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Surnmary
Substituted urea complexes of several lanthanide(Ill)'ions and dioxouranium(IlI)

have been prepared and their ligand exchange properties studied in solution using

variable temperature 1H NMR and complete lineshape analysis.

Tetramethylurea complexes of Pr(III) and Tb(III) - Yb(III) are found to shou'a

coordination number of six. \Mhere possible, several solutions of different concentra-

tions were studied to determine the mechanism of intermolecular ligand exchange.

For example, in [Tm(tmu)6](ClO4)s the rate of intermolecular ligand exchange is

found to be independent of [tmu] over a five-fold concentration variation and the

mechanism is deduced to be dissociative. The exchange is characterised by the fol-

lowing activation parameters: k(298.2I() : 145 * 1 s-l, AHI : 2g.3 +0.3 kJ mol-1

and ASÏ : -105 + 1 J I{-1 mol-l. These data are discussed in conjunction with

data from related lanthanide, scandium and yttrium systems and the kinetic and

mechanistic implications are considered.

Dioxouranium(Vl) complexes of 1,1-dimethylurea, 1,3-dimethylurea and 1,1,3-

trimethylurea have been studied to assess the effect of the degree of substitution of

the urea on the rates of intra- and, where possible, inter-molecular exchange. For

example, the kinetic parameters characterising the rotation about the C-NMe2 and

C-NH2 bonds of l,1-dimethylurea in [UO2(1,t-dmu)sl(CIO4)2 in CD3CN solution

were d,etermined as: k(265K) : 39.t + 0.4 and 2960 :E 60 s-1, AHÍ : 49.1 + 0.E

and 61.1 + 0.5 kJ mol-1 and ASÏ : -28.3 + 2.7 and 53.1 + 2.2 J K-l mol-1

respectively. The mechanistic and kinetic data for these complexes are compared

with each other and with similar complexes. The isokinetic relationship for diox-

ouranium(Vl) complexes is also discussed.

In the second part of this work, 2ïrla NMR has been used to study Na+ exchange

on the crorvr¡n ether complex Na.18C6+ in acetone, methanol and pyridine. The re-

spective decomplexation rate constants thus obtained are k¿(265I() : 60600 + 8800,

4200 1200 and.716 + 30 s-1. The corresponding activation parameters are AHI :
36.7 + 0.7, 53.6 + 0.8 and 50.5 + L.2kJ mol-l and ASI : -14.0 + 3.2, 27.8 + 2.g

and 1.4 +.4.2 J K-l mol-l. These data are discussed in conjunction with data frorn

lv



other NMR a¡rd ultrasonic relaxation studies for other host-guest complexes and

mechanistic aspects of the complexation of Na+ by 18C6 are considered in the light

of ion, ligand and solvent characteristics.
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Abbreviations
The following abbreviations have been used in this thesis :

12C4 12-crown-4 (1,4,7,1O-tetraoxacyclododecane)

15C5 15-crown-5 (1,4,7,10,13-pentaoxacyclopentadecane)

18C6 18-crown-6 (1,4,7,10,13,16-hexaoxacyclooctadecane)

B 3 nC n benzo- ln-crown- ?¿ (e. g. B 12C 4 : benzo- 12-crown-4)

cSncn cyclohexyl-9n.-crown-, (e.g. cL2c4 : cyclohexyl-12-crown-4)

DA 3n C z d iazo- 3 n- ctown- n (e. g. DA 1 2 C4 : dtazo-L2- crown-4)

DB 9n C ¿ d îbenzo- 3 n- crot¡/u.- ?¿ (e. g. DB 1 2 C4 : dibenzo- L 2- crown-4)

D C SnCn dicyclohexyl- 3¿-crown- n (e. g. DC72C4 : dicyclohexyl- 12-crown-4)

dea N,N-diethylacetamide

def N,N-diethylformamide

dma N,N-dimethylacetamide

dmf N,N-dimethylformamide

dmmp dimethylmethylphosphonate

dmso dimethylsulphoxide

1,1-dmu 1,1-dimethylurea

1,3-dmu 1,3-dimethylurea

fp. N-formylpyrrolidine

hmpa hexamethylphosphoramide

nipa nonamethylimidophosphoramide

nma N-methylacetamide

nmf N-methylformamide

pc propylene carbonate

thf tetrahydrofuran

tmp trimethylphosphate

t.m.s. tetramethylsilane

tmu 1,1,3,3-tetramethylurea

trmu 1,1,3-trimethylurea

C.W. continuous'wave

vlll



CDBCN the D represents deuterium (?H)

dtl- n-deuterated-

F.I.D. free induction decay

F.T. Fourier transform

Hz Heúz

tL] concentration of L

lL]¡,* concentration of free ligand L in solution

nmr ,nuclear magnetic resonance

ppm parts per million

r.f. radio frequency
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Chapter 1

Introduction

1-.1 The Solvated Cation

In aqueous solution, a metal ion is situated at the centre of a sphere of water

molecules [1] in which the oxygen donor atoms are orientated towards the metal

ion (Region A, Figure 1.L). This is termed the fi.rst, primary or inner coordination

sphere and has been defined by Lincoln [2] in two ways:

time independent: The molecules of the frrst coordination sphere are those within

"contact" or "bonding" distance of the metal ion and such that no other

molecules are interposed between them.

tirne dependent: The molecules of the first coordination sphere are those that

have a long residence time in the immediate vicinity of the metal ion compared

to its correlation time outside of the first coordination sphere.

The second definition is useful as it implies the dynamic nature of the first coordi-

nation sphere but may be of little use for the more labile cations such as Cs+, Rb+,

K+ and Baz+ becàuse of the short residence time in these cases. These definitions

affect the way in which the coordination number is defined and determined. There

exist both time independent (such as X-ray diffraction) and time dependent (such as

nmr resonance area integration) methods for determining the coordination number

12).

At a significant distance from the aquated ion, its influence on the water mol-

ecules is negligible because the electrostatic field due to the charge on the ion is

1



IvI-+ A B C D

Figure 1.1: Model of a Solvated Metal Cation

virtually zero (in dilute solution). in this region, the normal structure of "bulk"

water prevails (Region D, Figure 1.1). In the volume between the first coordination

sphere and bulk water there a^re competing orientationai effects on the water mole-

cules from the ionic charge and the bulk water network dipole-dipole forces. Thus

the water in this region adopts a compromise structure that is neither completely

orientated or disorientated ("region of structure breaking"). This region may be

arbitrarily divided into two regions, B and C in Figure 1.1. Region B is the second

or outer coordination sphere in which the water molecules are still substantially ori-

entated directly by the ion aod indirectly by the dipoie-dipole interaction wiih the

orientated water molecules of the first coordination sphere. The water molecules in

Region C a¡e randomly orientated due to the competing orientational forces from

Regions A and B and from Region D discussed above. The first coordination sphere

is well-defined while the boundaries between the other regions are not distinct [3]-

In non-aqueous solvents, such as acetonitrile, in which the bulk solvent is less

structured tha¡r water, Regions B a¡d C become less distinct from the bulk solvent.

Regions A and B siill experience the orientational effects of the field due to the

ionic charge. Now Region B is primarily one of structure enha,ncement over the

2



bulk solvent due to the ion-dipole forces rather than a region of structure breaking

due to competing orientational forces. Region C is now less important for similar

reasons.

In a mixture of solvents, there is competition for the sites in the primary coor-

dination sphere. A solvent of higher coordinating ability is expected to occupy the

sites to a greater extent than one of lower coordinating ability and may be the only

type of ligand present in the first coordination sphere. This situation is expected to

prevail in the iigand exchange studies which follow in which a strongly coordinating

ligand (such as 1,1,3,3-tetramethylurea) is present in a solvent of low coordinating

ability (such as d3.-acetonitrile). The proportions of the ligands of different coordi-

nating ability in the other regions around the ion will depend on various factors,

such as relative coordinating ability and concentrations.

L.2 Mechanisrns of Solvent and Ligand Exchange

Langford and Gray [4] have proposed a system of mechanistic classification for

Iigand substitution reactions:

lM L*l^+ ¡ L* IML^-rL*l^+ + L (1.1)

where M is a metal ion and L and L* are any two monodentate ligands. If the

activation energy of the reaction is primarily determined by the dissociation of the

ligand (M-L bond breaking) then the activation mode is said to be dissociativ" (d)

If the activation mode is primarily determined by the assistance of the entering

group then the activation mode is associative (a). The ligand erchange reaction

is a special case of ligand substitution reactions where L : L* and there is no net

chemical change. The mechanisms proposed for this reaction are as follows:

Dissocio,tiue Þ) Mechanism for Ligand Exchange Reactions

A leaving ligand is lost in the first, rate determining, step to produce an inter-

mediate of reduced coordination number:

3



lM L^l*+ 5 lML,_l^+ ¡ L
lMLn-LL*|','+

+L',-+
_L

(1.2)

Using the steady state approximation, the rate law for this reaction may be derived

and the rate of exchange is found to be independent of the concentration of free

ligand:

exchange rate : nk",llM L^l^+l (1.3)

where the observed rate constant k", : k1 (see Equation 6.26) and n is the coor-

dination number of the metal ion M-+. In general, the lifetime of a ligand in the

coordinated state, r", is related to the observed first order rate constant kr" by:

:" _ rÍX.: : _ nllML^l^+l (1 4\
Xf 

-. k", exchange rate \'' ''l

wlrere r¡ is the lifetime of a ligand in the free state, f,¡ and Xc aÍe the mole fr-actions

of free and coordinated ligand respectively. For this mechanism, the activation mode

is necessarily d as M-L bond breaking is the rate determining step and is responsible

for the major contribution to the activation energy.

Associatia" (L) Mechanism for Ligand. Exch,ange Reactions

An entering ligand is gained in the first, rate determining, step to form an

intermediate of increased coordination number:

lM L^l^+ ¡ L* 3 IML*L*f','+
---+ ÍML,-rL*l^*+L (1.5)

The rate of exchange is directly dependent on the free ligand concentration and the

rate law is second order:

exchange rate : nle",l[ML,]^+l (1.6)

where k", : k2[L] and [L] is the free ligand concentration. For the A mechanism, the

activation mode is necessarily a as M-L bond formation is the major determinant

of the activation energy.

4



Interchange (Ia anil I,) Mechanisms for Ligand Erchange Reactions

An ttencounter" or "outer sphere" complex is formed in a diffusion controlled

equilibrium in which a ligand enters the second coordination sphere. This thén

exchanges with a leaving ligand from the first coordination sphere:

lM L^)^* + L" þ' lM L,l^+ . . . L*

E lMLn_LL"l^* + L

If M-L bond breaking is rate determining, the activation mode is predominantly

dissociative (d) and the mechanism is dissociative interchange (I¿). If, on the other

hand, M-L' bond formation is rate determining, an associative activation mode (a)

is operational and the mechanism is associative interchang" (I"). Now, regardless

of the activation mode, the rate law is:

exchange rate : nle"rllML^l*+l
n Ic ; I( 

", "llM L 
")^ 

+ llLl (1.8)
1 + /Ç""[¿]

where Ko"" is the equilibrium constant for the facile formation of the encounter

complex. If Ko""[L] < 1, k"" = k¿I(o""[L] and the rate is dependent on [L]:

exclrange rate È nk¿Ko""lLlllML"l^+l

(1.7)

(1.e)

(1.10)

If K"""[L] ) 1 then the rate law reduces to:

exchange rate È nk;llML"l^+l

and k", AJ k¡ so that in a plot of k", against [L] over a sufficiently large concentration

range, k", will appear virtually linearly dependent on [L] but eventually, at high

[L], curves off asymptotically to k;. For an I¿ mechanism, the rate constant, k;, is

approximately that expected for a D mechanism, k1, as M-L bond breaking is the

rate determining step in both.

Thus, if k", for a series of solutions of varying concentrations of free ligand are

obtained then the dependence of k", on [L] can be measured. If k", is found to be
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dependent on [L] then an I mechanism in which Ko," ( L or an A mechanism is

indicated. If k", is independent of [L] then an I mechanism in which K,""[L] ) 1 or

a D mechanism is indicated. Ko"" can be estimated from the Fuoss equation [5,6]

and the upper limit is of the order of 1 for M-* in non-aqueous solutions. Some

experimental estimates in ligand substitution studies are significantly higher (=

102 dm3mol-r [7]) although this is probably a cor]sequence of a specific interaction

(possibly charge-transfer) between different ligands [7]. Hence, at the concentrations

considered in this work, if k", is independent of [L], the mechanism is much more

likely to be D than I¿.

1.3 Objectives of This Research

The aim of this research work was to determine the rates and, if possible, the

mechanisms of the chemical exchange processes in several systems using variable

temperature nmr and complete lineshape analysis. The systems were chosen because

of their poorly understood behaviour when undergoing chemical exchange.

The lanthanide series has only recently received the attention of two systematic

and extensive studies of ligand exchange. These were studies of complexes of HrO [8]

and N,N-dimethylformamide [9] and revealed complexes of high coordination num-

ber (8 or 9) undergoing fast exchange. It was known that 1,1,3,3-tetramethylurea

(tmu) forms six-coordinate complexes with Sca+, Y3+ and Lu3+ (see Section2.I.2)

and hence it appeared that the lanthanide complexes of tmu might provide an op-

portunity to study the ligand exchange of lanthanide(Ill) complexes of monodentate

oxygen donor ligands of unusually low coordination number. These complexes were

consequently chosen for study in this work.

The tmu complex of dioxouranium(Vl), [UO2(tmu)5](ClO4)r, had been the sub-

ject of a previous ligand exchange study [10] and so the complexes of dioxouran-

ium(Vl) with several other substituted ureas were investigated for comparison with

the results from studies of lanthanide(Ill) and dioxouranium(Vl) complexes of tmu,

formamides and acetamides. In this way, it was hoped to ascertain the effects of

substitution on the rates of intra- and inter-molecular exchange in the complexes of

6



substituted ureas.

Finally, the exchange processes of alkali metal ions in macrocyclic ligand com-

plexes were still not fully urlderstood, despite a la,rge amount of study iir this area.

The recent availability of high field multinuclear nmr spectrometers has made it pos-

sible to study previously unobservable metal ion excha¡rge in macrocyclic complexes.

Accordingl¡ atkali metal complexes of crown ethers were also studied to determine

the effects of cation, ligand and solvent parameters on the exchange processes.

This thesis is a report of the results from these investigations.
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Chapter 2

Ligand Exchange on
Lanthanide (III) Cornplexes

2.L Introduction
z.L.L The Lanthanide Serres

The term "lanthanides" will be used here to denote all the elements from lanthanum

to lutetium inclusive. The elements scandium and yttrium, which have -l-3 ions with

noble gas configurations, also have similar properties to the lanthanides and so will

also be included in this discussion. The lanthanides present a unique series of metal

ions with which to study the dependence of the rates and mechanisms of ligand

exchange on the ionic radius without interference from strong crystal field effects.

On traversing the series from La to Lu, successive electrons enter the inner 4f shell

(in general - for more detailed electron configurations see Table 2.1) which is not

signifi.cantly involved in bonding due to shielding by the overlying filled shells (5s2

and 5p6) and so the metal ion - iigand bonding is predominantly ion-dipole in

nature for all the lanthanides. The radii of the lanthanides decrease monotonically

(although not regularly) from La to Lu (Tabie 2.1) as a result of the very imperfect

shielding from the nuclear charge of one electron in the 4f shell by another due to

the shape and diffuse nature of the orbitals. This increases the effective nuclear

charge experienced by the outer electrons and decreases the radius. It is seen

from Table 2.1 that the effective ionic radius of a particular lanthanide(Ill) ion

varies substantially with its coordination number. Thus it is important to establish

8
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Table 2.1: Some Properties of the Lanthanides, Scandium and Yttrium

Effective ionic radii [11], CN : coordination number.
2 atomic number.

coordination numbers when comparing complexes on the basis of their ionic radii.

Lanthanide complexes exhibit a variety of coordination numbers in the solid

state and in solution. In the solid state, when the ligand is water, the coordination

number is between 6 and 9 depending on the anion [12, and references therein]. In

aqueous solution, the coordination number appears to be between 8 and 10 but the

actual values are still a matter of debate [12,13]. The balance of evidence seems

to lie in favour of a coordination number of nine and that will be assumed in this

discussion.

For complexes of ligands other than water, the coordination number appears to

be better defined. In the solid state, the lanthanide complexes of N,N-dimethyl-

formamide (dmf), [Ln(dmf)a](c1o4)3, (Ln : La - Lu) have been isolated [14,15].

In solution, [Ln(dmf)r]t+ i. the major species for Ln : Ce - Nd and the only stable

i
i

!

t
I

i"
i".

t
I

f

I

Sc

Y
La
Ce
Pr
Nd
Pm
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu

74.5
90.0

103.2
101

99
98.3
97
95.8
94.7
93.8
92.3
97.2
90.1
89.0
88.0
86.8
86.1

2T

39
Ðl
58
59
60
61

62
63
64
65
66
67
68
69
70
77

[Kr]4d15s2
[Xe]5d16s2
[Xe]4f15d16s2
[Xe]4f36s2

[Xe]4f46s2
[Xe]4f 6s2

[Xe]4f66s2
[Xe]4f?6s2
[Xe]4f?5d16s2
[Xe]4fe6s2
[Xe]4f106s2

[Xe]4f116s2

[Xe]+fl26s2
[Xe]4f136s2

[Xe]4f146s2

[xe]4f145d16s2

lK'l
lx"l
[Xe]afl
lxelaP
[Xe]af3
[Xe]afa
[Xe]af6
[Xe]af6
[Xe]afz
[Xe]af8
[Xe]af'g
[Xe]4f10
[Xe]4f11
[Xe]4fi2
[Xe]+fl3
[Xel4fla

87.0
101.9
116.0
114.3
r72.6
110.9

109.3
107.9
106.6
105.3
104.0
102.7
101.5
100.4
99.4
98.5
97.7

107.5
I21.6
119.6
117.9
116.3
114.4
773.2
112.0
110.7
109.5
108.3
707.2
106.2
105.2
10+.2
103.2

IA'][Ar]3dl4s2

Electronic Configuration
4.N.2 Element Atom M3+

r(M3+)r pm
CN:6 CN:8 CN:9
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species for Ln : Tb - Lu [9]. Conductivity [16,17] and 3sCl nmr [15] studies indicate

that the perchlorate ion does not enter the first coordination sphere of Ln3* to a

detectable extent in dmf solutions of lanthanide perchlorates. Although Eu(ClOa)3

in pure acetonitrile has one perchlorate aniori in the first coordination sphere in

about 60% of the ions [18] this is due to the low coordinating ability of acetonitrile.

Perchlorate is not expected to coordinate to a significant extent in the presence of

a ligand of greater coordinating ability such as 1,1,3,3-tetramethylurea.

When the ligand is N,N-dimethylacetamide (dma), the complexes of the lanthan-

ide ions display various stoichiometries. Complexes of the form [Ln(dma)"](ClOr)s

are found with n : 8 when Ln : La- Nd, n : 7 for Ln : Sm - Er, Y and n : 6 for

Ln : Tm - Lu [19]. A similar series is observed for complexes of dimethylsulphoxide

(dmso) [20] with coordination numbers of 8 for Ln - Lu, Ce, Pr and Nd, and 7 for

Ln : Sm, Gd and Y. Complexes of hexamethylphosphoramide (hmpa) of the form

[Ln(hmpa)u](ClO¿)s (Ln : Sc, Y, La - Lu) have been prepared 12I,22,,231' The com-

plexes [Ln(hmpa)¿(CiO¿)z](ClOa) have also been prepared [23] by recrystallisation

from ethanol, but convert to the species with six hmpa ligands when recrystallised

from acetonitrile with excess hmpa.

\Mith 1,1,3,3-tetramethylurea (tmu) as the ligand, a range of anions have been

used to produce complexes of various stoichiometry such as Ln(tmu)sCls (Ln :
La - Sm, Gd, Ho) and Ln(tmu)"(NO3)s (wiih n : 1 for Ln : La - S*, Gd, Ho

and n : 3 for Ln : La -Lu, Y) [24]. However, when the anion is perchlorate

[25] or hexafluoroarsenate [26] only one type of adduct appears to be obtained,

[Ln(tmu)o]X3 (Ln : Y, La - Ln; X : CIO¿, AsF6), probably as a consequence of the

lower coordinating ability of these anions. This stoichiometry has been confirmed

by a crystal structure of [Er(tmu)6](ClO a)z l27l and in solution for complexes of

lutetium [28], scandium [29] and yttrium [30].

2.L.2 Previous Ligand Exchange Studies on Lanthanide(III)
Complexes

The rates of water exchange on several lanthanide ions have been determined [8,31]

and some are shown in Table 2.2. Most have been calculated for both 8 and 9 coor-
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Table 2.2: Kinetic Parameters Characterising Exchange of \Mater on Lanthanide
Ions

Number
2 Reference [31]
3 Reference [8].

Tb3

Dy'

Ho3

Er3

Tm3

Yb3

10.6

5.58
4.96
4.34
3.86
2.74
1.91
1.33
1.18
0.91
0.81
0.47
0.41

0.9
0.13
0.12
0.10
0.09
0.04
0.03
0.02
0.02
0.02
0.02
0.02
0.01

11.99
12.08
12.08
16.57
16.57
16.36
16.36
18.37
18.37
22.68
22.68
23.29
23.29

1.40

0.48
0.48
0.47
0.47
0.39
0.39
0.34
0.34
0.58
0.58
0.94
0.94

-31.9
-36.9
-37.9
-24.0
-25.0
-30.5
-31.5
-27.8
-28.8
-16.4
-r7.4
-27.0
-22.0

-5.7
-5.7
-6.0
-6.0
-o.o
-6.6
-6.9
-6.9
-4.b
-4.5

+ 0.5
+ 0.5
L 0.4
+ 0.4
+ 0.4
+ 0.4
+ 0.4
+ 0.4
+ 0.3
t 0.3

I
8

I
8

I
8

I
8

9

8

I
8

I

+
+
+
+
+
+
+
+
+
+
+
+
+

+
+
+
+
+
+
+
+
+
+
+
+
+

+
+
+
+
+
+
+
+
+
+
+
t
+

4.3
1.6
1.6
1.5
1.5
1.3
1.3
1.1
1.1
1.9
1.9

3.3
3.3

Gd2

Ln3* CNl 10-8k(298 K) AHÏ
kJ mol-l

AS+
J K mol-l

AVT
cm3mol-1s-1

'l
iiÏ
¡í
,J

dinate species and are all ca.108 s-l at 298 K but show a systematic decrease across

the series from Gd to Yb as the radius decreases. The enthalpy of activation (AUÏ¡,

in general, increases across the series from Gd to Yb but the entropy of activation

(nSÏ¡ does not show a systematic variation. The rates of exchange on the triva-

lent lanthanides are much higher than those of several other trivalent metal water

complexes. For example, the k(298 K) values for [Ti(H2O)u]t+ and [In(HrO)ult+

are 1.81 x 105 s-1 [aZ] and 4.0 x l-04 s-l [33] respectively. The effective ionic radii

for these six-coordinated ions are 67.0 and 80.0 pm respectively [11]. The greater

lability of ligand exchange on [Ln(H2O),Jt+, where n : 8 or 9, is probably a re-

sult of the increased coordination number and consequently decreased Ln-O bond

strength. The increase in coordination number also necessitates a change in geome-

try from octahedral to tricapped trigonal prismatic or capped square antiprismatic

(for n : 9) or square antiprismatic (for n : 8) which may also provide a mechanism

for increased lability as discussed below.
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Theoretically, the most stable 9 coordinate geometry is the tricapped trigo-

nal prism (this structure has been established experimentally in the solid state for

Ln(H2O)s(CFsSOs)3 where Ln : La, Gd, Lu and Y [34]) but the capped'square an-

tiprism is only slightly less stable [35,36] so that it is probable that scrambling of all

nine waters occurs via this intermediate [12]. The tricapped trigonal prismatic ge-

ometry (Dr¡,) can easily interchange with the capped square antiprismatic one (Cn")

with only a small distortion (Figure 2.1) [37]. In the capped square antiprismatic

geometry, a unique water at a greater distance from the central Ln3* ion can easily

dissociate producing an 8 coordinate square antiprism ion, [Ln(HrO)r]t+, which is

probably the most stable geometry for this coordination number [35]. This could

provide a mechanism for fast exchange between complexed and uncomplexed lig-

ands via a dissociatively activated pathway. Alternatively, another water molecule

can approach one of the uncapped faces of the capped sguare antiprism or tricappecl

trigonal prism of [Ln(HzO)s]3+ and exchange with the capped HzO via either an A

or an Io mechanism. The observed decrease in the rate constants for H2O exchange

as the radius decreases from Gd to Yb (Table 2.2) could be explained by a dissocia-

tively activated mechanism in the following way. As the radius decreases, the Ln-O

bonds become stronger and the breaking of these bonds is the rate determining step

(and hence the observed increase in the AHÏ values from Gd - Yb). However, the

operation of an associatively activated mechanism may also explain the decrease of

k with decreasing radius as the increased steric crowding necessary in the activa-

tion state would make the approach of the incoming ligand less favourable for the

smaller lanthanides.

