the slower
processes observed in this system may probably be attributed to
isomerisation which is a consequence of inversion of the nitrogen
atoms of the ligandssfai (see Chapter 1). The ligand in the
non-co-ordinated state exists as a number of stereochemical isomers
in equilibrium with each other. On co-ordination of the ligand,
this equilibrium is changed and the attainment of a new equilibrium

corresponds to the slower processes mentioned above (i.e. the

attainment of thermodynamic equilibrium between different isomers

225



of nickel (II) complexes give rise to the slower processes). The
kinetic data for the second process are given in Table 6.3 and the
plot of the observed rate constants (kobs) against metal ion

concentrations 1is shown in Figure 6.10.
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TABLE 6.3
Kinetic Data for [Ni(MeLIZaneNL)]2+ System

[Ni(dmf)(C10,),] L s71 LS s~1
mol dm™ ' 2nd Process 2nd Process
A = 600nm A = 400nm
0.02 1.55 + 0.02 1.66 *
,0.03 1.65 * 0.1 1.70 + 0.
0.04 1.56 £ 0.11 1.78 =
0.05 1.72 £ 0.2 1.78 = 0.
0.06 1.70 £ 0.2 1.82 = 0.
0.07 1.60 = 0.2 -
0.10 1.57 £ 0.2 -

N.B. The errors represent one standard deviation

The rate constant for dmf exchange on [Ni(dmf)6]2+,27

(6 x 3.8 x 103S—1 at 298.2K) is very fast compared with the observed
rate constant 17 = 3 - 30 %+ 2 S_1 of the first process. It has been
observed?® in aqueous solution that in the Id mechanism the rate
constant for the second step in equation 6.2a can be less than the
solvent exchange rate constant since even though the ligand forms
an outer sphere complex, it is still in competition with solvent
molecules when it comes to entering the co-ordination shell. In an
Ia mechanism this rate constant can be greater, since the ligand

in the outer co-ordination sphere has some influence on the rate at

which the co-ordinated solvent leaves. In the D mechanism, the rate

constant for the formation of intermediate with reduced co-ordination
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Figure 6.10

kobs vs‘[Ni(dmf)§+] for the second process of
[Ni(Mey12aneNy) 12t formation in dmf at 298.2 K, A = 600 nm
(filled circles) and A = 400 nm (open circles). [Mey12aneN, ]
= 2 x 1073 mol dm 3 for all reactionms (ionic strength = 0.5).
The solid line is a least squares linear regression line

for datum points at A = 600 mm.
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number must be equal to the solvent exchange rate constant.
The present system is very similar to the [Ni(MeAIAaneN4]2+

system discussed in the previous section and therefore the same

mechanism may be operating in this case.

6.3.3. [Cu(Mez'lZaneNl*)]‘2+ Complex:-

The kinetics of formation of [Cu(MeAIZaneNA)]2+ keeping
ligand concentration constant (5.0 x 10_4 mol dm—3) were studied
under pseudo lst order conditions at 298.2K with excess metal ion.
Two processes were observed using the stopped flow techﬁique as
shown in Figure 6.11. Because the two processes occur within such

’

a short time scale, the kobs values obtained for the first process

varied approximately from 6 * 0.2 to 30 2 S—lover the concentration

range of 0.01 to 0.1 mol dm_3 and these kobs values were found to

increase with the increase of metal ion concentration., TFor the
second process the kinetic data are given 1in Table 6.4 and the plot of

kobs vs [Cu(dmf)6(C104)2

discussed in Section 6.3.2., the second process may be due to

] is shown in Figure 6.12. For the reasons

isomerisation. The dmf exchange rate constant on [Cu(dmf)6]2+
. 2+ 2+
should be greater than that on [Nl(dmf)G] and [Co(dmf)6] .
and may be tentatively estimated as 6 x 1 x 108 S_1 (at 298.2K)
which is very fast compared with the observed rate constants obtained

for the first process and the same mechanism as discussed in

Section 6.3.1. may be expected to be operating.

6.3.4. [Cu(MeLll»aneN,)]2+ Complex:~

One process was observed using the stopped flow technique for
the [Cu(Me414aneN4]2+ system under pseudo lst order conditions
(excess metal ion) at 288.2 and 298.2K and no slower process was

detected using a uv/visible spectrophotometer. The kinetic data
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Figure 6.11
Two kinetic processes for the reaction of 1 x 1072 mol dm™3 [Cu(dmf) g1(C10y) o with 5 x 107" mol dm™ 3
Meyl2aneNy in dmf at 298.2 K and A = 610 mm (ionic strength = 0.5). 400 ms/cm, 200 mv/cm, V.=-0.28 volt

and back off = -2.0 volts. The trace was obtained in a suitable time scale to observe both processes

simultaneously.
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Figure 6.12

kops VS [Cu(dmf)%+] for the second process of [Cu(Mey
12aneN,) 127 formation in dmf at 298.2 K, A = 610 mm
(filled circles) and A = 525 nm (open circles).
[MeuléaneNq] = 5 x 107% mol dm~3 for all reactioms
(ionic strength = 0.5). The solid line is a least

squares linear regression line for datum points at

A = 610 nm.
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TABLE 6.4

Kinetic Data for the ICu(Me,lZaneN,)]2+ System
b | B ]

[ Cu(dnf) (€10,),] k, s kst

mnol dm-3 2nd Process 2nd Process

A = 610nm A = 525nm

0.01 0.27 £ 0.01 0.26 + 0.01

0.02 0.27 £ 0.01 0.27 = 0.03

0.03 0.27 £ 0.01 0.28 + 0.03

0.04 0.27 + 0.01 0.27 + 0.04

0.05 0.29 + 0.02 0.27 + 0.03

0.06 0.27 + 0.02 0.27 + 0.01

0.10 0.29 + 0.01 0.27 + 0.02

N.B. The errors represent one standard deviation

. - k
are given in Table 6.5 and the plot of obs VS [Cu(dmf)6(C104)2]

# (see Chapter 4,

equation 4.9) for the process were calculated to be - 69.8JK_1 mol_1 and

is shown in Figure 6.13. The parameters AS# and AH

45.8 kJ mol—l, respectively. As with the [Ni(Me412aneN4]2+ system discussed
in section 6.3.2., thils process is attributed to isomerisation, and
the first bond formation between the ligand and the metal ion is

assumed to be too fast to be studied using the stopped flow technique.

