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ABSTRACT

The structural and dynamic behaviours of La(III) complexes in solution have
been investigated by multinuclear magnetic resonance spectroscopy. In the aqueous
solutions of lanthanum nitrate, chloride, and perchlorate, the **La NMR data were
accounted for by the presence of 1:1 inner sphere complexes of La(IIl) with all
three anions. The thermodynamic stability constants of formation of these ion pairs
were determined by introducing activity coefficient effects to the data analysis. The
quadrupolar relaxation mechanism of '*’La in the aqueous solutions of the
lanth.anum salts was discussed. The fast solvent exchange in the La(III) solvation
shell is one of the major contributions to the '**La quadrupolar relaxation. In the

aceionitrile solution of La(NO,), 6 H,0, a combined '*?La and '’0O NMR study

revealed the existence of the following equilibrium:
{La(NQO3); (AN),} + H,0 = (La(NO,); H,O(AN),}

The NMR results have been quantitatively interpreted through this model. The
detailed analysis of 'O NMR spectra of H,0 allowed the indirect coupling

constant between the 170 of the coordinated water and *’La to be estimated.
The main focus of the present work was given to the thermodynamic,
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structural, and dynamic studies of La(IIl) complexes with crown ethers in non-
aqueous solutions. In the methanol solution of LaCl, 7 H,0, a 1:1 complex of
La(Ill) with 18C6 was formed. The formatior. constant for the complex was
determined from the full lineshape analysis of the experimental '*’La NMR spectra.
" In contrast, no complexation between La(IIl) and crown ether was detected by
1391 2 NMR in the system of LaCl, 7 H,0 - B15C5 - Methanol. The complexaticn
of La(III) with crown ethers in the acetonitrile solutions of La(NO;); 6 H,O was
investigated through both cation and ligand nuclei NMR. Stable 1:1 cation : crown
ether complexes were formed between La(1II) and 18C6, B15C5, and 15C5. During
the course of the complexation, the crown ethers entered to the first coordination
shell of La(III) by replacing the coordinated water and most probably the solvent
(AN) molecules. The crystals of these complexes were prepared and their structures
were determined by X-ray crystallography. In all the cases, the La(III) cations were
coordinated by the oxygen atoms from three bidentate nitrate anions and from the
crown ethers.

Both cation and ligand exchanges are slow in the system La(NO,); 6 H,0
- 18C6 - AN. However, 18C6 chemical exchange was measurable by a
magnetization transfer technique at high temperature. The rate constant for the
exchange is k = 0.15 s at 333 K. For the system involving B15C5, the cation
chemical exchange was invesﬁgated by *La NMR. A dissociative exchange

mechanism is one of the contributions to the La(III) exchange. This was confirmed

iv



by the '*C NMR kinetic study of the ligand exchange. The ligand (B15C5 and
15C5) exchange was studied by *C and '"H NMR of the crown ethers. This two
site exchange occurs only through a dissociative pathway, which is determined by
the structures of the complexes. Since the ligand can not rnake contact with La(IIl)
from both sides of the complexes, the dissociative mechanism must be the major
contribution to the crown ether chemical exchange.

An exchange process involving coordinated B15C5 and/or 15C5 was
detected by 'H NMR spectra of the ligands. Detailed '"H NMR observations were
made on the system involving 15C5. A mode! involving "inner" and "outer” proton
exchange was postulated to account for the 'H NMR experimental data. The
mechanistic study showed that the dissociative pathway is responsible for the
coordinated 15C5 exchange.

Tihe activation parameters for B15C5 and 15C5 chemical exchanges were
determined through temperature variation studies. Although the ligand exchange
occurs through a dissociation process, a large negative entropy of activation was
obtained. This may be interpreted by a strong solvation of the transition state,
during the dissociative process.

The structures of La(IIT) complexes with crown ethers in solution and in the
solid state were compared. It might be concluded that the structures of these

complexes in solution are very similar to that in the solid state.
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Chapter 1

Introduction

Tripositive lanthanide cations (Ln**) constitute the longest series of chemically
similar metal ions. Fifteen members of lanthanide cations have a common electronic
configuration, 4f" 552 5p® . Because the f orbitals are shielded by the filled 5s and Sp
orbitals, very small crystal field splittings are expected. Their coordination properties
are thus more similar to those of alkali and alkaline earth metal ions than to those
of transition metal ions. The chemistry of the lanthanide series has been studied in
great depth over the last forty years™. One of the reasons to carry out this kind of

study is that lanthanide cations can be used as spectroscopic probes.



1.1, Lanthanide Cations as Spectroscopic Probes

Lanthanide cations are well known as shift and/or relaxation reagents in NMR
spectroscopy. The lanthanide induced shift (LIS) method has been widely used to
solve NMR problems, ranging from qualitative spectral simplification, proof of
molecular stereochemistry, quantitative analysis of dynamic solution s;ructures. to
applications in magnetic resonance imaging®. All of these applications are based
upon the specific physical and chemical properties of the lanthanide cations, their
Lewis acid characteristics, unpaired f electrons, and their tendency to form complexes
with high coordination numbers. When a Lewis base interacts with a lanthanide
cation, any NMR active nucleus within that base molecule "feels” the présence of
those unpaired f electrons. This leads to paramagnetic relaxation or broadening of
that resonance plus, in some cases, a shift to a differgnti NMR frequency.

Another outstanding application of lanthanide cations is their use as
spectroscopic probes in biological systems, especially for calcium-containing
biological materials. Some alkaline earth metal ions play key roles in biological
systems. However, it is difficult to investigate these systems extensively from the
metal ion point of view because the metal ions are optically inert. Even metal ion
NMR experiments which have shown their powerful application in the cases of alkali
metal ions are difficult to perform since the active nuclei of the alkaline earth metals
have very low natural abundances (for example, “*Ca, which has an abundance of

0.145% and a receptivity of 35.27 x 102 relative to 13C, is a quite insensitive
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nucleus). Lanthanide ions, on the other hand, occur in only trace amounts in
organisms and do not seem to play any significant biological role. They can,
however, substitute the alkaline earth metal ions in biological materials which, along
with their paramagnetic and spectroscopic properties, make them very informative
substitution probes. Most reported substitutions were for Ca(Il) in calcium-containing
biological materials. There are several similar properties between La(IIT) and Ca(I)
which are the key points allowing Ca(II) replacement by Ln(III) without or with little
perturbation of biological material activity:

a, Their ionic radius is about the same. For example, La(IIl) has an ionic
radius of 1.16 A and the radius for calcium cation is 1.12 A at coordination number
of eight. Moreover, there are fifieen members in the lanthanide cation series, and the
jonic radius decreases slightly from La(IIl) to Lu(IIl). Itis alwé.ys possible to find
one lanthanide cation which has a radius very close to Ca(ll);

b, Both Ln(IIT) and Ca(ll) are hard acids and prefer ligands with hard base
donor atoms, such as oxygen;

¢, In aqueous solution, Ln(Iil) and Ca(Il) show very similar static and
kinetic properties: coordination numbers are the same, 9 for Ca(D® and 8 - 9 for
La(II; solvent exchanges are fast for both cases, log k, the rate constant for the
exchange of water molecules, are 8.4 and 8.7 for Ca(Il) and Th(ID™ respectively.

In some cases, the Ca(I) substitution by Ln(Il) is indeed perfectly
isomorphous®. Using lanthanide cations as substitutional probes can provide a

variety of types of informaticr, including identification and characterization of metal
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ion binding sites, measurements of binding constants and the distances between the
metal ion binding sites, quantization of the numbers of coordinated water molecules,
structural elucidation of the biological material in solution, and aid for NMR
resonance assignmentso'”). The work related to this area has been reviewed by
several authors®'® 1222,

Another lanthanide chemistry area which has recently attracted considerable

interest is the complexes of lanthanide cations with macrocyclic ligands (synthetic

ionophores).
1.2, Lanthanide Cation Complexes with Macrocyclic Ligands

Natural ionophores are receptor molecules which can form stable, lipophilic
complexes with charged hydrophilic species. The formation of complexes of
ionophores with alkali metal cations is a typical example. It is well known that the
natural ionophores play a kzy role in the metal ion transfer processes in biological
systems. For example, the presence of ionophores will facilitate the transport of
sodium and potassium cations across membranes by serving as a carrier or forming
a channel, There .are two types of natural-occurring ionophores: those which are
cyclic such as valinomycin and enniatin and those are not cyclic such as monensin
and lasalocid. In either case the resulting complex is characterized by a cation
completely or partially surrounded by the ionophore ligand. To understand better
these biological processes, detailed investigations of the interactions between these
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metal cations and ligands is needed. The successful synthesis of macrocyclic
compounds, such as crown ethers®, cryptands@®, and spherands®, has opened a
new field of coordination chemistry®®. These macrocyclic ligands are structurally
related to the natural ionophore and can reproduce one or some of the features of the
natural ionophores. This discovery makes the investigation of the complexation
between metal cations and macrocyclic ligands a very active research area. The early
work in this area was focussed mainly upon alkali metal cations®” and soon
extended to lanthanide cations®®, One kind of macrocyclic molecules, crown ethers,
will be considered in the following discussion since they were the main ligands used
in the present work.

The formation of complexes between lanthanide cations and crown ethers was
originally observed by C. J. Pedersen in 196722, The first crystalline complexes
of Ln(IlT) -with crown ethers were isolated in 1973%?, Since then, numerous reports
involving the synthesis and crystal structure determination of such complexes have
appeared@®!3%, Different stoichiometries of the isolated complexes with
metal.:ligand ratios from 2:1, 3:2, 4:3, 1:1, to 1:2 have been reported(ss). There are
several factors which determine the stoichiometry of the complex, such as the ratio
of the ionic diameter to the cavity of the macrocyclic ligands, the coordination ability
of the counteranions, the ﬂeicibility of the ligands, and the number of coordination
atoms available in the liga_nds. The first two factors appear to be more important than
others. For example, if the Ln(III) cation is larger than the cavity of the ligand, a

sandwich-type complex is expected. A 1:1 complex is most likely when the diameter
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of the metal ion is smaller than or similar to the size of the ligand cavity since in
this case, the metal ion can locate in the centre of the ligand. A typical example of.
how the counteranion coordination ability affects the complex formation is the
complexation of crown ethers with lanthanide nitrate. Since nitrate is a strong
coordinating anion, only 1:1 complexes' for the cases involving nitrate as the
counteranions were found, regardless which kind of crown ether was used. Although
a complex with metal ion to ligand ratio of 4:3 has been reported for La(NO,); with
18C68363N one of the metal ions was found to be coordinated only by the nitrate
anions in the complexes.

Studies of Ln(IIl) complexation with crown ethers have also been carried out
in solution. The investigations were mainly focussed upon showing the evidence of
the complex formation and determining the stability constants of the complexes.
Several techniques have been applied for the investigations of the interactions
between Ln(III) and crown ethers, such as electronic absorption spectroscopy®®,
luminescence spectroscopy®, NMR  spectroscopy®?, potentiometry®?, and
calorimetry™®?. Measurements of stability constants have been made for many
complexes. It has been found that the complexation constants in solution depend on
many factors. Besides those mentioned previously for the complex in the solid state,
the nature of the solvent is another factor which will dramatically affect the
La(III)-crown ether complex formation. For example, log K, the formation constant

for La(III)-18C6 complex, is 8.75 in propylene carbonate whereas it is 3.29 in the

case of methanol.



The above briefly reviewed literature indicates that the complexation of
lanthanide cations by crown ethers has been quite extensively investigated. However,
many aspects of this research area are still unclear. For example, there is almost no
information available about the kinetics and the structure of the La(III)-crown ether
complexes in solution. This kind of information indeed is very useful for
understanding the nature of the interaction between Ln(III) cations and macrocyclic
ligands and could be further used in understanding the biological activitie;s of the
natural ionophores with cations. Moreover, the applications of lanthanide cations as
spectroscopic probes described in section 1.1 also requires the detailed studies of
Ln(III) complexes in solution.

Since metal ion nuclear magnetic resonance which has been proven to be a
powerful technique in the study of alkali metal cation-macrocyclic ligand
complexes® and since *H as well as >C NMR of the ligands can provide detailed
information about the nature of cation cbmplexations, it is logical to extend the
multinuclear magnetic resonance method to the investigation of the interaction
between Ln(IID) and crown ethers in solution. This kind of study constitutes the main

part of the present thesis.
1.3, Nuclear Magnetic Resonance Spectroscopy
Nuclear magnetic resonance (NMR) spectroscopy is a very important

analytical PEChnique. The development of modern Fourier Transform (FT) NMR
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spectrometers and related techniques has made all the active nuclei of the periodic
table available for NMR observations. Therefore, applications of the NMR technique
have been extended to many areas of research. The investigation of the interaction
between a metal cation and various ligands in solution is one example. NMR can
directly provide information about the structure and, in suitable cases, about the
dynamics of the ionic coordination shell in solution through its three parameters:

chemical shifts, longitudinal and transverse relaxation rates.

1.3.1 Chemical Shift

The NMR chemical shift reflects the electronic environment of an observed
magnetic nucleus“**, When an active nucleus ( I ) 0) is placed in a magnetic field
its energy states will no longer be degenerate. The energy difference (v) between

different spin states depends on the gyromagnetic ratio ¥ and the applied magnetic

field B, .

v =(y/2r ) B, (1.1)

The observation of the transition between those spin states produces the NMR
spectrum. In equation 1.1, vy is determined by the nuclear characteristic properties.
Therefore, for a given nucleus, the resonance frequency v is proportional to the

magnetic field B,. A variation of resonance frequency (chemical shift) will be
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observed when perturbation of B, occurs, arising from the motion of the electrons
surrounding the nucleus. In a magnetic field, electrons will be induced to circulate
around the nucleus. Since electrons are charged particles their circulations will
generate a local magnetic field opposing the applied field. The effects of electronic
motion on B, are called the nuclear shielding, and are described by G, the screening '

constant. If G is taken into account, equation 1.1 becomes‘**%:

v=(y2r)B, (-0} (1.2)

There are two major contributions to the nuclear shielding: a diamagnetic
contribution arising ifrom the electron circulation described above, and a
paramagnetic one, understood in terms of many elements, such as the presence of
other nuclei, which hinder rotation of the electrons around the nucleus. Because of
the dependence of v on the effective magnetic field (B.=B,(1-6)), same type of
nuclei in different electronic environments will resonance at different frequencies.
During a complexation process, central cations vary from their solvated states (M,
state "A") to the complexed ones (MC, state "B"), as expressed in equation 1.3.
Since the coordination spheres of the metal ions are different in those two sites,
NMR signals characterized by different chemical shifts are expected to be observed.
Thermodynamic information about the complex formation and structural information
about the complex can be obtained by observations of the changes of chemical shift

during a complexation process.



M + C | - MC (1.3)

(A ®)

NMR is a relatively slow spectroscopic technique. The exchange rate of metal
jons between their different states has to be considered for the analyses of the
chemical shift results. For example, if the metal ions are in fast exchange between
sites A and B expressed in equation 1.3, only one NMR signal is observed and the
observed chemical shift is the average of the contributions from both sites as

expressed:

Ops = 8 Pa + & Py (1.4)

Where 8 is the observed chemical shift, and 8, and 8y are those of sites A and B
respectively. P, and Py represent the population of the metal ions respectively in
A and B sites. This property has been used to study the interactions of La(lII) with
anions in aqueous and non-aqueous solutions by *®La NMR. The results will be
presented in the chapter 3 of this thesis.

When metal ion exchange is very slow on the NMR time scale, separated
peaks respectively corresponding to solvated and complexed species will be
observed. The complexation of La([I[) with 18C6 in methanol and in acetonitrile
gives such a case. In this situation, the thermodynamic information about the
complex formation can still be obtained by performing lineshape analysis of the 1% .2

NMR spectra. A detailed discussion on those systems will be given in Chapter 4.
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1.3.2 Longitudinal and Transverse Relaxation Rates

Longitudinal and transverse relaxation rates are two other important NMR
parameters. They have been widely used for the kinetic study of alkali metal cation -

crown ether complexation?,

Like any other form of spectroscopy, NMR spectroscopy may be defined as
the interaction between matter and electromagnetic radiation such that energy is
either emitted or absorbed. The conventional approaches to the NMR experiment are
described in a number of books. Basically, FT NMR measurements are initiated by
applying a radiofrequency pulse perpendicular to the applied magnetic field which
forces the net z magﬁetization, M,, of the observed nucleus to turn to the x-y plane
or the x’-y’ plane of the rotating frame. This process can be understood in terms of
puclear excitation. Following a 90° pulse, a signal will be received by a receiver coil
placed in the y* direction. A plot of the intensity of the received signal against time
is referred to as a free induction decay (FID). Fourier transformation of the FID will
produce an NMR spectrum®3-47,

Once the pulse has stopped, the magnetization will tend to realign with B,
and a Boltzmann equilibrium of the magnetization will be slowly restored by
relaxation. This process involves the nuclei going from their excited state to the
ground state and is referred to as longitudinal relaxation. Since, during the process,
the excited nuclei have to lose their energy to the surroundings. the process is also

named as spin-lattice relaxation. The rate of the process is described by a first order
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rate constant, T, in Bloch equation™®.

dMM) /dt = MM /T, (1.5)

Where t is the time, M, and M, are the initial magnetization and the magnetization
on the z axis at time t, and T, is a constant characterizing the relaxation process.
Following the 90° pulse, there is another relaxation process involved. T,

is used to describe this process in Bloch equation®®.
AMy ) /8t = My /Ty (1.6)

This process causes the net M, , , , the magnetization on x or y axis, to be zero by
dephasing the initially coherent magnetization in the x’-y’ plane. T, is known as the
transverse relaxation time. Because the energy flow occurs between different spin
systems in this process T, is also called the spin-spin relaxation time. T, is always
< T,? and under condition of extreme narrowing, which is normal for a mobile
liquid, T, is equal to T,. The transverse relaxation rate constant, Tz" , is related t~

the linewidth at half height of a Lorentzian shaped NMR peak®? .
lez = ( n T 2 ) -1 (1 .7)

The NMR relaxation involves many mechanisms®®, For a nucleus with spin
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) 1/2, the quadrupolar mechanism is a dominant contribution to the relaxation. It
arises from the interaction between the electric quadrupolar moment eQ) of the
nucleus and the electric field gradient (eq) caused by an asymmetric charge
distribution around the nucleus. In the condition of extreme narrowing ( @* 7.2 <1,
@is the Larmor frequency of the observed nucleus and T, is the motional correlation
time of the entire molecule), Tq'1 , the quadrupolar relaxation rate, can be

approximately xpressed as®”

T = GRN0) ¥ L QI+ / (P QD) (1.8)
Where 1 is the spin number of the nucleus and x is referred to as the quadrupolar
coupling constant { ), = ¢?Qq / h) which is related to the electric quadrupole‘ moment
(eQ) of the nucleus and the electric fieid gradient (eq) at the nucleus.

The relaxation rate of a quadrupolar nucleus is a good rheasurement of the
symmetry of the metal cation coordination sphere, as reflected in the electric field
gradient (eq). Lower symmetry will result in a larger value of Tz,q'l. Consequently,
a broader NMR peak will be obtained (see equation 1.7). Since, as for the chemical
shifts, cations in a specific environment will have their own characteristic relaxation
rates, the observation of linewidth variations will also provide the thermodynamic
and structural information about the complexes if the symmetry of the charge
distribution around the metal ion is different for the two species described in

equation 1.1, In this thesis, linewidth measuremenis have been made for 1*?La NMR
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spectra. The results can be found in Chapters 3, 4, and 6.

Kinetic information about the exchange of metal ions between different sites
may be obtained from lineshape analyses of NMR spectra®" *». A chemical
exchange of nuclei in different sites will provide another pathway for transverse
relaxation whereas it will not affect T, , the longitudinal relaxation rate. Since T,?
is proportional to the linewidth, the variation of transverse relaxation rates will alter
the lineshape of the experimental NMR spectra. In suitable cases, which will be
discussed below, the rate constants of the exchange may be derived from the
measurements of Tz,e'l, the chemical exchange contribution to T, .

The chemical exchange effects upon the transverse relaxation rates can be
divided into several types which depend on the relative rate of the exch-ange on the
NMR chemical shift timescale. To discuss those different situations, let us take a

two-site exchange as an example.

M (A) M (B) (1.9}

ol

If the exchange is very fast or extremely slow on the NMR chemical shift
timescale, no effects on T, will be observed. In the former case, a single peak
characterizing the population average of two sites will be observed, while for the
latter case, two separated signals corresponding respectively to sites A and B will be

obtained. The kinetic information is available only when the exchange rate is
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between these two limits. Since the chemical exchange will cause line broadening
in this region, the exchange rate constants k, and k,, expressed in equation 1.9 can
be obtained either by linewidth measurements or by full lineshape analyses of the
observed NMR spectra®™, The detailed discussion of this kind of study will be

given in Chapter 6 of this thesis.

1.4 La NMR

NMR and its possible applications to the study of metal cation complexes in
solution was discussed in the previous section with the main focus on the metal
cation nuclei. The principles described above are indeed suitable for any nucleus.
Therefore, similar information can also be obtained by looking at the nuclei
associated with the ligands. Most of the work presented in this thesis was done by
multinuclear (¥La, 170, 'H, and *C) magnetic resonance spectroscopy. Since 1391 a
is the only metal cation nucleus used in the present work, the characteristics of its
NMR spectroscopy will be discussed in this section.