The volume of activation, AVl, is the difference in volume between the transition

state and the initial state. Polar molecules in the first coordination sphere of a metal

ion a¡e more closely packed than they would be in the bulk solution and so occupy

less volume (hence the term "electrostrictiont'). For exchange reactions of neutral

ligands, the interpretation of AVI is simplified as there is no change in the number of

ions present in solution and hence po significant changes in volume due to changes in

electrostriction. For an associatively activated exchange process, AVl, is expected

to be negative as the transition state, in which an incoming ligand has penetrated
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tctp csap

Figure 2.1:
Interconversion between tricapped trigoaal prismatic (tctp) aod capped square a.n-

iiprismatic (csap) geometry. The arrows show the reiatively smail distoriion re-
quired [37].

into the fi¡st coordination sphere, is expected to occupy less volume than the species

ia the initial state ([ML,,]3+ and L' in Equation 1.5). On the other ha.nd, for a

dissociatively actirated process, as showa in Equation 1.2, ¿.Vi is erpected. to be

positive as the t¡ansition state occupies more volume iha¡. the initial species as a

ligand is leaving the first coordination sphere.

Values for AVÏ ca¡r be d.etermined by observing the r¿riaiion of the ligand

exchaage rate (using nmr [9]) with applied. pressure. Then AVI is given by [38]:

ayt: _Rrlry) (2.1)
\,¡ /r

where R is the gas constant and the other symbols have their usual qsn.nings-

The volumes of activation for excha.nge of HzO on [Ln(I{zO)"]t* (n : 8 or g)

shown ia Table 2.2 a¡e all uegative as are the values of ASf . This seems to ind.icate

a.n a^ssociative activ¿tion mode- As the series is traversed from terbium to thulium,

the ionic radius decreases from 109.5 pm to 105.2 pm [11], a,ssuming a coordinatioo

numberof 9. If "'' associalivs rûsçþnnismis operating, this is expected to make the

peaetratiou of rn iacoming ligand into the fi¡st coordination sphere more difrcult

a,nd. hence make AVÏ iess negative. This is observed. from Er to Tm, but from Tb to

Er, the AVf ,¡alues become stightiy more negative. This must reflect other factors

13



such as a slight bond lengthening in the transition state.

The only other extensive study to date of solvent or ligand exchange on the

lanthanide(Ill) ions has been the exchange of dmf on [Ln(dmf)s](CIO4)B for Ln :
Tb - Yb [9,15,39,40] by nmr using the swifi and connick method [41]. some of

the results are presented in Table 2.3. The k values are high but are between one

and two orders of magnitude less than those characterising water exchange even if
the vaiues for a coordination number of eight are used for the latter. This is in

agreement with the observation that the rates of nonaqueous solvent exchange are

generally lower than those of water exchange [9]. This appears to arise through

a combination of the values of AHI and ASt. For example, compared to the

corresponding parameters for water exchange in Table 2.2, ÁlHI is higher for Tb,

Er, Tm and Yb but ASÏ is lower for the first two and higher for the latter two.

Thus, the effect of the high AHI values appear to be d.ominating here. However,

for Dy and Ho, the AHT values are lower but the ASÏ values are also much lower,

thus decreasing the rates of exchange below those of water, so that the effect of the

entropy appears to be dominant in these cases.

For dmf exchange, in general, as the series is traversed from Tb to Yb, the

AHl, lST, ¿,Vl and k(200 K) values all increase. The values of AVI are positive

for ali the elements from Tb to Yb indicating the operation of a dissociatively

activated mechanism but ASÏ changes sign from negative to positive between Er

and Tm. These results and those from a study using a diluent, CD3NO2, to vary

the concentration of dmf, led Pisaniello et al. [9] to conclude that the exchange

of dmf on [Ln(dmf)8](CIO4)3 proceeds via an interchange mechanism for Tb, Dy

Ho and Er while exchange on Tm and Yb proceeds via a D mechanism. For dmf

exchange on the neodymium complex [39], the values AHI : 14.9 + 1.3 kJ mol-l,

ASI : -69.1 L 4.2 J K-lmol-l and AVI - -9.8 + 1.1 cm3mol-l were obtained.

Unfortunately, the coordination number could not be established but appeared to

be between 8 and 9 with the former being favoured at higher temperatures so that

these values cannot be directly compared to those of Table 2.3. However, the value

of AVÏ is negative indicating that the exchange is primarily associatively activated.

This seems to indicate that there is a trend across the lanthanide series from La -

L4



7.9 + 0.2
2.8 + 0.1
1.16 + 0.02
0.80 + 0.03
0.294 + 0.009
0.278 + 0.009

14.09 + 0.4
13.76 + 0.4
15.31 + 0.8
23.64 + 1.8

33.18 + 0.5
39.30 + 0.6

-58.25 + 2.t

-68.54 + 1.6

-68.13 + 4.0

-29.67 + 8.6
9.85 + 2.4

39.95 + 2.7

5.2 + 0.2

6.1 + 0.2
5.2 + 0.5
5.4 + 0.3
7.4 + 0.3

11.8 + 0.4

Tb2 1.9

Dy' 0.63
Ho2 0.36
Er2 1.3
Tm2 3.1
Yb2 9.9

+ 0.1

+ 0.03
+ 0.06
+ 0.4
+ 0.3
+ 0.9

Ln3* 1o-7k(298 K)1 1o-5k(2oo K)1 AHÏ 1

kJ mol-1
ASI l

J K mol-1
AVÏ 1

cm3mol-1-1ss-1

Table 2.3: Kinetic Parameters Characterising Exchange of dmf on [Ln(dmf).Jt*

Quot errors represent one a
2 Reference [91

Lu, at least for dmf, for the mechanism to vary in the sequence A, Io, I¿ ancl

D. This is similar to the mechanistic changeover from associative to dissociative

activation modes observed for the di- and tri-valent ions of the first row transition

series 138,42). In these cases, however, the mechanistic change has been ascribed

predominantly to the increase in electronic occupancy of the t2n orbitals while in

the lanthanide case this is probably a consequence of the decrease in radius due to

the lanthanide contraction.

The ligand exchange of several six-coordinate species of scandium, yttrium and

lutetium have been previously investigated. Some of the results obtained in these

studies are presented in Table 2.4 with those for several other ions. The general

rate law for the ligand exchange on these complexes is:

exchange rate: 6k.,llML6]t*l : 6(kr * kr[L])llMLult*1. (2.2)

where k", is related to the lifetime of a coordinated ligand, T.,by k., : I as shown

in Equation 1.4. If only k1 is observed, a D mechanism can be assigned because an I
mechanism only showing k1 would require a high degree of preferential occupancy of

the second coordination sphere such that K.""[L] ) 1 (wher€ Ko", is the equilibrium

constant for the facile formation of the encounter complex). This is unlikeiy as

discussed in Section 1.2. If only k2 is observed, then the mechanism may be A, or

Io or I¿ with a small Ko"" such that it is insufficient to cause curvature of the plot of

k", against [L]. However, the observation that AVI values for several complexes are
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negative and large in magnitude indicates the operation of an A mechanism. For

example, for the trimethylphosphate (t*p) complexes of scandium, [Sc(tmp)u]t+,

and indium, [In(tmp)o].+, ir CD3NO2, AVf for exchange is -18.7 + 1.1 cm3mol-l

[42] and -22.8 + 1.1 cm3mol-1 [42]) respectively. Thus, it is probablethat for all

these complexes, if only a kz term is observed, the exchange mechanism is associative

(A) and this is assumed, in this discussion. If both k1 and k2 terms are observed,

the exchange proceeds via at least two different pathways with intermediates of

comparable energy.

From Table 2.4,, it is seen that the rates of exchange on these six-coordinate

species are much smaller than those for dmf exchange on [Ln(dmf)rJt+ (Table 2.3)

or those of HzO exchange on [Ln(H2O),]t*, where n : 8 or 9 (Table 2.2). This

d.ecrease in lability appears to be a consequence of the lower coordination number'

and. consequently shorter, and stronger, Ln-O bonds. It can also be seen that

the complexes of tmp in CD3NO2 undergo exchange via an A mechanism when

the ion is Sc3+ 143,421or In3t 149,421whiie exchange proceeds via a D mechanism

when the ion is Al3+ 147,421 or Ga3* 149,42). The effective ionic radii [11] for

these four ions are74.6,80.0, 53.5 and 62.0 pm respectively, so it appears that the

mechanism is influenced to a great extent by the radius of the metal ion. The metal

ions with radii close to the point where the changeover occurs would be expected

to be most susceptible to mechanistic change from changes in environment. It is

seen from Table 2.4 that this occurs for several complexes of Sc3* on changing the

solvent from CDgCN to CD3NO2. The mechanism is also influenced greatly by

the nature of the ligand as observed for the Sc3+ and Y3+ complexes in Table 2.4.

The exchange of nmf (N-methylformamide), dmf (N,N-dimethylformamide) and

def (N,N-diethylformamide) on [ScL6]3+ [45] was too rapid to be measured by the

nmr methods used for nma (N-methylacetamide), dma (N,N-dimethylacetamide)

and dea (N,N-diethylacetamide). The decrease in steric crowding on changing the

acetyl methyl group to the formyl proton apparently either causes the coordination

number to increase or increases the k2 term in the rate equation beyond that which

can be measured by these techniques.

A study of complexes of lanthanide(Ill) ions with 1,L,3,3-tetramethyiurea (tmu)
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Sc3+

totp"
t-pt
t-p'
t-p'

dmmps
dmmps
dmmps

cD3NO2
cD3NO2
CDsCN
neat
cD3NO2
CDsCN
CD3CN
CD3CN
CD3CN
cD3NO2
cD3NO2
CD3CN
CD3CN
cD3NO2
cD3NO2
CD3CN
CD3CN
cD3NO2
CDsCN

26.0 +
2L.2
29.8 +
34.7
29.7 +
43.5 +
24.4 +
27.3 +
26.7 +.
30.8 +
26.0 +
32.2 +
27.2 t
82+
28.1 +
43.9 +
23.5 +
91.2 +
68.6 +

-108 + 2

-48.4 + 6.6

-126 + 3

-143.5
-111 + 2

-7ó.6
-724 +.3
-90.3 + 5.4

-141 + 3

-177 +.4
-108 + 5

-131 + 6

-119 + 2

-116 + 12

-7t2 + 4
10 +7

-729 + 2

-78 +3
-t42 + 3

47.8 +. 6.7

-r5.7 + 3.8

286

79.2

3.88

nma6

59
736

45
39

13.0
(85)n

0.9

0.4

L.1
1.8
1.1

0.9
1.2
2.0
0.6
OEi-r,ù

L.2
D
r-,

0.6
1.0

0.9
2.3
1.3

74.2

380

A
A
D
A
A
D
A
D
A
D
A
D
A
D
A
D
A
D
D

D
D

A

D

nma6
dma6'7
dma6'7
dma6'7
dma6'7

deaT

deaz
deaT

deaT

tmu6
tmu6
Y3+
tmus
opme

105

6.1

0.089

10.7

2.06
0.90

190

13.5

18.1

CD3CN
cD2cl2

253
3L2
(215 K)

27.7 + 0.5
3L.4 + r.4

opme CDzCIz

Lu3*
tmulo CDaCN 41.9

455
(215 r{)

36.2 + 2.8 -27.6 + 12.6

41.7 +.0.6 -74 !.2

Mt+,L diluent kr(29S K) kr(298 K)
s-1 dm3mol-1s-1

AHÏ
kJ mol-l

!

^s+J K mol-l
Mech.1

Table 2.4: Kinetic Parameters Characterising Ligand Exchange on [M(L)ul3+

(Table continues on next page
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Table 2.4: (Cont.)

Assigned Mechanism. Reference [43] Reference [42].
4 Calculated with molality of 8.66 for free tmp.
5 dmmp - dimethylmethylphosphonate, Reference [aa].
6 Reference [29]. 7 Reference [45]. 8 Reference [30].
n op*: OPMe(OMe)Ph, Reference [46].
10 Reference [2S]. 11 Reference 147). 12 Reference [a8]
13 Reference [49].

Al3+
t*ptt
t-pt

dmmp12
dmfs
Ga3*
t*ptt
t*pt
dmfa
In3*
t*ptt
t-pt

D

D

D
D
D

A
A

-109.2
-118

35.6
32.8

7.2
LO

cD3NO2
cD3NO2

63.2
27.0
45.1

87.9
76.5
85.1

5.0
6.4
7.72

cD3NO2
cD3NO2
cD3NO2

98.3
85.1
79.5
88.3

0.36
0.78
5.1
0.05

cD3NO2
cD3NO2
cD3NO2
cD3NO2

76.1
38.2
33.0
28.4

M3+,L diluent k1(298 I{) kr(298 K)
s-1 dmsmol-ls-l

AHl
kJ mol-1

AS+
J I{ mol-l

Mech.1
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lv\¡as undertaken to determine

(i) if the trend of decreased lability on decreasing coordination number

holds for the lanthanides in general and

(ii) if ihere is a change in coordination number and/or a mechanistic crossover

for six-coordinate species on traversing the lanthanide series.

1,1,3,3-tetramethylurea is a monodentate oxygen donor ligand which, because be-

cause of its steric bulk, forms six-coordinate complexes with Sc3+ lZ9], Y3+ [30]

and Lu3+ [28]. Thus it presented the possibility of observing ligand exchange on

Ianthanide complexes of unusually low coordination-number and the opportunity

to compare the results with complexes of similar ligands of higher coordination

number.

Lanthanum, and the elements neodymium to gadolinium, were not studied in

this work. The 1,L,3,3-tetramethylurea compiex of lanthanum had been previously

prepared [50] and was found to be unsuitable for kinetic study as described in

Section 2.1.2. The observed behaviour of the praseodymium complex was taken

as representative of the behaviour of the lighter lanthanides. The ionic íadius of

neodymium (98.3 pm) is very similar to that of praseodymium (99 pm) and so was

not studied. Promethium is not readily available and is radioactive. For Sm, the

energy gap to the first excited J state (and for Eu, the second and third excited states

also) is small enough to be appreciably populated at temperatures at which the

exchange is in the nmr timescale. The populations change with temperature giving

variable magnetic moments and hence are not readily studied by nmr techniques

for quantitative kinetic data. The other lanthanide ions have only one single well-

defined populated J state giving well-defined and non-temperature dependent values

of magnetic moments and susceptibilities. Gadolinium gives small chemical shifts

and very large resonance broadening [51] and so is not suitable for study by complete

lineshape analysis. The tmu complex of lutetium has been previously studied to

obtain the parameters of ligand exchange [28]. Accordingly, the elements considered

in detail in this study are praseodymium, terbium, dysprosium, holmium, erbium,

thulium and ytterbium. The 1,1,3,3-tetramethylurea complexes of the trivalent ions
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of these elements were prepared as perchlorate salts using the method described in

Chapter 5. In each case, the solid state stoichiometry was determined as described

in Section 5.3. A study of the ligand exchange on each complex was undertaken

and the results are described below.

2.2 Ligand Exchange on Flexakis(1-:1r3,3-tetra-
m et hylurea) praseo dymiurn ( III )

The complex [Pr(tmu)o](clo¿)3 wâ,s found to be very hygroscopic, hydrating

within minutes of exposure to the atmosphere. An anhydrous solution of the

complex (0.06676 M) and tmu (0.3859 M) in cDecN (17.16 M) was studied by

300.13 MHz TI nmr. Only one sharp singlet resonance was observed over the en-

tire temperature range (235 - 285 K) indicating that the ligand exchange is in the

fast exchange limit of the nmr timescale. This may be a consequence of the large

ionic radius of Pr(III) (99 pm) or possibly due to a signifi.cant contribution from

an associatively activated mechanism. This possibility will be discussed further in

Section 2.10. As the coordination number could not be determined in solution, it is

unknown whether the observed fast exchange is due to an increase in coordination

number. A similarly intractable situation is found to prevail for the lanthanum

complex of 1,1,3,3-tetramethylurea [50].

2.9 Ligand Exchange on llexakis(f,1,3,3-tetra-
rnet hylurea) t erbiurn ( III )

A solution of the complex [Tb(tmu)o](Clo4)3 and tmu in CD3CN showed broad

tI nmr singlets at low temperature due to slowing of the rate of ligand exchange

(Figure 2.2) and consistent with the rate of rotation about the C-N bonds in tmu

being in the fast exchange limit. As the small difference in the shift values and

the broadness of the resonances wouid allow only semi-quantitative analysis of the

rate of exchange, it was decided that only one solution would be studied in detail.

Spectra of a solution of the complex alone in CD3CN of similar concentration were

recorded over the temperature range of coalescence to determine estimates of the
t
!
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linewidth and shift and of their variation with temperature for the complex in

solution with tmu. These parameters for the free tmu could be determined from

the spectra of the solution of both free and coordinated tmu at low temperature in

the slow exchange limit and extrapolated into the coalescence region'

The 300.13 MHz 1[I nmr signal due to coordinated tmu appeared upfield from

that of the free ligand as can be seen in Figure 2.2. The sharp resonance between

the two tmu peaks is due to the proton impurity of CD3CN. The two small res-

onances at low field are due to a small impurity in the tmu which could not be

removed by distillation and drying. It does not take part in the the exchange pro-

cesses (as the peaks do not vary with temperature) and hence can be ignored. The

areas of the peaks due to tmu (estimated from lineshaping) are consistent with

[Tb(tmu)6]3+ being the predominant terbium species in solution. Complete line-

shape analysis of the coafescence of the free and coordinated tmu resonances of a

solution of [Tb(tmu)o](CtOa)s (0.OeeSr M), tmu (0.2228 M) and CD3CN (17.63 lvl)

yielded. the mean site lifetime of a single tmu ligand coordinated to [Tb(t-u)o]3+,

T" : *. The following parameters were derived from a linear regression of the

data to the Eyring equation (Equation 6.31): AHI : 38.2 + 0.5 kJ mol-1, ASI :

-56.7 + 1.8 J K mol-l and k(298.2 K) : 7377 t 21 s-1' Representative experi-

mental spectra and best fit calculated lineshapes are shown in Figure 2.2 with ihe

relevant temperatures and. r" values. A semilogarithmic plot of Tr. against $ for

the solution is displayed in Figure 2.3. The linear regression line for the fit of the

data to the Eyring equation is also shown on the plot. As only one solution 'was

quantitatively studied, the exchange mechanism could not be determined from the

variation of k", with [tmu].

2.4 Ligand Exchange on Hexakis(1,1,3,3-tetra-
met hylurea) dysprosium(III )

A solution of [Dy(tmu)u](ClO¿)s and tmu in CD3CN showed broad TI nmr sin-

glets in the slow exchange region of the ligand exchange (i.e. at low temperature)

as shown in Figure 2.4. This is also consistent with the rate of rotation about the

C-N bonds in tmu being in the fast exchange limit. Again, only one solution was
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-H--+

1000 Hz r" (ms)T (K) rr--

289.9 T.T7

282.3 L.79

278.6 2.35

275.8 2.80

271.7 3.68

266.4 expt calc 5.07

Figure 2.2:

300.13 MIIz tI nmr spectra cha¡acterising ligand exchange for a CDsCN solution
(17.63 M) of [Tb(tmu)o](ClOa)s (0.03331 M) and t:rrrt(0.2228 M). The experimental
spectra and the corresponding temperatures appear to the left and the best fit
calculated lineshapes and corresponding r" values appear to the right of the figure.
The resonance due to coordinated tmu is upfield and the narrov¡ signal appearing

in the middle arises from the CD3CN proton impurity.
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Tr" (Ks)

2.0

1.0

0.5

0.2
34 35 36 37 38

Lo4 lT (K-')

Figure 2.3:
Semilogarithmic plot of Tr" against $ for tmu exchange on [Tb(tmu)5]t+ io CD3CN
solution. The solid line represents a linea¡ regression line for the fit of the data set
to the Eyring equation (Equation 6.31).
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studied quantitatively due to the small shift difference between the resonances and

broadness of the resonances. Estimates of the linewidth and shift variation of the

complexed tmu resonance over the temperatúre range of coalescence were obtained

by recording spectra of a solution of similar concentration of the complex alone in

CD3CN. These parameters for the free tmu were determined from the spectra of the

solution of both free and coordinated tmu at low temperature in the slow exchange

Iimit and extrapolated into the coalescence region.

300.13 MHz lH nmr spectra \¡/ere recorded of a solution of the complex and

tmu over the temperature range of coalescence. The signal due to coordinated tmu

appeared upfi.eld from that of the free ligand (Figure 2.4). The sharp resonance

over the coordinated tmu peak is due to the proton impurity of CD3CN. The trvo

small resonances at low freld are due to the small impurity in the tmu discussed in

Section 2.1.2. The relative areas of the peaks due to tmu were estimated from the

Iineshaping and are consistent with [Dy(tmu)o]3+ being the predominant dysprosium

species in solution. A complete lineshape analysis of the coalescence of the free and

coordinated tmu resonarlces of a solution of [Dy(tmu)o](ClO¿)3, tmu and CD3CN

(0.03069 lVI, 0.1533 M and 17.60 M respectively) yielded, the parameters AHf : 38.6

+ 0.7 kJ mol-1, ASÏ : -56.0 +2.4 J I( mol-1 and k(298.2I<): 1285 * 33 s-1.

Typical experimental spectra and best fi.t calcuiated lineshapes together with the

relevant temperatures and r" values are shown in Figure 2.4 . A semilogarithmic ploi

of Tr" against $ t"t the solution is exhibited in Figure 2.5. The linear regression

line for the fit of the data to equation 6.31 is also shown. Again, as only one solution

was quantitatively studied, the exchange mechanism could not be determined from

the variation of k", with [tmu].

2.5 Ligand Exchange on l{exakis(fr1:3,3-tetra-
met hylurea) holmium ( III )

A solution of the complex [Ho(tmu)6](ClOa)a and tmu in CD3CN showed a broad

1[I nmr singlet which developed a shoulder at low temperature (Figure 2.6) due to

slowing of the rate of ligand exchange. As the peaks due to coordinated and free

tmu could not be separately distinguished, the errors in the parameters derived from
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-I{-+
T (K)

1000 IIz
l-l

r" (ms)

289.4 1.30

280.1 2.20

275.5 2.94

270.8 4.01

261.5 8.16

256.9 11.0
expt. calc.

Figure 2.4:
300.13 MHz TI nmr spectra cha¡acterising ligand exchange for a solution of the
complex [Dy(tmu)o](ClOa)s (0.03069 M) and tmu (0.1533 M) in CDaCN (17.60 M).
The experimental spectra and the corresponding temperatures appear to the left
and the best fit calculated lineshapes r..d corresponding r" values appear to the
right of the figure. The resonance due to coordinated tmu is upfield and the narroq/
signal appearing over the broad coordinated tmu signal a¡ises f¡om the CD3CN
proton impurity.
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Tr" (Ks)

5.0

1.0

0.5

0.1

34 35 36 JI 38

ro4/,T (r(-')

39 40

Figure 2.5:
Semilogarithmicplot of Tr" against ffor tmu exchange on [Dy(tmu)6]t+ itt CD3CN
solution. The solid line represents a linea¡ regression line for the fit of the data set

to the Eyring equation (Equation 6.31).
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complete lineshape analysis are consequently greater. Hence, only one solution was

studied in detail. Spectra of a solution of the complex alone in CD¡CN of similar

concentration were recorded over the temp'erature range of coalescence to determine

estimates of the linewidth and shift and of their variation with temperature for

the complex in solution with tmu. These parameters for the free tmu could be

determined from the spectra of the solution of both free and coordinated tmu at

low temperature in the slow exchange limit and extrapolated into the coalescence

region.

At low temperature, the 300,13 MHz lH nmr signal due to coordinated tmu

appeared as a shoulder on the upfield side of that of the free ligand as can be seen

in Figure 2.6. The sharp upfreld resonance is due to the proton impurity of CDaCN.

The areas of the peaks due to tmu (estimated from lineshaping) are consistent

with [Ho(t*r)u]t+ being the predominant holmium species in solution. Complete

lineshape analysis of the coalescence of the free and coordinated tmu resonances of

a CD3CN (15.59 M) solution of [Ho(tmu)o](ClO¿)s (0.rrZO M) and tmu (0.6951 M)

yielded. the parameters AHT : 40.9 + 0.9 kJ mol-1, ASI : -55.9 + 3.1 J I( rnol-l

and k(298.2 K) : 510 =E 
20 s-1. Some of the experimental spectra and best fit

calculated lineshapes are shown in Figure 2.6 wiih the relevant temperatures and

r" values. The spectra are also consistent with rotation about the C-N bond in

tmu being fast on the nmr timescale. A semilogarithmic plot of Tr" against S for

the solution is shown along with the linear regression line for the fit of the data to

the Eyring equation (Equation 6.31) in Figure 2.7. Again, the exchange mechanism

could not be determined from the variation of k", with [tmu].