TABLE 6.5
Kinetic Data for the [Cu(Me,lAaneN,)]2+ System
of 14

-1 -1 -1
[Cu(dmf)6(ClO4)2] kobs S kobs 5 kobs 2
_3 A = 610nm A = 610nm = 525nm
mol dm 298.2K 288.2K 288.2K
0.01 13.8 + 0.5 6.9 0.2 7.1 £ 0.3
0.02 13.3 £ 0.9 6.8 £ 0.5 6.8 0.1
0.03 13.6 £ 0.4 6.9 * 0.4
0.04 13.1 + 0.7 - -
0.05 13.8 £ 0.8
0.06 13.5 + 1.0 -~ -
0.07 13.4 * 1,0
0.10 13.6 * 0.3 - ]

N.B. The errors represent one standard deviation
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Figure 6.13

157 T
k vs [Cu(dmf)%+] for formation of [Cu(MeqllLaneNq)]2+
| P CL ,l ,l & BBE
? R | K in dmf at 288.2 K (filled circles), 298.2 K (open
circles) and A = 610 nm. [MeyldaneN,] = 1 x 1073 mol
10+ Ldm™3 for all reactions (ionic strength = 0.5). The
solid lines are least squares linear regression lines.
i &
1 1
5‘E -
0 7 — ) — 5
0 0-04 0-08

Eu(dmf)gj mol dm™S
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6.3.5. [Co(Me414aneN4i2+ Complex:-—

Two processes (Figure 6.14) were observed using the
stopped flow technique under pseudo lst order conditions (excess
metal ion) at 298.2K. The observed rate constants for the first
process varied un-systematically between 14 * 1 and 19 * 2 S_1
over the concentration range of 0.01 - 0.07 mol dm_3 and this

k value is very slow compared with dmf exchange rate constant

1

obs

6 x 3.9 x 10° 5~ 2+ 27

at 298.2K) on [Co(dmf)6] ) The approximate

half life for the second process (small absorbance change prevented

satisfactory study) is 0.5 S with 0.01 mol dm_3 and 0.05 mol dm_3

[Co(dmf)6](010 As with other systems, it is expected that

4)2'
complex formation should be followed by isomerisation to attain

thermodynamic equilibrium between different isomers.

6.4. The Temperature Dependence of the Spin-equilibria of

Nickel (IT1) Complexes in dmf Solution:-

A solution of [Ni(12aneN4)](ClO in dmf is purple in colour

4)2
and the uv/visible spectrum is dependent upon the temperature,
probably indicating the presence of an equilibrium between
diamagnetic square planar (low-spin) and paramagnetic (high-spin)
solvated species. The intensity of the band at 42lnm increases
with a simultaneous decrease at both 560nm and 358nm. The molar
extinction co-efficient of the low-spin form (€sq) at 42lnm is

1 3

59.2 mol ~ dm crn_l in CH3N02 thus the equilibrium constants could
€

be calculated using the equation, Keq = Ega—:—g (see Chapter 4,
equation 4.22). Spin-equilibria were studied for other nickel (II)
complexes in different solvents. The Keq values are given in

Table 6.6 and associated AS° and AH® values (see Chapter 4,

equation 4.5) are given in Table 6.7. Figure 6.15 shows the spectra
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Figure 6.14
Two kinetic processes for the reaction of 1 x 1072 mol dm 3 [Co(dmf)g](Cl0y), with 1 x 1073 mol dm™3

Meyl4aneNy in dmf at 298.2 K and A = 470 nm (ionic strength = 0.5). 80 ms/cm, 8 mv/cm, V_=-74 mv and

back off = -2.0 volts. The trace was obtained in a suitable time scale to observe both processes simultan-

vee

eously.



Figure 6.15

Temperature dependent uv/visible
spectra of 2.90 x 1073 mol dm™3
[Ni(Mey1l2aneNy) ](C1l0y) 2 (ethanol

water preparation) in dmf.

4= 1507

Temperatures are 290.7, 304.7,
318.2, 330.2 and 341.2 K for
the spectra from 1 to 5 respect-

ively.

360 ' 500 700
Wavelength nm
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TABLE 6.6
Keq Values for Different Nickel (II) Systems
1 4
Complex Solvent T X 10 Keq
1. [Ni(lZaneN4)](C104)2 dmf 34.48 0.049 + 0.002
33.33 0.051 + 0.003
31.84 0.053 + 0.003
30.70 0.056 + 0.003
29.92 0.057 + 0.003
2. [Ni(Me412aneN4)](ClO4)2 CH3CN 34.38 0.389 + 0.02
33.05 0.405 + 0.02
(ethanol water 30.91 0.427 + 0.02
preparation) . 29.35 0.430 + 0.02
dmf 34.40 0.229 + 0.01
32.82 0.279 + 0.02
31.42 0.331 + 0.02
' 30.28 0.392 + 0.02
29.31 0.478 + 0.03
3. [Ni(Me414aneN4)](C104)2 CH3CN 33.95 0.089 + 0.004
32.82 0.107 = 0.006
(ethanol water 31.87 0.129 + 0.01
preparation) 31.02 0.148 + 0.01
30.09 0.169 + 0.01
dmf 32.52 0.099 + 0.005
31.53 0.108 + 0.01
30.64 0.117 + 0.01
29.95 0.123 + 0.01
29.07 0.137 + 0.01
dmf 33.80 0.134 + 0.01
(with _ 32.53 | 0.167 + 0.01
0.5 mol dm 31.57 0.185 + 0.01
NaClOﬁ) 30.70 0.212 + 0.01
' 29.98 0.242 + 0.01
29.24 0.270 + 0.02
4, [Ni(Me414aneN4)](C104)2 dmf 33.54 0.123 + 0.01
(with 3 32.57 0.141 + 0.01
(ethanol preparation 0.5 mol dm 31.57 0.164 + 0.01
using triethylortho- NaClO4) 30.67 0.188 + 0.01
formate) 29,85 0.213 + 0.01
29.18 0.242 £ 0.02
5. [Ni(Me414aneN4)dmf](Clou)2 dmf 33.98 0.160 + 0.01
z (with 3 32.61 0.188 = 0.01
(dmf preparation) 0.5 mol dm 31.69 0.216 + 0.01
NaClO4) 30.69 0.252 + 0.01
29.98 0.285 = 0.02
29.16 0.330 + 0.02

continued
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TABLE 6.6 continued

Complex Solvent %-x 104 Keq
6. Mixture of dmf 34.55 0.216 + 0.01
[Ni(dmf)6](ClO4)2 and (with -3 31.93 0.359 £ 0.02
Me lhaneN 0.5 mol dm 30.76 0.453 + 0.03
4 4 NaC104) 29.45 0.618 + 0.04

N.B. The errors represent estimated errors.
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TABLE 6.7