In the series of trivalent lanthanide cations, only lanthanum and lutetium are
diamagnetic. 17°Lu (I=7/2) has a very large quadrupolar moment ( Q = 5.68 x 10%
m?) and very broad lines ar.: L.;pected for its NMR spectra unless the nucleus is in
a high symmetric environment. These characteristics make this nucleus useless in
practice for high resolution NMR observations®®. Therefore, the **La nucleus is the
only possible choice among the lanthanide cation nuclei. Table 1.1 gives the nuclear

properties of the nucleus **La®* 5,

15



Table 1.1  The Nuclear properties of *La

Natural Quadrupolar Resonance Typical T,
Spin (D Abundance Receptivity Moment Frequency values
(%) to 1*C (102 m?) ( 7 Tesla) )
{MHz)
(/7 99.91 342 0.22 4237 1073

1% 3 is also a quadrupolar nucleus with a quadrupolar moment of 0.22 x 102
m? which sometimes leads to broad resonances as a consequence of quadrupolar
relaxation. However, with its natural abundance of 99.91% and its receptivity of 342
relative to 13C, 13°La is a good candidate for the metal ion NMR study. In fact, *La
NMR has been used in the studies of La(III) solution chemistry. The first **La NMR
experiment was performed as early as 1949%% 57 Thereafter, a number of *La
studies have been reported®3%), The earlier work mainly focussed upon the nature
of the outer- or inner- sphere of lanthanum complexes formed by a variety of small

ligands and anions in aqueous solution. A few papers dealing with La(Ill) ion
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coordination properties in non-agueous solutions have recently appeared in the

literature®®>7® |

Based on these investigations, it has been found that 1397 a NMR has a very
large range of chemical shifts ( ca. 1200 ppm ). The origin of the 1392 NMR
chemical shifts, however, is far from being understood. One suggestion is that the
shifts mainly resulted from the “paramagnetic” term. There is partial electron transfer
from the ligand to the metal ions when the complexes are formed and those
transferred electrons are mainly non-paired which will lead to some deshielding of
the observed nucleus. The chemical shifts of 1391 _a(I1I) therefore depend strongly on
the extent of covalency in La(IIl) - ligands interaction.

Another characteristic of 1La NMR spectroscopy is that the NMR lines are
usually broad. For the nucleus 3% a (1 = 7/2), equation 1.8 shown previously

becomes:

T =Q/49® ¥ 1, =mvy, (110)
Since '¥La has a quite large quadrupolar moment, small variations of the symmetry
of the electron clouds around La(II) will result in large changes of relaxation rates,
increasing strongly the linewidth of the observed NMR spectra. Linewidths of 130
Hz for lanthanum perghlorate in aqueous solution and several thousands Hz for
La(IIl) complexes with organic ligands have been reported®, The advantage of this
characteristic is the senmsitivity of linewidths to the dissymmetry of La(Ill)
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coordination shell.

In this thesis, both chemical shift and linewidth of **La NMR were used to
provide information about the La(IlI) complexes with a variety of ligands, mainly
crown ethers, in solution &om the metal cation point of view. The individual result
can be found in the related chapters. As mentioned previously, this kind of study has

not yet been reported.
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Chapter 2

Experimental Methods

2.1 Materials

2.1.1 Salts

La(NO3); 6 HyO (Aldrich, 99.999%) and LaCl; 7 HyO (Aldrich, 99.999 %)
were used without further purifization, Lanthanum perchlorate was made by dropping
perchloric acid (BDH AnaiaR) into a mixture of lanthanum oxide (Aldrich 99.999%)
with small amount of water. When the pH was about 6, the resulting solutions were
filtered and were then evaporated at reduced pressure. The remaining solids were
dried under vacuum. The lanthanum content in all lanthanum salts was determined by

titration with EDTA using xylenol orange as indicator’").
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2.1.2 Crown Ethers

18C6 (Aldrich 99%) was recrystallized following the procedure described by
Gokel et al™), and vacuum dried over P,Os at 50 °C. The complete rernoval of
acetonitrile from the recrystallized crown ether was checked by 14 MR, DB24C8
(Aldrich 98%) was recrystallized from acetonitrile and cyclohexane and was dried
under vacuum over P,O5 for at least 24 hours just prior to use. B15C5 (Aldrich 98%)
and was recrystallized from hexanes. The recrystallized B15C5 was vacuum dried
over P,0s for a minimum of 24 hours prior to use. 15C5 (Aldrich 98%) was distilled

under vacuum and was kept over 3 A molecular sieves.

2.1.3 Solvents

Water was doubly distilled and was kindly supplied by Prof. B. E. Conway's
lab in this department. Acetonitrile (BDH assured) was dried under reflux, over
calcium hydride (CaH,) for at least 3 hours, distilled under nitrogen and stored under
argon, Methanol (BDH assured) was dried by refluxing over magnesium metal for a
minimum of 3 hours, distilled under N, and stored under argon. Deuterated

acetonitrile CD;CN (Aldrich 99.5% D) was dried over 3 A molecular sieves.

2.2 Sample Preparation

Samples for 13La NMR measurements were prepared by weighing the
appropriate amount of crown ether directly into volumetric flasks and filling up with
stock solutions of the desired lanthanum salt concentration. In the concentration study
where the concentration of lanthanum salts was varied, dilutions were done.
Whenever the pH of the solution had to be controlled, the pH value of the stock
solutions was adjusted by adding very small amounts of concentrated HCl or NaOH
solutions. Samples for 3C NMR measurements were prepared by weighing the
desired amount of lanthanum salt directly into 5.0 ml flask and adding an appropriate
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amount of stock crown ether solutions of known concentration in the desired solvent.
The solution samples for both 1¥%La and '*C NMR measurements were transferred
into 10 mm NMR tubes which were sealed under argon with Parafilm. Samples for 'H
NMR measurements were prepared by a procedure similar to 13C sample preparation

except that deuterated solvent and 5 mm tubes were used.

2.3 NMR Measurements

2.3.1 139L.a NMR measurements

1392 NMR spectra were recorded, unlocked, on a Varian XL-300
spectrometer at 42.37 MHz. Typical spectral width was 50 kHz. Since the relaxation
rates of 139La are very fast, very short acquisition time and no delay between two
pulses were used. The 90° pulse width was typically 16 ps. **La NMR chemical
shifts were referred to 0.10 M La(NO;); 20% D,0 aqueous solution. The transverse
felaxation rates, Tyl , were obtained directly from the linewidths at half height of the
1391 a NMR spectra (Tl = 1 v, ) if the obtained spectra had a Lorentzian shape. The
longitudinal relaxation time, T, , was determined by using the inversion-recovery
pulse sequence, 180° - T - 90° - Acquisition, and a three parameter nonlinear
regression analysis. At least nine different t values were used for each T,
determination. The number of iransients for normal spectra was from several
thousands to 10% depending on the concentration of La(IIll) and the linewidth of the
1391,.a NMR spectra.

2.3.2 13C NMR Measurements

13C NMR spectra were recorded on a Varian XL-300 NMR spectrometer at a
frequency of 75.429 MHz under proton - noise - decoupling conditions. No lock was
used for the samples which did not contain deuterated solvents. The chemical shifts
were referred to the solvent line and corrected to TMS. The number of transients was
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from a few hundreds to 10° depending on the concentration of crown ethers and the
purpose of the investigations. For example, if the obtained spectra were further used
for kinetic analysis, a higher ratio of signal to noise was necessary and a large number

of accumulations for each spectrum was needed.

2.3.3 170 NMR Measurement

Natural abundance 7O NMR spectra were measured at 40.66 MHz on a
Varian X1.-300 spectrometer. Typical spectral width was 50 kHz. Acquisition time
was 0.1 second and no delay between pulse cycles was used. 100% D,0O was used as
an external chemical shift reference. Number of scans for each measurement was
from 10° to 107 depending on the concentration of La(NO3); 6 H,O in the samples.
Longitudinal relaxation rates were determined by using a inverse - recovery procedure

and under conditions of broad band proton decoupling.

2.3.4 'H NMR measurement

Normal proton spectra were acquired on a Varian XL-300 spectrometer by a
routine procedure. The chemical shifts were referred to the solvent signal and
corrected to TMS,

Saturation transfer measuremenis were done for some samples. Low power
homonuclear decoupling was centered at the frequency of saturated line. In order to
minimize the effect of decoupling power on the observed spectral line, a measurement
was also made by centering the homonuclear decoupling frequency at the position
which was equal to the difference between saturated and observed spectral lines but at
opposite direction (see figure 2.1). A difference spectrum of these two measurements
was used for further analysis. The longitudinal relaxation times (T**) were
determined using inversion recovery pulse sequences with the presence of a saturating

of field. The intensities of the 'H NMR peaks were obtained by integration.
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Normal Experiment

Control Experiment

v

Figure 2.1: Representation of saturation transfer experiment. The arrows

indicate the positions in which the saturating rf are centered.

The inversion transfer technique was applied to the system of La(NOs); 6H,0

- 18C6 - Acetonitrile in which the ligand 18C6 exchanged slowly between free and
| complexed sites. Since only two singlet IH NMR lines representing free and
complexed 18C6 were involved in the exchange process, a relatively simple pulse
sequence was used in the experiments instead of the DANTE pulse sequence.

Selectively inverting one peak was accomplished by using three 90° nonselective

pulses(79,
(90,° - t; - 90,° - Ty, - 90,° - Acquisition - RD),

Here, t, is equal to half the reciprocal of the chemical shift difference between
complexed and free 18C6 'H NMR lines; 1,y is a variable called "mixing time"
during which spin exchange between the two 18C6 sites occurs; RD is a relaxation

delay which was set to be RD > 5 x T;; n is the number of scans.
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Figure 2.207%; Vector diagram for the inversion transfer experiment. (A)
Equilibrium. (B) Both a and b vectors are aligned with y axis after first 90° pulse. (C)
After t;, vector a will remain in the y axis and vector b will align with -y. (D)
Another 90° pulse inverses the population of a with its vector in the -z direction.

Following the mixing time, the third 90° pulse allows to monitor the effect of

exchange between two sites on the b signal.

2.3.5, NMR Probe Temperature Control

The temperature of the probe was measured with a thermocouple submerged
in pure solvents ( water or acetonitrile) in non-spinning NMR tubes (5 or 10 mm). The
measurements were done periodically. Whenever the temperature variation
experiments were done, the temperature of the probe would be recalibrated. The

temperature of the samples was estimated to be reliable to + 0.5 K. Unless otherwise

stated, the NMR experiments in this thesis were run at 300+ 0.5 K.
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2.4 Data Analyses

2.4.1 Full Lineshape Analysis

When the obtained spectrum was a single Lorentzian line, a full lineshape
analysis was made on the XL-300 spectrometer computer using curve fitting software.
Other analyses of the spectral lineshapes were performed on an Amdahl mainframe
computer. Digitized spectral data for the analyses were first transferred from X1L.-300
NMR spectrometer to an IBM compatiblz PC by using Kermit software and Varian
"magical" software (Varian Magnetic Moments, 3, 12, 1987). The obtained data files
were then transferred to the mainframe through a Sytek line for further analysis(
non-linear regression or simulation). Full lineshape analyses of 1¥La NMR spectra
were carried out by using a non-linear leaét—squares regression with a program
developed from SAS (Statistical Analysis Systems)’® routines. In ﬁ1e cases of
overlapping Lorentzian signals and when linewidths were very large, a phase
correction was also included in the calculation because the obtained spectra were not
perfectly phased. '3C NMR lineshape analyses were done by simulations. The
program for the simulations was originally written by Dr. R. E. D. McClung (
Department of Chemistry at University of Alberta), and kindly given to us by Prof. M.
J. McGlinchey (Department of Chemistry at McMaster University). This PC program
was written in FORTRAN 77 language and suitable for mmltiple site exchange
without coupling. Some modifications were made so that the program could be run on
the Amdahl mainframe. !H NMR and 17O NMR spectra simulations were carried out
using the DNMR3 program?) which was originally written in FORTRAN 4 language
and kindly supplied by Prof, J-L. Roustan {(Chemistry Department of Univg:rsity of
Ottawa). We loaded this program on to the Ottawa University mainframe and made
some modifications (from FORTRAN 4 to FORTRAN 77) so that the program could
be run on the mainframe computer. The simulations were performed by comparing
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the calculated spectra which could be modified by varying the parameters with
experimental ones until a best match was reached. The output of the simulation
programs was data poiits. A plot or diagram was created through SAS graphic
software(’®) from the digitized data so that the comparison could be made. Figure 2.3

is an example of simulation of 'H NMR spectrum,

2.4.2 Other Data Analysis

Like full lineshape analyses, all other data analyses were also carried out by
either non-linear or linear regressions on the Ottawa University mainframe computer.
The programs for the regressions were developed from SAS routines. The equations

involved in the non-linear regression will be described in relevant chapters.

2.5 Error Analysis

If a single Lorentzian peak was observed, the error on the chemical shift
measurement was visually estimated by fitting the spectrum on the computer of the
XL-300 NMR Spectrometer (see figure 2.4). The error in the transverse relaxation
rate determinations was taken to be twice the emor in the chemical shift
measurements. The error in the T, determinations was given as two standard
deviations (2 o) from the non-linear regression analysis. When a full lineshape
analysis was performed for a two site population weighted spectrum without
exchange, the errors in the chemical shifts and T,! were given as one standard

deviation from the non-linear regression,
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Figure 2.3.  Experimental and simulated 'H NMR spectra of 15CS
coordinated to La(IIl) in AN solution. Lower, experimental spectrumn
recorded at 239 K, [15C5), = 0.0032 M, and R = [La(1ID], / [15C5], =
1.08. Upper, the corre_:sponding spectrum simulated by DNMR3
program.
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Figure 2.4. 13°La NMR spectra of La(NO3); 6 H,O solution in AN. [La(IlID] = 0.100 M.
Upper, superpositioned experimental spectrum and its best fit by the computer of
the XL-300 NMR Spectrometer. Lower, the computer fitted spectrum was
artificially shifted -0.50 ppm from the best fitting position. An obvious difference
between the experimental and its fitting spectra was observed. Therefore, the error

on the chemical shift was estimated to be £ 0.50 ppm.
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In the cases of other data analyses which were performed by either non-linear
or linear regressions, the error in the variables was calculated by a computer and
reported as one standard deviation. If a spectrum simulation procedure was used to
get the exchange rate constant, the error reported for (k, + kp) was visually estimated
by comparing the best fitting spectrum with the one of parameters being slightly
varied.

The kinetic parameters aS* and AH* were reported with £ G as the error. The
free energy of activation, aAG* was directly calculated from the measured rate

constants®
AG*=-RTIn(kh/kgT)

where k is the rate constant and kg is the Boltzmann constant. The errors on aG* were

calculated using the following equation®?),

AsG* {IAT/T(n(kgT/kh) + 1)]* + (A k/k)z}u2

aG* in(kg T/kF)

The errors on the chemical shift measurements of 13C and TH NMR spectra
were taken from their theoretical digital resolutions (DR=2 SW / NP). The errors

related to the sample preparations, such as p and R, were neglected.
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Chapter 3

NMR Study of Lanthanum Salts in Aqueous

and Non-Aqueous Solutions

3.1  Ionic Interactions in Aqueous Solutions of Lanthanum Salts.

A 1¥La NMR Study

3.1.1 Introduction:

As mentioned in the introduction, the complexation properties of lanthanide
jons in solution have attracted considerable interest. However, the nature and the
structure of the chemical species in solutions of rare earth salts are not clearly known.
For example, the coordination ¢f the Ln?* ions in agueous solution is one of the most
controversial questions of lanthanide chemistry. The main argument has two aspects.
One is about the coordination number (CN) of the lanthanide ions. The other deals with
the nature of the interaction between the cation and counteranion. The coordination
number of lanthanide ions in aqueous solution is now believed to be 8 or 9. However, it
is still unclear whether or not CN change occurs along the series®).

In solid state of hydrated lanthanide salts, a hydration number of nine is very
common. In aqueous solution, Spedding and his co-workers("?-8V)suggested that the
CN changed from 9 (lighter lanthanide) to 8 (heavy ones) in order to interpret the
non-regular change in lanthanide aqua-ion partial molar volumes along the series. This
hypothesis was supported by X-ray and neutron diffraction studies of Ln3* aqueous
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solutions®28%, However, this description is far from being fully accepted. As pointed
out by Wertz and coworkers®® and by Breen and Horrocks (85) 4 constant CN of 8
along the series was found when the formation of chlorocomplexes was taken into
account. Moreover, a 70 NMR chemical shift study was also consistent with a
constant CN along the series(®9),

The controversy about the presence of the counteranion in the inner
coordination shell of the lanthanide cations, to form contact ion pairs, still remains,
especially in the cases of lanthanide chloride and perchlorate. Recently, several
spectroscopic techniques, including UV - Visible®, luminescence®8%), ultrasonic
relaxation®, X-ray®? and neutron diffraction®?, have been used to characterize the
nature of the complexes formed between lanthanide cations and various anions in
aqueous solution. According to them, no inner-sphere complexes were formed with
perchlorate, the formation of a 1 : 1 complex (Ln(NO3))?* was concluded for nitrate
and an inner- sphere ion pair may or may not be formed in the case of chloride. The
presence of mono- and dinitrate complexes was deducced from 1NO;- NMR spectra in
solutions of Lu(II) in water-acetone-dg-freon-12 mixtures®® at very low temperature.
Under the same conditions a similar conclusion was reached from 'H, 3*Cl, and 8y
NMR spectra of Y(II) solutions®?), and direct evidence for the anion entering the first
coordination shell of La(IIl) was provided in the case of lanthanum nitrate by 1y, 35¢y,
and 13%La NMR spectral®,

It has been shown that metal cation NMR of quadrupolar nuclei in solution is a
powerful probe of the nature of the immediate environment of the metal cation®®?),
Among the lanthanide series, 1**La is almost the only candidate which is amenable to
this kind of study. The NMR technique has been used to investigate the coordination
properties of lanthanide salts in aqueous, aqueous mixture, and nonaqueous
solventst9-62 70. 90-92) The use of a metal cation as an NMR spectroscopic probe was

established by 13La. Several reports related to investigation of aqueous solutions of
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lanthanum salts have appeared in the literature(®® 5% 63 64) The formation of
inner-sphere ion pairs in the case of NO;", which was detected by other techniques, was
confirmed by the significant 13%La NMR chemical shift and linewidth variations with
the concentration of La(NQ3); in aqueous solution. Such a strong variation was not
observed for perchlorate at low concentration and a significant variation was obtained
only for the chemical shift in the case of chloride. Therefore, it is not clearly known
whether or not interaction between cation and anion occurs in the aqueous solutions of
lanthanide chloride and perchlorate. Moreover, only either linewidth or chemical shift
variation of 13La NMR with lanthanum salt concentration was considered and no
quantitative interpretation of the 1%La NMR results has so far been reported in the
literature. Tt is worth reinvestigating the aature of the lanthanum salts in aqueous
solution by the 13%La NMR technique.

As part of this chapter, the 13La NMR chemical shifts and linewidths were
measured as a function of the concentrations of La(HI) in aqueous solutions of
La(NOj)s, LaCly, and La(ClOy), at a constant pid. A ouantitative treatment of the
experimental data was given by calculating the formation constants of the complexes of

La([IT) with these three anions, taking into account the appropriate activity coefficient

effects.

3.1.2: Results and discussions.

The *°La NMR spectra of aqueous solutions of lanthanum nitrate, chloride, and
perchlorate consist of a single Lorentzian line. Figure 3.1 shows a series of ¥La NMR
spectra at various concentrations of La(NO5), ranging from 0.005 to 1.50 M. Figure
3.2 gives the chemical shift variation with the concentration of La(III) for the three
salts. The chemical shifts of La(NO;); and La(ClO,); move upfield as the
concentration of La(IlI) increases. The variations are about 12 ppm for nitrate and 3

ppm for perchlorate in the range of the La(iII) concentrations of 0.01 - 1.50 M.
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Figure 3.1: A series of !La NMR spectra at various concentrations of
La(NQO;); in aqueous solution. Bottom to top [La(III)] = (a) 0.0050, (b)
0.100, () 0.250, (d) 0.500, (e) 1.00, and (f) 1.500 M. T =300 K.
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Figure 3.2: La NMR chemical shifts as a function of lanthanum
concentratior: for three lanthanum salts in aqueous solution. (#) chloride,
() perchlorate, and (o) nitrate. T = 390 K. pH = 5.5 £ 0.1, The data

points are experimental and the curve is calculated ( see the text).
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In the case of LaCl, The 1%La NMR signals were shifted downfield. The 13%La NMR
chemical shift of 1.54 M LaCl; agueous solution is 7.78 ppm compared to the external
reference, C.10 M solution of La(NQO3); in D;O : H,0 20 : 80. The magniwmude and the
direction of the *%La NMR chemical shift variations observed in this work are in good
agreement with those reported in the literature(©3.64),

As expected, the linewidths of '¥La NMR spectra increased as the
concentration of La(Ill) increased. The transverse relaxation rates of 1393 NMR, T,},
which are directly obtained from the linewidths at half height of the 139] 3 NMR spectra
(T,! =1t X vypp), vary significantly in the case of La(NO3)3, from 0.50 kHz to 5.9 kHz
in the range of concentration of La(Iil) 0.01 - 1.50 M. Similar variations are observed,
but to a lesser extent, for the cases of LaCl; and La(ClOy)s;. In the investigated
concentration range, T, varies from 0.33 to 0.88 kHz for chloride and from 0.33 to
1.14 kHz for perchlorate. Figure 3.3 shows the transverse relaxation rates of 139La
NMR as a function of La(Ill) concentration for nitrate, chloride, and perchlorate
aqueous soluticus at pH = 5.5.

Since 13%La is a quadrupolar nucleus, it is possible that both chemical shifts and
linewidths of 13%La NMR provide information about the La(IIl) species existing in
solution. The 13%La nucleus has a relatively large quadrupole moment (@=0.21 x 103
m?). Therefore, the relaxation mechanism is governed by the quadrupolar
interaction®®®3), In aqueous solution, similar to the equation 1.10 given in Chapter 1,

the 139La linewidth at haif height can be approximately expressed as

vip = (3n 21+ 310 2 (21 -1)) x (2Qq,, / WY 7, (3.1)
orvip, =2/49x %21, (3.2)

Where 1 = €2Qq,/ h is the quadrupolar coupling constant and 7. is the

correlation time responsible for the quadrupolar interaction.
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Figure 3.3: ¥La NMR transverse relaxation rates as a function of lanthanum
concentration for three lanthanum salts in aqueous solution. (A) nitrate,
(B), () perchlorate and (%) chloride. T = 300 K. pH = 5.5 £ 0.1. The

data points are experimental and the curve is calculated ( see the text).