2.6 Ligand Exchange on Ilexakis(1-:1r3,3-tetra-
met hylurea) erb ium(III )

Solutions of the complex [Er(tmu)ol(ClO4)s and tmu in d3-acetonitrile exhib-

ited an 1H resonance attributable to the coordinated ligand downfield from that of

the free ligand under slow exchange conditions (Figure 2.8). Comparisons of the

integrated areas of the two resonances for the three solutions whose compositions

are given in Tabie 2.5 indicated that [Er(tmu)6]3* was the predominant erbium(Ill)
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T (Kl r" (msl

284.8 4.47

280.1 Ð. tÐ

275.5 7.74

266.2 15.5

256.9 33.5

247.6 67.t
expt. calc.

Figure 2.6:
300.13 MHz Tf nmr spectra cha¡acterising ligand exchange for a CD3CN solution
(15.59 M) of [IIo(tmu)o](C1O+)s (0.1170 M) and tmu (0.6951 M). The experimental
spectra and the corresponding temperatures appear to the left and the best fi.t
calculated lineshapes and corresponding r" values appear to the right of the figure.
The resonance due to coordinated tmu is the upfield shoulder on the side of the
free tmu resonance and the narrow signal appearing upfield a¡ises from the CD3CN
proton impurity.
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Figure 2.7:

Semilogarithmic plot of Tr" against d-for tmu exchange on [Ho(tmu)o]t* io CD3CN

solution. The solid line represents a linea¡ regression line for the fi.t of the data set

to the Eyring equation (Equation 6.31).
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Table 2.5: Solution Compositions for Ligand Exchange of 1,1,,3,3-Tetramethylurea

on [Er(tmr)u]t+ in CD3CN

'see text'

I

ll
Itt

0.1012
0.04841
0.02539

0.6681
0.3553
0.L977

L6.22
17.15
17.36

6.0 + 0.1

6.0 + 0.1

5.9 + 0.1

Solution [[Er(tmu)01(CIOr)sl
mol dm-3

[tmu]¡,""
mol dm-3

lcDscNl
mol dm-3

CNl

Coordination number

Table 2.6: Kinetic Para,meters for Intermolecular Exchange of 1,1,3,3-Tetramethyi-

urea on [Er(tmu)6]3+ in CDaCN

Quoted errors represent one standard
deviation.

species in solution. Singlet resonances for both coordinated and free tmu were ob-

served down to 235 K consistent with rotation about the C-N bonds in tmu being

in the fast exchange limit of the nmr timescale.

Complete lineshape analysis of the coalescence of the free and coordinated tmu

resonances yielded the mean site lifetime of a single coordinated ligand, r". Typical

experimental spectra and best frt calculated lineshapes for solution (i) are depicted

in Figure 2.8 with the corresponding r" values at that temperature. A semilogarith-

mic plot of Tr" against $ fo. all the solutions studied is shown in Figure 2.9 and

the derived kinetic parameters are given in Table 2.6.

It can be seen from the kinetic data obtained from the five solutions studied

that k", (where k", : f) .ho*. only a small variation over the four-fold variation

in [tmu]. The 8.4% variation in k", with the 3.4-fold variation in [tmu] may, to

some extent, reflect minor changes in the immediate environment of [Er(trnr)u]t+

i
i

I

4

t

rì

il
I

I
{

-{
I
I

I
ii
iii

i-iii

33.8 + 0.4
35.4 + 0.5
37.4 + 0.4
35.5 + 0.5

-86.6 +.1.2

-81.4 + 1.5

-75.4 + 1.5

-81.3 + 7.7

220.ó +. r.2
216.5 + 1.5

203.5 + 1.4
2L3.6 + 1.7

Solution AHll
kJmol-1 ^s+1JK-1mol-1 -1

k(2es.2 K)1
S
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-r{->

1000 Hz

,l.i
ii

il
iú

I

T (K) r" (ms)

317.1 1.91

309.4
2.61

304.6
90È
1),ùù

5.30
to¿- 

^

285.2 9.09

280.5
11.23

expt. calc'

Figure 2.8:

300.13 MHz 1H nmr spectra characteriring ligand exchange for a solution in which

[[Er(tmu)e](ClOn)sl, [t*"] and [CD3CN] *"rã respectivelv 0'1012 M, 0'6681 M and

la.zz M. The "*p"ri*"rrtal 
spectra an¿ the corresponding temperatures appear to

ihe left an{ the best fi.t c.lcrrlat"d lineshapes a¡rd corresponding r" values appear

to the right of the figure. The resonance due to coordinated tmu is downfield'
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Tr" (Ks)
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1.0
31 32 33 34 DE.l aJ

7o4lT (K-')

Figure 2.9:
Semilogarithmic plots of Tr" again.t + for tmu exchange on [Er(tmu).]t+ io
CDoCN solution. Experimental data points and the linea¡ regression lines for the
fit of each data set to the Eyring equation (Equation 6.31) for solutions (i) to (iii)
are represented respectively as (i)€-, (ii) -{ 

-and 
(iii) - A - .
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as the concentration is altered. This is consistent with the operation of a D ex-

change mechanism in which the rate determining step is the formation of the fi've

coordinate reactive intermediate'[Er(imu)r]t*. The results are also consistent with

the operation of an f¿ mechanism as described in Section 1.2. The implications of

this will be discussed in Section 2.10.

2.7 Ligand Exchange on l{exakis(f,1,3,3-tetra-
met hylurea) t hulium ( III)

The complex [Tm(tmu)o](ClOa)3 \Mâs moderately hygroscopic, hydrating visibly

after some hours of exposure to the atmosphere. Solutions of [Tm(tmu)o](ClOa)3

an{ tmu in d3-acetonitrile exhibited 1H nmr singlet resonances due to the coordi-

nated and free ligand down to 235 K consistent with rotation about the C-N bonds

in tmu being in the fast exchange limit of the nmr timescale. The coordinated tmu

signal appeared downfield from that of the free ligand under slow exchange con-

ditions (Figure 2.10). Comparisons of the integrated areas of the two resonances

for the four solutions studied indicated that [Tm(tmu)u]t+ *.s the predominant

thulium(Ill) species in solution. The solution compositions are presented in Table

z.t.

The mean site lifetime of a single coordinated ligand, Tc was determined by

complete lineshape analysis of the coalescence of the free and coordinated tmu

resonances. Typical experimental spectra and best fit calculated lineshapes for a

solution in which the concentrations of [Tm(tmu)6](Clo+)3, tmu and CDsCN were

0.09220 M, 0.5167 M and I6.2L M respectively are shown in Figure 2.10. The

relevant temperatures and corresponding r" values at that temperature are also

given. The derived kinetic parameters are given in Table 2.8 and a semilogarithmic

plot of Tz" against $ is shown in Figure 2.11'

From the kinetic results obtained from the four solutions studied, it can be

seen that k", does not show a systematic variation with the four-fold variation in

[tmu] (the observed first order rate constant, k", is related to the lifetime of a

coordinated tmu ligand by Equation 1.4). This is consistent with the operation of

a D exchange mechanism in which the rate determining step is the loss of a ligand
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Table 2.7: Solution Compositions for Ligand Exchange of 1,1,3,3-Tetramethylurea

on [Tm(tmr)u]t+ in CD3CN

Coordination n (see text).

Table 2.8: Kinetic Parameters for Intermolecular Exchange of 1,1,3,3-Tetramethyl-
urea on [Tm(tmu)o]3+ in CDBCN

Quoted errors represent one standard
deviation.

I
ii
iii
iv

0.1188
0.09220
0.06367
0.03006

0.8675
0.5167
0.3568
0.1753

15.47
L6.21
17.00
77.84

5.9 + 0.1
6.0 + 0.2
6.0 + 0.1

6.0 + 0.1

3tion JreetmuCI6tmu
mol dm-3mol dm-3 mol dm-g

CDe

-97.8 + 1.1

-L07 + 1

-109 + 1

-105 + 2

-105 + 1

31.6
28.6
28.r
toL
29.3

+ 0.3
+ 0.2
+ 0.4
+ 0.5
+ 0.3

r4t
153
747
L41
145

+1
+1
+1
+2
+1

lll

tl

lv
l-lv

Solution AH+l
kJmol-l

ASIl
JK-1mol-1

k(2e8.2 K)1
s-1
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-H+
700 Hz

#
T (K) r" (ms)

318.0 2.96

305.6 4.81

300.5 6.00

285.8 11.3

277.4 16.8

264.3 31.9

expt calc.

Figure 2.10:
90 MHz TI nmr spectra characterising ligand exchange for a CD3CN soiution
(76.27 M) of [Tm(tmu)6](Clo4)a (0.09220 M) and tmu (0.5167 M). The experi-
mental spectra and the corresponding temperatures appear to the left a¡rd the best

fit ca^iculated lineshapes and corresponding r" v¿lues appear to the right of the fig-
ure. The resorrance due to coordinated tmu is downfield and the narrow multiplet
appearing at high field arises from the CD3CN proton impurity.
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20.0

Tr" (Ks)

10.0

5.0

1.0

0.5
JI oo.)¿ .)t) 34 óÐ 36 37 38

7o4lT (K-')

Figure 2.11:
Semiloga,riihmic plots of Tr" againrt # for tmu exchange on' [Tm(tmu)o]3+ in
CD3CN solution. Experimental data points an'd the linear regression lines for the
fit of each data set to the Eyring equation (Equation 6.31) for solutions (i) to (iv)
a,re represented respectively as (i)-G, (ii) -{ -, (iii)- -.tr- - and (iv)

A

The lines for solutions (iii) and (iv) a¡e coincident at high temperatures.
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to form a fi.ve coordinate reactive intermediate [Tm(tmo)r]t+. For similar reasons

to those discussed in Section 1.2, although the results are also consistent with an

f¿ mechanism, this is not considered a likely possibility.

A study of the ligand exchange processes on this complex has also been at-

tempted in CDsNOz [50] but proved intractable. The population of free tmu was

found to increase significantly on increasing the temperature from the slow exchange

region. This is presumably due to the complex losing ligaads to form a complex

of lower coordination number. Vicentini and Nunes [24 (d)] emptoyed a similar

effect for the preparation of Ln(tmu)2(ReOr)3 from Ln(tmu)5(ReO¿)2, (Ln : La -
Nd, Sm) which involved dissolving Ln(tmu)5(ReOa)2 in nitrometha¡re and upon

dilution with a large excess of solvent, the complex Ln(tmu)z(ReO¿)s precipitated

from solution. The perrhenate ions replace the tmu Iigands by coordinating through

one or two oxygen atoms. An analogous effect, although to a lesser degree, may

be responsible for the observed behaviour of the perchlorate saJ.ts in nitromethane.

No evidence of precipitation was found in the case of the perchlorate complexes in

acetonitrile solution at the concentrations studied.

2.8 Ligand Exchange on Hexakis(l,1,3,3-tetra-
rnet hylurea) yt t erb iurn ( III )

A complex of stoichiometry [Yb(tmu)6](ClO4)3 was obtained by the method

described in Chapter 5 and showed simiia¡ hygroscopic properties to the thulium

complex. Solutions of the complex and tmu in d3-acetonitrile exhibited an TI reso-

nance attributable to the coordinated ligand downfield from that of the free ligand

under siow excha¡rge conditions (Figure 2.t2). Comparisons of the integrated areas

of the two resonances for the five solutions whose compositions a.re given in Table

2.9 i.'.dicated that [Yb(tmu)o]t+ ** the predominant ytterbir:m(Ill) species in so-

lution, Singlet resonances for both coordinated and free tmu were observed down

to 235 K consistent with rotation about the C-N bonds in tmu being in the fast

exchange limit of the nmr timescale.

Complete lineshape analysis of the coalescence of the f¡ee and coordinated tmu

resonances yielded the mean site lifetime of a single coordinated ligand, r". Typical

óI



Table 2.9: Solution Compositions for Ligand Exchange of 1,1,3,3-Tetramethylurea
on [Yb(tmtt)ult* in CDaCN

Coordination number see text

Table 2.10: Kinetic Parameters for Intermolecular Exchange of 1,1,3,3-Tetrameth-
ylurea on [Yb(tmt)u]t+ in CDsCN

Quoted errors represent one standard
deviation.

experimental spectra and best fit calculated lineshapes for solution (ii) are depicted

in Figure 2.12 with the corresponding r" values at that temperature. A semiloga-

rithmic plot of Tz" against f for all the solutions studied is shown in Figure 2.13

and the derived kinetic parameters are given in Table 2.10.

It can be seen from the kinetic data obtained from the five solutions studied that

k", shows only a small variation over the 7.5-fold variation in [tmu] and actually

decreases slightly with increasing [tmu] and is therefore probably not of kinetic

significance. This is consistent with the operation of a D exchange mechanism in

which the rate determining step is the formation of the five coordinate reactive

intermediate [Yb(tmu)u]t*. The results are also consistent with an I¿ mechanism

I
ii
iii
iv
v

0.1216
0.09352
0.06145
0.02385
0.01500

0.6866
0.5514
0.3766
0.1541
0.0919

6.0 + 0.1
6.0 + 0.2
5.9 + 0.1
5.9 + 0.1
5.9 + 0.1

15.38
15.89
L6.77
L8.44
18.18

tmu)ol(CtOn
mol dm-3

Solution CNlreetmu
mol dm-3
ICD.

mol dm-3

-89.8 +.2.6

-89.2 +. L.4

-85.0 t 1.3

-73.6 +.1.7

-73.8 + 1.5

-81.8 + 3.1

58.5 + 0.6
64.6 + 0.4
63.8 + 0.3
70.0 + 0.5
70.7 + 0.5
65.5 + 0.9

I
ii
iii
iv
v

36.2 t 0.8
36.1 + 0.4
37.4 + 0.4
40.5 + 0.5
40.5 + 0.5
38.3 + 0.9l-v

Soluiion AH+1
kJmol-1

ASÏ1
JI{-1mol-l

k(2e8.2 K)l
_1
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T (K) -H+
500 Hz

r" (ms)

315.9 6.58

310.8 8.07

305.6 10.6

300.5 13.6

293.0 27.0

285.8 toR
expt calc

Figure 2.12:
g0 MHz TI nmr spectra characterising ligand exchange for a solution in which

[[Yb(tmu)6](ClO4)31, [tmu] and ICDaCN] were respectively 0.09352 M, 0.5514 M

and 15.89 M. The experimental spectra and the corresponding temperatures appear

to the left and the best fit calculated lineshapes and comesponding r" values appear

to the right of the figure. The resonance due to coordinated tmu is downfield.
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10.0

Tr" (Ks)

5.0

1.0
31 32 o.)

7o4lT (K-.)

Figure 2.13:

Semilogariihmic plots of Tr" again.t # for tmu exchange on [Yb(tmu)u]t+ io
CD3CN solution. Experimental data points and ihe linear regression lines for the ût
of each data set to the Eyring equation (Equation 6.31) for solutions (i) to (v) a,re

represented respectively as (i) --O- , (ii)-¡-, (iii)- -A- -, (i") -.4-. and

(")-.tr--. The lines for solutions (iv) and (v) are coincident.

Ð<34
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but, as explained in Section 1.2, this is considered unlikely.

A study of the kinetics of ligand exchange on this complex has also been at-

tempted in CDsNO, [50] but again proved intractable for similar reasons to those

discussed for the thulium case (Section2.L.2).

2.9 Intramolecular Ligand Exchange on F{exakis-
( 1, r,3,3- t etramet hylurea) lant hanide (III)
Ions

Solutions of [Pr(tmu)o](ClOa). and [Tm(tmu)o](ClO¿)e in CD2CI2 were studied

using 300.13 MHz TI nmr to determine if the internal rotation about the C-N bonds

could be slowed suffi.ciently to allow complete lineshape analysis to obtain the ki-

netic parameters. This solvent was chosen because the internal rotation could not

be observed in CD3CN down to the freezing point of the solutions (ca. 235 K) and

CD2Cl2 has a lower freezing point (cø. 180 I{). The metal ions were chosen to repre-

sent the lighter and heavier lanthanides respectively. However, when these solutions

'were run, several peaks were observed which could not be attributed solely to the

slowing of the C-N bond rotation (e.g. see Figure 2.14 which shows the praseo-

dymium case). The many peaks observed appears to indicate the presence of more

than one species of unknown coordination number. The most likely explanation

is that some ligands have dissociated from the complex leaving some of a species

of lower coordination number (as described for the d3-nitromethane solutions of

[Tm(tmu)6](CIO4)3 and [Yb(tmu)o](ClOa)a). Th" exchange between the complexes

and free ligands and the slowing of the internal rotation in the complexed ligands

probably gives the complex coalescence pattern observed.

z.LO Mechanistic and l{inetic Effects of the Lan-
thanide Contraction

The kinetic parameters characterising the exchange of tmu on [Ln(tmu)o]3+ are

summarised in Table 2.11. The rates of tmu exchange are about a factor of 104

less than those for dmf exchange on [Ln(dmf)rJt+ (Table 2.3) [9] and a factor of

ca. 705 less than those for H2O exchange on [Ln(H2O)n]t+ (Table 2.2) [31,8]. All of
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195

185

Figure 2-14:

300.13 MEz \I nmr spsct¡a of a solutioninwhich [[Pr(tmu)e](Clo+)al a,nd [CDzClz]
were respectively 0.02909 M a.nd 14.6884 M. The corresponding temperatr:res ap-

pear to the left-
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Tb
Dy
Ho
Er
Tm
Yb
Lua
Sc5

90.0
92.3
91.2
90.1
89.0
88.0
86.8
86.1
74.5

253
L377 +27
1285 + 33

510 + 20

213.6 + t.7
145.2 +. 1.1

65.5 + 0.9
41.9 + 2.7

0.90

27.L +.0.6
38.2 + 0.5
38.6 + 0.7
40.9 + 0.9
35.5 + 0.5
29.3 + 0.3
38.3 + 1.0
41.7 + 0.6
68.6 + 1.3

-108 + 2

-56.7 + 1.8

-56.0 + 2.4

-55.9 + 3.1

-81.3 +. t.7

-105.4 + 1.1

-81.8 + 3.1

-74 +2
-75.7 + 3.8

Ln3r r(Ms+¡r k(298 K)2
s-1

1AS1AH
J K mol-lkJ mol-l

Table 2.11: Kinetic Parameters Characterising Exchange of tmu on [Ln(tmt)u]t+

Effective ionic radrus 111
2 Quoted errors represent one standard deviation
3 Reference [30].
a Reference [2S].
5 Reference [29l.

these ligands are oxygen donor ligands and tmu and dmf are of comparable electron

donating ability having Gutmann donor numbers of 29.6 and 26.6 respectively [52].

Thus, the greater lability of [Ln(dmf)rJt+ and [Ln(HrO)nJ'+ must be mainly a con-

sequence of the greater coordination number and resultant greater effective ionic

ra<lii of these cornplexes. This gives longer and weaker Ln-O bonds comparcd to

those in [Ln(tmu)o]3l decreasing the energy required to break the bond (decreasing

AHI) and increasing the lability of exchange. Further evidence of these longer Ln-

O bonds comes from the observed solid state Er-O bond lengths in the tricapped

trigonal prismatic [Er(HzO)s]t+. Th" capping and prismatic Er-OH2 bond lengths

arc 2.52 arld,2.37 Å respectively [53] compared with bond. lengths of 2.185 - 2.198 Å

in the octahedral [Er(tmu)oJ3+ 1271. The tricapped trigonal prismatic geometry, due

to the longer lanthanide to capping ligand bonds, may also enhance the lability. In

the solid state, the Ln to capping water bonds in [Ln(H2O)n]t* (l,tt : Y, La, Pr,

Sm, Gd, Ho, Er, Yb and Lu) [3a], are 1.01 - 1.09 times longer than the Ln to

prismatic water bonds.

The rates of exchange of tmu on [Ln(tmr)u]t+ decrease monotonically with de-
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creasing effective ionic radius from terbium to lutetium. A simila¡ trend is observed

in k(200 K) for dmf exchange on [Ln(dmf)s]t+ for Ln : Tb - Yb and k(298 K) for

H2O exchange on [Ln(HzO)g].+ for Ln : Gd - Yb (Tabtes 2.3 and 2.2 arrd Figure

2.15). The activation parameters, AHI and ASf, for these systems are plotted

against L}alt in Figure 2.16. The change in effective ionic radius on changing the

coordination number causes the different plots to appear in different regions of the

graph. The AHI values for each system are shown as open symbols and AST values

are shown as filled symbols.

The trends in the values for the HzO and dmf systems have been discussed in

Section 2.L.2. The rates of çxchange of tmu on [Ln(tmt)u]t+ are significantly lower

than those for dmf exchange on [Ln(dmf)rJt+ and HzO exchange on [Ln(H2O)n]t+

which appears to be a consequence of the generally higher AHÏ values (due to the

lower coordination number and consequently shorter, and stronger, Ln-O bonds)

and. more negative ASÏ values. Some of the differences in values between these three

systems may be attributable to different experimental conditions. For example, the

parameters for the dmf systems \Ã¡ere obtained in neat dmf and the mechanisms

determined using CD3NO2 as diluent while the tmu systems were studied using

CD3CN diluent which could have a marked effect on the activation parameters

and even the mechanism. This is the case for several ligand exchange studies on

Sc3+ in Table 2.4 (For example, tmp exchange on [Sc(tmp)o13+ proceeds via an A

mechanism in CDeNO2 while proceeding via a D mechanism in CD3CN [43]).

In the simplest analysis, it is expected. that ASÏ will be positive for a dissocia-

tively activated exchange process due to the increased degree of freedom available

to the transition state as a consequence of the lengthening of one chemical bond

as a ligand leaves the first coordination sphere. Conversely, for an associatively

activated exchange process, ASI would be expected to be negative due to the de-

creased degree of freedom available to the transition state as an incoming ligand

enters the first coordination sphere. For the tmu system, all the ASÏ values are

negative even though D mechanisms are assigned for the exchange processes for

T*t*, Yb3+ and Lu3*. Similarly, all the values of ASI for water and those for dmf

exchange on Tb - Er are also negative. An inspection of Table 2.4 reveals that the
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ASI values are generally negative for exchange on Sc3* and Y3+ regardless of the

assigned mechanism. The only cases where lSl is positive occur when CDsNOz is

used. as the diluent. Thus it appears that there is a signifi,cant contribution to ASÏ

from interactions outside the first coordination sphere. These interactions appear

particularly feasible for the trivalent lanthanide ions in view of their propensity for

high coordination numbers.

As described in Section 2.I.2, the tricapped trigonal prismatic structure has

been established for [Ln(H2O)nJt+ [34], and the water molecules may rapidly inter-

change via a capped square antiprism intermediate in solution. If the tricapped

trigonal prism is taken as the reference geometry for [Ln(tmt)u]t+, as one Ln-tmu

bond lengthens to form the dissociative transition state, and the outgoing tmu as-

sumes some of the character of a capping ligand, the remaining five tmu ligands

may rearrange (with concomitant changes in bond lengths and angles) towards a

trigonai prismatic geometry. Simultaneously, an incoming tmu molecule comes into

position from the capping position to take the vacant place in the sixth prismatic

position. This geometric rearrangement is particularly possible for lanthanide ions

as there is no loss of ligand field stabilisation energy on changing the geometry

from octahedral to trigonal prismatic. Due to the steric bulk of the tmu molecules,

the ligands in the capping positions are likely to be more distant, relative to those

in the prismatic positions, than those in [Ln(H2O)g]3+ and hence the interactions

between capping acetonitrile molecules and the metal ion are expected to be much

weaker. Nevertheless, this mechanism would produce consideráble ordering into the

second coordination sphere and a substantial negative entropy contribution to the

transition state leading to a negative ASI erren though the tmu exchange process

is dissociative. This contribution appears to be greater in d3-acetonitrile solution

than in d,3-nitromethane, leading to the negative ASf values observed in Tables 2.4

and 2.11. This is possibly a result of the greater donor number of acetonitrile (14.1)

than nitromethane (2.7) 1521. The dielectric constants for these solvents are similar

(38.0 and 35.9 respectively) so that this is probably not a signifi.cant factor.