AS™, AE® and % Low-spin Values for Different Nickel (II) Systems
o) o)
Complex Solvent _%S -1 A -1 A Low—spig
JK 7 mol kJ mol at 298.2K
1. [Ni(lZaneN4)](ClO4)2 dmf -14.9 £ 0.3 2.97 + 0.07 .8
HZO 30.8 + 1.1 23.6 + 0.3 0.3
aqueous,1.0
ol dm LiClO4 34.0 + 0.7 22.1 + 0.2 0.8
2. [Ni(Me412aneN4)](ClO4)2 CH3CN - 1.90+0.98 1.71 + 0.31 28.5
(ethanol water preparation) dmf 28.0 + 2.2 11.8 + 0.7 20.2
H20 23.6 + 1.3 7.17 + 0.42 49.4
aqueous0.25
o B LiClO4 18.1 + 0.8 4.71 + 0.25 57.0
3. [Ni(Me414aneN4)](C104)2 CH3CN 27.8 £ 1.4 14.1 + 0.45 8.7
(ethanol water preparation) dmf 5.63+1.1 7.66 + 0.35 8.2
dmf (with _
0.5 mol dm 25.9 £ 1.2 12.6 + 0.4 12.3
NaClO4)
H,0 7.01+0.04 18.5 x 0.1 38.7
aqueous,0.5
ol dm LiClO4 42.7 £ 0.5 11.7 + 0.2 60.4
continued

8¢¢



TABLE 6.7 continued

Complex Solvent _%S -1 & -1 % Low—spig
JK 7 mol kJ mol at 298.2K
4, [Ni(Me, l4aneN,)] (C10,) dmf (with 25.3 + 0.8 12.8 =+ 0.26 10.9
4 4 472 -
. . 0.5 mol dm
(ethanol preparation using NaC10,)
triethylorthoformate) 4
5. [Ni(Me, l4aneN, ) (dmf)] (C10,) dmf (with 27.2 + 1.6 12.6 =+ 0.5 14.3
4 4 472 .
(@t o tion) 0.5 mol dm
mL prepara NaC10,)
6. Mixture of [Ni(dmf)_] (C1l0,) dmf (with 45.7 + 1.7 16.9 % 0.54 20.8
6 472 .
d Me ldaneN 0.5 mol dm
and T, taanehy NaC10,)
7. [Ni(14aneN4)](C104)2 CH3CN 79.2 29.0 10.2
dmf 91.2 35.4 3.55
DMSO 52.7 17.5 32.0
HZO 53.6 13.9 69.9
aqueous _3 46.9 11.5 72.5
1.0 mol dm
NaClO4

N.B. (1) Data for water and acqueous LiClO4 solution were taken from Chapter 4.

(2) Data for the [Ni(l&aneN4)](ClO

(3) The errors represent one standard deviation.

4)2

a The errors (estimated) are *57.

system was taken from reference 21.

6€¢
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of 2.90 x 10_3 mol dm_3 [Ni(Me412aneN4)](ClO (ethanol water

4)2
preparation) in dmf at various temperatures. There is no isobestic

point, showing that the extinction co-efficient of the low-spin

and solvated species are different at all different wavelengths

examined. Temperature dependent spectra of 3.11 x 10—3 mol dm_3

[Ni(Me414aneN4)](C10 (ethanol preparation using triethyl ortho-

4)2
formate) and 3.29 x 10_3 mol dm_3 [Ni(Me414aneN4)(dmf)](C104)2

(dmf preparation) in dmf (ionic strength 0.5) are shown in Figures
6.16 and 6.17, respectively. Table 6.8 shows further information
on the spin equilibrium studies. The complexes [Ni(lZaneNA)](ClOA)z,

[Ni(Me412aneN4)](ClO and [Ni(Me4143neN4)](ClO were found to

4)2 4)2

be diamagnetic in nitromethane solution and in the solid state

using the Gouy method. The [Ni(Me414aneN4)(dmf)](ClO complex

42
was also found to be diamagnetic in dmf by the same method. In

Figure 6.17, the spectrum (1) does not pass through the isosbestic
point due to experimental error or a species is present other than
the two predominant species (four co-ordinate and five co-ordinate

species). The molar extinction co-efficient of [Ni(Me 14aneN4)

4

(dmf)] (C10 at 514 nm in mitromethane is used for the mixture of

4)2

[Ni(dmf)6](ClO and Me, l4aneN, as the molar extinction

4)2 4 4

co-efficient of the low-spin form (€sq) to obtain Keq values.

In this system, equal volume of 2.97 x 10_3 mol dm_3

[Ni(dmf) ] (C10 and 2.93 x 107> mol dm > Me,l4aneN, in dmf

containing 0.5 mol dm_3 NaClO4 were mixed together and the spin-

4)2

equilibrium was studied as a function of temperature after the

attainment of final formation equilibrium.
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Temperature dependent uv/visible spectra of 3.11 X 1073 mol dm~3 [Ni(Meyl4aneNy)](C10y4), (ethanol preparation

Figure 6.16
Temperatures are 298.2, 307.1, 316.7, 326.1, 335.0 and 342.8 K

using triethylorthoformate) in dmf (ionic strength = 0.5).

for the spectra from 1 to 6 respectively.
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1507 Temperature dependent uv/visible
spectra of 3.29 x 1073 mol dm™3
[Ni(Me,l4aneN,) dmnf](C10,) o (dnf
1 preparation) in dmf (jionic strength =
0.5). Temperatures are 294.3, 306.7,
315.5, 325.8, 333.6 and 343.0K for
100+ ’ ’
the spectra from 1 to 6 respectively.
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Some Data

TABLE 6.8

for Spin-equilibrium Studies

Wavelength Molar Wavelength
at which molar extinction Solvent for at which Colour after
Complex extinction co—effic%engl equilibrium isosbestic attainment of
co-efficient (mol "dm”cm study points equilibrium
is calculated in nitromethane occur
. [Ni(12aneN,)] (c10,) 421 59.2 dmf 365, 482, Purple
4 472
585
A [Ni(MealzaneNQ)] (c10,), 455 184.4 CH,CN 354 Purple
(ethanol water preparation) dmf x Greenish
red
. [Ni(Me414aneN4)] (c10,), 514 207.0 CH,CN 384, 584 Blue
(ethanol water preparation) dmf 442, 576 Green
dmf (with _
0.5 mol dm 422, 600 Green
NaClOa)
. [ ¥i(Me,14areN, )] (c10,) 514 175.8 dmf (with
4 4 472 B
- ; ; 0.5 mol dm 427, 591 Green
(ethanol preparation using NaC10 )
triethylorthoformate) - 4
. [Nl(Me4l4aneN4)(dmf)](C104)2 514 165. 4 dmf (with _ 429, 599 Green
(dmf preparation) e mall. dm
NaClO4)
. Mixture of 514 assumed to be dmf (with 422, 600 Green
[Ni(dmf) ] (C10,), and 165.4 0.5 mol dm
Me4l4ane 4 NaClO4)’

1974
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6.5. General Discussion.