36



The relaxation of the 3°La nucleus is thus related to two factors, the chemical
environment (reflected in the magnitude of %) and the microdynamic behavior
(reflected in T.). Assuming that the complex involving La(IIl) can be regarded as a
rigid sphere with a radius of a and that the correlation time is the reorientation time of

the molecule in solution, T, is thus related to the viscosity of the solution and given by
r.=4ma’n /3kT (3.3)

If the linewidth is divided by the macroscopic viscosity of the solution, the
viscosity reduced linewidths should be related only to the chemical environment of the
nucleus. Nakamura and Kavamura®® utilized this approach in the investigation of the
solutions of lanthanum nitrate, chloride, and perchlorate. They arrived at the conclusion
that in solutions of La(NO,); inner - sphere complexes were formed. In the cases of
chloride and perchlorate, the viscosity reduced linewidths of 1391 2 NMR first decreased
and then increased with an increase of the La(IIl) concentration. In order to interpret
their results they postulated that two different kinds of hydrated La(IIl) coexisted,
La(H,0)g and La(H;0)y, in the cases of chloride and perchlorate. La(H,0)g has higher
symmetry than La(H,0)g and the population of octa-hydrated species increased with an
increase of the La(IIl) concentration. The variation of (Vyp /M) with the concentration
would be due to a shift of the equilibrium between these two species rather than to the
cation - anion interactions. This postulate, however, was not confirmed by other
investigations®6-3993), In 1975, Reuben®” investigated the longitudinal relaxation rate,
T, of 1¥La in aqueous solutions of lanthanum salts. He found that outer - sphere
La(1II) - C1Q, and inner - sphere La(IIl) - NO;" ion pairs formed. The explanation of
his results also supported the constancy'of the La(Il) coordination number. Tarasov er
al'®® swdied the aqueous solutions of lanthanum salts by 1>La NMR spectroscopy in

1982. Based on their data, they concluded that La(IlI) formed inner sphere complexes
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with both nitrate and perchlorate anions and the complexation with chioride anion
occurred at higher concentration.

The above-mentioned reports show that the experimental results obtained by
different groups are similar. Different interpretations of the results, however, lead to
different conclusions. Qur results were interpreted quantitatively.

Since the 3%La chemical shifts are directly related to the chemical environment
of the La(I) species, the variation of 13*La NMR chemical shift with La(IIl)
conceniration is evidence that different La(Ill) species exist in solution and the
exchange among these species is very fast. The observed chemical shifts, therefore,
will be the weighted sum of those for these La(HIl) species. We measured the 13La
NMR parameters of La(NO,), solutions at pH 6.5, 5.5, and 4.0. Figures 3.4 and 3.5 are
respectively the results of 1*9L.a NMR chemical shifts and transverse relaxation rates as
a function of lanthanum nitrate concentration at these pH’s. One can see from figures
3.4 and 3.5 that the same results for both chemical shifts and linewidths are obtained at
different pH. The independence of the chemical shifts and of linewidths on pH
variation excludes, in that range of pH, any lanthanum ion hydrolysis. The variation of
the 13%La NMR spectra with La(lIl) concentration has to come from cation - anion
interactions. The quantitative treatment of the results was done, on the basis of the

ion-pair modet of equation 3.4 (X = NOy", CI, C10,).
LaIll) + X- = LaX? (3.4)
Considering the range of La(IIl) salt concentration used, activity coefficient

effects have to be taken into account. The thermodynamic stability constants (K,) are

used instead of ion pair formation constants K, for the calculation. The relationship

between Ky, and K, can be expressed as®®):
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Figure 3.4: 13La NMR chemical shifts as a function of lanthanum concentration for
lanthanum nitrate in aqueous solution at different pH values. (o) pH =

6.5+0.1, %) pH=55+0.1,and (o) pH=4.0+£0.1. T=300 K.
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K= aqLaxy/Qpajpe) = K/t (3.5)
where K, = [(LaX)>*)/{LadID] [X] and v+ is the mean activity coefficient of
the lanthanum salts.
The analytical concentration of the jon-paired species is given by equation 3.9,

derived from equations 3.5 to 3.8, with [La(l)); being the total concentration of

La(lI).
[La(lID)] = fLa(lD]y - [(LaX)*] (3.6)
[X] = 3 [La(lID]y - [LaX)*") 3.7)
Q =4 [La(I)}y + (Kyys) ™ (3.8)
[(LaX)**] = 0.5 Q- (0.25 Q? - 3 [LaD}H*° (3.9

The highest concentration of La(II) used in the experiment is 1.5 M. The
general Debye-Hiickel equation cannot be used to get the mean activity coefficient, v+,
for such high concentrated solution. The Bromley method was used to get 19499, We
chose the Bromley method to calculate the Y4 for two reasons. One is that this method
is valid until quite high concentration (I = 6 M). The other is that Bromley parameter,
B, for all three lanthanum salts can be found in the literature®®). The Bromley method
for the y4 calculation is indicated in equation 3.10, where B, I, and A are the Bromley

parameter, the ionic strength, and the Debye-Hiickel constant respectively.

log 7+ = -Alz,z ]IP3/(1+15) + (0.06+0.6B)|z,2 [ /(1+1.51/iz,2 [)* + BI (3.10)
The observed 3%La NMR chemical shifts (8, equation 3.11) are
population-averaged on the chemical shifts of the two sites, solvated (8,) and ion-paired
La(lll) (Sp), of equation 3.4.
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Table 3.1:

Thermodynamic equilibrium constants for ion-pair formation and NMR

parameters characteristic of the La(IIl) species in aqueous solution

(pH=5.5; T=300 K)

52 5pb Ky (T4 (Tyh)e Kyf

Anion (ppm) (ppmy) (kHz) (kHz)

NO;-  1.09£0.07 -25+ 28 0411004  0.47+0.03 11.240.5 0.5010.04
Cr 1.04+0.06 222 0.23:0.04  0.3110.01 5+2 0.06+0.03
ClO, 0.6410.04 -3.1+02  0.041£001  0.3410.01 1.6510.07  0.022+0.003

a, 139.a NMR chemical shifts of solvated La(III) (at infinite dilution);

b, 139_a NMR chemical shifts of ion-paired La(IIl) (see equations 3.4 and
3.11;,

c.f, Thermodynamic equilibrium constants of (LaX)** formation,
determined from «nemical shift variation(c) and from linewidth
variation(f);

d, 1391 a NMR transverse relaxation rates of solvated La(TII);

e, 13%a NMR transverse relaxaton rates of ion-paired La(III);

g All errors are given as one standard deviation, &, from the non-linear

regression.
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8, [La(lD}y = , [La(ID] + &, [(L.aX)*"] (3.11)

Using 8, 8, and K,;, as the adjustable parameters and with B = 0.0868, 0.0818
and 0.2513 for lanthanum nitrate, chloride and perchlorate respectively®), the
observed 139La chemical shifts were fitted to equations 3.4 to 3.11 by a three-parameter
non-linear regression procedure®®). The data points in Figure 3.2 are experimental and
the lines are calculated from the values of the adjustable parameters reported in Table
3.1

The same proce<lure was applied to the transverse relaxation rates(T, 1) of ¥La
by using (T, (ToD)p and Ky as the adjustable parameters. The observed *%La
NMR relaxation rates(T, )., (equation 3.12) are population-weighted on the

relaxation rates of the two sites, solvated(T, 1), and ion-paired(T,1),,, of equation 3.4.
(T3 )ops TLa]r = (Ty 1), [La@ID] + (T 1), [(LaX)?] (3.12)

Figure 3.3 gives the variation of the 3¥La NMR transverse relaxation rates as a
function of La(Il) concentrations. Again, in figure 3.3, the points are experimental and
the curves are calculated from the parameters given in table 3.1 and through equations
3.4 10 3.10 and equation 3.12.

The 13%La NMR parameters at infinite dilution are solely determined by the
solvent molscules. Therefore, the *°La NMR chemical shifts and linewidths of the
solvated La(II) species will be same for nitrate, chloride, and perchlorate. This is
shown in our results. The *%La NMR chemical shifts of solvated La(III) are about 1
ppm compared to the reference. The transverse relaxations rates are in average 370 Hz,.
which is identical to the value reported in the literature®®. The agreement of *°La
NMR chemical shift and transverse relaxation rate of solvated La(IIl) species in the

cases of three lanthanum salts is a good support for the model. The 3¥La NMR
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chemical shifts obtained for the ion-paired La(fIl) species are quite different, depending
upon the nature of the anions: -25 £ 2 ppm for nitrate, 22 + 2 ppm for chloride, and -3.1
+ 0.2 ppm for perchlorate. The variation is also shown in the transverse relaxation
rates, 11.2 + 0.5 kHz for nitrate, 5 + 2 kHz for chloride, and 1.65 0.07 kHz for
perchlorate. The 'La NMR chemical shifis of the hexanitrato lanthanum
{La(N03)6}3' and of hexachloro (LaClg}3 complexes in acetonitrile were reported to
be respectively -60 and 851 ppm(>), Although the reported chemical shift data are not
directly comparable to our results, because the solvent used and the lanthanum species
are different, the shifts of -25 ppm for {LaNO;}?* and 22 ppm for (LaCl}?* are
indications of the presence of NO5~ and CI" in the first coordination sphere of La(lll).
The quality of the regression can be further checked by the values of the
thermodynamic equilibrium constants: Ky, obtained from 1351 2 NMR chemical shifts
and transverse relaxation rates, two different and independent series of data, are the
same in the error limits for nitrate and perchlorate, and are in the same order of
magnitude for chloride.

The thermodynamic stability constants of formation of LaX?* decrease in the
order of NO; > CI' > ClO4". By fluorescence lifetime measurements, Breen and
Horrocks®™ obtained complexation constants of 0.13 and 1.41 respectively for EuCI%*
and EuNO,?* in aqueous solution. By the same technique, Bunzli and Yersin®®)
obtained a stability constant of 0.3 for EuNO;2*. Formation constants of 0.53%%,
0.5499) for DyNO;2* and 0.667) for PINO,2* were reported in the literature. inner
sphere complexes of Pr(ITN), Gd(IID), and Yb(II) with ClO," were characterized oy
Kasabov et al®® by an electromigration method. The authors reported formation
stability constants of 0.01, 0.03, and 0.045, respectively. All these values, with all three
anions, are in fair agreement with the results obtained in the present work.

The Ky, values for LaCI?* and LaClO,2* are relatively small, for example 0.03

in the case of lanthanum perchlorate. Such small amounts of inner-sphere complexes
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could plausibly not be detected by less sensitive methods, such as fluorescence lifetime
measuremen:s®58). This may be the explanation of the controversial nature of the
jon-pairing in these two systems. However, modern FT NMR instruments allow the
observation of the 13%La NMR parameter variations in these systems since the
parameters are sensitive to the electronic distribution at the site of the La(IIl) paﬁon. In
the present work, both chemical shift and transverse relaxation rate measurements can
be interpreted by the formation of contact jon pairs (inner sphere coordination
complexes) of La(Tll) in aqueous solutions, for all three anions.

Finally, one should note that the transverse relaxation rates used to account for
the model of equations 3.4 to 3.10 are not viscosity corrected, which give results in
good agreemenr vith the values obtained from chemical shift data. The results of
transverse relaxation rates divided by the relative viscosity of the solution are shown in
figure 3.6. The viscosity reduced T,! are almost horizontal lines in the concentration of
0.01 - 1.5 M in the cases of chloride and perchlorate. In the case of nitrate, the viscosity
corrected transverse relaxation rate is quite different from the non-corrected T,! in the
concentration dependence. The (T,!/n) data of nitrate have been analyzed by a
procedure similar to T,l. The regression curve is given in figure 3.6. The obtained
stability constant, 4.8 £ 0.5, is more than one order of magnitude larger than the value
obtained from chemical shifts (see table 3.1) and reported in the literature for similar
systems®388.93-97)_ This indicates that the linewidth of 1**La may not be directly related
to the viscosity of the solution. In other words, the quadrupolar relaxation mechanism
of 139La does not originate from reorientational time fluctuations. Therefore, the
correlation time responsible for the !3La(lil) quadrupolar' relaxation in aqueous
solutions mus: be characteristic of other time fluctuation of the electric field gradient at
the nucleus, such as rapid internal reorganization of the solvation shell, or rapid solvent
molecule exchange in this solvation shell. Cossy et al®® have recently reported an 170
NMR kinetic study of water exchange on the lanthanide(IIT) aqua ions. They found an
increase of the water exchange rate in going from heavier (Yb*; 4.1 x 107 s7) 10
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lighter (Tb3*; 5.0 x 108 51 cations in the series. The trend is confirmed by & previously
determined value for Ga** (1.1 x 10° s1)® and by a lower limit value of 10% !
estimated for the exchange on Nd3*19), Assuming that the trend also holds for the
lighter lanthanides, by linear extrapolation from the data reported by Cossy ef al (36),
one can estimate a water exchange rate of 6.3 X 10051 | or a residence time of water in
the first coordination sphere of 16 ps, for La**, a value falling in the reorientational
time scale. From the estimated molecular volume of the aquated cation (based on
neutron diffraction data®®) and the measured solution viscosity, the reorientational
correlation time T, can be calculated from the Debye-Stokes-Einstein equation (3.13)
(similar to that mentioned previously; equation 3.3), in which a is the molecular radius
of the reorientating entity, estimated to be 4A, 1 is the viscosity of the solution, and fy
is a microviscosity coefficient!!9D), Depending upon the value chosen for fg, T can be
calculated to be between 65 ps (fg = 1) and 11 ps (fg = 1/6). The value usually taken in
the case of solute and solvent molecules of similar size is fg = 1/6(101). These estimated
values of reorientational times are very reasonable, since a value of 70 ps was
previously reported for proton relaxation rates in dilute GdCly solutions(!%2), Assuming
that the relaxation process is controlled by water exchange in the first solvation shell,
1.5 x 1019 s'! (the exchange rate corresponding to a residence time of 65 ps) is a lower
limit value for the exchange rate of water in the solvation shell of La®*. This is in good
agreement with the extrapolated value of 6.3 x 101 5! obtained from reference 86, as

discussed above (for fp = 1/6, T, = 11 ps and the exchange rate would be 9.1 x 101%s°1).
1. =4/3n a3 (nkT) fy (3.13)

In the cases of chloride and perchlorate, the variation of T2'1/11 with the La(III}
concentration was too small to allow any regression to be made which could have

allowed such a comparison with the chemical shift data. However, the fact that the
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parameters  determined  from chemical shifts and, independently, from
viscosity-uncorrected relaxation rates are in good agreement, suggests that in these two
cases also, as for nitrate, the quadrupolar relaxation is controlled by water exchange in
the solvation shell.

In conclusion, the chemical shifts and the transverse relaxation rates
(linewidths) of ¥La NMR in the aqueous solutions of nitrate, chloride, and
perchlorate, have been measured as a function of La(Ill) concentration. The
experimental data could be accounted for by the presence of 1 : 1 inner sphere
complexes of La(Ill) with these three anions. The thermodynamic stability constants of
formation of these ion pairs were determined by introducing activity coefficient effects
to the data analyses. They are 0.4 - 0.5 for nitrate, 0.1 - 0.2 for chloride, and 0.02 - 0.04

for perchlorate.
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Figure 3.6: Viscosity corrected !3%La NMR transverse relaxation rates as a
function of lanthanum concentration for lanthanum nitrate, perchlorate,

and chloride in aqueous solution. (%) nitrate, (o) perchlorate, and (&)

chloride. pH=5.5+0.1. T = 300 K.
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3.2: The Nature of the La(Ill) First Coordination Sphere in Acetonitrile
Solutions Studied by *3La and 170 NMR Spectroscopy

3.2.1 Introduction:

In the preceding section, the formation of ion pairs was detected by 1¥La NMR
in the aqueous solutions of lanthanum salts. It is expected that ion pairs will be formed
more easily in poorly coordinating solvents. However, information on such interactions
is rather scarceS). Bunzli et al has investigated the interactions between lanthanoid
cations and perchlorate anions in anhydrous acetonitrile solutions by FTIR
spectroscopy. They found that inner sphere complexes of Ln** with Cl0O,- were formed
in these systems(193.109), The nature of the solutions of lanthanidé chloride in methanol
and methanol-water mixtures has been studied by several techniques, including X-ray
diffraction(s!109, NMR spectroscopy®1:6268), ultrasonic absorption measurements{106),
and UV-Visible spectroscopy®?. On the basis of these studies, evidence was found to
show that contact ion pairs are formed between Ln3* and Cl" in water-methanol
solutions. As methanol replaces water, the degree of Ln-Cl inner sphere coordination
increases. Inner sphere complexes of Ln>* with nitrate and perchlorate anions were also
found to be formed in methanol-water solutions®?.

We are mainly interested in the complexation of lanthanoid cations with crown
ethers in non-aqueous solutions. As a first step, some basic knowledge of the
coordination behavior of these metal ions alone in solution is needed. In this part of the
thesis, the nature of the La%* coordination sphere was investigated by means of 1**La
and 170 NMR spectwoscopies when the salt La(NO;); 6H,O was dissolved in
anhydrous acetonitrile. These NMR techniques permit one to characterize the
competition between small amounts of water and bulk solvent molecules for the
occupation of the La(Il) first coordination shell. A model is proposed, and a
quantitative interpretation of the results is given, allowing the calculation of the
equilibrium constant of formation of the monohydrated spe;:ies, La(NO;)3.H,0.
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3.2.2 Results and Discussions.

The chemical shifts and linewidths of the '3La NMR spectra have been
measured as a function of the La(NO,);. 6H,0 concentration in acetonitrile. In the
range of concentrations studied, the 1*La NMR spectra consist of a single Lorentzian
line. Figure 3.7 shows a series of 1*La NMR spectra for various concentrations,
ranging from 0.010 M to 0.100 M. Because the variations of | the 139La NMR chemical
shifts and linewidths with concentration were scaail, the chemical shift and linewidth
for each spectrum of 1¥La were obtained by a complete lineshape analysis of the
experimental Lorentzian lines. The 3La NMR signals shift downfield, from 7.9 ppm
to 12.0 ppm, as the concentration of La(Ill) increases from 0.0050 M to 0.10 M. The
linewidths values decrease from 2750 Hz to 1930 Hz with an increase of the La(lll)
concentration from 0.0050 M to 0.10 M.

These results indicate that at least two different La(IIl) species, with different
chemical environments, coexist and exchange rapidly in the solution. The formation of
these different La(IIl) solution sites can be the results of interaction of La(IIl) with
nitrate anion, water, and/or solvent molecules.

The 170 NMR spectra proved useful in showing which kind of interaction is
dominant in the solution. Two 17O peaks were observed: at 428 ppm, corresponding to
the nitrate anion (Figure 3.8), and at higher fields, in the range -10 to 10 ppm,
corresponding to water (Figure 3.9). The 170 NMR chemical shifts and linewidths of
the nitrate anion are independent of the La(NOj3),.6H,0 concentrations, in the limits of
the experimental errors. The 170 NMR chemical shifts of water, on the other hand, vary
with the concentrations of hydrated lanthanum nitrate, from -2.26 ppm to 10.6 ppm in
the La(ITI) concentration range of 0.005 M to 0.10 M. Figure 3.8 and 3.9 show a series
of 170 NMR spectra for various concentrations of La(NO;)3.6H,0.

50



llll[llll]llll]lllllllll]lllI|[III|llllll|[l|ll]Ill[ll|lllllilll]llll
60 a0 20 0 © =20 -40 PPM  -60

Figure 3.7: A series of *La NMR spectra at various concentrations of La(NOj3); 6
H,0 in AN. Top to bottom [La(III)] = 0.100, 0.050, 0.040, 0.030, 0.020, and
0.010 M. T =300 K.
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Figure 3.8: 17
g O NMR spectra of N0, for La(NO;); 6 H,0 solution in AN, Top to
bottom [La(III)] = 0.090, 0.070, 0.050, 0.025, and 0.015 M. T =300 K
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Figure 3.9: 70 NMR spectra of H,!70 for La(NOy); 6 H,O solution in AN. Top to
bottom [La(IID)] = 0.090, 0.070, and 0.025 M. The bottom spectrum is free
water in AN ([H,0] =0.090 M). T = 300 K.
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These characteristics indicate the presence of only one type of NO;™ and of at
least two types of water molecules. As it has been shown by several stugiies(ﬁs'1°5-1°7).
all three nitrate anions are expected to be coordinated to the La(Ill) cation, while a
variable number of water molecules is expected to be in the first coordination sphere of
La(IH). The different La(II) sites, which are observed on the 3*La NMR spectra, are
thus attributed to chemical species characterized by a different number of water
molecules coordinated to La(IIl). The following model is proposed, and accounts for

the experimental data (Equations 3.14-3.21).
{La(NO3)s x H,0} + {H,0} = {La(NO5), (x+1) H,0} (3.14)

Let {A] = [La(NO;); x H,0] and [B] = [La(NO3), (x+1) H,0]

K = [BY/[H,0)[A] (3.15)
[A] ={La], - [B] (3.16)
[H,0] = (6 - x) x [La], - [B] @317
C=(7-x)x[Lal,+1/K (3.18)
D = (6 - x) x [La],2 (3.19)
[B]=0.5xC-(0.25 x C2- D)2 (3.20)

Where [La], is the initial ( or total } concentration of La(IIl).
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8,5 = 54 X (1 - [BY[Lal,) + 85  [B]/ [Lal, (3.21)

5, and &g are the chemical shifts for site A ({La(NO3); x H,0)) and site B
({La(NO,); (x+1) H,0)), respectively.

Using 84, &g, and K (cquilibﬁum constant) as adjustable parameters, the
observed 1%%La NMR chernical shifts (5,,,) were fitte:d through equations 3.14 to 3.21
by a three-parameter nonlinear regression procedure®®), The regressions were dune
with different x values. The results are reported in Table 3.2. Figure 3.10 shows the
observed !13La NMR chemical shifts (8 as a function of La(NOs); 6 H,O
concentratiuns in acetonitrile solutions, in whichi the points are experimental and the
line is calculated from the valnes of the adjustable parameters with x = 0 reported in
Table 3.2.

A similar treatment was made for linewidths(v ).

(Vi)ops = (Vida (1 - [B)/Laly) + (vip)s [BlLa), (3.22)

(Vipda: (V12)p » the linewidths respectively for site A and site B, and K are used
as adjustable parameters. The results are also given in Table 3.2. Figure 3.11 gives the
variations of (Vyy)qps With the concentration of hydrated lanthanum nitrate, in which the
points are experimental and the curve is calculated, based on the values of the
parameters of Table 3.2 with x = 0.