This proposed mechanism is highly idealised, but it does suggest that in the

ligand exchange processes of the six-coordinate trivalent lanthanides, the second
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coordination sphere may need to be considered to a much greater extent than in

studies of lighter six-coordinate metal ions. For example, for the smaller Sc3+ ion

with monodentate ligands there appears to be no reported case of a coordination

number greater than six and it seems likely that the involvement of the second co-

ordination sphere in the [Sc(tmu)oJ3* exchange process would not be as signiflcant

as for [Ln(tmu)o]t+. Si*ilurly, the involvement of the second coordination sphere is

not expected to be as significant for [Ln(dmf)r]"+ as for [Ln(tmu)u]t+ u.s the surface

charge density is lower due the greater effective ionic radius making the electro-

static interaction with the second coordination sphere to be weaker. However, the

dmf complexes could interact with the second coordination sphere via the capped

square antiprism geometry mentioned earlier and this may be responsible for the

the observed interchange mechanism in the lighter lanthanides [9]'

For [Ln(tmu)u]'*, a plot of AHI and ASI against I}a f r (Figure 2.16) reveals that

as r d.ecreases, AHl is practically constant from Tb - Ho, decreases from Ho - Tm

and then increases from Tm - Lu. Similarly, ASÏ is almost constant from Tb -
Ho, becomes more negative from Ho - Tm and less negative from Tm - Lu. This

may be indicative of a mechanistic crossover on proceeding along the series from

terbium to ytterbium similar to that observed for exchange on the dmf complexes of

the lanthanides [9]. In the case of these dmf complexes, an interchange mechanism

prevails for Tb - Er and a D mechanism for Tm and Yb. For the tmu complex

of erbium, [Er(tmu)u]3+, th" plot of Tr" again* !F (Figure 2.9), illustrates the

slight dependence of the rate on [tmu]. This may be a consequence of the operation

of an f¿ mechanism. If this is the case, it appears thai the mechanisms of ligand

exchange on [Ln(tmu)o]3+ could reflect those of [Ln(dmf)a]3+ with an I¿ mechanism

predominating for Tb - Er and a D mechanism prevailing for Tm - Lu. The trend in

the values of k(298 K) for these complexes (Table 2.11 and Figure 2.15) is consistent

with this explanation as the values of k; for an I¿ mechanism are expected to be

approximately those for k1 for a D mechanism as M-L bond breaking is the rate

determining step in both, as discussed in Section L.2. For the tmu complexes of the

elements across the series from La to Lu, there may be a progression from an A

mechanism to fo, I¿ and finally D similar to that believed to occur for the dmf
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complexes discussed in Section 2.L.2.

If, on the other hand, there is no change in mechanism across the lanthanide

series, the observed changes in aHl and asl (Table 2.11 and Figure 2.76) may be

rationalised in the following way. As r decreases, the surface charge density increases

and the ionic field increases. This has two effects. Firstly, the Ln-O bond strength

increases, increasing AHl, which also increases ASf because as the bond strength

increases (increasinS AUÏ¡ the freedom of movement of ligands in the ground state

decreases (increasing 
^Sl). 

Secondly, the electrostatic interaction with the second

coord,ination sphere increases, decreasing the difference in energy between the lig-

ands in the first and. second coordination spheres and hence decreasing AHÏ and

ASÏ. Superimposed on these effects are steric and geometric factors. As the ra-

dius decreases, the steric crowding around the ion might be expected to favour the

five-coordinate intermediate (jusi as in [Ln(dmf)e]3+ a nine-coordinate intermedi-

ate is favoured for the lighter lanthanicles) and hence d.ecrease AHI and ASl. Horv

the decreasing radius might affect the relative stabilities of various geometries is not

known but it may be assumed that there is some effect on the activation parameters.

Thus it appears that contributions to AHI and ASI come from several effects

whose contributions vary as the ionic radius changes. This may be the reason for

the observed values for these parameters for [Ln(t*t)u]t+. For [Ln(dmf)a]3+ and

[Ln(H2O)s]3+, because of their larger coordination number and consequently larger

ionic radii, the effects are likely to be quite different. In particular, the effects

from outside the first coordination sphere would be expected to have much less

effect. For these systems, the dominant effect appears to be the increase in surface

charge d.ensity increasing AHT and ASÏ as the radius decreases. These effects are

besides those which arise from the different ligands complexation abilities and steric

interactions which are responsible for the different coordination numbers observed

in the different complexes.
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z.LL other Lanthanide(Ill) Cornplex Exchange
Studies

2.tL.L 1,1-,3-timethylurea complex of Ytterbium(III)

Several attempts to prepare a complex of ytterbium perchlorate with 1,1,3-trimeth-

ylurea resulted in complexes of stoichiometry Yb(trmu)"(ClOa)s with x : 6'3, 4'5

and 4.3 as measured by metal analysis (Section 5.3). The infrared spectra did not

show conclusivety the presence or absence of coordinated perchlorate due to ligand

absorbances in the regions of the perchlorate absorbances [23]. A solution of the

complex of the latter stoichiometry (0.05829 M) and 1-,1,3-trimethylurea (0.3909 M)

in CD3CN (L7.23 M) was observed using 300.13 MHz nmr to determine the coordina-

tion number in solution and, if possible, study the ligand exchange. Unfortunatel¡r,

the spectra r¡/ere very complex with resonances that were not readily assignable and

pr.obably ind.icate the presence of various species of differing coordination numbers'

These lanthanide-trmu complex studies were therefore discontinued.

2.LL.2 tifluoromethanesulphonate Complexes

At the beginning of this work, it appeared, for several reasons, that the ideal com-

plexes to prepare were trifluoromethanesulphonate salts. The anion was known to

not coordinate for several lanthanide complexes of hmpa [54], HzO [34,55] and

several cyclic ureas [55] both in the solid state and in solution (however, tri-

fluoromethanesulphonate is known to coordinaté in many other compounds such

as [Co(NHa)s(CFaSO3)](CF3SO.), [56]). Trifluoromethanesulphonic acid is read-

ily available and the complexes can be prepared with relative safety compared to

perchlorate complexes (explosions of compounds of the latter anion are well docu-

mented [57,58, and references therein]).

Several lanthanide trifluoromethanesulphonate complexes of tmu were prepared

as described in Chapter 5. The compounds displayed reasonable six-coordinate

stoichiometry in the solid compounds (Table 5.1). Five d3-acetonitrile solutions of

Tm(tmu)o(CF3SOs)3 and tmu were prepared with complex concentrations ranging

from 0.03424M to 0.1216 M. Ninety megahertz nmr spectra lvere recorded of the
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solutions over the temperature range 235 - 335 K and lineshaping was attempted

in the normal way. In each case, the population of coordinated tmu was found to

decrease by about 50% over this temperature range while the free tmu population

increased by the same amount. This is consistent with a decrease in the number

of tmu ligands coordinated io the metal ion which is probably a consequence of

the coordination of the trifluoromethanesulphonate anion. This was subsequently

confirmed by the studies using perchlorate anion where no population variation

was observed. Hence, the trifluoromethanesulphonate complex studies were discon-

tinued and the lanthanide studies restricted to complexes with perchlorate as the
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Chapter 3

Intra- and Inter-rnolecular Ligand
Exchange on Dioxouranium(Vl)
Cornplexes

3.1- Introduction
3.1-.1- Dioxouranium(VI) Complexes

The dioxouranium(Vl) ion, IJOT*, is linear, or approximately so [59], with the oxo

ligands trans to each other. This structure has been confirmed by many crystai

structures (e.g. [60,61,62,63,64,65] and [66,67, and references therein]) showing

octahedral and pentagonal bipyramidal geometry respectively when four or fi.ve

other ligand donor atoms are coordinated. The oxo ligands are kinetically inert

[68,69] and restrict the coordination of other ligands to an equitorial plane. Thus the

UO|,+ cation provides an opportunity to study inter- and intra-molecular exchange

processes in a well-defined sterically hindered environment.

The simplest dioxouranium(Vl) complexes are those containing only a single

type of monodentate oxygen donor ligand. Some of these complexes that have been

reported either in the solid state or in solution are presented in Table 3.1. Several

of these complexes are closely related in that the oxygen donor atom is part of a

carbonyl group. These are complexes of formamides, acetamides and ureas.
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Table 3.1: Some Reported Dioxouranium(Vl) Complexes of Monodentate Oxygen

Donor Ligands

Com

3.L.:2 Previous Intramolecular Ligand Exchange Studies on
Dioxouranium(Vl) Complexes

It has been found that coordination of formamides and acetamides through oxygen

can substantially decrease the rate of rotation about the carbon-nitrogen bond in

these ligands [84,85]. For a urea this effect has been observed for 1,1,3,3-tetrameth-

ylurea (tmu) on coordination to dioxouranium(Vl) [10] which is of particular interest

as tmu and several other ureas have a particularly low barrier to rotation about the

carbonyl-nitrogen bond in comparison with formamides and acetamides. This is a

consequence of the delocaiisation of the lone pair on each urea nitrogen electronically

stabilising the excited state of the other and steric destabilisation of the ground

state of the other by the bulky substituents [86,87]. This slowing of the C-N bond

roiation of tmu on coordination was also observed in'complexes of the lanthanides in

this work (Section 2.L.2) but under conditions which prevented the determination of

quantitative kinetic data. Hence, the complexes of dioxouranium(Vl) with several

substituted ureas were investigated to compare with these systems and to determine

if the decrease in the rate of rotation on coordination is general for these ligands.

Intramolecular rearrangements of bidentate ligands in dioxouranium(Vl) com-

plexes have been reported [88,89,90,9L,92] but, in general, these processes involve

dissociation of at least one end of the ligand as the rate-determining step and so are

not analogous to the intramolecular rotation in formamides, acetamides and ureas

and so will not be discussed in detail.
I

1

¡
t

[UO2(tmu)4](ClO4)2
[UO2(dea)5](CIO4)2
[Uo2(dmf)u](CIOn),
[UO2(dmso)s](C1O+)z
[UO2(nma)u](CtOr),

60,70,71,

[10]

[75]
177l

[7e]

[81]
CIO¿Oz btm

2croluo,
[UO2(urea)s](NOs),
[UO2(dma)'](ClO¿)z
[UOz(dmmp)s](ClO¿),
[UO2(fpr)s](ClOn)z
[UOz(tep)u](CIOa)z

174l

[76]
[78]

[80]
[82]

ClO¿oOPMezPh

HzOz 4

Reference plex
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3.L.3 Previous Intermolecular Ligand Exchange Studies on
Dioxouranium (VI) Complexes

The intermolecular exchange for several seven-coordinate dioxouranium(Vl) com-

plexes, [UOr(L)sJ2+, where L is a neutral monodentate oxygen-donor ligand (includ-

ing tmu [10], dea [75], dma [76], dmmp [78], dmso [79], nma [81], tep [82], tmp [S2]

dmf [77], and OPMerPh [83]) is found to take place through a D type [4] mechanism

in which the intermediate is of the type [UO21l,)nl'+. The rate law for this type of

exchange process is:

exchange rate : ík",lltlOz(L)u)"+)

and is independent of the concentration of free ligand. These results will be dis-

cussed in more detail in Section 3.6.

On the other hand, the exchange of fpr (N-formylpyrrolidine) on [UOz(fpt)u]'+

is characterised [80] by a two-term rate law:

exchange rate : 5(kr + kilferl)lÍUO2(f pr)sl2+1.

In this case, a proportion of the exchange occurs through a D mechanism, and

a proportion through either a dissociative interchange (I¿) or, more probably, an

associativ" (A) mechanism. The operation of the latter mechanism has been ratio-

nalised in terms of the conformational restriction of the pyrrolidine ring favouring

the high degree of ordering required by the A transition state, luo(fpr)o]'?+ [75].

The exchange of hmpa on [UOz(hmpa)a]2+ is also consistent with a two term rate

Iaw [71]:

exchange rate : 4(kt * k2lhmpal)lluOz(hmpo)nl'+1.

For this complex, a combination of the stabilisation of a species of low coordination

number by the size and high donicity (DN : 38.8) of hmpa and the ability of

the dioxouranium(Vl) ion to accommodate more ligands in the equatorial plane

probably leads to transition states for the D mechanism ([UO2(hmpa)sl2+) and the

A mechanism ([UO2(hmpa)sJ2+) of similar energy providing parallel paths for ligand

exchange.
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Thus, intermolecular exchange on the dioxouranium(Vl) ion is capable of pro-

ceeding through a variety of mechanisms depending on the number and type of

ligands coordinated. The intermolecular exchange of tmu in lanthanide complexes

was found to be amenable to study (Chapter 2) and hence the exchange of substi-

tuted ureas on dioxouranium(Vl) complexes v¡ere investigated, where possible, to

compare with these results.

3.2 Intramolecular Ligand Exchange on Penta-
kis ( 1- , L- dimethylurea) dioxouranium(Vl)

The method. described in Chapter 5 was used to prepare the dioxouranium(Vl) com-

plex of l,1-dimethylurea (1,l-dmu), [uoz(l,1-dmu)s](clon)r. In cDacN solution

at 233.7 K, [Uo2(1,1-dmu)s]2+ exhibits tI nmr doublets for the -NHz (ó : 6.14 and

5.79 ppm) and -NMez (6 :3.21 and 3.11 ppm) groups of l,l-dmu consistent with

rotation about both carbonyl-nitrogen bonds occurring slowly on the nmr timescale

as shown in Figures 3.2 and 3.4. As the temperature was increased, these doublets

coalesced to singlets over the temperature ranges 233.7 - 260.8 I{ for -NH2 and

246.9 - 275.9 K for -NMez consistent with the rate of rotation about the carbonyl-

nitrogen bonds increasing. Complete lineshape analysis of these coalescing doublets

was performed as outlined in Section 6.2 and the kinetic parameters for rotation

about these bonds a,re presented in Table 3.4 in Section 3.5. In the case of the

-NHz resonances, the observed first order rate constants, k"r, characterise rotation

about the C-NH2 bond. In this case, k", : |, where r is the lifetime of one of

the hydrogens in one of the two possible sites a or b in Figure 3.1. The expression

î : *, where ro and rb a;te the lifetimes of a hydrogen atom in sites a and b

respectively and Xo and Xa a¡e the corresponding mole fractions in each site, now

becomes trivial as rotation about the bond necessarily exchanges the hydrogens in

sites a and b so r, : rö and Xo : Xb. The rate of rotation about the bond is

T u" two such exchanges must occur for a complete rotation about the bond. A

similar situation prevails for a hydrogen atom on one of the methyl groups as rota-

tion about the C-NMe2 bond occurs. A plot of Tr against $ to. intramolecular

bb



*\
Me

Filure 3.1: Rotation About C-NH2 Bond Causing Intramoieculal Exchange of the

Hydrogen Atoms in Sites u (H.) and b (H¡)'

exchange of the -NHz protons is presented in Figure 3.3 and a similar þlot for the

-NMe2 protons in Figure 3.5.

For the coalescence of the -NHz doublet, the freezing points of the solutions (cø.

231 K) precluded the extrapolation of the non-exchange modified linewidths (\M¡

and \M6) and chemical shifts (á) from a substantial slow excha,nge temperature

range. Hence, these parameters were obtained by the foliowing method. At the

lowest temperature examined (233.7 K) the -NHz doublet components still showed

a small amount of chemical exchange induced broadening but the ó r¡aiues were not

a,ffected signifi.cantly at this slow exchange rate. Above 261 K, exchange is in the

fast exchange limit, such that the temperature variation of the singlet resonall.ce

linewidth is the environmental average of the coaiesced doublet components. By

assuming this temperature va¡iation to apply to the non-exchange modifi.ed -NH2

doublet, the component linewidths were obtained to a reasonable approximation.

Chemical shift values without significant exchange modification for the -NHz dou-

blet components were only observed below 236 K and accordingly, anchored on

these data, 6 was allowed to vary systematically in the coalescerrce temperature
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500 Hz
r (ms)T (K)

260.8 0.533

247.2 2.67

242.9 4.65

240.6 6.06

238.7 8.51

233.7 16.0

expt calc.

Figure 3.2:
MHz t[ nmr sPectra of a solution of

D3CN (18.48 M) showing the NHz res-

ponding temperatures are shown at the

ãerived r va^lues are shown to the right'
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ß4lT (K_r)

Figure 3.3:
The r¡a¡iation of Tr with $ fo. intra.rnolecular exchange of the -NHz protons of
1,l-dmu coordinated to [UOz(1,1-dmu)5](ClO4)2 (0.05676 M) in CD3CN (18.48 M).
The line represents the linear regression line for the fi.t of the data to the Eyring
equation (Equation 6.31).
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268.4 18.9

266.2 23.6

260.8 38.5

2ó6.2 57.L

246.9 133
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Figure 3.4:
Intr".'nolecula¡ exchange modified 300.13 MIIz TI nmr spectra of a solution of
[UO2(1,1-dmu)5](ClO4)2 (0.05676 M) in CD3CN (18.48 M) showing the -NMe2 res-
onances. Experimental spectra and corresponding temperatures a,re'shown aü the
left, and best fit calculated lineshapes a,nd derived r r¡alues a¡sshown to the right.
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Tr (Ks)
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7o4lT (I(-')

Figure 3.5:

The variation of Tr with $ t"t intra,rrolecula¡ exchange of the -NMe2 protons of

1,l-dmu coordinatea to [UOz(1,1-dmu)s](ClOa)z (0.05676 M) in CD3CN (13.48 M).

The line represents the linea¡ regression line for the fit of the data to the Eyring

equation (Equation 6.31).
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range during the lineshape analyses to optimise the fits of the calculated lineshapes

and the experimental spectra.

The coalescence of the -NMe2 doublet occurred over a smaller temperature range

(246.9 - 275.9 K) as a result of the smaller difference in á between the doublet com-

ponents. The slow exchange limit occurred at a higher temperaturc (ca. 242K) and

hence the temperature variations of the non-exchange modified -NMe2 linewidths

and chemical shift values were observed over a larger temperature ranger which in

conjunction with the approach used for the -NHz doublet provided good estimates

of the variation of these parameters in the -NMe2 coalescence temperature range.

The errors quoted in Table 3.4 represent one standard deviation f<.¡r the lin-

ear regression fi.t of the rate data to the Eyring equation (Equation 6.31) and

do not include the possible systematic errors arising from the estimation of the

non-exchange modified linewidth and chemical shift values used in the lineshape

analyses. When these possible error sources are considered, it is probable that for

[UO2(1,1-dmu)s](C1O¿)z the error in k(265 K) is three times that in Table 3.4 with

commensurately increased errors in AHT and ASÏ. Nevertheless, these errors do

not significantly affect the discussion in Section 3.5.

3.3 Intramolecular Ligand Exchange on Penta-
kis( L,3-dimethylurea) dioxouranium(VI)

The l,3-dimethylurea (1,3-dmu) complex [UO2(1,3-dmu)5](Clor)z was prepared as

described in Chapter 5. The three possible isomers of 1,3-dmu (A,B and C in Figure

3.6) present four chemical sites for the -NHMe and -NHMe protons. However,

in CD3CN solution at 300 K the spectrum of uncomplexed 1,3-dmu consists of a

broadened -NHMe quartet (ó : 5.33 ppm) and a sharp -NHMe doublet (ó : 2.63

ppmr J(H-H) : 4.9 Hz) which, apart from systematic variations in ó, persisted

down to 233 K, consistent with either a single isomer predominating or two or

more isomers being in the fast exchange limit of the nmr timescale (it has been

speculated [93] that uncomplexed 1,3-dmu exists predominantly as one isomer). In

contrast, the spectrum of the complex [UO2(1,3-dmu)s]2+ at 233.7 K exhibits a
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Figure 3.6: Isomers of l,3-dimethylurea

-NHMe triplet (6 : 6.32,6.18 and 5.88 ppm) and a -NHMe quartet (6 : 3.00.

2.80, 2.78 anð.2.74 ppm) shown in Figure 3.7 consistent with rotation about the

carbon-nitrogen bonds of the three isomers of 1,3-dmu (Figure 3'6) being slow on

the nmr timescale. No spin-spin splitting was resolved in either case'

on addition of 1,3-d.mu to a cDacN solution of [uoz(1,g-dmu)s](cloa)2 new

resonances appear at ó : 5.50 and. 2.63 ppm at 233.7 K, assigned to the -NHMe and

-NHMe protons of the free ligand, respectively, indicating that the intermolecula¡

exchange of 1,3-dmu between the free a¡rd. coordinated states is also slow' These

resonances were used to assign the resonances of [UO2(1,3-d*t)t]'* by assuming

that the magnetic environments of H and Me most distant from the uranium ion in

the coordinated 1,3-dmu iigands most closely resemble those of free 1,3-dmu' On

this basis, the [uoz(t,3-dmu)s]2+ -NHMe resonances at 6 - 6-32,6.18 and 5'88

ppm a.re assigned, to isomers A, B and. c respectively (Figures 3.7 and 3'8) and the

-NHMe resonances at ó - 2.74,,2.78,2.80 and 3.00 ppm are assigned to isomers A'

B, B and. c respectively. Although the hydrogens of -NHMe of coordinated isomer

B are chemically non-equivalent, they are magnetically equivalent, and the small

chemical shift difference exhibited by the chemically non-equivalent methyl hydro-

lt
o

A

ll
o

CB
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-I{+

350 Hz

ba

Figure 3.7:

300.13 MHz lI nmr spectrum at 233.7 K of a solution of [UOz(1,3-dmu)5](ClOn),
(0.07550 M) in cDscN (13.06 M) showing the -NHMe triplet (Ð uod -NHMe
quartet (b). tne multiplei at high field is due to the proton impurity of CDaCN.
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300 Hz TA,¡ TB¡ 16' (ms)
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269.4 +-4,2.2, 3.4

267 8.7, 4.t,7.4

247.2 40, 16, 39

240.6 83,32,87

qot rya¿J. I ABC

expt. calc.

Figure 3.8:
Exchange modified 300.13 MHz T{ runr spectra of a solution of [UO2(1,3-
dmu)s](ClOn), (0.02550 M) in CD3CN (13.06 M) showing the -NHMe resonances.
Experimental spectra a.nd temperatures a¡e shown at the left, and best fit calculated
lineshapes a¡rd derived ¡ values are shown to the right.
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gens indicates that the difference between their magnetic environments is small.

A similar magnetic equivalence of the methyl groups in [UO2(d*f)t]'+ has been

reported [77] and is probably (at least in part) a consequence of the a¡risotropic

magnetic field of the dioxouranium(Vl) ion [59,94,95]. This effect is discussed in

more detail for the dmf ligand in Reference 177).

The frve 1,3-dmu ligands coordinated in [UO2(1,3-dmu)s]2+ present a substantial

number of possible combinations of isomers to produce a range of isomeric [UO2(1,3-

dmu)s]2+ complexes. Thus the -NHMe and -NHMe resonances (Figure 3.7) are

the summation of those of the isomeric complexes which evidently exhibit little or

no chemical shift differences. As the temperature is raised from 233.7 K both the

-NHMe (Figure 3.8) and the -NHMe resonances coalesce to a singlet, consistent

with the rate of isomerisation of the coordinated 1,3-dmu ligands becoming rapid

on the nmr timescale. The coalescence of the -NHMe resonances lvl/as chosen for

complete lineshape analysis although, in principle, both sets of resonances should

be amenable to analysis. This was due to the greater chemical shift differences in

this set of resonances and the consequently greater coalescence temperature range

which should give more accurate results.

The non-exchange modified linewidths and chemical shift va.lues in the coa-

lescence temperature range were estimated in a similar manner to the 1,1-dmu

analogue described in Section 3.2 as a consequence of the slow exchange limit only

being reached at the lowest temperature studied,233.7 K. The coordinated 1,3-dmu

isomer populations lvere determined directly from integrated resonance areas in the

temperature range 233.7 - 242.9 K and, anchored on these values, were allowed to

vary systematically in the coalescence temperature range to optimise the fit of the

calculated lineshapes to the experimental spectra. This population variation did

not exceed 20To for any isomer over the range 233.7 - 289.9 K and the variation of

Iinewidth and chemical shift was less than 10% . The lineshape analysis v¡as ca¡-

ried out using an equation which encompasses the four chemically non-equivalent

-NHMe sites in the three 1,3-dmu isomers (Figure 3.6) as described in Section 6.2.

A selection of experimental spectra and best-fit calculated lineshapes are shown in

Figure 3.8 together with the lifetimes of the coordinated 1,3-dmu isomers rA,¡ rB
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and 16, and the appropriate temperatures.

As rotation about either of the equivalent carbon-nitrogen bonds in isomer A

causes isomerisation to isomer B, r.t : Llk¡¡ : 1l(2kA) where kl¿ and k¿ are

the rate constants for isomerisation and rotation about one carbon-nitrogen bond

respectively. Similarly, rç : \lkc¿ : L/(zkc). Rotation about either of the non-

equivalent carbon-nitrogen bonds of isomer B (k" and ki) causes isomerisation to

isomer A or C and as a consequence k¡ and k'" cannot be separately determined.

Therefore, they were set equal in the lineshape analysis, described in Section 6.2.

As a consequence of this and the nature of the four site lineshape analysis rs -
Tlke; : tlkB .:7lkt'. The r values derived at ten temperatures in the range

240.6 - 272.I K (where there is significant modification to the -NHMe lineshapes

due to chemical exchange) are plotted in Figure 3.9. The associated rate constants

calculated at 265 K (in the midst of the coalescence temperature range where the

most accurate rate data are obtained) and the values of the exchange parameters,

AHT and ASÏ are given in Table 3.4 in Section 3.5. For similar reasons to those for

[Uo2(1,1-dtttt)r]2+, and also due to the assumption that k¿ : kb discussed above,

it is possible that the error in k(265 K) could be up to 5 times that quoted, with

commensurately increased errors in AHT and ASl. However, these errors should

not affect the discussion in Section 3.5.