The rates of complexation of macrocyclic ligands with

different metal d{ions have been investigated 75 By 13520, 3844 ¢

only a few studies have been reported in non-aqueous solvents. !8-20
There appears to be no previous study in dmf. The complex formation
in all the systems reported here appears to involve the usual Id

or D mechanism and the additional slow processes may be attributed
to isomerisation for achievement of thermodynamic equilibrium as

0

discussed earlier. L. F. Lindoy and co-workers?® studied the kinetics

of complexation of NiCl2 in methanol with two 02N2—donor macrocyclic
ligands using, the stopped flow technique. They observed an initial
fast process followed by a slower step and the fast process depends
upon the concentration of both the ligand and the metal ion while
the slower process is independent of ligand concentration at a
constant nickel (II) concentration. L. Hertli and T. A. Kaden®?®
studied the formation of copper (II), nickel (II), cobalt (II) and
zinc (II) complexes with Me414aneN4 in an aqueous medium. They

have conjectured that the slow process could be a conformational
change of the ligand. This change may occur in a rapid pre-
equilibrium before the complexation step or an intermediate with one

or more nitrogen atoms already co-ordinated to metal ion.!?

It has been demonstrated for other macrocyclic systems 10-155 199 &5
that the rate determining step in the formation kinetics is not
controlled by the dissociation of the first co-ordinated solvent

19945 gtudied the formation of

molecule. Rorabacher and co-workers
copper (II) complexes and they proposed that second bond formation
is the rate determining step because of the steric constrains

associated with macrocyclic ligands compared with polydentate

ligands. However, the results reported here are in dmf and can
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be best explained by an I, or D mechanism. One of the main

d
reasons for fast complexation in dmf compared with water is that
the protonation of the ligand does not arise at all in dmf. The
approximately estimated Keq value (298.2K) for [Ni(Me414aneN4)(dmf)]2+

formation in dmf is 2.8 x 10_3 mol_1 dm3 whereas this value becomes

1

equal to 1.1 x 1077 mor™! am> (290. 1K) for [Ni(12aneN4)(0H ]2+

2)2
formation (Chapter 5) in water. This large difference in Keq value
cannot be expected due to different temperature and ligand. It is
more logical to conclude that the concentration of the outer sphere
complex formed from a charged nickel (II) and a neutral ligand is
expected to be higher than that formed between two charged reactants
of same sign.
The following important factors influence the rate of substitution
at nickel (IT) especially in dipolar aprotic solvents such as
CH,CN , HCO N(CH,), and (CH3)28033’"6 with ligands other than
macrocyclic ligands:-
a. a solvent dependent steric requirement demonstrated by multi-
dentate ligands during chelation.
b. a solvent dependent rotational barrier to the proper
orientation in space of co-ordinating ligand atoms during chelation.
c. stabilization of metal-ligand outer sphere complexes by T orbital
or electrostatic interactions between the incoming ligand and
polarised solvent molecules in the first co-ordination of the
metal ion. Hence a study of ligand substitution reaction at
nickel (II) in dipolar aprotic solvents such as HCO N(CH3)2,

CH,CN and (CH

3 SO with macrocyclic ligands of varying ring

3)2
size and steric properties could aid in identifying several

specific rate-determining effects.

The percentages of low-spin form of different complexes of
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nickel (II) in different solvents at 298.2K are given in Table 6.7
together with the associated AS® and AH® values. From Table 6.7,
it appears that the order of stability (low-spin formation) for

solvents employed is dmf > aqueous 1.0 mol dm—3 LiClO4 > H20 for

>H20>CHCN>

[Ni(lZaneNl’)]2+ system, aqueous 0.25 mol dm_3 LiCl0 3

4
dmf for [Ni(Me412aneN4)]2+ system and aqueous 0.5 mol dm_3
NaCl0, > H,0 > dmf (0.5 mol dm > NaC10,) > CH,CN > dmf for
[Ni(Me4l4aneN4)]2+ system. In dmf (0.5 mol dm—3 NaClOa), the
order of stability for different complexes of [Ni(Me4l4aneN4)]2+

is found to be A > B > C > D where

A = complex obtained by ] mixture of [Ni(dmf)6](0104)2
and Me414aneN4

B = complex prepared in dmf

C = complex prepared in ethanol water mixture.

D = complex prepared in ethanol using triethylorthoformate.

The order of stability in different solvents for the

[Ni(l&aneN4)](Clo system was reported’?! to be aqueous

42
0.1 mol dm > NaCl0, > H,0 > DMSO > CH,CN > dmf. The stability order
may be different for solvents of different donor properties. For
different nickel (II) complexes, the order of stability is found to be
[Ni(Me412aneN4)]2+ > [Ni(Me414aneN4)]2+ > [Ni(12aneN4)]2+ >
[Ni(l4aneN4)]2+ in dmf,

[Ni(14aneN4)]2+ > [Ni(Me412aneN4)]2+ > [Ni(Me4l4aneN4)]2+ >
[Ni(lZaneNa)]2+ in HZO and

[Ni(Me412aneN4)]2+ > [Ni(l4aneN4)]2+ > [Ni(Me4l4aneN4)]2+ in

CHBCN. The stability orders are given for low-spin formation and
therefore these orders will be reversed for solvent adduct (high spin)

formation in different solvents. Both AHO and ASO values are

highest for mixture of [Ni(dmf)6](C104)2 and Me414aneN4 in



dmf but AH® value is lowest for [Ni(Me4123neN4)]2+ system in CH3CN

and AS® value is highest for [Ni(12aneN4)]2+ system in dmf. 1In

dmf, both AH® and AS® values follow the order

[Ni(14aneN4)]2+ > [Ni(MeAkQaneN4)]2+ > [Ni(Me414aneN4)]2+ >

[Ni(iZaneN4)]2+.

47

Herron and Moore studied the rates of acetonitrile exchange

with two isomers of [Ni(Me414aneN4)](ClO (see Chapter 1,

section 1.2) by 130 n.m.r. line broadening experiments. They

4)2

claimed that [Ni(R.S.R.S. - Me 14aneN4)](ClO4)2 and

4

[Ni(R.S.S.R. — Me 14aneN4)](C10 are completely converted into

4 4)2

the respective five and six co-ordinate complexes in acetonitrile.
The present study contradicts with this and showed that the
[Ni(Me414aneN4)](ClO4)2 (ethanol water preparation, four methyl
groups are expected to be on the same side of the macrocyclic plane)
complex exists in acetonitrile as a mixture of 8.7% low spin (four
co-ordinate) and 91.3% high spin (five co-ordinate) species at
298.2K. The formation of low spin species is favoured by an increase
in temperature.