The regressions were done for all the values of x between 0 and 4. From the
results reported in Table 3.2, it appears that the 1*La NMR chemical shifts and
linewidths results can be accounted for by a model such as the one of equation 3.14.
However, the quality of the 1%°La NMR data, particularly the small range of variations,
precludes a fine analysis to be successful in determining X, the number of coordinated
water molecules. There is a strong covariance between x and the equilibrium constant
K in the non-linear regression procedure. Figure 3.10 and 3.11 are the regression curves
with x = 0 for the chemical shifts and linewidths, respectively. Very similar regression
curves, which are not shown, were obtained with other x values.
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Tsble 3.2:

Equilibrium constants and 13%_.a NMR parameters characterizing the La(III)

species in acetonitrile solutions of La(NO;); 6H,0 (T=300 K)

N dp° LogK?  (Vipat s Log K#
X7 (ppm) (ppm) (kHz) (kHz)
0 5.810.6 12.940.2 1.1204% 2924005 1601006  0.8+0.2
1 5.780.7 13.020.2 1.2+0.4 2.9310.05 1.6010.06  0.940.2
2 5.7+0.7 13.010.3 1.4+0.5 2.9410.06 1.59£006  1.0x0.3
3 5.610.7 13.0+£0.3 1.5+£0.6 2.94+0.06  1.57+0.07 1.1+0.5
4 52409 13.110.3 1.810.9 2.9610.06 1.53+0.07 1.320.7

a, Number of water moleculcs.in the tirst coordination shell of La(tl);

b, 139L.a NMR chemical shift of species A ({La(NO)3 x H,0});

c, 13%.a NMR chemical shift of species B ({La(NO3); (x+1)H,0});

dg, Equilibrium constants (equation 3..5) determined from chemical shift

variation (d) and from linewidth variation (g);

e, 1397.a NMR linewidth of species A ({La(NOQ;); x H,0});

f, 13%La NMR linewidth of species B ({La(NQ3); (x+1)H,0});

h,

All errors are given as one standard deviation, o, for the nonlinear

regression.
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Figure 3.10: 'La NMR chemical shifis as a function of La(NOj); 6 HO
concentration in AN, The data points are experimentz! z2ad the curve is

calculated from the values of the adjustable parameters reported in table 3.2

with x = 0.
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Figure 3.11: '?La NMR transverse relaxation rates as a function of La(NQO5); 6 H,0
concentration in AN. The data points are experimental and the curvz is

calculated from the values of the adjustable parameters reported in table 3.2
withx=0.
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The 170 NMR chemical shifts of water were then considered. On the basis of
the model of Equations 3.14 to 3.21, and assuming that all the complexed water
molecules have the same 17O NMR chemical shift, the observed 170 NMR chemical
shifts is the weighted sum of the characteristic chemical shifts of coordinated and free

(or solvated) water.

Sob, = 8{ [HzO}f/ 6 [La]o + 80 [HzO]c /6 [-L’a]o (3.23)
[H,0]. = x [La], + [B] (3.24)
[H,0]; = 6 [La], - [H;0], (3.25)

Where [B] and [La], are the same as described previously. 8¢ and & are the 170
chemical shifts for free and complexed water, respectively.

The 170 NMR chemical shifts of free water have been measured by adding
given amounts of water to anhydrous acetonitrile. Only a very slight dependence of &
upon the water concentration could be observed. At water concentrations of 0.62 and
0.31 M, shifts of -5.92 ppm and -6.10 ppm were respectively observed and we chose
-6.00 ppm as the value of & for the non-linear regression analysis. The observed 170
NMR chemical shifts of water for La(NOj); 6 H,O acetonitrile solutions were then
fitted through equations 3.14 to 3.21 and 3.23 to 3.25 using &, K, and x as the
adjustable parameters. The result of this regression is reported in Table 3.3. In Figure
3.12, the points are the experimental values of the 70O NMR chemical shifts of water
and the curve is calculated from the parameters reported in Table 3.3. The non-linear
regression gives a value for x (see Equation 3.14) of zero. It is worth stressing that the
K values obtained from 170 NMR chemical shift data and from both 1*La NMR
chemnical shift and linewidth data are in good agreement. This is strong support for the

proposed model.
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Table 3.3:

Equilibrium constant and H,'?O NMR parameters of characterizing the La(IIT)

chemical species in acetonitrile solutions of La(NQ;); 6H,0 (T=300 K)

X1 S(ppm) Log K*
-0.01+0.064 120+5 0.9+0.3
a, Number of water molecules in the first coordination shell of La(lII);
b, 170 NMR chemical shift of the water molecule coordinated to
La(IID);
c, Equilibrium constant (equation 3.15) determined from the water 17

NMR chemical shift variation;
d, All errors are given as one standard deviation, ¢, from the nonlinear

regression.
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Figure 3.12: 170 NMR chemica! shifts of H,O as a function of La(NQ,); 6 H,0
concentration in AN. The data points are experimental and the curve is

calculated from the values of the adjustable parameters reported in table 3.3

with 8¢ = -6.00 ppm.
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The !13%La NMR chemical shift of La(NOs); in acetonitrile is 5.8 + 0.6 ppm
(x=0; Table 3.2). Evans and Missen@? have investigated the interactions between
NOj;" and La(Ill) by progressively adding (NBu,)(NO,) to the anhydrous acetonitrile
solution of lanthanum perchiorate. They found that both chemical shift and linewidth of
139 o NMR first increased then decreased as the ratio of NOy™ : La(IIl) increased. At
the ratio of 3:1 (NO;/La(IIl)), the observed 1391 a NMR chemical shift was 10 £ 2 ppm
(see reference 65, Figure 3). This value is comparable with our result although the
systems involved are not identical.

The 13%La NMR chemical shift of La(NO3)3.H,0, 129 £ 0.2 ppm, is higher
than that of La(NQs)y. The shift is caused by the replacement of acetonitrile
molecule(s) by a water molecule in the first coordination shell of La(III). A similar
result was reported by Evans and Missen(), They showed that the progressive addition
of water to an anhydrous La(ClOg); solution in acetonitrile caused the ’La NMR
signals to shift downfield.

The calculated 1%La NMR linewidths for La(NO,); and La(NO3);.H,0 are 2.9
kHz and 1.6 kHz, respectively. Again, tl‘le calculated linewidth value of La(NQO,)s is of
the same order of magnitude as that reported by Evans and Missen(®3 (v, ~ 3.8 £ 0.2
kHz at NO;~ : La(TII) of 3 : 1, estimated from Figure 3 of reference 65). It is interesting
that the 1¥La linewidth value for La(NO3);.H,0 is smaller than that for La(NOj3)5. This
indicates a higher symmetry of the electronic charge distribution around the 1392
nucleus in La(NO;);H,O than in La(NO,);, when an oxygenated ligand (water)
replaces one or several acetonitrile molecules in the first coordination sphere of La(III).

The 170 NMR chemical shift of free water in acetonitrile is about -6 ppm. This
shift is understood on the basis of hydrogen bond breaking, resulting in an increased
shielding of the 70 nucleus!®®, Values of -11.3 £ 0.6 ppm and -6.8 ppm have been
reported in the literature1971%) for the 170 chemical shift of water in acetonitrile.

The 170 NMR chemical shift of a water molecule coordinated to the lanthanum
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cation is 120 £ 4 ppm. Paramagnetic lanthanide cations have been used as "shift
reagents” in 170 NMR measurements'%), but, unfortunately, there is no any 170 NMR
data on water coc;rdinatcd to diamagnetic lanthanide cation available in the literature,
and so a direct comparison of the 8, (170) obtained in the present work is impossible.
However, 170 NMR chemical shifts of coordinated water of +6 ppm in Al(H,0)¢**
(110) .131.8 ppm in PA(H,0):2* (11, and 126 ppm in cis-Co(en),(H,0),** 1 have
been reported. Even in diamagnetic systems, the 70 NMR chemical shift of water
varies widely upon complexation, and is very dependent upon the nature of the metal
cation.

Finally, from Figure 3.9, one should note that the 170 signal of coordinated
water is considerably broadened, compared to the signal of non-coordinated water. In
the case of free water, the linewidth of 170 and coupling constant (J(17O - 'H)) arz 25
Hz and 80 Hz respectively. Since the chemical exchange between free and complexed
water is very fast, the observed 170 NMR spectra will be the population averaged of
free and complexed water in these two sites. Assuming that the 170 - 'H coupling
constant is also 80 Hz for the complexed water, the obtained 170 NMR spectra will be
the weighted sum of two triplets with (ifferent linewidths. From the data of table 3.3,
and on the basis of equation 3.14, a simulation of the various 17O spectra as a function
of the total water concentration was performed by using the linewidth for the
complexed water as a variable. Examples of the simulations are given in figure 3.13,
for the cases of figure 3.9, The characteristic water 7O linewidth of the species

La(NO3);. H,0 could be determined from the simulations: it is equal to 400 £ 50 Hz as

an average value.
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Figure 3.13: Calculated !0 NMR spectra of H,'70 for La(NO3); 6 H,O

solution in AN. These spectra are respectively corresponding to the

cases shown in figure 3.9. The data points are experimental.

64



There are several possible contributions to the 170 NMR line broadening when
the water coordinates to the La(IlT) cation. One is the water chemical exchange
between its free and coordinated sites. To verify this contribution, we recorded 170
NMR spectra of two samples ([La(NO3); 6 H,0] = 0.050 and 0.090 M) on a 500 MHz
Spectrometer. The experiments were done with proton decoupling. The 170 NMR
results, obtained respectively at 40.66 Milz (7.05 T NMR Spectrometer) and at 67.77
MHz (11.75 T NMR Spectrometer) are reported in table 3.4.

Table 3.4:

170 NMR parameters of H;O in the acetonitrile solutions of La(NO3); 6 H,O

[La]e(M) 8°(ppm) v12°(Hz2) 5°(ppm) v1p°(H2)
0.050 7.40 76 7.12 67

0.090 10.48 80 10.22 74

a, The concentrations of La(NO5); 6 HyO in acetenitrile;

b, 17Q chemical shift and linewidth of H,O observed at 40.66 MHz;
c, - 170 chemical shift and linewidth of H,O observed at 67.77 MHz.
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From the data reported in table 3.4, one can see that, for a given La(NOs); 6
H,O concentration in AN, the same linewidth was observed at different resonance
frequencies. This excludes the contribution of chemical exchange to the linewidth since
the line broadening caused by a chemical exchange depends on the applied magnetic

field as expressed in equation 3.26.
(V1ex = 4 PP (V- Vo2 (k, + k)t (3.26)

Where (V1) is the chemical exchange contribution to the linewidth. P; and P,
are the populations of water molecules respectively in free and coordinated states. vy
and v, are the 170 chemical shifts (in Hz) of the water in these two sites. k, + ky, is the
sum of the pseudo-first order rate constants characterizing the water chemical
exchange.

Siz~e 170 is a quadrupolar nucleus (I = 5/2, Q = 0.026 x 1072 m?), the
broadened 170 NMR signal -of the complexed HyO could be the result of the direct
quadrupolar interaction ( the interaction of the electric field gradient with the
quadrupolar moment of 170), due to the increase of the electric field gradient at the 170
nucleus when a water molecule coordinates to the La(TlI) catior. This contribution to
the 170 linewidth is defined as (rTq)™! in the following discussion. Furthermore, since
1391 a has a natural abundance of 99.91 %, the line broadening of the coordinated water
170 signal could result also from the indirect quadrupolar interaction between 70 and
13913 nuclei (170 - 13%La coupling). This kind of interaction is referred to as a scalar
relaxation of the second kind, which occurs when a nucleus (nucleus I) couples to
another nucleus (nucleus S) which relaxes rapidly. This will have a significant : ffect on
the T, of nucleus I in a manner analogous to the effects of a chemical exchange. It
appears that it is the case for the interaction between 170 and *La in this system.
Since the transverse relaxation rate of 13%La(III) in the species La(NO3)3. H,O is about
5,000 Hz (see Table 3.2), and since the system is under extreme narrowing conditions
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(T, = T,), very plausibly, from the known values of coupling constants involving the
170 nucleus®!, T, 1(1¥%La) >> 'J(¥La -170)|. An indirect coupling between 1391 5
and 170 cannot be directly observed under these very fast relaxation conditions because
the multiplets caused by the coupling would be entirely collapsed!!¥). Under the
condition of T, '(**¥%La) >> [U(}*La -170)|, the contribution of the indirect coupling

between 170 and 13%La to the 170 iinewidth, (vip)y js(115)
(1) = 4/3 m 12 T, (PLa) 1 (I+1) ' (3.27)

Where T,(!%La) is the **La longitudinal relaxation time and I is the nuclear
spin number for 1*’La.

Combining the contributions from the direct quadrupolar interaction and the
scalar relaxation of the second kind, the 170 linewidth for he complexed Hy0 can be

expressed as
(Vie =(Tag)e)t +21 n I T,(1*La) : (3.28)

Here (n(Tyq))" and 21 = J2 T,(1%La) respectively are the 7O quadrupolar
relaxation and the indirect coupling contributions to the 170 linewidth of the

coordinated water.

Under extreme narrowing conditions, Tyq = Taq for 70 and Ty = T, for *La,

so that
(Vip)e = (R(Ty)d)™ +21 © J2 To(1¥La) (3.29)
or (Ty Ve = (Tygh) +21 12 T, (¥La) (3.30)
21 n 32T, (*9La) = ((Ty ), - (Tig o) (3.31)
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To calculate the value of J, we measured the 170 longitudinal relaxation time
(T1)opss Which is 5.18 x 1073 seconds for the La(NC3)3 6 HyO concentration of 0.090 M.
Since (TyVgps = PeT1 Y + Po(T™),, where P is the population of free or complexed
water, and since T, = T, for free water, (T;), can be calculated from the results
obtained from the nonlinear regression analyses of the 170 NMR data. At La(NOs); 6
H,0 conceniration of 0.090 M, (T1 Vgps = 193 5°1, P, = 0.1332, and P¢ = 0.8668. Since
for free water (Ty)¢! = (To)f! = 78.5 Hz, (T;")), is equal to 938 Hz. The 17( linewidth
of coordinated water has been given previously (vi, = 400 Hz). On the basis of
equation 3.31 and taking the To(13La) value for the species (La(NOs); H,0) from
table 3.2, one can eventually calculate the coupling constant between 70 and 1*La, J,
which is 88 + 13 Hz. |

In conclusion, the 39La and 7O NMR chemical shifts and linewidths have been
measured as a function of La(NO;); 6 H,0 in acetonitrile. The results have been
quantitatively interi:reted through a chemical equilibrium model, in which two La(IlI)
species, La(NO;); and La(NO3); H,O , coexist and exchange rapidly in solution. The
variation of the 2**La and 17O NMR parameters with the concentraticn of La(NO;); 6
H,0 results from the population increase of the species La(NO;)3.H,0. The detailed

analysis of 170 NMR spectra allows the evaluation of the indirect coupling constant

between 170 of coordinated water and 13%La, 15(170 - 139La).
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Chapter 4

The Coinplexas of La(lll) with Crown Ethers

in Non-Aqueous Solutions

4.1 Introduction:

The study of crown ether-metal complexes has been an active area of research
since Pedersen first reported these multidentate ligands in 19673, Macrocyclic
ligands such as crown ethers were first designed as synthetic models to mimic the
properties of the natural ionophores towards alkali and alkaline earth metal cations.
Therefore, the complexation between crown ethers and those cations has been
extensively investigated. This kind of research has recently been extended to the
lanthanide cations®), which was mainly motivated by their analogy with alkali and
alkaline earth cations and theiz uses as spectroscopic probes for the study of biological
systerms.

A brief review of the literature about the complexation of lanthanide cations
with crown ethers has been given in the section 1.2 of chapter 1. As mentioned in that
section, although a number of solid Ln** - crown ether complexes have been
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synthesized and their crystal structures have been determined, the studies of their
properties in solution are rather scarce(®>- 38-4D),

Nuclear Magnetic Resonance Spectroscopy has showed its significant
advantages in the elucidation of thermodynamic and kinetic properties of alkali metal
cation complexes with crown ethers in solution!!®). In the present work, this technique
has been applied to Lu(II) - crown ether systems, The results related to the structure
and formation of La(IIl) complexes with crown ethers in non-aqueous solution are
reported in this chapter,

Table 4.1 lists the systems which have been investigated. Figure 4.1 shows the
crown ethers used in the present work. The formation of La(III) complexes with crown
ethers was studied by multinuclear magnetic resonance (*H, *C, 170, and *°La). The

structural information of these complexes in the solution phase will also be discussed.

Table 4.1 Systemns investigated
Salts Solvents Ligands Nuclei”
LaCl; 7 H;0 Methanol 18C6 1391 2
LaCl; 7 H,0 Methanoi B15C5 139 a
La(NQ,); 6 H,0 Acetonitrile 18C6 13913, 1H, 3¢, 70
La(NO;)3 6 H,0  Acetonitrile DB24C8 13914, 13C, 170
La(NO;); 6 H,0  Acetonitrile B15CS 1391 .a,1H, 13C, V0
La(NO;); 6 H,0  Acetonitrile 15CS 1H and 13C

* The NMR observations were made on those nuclei.
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Figure 4.1: Crown Ethers, A, B15C5; B, 15C5, C, 18C6, and D, DB24C5.

4.2 Complexation of La(Ill) with Crown Ethers:

4.2.1: LaCl; 7 H,O and 18C6 in Methanol

The 13%La NIwR spectrum of a LaCl;.7H,0 solution in methanol consists of a
single, broad, Lorentzian line. The addition of 18C6 to the solution resulted in the
appearance of a much broader line resonating at lower frequency. The lineshapes were
almost invariant with temperature variations (300 K < T < 330 K ). This is the
indication of two species in very slow exchange on the chemical shift time scaie.
Figures 4.2 to 4.4 show series of the 1*®La NMR spectra of hydrated lanthanum
chloride solutions in methanol in the presence of 18C6. Since the crown ether is known
to form a 1:1 complex with La(III) in methanol(!1?), the simplest interpretation for the

observed spectra is that they result from the superposition of two Lorentzian absorption

71



lines corresponding to the uncomplexed La(IIl) solvated cation, and to the 1:1 La(IIT) :
18C6 complex.

The spectrum resulting from the superposition of two Lorentzian signals can be
described by equation 411851 which is the two-site slow exchange case (k - 0) of
the general equation given by Gold and Zdunek*!?) for an imperfectly phase-corrected

spectrum.
I(v)=C[(M+N) cosd + (P+Q)sind ]+ B “.1)

M=T,,P5 / (14472 T, 2(v4-V)®)
N=(1-P)Tap / (1+4 12 Top“( vg- V)2
P=T,42PA(Va - V)/ (144 T2 T2 (V4 - V)P
Q=(1-P )T vg- V) / (1+4 12 To52( vg- V)?)

Tos, Top and V4, Vg correspond to the transverse relaxation times and the
chemical shifts of the solvated (A) and complexed (B) sites respectively. C is a scaling
factor. P, is the population of site A ( here, uncomplexed *?La(IID)). It was difficult to
adequately adjust the phase and baseline of the broad, overlapping peaks.
Consequently, the simulation of these spectra required phase angle (¢) and baseline (B)
parameters to be included in the lineshape equation.

Table 4.2 gives the results of the deconvolution of the observed spectra on
the ba#is of equation 4.1, for three La(IIT) total concentrations at several values of the
ratio p =[18C6]},/ {La(IID)],,. The transverse relaxation rate characterizing the solvated
site, Too™"* was found to be a constant, within experimental error, for a given total
La(III) concentration: 6.8 kHz (0.20 M), 6.3 kHz (0.10 M), and 5.1 kHz (0.050 M). The
decrease of the relaxation rate as the concentration decreases is an indication of ionic
association. This is further confirmed by the variation of the chemical shift for the
solvated La(Ill): 165, 194 and 230 ppm, respectively for [La(Ill)] = 0.20, 0.10, and
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0.050 M. In the previous chapter, we have shown the formation of ion pairs in LaCl,
aqueous solutions. It is expected that this kind of reaction will be stronger in MeOH
solution. A similar variation of the !3*La chemical shifts with a variation of the LaCl,
concentration was observed for the complexed species: 130, 150, 167 ppm. These
observations point to the participation of the chloride anion in the first coordination
sphere of the lanthanum cation, both in the solvated and in the complexed species. This
has been shown recently to be the case in the solid state for a hydrated gadolinium
chloride complex with 18C6@2), McCain®® has studied concentrated solutions of
LaCl, in methanol, water, and bin<ry mixtures of methanol and water, by '¥La and
35C1 NMR. The!*%La chemical shift of a 1.45 M LaCl; solution in methanol was found
to be 293 ppm, and the linewidth was 3800 Hz. These values are in the same order of
magnitude with these of the present study. In the binary mixtures, there was evidence
for the formation of La-Ci inner sphere complex when the percentage of methanol was
> 66%. The interaction between La3* and Cl- in methanol solutions is also confirmed
by ultrasonic absorption experiments(1%), X-ray investigation120:121), and 13%La NMR
measurements(6®),

Despite the fact that the nature of the coordinating atoms (oxygens) is the same
in the solvated and in the macrocyclic ligand, substantial chemical shirt differences
between the solvated and the complexed cations can be observed. This is an indication
that, in methanol solution, the crown ether occupies the first coordination sphere of the
La(TII) cation. The 13%La NMR signals of the La(IlI) complexed species were so broad
that only an estimate could be made for the value of the transverse relaxation rate of the
complexed 1*La(TIl). They are 65, 54, and 28 kHz respectively for [La(lI)], = 0.200,
0.100 and 0.050 M. These very large values reflect a large quadrupolar coupling
constant resulting from a strong dissymmetry of the electric charge distribution around
the first coordination shell of the La(IIl) cation. Again, this is in good agreement with

direct coordination of the crown ether on the La(III).
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Figure 4.2: **La NMR spectra of LaCl; 7 H,0 solutions in methanol in the presence
of 18C6 for various values of p. [La(ll)], = (.L050 M. T = 300 K. Top to

bottom, p ( = [18C6], / [LaCl; 7 H,0],) = 1.40, 1.20, 1.00, 0.90, 0.70, 0.50,
0.30, 0.00.
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Figure 4.3: *La NMR spectra of LaCl; 7 H,O solutions in methanol in the presence
of 18C6 for various values of p. [La(lll)], = 0.100 M. T = 300 K. Top to

bottom, p ( = [18C6], / [LaCl, 7 H,0],) = 1.40, 1.20, 1.00, 0.70, 0.50, 0.30,
0.00.
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Figure 4.4: La NMR spectra of LaCl; 7 H,0 solutions in methanol in the presence

of 18C6 for various values p. [LadIl], = 0.200 M. T = 300 K. Top to bottom, p
(=[18C6],/[LaCl, 7 H,01,,) = 1.40, 1.20, 1.00, 0.50, 0.70, 0.50, 0.30, 0.00.
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Table 4.2

13%La NMR parameters of La(III) and its complex with 18C6 in methanol solution

(Lal, p? Ppb (Ty )¢ N 5p°
0.200 0.00 1.00 6.110.3 165
0.200 0.50 0.4310.07 6.5£0.5 165 130
0.200 0.70 0.3310.02 6.74).5 165 130
0.200 0.90 0.1940.01 Tx1 165 130
0.200 1.00 0.0610.01 741 165 130
0.200 1.40 - 130
0.100 0.00 1.00 6.1£0.3 194
0.100 0.50 0.460.09 6.40.5 194 150
0.100 0.70 0.31:0.02 6.410.5 194 150
0.100 1.00 0.0740.01 7+1 194 150
0.100 1.40 150
0.050 0.00 1.00 4.840.3 230
0.050 0.50 0.45+0.01 4.80.5 230 167
0.050 0.70 0.3410.01 4.840.5 230 167
0.050 0.90 0.1610.01 5.040.5 230 167
0.050 1.00 0.1240.01 61 230 167
0.050 1.40 — —— 167
[18C6], / [La(ID],;

Normalized population of uncomplexed La(Ill), determined from the spectra
deconvolution;
139 a transverse relaxation rates (kHz) of uncomplexed La(III) (site A);
13%La NMR chemical shifts (ppm) of uncomplexed La(I1I);
139].a NMR chemical shifts (ppm) of La(Il) complex with 18C6.
77



| I T I N SN TR U N
0 Of 02 03 04 05 06 07 08 09 10 LI 12

iz 14 15

Figure 4.5: Normalized population of uncomplexed La(IIl) as a fuiiction of p. T=300
K. The data points were obtained from the non-linear regression analysis of the
experimental 3%La NMR spectra and the solid lines were calculated on the

basis of log K¢ = 3.2. [La(III)], = (a) 0.200, (b) 0.100, and (c) 0.050 M.
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From the normalized populations of the solvated ( see Table 4.2 ) and of the
complexed lanthanum cation, it was possible to calculate an equilibrium constant of
i >rmation for the 1:1 La(IIl) : 18C6 complex. A mean value of log K¢ =3.2 + 0.5 was
obtained. This value is in excellent agreement with the result given by Izatt er al. on the
same system(!1?), using titration calorimetry (log K; = 3.29). Recently, Ohyoshi and
Kohata(1?? reinvestigated this system using a spectrophotometric procedure. They
obtained a value of log K; = 3.89 £ 0.8 for the stability constant of La(IIl)-18C6
complex. The value of 3.25 for log K; on the sam= system was also reported in the
literature12, Once again, the results obtained in the present work are in very good
agreement with literature values. Figure 4.5 shows the normalized population of the
solvated La(III) as a function of the ratio [18C6], / [La(IID1,. In figure 4.5, the data

points are experimental and the solid lines have been calculated from the value of log

Kf = 3.2.
4.2.2: LaCl; 7 H,O and B15CS in Methanol;

In this system, a single Lorentzian line was observed in the presence and in
the absence of B15CS5 in the solutions. Figure 4.6 shows a series of 13%La NMR spectra
with different ratios of B15C5 : La(III) for this system. The *La NMR spectrum was
located at 229 ppm with a linewidth of 1.6 KHz in the case of a 0.050 M LaCl; 7 H,0O
solution in methanol. The spectra were not affected by the addition of B15C5 into the
solutions. These results indicate that there is no observable complexation occurring
between B15CS and La(IIT) in MeOH.