9.4 Intra- and Inter-rnolecular Ligand Exch-
ange on Pentakis(I-,1-,3-trimethylurea)dioxo-
uraniurn(VI)

The complex [UO2(trmu)s](ClO¿)2, where trmu : 1,1,3-trimethylurea, was pre-

pared as described in Chapter 5. No resonances attributable to free trmu were

observed in the spectra of the solutions of the complex alone in CD3CN solution,

As in the case of the 1,3-dmu complex, a range of populations of the two possible

trmu isomers is expected to be coordinated in [UOz(trmu)s]2+, but as separate res-

onances corresponding to differently populated [UO2(trmu)u]'+ .t" not observed, it

is concluded that the influence of these population differences on the chemical shift
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Figure 3.9:

The variation of T"¿ (o), T"s (o) .oá T"" (a) with $ r"t a solution of [uo2(1,3-
dmu)5](ClO¿)z (0.07550 M) in CDgCN (18.06 M). The lines drawn through each data
set represent the linear regression line for the fit of the data to the Eyring equation
(Equation 6.31).
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is negligible.

The spectra of a CD3CN solution of [UO2(trmu)s](CIOa)z and trmu recorded

over a range of temperatures are shown in Figure 3.10. Integration of the reso-

nances arising from free and coordinated trmu over the temperature range 250 -
265 K produced ratios consistent with [UO2(trmu)s]2+ being the dominant complex

species in solution. As the temperature is increased, the rate of rotation about the

-NMe2 bond in coordinated trmu increases, causing the -NMe2 resonan.ces to coa-

lesce (labelled (c) in Figure 3.10 and also shown in Figure 3.11). The singlet -NMez

resonance of free trmu (Figure 3.10) indicates that rotation about this carbon-

nitrogen bond in free trmu is in the fast exchange limit of the nmr timescale at

the lowest temperature studied (23S.3 K). The 1[I resonance of -NHMe is a singlet

(except at very low temperature where it is a quartet due to spin-spin splitting) and

the -NHMe resonance is a doublet in both coordinated and free trmu. These also

indicate that, in both cases, rotation about the carbon-nitrogen bond is in the fast

exchange limii of the nmr timescale. The spin-spin splitting observed for the free

and coordinated trmu -NHMe doublets correspond to J(H-H) : 4.4 and 4.9 Hz

respectively and, as a consequence of intermolecular trmu exchange and overlap of

resonances, the latter coupling is only resolved in solutions of [U02(trmu)s](ClOn),

with no added trmu. Similarly, the quartet resonance of -NHMe is only resolved

at low temperature as a consequence of exchange processes.

As the temperature is increased, the pairs of -NHMe, -NHMe and -NMe2

resonances arising from free and coordinated trmu coalesce as intermolecular trmu

exchange becomes increasingly rapid (Figures 3.10 and 3.13). The occurrence of

the coalescences due to intramolecular and intermolecular exchange in different

temperature ranges (Figure 3.10) allows the determination of the kinetic parameters

characterising the C-NMez bond rotation in coordinated trmu from the -NMe2

doublet coalescence, and also the trmu ligand exchange on [UO2(trmu)5]2+ from

coalescence of the -NHMe resonances of coordinated and free trmu using complete

Iineshape analyses (described in Section 6.2).

A selection of experimental spectra and best-fit calculated lineshapes of the
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Figure 3.10:

Exchange modified 300.13 MHz TI nmr spectra of a solution of [UO2(trmu)s](CIO+)z
(0.08639 M) and trmu (0.4532 M) in CDgCN (16.83 M). The r€sonances (with their
chemical shifts from t.m.s. shown in brackets) arise from:

[UO2(trmu)r]'*' (a) -NHMe (6.71, qua,rtet with J(H-H) : 4.9 Hz), (c) -NMe2
(3.09 and 3.00) and (d) -NHMe (2.81).
free trmu: (b) -NHMe (5.41), (d) -NMez (2.4r) and (e) -NHMe (2.63, doublet
with J(H-H) : a.4Hz).
(f) is the proton impurity in CD3CN (1.95).
The left haad side of the spectrum is plotted on a greater vertical scale tha¡r the
right hand side.
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Figure 3.11:

Intramolecular exchange modified 300.13 MHz TI nmr spectra of a solution of

[UO2(trmu)s](ClO.)z (0.05854 M) in CD3CN (18.56 M) showins !h: -NMez res-

åou,o""r. Experimental spectra and temperatures are shown to the left a¡rd best fi't

calculated lineshapes and derived r values a¡e shown to the right.
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Figure 3.12:
The r¡a¡iation of Tr with $ for intra,molecular exchange of the -NMe2 protons of
trmu coordinated to [UO2(trmu)s](ClOo)z (0.05854 M) in CDoCN (18.56 M).,The
line represents the linea¡ regression line for the tt of the data to the Eyring equation
(Equation 6.31).
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-H-+
1000 Hz

T (K) r" (msì

374.2 0.326

301.8 0.766

296.8 1.09

291.3 r.74

287.5 2.44

280.1 4.88

expt calc.

Figure 3.13:
Intermolecular exchange modifi.ed 300.13 MHz TI nmr spectra of a solution of

[UO2(trmu¡u](ClOa)z (0.03639 M) and trmu (0.4532 M) in CD3CN (16.82 M) show-
ing the -NHMe resonâ.nces used to obtain the intermolecula¡ exchange para.meters.

Experimental spectra and temperatures are shown to the left and best fit calculated
lineshapes a.nd derived r" values are show¡. to the right. The signal due to coordi-
nated trmu is upfield from that due to free trmu. The experimental spectra curve
up at high fleld due to the proximity of the methyl resotances.
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Table 3.2: Solution Compositions for Intermolecular Exchange of Trimethylurea on

[UO2(trmu)u]'+ itt CD3CN

Coordination number see text

NMe2 resonances of trmu in [UO2(tr*t)u]'+ over the range 242.9 - 270.8 K used

to obtain the kinetic parameters characterising rotation about this carbon-nitrogen

bond are presented in Figure 3.11. Also given are the lifetimes of a methyl group

in each environment and the appropriate temperature. The kinetic parameters are

presented with the results from several other systems in Table 3.4 in Section 3.5.

The mean iifetime of a single coordinated trmu ligand, r. (: r¡X.lX¡ : L/k""

where r¡ is the mean lifetime of free trmu, ¡" and X! are the mole fractions of

coordinated and free trmu, and k", is the observed first order rate constant), char-

acterising intermolecular ligand exchange on [UO2(trmu)sJ'+ was determined from

complete lineshape analysis of the coalescing -NHMe resonances of free and coor-

dinated trmu at ca. 3 K intervals over the range 280.1 - 309.4 K. A selection of

the experimental spectra and best-fit lineshapes are presented in Figure 3.13. The

variation of Tr" with 104/T for the four solutions studied is shown in Figure 3.14.

The compositions of the four solutions studied and the kinetic parameters charac-

terising intermolecular exchange in each of them axe presented in Tables 3.2 and

3.3 respectively. The coordination number given in Table 3.2 is the number of trmu

ligands in the first coordination sphere of the dioxouranium(Vl) ion determined

from a comparison of the integrated coordinated and free ligand resonance areas.

The kinetic parameters for the intermolecular exchange of trmu (Table 3.3) show

little dependence on concentration, consistent with the overall exchange rate law

I
ii
iii
iv

0.1345
0.08639
0.03006
0.01063

0.6955
0.4532
0.1697
0.0582

15.88
16.82
t7.54
18.13

5.0 + 0.1
5.1 + 0.1
5.0 + 0.1
5.0 + 0.1

Solution Ctrmu)sl(ClOa2

mol dm-3
trmu]¡"""

mol dm-3
[cDt

mol dm-3
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Figure 3.14:

The r¡a¡iation of Tr. with + for intermolecula¡ exchange of trmu on

lUOrltt-,t)r]r*. The d.ata for sålutions i - iv in Tables 3.2 a¡rd 3.3 are shown

à. opà" "ir"ll., 
closed circles, open triangles and closed tria,ngles respectively' The

line iepre.ents the best-ût linear regression line of the combined data to the Eyring

equation (Equation 6.31).
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Table 3.3: Kinetic Parameters for Intermolecular Exchange of Trimethylurea on

[UO2(trmu)r]'+ itt CD3CN

939 + 13

981 + 15

1020 + 12

993 + 10

983+ 8

I
ll
lll
iv

l-tv

56.1 + 1.0
57.6 +.1.2
56.1 + 0.9
õ6.7 + 0.8
56.6 + 0.6

0.3 + 3.3
5.5 + 3.9

0.8 + 3.0
2.6 +.2.7
2.2 + L.9

Solution AH
kJmol-1

AS+1
JI{-lmol-1

k(2e8.2 K)l
s-1

errors represent one st
deviation

over the concentration range studied being:

exchange rate : 6k""llU Oz(trmu)sl2+1.

This is consistent with trmu exchange on [UO2(trmu)sJ'+ proceeding through a D

mechanism. Ground state species, [UOz(ligand)aJ2+, with'a coordination number

of six, have been observed both in the solid state and in solution (see Table 3.1)

Iending plausibility to the postulation of the six coordinated reactive intermediate

species, [UO2(trmu)n)'+, required by a D mechanism.

This rate iaw is also consistent with the operation of an I mechanism under con-

ditions such that all [UO2(tr*r)u]'+ exists in an encounter complex with an entering

trmu ligand residing in the second coordination sphere and trmu exchange proceed-

ing through interchange of a trmu ligand in the first coordination sphere with one

in the second. For this condition to apply for the most dilute solution studied (so-

lution iv in Table 3.2) the formation constant for the encounter complex would be

> 200 dm3mol-l. This seems unlikely as it has been reported [96] that the siability

constant characterising the encounter complex formed between [UOr(dmf)s]2+ and

dmf in CD2CI2 K"""(223.2 K) : 1.59 + 0.11 kg mol-l. The more highly charged

[Tb(dmf)a]3+ forms an analogous encounter complex in dmf/CH3NOz with a for-

mation constant K","(239.2 K) : 0.42 + 0.01 kg mol-l [9]. In CD2CL2 which has a

dielectric constant of 8.93, the formation constant obtained for the encounter com-

plex between uncharged [UOz(acac)zdmso] and dmso was Ko""(283.2 K) : 4.6 t 2
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dm3mol-r while in (CD3)zCO, which has a dielectric constant of.20.7, no encounter

complex was found [97]. The encounter complex formed between [UO2(nipa)rEtOH]

(where nipa is nonamethytimidodiphosphoramide) and ethanol in CDzCIz/CD3NO2

solution is cha¡acterised by K"""(263.2 K) : 16.2 dm3mol-l although this high Ko""

value may be explained by a specific hydrogen bonding interaction between ethanol

in the first and second coordination spheres [90]. Hence, it is unlikely that an en-

counter complex exists in signifi.cant amounts in the [UO2(trmu)s]2+ solutions in

Tables 3.2 and 3.3, and that the predominant exchange process is of the D type.

3.5 The Effect of Substitution of lJreas on the
Rate of Internal Rotation

The rates of rotation about the carbonyl-nitrogen bonds in the ligands (L) of

[UOz(L)s]2* for L : tmu [10], l,l-dmu (Section 3.2) and trmu (Section 3.4) are

substantially decreased by comparison to those observed for uncomplexed tmu [93],

1,1-dmu [93,98] and trmu (Tables 3.4 and 3.5). It is reasonable to assume that

a similar situation prevails for 1,3-dmu although no rate data is available for this

urea in the free state. The observation of the three isomers of 1,3-dmu coordinated

to dioxouranium(Vl) suggests that uncomplexed 1,3-dmu could exist as all three

isomers undergoing rapid isomerisation, however, it is probable that the isomeric

ratio changes on coordination as is observed for the two isomers of nma on coordi-

nation to scandium(Ill) [45] and the E and Z isomers of Boc a-amino acid esters

on coordination to europium(Ill) [99].

The predominant cause of the decrease in the rates of rotation about the carbonyl

carbon-nitrogen bonds of ureas in their dioxouranium(Vl) complexes, compared to

the free ligand, is probably the increase in the order of these bonds which occurs on

coordination of these ureas through the carbonyl oxygen. Although the bond lengths

in the crystal do not appeax to change appreciably on coordination [65,100,101,102],

the infra-red absorption frequencie. (r) are affected (Chapter 5 and References

[103,26]) wilh vc=o decreased and uç-¡¡ increased indicating that there is some

electronic redistribution decreasing the C:O bond order and increasing the C-N

bond order. From a comparison of the limited data available for the ureas in the
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Table 3.4: Kinetic Parameters for Rotation about Carbon-Nitrogen Bonds in Co-

ordinated Ureas (L) in [UOr(L)s]2* and in Ureas in the Free State

Quoted errors represent one standard deviation.
2Reference 

[98]
3Section 3.2
aSection 3.3
ssection 3.4
6Reference 

[101

1,1-dmu2
1,3-dmua
trmus
trmus
[UO2(1,l-dtru)r]'+ "
[UO2(1,l-d*r)r]'* '
[UOr(1,3-d*r)r]'+ n

[UO2(1,3-d*')u]2+ 
4 CDrCN C-NHMe

[uo2(1,3-d-r)u]'+ 4 CD3CN C-NHMe

4465
large
large
large
39.1 + 0.4
2960 + 60
77.8 + 2.6

(A)
317+5

(B)
96.0 + 3.0

(c)
86.2 + r.2

large?
20400

zCO(CDs)

29.0 + 0.5 -52 + 3

44.7 + 0.6 -38.3 ! 2.4

58.8 + 0.7 3.8 + 2.4

47.6 + 0.7 -16.3 + 2.6

36.8 + 0.4 -35.2 + 1.6

C-NMe2
C-NHMe
C-NMe2

CD3CN
CD3CN
CD2CT2

CDECN

49.1 + 0.7
61.1 + 0.5
53.2 +.0.7

C-NMe2
C-NHMe
C-NHMe
C-NMez
C-NMez
c-NH2
C-NHMe

[UO2(trmu)u]'* 
t

[UO2(trmu)r]'* 
u

[UO2(tmu)u]'+ 
u

CD3CN
CD3CN
CD3CN
CDsCN
CD3CN

-28.3 + 2.7
53.1 + 2.2

-1.7 + 3.0

AHI 1

kJmol-1
ASi 1

JK-1moi-1
Species Solvent

s-1
Bond k(265 K)l
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Table 3.5: Rate Constants Calculated at 2lL I{ for Rotation about Carbon-Nitrogen
Bonds in Coordinated Ureas (L) in [UOr(L)5]2+ and in Ureas in the Free State

[e8]
2Reference 

[93]
3Section 3.3
aSection 3.4
sSection 3.2
6Reference 

[].01

[UO2(1,1-drnt)u]'+ 
u

[UO2(1,l-d*t)uJ'* '
[UO2(1,3-d*t)r]'+ '
[UO2(1,3-d*o)u]'+ "
[UO2(1,3-d*r)u]'+ 

t

[UO2(trmu)r]'* 
n

[UOz(tmu)ul'+ u

(cD3)2co
(cD3)2co
(cD3)2co
(cD3)rcol
cHFC12
cD3cN
CDsCN
CD3CN
CD3CN
CD3CN
CD3CN
CD2CL2

49.5
42.3

330
187.6
(135 K)

0.10
1.95
0.24 (A)
1.02 (B)
o.o2 (c)
0.377

560

C-NMez
c-NH2
C-NHMe
C-NHMe
C-NHMe
C-NMe2
C-NMez

C-NMez
C-NMe2
C_NH2
C-NMez

1,1-dmu1
1,1-dmu2
1,1-dmu2
tmu2

Solvent Bond k(211 K)Species
s-1
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free state with those obtained from their dioxouranium(Vl) complexes (Tables 3.4

and 3.5) it appears that coordination contracts the range of C-NMez rotation rates.

This r.nay be a consequence of the increased carbon-nitrogen bond order resulting

from coordination dominating the steric and electron donating characteristics of the

substituents on the urea nitrogens.

There is a trend in the data for the complexes of the ureas which shows that the

rate of rotation increases, AHÌ d.ecreases and ASI becomes more negative for rota-

tion about the C-NMe2 bond in the sequence: H2NC(O)NMe2, MeHNC(O)NMe2,

Me2NC(O)NMe2. In the crystal structures of complexes of urea (OC(NH2)2) with

dioxouranium(Vl) [65] and manganese [101], complexes of 1,3-dmu with erbium

[10a] and manganese [105] and complexes of tmu with thorium [100], erbium [27]

and uranium [106], the ligands do not appear to be quite planar. This is presumably

due to steric crowding of the bulky groups on the ligands and also, in the cases of

urea and 1,3-dmu, hydrogen bonding. This distorted structure is assumed to be the

most favourable in soiution for the ligands in this study.

In the complexes of 1,3-dmu, the isomers B and C (Figure 3.6) predominate.

In [Mn(1,3-dmu)sBrz] [105], all the ligands are present as isomer C (it is interest-

ing to note that one of the ligands in this complex is coordinated via an unusual

C-O-M angle of 180o, probably as a result of electron delocalisation, while the

other two ligands are coordinated with a C-O-M angle of 129.5') while in [Er(1,3-

dmu)6H2O](ClO4)3 [104], both B and C isomers are observed. The predominance

of these isomers can be explained by the outward orientation of their N-H groups,

which promotes intermolecular hydrogen bonding (this hydrogen bonding is present

in the solid state but is not expected to be as significant in solution. Hence, the

relative proportions of each isomer may be different in solution).

The transition state for rotation about the carbonyl carbon-nitrogen bonds in

ureas is envisaged to have the -NR2 entity perpendicular to the carbonyl plane. As

the two urea C-N bonds are cross-conjugated, steric interactions causing -NRz to

twist out of the carbonyl plane will destabilise the ground state and stabilise the

transition state if the second -NRz simultaneously becomes more closely coplaner

with the carbonyl group with a consequent increase in the order of the carbon-
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nitrogen bond between them [87]. Thus the observed trends in k and. AHI for

rotation about the C-NMe2 bonds in coordinated 1,1-dmu, trmu and tmu may be

explained as a consequence of the kinetic effects of the steric crowding within the

ureas superimposing on the effects of coordination. As the steric crowding increases

from 1,l-dmu to tmu, the destabilisation of the ground state and stabilisation of

the transition state increases, decreasing AHl, and so the rate of rotation increases

in this sequence.

The ASÏ values for rotation about the C-N bonds in 1,1-dmu, trmu and tmu are

all negative, probably as a consequence of the decreased rotational freedom of the

methyl groups in the transition state as they are "squeezed" past obstructing groups

on the same or adjacent ligands [107]. There may also be contributions from the

electronic redistribution in the transition state due to the cross-conjugation. This

also explains why the ASÏ values for rotation about one C-N bond become more

negative as the other nitrogen of the urea molecule becomes more substituted in the

sequence from coordinated 1,l-dmu to tmu. As the degree of substitution increases,

the rotational restriction in the transition state increases, making ASÏ more nega-

tive. The ASI value for rotation about the C-NH2 bond in [UO2(1,1-dmu)5]2+ is

positive because there is no change in the rotational freedom about the N-H bond

on going from the ground to the transition state so that the only contributions arise

from other, less well-defined, effects (such as changes in vibrational freedom and

electronic redistribution). The rotation about the C-NHMe bond in the 1-,3-dmu

complex appears to fall between these two extremes with smali positive or negative

values of ASÏ, depending on the isomer.

3.6 The Effect of Substitution of LJreas on the
Rate of Intermolecular Ligand Exchange and
the Isokinetic Relationship

It is apparent from Table 3.6 that no obvious correlation exists between the structure

of the ligand and the kinetic parameters characterising its exchange. As the size of

the ligand is increased from nma to dea, AHT and ASI do not vary systematically
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dmf
nma
nma
dma
dea
dea
trmu
tmu
tmu
dmso
dmmp
tmp
tep
OPMezPh

cD2cl2
cD2cl2
CD3CN
cD2cl2
CD2CT2
cD2cN
CD3CN
cD2cl2
CDsCN
(cD3)2co
cH2cl2
cD2cl2
cD2cl2
cD2cl2

17800
2546
276r
778

1940
2034
983

r527
1581

3176
970
447
503

9626

30.9 + 1.2
67 +1
55.2 + 0.5
37.2 + 0.8
68.3 + 1.2
76.5 + 1.1

56.6 + 0.6
79 +11
81 +1
40.9 + 0.5
55.7 + 1.0
22.6 + L.7
40.6 +. r.7
82.5 +.2.9

-59.9
45

6.1

-64.9
47.7

75.0
2.2

81

88

-40.7
-1.0

-118.4
-Ðt.t
108

+ 5.6
+6
+ 1.8

+ 3.3
I4.6
+ 4.0
+ 1.9

+42
+3
+ 1.8
+ 4.0
+ 9.6
+.7.t
+11

Í771
[81]
[s1]
[76]

[75]
[75]

this work

[10]
[10]

[7e]
[78]
[82]
[82]
[83]

L Solvent k(298.2 K) 1 Ref.

s-1

IAH 1AS
kJmol-1 JK-1mol-1

Table 3.6: Kinetic Parameters for Intermolecular Exchange of Some Monodentate

Oxygen Donor Ligands (L) on [UO2(L)sJ'?+

Quot ed errors represent one standard deviation.

and ASÏ is positive for nma and dea but negative for dma. In the case of the ureas,

the similar ligands, trmu and tmu, have very different kinetic parameters which

suggests that the ligand is not the only determinant of the magnitudes of AHI and

¡SÏ. tnese differences may be a consequence of compensating changes in the bond

distances between the uranium ion and the remaining equatorial ligands and axial

oxo ligands as one ligand exchanges. It has been observed [62,108] that there is an

inverse relationship between the uranium to axial oxygen distances and the uranium

to equatorial ligand bond distances for a given number of equatorial ligands. Thus

the variation in bond order and length as the equatorial occupancy changes can be

compensated for by variation in the uranium-axial oxo bond order. As the order

of each of the axial bonds is 2 2, small changes in distances in the transition state

could substantially influence the bond distance changes in the equatorial plane and

hence the activation parameters.

There may also be contributions to AHI and ASI from interactions outside the
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first coordination sphere [109,110] rendering these parameters unreliable in mech-

anistic comparisons of effects occurring in the first coordination sphere. This is

confirmed by the changes in activation parameters that occur on changing the sol-

vent from CD3CN to CDzClz. There is a signifi.cant change when the ligand is nma

or dea but only a minor change when it is tmu indicating that contributions of

varying magnitude, depending on the solvent and ligand, arise from interactions

outside the first coordination sphere.

Nevertheless, when the activation data from the [UOz(L)s]'?+ systems which shorv

a k", independence of free ligand concentration are combined, they conform well to

the isokinetic relationship [82,81,111,112]:

a¡ll : ¡cl + "asï 
(3.1)

plotted in Figure 3.15. A linear regression of this wide range of AHÏ and ASÏ

through Equation 3.1 yields an isokinetic temperature Ti"o : 298 + 11 K and
+

AGl" : 54-3 + 0.5 kJ mol-1 at that temperature. For D ligand exchange on

[41(ligand)o]3+ and [Mg(ligand)e]2+ simiiar isokinetic relationships exist and yield

Ti"o : 317 and 251.5K, and AGl, : 75.3 and 41.8 kJ mol-1 respectively [82,113].

As the [UO(L)sJ'?+ values are intermediate between those of the AI(III) and Mg(Ii)

systems it is concluded that the surface charge density (which is a major determinant

of AGÏ a¡rd hence the lability of ligand exchange occurring through a D mechanism

[109,114,115]) experienced by ligands in the equatorial plane of dioxouranium(Vl)

lies between those of A1(III) and Mg(II). It has been suggested [109] that the changes

in AHT and ASÏ are correlated (as observed in Figure 3.15) because the freedom

of movement of molecules (which affects ASÏ) is related to the strength of the

bonding (which affectsAHt). Thus, as bond. strength (and AHI) increases, the

freedom of movement of molecules in the ground state decreases increasing the

entropy d.ifference between the ground and transition states (increasing ASI).