It would be expected that the entropy changes may be attributed
to the reduction of spin-multiplicity (negative entropy) and the
release of co-ordinated solvent molecules (positive entropy) whereas
solvating power, steric effect and solvent 10Dq might be contributing
factors to the AH® values. However, the AH® and AS® values are
not systematic indicating the probability that a number of
compensating factors may be at work and therefore qualitative

analysis of these values would be futile.
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CHAPTER SEVEN

Experimental Techniques

7.1 Spectrophotometric Measurements and pH Determinations:

Ultra-violet and visible spectra were recorded on a Zeiss
DMR10 spectrophotometer with therostated cell holders. The
temperature of the circulating water was controlled to #0.2. A
platinum resistance thermometer was used to determine the
temperature of the cell contents. A pH M64 digital-readout
Radiometer pH meter was used to adjust the pH of solutions.
Phosphate, pH, and potassium hydrogen pthalate, pH, buffers were
used to standardise the pH meter.

Slow acid dissociation reactions were followed at a fixed
wavelength under pseudo lst order conditions using a Zeiss DMR 10
spectrophotometer. Observed rate constants were computed by a

least squares analysis using the equation1

A - A
In =—t——= = -kt 7.1
A - A '
(0] [e s
where At = absorbance at any time 't'
Ao = dnitial absorbance
A.OC = absorbance at infinite time.

(more than seven half lives)

k = observed rate constant.

7.2 Magnetic Moment Measurements:-

(a) The Gouy Method.

The magnetic moments of solid complexes, nitromethane solutions

of complexes (tube filled inside a dry box) and the diamagnetic
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susceptibility of solid LiClO4 (x = -0.178 x 10—6 units/gm)

were determined by the Gouy method? using Hg[Co(NCS)A] as a standard.
The mass susceptibility of 4.0 mol dm_3 LiClO4 (x = -0.533 x 10—6 units/
gm) was calculated, (assuming negligible change with temperature),

by use of equation 7.23%"

X = Coxg + (1 - COx, 7.2

soln.

weight of the solute
total weight of solution

where C =
s

and Y Xy and Xg being the susceptibility of solution, water and

soln,

solute respectively. The diamagnetic corrections for elements,

5

metals, etc., are well known. The corrections made for organic

ligands were estimated from known values of simpler organic

groups.

(b) The Evans' Method:-

The temperature dependent magnetic moment of [Ni(lZaneNa)](C104)2
in solution was determined by the Evans' method® using precision
co-axial n.m.r. tubes (wilmad) and a Bruker HX90E n.m.r.
spectrophotometer for which temperature control accuracy was
*0.3K. Corrections were made for the experimentally determined
density variation of the solutions with temperature. The magnetic

moments of [Ni(lZaneN4)](ClO in water and nitromethane were

42
determined by a Varian T60 spectrophotometer using 3% w/w

tertiary butanol and tetramethyl silane as reference signals,
respectively. Diamagnetic corrections were calculated from Pascal's
constants. Magnetic moment was determined from the difference between
the proton resonance frequency of tertiary butanol in the solution and

the tertiary butanol in the capillary. The mass susceptibility,

X, of the dissolved substance is given by equation 7.38

do-ds)
30v Xo (
%\_):;n + XO + ——m . 7.3
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where dv = frequency shift in hertz (Hz)
U = the operating frequency (60 MHz or 90 MHz)
m = mass of the substance contained in 1 cm® of solution.
Xo = mass susceptibility of the solvent
do = density of solvent
ds = density of solution.

6

For highly paramagnetic ions, Evans® has shown that the last term.in

equation 7.3 can usually be neglected without serious error, thus

__36v
X = 2ﬂv0m + Xo 7.4

The effective magnetic moment (ueff) was calculated from ¥ in the

’

following way:—7

peff = 2.84 /T.XMcorr-B.M. 7.5
where Xu molar susceptibility
XMcorr = corrected paramagnetic molar susceptibility
= Xy * / A/, A being computed by adding diamagnetic

susceptibilities of all the constituent groups or
atoms of the substance.

T = absolute temperature of measurement

B.M = Bohr magnetons.

7.3 Job's Method of Continuous Variation:-

If, to a solution of metal ion (M), ligand solution (L) is
added, a complex may be formed according to the following equation

M+ nL = MLn (n = no. of mols)

The composition of the complex MLn formed in solution can be

determined by Job's method®?®

of continuous variation using a
uv/visible spectrophotometer provided the complex exhibits a suitable

spectra. Solutions of approximately equimolar concentrations of
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'M' and 'L' were prepared separately at a constant ionic strength.
The following solution mixtures were then prepared with different
volume ratios (M : L) of 'M' and 'L'

M:L  0:10, 1:9, 2:8, 3:7, 4:6, 5:5, 6:4, 7:3, 8:3, 9:1, 10:0.

The solution mixtures were left at a fixed temperature for attainment
of final equilibrium and the uv/visible spectra were then recorded.
A wavelength was selected where the ligand and metal ion absorbed
to a negligible state in comparison with the absorbance of the
complex. The total absorbance of each mixture at that fixed wave-
length was then determined for each spectrum. This absorbance is
denoted Ameasured. If there had been no interaction between 'M'

and 'L', then the absorbance at the same wavelength (Acalculated)

would have been given by

Acalculated = EMCMt + ELCLt
where € = molar extinction co-efficient of 'M'
CM = concentration of 'M'
EL = molar extipction coefficient of 'L’
CL = concentration of 'L’
t = path length of the cell.

Let Y be the difference between Ameasured and Acalculated
i.e. Y = Ameasured — Acalculated.

The values of Y are then plotted against the mol fraction of

o [ 1igand]
[ 1igand] + [metal salt]

). The maxima in these curves will occur
. n

at mol fraction, T of 'L', thus the formula of the complex present
n

in solution can be deduced.

7.4 Oxygen-17 n.m.r. Measurements:-—

Oxygen-17 n.m.r. measurements were carried out at 13.2, 11.5 and
5.75 MHz on a variable field n.m.r. spectrometer. The 17O resonances

were observed in the absorption mode and the half width at half



256

maximum amplitude, W, was derived through a computer fit of the
Lorentzian line shape. Sample temperature control was adjustable
to within *0.1K and the 170 water was 10% 170 (normalised in H
content). Water exchange rate constants on [Ni(12aneN4)(0H2)2]2+

were determined in dilute solutions of this ion from the changes

in transverse relaxation rates and chemical shifts of the bulk

water 17O nuclei according to the following equations:—10
2 2
o % Ty £(1/T2M + ]./TM) + AwM ) y
2p nx 2 2 )
P (l/T2M + l/TZMTM + AwM )
n(TAw, /w )
Q = X 1o + Q 7.7

o)

o

) 2 2 2
| Ty [(1/T2M + l/TM) + Au@ﬂ

where T, (= llkH O) mean life time of a water molecule bound to

M 2

[Ni(lZaneN4)(0H2)2]2+

. 1 ] ]
5 T2M is the 70 transverse relaxation time of

that water molecule and AwM is its chemical shift, Xp is the mol
fraction of nickel (II) in the high-spin state, Qo is the contribution

to Q from outside the first co-ordination sphere, T, * and Q being

2p
relaxation and shift based parameters, n is the number of water

molecules (assumed 2) in the complex.