As shown in the last section, the complexation of La(IIl) with 18C6 was
observed in the same system, the B15C5, however, could not replace the methanol
molecules or counterion(s) to form a similar complex with La(ITII). The results obtained
by 13%La NMR in the cases of 18C6 and B15C5 confirm that the stability of the lighter
lanthanide complexes with 18C6 is much higher than with other crown ethers. This was
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previously explained by the close simi.larity between the cation ionic radius and the
radius of the internal cavity of the macrocyclic polyetherst!?%). The complexes between
metal cations and crown ethers are of the host - guest type. For this kind of complex, a
size match between the host and the guest is an important factor for the stabilization of
the complex. Especially in the above two systems, the size compatibility between
La(III) and crown ethers is the main factor affecting the stability of the complexes since
the counterion and the solvent used are the same. From the known values of La(Ill)
ionic radius (2.43 A, CN = 9) and of the cavity diameters of the crown ethers (2.5 A for
18C6 and 1.9 A for 15C5)3%), it is expected that the complex of La(IIT) with 18C6 be
more stable than with B15C5. '

An outer sphere complexation between La(II) and B15CS5 might occur, but
with less probability, since both 1**La chemical shift and linewidth were invariant with
the B15CS concentration variations in the solution.

Finally, as will be discussed later in section 4.2.5, the formation of the La(III)
complex with BI15C5 has been observed in the system of La(NO3); 6 H,O - B15CS5 -
AN. No observable complexation occuring between La(Ill) and B15C5 in MeOH
indicai=; that the properties of solvent molecules have a strong effect on the

complexation of La(Ill) with crown ethers.
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Figure 4.6: "*La NMR spectra of LaCl; 7 H;0 solutions in methanol in the presence

of B15C5 for various values of p. {La(d)], = 0.010 M. T = 300 K. Top to
bottom, p ( = [B15CS), / [LaCl; 7 H,0],) = 1.4, 1.00, 0.70, 0.50, 0.00.

81



4.2.3: La(NQO4)3.6H,0 and 18C6 in Acetonitrile Solution

Acetonitrile was used as the solvent for the rest of work in this thesis since it
has a low viscosity and is a good ionizing solvent; in addition, it coordinates relatively
weakly to the La(IIl) cation.

Figure 4.7 shows a series of 1**La NMR spectra for a series of p values (p =
[18C6], / [La],) in the case of total La(Iil) concentration ([La},) of 0.015 M. Atp =0
there is no crown ether present and the 1¥L.a NMR spectrum of a 0.015 M solution of
La(NOj3); .6H,0 in acetonitrile was characterized by a chemical shift of 9.6 ppm and a
linewidth of 2.5 kHz. This ¥La NMR signal results from a equilibrium involving
(La(NQOs); (AN),} and {La(NO4); H,0 (AN),} species as described in section 3.2.2
(see equation 3.14 with x = 0). When p > 0, another *La NMR signal corresponding to
the 18C6 complexed species appeared at lower frequency , with a chemical shift of
-139 ppm and a linewidth of 4.4 kHz. In the region of 0 < p < 1, the resonances
characterizing the free and the complexed La(IIl) species coexist and the temperature
variations (300< T < 335) do not affect the 13%La NMR lineshape, indicating that the
exchange of La(III) between its free and crown ether complexed sites is very slow on
the '*La NMR timescale. At p > 1, the NMR signal of free lanthanum disappeared and,
except for the one located in -139 ppm, no other 13%La resonances were observed.
These observations are an indication that a 1:1 complex between La(ITl) and 18C6 is
formed.

To evaluate the formation constant of the complex {La(Ill) 18C6), the
procedure described previously in section 4.2.1 (see equation 4.1) was also applied to
the full lineshape analysis of the spectra, except that v,, the chemical shift of solvated
La(Ill), was used as an adjustable parameter. The deconvolution results for the
observed spectra of two solutions, [La(I)]=0.015 M and 0.010 M, with several p
values, are reported in table 4.3. Figure 4.8 shows the relationship between p and the
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normalized population of the uncomplexed La(ITI) species. The linearity of the plot in
figure 4.8 is an indication that the formation of the complex is quantitative where the
formation constant can be estimated to be greater than 10%. Bunzli, er al.®9
investigated the same system by means of !H NMR. They obtained the formation
constant of log K; = 4.4 for the complex by integration of the signals of the free and
coordinated crown ether and assuming a 1:1 stoichiomewy®¥. The quantitative
formation of a 1 : 1 Pr>* complex with 18C6 in acetonitrile was also concluded from
electronic absorption measurements®®, Stoichiometries of 4 : 3 and 1 : 1 for the
La(lI) : 18C6 complexes have been reported in solid sate®637. In the case of the 4 : 3
stoichiometry, one of the La(III) was found to be coordinated only by the nitrate anions
in the complex. When dissolved in acetonitrile, a 4 : 3 La(lll) : 18C6 complex
dissociated to result in (La(NOjz); 18C6) and (La(NO;);) species present in the
solution®4,

The large differences of chemical shifts and linewidths between solvated and
complexed La(III) sites suggest that 18C6 occupies the La(IIl) first coordination sphere
in the complexed species. Compared to the free La(Ill), a much higher value of T,
was observed for the complexed species. This reflects a lowering of the overall
symmetry about La(IIT) in the La(III) - 18C6 complex. It is worth mentioning that the
chemical shifts and linewidths of the solvated La(IIl) species varied with p. This
indicates that the equilibrium involving different solvated La(IIT) species expressed in
equation 3.14 is shifted while there is formation of the La{IIl) complex with 18C6. The

detailed discussion of this effect will be given in the section 4.3 of this chapter.
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Figure 4.7: 13La NMR spectra of La(NO,); 6 H,0 solutions in acetonitile in the
presence of 18C6 for various values of p. [La(Ill)], = 0.015 M. T = 300 K. Top

to bottom, p ( = [18C6], / [La(NO3)4 6 H,0],) = 1.20, 1.00, 0.90, 0.70, 0.50,
0.00.
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Table 4.3.

c,

139La NMR parameters of LaQNO3); 6 H,0 in acetonitrile solutions in the presence of

different amount of 18C6

[Lal, p° P’ (Toa™V)° (Top ') 8a? 57
M) (kHz) (kHz) (ppr) (ppm)
0.015 0.00 1.00 7.410.3 o 9.61+0.5  -----
0.015 048 0.5240.05 5.710.4 16+1 221 -
0.015 0.61 0.424+0.04 5.4+0.5 15+1 24t1 -
0.01s 093 0.05+0.03 3.840.5 14%1 271 e
0.015 1.00 e 12¢1 - -139+1
0015 145 W  eee e 131 - -139+1
0.010 0.00 1.00 7.6203 e 8.6£0.5 ...
0.010 0.50 0.521+0.04 6.310.5 14%1 A - 3 S—
0.010 0.70 0.31+0.02 5.940.5 1311 251
0.010 0.90 0.1240.03 4.210.5 13£1 K 2/5- - S—
0010 100 W - e 14+1 —-- -13241
0.010 1.30 —— ———— 1321 e -132+1

p = [18C6], / [La(t)],;

The normalized population of uncomplexed La(III) determined from the lineshape

analysis of the spectra;

Taa™! and Tt were the 13%La transverse relaxation rates of solvated La(II}) (site A)

and complexed La(TIl) ( site B ), respectively;

05 and 8p were defined as the chemical shifts of 3%La NMR for site A and site B

respectively.
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Figure 4.8: Normalized population of uncomplexed La(III) as é function of p. T = 300
K. The data points were obtained from the non-linear regression analysis of the
experimental 13%La NMR spectra. [La(III)], = 0.015 M.
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H and 1*C NMR provide another way to investigate the complexation between
La** and crown ethers. The 'H and !3C NMR spectra of the ligand 18C6 were recorded
under a constant ligand concentration, while varying the amounts of La(NO); 6 H,0
in acetonitrile solutions. Figure 4.9 gives a series of 18C6 IH NMR spectra with
different R (= [La(lil)], / [18C6],) values. As expected, a single peak was observed for
free 18C6 since all its protons are equivalent due to symmetry. The 'H chemical shift is
3.502 ppm for a 0.0032 M solution of 18C6 in CD3CN. The addition of lanthanum
nitrate into the solution resulted in the appearance of another single peak located at
higher frequency (3 = 3.838 ppm), attributed to the 18C6 complexed to La(Ill). This
downfield shift is induced by the coordination of 18C6 to the La** cation. When 0 <R <
1, two peaks, corresponding to the free and to the complexed 18C6, were obtained. The
integrations of these 'H NMR signals indicated that a 1:1 complex of 18C6 and La(IIT)
was quantitatively formed. Those results are in agreement with that reported in the
literature®® and are a good support for the results obtained by the 3La NMR
lineshape analysis.

Figure 4.10 shows the 13C NMR spectra of 18C5 for various values of R. The
13C NMR spectra of 18C6 have the characteristics similar to the protons. When R =0, a
single peak with a chemical shift of 70.79 ppm was observed, characterizing the 18C6
in the solvated site. In the case of R > 1, all the 18C6 molecules present in the sciution
being complexed, a single signal located at 71.06 ppm was found. In the region of 0 < R
< 1, these two peaks coexisted. R

The >C and 'H NMR spectra are characteristic of a very slow ligand exchange
on the two respective chemical shift time scales. Furthermore, in the case of complexed
18C6, only one single signal was observed on the 'H and 13C NMR spectra, indicating
that all the protons and all the carbons of the complexed 18C6 are equivalent or
averaged by a fast exchange. This is not the case for the lanthanum complexes with

15C5 and B15CS5 as it will be shown later in section 4.2.5 and 4.2.6.
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Figure 4.9: 'H NMR spectra of 18C6 solutions in acetonitrile in the presence of
La(NO;)3 6 H,0 for various values of R. [18C6], = 0.0032 M. T = 300 K. Top

to bottom, R ( = [La(NOy); 6 H,0], / [18C6],) = 1.00, 0.85, 0.75, 0.50, 0.35,
0.15, 0.00.
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Figure 4.10: 13C NMR spectra of 18C6 solutions in acetonitrile in the presence of
-La(NO3)3 6 H,0 for various values of R. [18C6], = 0.021 M. T =300 K. Top to
bottom, R (= [La(NO,); 6 H,0], / [18C6],) = 1.20, 1.00, 0.79, 0.51, 0.23, 0.00.
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4.2.4: La(NO;); 6 H,O and DB24C8 in Acetonitrile

Figure 4.11 shows a series of 1**La NMR spectra of a 0.10 M La(NO3); 6 H,0
solution in acetonitrile in the presence of various amounts of DB24C8. A single peak
was observed on the 1La NMR specira for all p (= [crown ether], / [La(fIl)],, as
defined previously) values. The 13La linewidths increased with the increase of p, from
1.9 kHz for p = 0.0 to about 7.2 kHz in the case of p = 1.40. The chemical shifts of
1391 3 varied slightly with p. Table 4.4 gives the 13%La NMR results for this system. The
characteristics observed on the 1*La NMR spectra could result from two possibilities:
a fast La(III) exchange between solvated and complexed sites and the co-location of
two peaks corresponding respectively to the La(III) cation in these two sites. The latter
case is less plausible since we carefully analyzed the 13°La NMR spectra and
Lorentzian lineshapes were found for all of them. Therefore, the characteristics of the
13912 NMR spectra in this system indicate that the La(II) cation exchanges rapidly
between different states in the solution.

In the previous section, it has been shown that the La(III) cation exchange
between its solvated site and the site complexed by 18C6 is slow. The different
behaviors of La(III} species exhibited in the system involving DB24C8 are attributed to
the coordination property differences between 18C6 and DB24CR. Because of the
presence of dibenzo-substituents, the basicity of the oxygen atoms of DB24C8
decreases due to the electron-withdrawing effect of the phenyl rings. The substitution
also causes an increase of the ligand rigidity. Consequently, the phenyl substitution on
the polyether will depress the complexation. It has been reported that the presence of
the t-butyl-pheny! substituent on 15C5 causes a large decrease, approximately of three
orders of magnitude, of the stability constant for the Ln(IIl) - crown ether complexes
and the destabilization provided by the t-butyl-phenyl substituent is found to be larger
for the 18-membered systems than the 15-membered polyether®3. Since there are two
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phenv! substdtuents in DB24C8, the weaker interactions between La(Ill) and the
oxygen atoms of DB24C8 are expected. It has been reported that in non-aqueous
solvents DB24C8 can wrap around a sodium cation and expel the conjugate anion
(tetraphenylborate) and the solvent molecules from the cation coordination
sphere(15-128), However, the similar "wrap around" structure is not expected for the
La(III) - DB24C8 complex since the nitrate anions which have a strong coordination
property should occupy the first coordination sphere of the La(III) cation. Therefore, it
is reasonable to interpret these results by a second sphere coordination of the
lanthanum cation by DB24C8. The first sphere, on the other hand, should be occupied
by the nitrate anions and residual solvent molecules, water and/or AN. As it will be
shown later in this chapter, the coordinated water molecule remains in the inner sphere
during the course of the La(IIl) complexation by DB24C8. Another example for this
case is the complex {Gd(NOs); 18C6 (H,0);} in the solid state®”. The crystal
structure of this complex indicates that Gd(III) is coordinated by three bidentate nitrates
and by three water molecules while the 18C6 is held in the lattice by weak hydrogen
bonds from coordinated water. The above interpretation is also supported by the 1*La
NMR chemical shift results. Table 4.4 shows that the 3*La chemical shifts vary only
slightly in the presence of DB24CS8 in the solutions, about 7 ppm from p= 0.0 to p > 1.
Compared to the corresponding values obtained in the case of the La(IIl) - 18C6
complex (~ 150 ppm), such a small variation in the chemical shifts cannot lead to the
conclusion of formation of an inner sphere complex between La(III) and DB24C8.

The 13%La linewidths, on the other hand, vary strongly with the amounts of
DB24C8 present in the solutions, T, increasing from 6.0 kHz for p = 0 to ~ 23 kHz
for p = 1.4. Besides the effect of macroscopic viscosity of the solution, the increase of
the 13%La linewidths can also be the result of the volume difference between free and
complexed La(IIl) species. The 1*°La linewidth depends on two factors (as shown in
equation 3.1): one is the quadrupolar coupling constant which is related to the
symmetry of the La(III) coordination environment; the other is the entire volume of the
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La(Il) complex which is reflected in the correlation time as indicated in equation 4.2.
The correlation time, T, is proportional to the cube of a, the diameter of a La(Ill)
complex. Although a very small variation on the 13°La chemical shifts with p suggests
that DB24C8 may not directly coordinate to the metal cation, the size of the La(IIl)
complex coordinated by DB24CS8 is expected to be larger than that of the solvated one,
which will lead to the increase of the !**La linewidth.

1. =43 na’ (nkT) fx 4.2)
Since the chemical shift variation with p is very small and since the linewidths
are tco large (for instance, av,;, ~ 7 kHz when p > 1) to be measured accurately in the

cases of p > and ~ 1, it is impossible to determine precisely the stoichiometry of the

La(Ili) - DB24C8 complex from the 13°La NMR results.
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Figure 4.11: 1¥La NMR spectra of LaQNO,), 6 H,O solutions in acetonitrile in the
presence of DB24C8 for various values of p. [La(II)], = 0.100 M. T = 300 K.
Top to bottom, p ( = [18C6], / [La(NO4)3 6 H,0],) = 1.40, 1.20, 1.00, 0.88,
0.60, 0.40, 0.00.



Table 4.4:

The 13%La NMR experimental data of a 0.10 M La(NO5); 6 H,O solution in AN in the

presence of DB24C8, for various values of p

p? S(ppm)® (T, ) (kHz)
0.00 11 6.0
0.42 9 13
0.59 9 16
0.77 8 18
0.88 7 20
1.00 4 21
1.20 4 22
1.40 4 23
a, The ratio of [DB24C8],, / [La(I)],;
b, The !39La chemical shifts, errors are estimated to be %1 to +5 ppm;
c, The transverse relaxation rates, errors are estimated to be 0.3 to +1 kHz.
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The complexation of La(IIl) with DB24C8 in acetonitrile was also observed by
13C NMR of the ligand. Figure 4.12 shows the ether region of the DB24C8 13C NMR
spectra with the presence of different amounts of La(NO3); 6 H,O in the AN solutions.
Because of two phenyl substituents, the ether carbons of DB24C8 are no longer
equivalent. As a result, three signals were observed on the !3C NMR spectra of the
DB24C8. For a 0.012 M DB24C8 solution in acetonitrile, these three peaks are
respectively at 71.26, 70.16, and 69.42 ppm. The assignments of the 13C NMR peaks
for the DB24CS ether ring have been done by HETCOR technique in CD3NO,
solution?, The carbon closer to the benzene ring has the lowest chemical shift
(highest field resonance). When lanthanum nitrate was added to the crown ether
solutions, shifts were observed on the 13C NMR signals, indicating the complexation
between DB24CR and La(III). The fact that no additional peaks could be observed on
the 13C NMR spectra when different amounts of La(NO3); 6 H,O were present in the
soiudons, shows.that the ligand exchange is also fast on the 3C NMR chemical shift
time scale. These results are consistent with that obtained by !*°La NMR spectra shown
previously. Furthermore, the 13C chemical shifts changed monotonically with R
([La{II)], / [crown ether],) in a range of 0 £ R £ 1.4. This may indicate that a complex
with a higher ratio of La(IIl) : DB24CS8, such as 2 : 1, was formed, which needs to be
verified by recording the 1°C NMR spectra of DB24C8 at higher R values. A plot of

13C chemical shifts as a function of R is given in figure 4.13.
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Figure 4.12; 13C NMR spectra of DB24CS solutions in acetonitrile in the presence of
La(NO;}; 6 HyO for various R values. [DB24C8], = 0.012 M. T = 300 K. Top
to bottom, R (= [La(NO,), 6 H,0],/ [DB24C8],) = 1.47, 1.05, 0.84, 0.63, 0.42,
0.21, 0.00. |
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Figure 4.13: 3C NMR chemical shifts of DB24C8 (the resonance at highest field
shown in figure 4.12) as a function of R ( R = [La(NQ;);6H,0], / [DB24C8],).
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4.2.5 La(NQO5), 6 H,0 and B15CS5 in Acetonitrile:

Figure 4.14 shows a series of 1¥La NMR spectra of a 0.020 M La(NO,); 6 H,0O
solution in AN in the presence of various amounts of B15CS. A single 13%La NMR
peak was observed in all the cases. The chemical shifts decreased with the increase of
p, from 11 ppm for p = 0 to -46 ppm for p > 1. The linewidths varied with the values of
p as well, but in a different manner compared to the chemical shift variation. The
observed linewidths were around 2 kHz for both p = 0 and p > 1. The largest value of
the linewidths was about 4 kHz which appeared in the cases of 0 < p < 1. The
longitudinal relaxation rates, T,!, were measured for some samples. Differences
between T,"! and T,"! were found in the cases of 0 < p < 1. The 13La NMR data are
reported in table 4.5. All these results point to a limited fast chemical exchange
between La(IIl) solvated and complexed species. Contrary to the present case, it was
shown in section 4.2.3 that the La(IIT) exchange is slow in the system involving 18C6.
This may be ascribed to the structural differences between the La(IIl) complexes with
the two ligands, 18C6 and B15CS5. The detailed discussions on the structure of the
La(TII) complexes with crown ethers will be given later in this chapter and in chapter 5.
The kinetic study related to the present system can be found in chapter 6 of this thesis.
It should be mentioned that the La(IIl) complex with B15C5 has a low solubility in
AN, precipitation occurring when p > 0.35. As a consequence, the stoichiometry of the
La(IIT) complex with B15CS3 in the solution can not be accurately determined.