The rate constants for exchange of ligands in [UO2(L)s](ClOr), shown in Table

3.6 are generally slightly larger than those observed for the exchange of tmu on

[Ln(tmu)o](ClOa)a where Ln: Tb - Lu (Chapter 2). For example, for tmu exchange

in [UO2(tmr)u]'+ k(298.2 K) is 1581 s-l while that for [Tb(tmu)o]t+ it 1377 s-r
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AHÏ
(kJ mol-1)

90

10

-L20 -80 -40 0 80 120

ASÏ (J K-l mot-l)

Figure 3.15:
Isokinetic piot for intermolecular exchange of monodentate ligands (L) on

[UOz(L)sì(ClO4)2. Individual iigands used are: (1) imu in CDzClr [10]; (2) tmu
in CDeCN [tO]; (S) trmu in CD3CN; (a) dmmp in CH2Clz [78]; (5) dma in CDzClz

[20]; (0) tep in CD2CI2 [sz]; (z) tmp in CD2CI2 [S2]; (8) dmf in CD2CLI [zz]; (g)
dea in CD2CL2 [7r]; (t0) dea in CDaCN [75]; (tt) dmso in (CD2)3CO [79]; (12) nma
in CDzClz [at]; (tS) nma in CD3CN [81] and (14) OPMezPh in CD2CL2 [83]. The
weighted linear regression line for this data is shown. The standard deviations ia
AHÏ and 69l, where these errors are not encompassed by the symbol, a.re shown
as bars extending beyond the symbol.
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although these values arise from very different activation parameters. The steric

crowding of the equatorial ligands in the dioxouranium(Vl) complexes is expected

to be much greater than the steric crowding of the ligands in lanthanide complexes'

This should have the effect of increasing the rate of exchange (all other variables

being equal). The surface charge density on UO!+ would be expected to be less

than that on Ln3* (at least for the heavier lanthanides) which again should increase

the rate of exchange for the UO!+ complexes over the Ln3* ones. This explains

the generally slightly larger rates of exchange for ligands on [UOz(1,)rì'+ than those

on [Ln(tmu)u]t*. For some [UOz(L)s]2+ complexes, however, the rate constants are

similar or smaller than those for [Ln(tmu)o]3+. This may be attributed to other

factors such as ligand-uranium bond strength (which is related to the Gutmann

donor number of the ligand [52]), the inter-relationship between the uranium-axial

oxo and uranium-equatorial ligand bond lengths or effects from outside the first

coordination sphere as discussed earlier.

Comparisons between [UOz(L)s]2+ and [Sc(L)ol3+ in systems using the same

ligand are diffcult because, as can be seen from Tables 3.6 and2.4, there are few

studies where the same conditions have been used for both (i.e. same ligand and

solvent). For tmu, the rate of exchange on [UO2(tmu)r]'+ it much greater than

that for either [Sc(imu)ol3* or [V(tmu)oJ3+ in CDaCN. For nma and dea, there is

a change of mechanism on going from [UO2(L)u]t+ to [Sc(L)o]3+ from D to a trvo

term rate law. This is probably a conseguence of the greater steric crowding in the

equatorial plane of the dioxouranium(Vl) complex which prevents another ligand

from entering into the first coordination sphere. This agrees with the observations

made in Section 2.1-0 for the lanthanide complexes concerning the changes in rates

and mechanisms of exchange that occur with increasing steric crowding.
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Chapter 4

Exchange of Sodiurn(I) in Crown
Ether Cornplexes

4.t Introduction
4.L.L Crown Ether and Related Host-Guest Complexes

The simplest cyclic polyethers (or "crown ethers") have the general formula shown in

Figure 4.1. Various modifications are possible such as the addition of cyclohexane

or benzene rings [116] or substitution of one or more of the oxygen atoms with

nitrogen [117] or sulphur atoms [118,119]. Recently, a perfluoro crov/n ether has

been prepared [120] by replacing the hydrogen atoms of the crorvn with fluorine.

The crown ether nomenclature is a trivial one proposed by Pedersen [f f0] to Ue

more manageable than the systematic one. Examples of the systematic and trivial

nomenclatures are given in the Abbreviations at the beginning of this thesis.

In 1964 it was discovered that the macrocyclic antibiotic valinomycin selectively

transports K* across lipophilic membranes [121]. This led to more studies of the

complexation of ions by macrocyclic ligands and of their transport across membranes

with similar findings of specificity (See references [722,I23,L24,725,126,,127)). In

these complexes, the macrocycle assumes a conformation such that the alkali metal

ion is coordinated to the inwardly oriented oxygen donor atoms [128,129,130,131,132]

In 1967, Pedersen [116] synthesized 49 crown ethers and discovered that they

were also capable of forming complexes with cations. There have now been many re-

ports of complexes formed by crown ethers with alkali metal and other ions with var-
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n:0
n:1
l:2

12-crown-4
15-crown-5
18-crown-6
etc.

Figure 4.1: General Crown Ether Structure

ious metal ion : iigand ratios including 3:1 [133], 2:1 [133,134,135,136,137,138], 3:2

[139,140], 4:3 [139,140,L41,7421, 2:3 [1a3], and 1:2 [135,144,145,746,747,148,149,150].

Some 1:1 complexes, whose structures have been determined by X-ray crystallogra-

phy, are presented in Table 4.1. Dobler et aI. [151] have solved the crystal structure

for the mono-aqua complex [Na.18C6.IIzO].SCN . The sodium ion is coordinated

to the six oxygen donor atoms of the 18-crow¡.-6 (18C6) which al.most encapsulates

it. A water molecule is coordinated in a seventh coordination site. In solution, it is
probable that a similar stmcture exists with the seventh coordination site occupied

by a solvent molecule or thiocya,nate anìon depending on their relative coordinating

abilities a.nd steric factors. Live et ø1. [ffZ] have deduced from nrnr studies that

the structure of Na.DB18C6 (where DB18C6 : dibenzo-18-crown-6) in solution is

similar to that in the crystal structure [153].

Thus it is possible that cro\il'n ethers may serve as models for biological ion

carriers. Their simplicity and va¡iety of size, donor atoms, etc. makes them useful

for determining the effects of various ligand, ion and solvent characteristics on
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LiSCN.12C4
LiscN.18C6.2H2O
Liclo4.18 c6.2H2o
NaSCN.15C5.åHrO
NaBHa.15C5
NaI.B15C5.H2O
NaSCN.18C6.H2O
NaSCN.DB18C6
NaBr.DB18C6.2H2O
NaBr.DC18C6.2H2O
KSCN.18C6
KNOa.(2,6-Me2-18C6)
KI.DB30ClO
RbSCN.18C6
RbSCN.DB18C6
CsSCN.18C6

[154]

[155]
[155]
[156]
[157]
[153]
[151]
[158]
[153]
[15e]
[160]
[161]
[162]
[163]
[158]
[1641

CaClz.I2C4.8H2O
Ca(SCN)2.18C6
cdct2.18c6
HgCl2.18C6
HgC12.DB18C6
La(NOs)s.15C5
La(NO3)3.18C6
La(N03)3.DC18C6
Eu(NOs)g.12C4
Eu(NOa)a.15C5
Eu(NOs)s.DA18C6
Sm(ClOa)s.DB18C6
Nd(N03)3.15C5
uor(N03) 2.72c4.2H2o
uo2(N03)2.18c6.2H2o

[165]

[166]
[167]
[167]
[168]
[16e]
[170]
[171]
f]-72l
[173]
lt74l
[175]

[16e]
[176]
11771

Complex Ref RefComplex

Table 4.1: Some 1:1 Crown Ether Complexes 'Whose Structures Have Been Deter-
mined by X-Ray Crystallography

complex stability, cation selectivity and kinetics of exchange. They have similar

structures to macrocyclic antibiotics such as valinomycin and the macrotetrolides

such as nonactin although the crowns are more flexible.

Cryptands are also capable of complexing with metal ions. Cryptands have a

structure simiiar to diaza-cror¡¡n ethers with an extra polyether chain forming a

very rigid macrobicyclic structure with a well defined cavity (e.g. Figure 4.2). First

synthesizedby Lehn et ø1. [117] in 1969, there have now been many studies on the

complexation behaviour of these compoundr (e.g. See [178,L79]). Even more similar

to the crorvn ethers are ligands of the type shown in Figure 4.3 which replace one of

the polyether chains with a lipophilic hydrocarbon chain. Illustrated in the figure

is C21C5 which has five carbon atoms in the chain. This decreases the selectivity of

divalent cations over monovalent cations [f 80] making them more similar to natural

ionophores. The number of donor atoms in the ligand and the number of polyether

rings is also decreased, reducing the "macrobicyclic effect" [181]. The effect of the

hydrocarbon chain with respect to crown ethers will be discussed in Section 4.2.5.
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Figure 4.2: Structure of Cryptand C111

(CHr)u

-

Figure 4.3: Structure of Cryptand C?LC1
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Various other uses have been proposed for macrocyclic compounds such as \¡ali-

nomycin in ion-selective electrodes [1S2] and selective removal of Pb++ from envi-

ronments containing Ca++ in the body with DC18C6 [183]. This latter area must

be approached with caution, however, as 12-crown-4 has been found to cause tes-

ticular atrophy in rats [184,185]. Crown ether and cryptate complexes have even

found promise as decontaminants for chemical warfare agents [186].

4.L.2 Previous Kinetic Studies of Crown Ether Complexes

A comprehensive review of thermodynamic and kinetic data for cation-macrocycle

interactions cov.ering the literature up to the end of 1983 has recently been published

[178]. Hence, only the particularly relevant work from that period and the more

recent work will be discussed here. The sodium ion and 18-crown-6 ether will be

used here to illustrate the possible mechanisms but they are generally applicable io

all alkali metals and crown ethers.

Two possible pathways for sodium ion exchange between the solvated catioh

Na+ and the complexed cation Na.18C6+ have been proposed [187,188,L89]:

(i) the first order dissociative mechanism in which the complexed sodium

ion is completely decomplexed before another sodium ion complexes

with the crolñ¡n ether:

N¿.18C6+ (4.1)

and

(ii) the second order direct displacement process in which decomplexation

and solvation of the complexed sodium ion takes place simultaneously

with complexation and desolvation of a solvated ion (the asterisk is a

typographical notation only to distinguish between the sodium ions):

*t/ø+ * tr/ø18c6+ + No+ + w¿.18c6+ (4.2)
k¿

rüø+ + 18c6 f

Ëi

I
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Strasser et al.llS7lhave found that in tetrahydrofuran (thf) solutions, the former

mechanism predominates for NaBPh¿ with 18-crown-6 while for NaSCN the latter

prevails. This is seen as a consequence of a reduction in the cation-cation repulsion

by the strong ion pairing of the SCN- anion although for NaSCN.18C6 exchange

in methanol, the dissociative mechanism is predominant and for NaBPh¿.18C6 in

propylene carbonate (pc) exchange is bimolecular [190]. For NaSCN.DB18C6, exch-

ange in dmf is also consistent with Equation 4.1 [188]. For KAsFo with 18-crown-6

in 1-,3-dioxolane solution and acetone solution, the bimolecular process dominates,

but for this system in methanol a significant contribution to the rate is provided by

each of the two mechanisms [191].

Other results have been consistent with the operation of the first order process

for which there are at least two possible pathways, the Chock mechanism [192] and

the Eigen-Winkler mechanism [193]. The Chock mechanism involves a rapid con-

formational rearrangement between at least two forms of the croryvn ether followed

by the rate-determining complexation of the cation by one form of the crown, 18C6'

(Equation 4.3).

18C6 ,3 r8C6' (f ast)
,t-o

Nø+ * 18c6' .5 Nc.18C6+ ' (slow) (4.3)
,t-1

In the Eigen-\Minkler mechanism, the iniiial step is the diffusion controlled for-

mation of the encounter complex Na+ ...18C6. This is followed by the partiaJ

dêsolvation of the cation and partial rearrarrgement of the ligand to form an inter-

mediate species, Na.18C6+ *, in which probably only one bond is formed between

Na+ and 18C6. The rate determining step follows which involves the sequential

conformational change of the ligand and displacement of solvent bound to Na+ to

produce Na.18C6+ (Equation 4.4).

lÍo+ + 18C6 N¿+ ...18C6

Nø.18C6+ *

(4.4)

lc1

/c-1

kz

k-2
rbg

È-3
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These two mechanisms are kinetically indistinguishable from one another [194]

and although the presence of the equilibrium between different conformers of 18-

crown-6 (Equatioir 4.3) has been deduced from ultrasonic studies [194,195,196] this

is insufficient evidence to prove the occurrence of exchange via the Chock mecha-

nism. The Eigen-\Minkler mechanism has recently been more generally accepted as

the more valid mechanism for alkali metal cro\Mn ether complex studies and some

examples where this mechanism is thought to operate follow.

Chen et al. [195] have deduced the occurence of the Eigen-Winkler mechanism

by comparing the rate of complexation of alkali metal perchlorates by 18-crown-6

in methanoi. This is a maximum for sodium over lithium and potassium and so

is unlikely to be solely due to the desolvation of the cation and is probably due

to the rearrangement of the ligand around the cation which corresponds to ks in

the Eigen-Winkler mechanism (Equation 4.4). This is in contrast to the Chock

mechanism where the rate-determining step is the desolvation of the cation and

would not be expected to vary signifi,cantly between alkali metal cations and so the

exchange rate for sodium would not be expected to be a maximum.

Maynard ef ø/. [196] conclude that the Eigen-\Minkler mechanism predominates

for NaSCN and KSCN complexation with 18-crown-6 in dimethylformamide. Sim-

ilar results have been found by \Mallace et aI. [197] by varying the rigidity of the

ligand by using 18C6, DC18C6 and DB18C6 wiih various alkali metal perchlorates

in dmf and methanol solutions. Increasing the rigidity of the ligand affects the rate

of complexation and hence is attributable to the rate-determining step being the

rearrangement of the crown around the metal ion.

Some of the complexation rate constants obtained in these studies are presented

in Table 4.2. Ulftasound studies have generally derived the rate constant k2 in the

Eigen-Winkler scheme (Equation a.4) while NMR studies usually obtain the overall

complexation rate k" or decomplexation rate k¿ (see Equation 4.1). Some of the

relevant decomplexation rate constants are discussed in conjunction with results

from this work in Section 4.2.5.

Thus, despite much work in this area, the kinetics and mechanisms of exchange

on crorü/n ether complexes remain unresolved and appear to be a complex combi-

-{
r
t'

91



,1,

il

¡

Table 4.2: Complexation Rate Constants for Na+ Exchange on Na'18C6+

cro; dmf
CH3OH

cH3cH2oH
SCN- dmf

BPh;
cH3oH
pc

k2 4.6 x 108 s-l
k2 2.8 x 10E s-l
kB 1.6 x 106 s-l
k2 2.9 x 108 s-l
k2 4.6 x 108 s-1
k2 3.7 x 108 s-l
k" 7.6 x 108 M-1s-1
k. >1.3 x 10e M-1s-1

[1e7]
[1e7]
[1e7]
[1e8]

[1e8]
[1e6]
[1e0]

Iieo]

Anion Solvent Rate constants k(298 K) Reference

nation of effects due to the metal ion, anion, crotvn and solvent. Accordingly, the

following study was undertaken to determine the various effects on the rate and

mechanism of exchange of alkali metal ions in cro\¡/n ether complexes.

4.2 Exchange of Sodium(I) on the Sodiurn 1-8-

Crown-6 Cation

4.2.L Exchange in Methanol Solution

Sodium thiocyanate and 18-crown-6 were purified and dried a¡rd solutions made up

as outlined in Chapter 5 . Two solutions of NaSCN and 18-crown-6 in methanol

were prepared under anhydrous conditions such that the ratios of free sodium to

complexed sodiumv¡ere approximately 1 : 1 and 1 : 3 . Due to a great increase in the

linewidth of the resonance of the complexed sodium at low temperature and because

of the small shift difference between the free and complexed sodium signals, the

lineshape parameters could not be obtained solely from the extrapolation from low

temperature where no exchange induced modification of the lineshape is occurring.

Hence, solutions containing only free sodium in methanol and a solution containing

equimolar quantities of sodium and 18-crown-6 (i.e. all complexed sodium) were

also prepared for the purposes of obtaining the lineshape parameters. In all cases

the total concentration of sodium was approximately 0.1 M. Solution compositions

are given in Table 4.3.

i
i

i

I

i
t

i,'

1,

ìt'
f,
I

(

-{
I
¡

92



The exchange of sodium between the free and complexed environments was

observed using 2Na nmr. A typical set of exchange modified 2Na nmr spectra

are displayed in Figure 4.4 , showing a narro\,r¡ low field and a brôad high field

resonance arising from the free and complexed Na+ respectively. The concentration

range used was limited by the small shifi difference and the large difference in width

of the resonances of the free and complexed sodium. From the siability constant

given in Table 4.10 it can be calculated that virtually all 18-crown-6 is bound in

Na.18C6+ at the concentrations studied.

A complete lineshape analysis (as described in Section 6.2) of the spectra in the

range 233.8 - 266.L K for solution (i) and 233.8 - 267.6 K for solution (ii) yielded

the exchange parameters given in Table 4.4. The values are given for a fit of each

solution and for both sets of data combined. The values of k¿, the dissociation rate

constant, are given al 245 K which is in the midst of the coalescence region. At this

temperature, the modification to the spectra due to the chemical exchange is at a

maximum and hence the most reliable values for k¿ are obtained. From these k¿

values and from the variation of Tr" with temperature (shown in Figure 4.5), where

r. is the mean lifetime of a coordinated sodium ion, it can be seen that within the

concentration range studied, r" (: k;1) is independent of concentration and that the

predominant exchange process is first order with the exchange mechanism shown in

Equation 4.1 rather than by an alternative second order direct displacement process

of the form shown in Equation 4.2. The mean lifetimes of a single sodium ion in

the coordinated and free states (r" and r¡ respectively) are related to each other

via the mole fractions in each state (¡" and {¡ respectively) by the equation:

(4.5)
X" Xt

4.2.2 Exchange in Pyridine Solution

Sodium thiocyanate and 18-crown-6 were purified and dried and solutions made up

as outlined in Chapter 5 . Four pyridine solutions \Mere prepared under anhydrous

conditions such that the total concentration of sodium thiocyanate was approxi-

mately 0.1 M. Two solutions of NaSCN and 18-crown-6 were prepared such that

Tc r¡

:

I

I

t

t
4

.;}

T
I

(

-"1{

i
.l

93



r (Kl -H+ r" (ms)

5000 Hz
l-l

261.5 0.34

262.3 0.78

247.6 1.30

243.0 2.17

24t.2 2.87

233.8 6.98

expt. calc

Figure 4.4:

Exchange modified. ?9.39 MHz 2Na nmr spectra of a methanol solution of NaSCN

(0.09792 M) and 18-crown-6 (0.04778 M). Experimental spectra a.nd temperatures
are shown at the left, and best fit calculated lineshapes and derived r" values are

shown to the right.
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T-a (Ks)

3.00

i.00

0.30

0.10

0.03

38 42 46 ÐU

n4lT' (K_')

Figure 4.5:
Variation of Tr" vdth # for solutions of NaSCN a,nd 18-crown-6. The open. circles
represent data derived from solutions (i) in methanol, pyridine and acetone- The
closed circles represent the corresponding solutions (ii). The compositions of the
solutions are given ia Tables 4.3, 4.5 ar;d 4.7 respectively. The solid lines represeut
the best fit of the combined data from each pair of solutions to Equation 6.31
obtained from linear regression anaiyses.
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acetone
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Table 4.3: Solution Compositions for Sodium Ion Exchange on the Sodium
18-Crown-6 Cation in Methanol.

0.09792
0.09552

I
ii

0.04778
0.07368

0.05014
0.02184

23.54
23.96

Solution [NaSCN]rø"r
mol dm-3

[18C6]¿,¿"¿
mol dm-3

[Na+]¡"""
mol dm-3

lcH3oHl
mol dm-3

Table 4.4: Kinetic Parameters for Sodium Ion Exchange on the Sodium 18-Crown-6

Cation in Methanol.

Quoted errors represent one standard
deviation.

the ratios of free sodium to complexed sodium r'¡/ere approximately 1 : 1 and 1 : 2

. Two solutions, one containing only free sodium and one containing equimolar

amounts of NaSCN and 18-Crown-6 (i.e. all complexed sodium) were prepared

for the purpose of obtaining the lineshape parameters. The range of concentra-

tions available for study was restricted for similar reasons to those outlined in the

methanol solution case. Solution compositions are given in Table 4.5 .

A typicai set of 2Na nmr spectra showing the exchange of sodium between the

free and complexed environments are displayed in Figure 4.6, the low and high field

resonances arising from free and complexed Na+ respectively. From the stability

constant given in Table 4.10 it can be calculated that virtually all 18-crown-6 is

bound in Na.18C6+ at the concentrations studied.

A complete lineshape analysis (Section 6.2) of the spectra in the range 266.L -
289.2 K for solution (i) and 252.3 - 279.9 K for solution (ii) yielded the exchange

parameters given in Table 4.6. The values of k¿, the dissociation rate constant, are

given at 265 K at which the modification to the spectra due to the chemical exchange

I
ii

rð¿rr

52.4 +. r.0
55.6 + 0.8
53.6 + 0.8

22.8 + 3.7
35.6 + 3.2
27.8 + 2.9

542 +.20
623 + 14

532 + 74

AHf 1

kJ mol-1
ASÏ1

J K-lmol-l
kd(245 K)rSolution

s-1
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Table 4.5: Solution Compositions for Sodium Ion Exchange on the Sodium
18-Crown-6 Cation in Pyridine.

0.09920
0.09850

I
1l

0.04990
0.06736

0.04930
0.03114

12.L4
11.79

Solution [NaSCN]r,t"r
mol dm-3

[18C6]t,r"r
mol drn-3

[Na+]¡,""
mol dm*3

Ic5H5N]
mol dm-3

Table 4.6: Kinetic Parameters for Sodium Ion Exchange on the Sodium 18-Crown-6

Cation in Pyridine.

errors represent one standard
deviation

is at a maximum and hence the most reliable values for k¿ are obtained. From these

k¿ values and from the variation of Tr" with temperature (shown in Figure 4.5)

it can be seen that within the concentration range studied, r" is independent of

concentration and that the predominant exchange process is first order with the

exchange mechanism shown in Equation 4.7.

4.2.3 Exchange in Acetone Solution

Sodium thiocyanate and 18-crown-6 were purified and dried a¡rd two acetone so-

lutions prepared under anhydrous conditions as outlined in Chapter 5 . The so-

lutions were made up such that the ratios of free sodium to complexed sodium

were approximately L : 1 and L : 2 . A solution containing only free sodium in

acetone and a solution containing equimolar quantities of sodium and 18-crown-6

(i.". all complexed sodium) were also prepared for the purposes of obtaining the

lineshape parameters. Similar restrictions to the concentration range amenable to

study applied in this case as in the cases of the other solvents. In all cases the total

I
ii

rð¿u

52.5 + 0.4
53.2 + 0.7
50.5 + 1.2

645 + 10

744 + 74

716 + 30

7.8 + r.4
71..7 + 2.5
L.4 + 4.2

AHIl
kJ mol-l

ASÏ1
J K-lmol-l

kd(265 K)1Solution
s-1
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T (K) -I{-* r" (ms)

5000 Hz

289.2 0.19

279.9 0.39

275.3 0.57

273.6 u.o /

270.7 0.88

266.1 1.34

expt. calc.

Figure 4.6:

Exchange modifi.ed 79.39 MHz 2lrla nmr spectra of a pyridine solution of NaSCN

(0.09920 M) and 18-crown-6 (0.04990 M). E>rçerimental spectra and temperatures
a¡e shown at the left, a.nd best fit calculated lineshapes a¡rd derived r" values a,re

shown to the right.
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Table 4.7: Solution Compositions for Sodium Ion Excharrge on the Sodium
18-Crown-6 Cation in Acetone.

0.09860
0.09979

0.04843
0.06787

0.05017
0.03192

I
ii

13.26
13.02

Solution [NaSCN]øt"r
mol dm-3

[1sc6
mol dm-3

[Na+]¡"""
mol dm-3

[(cH3)rco]
mol dm-3

)rorot

concentration of sodium v¡as approximately 0.1 M. Solution compositions are given

in Table 4.7 .

The exchange of sodium between the free and complexed environments was

observed using 2Na nmr. A typical set of 2Na nmr spectra are shown in Figure 4.7,

the low and high field resonances arising from free and complexed Na+ respectively.

From the stability constant given in Table 4.10 it can be calculated that virtually

all 18-crown-6 is bound in Na.18C6+ at the concentrations studied.

Complete lineshape analysis was performed as described in Section 6.2 for spec-

tra in the range 206.1 - 233.0 K for solution (i) and 203.2 - 2L7.7 K for solution

(ii) yielding the exchange parameters given in Table 4.8. The values of k¿, the

dissociation rate constant, are given at 210 K where the chemical exchange modi-

fication to the spectra is at a maximum and where the most reliable values for k¿

are obtained. From these k¿ values and from the variation of Tr" with temperature

(shown in Figure 4.5) it can be seen that r" is independent of concentration within

the concentration range studied, and that the predominant exchange process is first

order with the exchange mechanism shown in Equation 4.1.

4.2.4 Exchange in Other Solvents

The solutions detailed above proved amenable to lineshape analysis and yielded

kinetic data from which the activation parameters could be calculated. Solutions

of similar concentration to those above v¡ere prepared in several other solvents to

observe the effect of the solvent on the rate and mechanism of exchange. These

solutions were studied using 2Na nmr in a similar ma,nner to the solutions in acetone,

methanol and pyridine.
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T (K)
-Ir.-->

r. (ms)

5000 Hz

.)r, < 0.46

2LT.7 0.71

2t2.9 1.14

210.9 1.40

208.0 2.07

206.1 2.28

expt

Figure 4.7:
Exchange modified 79.39 MHz 21.[a nmr spectra of a,n acetone solution of NaSCN
(0.09860 M) and 18-crown-6 (0.04843 M). Experimental spectra and temperatures
are shown at the left, and best fit calculated lineshapes and derived r" values are
shown to the right-

calc
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Table 4.8: Kinetic Parameters for Sodium Ion Exchange on the Sodium 18-Crown-6

Cation in Acetone.