7.5 The Temperature Jump Method:-—

(a) The Relation between relaxation time and rate constants:-

In the temperature jump method a reaction mixture at equilibrium
is suddenly perturbed by a temperature rise brought about by discharging
an electric current from a capacitor through the reaction mixture which
also contains inert electrolyte. If the equilibrium constant depends

upon the temperature,“’12

the subsequent re-equilibration at the
higher temperature can be followed spectrophotometrically. During

chemical re-equilibration, in general, one or more relaxation

processes may be observed if the sproctrophotometer signal is
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followed as a function of time and is stored as an oscilloscope
trace.
13

For simplicity, the following reversible lst order reaction

represented by
A = B 7.8

may be considered to illustrate the method. At a fixed temperature,
the concentrations of the reactants and the products will remain
constant. Let a, be the initial concentration of A, bo be the
initial concentration of B and at any time 't', the concentrations
of 'A' and 'B' are 'a' and 'b', respectively. A new equilibrium is
then establiséed by a rapid rise of temperature, at time t = o, where
a and b are the new equilibrium concentrations at the higher
temperature of 'A' and 'B', respectively. So, we may write

y = a-a = b-b 7.9
where y is the difference between actual values and equilibrium

values at any time 't' from the temperature rise. At any time 't',

the rate of change of a is given by

da

T de T kg2 kP
hence - L k,a -k ,b 7.10
dat 1 -1 )

where kl and k—l are the forward and the backward rate constants.

At equilibrium,

kja =k_;b = o 7.11

_dy
hence ac G{l + k_l)y 7.12

(from equations 7.9, 7.10 and 7.11)
The overall 1lst order rate constant, k, is then defined by

ko= Gy +Lk_p) 7.13



Integration of equatioﬁ 7.12 using equation 7.13 results in equation

7.14
.L = e_kt = e-t/T 7 . 14
Yo
where Y, is the value of y immediately after the temperature jump.
A plot of In %—-vs time gives a straight line of slope = - 1/T

(o}

; N 13
Let us consider another reaction of the type

B+ C D 7.15

with a temperature dependent equilibrium where complex formation

and ion association results. At any time 't' after the temperature

Jjump,

y = b-b = c-¢c = d-4 7.16
where b, ¢, d and B, E, d are the concentrations of B, C, D at any
time 't' and at equilibrium, respectively, y being the difference
between actual values and equilibrium values at any time 't'.

At any time 't', the net forward rate is given by

- - xbe -k _d 7.17

and at equilibrium,

with the help of equations 7.16, 7.17 and 7.18, neglecting y2 terms
as they will be negligible compared with y terms, the net forward

rate results as

_dy _ A k
N OIS RS S 7.19

which represents a lst order approach to equilibrium, the terms

within square brackets being a constant. Therefore considering

258
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equation 7.15 as a lst order process for small displacements, the
relaxation time, T, is related to the rate constant, k, as follows:-
N R 7.20

Integration of equation 7.19 making use of equation 7.20 gives

I = e_kt = e_t/T 7.21
Yo
and as before a plot of In’— vs time gives a straight line of
o
slope =-1/T.

Only the single step mechanism is discussed above. 1In case of
multistep systems, n independent concentratioﬁ variables give n
independent rate equations and solutions of various transformation

1y

matrices” " are necessary. Computer calculations of the multistep

processes are listed by I. Amdur and G. G. Hammes.'?®

(b) The magnitude of the displacement of equilibrium concentration:-—

The perturbation of a reaction mixture at equilibrium by altering
the temperature of the system suddenly and using a fast recording
device to follow the re-equilibriation, is as has been explained,
the basic principle of this method.'32!'®!7 The method can thus be
applied to reactions for which the equilibrium constant depends

upon temperature according to the Van't Hoff!® equation, AHC ¥ 0

d1nK AR®
(dt) - o 7.22

for a small change,

o
AR AH o 7.23

K RT2
A temperature rise of a few degrees produces an equilibrium shift
resulting in a measurable concentration change provided AH® is not
very small or zero. The equilibrium constant should be close to
unity for the maximum effect. The magnitude of the concentration

changes when the equilibrium is shifted by a temperature rise depends
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o :
upon the values of AH  and Keq as well as on initial concentrations of

the reactant species.

(c) Experimental Considerations:-

The time constant for the heating.process depends upon the
resistance of the solution in the cell (R) and the capacitance (C)

of the discharge condenser as follows:

RC

Time constant for heating (T )y = 5

heating
thus where C = 0.1 microfarad (capacitance of condenser) and
R = 27 ohms (resistance of a solution of NaClO4 in the cell),
Theating 1.35 pusec.

The temperatuie jump of the reaction mixture on discharging may be

computer as follows!® 1°
v, o=V, gy Ut 7.24
t = time from start of discharge
V0 = dinitial voltage,
R = cell resistance
c = capacitance.
The amount of energy E dissipated in time dt is
dE = XEi dt 7.25
R
2w 2
AT(t) = % e"2t/RC 7.26
0
where AT = temperature rise after time t
CP = heat capacity of solution in the cell at constant
pressure
P = density of solution
V = volume of solution

18

A temperature rise of 10.33K was measured for a small cell

containing approximately 1.5 cm3 at a capacitor voltage setting of
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25ky (Vo). The heating‘time for a 10.33K temperature jump

(i 2 ys in the 2.0 to 4.0 mol dm_3 acqueous LiClO4 solutions) was
determined using phenol red in trizma base buffer at pH 7.21. Approximate
optical densities (for 1 cm cell) of the solution were 0.96 and