At 2 lower La(NO3); 6 H,O concentration ([La(Ill)], = 0.0050), separated
signals corresponding respectively to the solvated and complexed La(IlI) were
observed on the 13La NMR spectra in the cases of 0 < p < 1. This indicates that the
La(HI) chemical exchange in this case is slower compared to the case of [La(Ill)], =
0.020 M. The dependence of the chemical exchange rate on fhe total concentration of
the cation is directly related to the mechanism of the exchange reaction. The detailed
discussions about this point will be given in chapter 6. Figure 4.15 shows a series of
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the ¥9La NMR spectra recorded for a 0.0050 M. La(NO,); 6 H,0 solution in AN in the
presence of B15C35. The disappearance of the solvated La(Ill) signal on the 3%La NMR
spectra at p 2 1 is an indication that a 1 : 1 La(Il) : B15C5 complex is quantitatively
formed. The formation of a stable 1 : 1 complex between La(Ill) and B15CS is also
detecicd by the B15CS proton NMR observations. These results will be shown later in
this section.

In both cases, [La{II)], = 0.020 M and 0.0050 M, the same chemical shift was
observed for the complexed La(IIl) (-46 ppm). This relatively large upfield shift upon
the complex formation indicates that the ligand B15C5 participates in the first
coordination sphere of La(Ill) in the complex. A solid 1 : 1 complex of La(NQs); with
B15CS, {La(NO3); B15CS}, was isolated from acetone®%126), It was found that both
nitrate and B15C35 coordinated directly to the La(Ill) cation. Crystals of this complex
were prepared and its structure determination was done. These results will be shown in
the next chapter of this thesis.

The 'H NMR spectra of B15CS were recorded for a 0.0061 M crown ether
solution in CD3CN in the presence of La(NO;); 6 H,0. Figure 4.16 shows the spectra
for various values of R (R = [LaI], / [crown ether],). Because of the phenyl
substitution, multiple signals corresponding to the ether protons were observed. When
R =0, there is no lanthanum nitrate present in the solution, the 'H NMR spectrum of
B15C5 consists of two 4-spin AA’BB’ and one 4-spin AA’XX’ patterns. One of the
4-spin AA'BB’ patterns is at highest frequenéy attributed to the aromatic protons. The
other 4-spin AA’BB’ pattern and the 4-spin AA’XX’ pattern are at lower frequency, and
correspond to the methylene protons of the B15C5. When linthanum nitrate was
introduced to the solution, these proton peaks lost their high resolution feature and their
chemical shifts varied with R, This is an indication that chemical exchange of the

ligands in different states is moderately fast on the 'H NMR time scale.
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Figure 4.14;: '3La NMR spectra of La(NO3); 6 H,0 solutions in acetonitrile in the
presence of B15C5 for various values of p. [La(lID], = 0.020 M. T = 300 K.
Top to bottom, p ( = [B15C5], / [La(NO3); 6 H,0],) = 1.30, 1.05, 0.80, 0.50,
0.35, 0.20, 0.10, 0.00. *, the precipitation occurred from p = 0.50 to higher p

values.
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Table 4.5:
139La NMR experimental data of 0.020 M La(NO;)5 6 H,O in the presence of

B15C5 in AN solutions for various p values

p? 8(ppm)® (T ) (kHz) (T, ) (kHz)
0.00 10.0 6.5+0.2 6.8
0.10 7.9 6.8+0.7 8.4
0.15 7 6.5+0.4 8.9
0.20 S — 9.5
0.25 0 6.7+0.3 10.1
0.30 2 6.8+0.7 10.1
0.35 9 11.5
0.50° -6 9.9
0.65 -14 9.4
0.80 -25 8.4
1.05 -44 53
1.30 T S — 5.0

a, The ratio of [B15C5], / [La(lID)],;

b, Chemical shifts, errors are estimated to be %1 to 2 ppm;

c, ’ Longitudinal relaxation rates;

d, Transverse relaxation rates, errors are estimated to be $0.2 to +0.6 kHz;
e, The precipitation occurred from this point to higher p values.
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Figure 4.15: La NMR spectra of La(NO,); 6 H,O solutions in acetonitrile in the
presence of B15C5 for various values of p. [La(lID], = 0.0050 M. T = 300 K.

Top to bottom, p (= [B15C3], / [La(NOy); 6 H,0],) = 1.20, 1.03, 0.60, 0.40,
0.30, 0.18, 0.00.
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Figure 4.16: 'H NMR spectra of B15C5 solutions in acetonitrile in the presence of
La(NO3)3 6 H,0 for various values of R. [B15C5], = 0.0061 M. T =300K. Top

to bottom, R ( = [La(NOy); 6 H,0], / [B15C5],) = 1.23, 1.06, 0.85, 0.63, 0.42,
0.21, 0.00.

103



From figure 4.16, it can be seen that one ! H peak (with a * in the figure) is well
separated from the others in the ether region. The chemical shift of this peak varied
with R in the cases of 0 < R < 1 and was constant when R 2 1. A similar characteristics
is also shown by thc aromatic proton peaks. A plot the 'H chemical shifts of this peak
as a function of R is shown in figure 4.17. From the plot, one may conclude that a
stable 1 : 1 La(III) : B15C5 complex is formed in the solution. A 1 : 1 strongly bound
lanthanide-B15CS complex has been detected by Simon et al.®%in a lanthanide
perchlorate solution in acetonitrile.

Proton decoupled !3C NMR spectra of the B1SCS in this system exhibit
characteristics similar to the proton ones. The 13C NMR obs-ervations were made for a
0.015 M B15C5 solution in AN in the presence of LaQNO3); 6 HyO. The 13C NMR
spectra of B15CS5 in the ether region are shown in figure 4.18 for various values of R.
As expected, four peaks were observed for free B15C5.. When different amounts of
La(NQ;); 6 H,0 were added to the solution, these 13C signals changed their positions
and their lineshapes. These obiservations are an indication that the B15C5 exchange
between its solvated site and the site complexed by La(Ill) is also moderaiely fast on
the 13C NMR time scale. When R 2 1, four 13C peaks with equal intensities appeared
again but with different chemical shifts compafed to those obtained in the case of R =
0. This is further evidence that the complex of La(Il) with B15C5 in aratio of 1 : 1 is
quantitatively formed. Again, because of the low solubility of the complex
La(lI)-B15CS5 in AN, some precipitation was also found in some of 13C NMR samples.

Finally, it is noteworthy that different features were observed for the aromatic
and methylene protons of the B15C5 on the 'H NMR spectra in the cases of R = 1. The
NMR spectra of the aromatic protons have high resolution characteristics. However,
this is not the case for the methylene protons. The different observed behaviors of these
protons can be interpreted by an exchange process involving the coordinated B15C5,

which will be discussed in detail in chapter 6.
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Figure 4.17: 'H NMR chemical shifts of B15C5 (the resonance indicated by * in
figure 4.16) as a function of R ( = [La(NQ;);6H,0), / [B15C5],).
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Figure 4.18: 13C NMR spectra of B15CS solutions in acetonitrile in the presence of
La(NOs); 6 H;0 for various values of R, [B15C5], = 0.015 M. T = 300 K. Top
to bottom, R (= [La(NO), 6 H,0], / {B15C5],) = 1.20, 1.00, 0.40, 0.20, 0.00.
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4.2.6 La(NOs); 6 H,O and 15C5 in AN

Because the complex La(III)-15CS has a very low solubility in acetonitrile, the
1391 3 NMR measurements were not made on this system. The complexation between
La(TIT) and 15C5 was investigated by the H and the 13C NMR of the ligand. The 'H
and 13C NMR spectra were recorded in a constant 15CS concentration in CD;CN
| whereas the concentrations of lanthanum nitrate in the solutions were varied. The 'H
NMR spectra of a 0.0032 M 15CS solution in CD,CN are shown in figure 4.19. When
R =0, the 'H NMR spectrum of 15C5 exhibits a single peak with a chemical shift of
3.575 ppm characterizing the solvated 15CS. In the cases of 0 < R < 1, this peak
remains at its position but with line broadening. In addition, another group of 'H peaks
can be observed at higher frequency in the proton spectra. These 'H signals correspond
to the comple;ced 15C5. When R increases, the intensity of the solvated 15C5 signal
decreases whereas the intensity of the complexed 15CS increases. Those observations
show clearly that complexation between La(IIl) and 15C5 occurs. The ligand exchange
between its solvated and complexed sites is relatively slow on the 'H NMR time scale.
When R 2 1, the 'H peak corresponding to the solvated 15C5 disappears and, except for
the peaks of complexed 15CS, no additional signals were observed. This is an
indication that the complex formed has a 1 : 1 stoichiometry and that the complex
formation is quantitative, which was also confirmed by the integrations of the 'H peaks.
In the previous section, it has been shown that the NMR spectra of the ether
protons of the complexed B15C5 have no high resolution features. This characteristic
was also observed on the *H NMR spectra of the complexed 15CS. Again, this feature
of the complexed 15C5 proton NMR spectra can be interpreted by an exchange process
involving the coordinated ligand as will be described and discussed in chapter 6.
The complexation between 15C5 and La(IIl) was also shown by the *C NMR
spectra. Figure 4.20 shows a series of 3C NMR spectra of a 0.0043 M 15CS solution in
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CD5CN in the presence of hydrated lanthanum nitrate. In contrast with the 1H NMR
spectra shown above, a single peak was observed for all the samples. The position and
linewidths of this peak varied with R in the range of 0 < R < 1 and were unchanged in
the cases of R 2 1. In the range of 0 < R < 1, the 13C NMR chemical shifts decreased
linearly with the concentration of La(III). The linewidths varied also with the variation
of R. The maximum linewidth was observed in the case of half equimolar of lanthanum
nitrate being added into the sample. All these results show typical characteristics of a
ligand undergoing a moderately rapid chemical exchange between two sites, on the 13C
chemical shift time scale.

A plot of the 1°C chemical shifts as a function of R is given in figure 4.21. The
plot can be accounted for by the formation of a stable 1 : 1 complex, which is
consistent with the result obtained from the 'H NMR observations. A solvent free
complex La(NO;)3-15C5 with a stoichiometry of 1 : 1 has been isolated in the solid
state®436), The single crystal structure analysis for this complex has also been reported
in the literature3D,

The variation of 13C linewidths with R will provide kinetic information about

the 15C5 exchange. They will be described in chapter 6.
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Figure 4.19: 'H NMR spectra of 15CS5 solutions in acetonitrile in the presence of

La(NO3); 6 H,0 for various values of R. [15C5], = 0.0032 M. T = 300 K. Top

to bottom, R (= {La(NO3); 6 H,O, / [15C5],) = 1.18, 1.00, 0.81, 0.62, 0.43,
0.19, 0.00.
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Figure 4.20: 13C NMR spectra of 15C5 solutions in acetonitrile in the presence of
La(NO,); 6 H,0 for various values of R. [15C5], = 0.0043 M. T = 300 K. Top

to bottom, R ( = [La(NO3); 6 H,0], / [15C5],) = 1.33, 1.04, 0.76, 0.59, 0.30,
0.14, 0.00. |
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Figure 4.21: 1BC NMR chemical shifts of 15C5 as a function of R ( =
[LaNO;);36H,0], / [15C51,).
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- 4.3. The structure of the La(IIl) coordination shell in lanthanum crown ether

complexes.

In section 4.2, complexations between La(Ill) and crown ethers have been
shown by the results obtained from multinuclear magnetic resonance spectroscopy. We
hope to gain insight into which elements actually participate in the first coordination
sphere of the La(Ill) in those complexes. Considering the systems investigated, the
following species may be involved in the competition for the La(Ill) coordination
sphere: crown ethers, NO;™ , H,0, and CH,CN. In the previous chapter, the equilibrium
given in equation 4.2 has been used to interpret the 1¥La NMR data of the La(NO;); 6

H,0 solutions in acetonitrile.
(La(Ill) (NO3'); (AN))) +H,0 = {La(lll) (NOy); (AN),) H,0}  (4.2)

When crown ethers were introduced into the solution, the formation of
complexes between La(IIl) and crown ethers was observed. If the complexation has an
inner sphere characteristic, some of the species present in the first coordination shell of
the sclvated La(IIl) must be substituted. In order to verify which those species are, we
recorded the 170 NMR spectr;a for the samples containing various amounts of crown
ethers in the La(NO3); 6 H,O acetonitrile solutions.

The observations of ?0O NMR were made on a 0.015 M hexhydrated lanthanum
nitrate solution in acetonitrile in the presence of different amounts of B15C5. Only
water peaks were obtained on the 170 NMR spectra. No signals corresponding either .to
BI5C5 or to NO;  anions were observed, which might be because the natural
abundance of the 7O nucleus is low and the concentration of the solutions was also
relatively low. The 170 chemical shifts of H,0 varied with p (= [B15C5], / [La(D],)
within 0 € p < 1, from 2.98 ppm (p = 0) to -6.20 ppm (p = 1), whereas it was constant
in the cases of p 2 1 (-6.20 ppm). This value is consistent with the 17O chemical shift of
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free H,O, which has been checked by the 170 NMR spectrum of an acetonitrile
solution containing 0.09 M water (the water coicentration corresponding to 0.015 M of
La(NOjy); 6 H;0). Those results indicaie clearly that the water mciecules in the first
coordination shell of the solvated La(IIl) are replaced by B15C5 during the course of
the La(IIl} - crown ether complexation. Figute 4.22 shows the 170 chemical shifts of
H,O0 as a function of p.

At present, we have no information on the coordination states of the nitrate
anions, because their signals were not observed on the 170 NMR spectra. However, the
non-conductivity behavior of the lanthanide crown ether complexes in nonaqueous
soluticns reported in the literature30-36.130) jpdicate that all the nitrate anions remain in
the La(IlI} first coordination sphere for the complexed La(IIl) species. The presence of
the three NO;™ ions in the inner sphere of the La(llI) was also found in the complex
with phenanthroline!9”. Considering the fact that water has a stronger coordination
ability to the La(Ill) than acetoniirile molecules, it is reasonable to assume that the
solvent molecules (AN) are also replaced upon the crown ether complex formation and
the inner sphere‘ of the La(II%) are only occupied by B15C5 and NO;" ions. Therefore,
the coordination number of the La(III) complexed by B15C5 will be 11 if the bound
nitrate ions are bidentate. The absence of water and solvent molecules (here AN) in the
B15C5 - lanthanum nitrate complex agrees well with the corresponding compound in
the solid state®®13% and with the single crystal structure of the complex which will be
shown in the next chaprer.

That water was completely expelled from the inner coordination sphere of
La(TII) by B15C5 was found in the cases of p 2 1. This is another evidence that the 1 :
1 La(IID):B15CS complex is quantitatively formed in solution. The same conclusion
was reached in section 4.2.5.

As expected, the crown ether complexation will also affect the equilibrium of

the solvated La(IlI) species (see equation 4.2). This effect has been shown in section
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4.2.3 by the variations of *¥La chemical shifts and linewidths of the solvated La(IIl)
with p in the system involving 18C6 (see table 4.3). Since only water was released
upon the formation of the complex, it might be assumed that the effect is simply to shift
the equilibrium described in equation 4.2. On the basis of this assumption and of the

equation 4.2, the following relationships between water species and p can be obtained.
K =[B]} /[H,0J;/ [A] - (43)

Where B and A represent (La(Ill) (NO;?); (AN),)} and ({La(Ill) (NOs);
(AN),) H,0) respectively, and [H,0]; is the concentration of water in the free site.

Since water does not participate in the inner sphere of the complexed La(IIl),
the complexed La(I) species are not involved in the equilibrium described in equation

4.2, Therefore,

[A] = [La(D], - [B] - p x [La(lD], 4.4)
[H,0]¢ = 6 x [La(I)], - [B] 4.5)
[H,0], = [B] =0.5x C- (0.25 x C2 - D)!2 {4.6)

Where, C=1/K + (7 - p ) x [La(lll)], and D = 6 x (1 - p) x [La(lID] 2, and

[H,0]. is the concentration of water in the complexed site.

8.(170) = (8¢ x [HyOl; + §_ x [H,0]) / 6/ [La(lID)],, 4.7

On the basis of equation 4.7 and by using a value of -6.20 ppm for &; (chemical
shift of free water) and taking the K and §_ values from tabie 3.3 of Chapter 3, §4, the
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water 170 chemical shifts for the solutions in the presence of B15CS, were calculated.
The results are shown in figure 4.22 as a solid line. The calculated chemical shifts and
the experimental data are in good agreement, indicating that the above assumption is
reasonable. It should be mentioned that precipitation of the solid complex was found in
some samples. Since no water molecules were present in the B15C5 - La(III) complex
both in solution and in the solid state, that some of the complex précipitated out of the
solution does not affect the treatment of the water 170 NMR results described above.

The replacement of the water present in the inner sphere of La(Ill) in the
solvated state by B15C5 upon the formation of the crown ether complexes was also
observed by the water proton NMR observations. The water 'H NMR peak was
monitored for the B15C5 AN-d; solutions in the presence of various amounts of
La(NOs); 6 H,O. In the cases of R < 1 (R = [La(NO3); 6 H,O ], / [B15C5], ), no
chemical shift variation was found on the 'H peak of water. If the conclusion given
previously is correct, this result is obvious since all water molecules are in their free
state in this range of R. When R is greater than 1, a substantial variation of the 1H
chemical shift on the water peak was observed, indicating that some water molecules
begin to join the inner sphere. of the solvated La(III). Figure 4.23 shows the water 1H
chemical shifts as a function of R.

The 170 and !H NMR cbservations were also made on the system involving
18C6. Compared to the B15C5 system, identical water 170 NMR spectra and 'H NMR
results were obtained, indicating that 18C6 also participated and replaced water
molecules in the La{IIT) inner sphere when the crown ether complex was formed. For-
15CS5, a similar conclusion can be reached from the water !H NMR observations made
on the corresponding system. Those results are not shown. Different results, however,
were obtained on the system containing DB24C8. No variations of the 17O chemical
shifts of the water signals was found for different p values, showing that DB24C8 did

not compete with water molecules for the La(Ill) inner sphere. This result may suggest
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that the discussion given in section 4.2.3 on the DB24C8 system is correct, that is, the
DB24C8 forms a secondary coordinated complex with La(Ill) (an outer-sphere
complex).

Based on the results obtained from the water 170 and 'TH NMR measurements,
one might conclude that the nature of the species present in the inner sphere of the
La(Ill) cations, complexed by 18CS, B15C5, and 15CS5, is the same in all these
systems: the crown ethers and the nitrate ions. From the IH NMR results of these
ligands, further discussion about the complex structures may be made. Unequivalent
characteristics of the methylene protons has been observed on the 'H NMR spectra for
the 15C5 complexed to La(III) (see figure 4.19). Similar characteristics were also found
in the '"H NMR spectra of the complexed B15C5 (see figure 4.16). Those unequivalent
protons in the ether ring must reflect the position of the crown ether present in the
La(III) complexes. It is known that the internal cavity of a 15-membered crown ether is
smaller than the ionic diameter of the La(II) cation, the former is 1.9 A¢3? (for 15C5)
and the latter is 2.43 A estimated upon CN = 9133, As a consequence, when it forms a
complex with 15C5 or with B15CS5, the La(III) cation can only stay outside the cavity
of those crown ethers. The "sandwich" type complexes of lanthanum with 15C5 have
been isolated for the counteranions of ClO;(13¥and PF¢<{1*). However, only a 1 : 1
15CS complex with lanthanum nitrate can be formed because NO;", associated with a
stronger coordination ability than ClO,” and PFg, will occupy the first coordination
shell of the La(III). Therefore, it might be expected that in the complex, the crown ether
will be found on one side of the La(IIl) coordination shell and nitrates will lie on the
other. This is exactly what is found in the crystal structure of the La(Il) - 15C5
complex(!*) (which will also be described in the next chapter). If the structures of the
complex in solution and in the solid state are the same or very similar, the unequivalent
behavior of the protons for the complexed 15C5 will be logical since the protons are in
the different environment due to the effer:t of La(III) cation, The same thing will be true
for the B15C5 - La(Il) complex. The zroton NMR spectra for the complexed 15C5 and
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B15C5 might indicate that the arrangement of the coordination components around
La(III) cation in the complex is also the same in solution and in the solid state. This
point will be further discussed in chapters 5 and 6.

The situation is different in the case of 18C6. The cavity of 18C6(!36) (2.5 A) is
slightly larger than the ionic diameter of La(Ill) cation. In the complex, the La(III)
cation is expected to stay in the center of the crown ether. This is found to be the case
in the crystal structure of the lanthanum nitrate complex with 18C6©7, Since the effect
of La(Ill) cation for each of them is the same, the protons of the 18C6 will also be
equivalent in the complexed site. This characteristic was observed in the 186 1H

NMR spectra shown in figure 4.9, in which single 'H peaks were observed for boih free
and complexed 18C6.
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Chemical Shifts, S(ppm)
i A

Figure 4.22: 170 NMR chemical shifts of H,!?0 for La(NO;); 6 H,0 solution in AN in the

presence of BI5CS5 as a function of p. The data points are experimental and the solid

line is calculated on the basis of equations 4.3 to 4.8.
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Figure4.23:  Water proton NMR chemical shifts as a function of R
(R =[La(NOQ,)3 6 H,0),/ [B15C5],).
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Chapter 5

Crystal Structures of the La(lll) Complexes
with B15C5, 15C5, and 18C6

In order to compare the structures of the La(lIl) - crown ether complexes in
solution and in the solid state, the crystals of those complexes were prepared. Their

structures were determined by X-ray diffraction. These results are given in this chapter.

5.1, Experimental

5.1.1. Synthesis of the La(ITD) - crown ether complexes.

.An equal molar quantity of B15C5 was added to a 15 mL 0.015 M La(NO3); 6
H,0 solution in anhydrous acetonitrile. The reaction mixture was shaken until B15C5
was dissolved. The resulting solution was stored at room temperature for a week.
During that time, crystals suitable for an X-ray diffraction study formed. The crystals
were isolated by decantation of the solvent and dried with a stream of argon. The
crystal for an X-ray study was selected under a microscope and mounted in a glass
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capillary tube sealed under argon.