Quoted errors represent one standard
deviation.

Solutions v/ere prepared in dimethylsulphoxide (dmso), hexamethylphosphor-

amide (hmpa), dimethylformamide (dmf), propylene carbonate (pc), acetonitrile

and water. Only one peak is observed down to the freezing point of each solution.

Due to the large shift difference between the solution containing only uncomplexed

sodium and the solution with a 1 : 1 ratio of free to complexed sodium (see Table

4.9) it is inferred that they are in the fast exchange limit of the nmr timescale. It is
possible in the cases of water and hexamethylphosphoramide, due to the small shift

difference, that there is little or no complexation but this seems unlikely in light of

the small Gutmann donor number of water and high donor number of hmpa and so

is probably fortuitous. A solution was also prepared in nitromethane but the salt

was found to be partially insoluble hence studies in this solvent were not pursued.

4.2.5 Discussion and Conclusions

The variation of the mean lifetime of Na.18C6*, r., with temperature presented

in Figure 4.5 shows that within the concentration range studied r" does not vary

within each pair of solutions for each of the three solvents which yielded kinetic data,

u'iz. acelone, methanol and pyridine. This indicates that the predominant exchange

process is first order as shown in Equation 4.1 rather than by an alternative second

order process in which Na* exchanges on Na.18C6+ through a direct displacement

mechanism as shown in Equation 4.2.

The k¿ values determined from the nmr studies reported here characterise the

slowest of the sequential decomplexation steps (the rate-determining step) and is

36.1 + 0.8
35.8 + 0.6
36.7 + 0.7

-16.5 + 3.5

-18.3 +.2.5

-14.0 + 3.2

640 + 25

597+8
615 + 18I u8¿

l1

I

ASh
J K-rmol-1

kd(210 K)1
s-1

Solution AH
kJ mol-l
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i
ii

111

iv
v
vi
vii
viii
ix

xi
xr1

0.1028
0.1493
0.1008
0.1 115

0.1009
0.1524
0.1033
0.0999
0.1023
0.0904
0.1028
0.0692

0.0000
0.0675
0.0000
0.0579
0.0000
0.0669
0.0000
0.0505
0.0000
0.0504
0.0000
0.0330

-352
-628
-581
-872

-2
-170
-293
-638

T7

-301
310
293

hmpa 38.8

dmso 29.8

dmf 24.0

Irzo 18.0

pc 15.1

cH3cN r4.7

Solution Solvent DNl [NaSCN]
mol dm-3

l18c6l
mol dm-3

shifrz
TLz

Table 4.9: Compositions and 2${a shifts of NaSCN I 78C6 Solutions in Va¡ious
Solvents

Gutmann donor n er
2At 300 K relative to 1 M NaCI in I{zO

equated to k-3 in Equation 4.4. From this and the value for kg given in Table 4.2 it
can be calculated that, in methanol, Na.18C6+ is more stable than Na.18C6+. by

a factor of. ca. 22.

For the systems studied, it is probable that k¿ characterises the displacement of

an 18-crown-6 oxygen atom from its Na+ binding site by a solvent molecule, which

is followed by more rapid displacements until decomplexation is complete. Any

dependence of k¿ on the nature of the solvent probably arises through a combination

of the solvent's:

(i) ability to compete with 1SC6 for coordination sites on Na*

(ii) influence on the formation of ion pairs between Na.18C6+ and SCN-

(as mentioned in Section 4.1.2) and

(iii) influence on the conformational energetics of 18C6. It has been shown

that various solvents interact wiih 18C6 to different degrees [199]. It
is suggested that these interactions affect the stabilities of 18C6 metal
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complexes and therefore their complexation and decomplexation rates

also. However, it is difficult to quantify this factor and hence this influ-

ence is not discussed in detail further.

If the electron donating ability of the solvent was the only factor determining

the rapidity of decomplexation then k¿ should increase in the sequence of increasing

Gutmann donor number (DN) [52]: acetone < methanol < pyridine. It is seen

that k¿ increases in the order: pyridine ( methanol < acetone (Table 4.10). This

suggests thai the effect of DN on k¿ is obscured by other factors. Steric hindrance of

the incoming solvent molecule may be one such factor whereby the unexpectedly lolv

k¿ value of pyridine (on the basis of its DN) may be rationalised. As a consequence

of the incorporation of the nitrogen donor atom into its ring structure, pyridine is

sterically hindered in its approach to complexed Na+ by comparison to the smaller

acetone and methanol molecules.

Alternatively, the low k¿ value for pyridine may be due to a lower solvating ability

than that expected from its donor number alone. This lower solvating ability has

been observed by Ahmad et ø1. [200] and Greenberg et al. [201] and has been

rationalised as a consequence of pyridine being a "soft base" and hence not solvating

a "hard acid" ion such as sodium 12021. This would result in a more stable Na.18C6+

complex in this solvent and a consequent decrease in k¿. A similar inconsistency

in the expected order of complex stability on the basis of donor number has been

found for the complex Na.DA18C6 (where DA18C6 : 1,10-diaza-18-crown-6) [203].

For all the solvents studied except for pyridine the stability of the complex decreases

with increasing donicity of the solvent. In pyridine, a more stable complex is formed

than that expected by its high Gutmann donor number of 33.1 and is rationalised in

terms of the soft basicity of pyridine. A similar explanation is given for the strong

complexation of Cs+ with 18C6, DB18C6 and DC18C6 in pyridine 12041. A study

of alkali metal ion complexation wiih DA18C6 and 18C6 in acetonitrile, propylene

carbonate and acetone [205] has found that the values of formation constants for

the DA18C6 complexes generally follow the expected pattern (i.e. a decrease with

increasing donor number of the solvent) but the values for the 18C6 complexes do

not. This is attributed to lack of consideration of effects due to the solvation of the

103



ligand.

However, in this study, even in acetone and methanol, the k¿ do not show the

variation e*pected on the basis of DN alone. In view ôf the ion pairing discussed

in Section 4.1.2 and the probability that the extent of ion pairing between SCN-

and Na.18C6t varies wiih the dielectric constants and donor numbers of acetone,

pyridine and methanol (borne out by the variations in mechanisms observed with

various anions in different solvents detaiied in Section 4.1.2), it is possible that some

of the variation in k¿ characterising Na+ exchange in these solvents may refl.ect

the effects of ion pairing on the labiliiy of Na+ exchange through the first order

mechanism.

In the limited range of solvents studied here the variation of k¿ cannot be as-

signed to a single solvent characteristic. Strasser et al. [190] have proposed a linear

relationship between log k¿ and DN and have taken this as evidence for DN being

the dominant solvent characteristic determining Na+ exchange on Na.18C6+ in thf,

methanol and water. Even assurning that the different anions involved (BPh;,

SCN- and Cl- respectively for the three solvents) do not affect the exchange and

that the donor numbers of.25.7 and 33 respectively assigned to methanol [206] and

water [207] are more appropriate than the 19.0 and 18.0 originally proposed by Gut-

mann, the log k¿ determined in this study in acetone and pyridine still do not lie

close to the linear relationship proposed for the three solvents studied by Strasser

et al. . This indicates for acetone and pyridine, at least, factors other than DN

significantly affect the variation of k¿.

In several sodium cryptate systems, increases in k¿ have been found to correlate

reasonably well with increases in DN in a range of solvents [208]. It may be that the

more rigid cryptate conformation is less susceptible to solvent-ion effects and ion

pairing effects than is Na.18C6+ with the result that the solvent interaction with

complexed metal ions in the cryptates becomes a dominant kinetic factor leading

to a direct correlation between the magnitudes of DN and k¿. It may also be an

effect due to the solvent influence on the conformational energetics of the ligand

mentioned earlier. Even so, k¿ for the decomplexation of Na.C2LCf (where CZIC¡

is 4,7,13-trioxa-1,10-diazabicyclo[8.5.5]eicosane, shown in Figure 4.3) in pyridine is
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substantially less than k¿ observed in acetone and methanol [209] (Table 4.10).

The variation in k¿ for sodium exchange in C222, C22l and C211 may be ex-

plained in terms of an optimum cavity size for sodium with C221. 'This is also

reflected in the value for log K being a maximum for this complex. The rates of

formation, k", increase monotonically with increasing ligand size which can be ex-

plained by the greater flexibility of the larger ligands facilitating interaction with

the incoming cation [208]. The values of k¿ in methanol increase from the cryptates

C222, C22l arrd C211 to C2lCs. This can be seen as a consequence of the decrease

in the number of donor atoms on the ligand making decomplexation easier. The k¿

values also increase from C21C5 to 18C6 even though the number of donor atoms

increases which may be attributed to the greater flexibility of 18C6 by comparison

with C21Cs.

In Table 4.10 the activation parameters from the combined fit for each sol-

vent studied are presented with the parameters for some other host-guest complex

systems. The k¿ values are given at 298.2 I( for the purpose of comparison. Ai

this temperature all three systems are in the very fast exchange limit of the nmr

timescale and are hence subject to larger errors. The values for methanol obtained

in Section 4.2.1 and those obtained by Strasser et aI. [190] are also presented. Al-

though the derived activation parameters differ significantly, the decomplexation

and complexation rate constants, k¿ and k", for the two sets of data differ by a fac-

tor of less than two. The source of the difference in activation parameters appears

to be experimental as the two sets of data do not superimpose in the overlapping

segments of their temperature ranges. The results from this study were obtained at

79.39 MHz whereas those of Strasser et aL were obtained at 47.6L MHz. The higher

frequency gives a greater shift difference between the comlexed and uncomplexed

sodium resonarrces allowing complete lineshape analysis. Thus the results from this

study should be more accurate.
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Table 4.10:' Kinetic Parameters of Na+ exchange on Na.18C6+ a¡rd Some Other
Host-Guest Complexes

Reference - Kk¿ ts from this chapter
aReference 

[190]
TReference 

[209]
loReference 

[213]
lsReference 

[216.|

sReference 
[187]

sReference 
[211]

llReference lzlal
raReference 

12171

oReference 
[210]

sReference l2l2l
r2Reference 

[215]

0.00025

Na.C211+
6.114 0.0031methanolll 19.0

Na.C22L+
methanoll3 19.0 CIO¿ L.g6x 10-6 64.6 -61 9.65 0.0874

19.0

33.1
0.000287
0.000114Br- -52.756.9

Na.C222
7.98 0.27methanolll

dinel2

10-ak¿
(2e8.2 r{)

-1S.
0.0878
0.180
0.0093

Na.C21Cf

0.0084
0.0104
0.00048

3.98
3.76
3.71

-6.1
-31.9

3.3

54.4
44.9

62.8

clo;
clo;
CIO;

17.0
19.0

33.1

acetoneT

methanolT
pyridinez

10-ak¿
(2e8.2 K)
M-1s-1

9.16 - 113Ll.7thfs 20.0 scN-

Na.18C6+
acetones

methano13
methanola
pyridineg

thfs
water6

17.0
19.0
19.0
33.1
20.0
18.0

SCN_
SCN-
SCN-
SCN-
BPh;
cl-

43.4
7.2
J.OÐ

1.03
53
3400

36.7
53.6
38.1
50.5
47.3

-14.0
27.8

-30.1
r.4

-52.3

>48
432s
432s
>38
>48
0.910

> 4.L
1.5

0.76
> 0.1
> 0.5
0.2t

10-ak¿
(2e8.2 r<)

_1
S.

AH+
kJ mol-l

AST
J K-lmol-r

logK 10-ek"2
(2e8.2 K)
M-ls-l

anlonSolvent DNl
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Table 4.11: Compositions and 2Na shifts of NaSCN I 15C5 Solutions in Various
Solvents

0.0000
0.0496
0.0000
0.0488
0.0000
0.0489
0.0000
0.0499
0.0000
0.0496
0.0000
0.0499
0.0000
0.0496
0.0000
0.0498
0.0000
0.0504

I
ii
iii
iv
v
vi
vii
viii
ix
x
xi
xii
xiii
xiv
xv
xvi
xvii
xviii

methanol

pyridine

acetone

CH3CN

HzO

clmf

dmso

hmpa

0.1016
0.1013
0.1014
0.0994
0.1031
0.0986
0.1028
0.0994
0.1009
0.0988
0.1016
0.1000
0.1023
0.1015
0.1028
0.1010
0.1008
0.0993

-212
-249

273
76

-342
-305
-352
-288

-2
-46

-293
-369

77

-85
310
300

-581
-469

pc

Solution Solvent [NaSCN]
mol dm-3

[15c5]
mol dm-3

shiftl
Hz

lAt 300 I{ relative to 1 lvl NaCI in HzO

4.3 Other Crown Complex Studies

4.3.L Sodium(I) 15-Cro\Mn-5 Studies

Solutions of sodium thiocyanate and 15-crown-5 were prepared as outlined in Chap-

ter 5 in nine solvents with the compositions given in Table 4.II. 79.39 MHz 2Na

nmr spectra were obtained over the accessible temperature range of the solvents.

All the solutions exhibited only one peak over the entire temperature range. The

peak shifts and liner,vidths are also given in Table 4.11. A solution in nitromethane

was also prepared but the complex proved insoluble in this solvent.

From the large shift differences between the solutions containing only uncom-

plexed sodium and the solutions with a 1 : 1 ratio of free to complexed sodium

it appears that the exchange is in the fast exchange limit in these solvents. The
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methanol spectrum at L92.7 K shows a slight bulge on the side of the peak indi-

cating that exchange is slowed. (Figure 4.8). The small shift in the hmpa signal on

addition of 15-crown-5 may be attributed to the weak or non-comþlexation of the

metal ion with the crown due to the large Gutmann donor number (38.8) of this

solvent.

4.3.2 Lithium(I) Studies

It was established above that the sodium ion forms a sufficiently stable and long-

lived complex with 18-crown-6 to be able to be observed with nmr spectroscopy'

On the other hand, the sodium 15-crown-5 complex exchange was too fast to be

observed. Due to the smaller ionic radius of the lithium(I) ion compared to the

sodium(I) ion, the lithium complex formed with the smaller crown ether 15-crown-

5 should be more favoured and. hence more amenable to exchange studies than the

sodium one. For this reason, several solutions were prepared of lithium thiocyanate

and. 15-crown-5 \¡/ere prepared as described in chapter 5. 116.64 MHz T'i nmr

spectra were obtained for each over the tiquid temperatufe range of the solvents'

The solution compositions and shifts are given in Table 4.12.

Solutions in nitromethane, acetonitrile and acetone were also prepared but the

salt proved. to be insoluble in these solvents. This may be due to the low Gutmann

d.onor numbers of these solvents (2.7, l4.1and l-7.0 respectively) which may not be

high enough to solvate the ions to dissociate the salt'

In methanol, pyridine and propylené carbonate, the large shift difference between

the solutions with added crown and, those with only salt appears to indicate that the

complex in these solvents is in fast exchange at ambient temperature. The small

shift in the lithium signals on addition of crown ether to the HzO, dmso, hmpa

and dmf is explained by Smetana et aI. [218]. They found that no complex is

formed in HzO and dmso and. that "in general, the stability of the complex varies

inversely with the Gutmann donor number of the solvent". Thus it appears that the

low donor number solvents do not solvate the ions strongly enough to dissolve the

salt while the high donor number solvents solvate them so strongly that the energy

required. to remove them to form the crown ether complex is too great to give a

108



h

r,¡

i

j

i
I

I

I

I

-t

-H+

1000 IIz
t-f

Figure 4.8:
79.39 MHz 2Na nmr spectra of a metha,nol solution of NaSCN (0.1013 M) and 15-

crown-5 (0.0496 M) at L92.7 K showing a small bulge attributable to the slowing of
the exchange at low temperature.
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Table 4.12: Compositions and T,i shifts of LiSCN I l5C5 Solutions in Various
Solvents

At 300 I( relative to 1 lvl LiCI in HzO

stable complex. The complexes in fast exchange appear to strike a compromise

between these two extremes.

Similar results have been found by Shamsipur et al. [203] in a study of alkali

metal complexation with the ligand 1,10-diaza-18-crown-6 (DA18C6) in various

solvents. In all cases only one resonance was observed. For solvents with high

Gutmann donor numbers the shift is almost independent of ligand/metal ion ratio

which is attributed to the formation of only a very weak complex. For solvents of

Iow and medium solvating ability, the shift is signifi.cantly affected by addition of

ligand.

il
l\iJ

f

0.0000
0.0504
0.0000
0.0488
0.0000
0.0484
0.0000
0.0518
0.0000
0.0481
0.0000
0.0499
0.0000
0.0494

I
ii
iii
iv
ix
x
xi
xii
xiii
xiv
xv
xvi
xvii
xviii

0.1023
0.0985
0.1000
0.1001
0.0873
0.0997
0.7047
0.7022
0.1000
0.0981
0.1014
0.0996
0.1023
0.1010

L4

-74
239
743

1

b

95
91

-80
-82
-52
-44

- 118

- 151

pc

hmpa

HrO

dmso

dmf

pyridine

methanol

Solution Solvent [LiSCN]
mol dm-3

[15c5]
mol dm-3

shiftr
Hz

i
ì

í

1

1

i

¡.

t
tr
.t

i

(
i'
t_
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Chapter 5

Experirnental

5.1- Origin and Purification of Chemicals

5.1-.L Hydrated Metal Salts

Hydrated lanthanide perchlorate salts were prepared by reacting hot concentrated

perchloric acid (Merck) with a slight excess of the corresponding oxide (Spex:

Yb2O3, Tm2O3; Fluka: Er2O3, Ho2O3, DyrO., TbaO7, Pr6O11). Excess oxide was

filtered off and the resulting solution dried in aacuo over P205.

Hydrated lanthanide trifl.uoromethanesulphonate salts were prepared using a

similar method using trifluoromethanesulphonic acid (Aldrich) instead of perchloric

acid.

Hydrated dioxouranium(Vl) perchlorat" (G. Frederick Smith), NaSCN (Ajax),

LiSCN (Fluka) and Cd(SCN)z (May and Baker) were used after drying in aacuo

without further purifi,cation.

5.L.2 Dehydrating Agents

Triethylorthoformate (Fluka) was used without further purification. Linde 3A and

4A molecular sieves (B.D.H.) were activated by heating in a furnace for eight hours

at 450 K. Phosphorous(V) pentoxide (Merck), used as supplied, was used to dry

the atmosphere in glove-boxes and desiccators.

.¡
tìI
ì;'

,lt

I

I

i

i

I

I

rì

,\.

I
ï

I

-{
i'
1'

111



.L

li,f

ilt

¡

5.1.3 Ligands

The liquid tmu (Fluha) was vacuum distilled and dried over Linde 4A molecular

sieves before use. The solids 1,1,3-trimethylurea (Alfa), 1,l-dimethylurea (Sigma)

and 1,3-dimethylurea (Fluka) were dried over P2O5 in uacuo.

The solid 18-crown-6 (Aldrich) was purified and dried using the method of Gokel

et al. [219j. The liquid 15-crorvn-5 (Aldrich) was used after drying over Linde 4A

molecular sieves.

6.L.4 Solvents

The deuterated solvents dd-dimethylsulphoxide (Aldrich, 99.9%D), dS-acetonitrile

(Aldrich, 99%D),, d6-acetone (Alclrich, 99.5%D) and d2-dichloromethane (CEA,

99.4%D) were dried over Linde 3A or 4A molecular sieves. Other non-aqueous

solvents were purified and driecl by literature rnethods [220] and stored over Linde

4A molecular sieves. Anhyclrous cliethylether was prepared by drying analytical

reagent grade diethyleth.er (Ajax) rvith sodium wire.

5.2 Preparation of Metal Cornplexes

H exakis ( 1 , 1 , 3 , 3 -tetrømethylurea )ytterbium( III ) triperchlorate

H en aki s ( 1, 1, 3, 3 - t etr am elhylur e a ) thu,lium ( I il ) trip erchl o rat e

H ex akis ( 1, 1, 3, 3 - t etram ethy lur e a ) e rb ium ( I il ) trip erchl o r at e

H er akis ( 1, 1, 3, 3 - t etrøm etlt y lur ea ) h o lmium ( I il ) trip er chl o r at e

H er aki s ( 1, 1, 3, 3 - t etr am eth,y Inrea ) dy sp r o s ium ( I il ) tr ip er clt l o rat e

H er akis ( 1, 1, 3, 3 - t etram ethylur ea ) t erb ium ( I il ) tr ip er chl o r at e

Henakis(1,7,3,3-tetramelhylurea)th,ulium(Lil) tri(trifl,uoromelhanesulphonate)

Herakis(1,1,3,3-tetramethylurea)ytterbium(III) tri(frifluoromethanesulphonate)

The above complexes were preparecl using a procedure similar to that of

van Leeuwen and Groeneveld '.221]1. The hydrated metal salt was dissolved in a

five-fold excess of triethylorthoformate per mole of water and the solution heated

at 330 I( for 90 minutes. The solution was transferred to a dry nitrogen flushed

glove-box where an excess of the ligand was introcluced slowly. The complexes pre-
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cipitated immediately and were filtered off and dried under a stream of dry nitrogen

for several hours before drying under vacuum fot 12 hours.

P ent alci s ( 1, 1, 3 - tr im ethylur e a ) d, í o x o uraníurn ( V I ) dip er ch'I o r at e

The complex was prepared by a simila¡ method to that above except that the

solid ligand was dissolved in a 70To solution by volume of ethanol in triethylortho-

formate prior to introduction to the metal salt solution. Exposure to light of this

and the other dioxouranium complexes and their solutions was kept to a minimum to

avoid the possibility of decomposition or photochemically induced redox processes

1222,223).

P e nt aki,s ( 1, 3 - dim ethy lur ea ) d.i o x o xr anium ( V I ) d'ip er cl¿I o r at e

The hydrated salt was dissolved in a five-fold excess of triethylorthoformate and

heated with stirring at 330 K for 90 minutes in a round bottomed flask fitted with a

reflux condenser and a silica gel guard tube. A small excess of the solid ligand was

finely ground and added. An oil precipitated from the solution and the mixture v¡as

subsequently heated for a further 90 minutes after which time the supernatent liquid

was decanted off and the oil washed in anhydrous diethylether. The oil crystallised

and the yellow crystals were filtered off, washed with diethylether and dried as for

the complexes above.

P e nt ak i s ( 1, 1 - d,im ethy |ur ea ) ili o x o uro,nium ( V I ) d'ip e rchl o rat e

Due to the insolubility of the ligand in neat triethylorthoformate, the hydrated

salt was dissolved in a 25To solution by volume of ethanol in triethylorthoformate

such that there v¡as a five-fold excess of triethylorthoformate over the amount of

water present. The solution uras heated at 330 K for 90 minutes after which an excess

of the finely divided solid ligand was added. The reaction mixture \Mas heated for

a further 90 minutes and cooled to room temperature in a dry atmosphere. The

undissolved excess ligand was filtered off and diethylether was slowly added to the

filtrate. An oil precipitated which crystallised after 48 hours under ether. The

yellow crystals were filtered off and dried as for the complexes above.

H ex aki s ( 1, 1, 3, 3 - t etr am ethglur ea ) p r a s e o ily mium ( I I I ) trip er chl o r at e

This complex was prepared as for the other analogous lanthanide complexes but
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when the ligand was added, an oil and a solid precipitated out. The solid was

decanted and filtered off and dried as for the other complexes.

H e r alci s ( 1, 1, 9 - tr im eth,ylure a ) y tt erb ium ( I I I ) tr ip erchl o r at e

Attempts to prepare a complex of stable coordination number failed, hence this

avenue of research could not be pursued further.

H er alcis ( 1, 1, 3, 3 - t etram ethylurea ) s can dium ( I I I ) trip erchl o r at e

H e r alci s ( 1, 1, 3, 3 - t etram ethy lur e a ) aluminium ( I il ) tr ip e r chl o r at e

These complexes $rere prepared as for the lanthanide(IIl) perchlorates but a

mixture of species was found to exist in solution (as evidenced by 1II nmr in the

first case and 27Al in the latter case) rendering them unsuitable for study for kinetic

Purposes.

T etralci s ( 1, 1 - dim ethy lur ea ) b er yllium ( I I ) dip e r chl o r at e

T etr aki s ( 1, 3 - dim eth,g lur ea )b e r yl lium ( I I ) dip er chl o røt e

Attempts to make these complexes by similar methods to those above resulted

in the production of an intractable oil in both cases which did not crystallise despite

several washings and cooling.

CAUTION: Although no explosion hazard was encountered with these

complexes, perchlorate salts are potentially explosive [57,58] and should

l¡e handled with care.

5.3 Elemental Analysis

For the perchlorate salts, analyses of carbon, nitrogen and hydrogen content were

performed by the Australian Microanalytical Service, Melbourne. For the trifluoro-

methanesulphonate salts, these analyses were carried out by the Canadian Microan-

alytical Service, Vancouver. Metal ion content and stoichiometry for all complexes

were determined using the method of Vogel l22al:

A known mass of anhydrous complex v/as dissolved in deionised water and eluted

through a cation exchange column in the H+ form (Dowex 50V[ mesh). The eluate

was titrated against a standard sodium hydroxide solution using bromothymol blue
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as indicator.