0.89 at 288.2K and 298.2K, respectively. The.change in absorbance

with temperature was measured spectrophotometrically at 555 nm and

the photographs were analysed to obtain the heating time. A chemical
relaxation process may be more rapid than the heating time for a fast
reaction and therefore ghe heating time must be determined to ensure

that the observed chemical relaxation times are greater than Theatingf
Longer heating times (more than 2 Us) were observed for aqueous solutions
less than 2.0 mol dm—3 in—LiClO4 and hence no relaxation studies

were carried out using such solutions. Under the experimental
conditions, cavitation effects did not arise. The temperature Jump
apparatus was constructed in a similar manner to that described in

the literature.?®

In order to minimise electrical and magnetic
disturbances, both the charging resistor and the condenser were
shielded from the remaining circuity by means of aluminium and iron
boxes. The 0.1 microfarad condenser was charged from a Brandenburg
E.H.T. generator type MR50/R. The electrical energy was discharged
manually by closing a spark gap and a 500 m{) charging resistor is
incorporated in series with the capacitor. The schematic diagram

is shown in Figure 7.1. The signal from the photomultiplier after
passing through the cathode follower, enters into the Tektronix type
549 storage oscilloscope. Two 1.35 volt mercury batteries in series
were used to back off the signal. The photomultiplier, type

E.M.T. 6256/S, employs either five or seven dynodes, powered from a

Nuclear Enterprises Ltd type N.E. 5307 E.H.T. supply. A Philips

type 7023 (100 watt, 12 volt) quartz iodide lamp is the spectrophotometric
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light source while a Bausch and Lomb high intensity grating
monocromator (1350 grooves/mm) is the source for monocromatic light.
The ratio of entrance to exit slit width was about 1.8 for these
studies. An iris diaphragm regulated the width of the beam of light
entering the solution in the cell assembly. The cell assembly
contains a volume of about 1.5 cm3 and is filled through two narrow
capillary inlets taking care that no air bubble is formed inside the
cell. All solutions were degassed by the 'freeze pump thaw' method
and filtered through a millipore filter before filling the cell to
minimise bubble formation. The filled cell is placed in a cell
jacket which is thermostated by passing water from a water bath. The
cell may be rotated manually to maximise the intensity of the light
passing through the solution. To prevent any spark, the cell body
was made of perspek, using high grade stainless steel electrodes smoothly
chamferred at the edges. Also, it was necessary to buff the electrodes

periodically to remove any surface film.

(d) Analysis of the Photographs:-

A base line was drawn on each photograph corresponding to the
voltage of infinite time. The photographs were measured using a
digital micrometer device, built by Dr. G. S. Laurence in this
department. The vertical displacement of the trace is related to an
electrical signal in millivolts whereas the horizontal displacement
is a measure of time. The displacement (X) of the trace between the
relaxation curve and the base line was measured at various horizontal
distances 'd' (cm) from the origin of the trace. A plot of Inx vs d
gives a straight line of a slope which when multiplied by a factor
?2{587257 gives the true relaxation time (T). The factor allows for

the magnification of the oscilloscope camera. At least four



photographs were analysed for each solution and the mean value was
used. The standard deviation (S.D) of the mean value was obtained

as follows:-

2 2
in = (in) /n

S.D. = 7.27
n-1
where n = number of values
xi = individual values.

7.6 The Stopped Flow Method:

Two different stopped flow instruments were used.

(a) Principle of the stopped flow method:

’

The stopped flow method!37 1% is used for determining kinetic
parameters within the typical time range of 102 to 10_3 seconds.
Two solutions, each containing one of the reactants, flow rapidly
through mixing chamber. The solutions having mixed, the flow is
very fapidly stopped, so abruptly that the fall in velocity to
zero is rapid compared to the delay time, which is the time between
mixing and observation. If two reactants solutions A and B travel
a distance 'd' cm, after mixing (Figure 7.2) before being observed,
with a velocity 'V' metres per second, then the delay time 'to'
is simply

_ d _ 104 .
tp = Joov S€¢ = —v—-milllsec.

For a velocity of 5 metres per second which is easily obtained and
for a distance 'd' 0.5 cm, the solution is 1 millisecond old when one
observes the reaction. It is necessary to use a rapid method,
usually spectrophotometric or fluorimetric, to observe the changes
due to the reaction. There are many varieties of stopped flow

spectrophotometer, each having their own experimental limitations.
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Figure 7.2 Principle of Flow Method
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Figure 7.3 Stopped Flow Apparatus
(diagram from Dr. G.S. Laurence, "Instructions for using the stopped flow

apparatus", University of Adelaide, 1976).



(b) The Stopped Flow Apparatus:-

The stopped flow apparatus was assembled in this department,
using a rapid mixing device devised by Dr. P. Moore, University of
Warwick. The apparatus is mounted in a water bath for controlling
the temperature. The reactant solutions from reservoir syringes
[RI’RZ] (Figure 7.3) are introduced into the 2.0 cm3 driving
syringes [Dl’DZ] using the valves V1 and V3. Valves V1 and V3 are
closed, V2 and V4 are set about half a turn from fully closed
position and the reagents are driven togetherlrapidly into the
specially designed mixer [M] by a hydraulic piston acting on the
plungers of tpe driving syringes. The path length of the cell is
two centimetres. During a run, the mixed solution leaves the
observation tube [ OT] and enters the 2.0 cm3 stopping syringe [ SS].
As soon as the plunger of the stopping syringe hits the stopping
plate [ SP], the flow is abruptly stopped, the microswitch [ MS]
is closed and sends a trigger pulse to the trigger input of the
recorder (a biomation 610 digital recorder in this case). The
monitoring light beam, supplied by a tungsten lamp through a
monochromator to select an appropriate wavelength, is focussed into
the centre of the observation tube [ OT] and the light transmitted
is detected continuously by the photomultiplier. The signal from
the photomultiplier is fed into the Biomation transient recorder,
then to an oscilloscope and finally to a Rikendenshi chart recorder.

If the intensity of the light transmitted through the
observation tube is I, then

V = (I 7.28

=
(%
[}
0]
<
fl

voltage from photomultiplier

(@]
i

constant for a fixed photomultiplier voltage

When solvent alone is in the observation tube, then
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vV = cI ' 7.29

(V0 and I0 are the solvent voltage and intensity, respectively).

The absorbance (A) at any time for the species being monitored can
be calculated from the voltage derived from the photomultiplier when
that species is present in the observation tube.

I \

o 0
A = log10 T - logl-—~

0V 7.30

and the variation of the voltage with time as the reaction
proceeds can be analysed to give the kinetic data.

The Biomation transient recorder samples the photomultiplier
voltage at frequent intervals and stores a digital record of the
voltage from each sampling in its memory. The resultant record
of voltage versus time is displayed as a much reduced speed as an
oscilloscope trace and on the Rikendenshi chart recorder. The
sample interval should be chosen so that one half life = 50 x sample
interval. Appropriate settings of sample interval and volts full
scale switches are determined in trial runs. The photomultiplier
voltage is set to give an output voltage of about 0.50 to 5.0 volts
on the signal voltameter. The filter time constant is normally set
to 1 msec but can be increased for slower reactions if necessary.
The reaction should be followed for at least five half lives (97%
reaption) to be sure that the final voltage which is read out from
signal voltameter when it is steady at the end of each run, is close
to that for 100% reaction. Tigure 7.4 shows the schematic diagram

of power supply and signal connections.