Similar procedures were used for the preparation of the 18C6 and 15C5
complexes except for the concentration of the hydrated lanthanum nitrate. For 18C6,
the concentration of La(Hﬁ in AN solution was 0.030 M. In the case of 15CS, [La(Ill)],
=0.010 M.

5.1.2. Crystallographic analysis.

{La (NO3); B15C5} CH,CN.

A crystal of dimensions 0.30 x 040 x 1.0 mm was used for X-ray
crystallographic analysis. The crystal was orthothombic. The diffracted intensities were
collected with M, K, radiation on a Nonius diffractometer using /28 scan technique
with profile analysis!), The space group was determined from the systematic
absences. Unit cell parameters were obtained from 24 reflections by least-squares
refinement with 20 in the range of 40.00 - 45.00°. Lorentz and polarization factors were
applied. An absorption correction was made with an empirical ¥ scan method. The

minimum and maximum transmission factors are 0.808749 and 0.999623 respectively.

The structure was solved by the direct method. The refinement was done by a
full matrix least-squares with counting statistical weight. Because of the small ratio of
reflection to variable, the carbon atoms were not refined anisotropically. Almost all the
hydrogen atoms were found by different Fourier maps. All the calculations were
performed with the NRCVAX Crystal Structure Program(3®, The absolute
configuration was determined with the approach developed in reference (139). The last
least-squares cycle was calculated with 58 atoms, 265 parameters, and 2436 out of the
unique 2526 reflections. The residuals on significant reflections are R; = 0.031 and R,
= 0.033 with GoF = 9.15. For all reflections, both R¢ and R,, are 0.033, where R; = £
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(Fo = FJ / Z Foi
R, =[Z W (F, - F)®) / £ (w (F)!1'2, and GoF = [Z (w (F, - F)%) / (No. of reflns - No.
of params.)//2, The maximum shift and ¢ ratio in the final least-squares cyvcle was

1.902. The details of data collection parameters are given in table 5.1.
{La (NOy); 18C6}

For this complex, data were collected on a Rigaku diffractometer. No correction
was made for absorption. The rest of the procedures are similar to those used for the

B15C5 complex. A summary of data collection for this compound is given in table 5.2.
{La (NO3); 15C5}
The crystallographic analysis of this complex was also done on a Rigaku -
diffractometer. The procedures involved in the X-ray study of {La(NQO,); 15C5} are

the same as those applied for BISCS complex. Table 5.3 is a summary of data

collection for this compound.
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Table 5.1.

Crystallographic Data and Collection
B15C5)CH,CN

Parameters for

{La(NO;),

Formula
Molecular weight
Crystal dimensions (mm)
Crystal system
Space group
Lattice parameters:

a,

b, A

5

, degree

Cell vol. A3
Z, (molecules/czil)
F(000), electrons
dca]c » 8/ cm?
Linear absorption coeff. (1) mm!
Radiation
2 0 (max), degree
No. reflections measured
No. unique reflections
No. unique refl. L., > no(L )
Last least sq. cycle calcd. with

R (sig. refl.)
R,, (sig. refl.)
Goodness of fit
Rf (all reﬂ.)
R,, (all refl.)
Max. shift/c
Last D-map:
deepest hole, e/ A3
highest peak, e/ A3
Sec. ext.coeff.

LaC 6H23N4014
634,57
02x04x1.0
orthorhombic
P2,2,2,

12.823(3)°
13.6694(9)
13.7780(9)
90

2415.0

4

1303.76
1.745

1.85

Mo K¢, (A=0.70930 A)
44.8

2849

2526

2438

58 atoms, 264 parameters
and 2435 reflections
0.031

0.033

9.5

0.033

0.033

1.902

-0.690
0.560
0.746638

a, Estimated standard deviations are given in parentheses and referred to the last

digit printed.
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* Table 5.2.

Crystallographic Data and Collection Parareters for {La(NQ5); 18C6}

Formula
Molecular weight
Crystal dimensions (mm)
Crystal system
Space group
Lattice parameters:

a,

b A

o

, degree

Cell vol, A3
Z, {molecules/cell)
F(000), electrons
Deglc » B/ cm’
Linear absorption coeff. (i) mm-!
Radiation
2 0 (max), degree
No. reflections measured
No. unique reflections
No. unique refl. L., > no(,.,)
Last least sq. cycle calcd. with

R (sig. refl.)
R,, (sig. refl.)
Goodness of fit
R (all refl.)
R,, (all refl)
Max. shift/o
Last D-map:
deepest hole, e/ A3
highest peak, ¢/ A3
Sec. ext.coeff.

LaC,,H,,N.0O
58003 4 08
02x04%x04
orthorhombic
Pbca

15.637(4)2
21.893(10)
12.266(11)
90

4199(4)

8

2415.58
1.864
2.12 070030 A
Mo K¢, (A=0.70930 A)
46.9

3094
3094
2234

335 atoms, 281 parameters
and 2233 reflections

0.027
0.031
4.59

0.057
0.031
3.025

-0.590
0.380
0.567011

a, Estimated standard deviations are given in parentheses and referred to the last

digit printed.
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Table 5.3.

Crystallographic Data and Collection Parameters for (La(NO,); 15C5)

Formula
Molecular weight
Crystal dimensions (mm)
Crystal system
Space group
Lattice parameters:

a,

b, A

B, d

, degree

Cell vogf A3
Z., {molecules/cell)
F(000), electrons

dealc » &/ em®

Linear absorption coeff. (1) mm™*

Radiation

2 © (max), degree

No. reflections measured

No. unique reflections

No. unique refl. I, > no(L,.,)
Last least sq. cycle caled. with

R; (sig. refl.)
R,, (sig. refl.)
Goodness of fit
Ry (all refl.)
R, (all refl.)
Max. shift/c
Last D-map:
deepest hole, ef A3
highest peak, e/ A3
Sec. ext.coeff.

LaC 0
sas 1y 20N

02x02x0.2
monoclinic
PZI/C

9.3456(9)*
14.6670(13)
13.6647(9)
95.574(7)
i864.2(3)

1239.78

1.943

2.39 A
Mo K (A=0.70930 A)
44 SKa

2957

2768

2311

48 atoms, 334 parameters
and 2311 reflections
0.024

0.019

2.82

0.037

0.019

0.095

-0.460
0.580
0.866466

a, Estimated standard deviations are given in parentheses and referred to the last

digit printed.
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5.2 Description of the Structures of the Complexes

{La(NOs); B15C5} CH,CN:

In this complex, the cation La(IIl) is coordinated to five oxygen atoms of the
B15C5 and to the oxygen atoms of three bidentate nitrate anions. Therefore, the
coordination number is 11. Table 5.4 gives the atomic parameters for this compound.
Figure 5.1 shows an ORTEP drawing with its atomic numbering scheme. In the
complex, B15C5 is on one side of the La(lll} coordination sphere and three nitrate
aniors occupy the other side. Since the internal cavity of B15CS is smaller than the
ionic radius of La(IllI}, this arrangement of the ligands allows the metal ion to achieve
its high coordination number and to contact closely with the oxygen atoms of both
crown ether and nitrates. Some bond lengths and angles of interest are reported in table
5.5. The distances between La(IIl) and ether oxygens are in a range of 2.599 to 2.754
A, with an average of 2.691 A. This is in very good agreement with the average bond
length reported for other lanthanide nitrate - 15-membered crown ether complexes®?,
The six La-O(nitrate) distances are also different, from 2.559 to 2.657 A. The average
bond length of La-O’s(nitrate) is 2.591 A. Compared to the La-O(ether), the distance of
La-O(nitrate) is shorter, which may indicate that the interaction of La(IIT} with B15C5
is weaker than with nitrate.

No water or solvent molecules were found in the first coordination sphere of
La(IIT). This is in agreement with the results given in the previous chapter on the
structure in solution. One acetonitrile molecule was held in the lattice by a hydrogen
bond formed between CH3CN and the oxygen atom of one coordinated nitrate anion.

Table 5.6 gives the distances between the acetonitrile molecule and the nitrate in close

contact.
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(A)

(B)

H1lA

ROA

Figure 5.1:

ORTEP drawing (A) and numbering scheme (B) of (La (NO;); B15CS)
CH;CN complex.
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A

Figure 5.2:
Cell-packing diagram for (La (NO;); B15C5) CH;CN complex.
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Table 5.4.

Non-Hydrogen Atom Coordinates and Biso®
for {La(NO;); B15C5}CH;CN

Atoms X y z Biso
La 0.87102(10) 0.60847(8)° 0.93771(9) 3.01(5)
N1 1.0202(17) 0.6221(17) 1.1052(13) 4.1(10)
N2 1.0818(18) 0.5465(18) C.8523(17) 4.8(12)
N3 0.8509(14) 0.3940(14) 0.8894(17) 3.9(10)
N4 0.5694(22) 0.185(3) 0.7782(22) 10.5(20)
01 0.7077(9) 0.5792(9) 1.0581(11) 3.4(6)
o2 0.6731(11) 0.5659(12) 0.8734(10) 4.1(7)
03 0.7967(13) 0.6815(11) 0.7673(10) 4.7(8)
04 0.9085(12) 0.7931(11) 0.8866(11) 4.3(8)
05 0.7953(11) 0.7493(11) 1.0421(11) 5.2(8)
06 1.0872(12) 0.6176(15) 1.1686(12) 6.2(9)
07 1.0274(12) 0.6801(12) 1.0348(11) 4.9(8)
08 0.9383(12) 0.5695(11) 1.1086(10) 4.4(7)
09 1.1640(12) 0.5241(13) 0.8161(18) 7.3(11)
016 1.0264(12) 0.6164(12) 0.8187(11) 4.8(8)
011 1.0459(12) 0.5036(11) 0.9260(12) 4.9(8)
012 0.8513(16) 0.3077(11) 0.8677(14) 6.8(11)
013 0.8423(13) 0.4245(11) 0.9753(11) 4.6(8)
014 0.8634(15) 0.4594(10) 0.8239(11) 4.3(8)
Cl 0.6318(19) 0.5061(14) 1.0267(14) 3.74)
C2 0.6163(17) 0.5011(13) 0.9294(15) 3.74)
C3 0.5427(22) 0.4353(19) 0.8905(18) 5.5(6)
C4 0.4917(20) 0.3753(18) 0.9580(18) 5.6(6)
Cs 0.5065(18) 0.3795(18) 1.0518(17) 5.1(5)
Cé6 0.5815(19) 0.4478(18) 1.0917(15) 4.7(5)
Cc7 0.6583(19) 0.5682(18) 0.7682(16) 4.8(6)
C8 0.6937(21) 0.6604(20) 0.7317(18) 5.4(6)
C9 0.8259(22) 0.7726(21) 0.7307(21) 6.0(7)
C10 0.9177(22) 0.8027(21) 0.7783(19) 5.9(6)
Cil 0.8594(23) 0.8696(19) 0.9356(23) 6.7(6)
Ciz 0.8455(20) 0.8427(18) 1.0347(17) 5.7(6)
C13 0.7459(20) 0.7260(17) 1.1339(17) 1.905)
Cl4 0.6619(22) 0.6551(21) 1.1121(21) 4.4(6)
C15 0.619(3) 0.1554(25) 0.839(3) 8.1(9)
C16 0.688(3) 0.120(3) 0.912(3) 10.2(11)

a, Biso is the mean of the principal axes of the thermal ellipsoid.

b, Estimated standard deviations are given in parentheses and referred to the last

digit printed.
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Table 5.5.

Selected bond lengths and angles for {La(NO3); B15C5}CH;CN

Bond Lengths (A)

La-O1 2.714(8)" Ta-02 2.754(8)
La-03 2.730(9) La-04 2.660(9)
La-O5 2.599(8) La-0O7 2.592(9)
La-O8 2.559(8) La-010 2.577(8)
La-O11 2.657(8) : La-013 2.582(9)
La-O14 2.580(8)

Bond Angles (degree)
01-La-010 172.2(3) 0O1-La-014 101.3(3)
01-La-013 66.68(25) 01-La-03 108.5(3)
01-La-08 70.1(3) 01-La-02 56.39(24)
0O1-La-04 117.56(24) 01-La-011 126.3(3)
01-La-07 110.2(3) - 01-La-05 ‘ 59.99(22)
010-La-014 71.5(3) 010-La-013 105.8(3)
010-La-03 73.1(3) 010-La-08 109.8(3)
010-La-02 121.0(3) 010-La-04 70.0(3)
010-La-O11 48.5(3) 010-La-07 73.7(3)
010-La-05 127.7(3) 014-La-013 48.5(3)
014-La-03 - 76.3(3) 014-La-08 113.7(3)
014-La-02 - 66.4(3) 014-La-04 127.7(3)
014-La-011 64.6(3) 014-La-07 129.8(3)
014-La-05 155.5(3) 013-La-03 118.6(3)
013-La-08 70.3(3) 013-La-02 74.4(3)
013-La-04 175.6(3) 013-La-011 66.8(30
013-La-07 111.5(3) 013-La-05 124.0(3)
03-La-08 170.0(3) 03-La-02 58.4(3)
03-La-04 59.6(3) 03-La-011 116.4(3)
03-La-07 125.4(3) 03-La-05 94.0(3)
08-La-02 124.0(3) 08-La-04 111.8(3)
08-La-011 70.3(3) 08-La-07 49,1(3)
08-La-05 76.7(3) 02.La-04 106.7(3)
02-La-011 130.0(3) 02-La-07 163.1(3)
02-La-0O5 89.3(3) 04-La-011 110.0(3)
04-La-07 68.8(3) 04-La-05 60.4(3)
011-La-07 65.3(3) 011-La-05 138.5(3)
07-La-05 74.2(3)

a, Estimated standard deviations are given in parentheses and referred to the last
digit printed.
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Table 5.6. Intramolecular contact between the acetonitrile molecule and a coordinated

nitrate anion for {La(NO,); B15C5)CH,CN

Atoms Distance (A)
H(16A) - O(12) 3.4879
H(16C) - O(12) 2.4054
H(16C) - O(13) 3.9887
C(16) - O(12) 3.3654
{La(N03)3 18(:6}:

The crystal structure of this complex has been reported in the literature®?), In
this preﬁous report, the complex of (La(NO;); 18C6} was synthesized in acetone
solution, Since our purpose is t0 compare the structures of the complex in solution and
in the solid state, it is better to obtain the crystal under the conditions in which the
soluion NMR investigations were performed. Therefore, (La(NO;); 18C6) was
prepared in acetonitrile solution and its crystal structure was determined. The results
obtained in the present work are very similar to those reported in thz literature.

In this complex, the La(IIf) was 12-coordinated by 6 ether oxygen atoms and by
6 oxygen atoms of three nitrate anions. Figure 5.3 shows the molecular structure for
this complex. The selected bond lengths and %mgles are reported in table 5.7.

The nitrate anions coordinating to the La(Ill) are also bidentate. The major
difference between this complex and the complex involving B15CS is the ligand
arrangement. The La(III) cation is located in the center of the 18C6 ring whereas three
nitrates are found on both sides of the crown ether ring. Again, the crystal structure
found for {La(Ill) (NOg); 18C6) is a good model for the interpretation of the NMR

results in solution,
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Table 5.7.

Selected bond lengths and angles for {La(NO;); 18C6}

Bond Lengths (A)

La-01 2.714(5)* La-02 2.745(5)
La-03 2.664(6) La-O4 2.660(9)
La-05 2.721(6) La-06 2.633(6)
La-O7 2.647(6) La-O8 2.682(7)
La-010 2.671(6) La-O11 2.680(6)
La-013 2.656(6) La-014 2.678(6)

Bond Angles (degree)
O1-1a-02 60.07(i1) OI-Ta-03 87.67(11)
01-La-04 103.38(11) 01-La-05 60.30(11)
01-La-06 157.65(12) 01-La-07 124.32(11)
0O1-La-09 135.24(11) 01-La-010 127.62(12)
0O1-La-0O12 70.19(12) 01-La-013 72.62(12)
02-La-03 61.60(21) 02-La-04 117.26(11)
02-La-05 136.42(18) 02-La-06 119.27(20)
02-La-07 71.06(18) 02-La-08 67.04(21)
02-La-010 115.02(19) 02-La-011 160.09(18)
02-La-013 101.60(21) 02-La-014 62.30020)
03-La-04 60.10(11) 03-La-05 119.41(20)
03-La-06 178.39(18) 03-La-07 112.49(19)
03-La-08 70.32(19) 03-La-010 66.43(20)
03-La-011 108.78(20) 03-La-013 111.75(20)
03-La-014 69.91(21) 04-La-05 60.65(11)
04-La-06 71.07(11) 04-La-07 115.73(11)
04-1.a-09 109.27¢(11) 04-La-010 66.27(11)
04-La-012 120.36(12) 04-La-013 169.91(13)
05-La-06 61.08(19) 05-La-07 69.52(18)
05-La-08 72.91(19) 05-La-010 101.87(19)
05-La-011 63.23(18) 05-La-013 115.05(19)
05-La-014 160.88919) 06-La-07 69.11(18)
06-La-08 111.21(19) 06-La-010 112.02(19)
06-La-011 69.95(19) 06-La-013 66.88(19)
06-La-014 109.15020) 07-La-08 47.52(18)
07-La-010 169.87(19) 07-La-011 128.00(19)
07-La-013 123.04(18) 07-La-014 124.46(18)
08-La-010 125.88(19) 08-La-013 166.39(19)
08-La-014 125.85(20) 010-La-011 42.23(19)
010-La-013 64.91(19) 010-La-0O14 65.23(20)
0O11-La-013 64.42(19) 011-La-014 98.43(19)
013-La-014 47.56(20)

a, Estimated standard dev1auons are given in parentheses and referred to the last
digit printed.
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(A)

(B)

2128

Figure 5.3; o
ORTEP drawing (A) and numbering scheme (B) of (La (NOj); 18C6)

complex.
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{La(IIT) (NO,); 15C5):

The crystal structure of this complex was also previously reported in the
literature@3D. For the same reasons mentioned in the case of 18C6, the crystals of
{La(Ill) (NO;)3 15C5} were prepared from acetonitrile solution and its structure was
determined. The results obtained in the present work are very similar to those reported
in reference 131. Table 5.8 gives the selected bond lengths and angles for {La(lll)
(NO5); 15C5). Figure 5.4 shows its molecular structure.

The crystal structure of {La(Il) (NOs); 15C5) is very similar to that of the
complex involving B15C5, The lanthanum cation is 11-coordinated with 15C5 on one
side and three nitrates on the other side of the La(IIl) coordination shell. The average
La-O(ether) distance is 2.689 A, the same as the one found in the case of B15C5 (2.691
A). The variation of the La-O(ether) bond lengths is 0.096 A (from 2.630 A t02.726 A)
which is smaller than that observed in the B15CS complex (C.155 A). This may
indicate that, because of the benzo-substitution, the B15C5 has to be more distorted
than the 15CS5 in their complexes to minimize the interligand repulsion. Another
difference found in the crystal structures of these two complexes is that no solvent

molecules (here acetonitrile) are found in the lattice for the case of 15C5.
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(A)

(B)

153
Figure 5.4:
ORTEP drawing (A) and numbering scheme (B) of (La (NO;); 15C5)

complex.
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Table 5.8.

Selected bond lengths and angles for {La(NO3); 15C5}

Bond Lengths (A)

La-01 2. 713(3)* La-02 2.726(3)
La-03 2.632(4) La-0O4 2.699(3)
La-0O5 2.677(4) La-06 2.607(4)
La-O7 2.633(4) La-0O9 2.657(4)
La-010 2.588(3) La-012 2.614(4)
La-013 2.565(4)

Bond Angles (degree)
O1-La-02 60.07(11) O1-La-03 87.67(11)
01-La-04 103.38(11) 01-La-05 60.30(11)
01-La-06 157.65(12) 01-La-07 124.32(11)
01-La-09 135.24(11) 01-La-010 127.62(12)
01-La-012 70.19(12) 01-La-013 72.62(12)
02-La-03 59.26(11) . 02-La-04 117.26(11)
02-La-05 116.88(11) 02-La-06 102.36(12)
02-La-07 67.15(11) 02-La-09 124.15(11)
02-La-010 171.57(11) 02-La-012 109.59(12)
02-La-013 69.25(13) 03-La-04 60.10(11)
03-La-05 §9.92(12) 03-La-06 70.68(12)
03-La-07 79.94(12) 03-La-09 135.19(12)
03-La-010 121.30(11) 03-La-012 157.56(12)
03-La-013 127.94(13) 04-La-05 60.65(11)
04-La-06 71.07(11) 04-La-07 115.73(11)
04-La-09 109.27(11) 04-La-010 66.27(11)
04-La-012 120.36(12) 04-La-013 169.91(13)
05-La-06 127.44(11) 05-La-07 175.29(11)
05-La-09 111.84(11) 05-La-010 71.54(12)
05-La-012 66.42(12) 05-La-013 109.90(13)
06-La-07 48.01(12) 06-La-09 65.03(12)
06-La-010 71.06(12) 06-La-012 131.70(12)
06-La-013 116.16(13) 07-La-09 65.86(11)
07-La-010 104.45(12) 07-La-012 115.18(13)
07-La-013 73.50(13) 09-La-010 48.69(11) -
09-La-012 67.17(12) 09-La-013 69.90(12)
010-La-012 72.82(13) 010-La-013 108.44(14)
012-La-013 49.70(14)

a, Estimated standard deviations are given in parentheses and referred to the last
digit printed.
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5.3. Comparison of the complex structures in solution and in the solid state

The solution NMR results given in the previous chapter indicate that the crown
ether enter into the first coordination sphere of the La(IIl) cation while the water and
meast probably the acetonitrile solvent molecules-are expelled from the La(Ill) inner
spaere during the course of the lanthanum - crown ether complex formation. This

corresponds to the solid state structures of these complexes.