The dioxouranium(Vl) complexes \Mere analysed in a similar way for the bipos-

itive cation UOI+. Analysis results are shown in Table 5.1.

5.4 Infrared Spectral Analysis

Infrared spectra were recorded on a Perkin-Elmer 683 infrared spectrophotometer

as nujol mulls between dry sodium chloride plates. The mull was prepared in anhy-

drous conditions immediately prior to recording the spectrum. No absorption bands

typical of O-H stretching modes (in the region 3200 - 3600 cm-1) which would in-

dicate the presence of water were observed. Only single bands were observed for the

Cl-O asymmetric stretch and asymmetric bending modes of the perchlorate anion

(CIO;) consistent with the perchlorate anion retaining ?¿ symmetry indicating no

coordinating perchlorate is present 1225,231. For the trifluoromethanesulphonate

complexes, results were also consistent with non-coordinating anion in the solid

state [55,24 (S)]. The reduction in C:O stretching frequency observed for the

coordinated ligands compared to that for the free ligands is indicative of oxygen

to metal bonding [25]. This should be accompanied by an increase in the carbon-

nitrogen absorbance frequency but, in general, the overlapping of absorbances in

the range 1400 - 1530 cm-l precluded unequivocal frequency assignments.

5.5 Preparation of NMR Sarnples

Solutions of the lanthanide and dioxouranium complexes were prepared by addition

of weighed quantities of complex and ligand such that approximately equimolar

amounts of coordinated and free ligand v¡ere present into a 1 or 2 crn3 volumetric

flask which was then made up with inert deuterated diluent. About 0.7 cm3 of each

solution was degassed and sealed under vacuum in 5 mm o.d. nmr tubes (507-PP,

Wilmad Glass Co.).

Samples of thiocyanate salts and crown ethers for study were prepared in the

following manner. A stock solution of the salt was prepared by mass in a 10 cm3
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Table 5.1: Elemental

tu[: met ion or % tJOt content

Results

UO2(1,1-dmu)5(ClOa)2

UOz(1,3-dmu)s(ClOa)z

UO2(trmu)5(Cl04),

Yb(tmu)o(ClO4)g

Tm(tmu)o(ClOa)a

Er(tmu)o(ClO¿)s

Ho(tmu)o(ClO¿)s

Dy(tmu)o(ClO4)g

Tb(tmu)o(ClO4)g

Pr(tmu)6(ClO¿)a

Tm(tmu)o(CF3SOs)a

Er(tmu)o(CFsSO3)g

Ho(tmu)o(CFsSOs)e

found
calc.
found
calc.
found
calc.
found
calc.
found
calc.
found
calc.
found
calc.
found
calc.
found
calc.
found
calc.
found
calc.
found
caIc.
found
calc.

30.13
29.69
30.17
29.69
27.60
27.56
15.1 1

14.81
t4.46
14.51
14.31
14.39
14.43
L4.27
74.29
14.03
13.79
t3.77
12.74
12.40
13.00
72.87
12.80
L2.75
12.62
L2.59

19.58
19.81
20.08
19.81
24.66
24.52
30.73
30.84
30.71
30.95
30.89
31.00
31.13
31.06
30.95
31.12
31.10
3L.22
31.45
31.71
30.24
30.19
29.78
30.22
30.14
30.26

L5.32
15.40
15.70
15.40
14.60
14.30
74.73
14.39
14.72
L4.44
L4.25
14.46
L4.82
t4.49
14.49
L4.52
t4.64
14.56
15.19
L4.79
12.59
12.80
L2.53
L2.82
12.80
12.83

4.16
4.43
4.49
4.43
5.30
ó.r4
6.29
6.27
6.27
6.23
6.38
6.24
6.29
6.25
6.07
6.27
6.29
6.29
6.30
6.39
5.51
5.53
5.42
õ.53
5.48
5.55

Complex ToMr %C %N %H

116



volumetric flask and made up with the solvent of interest. The crown ether was

weighed into a ! or 2 cm3 volumetric flask and then made up with the stock solu-

tion such the ratio of salt to crown was 2:1 giving approximately equimolar amounts

of free and coordinated metal ion. About 0.7 cm3 of each solution was degassed

and sealed under vacuum in 5 mm o.d. nmr tubes. These were then inserted into

10 mm o.d. nmr tubes (513-lPP, \Milmad Glass Co.) containing either d6-acetone

or d6-dimethylsulphoxide as lock solvent depending on the temperature under in-

vestigation.

AII transfers rvere carried out in a dry nitrogen atmosphere and all glassware'was

dried at a temperature exceeding 400 K for at least 24 hours to ensure anhydrous

conditions.

5.6 Instrumentation

For the ytterbium and thulium complexes, variable temperature 90 MHz TI nmr

studies were carried out on a Bruker HX-90E spectrometer. Depending on the

concentration and temperature of the sample, up to 1200 transients were collected

and stored as 8192 datum point blocks prior to Fourier transformation and complete

Iineshape analysis (see Section 6.2) on a Nicolet BNC-12 computer.

For the other lanthanide systems, variable temperature 300.13 MHz lH nmr

studies were carried out on a Bruker CXP-300 spectrometer and stored as 8192

datum point blocks prior to Fourier transformation and transfer to a Diablo disk

system (using the Bruker program, SPECNET) for lineshape analysis on a Nicolet

BNC-12 computer.

For UO2(1,1-dmu)5(ClO¿)z and UO2(trmu)s(ClO¿)z a similar method to that

above was employed. For Uo2(1,3-dmu)s(ClO¿)z the spectra \Mere manually digi-

tised and entered into program MATCH 12261on a Cyber 173 computer for lineshape

analysis. Absolute chemical shifts, where quoted, lv\¡ere measured directly from the

proton impurity resonance of the deuterated solvent and were then recalculated on

the basis of the shift of this resonance from t.m.s..

In the case of the sodium thiocyanate/crown ether studies, 21'[a nmr spectra were
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obtained at 79.39 MHz on a Bruker CXP-300 spectrometer. For each temperatu¡e

studied, an average of 6000 transients were accumulated in a 2048 point data block

prior to Fourier transformation and transfer to a BNC-12 computer for lineshape

analysis. Similar methods were employed for the other thiocyanate salts studied,

using the nmr frequency of the particular metal involved.

In all cases, sample temperature was controlled by a Bruker B-VT 1000 variable

temperature unit to within + 0.3 K calibrated with a copper-constantan thermo-

couple. The temperature unit was checked using the method of Van Geet 1227,228]

with standa¡d methanol and ethylene glycol samples.
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Chapter 6

Data Analysis

6.1 l{ineti" Applications of NMR Spectroscopy

Nuclear magnetic resonance spectroscopy is a very useful method for observing

rapid exchange processes in solution. Rates of exchange, activation parameters and

mechanisms of exchange may all be derived (under favourable conditions) by ob-

serving the variation in nmr resonance lineshape with temperature. These methods

have been used throughout this study, therefore it is now appropriate to describe

the physical basis and mathematical description of the nmr experiments conducted

in this work. This also forms the basis of the lineshaping (described in Section 6.2)

from which the rates of exchange and consequently AHÏ and ASÏ were derived..

A magnetic field, Ëo, it applied to a sample and provides a directional reference

(conventionally along llne z axis). Individual nuclear magnetic moments precess

about this axis with a frequency øs, the Larmor frequency for the pa,rticular nucleus

under observation. Nuclei with a nuclear spin of I : l, such as hydrogen, may have

two possible orientations corresponding to the spin quantum numbet rn having

values of +|. The lower energy state, with the nuclear spin aligned in the direction

of the field, is favoured by the Boltzmann distribution leading to a net macroscopic

magnetisalion, Iû,, in the z direction (Iû).There is no preference for either the r
or y directions and so the componenß of ilI in these directions, Iû, and. úu, ur.
zero.

The application of an additional radio frequency field., Ê1, of. frequency ø with

a magnetic vector rotating in the cy plane with angular frequerÌcy u) provides
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magnetic field components along the ¿ and y axes:

B (.B1 cos ut, -B1sinc.rt, .86)

dM,
dt

- 
(M' - Mo)

T1

a,nð, Iù is tipped a\4¡ay from the z axis. The time required for M, to regain the

equilibrium value Mo is cha¡acterised by fi, the spin-lattice or longitudinal relax-

ation time. The magnetisation in the øy plane takes a period T2, the spin-spin or

transverse relaxation time, to equilibrate to zero after a perturbation.

The time depend.enc" of. ù in a stationary frame was described by Bloch [229]

in a set of phenomenological equations:

+ : ^t(MoBo*M"Btsinøt) -+ (6'2)

: l(-M,Bo * M,Btcos øú) - +
: -.y(M,Btsinot * MuBtcosc,.rú) -

where 7 is the nuclear gyromagnetic ratio.

Taking a frame of reference rotating about lhe z axis with frequency ø and

assigning the direction of .ä1 atong the r' axis (the u axis of the rotating frame),

the Bloch equations may be reformulated as [230]:

dMcy
-o¿Mou - 4B1Ms (6.5)

(6.1)

(6.3)

(6.4)

(6.6)

M, Mo

T1

dt
dM,
dt 1uB1

where Mru is the transverse relaxation, u is the component of M which is 90o out

of phase with Br in the rotating frame and a - +; - i(ro - ø). Thus the variation

of. M, (and therefore the energy of the spin system) depends on u which therefore

corresponds to the absorption mode of the nmr signal.

Nuclear magnetic resonance may be observed in a number of ways. The con-

tinuous ï\¡ave (".*.) slow passage experiment consists of slowly sweeping the radio

frequency (r.f.) fleld applied to a sample in a fixed magnetic field or vice versa and

observing the spectrum concurrently. On the other hand, pulse methods make use

of short bursts of r.f. power at a discrete frequency with, in general, observation
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of the nuclear spin system after the r.f. pulse is complete. The former method will

be considered in detail, as it provides an easily visualised model for the nmr exper-

iment and, as will be observed at the end of this section, the lineshape obtained

under pulsed nmr conditions is equivalent to that obtained in the continuous rvave

experiment.

Under continuous v/ave slow passage conditions, &, is swept slowly through ar6

such that dM,yf dt and dM,f dt:0 and if ,B1 is of low energy such that M" æ luls

at all times ard M"u is small, the absorption mode (u) lineshape for the nmr signal

is of the form given by the steady-state solution to the Bloch equations

-1B1T2Myu: (6.7)1* 722@s - a)' * 72Bl\7,
Generally .B1 is so small that

lB2rTrTr<1+Tî(ro-r)'

and the absorption mode lineshape becomes Lorentzian in character:

-'yBtTzMo (6.8)I*722@6-r)'

Gutowsky, McCall and Slichter [231] have shown how the classical Bloch equa-

tions may be modified to include certain fast reversible chemical exchange phe-

nomena. These modifications apply to the case of slow passage nmr with no r.f.

saturation, where the exchange of nuclear spins between sites induces transverse

relaxation only (adiabatic exchange 12321) and where no spin-spin coupling occurs

between exchanging nuclear spin. The Gutowskg McCall and Slichter (GMS) treat-

ment has been extended by several authors 1233,2341. Alternative methods have

been proposed by Kubo and Sack (KS) [235,236,237,238,239] and Hahn, Maxwell

and McConnell (HMlll.{) 1240,241]. Although differing mathematically the different

approaches are kinetically identical. The Kubo-Sack method uses a matrix of ex-

changing sites and is convenient for complex systems (see Section 6.2). The HMM

method is more easily understood on a physical basis and so is used in the following

discussion.

U:
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The modifications due to chemical exchange may be introduced into the classical

nmr lineshape equation through the mean lifetimes of the exchanging species in each

of the chemical sites between which it exchanges. Consider a nucleus exchanging

between two sites A and B at a rate le ¡y¡ - rtLXt: IIBXB : r|rxe, where f,¡ and

XB ate the relative populations (mole fractions) and r¿ and rs are the mean site

lifetimes of nuclei in sites A and B respectively. The time required for a nuclear spin

to transfer from site A to site B is assumed so small that no nuclear spin precession

occurs in that time and the nucleus arrives at site B witir its phase memory of site

A intact, and vice versa. This causes dephasing at site B and results in an increase

in MroB, the tran'sverse magnetisation at site B, at a rate k¿,Mrs,q : rÃ7 Mry¿ and a

decrease in Mro¡ at the same rate. Similarly, transfer of a nuclear spin from site B to

site A causes dephasing at site A and increases M,u,q at a rate IceM,aB : rãL M,ye

whilst decreasing M,yB at the same rate:

dMra¡ : M,ae _ M,y¡ 
(6.9)

dt TB TA

dM,sa M"v¡ 
- 

M'yB
TA Tp

(6.10)
dt

Incorporation of this effect into the Bloch equation (6.5) yields:

dMrv^ : -n tM--,¡ - i1B1Ms,q + 
fuIron 

- 
MrvA

dt -uAtvrt! TB TA

ry : -o¿BM,yn-i1B1MsB+M,uA -M'vBTA TB

where

o¿A: +-i(us¡-w)t2A

o¿B : +"-i(':ß-u')
which describe the rate of change of the transverse component of the magnetisation

in the rotating frame incorporating effects due to chemical exchange.

(6.11)

(6.12)
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(a) Under contínuous uaae slow prassage conditions

Under these conditions ,, the M, components are essentially unchanged from Ms

such that:

M"A-Mo¡-X¡Mo
M,B-MoB:XaMo

(6.13)

(6.14)

and
dM_ry¡ : dM_,rru" :0 (6.15)dt dt

The total transverse magnetisation, Mru : Mro¡ * MryB may now be expressed

in terms of r¿ and ry 1237,242):

M,", : -hBtMg(u I rB -I r¿rn(atxa * aex¡)) 
(6.16)'s (L ¡ a¡r¡X1 + asre) - I

The nmr absorption lineshape is proportional to the imaginary part of. M'o

1230,,243,2441:

u : -tBtMolY(l + r(xnlTzt * x¡lTze)) * QRI lR 1v\
Y+ R, \u'r r 

'/

where

T: XøT,¿,:XATB

L,u : uoA-aoB

6w : llro, -eoBl-a2'
Y : "l#-6',.Y] +#+#
a : ,ld, - 

o#r*^- 
xr)]

R : a, 
lr *, (++ -;)] ++, (+- +) +^]e^*xn)

Although the methods discussed are not applicable when there is coupling be-

tween exchanging nuclear spins, coupling within an exchanging group may be ac-

commodated by separately applying equation 6.17 to each component of the mul-

tiplet and summing to produce the total lineshape. More complex systems may
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be analysed using a more sophisticated treatment such as that involved in the in-

tramolecular exchange of 1,3-dmu in [UOz(1,3-d*t)u]'+ described in Section 6'2'

The variation in nmr lineshape such as that seen in Chapters 2, 3 and 4, car'

be followed by consid.ering equation 6.17 as the exchange rate is varied from "very

slow" to "very fastt' (by, for example, increasing the temperature):

(i) Very slow exchange li'mit

r;7,rlr <

In this limit, equation 6.17 approximates to

-18Å¡MsT) ,u: ñ@-
-7BúBMgT;; (6.18)

r;å+(ron-u)'

which contains no chemical exchange parameters and describes two Lorentzian line-

shapes centred a!, as¡and øs6 with linewidths at half maximum amplitude, ignoring

inhomogeneous field effects, of:

22
lV¡

--t --rt¡ l'B

with rfr = Til

Tr¡
2

l roo - øo,a 
I

--1 - ry.-lIB - L2B

T2Aoa"

2
and WB T2Boø" Tzn

where T"Aoo" and. T29oo" are the observed transverse relaxation times of each line-

shape.

(ä) Slow erchange

and

The absorption mode lineshaPe is

u:ffi-ffi(6ie)
which again d.escribes two Lorentzian lineshapes centred a!' us¡ and øoa' The

resonances are said to be "exchange broadened". The line widths at half maximum
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amplitude are no\¡¡:

222=vït- 
t: T*- _

and wa-+:+++'f zB.t. 'lzn TB

for A and B respectively.

(äi) Fa,st exchange

riT,rir >

A single broad Lorentzian lineshape centred at (y¡,..ç¡ * Xaaon) is observed. The

line width observed is

w : +: :'# *,b t 2xïx'e(rot - ,,oe)2 (rt +,n)

(iu) Very fast exchange limit

rÃ',rit >

The absorption signal is norv a single Lorentzian lineshape centred at (yaus¡ I
Xeron) described by

¡t) : (6.20)

with a width at half maximum amplitude of

14/- 2 
-2xo*2*tTroo" Tz¡ ' Tza

The rate of chemical exchange is now so fast that the exchanging nuclear spin

experiences the weighted average of the environments A and B and no chemical

exchange information is contained in the lineshape.

The above equations describe exchange between any two sites, A and B, without

coupling between exchanging nuclear spins. For exchange caused by intramolecular

rotation, such as that described for the l,1-dmu ligands in [UO2(1,1-dmu)s]2+ (Sec-

tion 3.2), the mole fractions in each site are equal (Xo : XB) and the lifetimes in

each site are equal (ro: 13). This reduces the above equations significantly as has

been demonstrated for hindered internal rotation of amides [233].
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(b) Under pulsed nmr conditíons

In the frame (t'rV',2), rotating about lhe z axis with angular velocity u) : u)o:

.yBo, a short (fO-u - 10-4 s) r.f. pulse of high energy, dr, ir directed along the

r, axis, applying a torque to IíI (iniiially aligned with the z axis) which causes it

to iilt towards the ytaxis, generating a transverse component of ú. Ittt*"diately

after the pulse, ÀZ b.gins to relax back to its equilibrium position aligned with the z

axis. Transverse relaxation causes Mrn lo undergo free induction decay (F.I.D.) to

zero' Solving the differential equations 6'11 and 6'12 with Bt :0 gives the equation

describing the F.I.D. l2a5l:

M,o: Cp-Ó+t * C2¿-Ó-t

where Cr,C, are constants of integration and

(6.21)

2ó+:(oo+rAt +aa*r/)+[(o,+ rAt -o¿B -rE )" *4r;tr;rlt $'22)

The Fourier transform, S, of the F.I.D' is given by

Io* 
*o"-n(w-u)t ¿¿

¡Mo(rt I ra I r¡rB(a¡XB I I¿BXA))
(6.23)

(I+crerdXt+ a6rB)-1
where

o¿A: fÅ+i(us¡-u)
o¿B: T;;+i(usB-u)
@ : the variable frequency

@1 : the fixed pulse carrier frequency.

The absorption mode lineshape is derived from the imaginary part of equation

6.23 and is the same as that obtained in the continuous rir/ave case. In general,

the lineshape obtained for an uncoupled spin system undergoing chemical exchange

from a pulsed Fourier transform experiment is equivalent to that derived from a

continuous tù¡ave experimen t 1245 1246,247,248,2491.

A complete lineshape analysis (using an equation similar to 6.17) of the nmr

spectra over the coalescence temperature range was employed to obtain kinetic

parameters for the systems in this study.
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6.2 Lineshape Analysis

All systems.except for the Uo2(1,3-dimethylurea)5(ClOa)z one were analysed using

an interactive program LINSHP based on the methods of Nakagawa [250], and

Siddall, Stewart and Knight [251] and adapted for the BNC-12 computer of the HX-

gQE spectrometer by Williams 12521. The program involves visua,l comparison on a

cathode ray oscilloscope of the experimental lineshape with a calculated theoretical

spectrum generated from the input parameters.

The input parameters used to generate the theoretical spectrum are:

V"rVl the frequency of each resonance of a coalescing pair of peaks

W",WÍ the width at half maximum height of each resonance in the absence of

exchange

XctXÍ the relative populations of each exchanging site

R the estimated rate of exchange R: (r"X¡)-t : (r¡X.)-r

where subscripts c and f refer to the coordinated and free ligand sites respectively,

but in general, may refer to any two exchanging environments (e.g. in the case of

intramolecular exchange).

The theoretical spectrum is generated by solving

M : lF + ar"xt iar¡4r)!t=! a(!=Lx' - Ðr I tu.rnlI (I{2+Lr)(lV-v¡D 
I

where

the signal intensity at frequency V
2"1V.-V¡l

R
V -V"
v¡ -V

w"
zlU-v¡l

Wy

zlU-v¡ 
I

f(1 + ar" * ar¡) - (or" * X¡)

r.X" * r¡X¡ * a(r"r¡ - fU - 1)).

M

o,

r

rc

rÍ

L

K
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The estimated rate of exchang" (n) is varied until the match is optimal. In this

way, k"r(: RXI : r"-1) were obtained for a series of temperatures. The overall

Iigand exchange on arì. n-coordinate species is given by:

exchange rate

where

k",

k",

le "t

nk",flM(L)"1-+l

: fr1 for a first order rate law

: k2[,L] for a second order rate law

: h * kzlLl for a two term rate law.

(6.25)

(6.26)

(6.27)

(6.28)

Thus the order of the reaction may be determined by observing the variation of k*
as the concentration of L is varied (see Section 1.2).

In order to minimise the introduction of systematic errors, the variation of the

above parameters with temperature was obtained, where possible, in the region of

very slow exchange and subsequently extrapolated into the region of coalescence.

For all the systems lineshaped using this method little or no variation in the rel-

ative populations was observed. However, there were variations in chemical shift

and linewidth and these were extrapolated from low temperature spectra, where

available.

As the above method uses the method of coalescing doublets, it could not be used

to solve the multi-site intramolecular exchange present in the UO2(1,3-dimethyl-

urea)s(ClO¿)z system. The ligands in this complex have three possible isomers as

shown in Figure 3.6. In this case, a non-interactive program 12261, MATCH, on a

Cyber 173 computer was used. The spectra lrere manually digitised and entered

into the computer. The Kubo-Sack method of introducing chemical exchange into

the classical lineshape equations [230] was used to generate theoretical spectra. If
the NHMe protons of each 1,3-dmu ligand are designated as being in site 1 for

isomer A, sites 2 and 3 for isomer B and site 4 for isomer C, the absorption mode

lineshape, u, is given by:

7 BlMsRe(Xr, Xr, Xs, X4) xU
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1

2tt
0

-"ïå
2r+

-Ar-!-\
1

2",
1

2¡s
0

1

2¡t

-or-L-12
0
1

2¡E

2¡c
1-

2ts

-o¿4 - *

(6.2e)

0
1

-1
1

1

.1
1

where a^: ll(Tz^)-içro*-u). Xn ,L/Trn, {de¿ and Tn are respectively the relative

population, the transverse relaxation time, the Larmor frequency and the lifetime

in site n. The site lifetimes are related through the following equation where the

X?x values are obtained as described in Section 3.3:

T1 T2 T3 T4
(6.30)

Xt Xz Xs Xa

on this basis 11 and 14 ã,1€. equal to r¡ and 16 the lifetimes of isomers A and C

respectively. The lifetime of isomer B, rB, is equal to 12 and 23.

6.3 Calculation of Activation Pararneters

The Eyring equation 1253,254) of the transition state theory expresses the depen-

dence of k"" on the activation parameters and temperature. lVhen the observed

rate constant consists only of a single elementary rate constant (a one term rate

law, equations 6.26 and 6.27), the Eyring equation has the form:

, leBT -oo| knT -or| ¿sLk",:î"-:ffeËe: (6.31)

where

kn : Boltzmann's constant

h : Planck's constant

R : gas constant

ç1, ¡¡Ï, 5Ï : activation free energy, enthalpy and entropy

T : temperature (K)

Substituting 7"-1 for k"" and taking logarithms gives the convenient linear form:

,n(r"?): (#.'(#)) .# (682)
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Thus, if ln(?r") is plotted against |', a straight line is obtained with intercept
++

+ +tn(fr; and slope ff.
\Mhen a two term rate law applies (equation 6.28), this relationship may not

necessarily be linear due to the simultaneous contributions from the two pathways

to the slope [255]. In this case, the appropriate form of the Eyring equation is:

e + lLle
.l-2
-Rk e

knT
et- (6.33)

h

A non-linear, weighted least squares method of fit was used by a computer pro-

gram, DATAFIT [256], on a Cyber 173 or Vax 11-780 computer to fit the parameters

k",, lL)¡,"" and temperature to the appropriate form of the Eyring equation. Util-

ising this model, values for the activation enthalpy and entropy were calculated.

A modified form of the Eyring equation was used to obtain the elementary rate

constants at a specified temperature.

DATAFIT minimises the residual differences in an n-dimensional sum of squares

space between a calculated and an experimental surface (in the case of intramolec-

ular exchange defined by k", and temperature and in the case of intermolecular

exchange, also by [L]¡,"") using a method of Pitha and Jones 12571. The errors

quoted for the activation parameters thus obtained are the standard deviations for

each parameter in the sum of squares space. These values are also provided by

DATAFIT, hence they only take into account the errors between the input param-

eters and not of other possible systematic errors arising from the estimation of the

non-exchange modifi.ed half-widths and chemical shifts.
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