(c) Analysis of Stopped Flow Traces:-

A reaction causing an increase in absorbance is accompanied by
a fall in the voltage signal and less light transmission whereas a

decrease in absorbance is accompanied by a rise in the voltage signal
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Figure 7.4
Schematic diagram of power supply and signal connections
(diagram from Dr. G.S. Laurence, "Instructions for using the

stopped flow apparatus", University of Adelaide, 1976).
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and therefore more light transmission. The trace shown in

Figure 7.5 is a case in which the absorbance decreases during the
reaction. If various values of y, are read from the trace relative
to y_, then we have

Y. ¥ volts full scale

Vt - vmeteroc + Full width of paper gl
Y, X volts full scale
and Vo = VmeterOE + Full width of paper e

where V_ = wvoltage at time 't',
= volt i infinit
meter_ age at time infinity
V0 = dinitial voltage
v .
(Vmeterm’ o Vt and V_ are negative)

For an increase in absorbance, the curve is inverted with respect
to that shown in Figure 7.5, the positive sign in equations 7.31 and

7.32 must be replaced by a negative sign.

(d) Estimation of the rate constant for the lst Order Process:-

The reactions were studied under pseudo lst order conditions in
which one reactant is at least ten times higher concentrated than the
other. All solutions were degassed using a water pump. For a
reaction where Ao’ A and A_ are the absorbances at zero, 't' and
infinite time, respectively, then for a rate constant k, it is

shown??!

that
In [(A - AD/(A - AD] = -kt 7.33
or logo [(A = AD/(A, = A)] = - 5o 7.34

Again, we know

A = log 7.35

\
-9
\
VK
So A-A = log10 V: if A> A 7.36

o
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Figure 7.5

Typical stopped flow trace for a reaction with decreasing absorbance

(not to scale)

(diagram from Dr. P. Moore, "Stopped Flow, An Experimental Manual',

University of Warwick, 1972).
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A\
A, - A = log, VE if A <A 7.37

o
and inserting these into the equation 7.34, we have finally,

eliminating VQC/V0

(1) for a decrease in absorbance

vV
(=\] _ kt
logy, [1°g10 \v./l = ¢~ 2.303 7.38

(i1) for an increase in absorbance

1o lo il S < 7.39
& 10| %10 v 2.303 ¥

A least squares programme was used to estimate a slope which when
multiplied by - 2.303 will be the rate constant for the reaction.
At least three traces were analysed for each reaction mixture and
the mean value was used. The formula used for the standard deviation

of the mean value is as follows:-

.2 32
S.D _ v/%xl - (Zxi)"/n 7.40
n -1

where n = number of values,

xi individual value.

(e) Estimation of the Apparatus dead time:-

An approximate value of the dead time.can be estimated in the

2

following way.2 Two reactions, one slow and one fast, should be

carried out for the determination of the dead time. For a reaction
involving decrease in absorbance, the initial absorbance, Al’ for
the slower reaction will be greater than the initial absorbance,
A2, for the faster reaction. Since the dead time for the slower

reaction will be negligible, A, can be taken as Ao (absorbance at

1

zero time) for the faster reaction. Then the dead time can be

determined from equation 7.41
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In (&) - A) / (&, - A)]

dead time = " 7.41

the value of k for the faster reaction being estimated as described
in section 7.6(d). For example, the dead time could be measured

by following potassium ferrocyanide (K4Fe(CN)6) and ascorbic acid
reactions, one at very low concentration (slower reaction) and the

other at very high concentration (faster reaction).

(f) Second Variety of Stopped Flow Apparatus:-

The second type of stopped flow apparatus shown in Figure 7.6,

% The reactant solutions,

is based on the concept of E. Faeder.?
stored in thermostated drive syringes are driven into the mixing
chamber by means of a piston to which pressure is to be applied

from a nitrogen gas cylinder at about 6 p.s.i. pressure. The piston
is connected to a rod with a threaded cylindrical mechanical

slop which is to be wound back about six revolutions before applying
the pressure by a valve switch on the pressure line. The piston,

on application of pressure, moves forward introducing about 0.2 cm3
solution from each syringe into the mixing chamber. The flow stops
when the solution enters into waste syringe and the mechanical slop
actuates a microswitch thus triggering the storage oscilloscope.

The drive syringes can be filled by means of two 'three" position

luer lock valves from reservoir syringes. An eight jet!’ tangential
mixer, employed for efficient and fast mixing, leads to the
observation chamber by two millimetre diameter tubes. The path length
of the cell is 2.0 cm. The output from the photomultiplier which is
fed into the input of a Data Lab 905 transient recorder and is backed
off against a 2.0 voltage supply. Stored traces can be displayed on

an oscilloscope. The Data Lab 905 is alsoc connected to a chart

recorder and the trace may be recorded on the chart paper. If the
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Schematic diagram for the stopped flow apparatus
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light source power supply
light source
monochromator

waste syringe

observation cell (2cm)
reservoir syringes
nitrogen pressure push
drive syringes

trigger microswitch
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n

7 dynode photomultiplier
trigger voltage source
photomultiplier power supply
back off voltage supply
digital voltameter

data lab DL905

oscilloscope

H.P. stripchart recorder

mixing chamber

(diagram from B.G. Doddridge, University of Adelaide).
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reaction is very slow, the trace can be directly recorded on the
chart paper without the use of the Data Lab. Most of the traces
were recorded onto the chart paper using oscilloscope and data lab.
The equation used for calculation of observed rate constant was
already described in section 7.6(d) and kinetic data were obtained
using the L.S.I. 11 computer.zu

The observation cell must be located very close to the mixing
chamber to minimise the time between mixing and observation. The
light source is a quartz iodide lamp, enclosed in a light proof
housing and connected to a constant voltage supply. The light passes
through the entrance and exit slit of a Bausch and Lomb high
intensity grating monochromator. A diaphragm was used to regulate
the width of the light beam. This is a more accurate instrument than
the other instrument and all non-aqueous experiments were carried out
using this instrument. The instrument was set up inside the fume
hood and all other precautionary measures were taken when using the
toxic solvent dmf. The dead time of the instrument was found to
be 4 ms by B. G. Doddridge, University of Adelaide. Some substitution
reactions in aqueous solution were also studied using this
instrument. In order to simplify the mathematical treatment, all

experiments were carried out under pseudo lst order conditions.
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