The structural similarities of the La(III) - crown ether complexes in solution and
in their solid state can also be found in the ligand arrangement around the La(IlI)
cation. The 'H NMR spectra of the complexed 18C6 show a single peak, indicating that
all the protons of the complexed 18C6 are equivalent. This requires that La(IIl) has to
sit in the center of the 18C6 ring and that the nitrates are located on both sides of the
crown ether ring, as shown in its crystal structure. The fast conformational exchanges
of the crown ether make the protons of the complexed 18C6 not distinguishable by
NMR methods. In contrast to the case of 18C6, multiple NMR resonances were found
on the 'H NMR spectra of the 15C5 crown ether coordinated to the La(IIT) cation. If the
ligand arrangement around the lanthanum inner sphere for La(Ill) - 15C5 complex in
solution is the same as that shown in its solid state, the interpretation of the proton
NMR resuits should be straightforward since the protons close to the central cation are
different from those further away from the La(Ill). For each O-CH,-CH,-O segment of
the 15C5, the protons are an AA'BB’ system. This is further confirmed by the kinetic
study of the complexed 15C5 chemical exchange. A model involving the "inner’ (close
to La(Ill}) and ’outer’ (apart from the La(II)) proton exchange successfully accounts
for the experimental NMR observations. This model is indsed proposed based on the
solid structure of the La(IIl) - 15C5 complex. Those results will be discussed in detail
in the next chapter of this thesis. The crystal structure of lanthanum complex with 15C5
can also be used to interpret the 13C NMR spectra of the coordinated 15C5. As shown
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in the previous chapter, a single peak was observed in the 13C NMR spectra of the
complexed 15C5 ligand. Since the arrangement of the ligands around the inner sphere
of the La(IIl) does not affect the carbons of the complexed 15C5 crown ether, it is
expected that all of them will be equivalent in the complex in solution. The discussions
related to the 15CS5 crown ether are also suitable for the case of B15C5. Furthermore,
the La(Ill) - B15C5 complex structure in the solid state can be used to interpret the
benzo-proton NMR spectra of the coordinated B15C5. It was shown in the previous
chapter that, in contrast to the ether protons, the benzo-proton NMR spectra of the
complexed B15C5 had a high resolution feature. Again, if the structures of this
complex in solution and in the solid state are the same, these 'H NMR observations can
be logically understood since the coordinated B15CS chemical exchange will not affect

those benzo-protons.
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Chapter 6

Kinetic Study ot La(lll) - Crown Ether Complexes

6.1 Introduction:

A full understanding of the lanthanide cation complexation with macrocyclic
ligands requires detailed investigations of the structure, thermodynamics, and kinetics
of those complexes. The thermodynamic and structural studies of La(lll) complexes
with several crown ethers have been described in the chapters 4 and 5 of this thesis.
The kinetic behaviours of those complexes are discussed in this chapter.

In comparison with the investigations of the synthesis and the structure
determination of Ln(Ill) - macrocyclic complexes, very few studies have been devoted
to their kinetics and mechanisms®3140-143)  Ope reason may be that the dissociation
processes for the complexes of Ln(IlI) with macrocyclic molecules are usually slow.
For instance, the dissociation rate constant of the Eu(IIl) cryptate (2,2,1) complex in
aqueous solution is about 107 s71(144), Concerning the systems involving crown ethers,
only lanthanum perchlorate with 12C4(1%) and lanthanide nitrate with 18C6%437 in
acetonitrile solutions have been invesugated kinetically. For both cases, the ligand
exchange rate constants have been calculated. However, more detailed kinetic studies,
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Chapter 4 of this thesis, the chemical exchange effects on the NMR spectra have been
observed for several cases of La(Ill) complexes with crown ethers in acetonitrile
solutions. The detailed kinetic investigations of these systems are given in this chapter.
As mentioned in chapter 1, kinetic information about lanthanide complexation
with crown ethers may be obtained through NMR observations. The theoretical basis is
that *he exchange between different sites of the investigated nuclei will contribute to
the transverse relaxation process, so that the lineshapes of the resulting NMR spectra
are affected. Therefore, the kinetic parameters related to the exchange process can be
obtained from lineshape analyses of these NMR spectra. The availability of this method
depends on the magritude of the exchange rate relative to the transverse relaxation
constant, T,"!. Different NMR techniques or different treatments of the spectra may be

used for various situations. They will be discussed in detail in the following sections

6.2 NMR Kinetic Studies of La(XII) Complexes with Crown Ethers

6.2.1 La(Ill) Exchange Betwecn the Solvated Site and the Site Complexed by
B15CS. 13%L.a NMR Investigations.

Since only 1 : 1 complexes of La(II) with crown ethers were detected in the
systems studied in the present work (see chapter 4), the corresponding chemical

exchange of La(Ill) involves two sites and can be described by the following simple

equation:
K,
(La(iI), - (La(ID), 6.1
(A) kp (B)

Where (La(lIl)); and (La(Ill)), represent respectively the La(Ill) cation in the
solvated site and in the site complexed by a crown ether. k, (= 1 /7,) and ky (= 1/ 15)
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are the reciprocal life time of the La(III) cation respectively in these two sites.

The 13%La NMR spectra shown in chapter 4 indicate that the La(lIT) exchange is
very fast in the case of DB24C8 (on the 1**La NMR chemical shift time scale). This
system will not be further discussed because kinetic information about the exchange
reaction is not available from NMR observations.

The 139La NMR spectra on the system involving B15C5 are characterized by
the La(IIT) cation undergoing an exchange between sites A and B of equation 6.1 at a
“moderately rapid" rate. In the case of {La(Ill)], = 0.020 M, one Lorentzian peak
resulting from the population average of the two sites was observed on the '*’La NMR
spectra, and some line broadening appeared in the range 0 < p<1(p = [B15C5), /
[La(ID], ). In this situation, the transverse relaxation of ¥La contains contributions
from the quadrupolar interaction, the inhomogeneity of the magnetic field, and the
La(II]) cation chemical exchange. Since under conditions of extreme narrowing Tz'l =

T,}, the overall transverse relaxation rate, (T,) b Can be expressed as:
('I‘Z-l)obs = Tl-1 + (Tz-l)inh + (T2-1)ex (62)

(T, 1) is directly reiated to the linewidth of the observed NMR peak. (Ty )inn
is the difference of T;! and T,™! in the absence of chemical exchange. For the nucleus
1391 a, characterized by a large quadrupole moment, (T, 1), is negligible. Therefore,
the chemical exchange contribution to the transverse relaxation rate, (Tz")w can be

obtained from the linewidth and the relaxation rate measurements.
(TZ-I)cx = (Tz.l)obs - Tl-1 (6.3)

Figure 6.1 shows (T, 1), obtained directly from the linewidth (% v,p), and
T;"!, measured independently, as a function of p. The difference between (Ty )y and
Tl-1 s (Tz-l)ex'
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If 4n2 (v, - vp)? >> (T4 - Top)?, which is the case for the present system
(see table 4.5), the relationship between the exchange contribution and the sum of the
pseudo-first order constants, k, + k, can be described by the following

equation(146:147),

(T D)oy =4 Py Py 2 (v - vp)2 (k, + ky)! (6.4)

Where P, and Py represent the populations of La(III) respectively in site A and
in site B (see equation 6.1). v, and vg are the 1*9La chemical shifts expressed in Hz for
these two sites.

Since La(IlT) and B15CS form a stable 1 : 1 complex in solution, P, and Pg can
be taken directly from p (Pg = p and P, =1 - p). v, and vg were measured from the
139.a NMR spectra recorded respectively at p = 0 and p > 1 (10 ppm and -46 ppm
respectively). Therefore, an evaluation of k, + ki, can be obtained from (T,),,. These
results are reported in table €.1. One should note that a relatively large error is attached
to the measured T, values. This is because the 13%La relaxation is so fast that it reaches
the instrumental liﬁﬂtation for such measurements. As a result, the k, + k. given in
table 6.1 should be considered only as approximate values.

At a lower La(III) con. .ntration ({La(lI)] = 0.0050 M), separated signals were
observed, corresponding respectively to the free and the complexed La(II) cations (see
figure 4.15). In this case, full lineshape analyses of the 139La NMR spectra have to be
done to obtain the rate constants of the lanthanum exchange. The equations used in the
lineshape analysis can be found in Appendix I. The chemical shift and linewidth of the
complexed La(Ill) were measured from the 13°La experimental NMR spectrum at p >
1. These NMR parameters were used as constants in the non-linear regression for the
lineshape analysis. The chemical shift and linewidth for the solvated La(IIl) cation
werz calculated by taking into account the effect of the complex formation on the

equilibrium established between different solvated La(III) species.
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Table 6.1

Kinetic Data for La(IIT) Exchange in Acetonitrile®

vb, Vp,© Ps(p) T, ! T, ! k, + k2

(Hz) (Hz) (kHz) (kHz) (x 10* s

423.7 -1949 010  6.8+07  8.440.2 1.3
015  65H04 89102 1.2
0.25 67403  10.110.2 1.3
030 68407  10.1302 1.5

a, Crown ether = B15CS5, [La],=0.020 M, T = 300 K;

b, Chemical shift of solvated La(IIl) ( in Hz);

¢, Chemical shift of complexed La(II) (in Hz);

d, Calculated from equation 6.4, The average value is 1.320.1 x 10% 571,

The regressions were done for several spectra obtained with different p values.
As examples, figure 6.2 shows the experimental and calculated spectra for two p's. The
sum of the pseudo-first order rate constants, k, + k, described in equation 6.1, were
obtained from the lineshape analyses of the experimental spectra and are reported in

table 6.2.
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Figure 6.1:  'La relaxation rates as a function of p for La(NO3); - B15C5 in
acetonitrile. * (i = 2) transverse relaxation rate and A (i = 1) longitudinal

relaxation rate. [La(lIl)], = 0.020 M. T = 300 K.
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Figure 6.2: 13%La NMR spectra of La(NO,); - B15CS in acetonitrile. The points are
experimental and the curves were calculated from the non-linear
regression of lineshape analysis. Top: p = 0.18. Bottom p = 0.40.
(LaD], = 0.0050 M. T = 300 K.
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Table 6.2. Rate Constants for La(Ill) Exchange in Acetonitrile?

Py(p) ky +kp”
(x 103 s
0.18 3.10£0.17
0.30 3.70+0.18
0.40 420+ 0.0
0.60 5.30£0.20

a, Crown ether = B15C5, [La],=0.0050 M, T = 300 K;

b, Determined from lineshape analyses of the 1**La experimental spectra.

6.2.2 B15C5 Chemical Exchange in the complex B15C5-La(Ill) in AN: 13C
NMR Studies.

The ligand exchange has been investigated on this system by 3C NMR of
B15C5. The 13C NMR spectra of the ligand were recorded on the samples with various
R values (R = [La(IID)], / [B15CS5],). As described in chapter 4, four signals resulting
from the nonequivalent carbon atoms of the crown ether ring were observed at R = 0
and R > 1, respectively characterizing the B15C5 ligand in the solvated and the
complexed states. Table 6.3 gives the chemical shifts of these >C peaks. In the range 0
< R < 1, the ®C NMR spectra exhibit the characteristics of B15C5 undergoing a
relatively fast exchange between the sites A and B of equation 6.5 (see figure 4.17).

Similarly to the case of the La(III) cation discussed previously, the exchange of B15C5
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also involves two sites and can be described by the following equation.

ka
(B15C5), - (B15CS), (6.5)
(A) ky (B)

Here, (B15C5), and (B15CS5), represent respectively the solvated and the
complexed crown ethers. k,' and kb' are the pseudo-first order rate constants or the
reciprocal of the resident time for the B15CS5 respectively in these two sites.

However, in this case, the process is no longer a simple two site exchange since
there are four NMR peaks corresponding to the four ethereal carbon atoms of B15C5 in
each site. The exchange described in equation 6.5 actually involves 4 pairs of carbon
atorns. Before doing any kinetic treatments of the experimental NMR spectra, we have
to find out the chemical shift correlation for these four pairs.

Scheme I is a diagram of B15C5 with a numbering of the carbon and proton

positions.

1 2
o
8] © 4
o)
-0
°
Scheme I: B15CS5, the numbers represent carbon and proton positions,

The assignment of the carbon resonances was achieved by heteronuclear

chemical shift correlation experiments (HETCOR). Figure 6.3 shows the HETCOR
contour plots of B15CS5 (R = 0) and of (La : B15C5)** (R >1). For the free (solvated)
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B15C5, the 13C chemical shifts are in the following order: C; > C4 > C, > Cy, as seen in
figure 6.3 A. This assignment was based on the corresponding proton chemical shifts
(H; > Hy > H; > Hy), resulting from the effects of ring current anisotropy of the
aromatic substituent and confirmed by a long-range HETCOR experiment(12%), In the
case of complexed B15CS, only C,; might be assigned to the resonance at the highest
frequehcy. The assignment of the rest of the carbons cannot be made through the
HETCOR experiment because the correlated proton signals are superposed (see figure
6.3 B). Therefore, the correlation of carbon atoms between the two different B15C5
species cannot be obtained through the HETCOR experiments. We then tried another

way to solve this problem.

Table 6.3. }3C NMR Chemical Shifts of the Etherel Carbons for Solvated and
Coordinated B15C5 in Acetonitrile®,

Carbon Atoms® B15CS (B15C5 La(TID))
(ppm) (ppm)
C-1 69.13 71.42
C-2 69.58 70.34
C-3 70.96 70.72
C-4 70.42 69.48

a, [B15C5]=0.015M, T=300K;

b, Numbering of the carbon atoms is given on Scheme I
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Figure 63: HETCOR contour plot of (A) free B15C5 and (B) coordinated B15CS in
CD;CN at 300 K.
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Since the chemical shifts for the carbons of B15CS5 are different in the solvated
site and in the complexed site, an individual 13C NMR peak should shift smoothly
from its position in the solvated state to that in the complexed site, in ﬁe range 0 <R <
1. A plot of the 13C NMR chemical shifts as a function of R might be helpful to figure
out the correlation of these carbon atoms. Figure 6.4 shows these plots. From figure
6.4, one might conclude that she 13C chemical shifts of B15CS in the complexed site
are in a order of C, > C5 > C, > C,. Even if some precipitation occurred when R > 0.4,
this order of chemical shifts for the complexed B15CS was used in the analyses of the
experimental NMR spectra.

In order to obtain the rate constants of the exchange reaction described in
equation 6.5, the observed 1*C NMR spectra in the range 0 < R < 0.3 were simulated,
taking the chemical shifts from table 6.3 and using k, + k, as a variable. The
simulations were made through two computer programs. One of them is "Simulation of
NMR Spectra of Exchange Systems". This program was written by Dr. R. E. D.
McClung (Chemistry Department, University of Alberta) and kindly given to us by Dr.
M. J. McGlinchey (Chemistry Department, University of McMaster). The other one is a
FORTRAN program written by ourselves, based on the equations describing a
chemical exchange of two sites. These equations can be found in Appendix 1. The same
results for k; + kb' were obtained by these two programs and are reported in table 6.4,
Figure 6.5 shows the experimental and the simulated 1*C NMR spectra. The successful

simulation of the experimental spectra (as seen in figure 6.5) confirmed the carbon

correlations given in figure 6.4.
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The proton NMR spectra of B15C5 in the same system also exhibit the
characteristics of a ligand undergoing a fast chemical exchange (see figure 4.15).
Because more complicated situations, such as 'H - 'H coupling, have to be taken into
account, a kinetic 'analysis of these spectra is extremely difficult to perform. However,
some chzracteristics of the observed 'H NMR spectra are worth to be pointed out: the
line broadenings were still observed for the methylene protons of the B15CS5 in the
cases of R 2 1. This may indicate the presence of another kind of ligand exchange.
This feature can be seen iore clearly in the system involving 15C5, which will be

discussed in the next section.

Table 6.4. Kinetic Data for B15C5 Chemical Exchange in Acetonitrile.

[B15CS], R (k, +k, )P
™) (x10%sT)
0.015 0.096 1.25+0.05
0.136 1.30+.0.10
0.196 1.40£0.12
0.256 1.58 £ 0.14
0.320 1.75+0.15

a, R={La(i], /[B15C5],;

b, Determined from a simulation of the 1>C experimental spectra.
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6.2.3. 15C5 Chemical Exchange in the Complex La(IID-15C5 in AN: !3C and
!H NMR Studies.

The 13C NMR spectra of 15CS in solution show a single peak for all the
samples, while some line broadening is observed in the region 0 < R < 1 (see figure
4.19). The analysis of these spectra is relatively easy since the exchange reaction
involves only two sites. An equation similar to 6.5 is used to describe thi~ exchange

process.

’

kl.

(15C5), = (15C5), (6.6)
(A) Ky (B)

Here, similarly to equation 6.5, (15C5), and (15C5), are the 15CS5 respectively
in the solvated and the complexed sites. k; and kb' are the respective rate constants for
these two sites.

Based on equation 6.6 and through a non-linear regression procedure, full
lineshape analyses were performed for the 1*C NMR spectra obtained in the range of 0
< R < 1. The NMR parameters used in the calculation were taken from the spectra at R
= 0 and R > 1, which characterize the 15C5 ligand in the solvated and in the
complexed sites respectively. The sum of the pseudo-first order rate constants, ka’ + kb',
were obtained from the non-linear regression and are given in t.ble 6.5. The
experimental and calculated NMR spectra are shown in figure 6.6.

The characteristics of the 15C5 exchange were a1s§ shown in the proton NMR
spectra. These spectra have previously been given in figure 4.18. The 15C5 exchange
rate is not very fast on the 'H NMR chemical shift time scale. Conseguently, separated

signals respectively fe: solvated and complexed 15C5 were obtained. The line
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broadenings observed in the cases of 0 < R < 1 are an indication of the occurrence of an
exchange of 15CS5 ligand between the sites A and B described in equation 6.6. These
observations are consistent with the 3C NMR results shown previously, and the rate
constants for the exchange process have been obtained through the analyses of the 1*C

NMR spectra.

Table 6.5. Kinetic Results of 15C5 Chemical Exchange in Acetonitrile®

Vo, Vi P; (R) (k, +k, )

(Hz) (Hz) (sh

53343 53232 015 60+ 1
0.30 67+ 1
0.44 91+3
0.59 119%5
0.76 211+ 10

a, [15C5],=0.0043 M, T =300 K;

b, Chemical shift of free 15C5 ( in Hz);

c, Chemical shift of coordinating 15C5 (in Hz);

d, Obtained from full lineshape analyses of !3C experimental NMR

spectra.
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Experimental and calculated 13C NMR spectra of 15C5 for La(NQOj)s -
15Cs in acetonitrile. Left: the experimental spectra, top to bottom R > 1,
R =0.76, 0.59, 0.44, 030, 0.15, and 0. Right: the spectra calculated from
the non-linear regression for lineshape analysis, top to bottom: R = 0.76,

0.59, 0.44, 0.30, and 0.15. [15C5], = 0.0043 M. T = 300 K.
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In addition to what is described above, a very interesting feature was found on
the 'H NMR spectra of the complexed 15C5 ligand. Instead of a single peak, multiple
H signals were observed. This can result from two situations: (i) the complexed 15C5
is in different conformations; (ii) the protons in the complexed 15C5 are not equivalent.
The former case is less plausible since the corresponding 1*C NMR spectra exhibit only
a single peak (see figure 6.6). Therefore, the characteristics observed on the 'H NMR
spectra for the complexed 15C5 should result from the nonequivalence of the protons.
As mentioned in the discussion given in chapter 4, in the La(Ill) - 15C5 complex, the
15C5 ligand should be located on one side of La(IIl) cation. Therefore, the protons
closer to the La(lll} are different from those apart from the La(IIl) cation. Since the
chemical exchange features were observed on the 1H NMR spectra of 15C5 even in the
cases of R > 1, the fcllowing model was pro-~osed based on the above discussions to

describe this process (equation 6.7).

H(A) HEB)  H®) H(A")
] i®@] -
ky,
H(A) H(B) H(B) - \H(A)
A) (B)

The equation 6.7 implies that the protons of the 15C5 ethyleneoxy fragments
are an AABB’ system. This model is supported by the !H NMR spectra of the
complexed 15C5 obtained at lower temperatures, in which an AABB’ pattern can be

clearly observed (see figure 6.7).

In order to obtain the rate constants for the process shown in equation €.7, the
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IH NMR spectra of the complexed 15C5 ligand (R > 1) were recorded at various
temperatures and simulated on the basis of the model of equation 6.7, through the
DNMR3 program. The related coupling constants of the protons were obtained from
the simulation of the 'H NMR spectra obtained at 239 K, since the spectrum at this
temperature has a high resclution feature. These coupling constants, reported in table
6.6, were used as fixed values during the simulation procedures for other temperatures,
Table 6.7 lists the calculated rate constants. The experimental and the simulated 'H

NMR spectra are shown in figure 6.7 for various temperatures.

Table 6.6. 'H NMR Parameters of Coordinated 15C5 in Acetonitrile?

Chemical Shifts Coupling Constants®
(ppm) (Hz)

5(84) 5g(5g-) Jirans Jgem’ Teio

4.032 3.935 3.6 -10.6 6.1

a, [15C5], = 0.0041 M;
b, Coupling constants for the 15C5 OCH,CH,0 fragment as shown in
equation 6.7;

c Jivsns = JaB = JIa'ms Jgem =Jap=Jap,and I =Tap =T pp.
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Figure 6.7: Experimental and calculaied 'H NMR spectra of the coordinated 15CS for
complex La(NO;); - 15CS in CD;CN at various temperatures. [15C5], =
0.004i M. R = 1.08. Right: the experimental spectra. Left: the

corresponding spectra calculated from DNMR3 based on the AABB’

proton system undergoing a chemical exchange. Top to bottom: T = 331.9,

313.2,303.8, 297.3, 277.8, 258.4, and 239.0 K.
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Table 6.7.

Kinetic Data on the Coordinated 15C5 Internal Exchange in Acetonitrile

for Various Temperatures® (equation 6.7).

Temperatures (K) k (s1)b
239.0 25
2584 5.6
277.8 | 12
2973 35
303.8 - 42
3132 55
3319 114

a, [15C5],=0.0032M, R =1.08;
b, Obtained from the simulations of the 15C5 'H NMR spectra.
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6.24  18C6 Chemical Exchange in the complex La(IID-18C6 in AN: A 'H

NMR Study

The !3La NMR spectra obtained on the system of LaQNO3); 6 H,0 - 18C6 -
AN indicate that the cation exchange is slow (see figure 4.9). The ligand exchange is
also slow on the pruton and >C NMR chemical shift time scales (see figure 4.10 and
4.11). The kinetic study on this system cannot be done by linebroadening
measurements. Magnetization transfer offers another NMR method for studying slow
exchanges. This technique is most useful in the region where the exchange rates are
similar or somewhat slower than the relaxation rates, The theoretical description of this

method can be made through an energy level diagram (figure 6.8).

Upper level —_—

Lower Level

(A) (B)

Figure 6.8. Energy level diagram for magnetization transfer.

Figure 6.8 shows a such diagram for two species undergoing a chemical
exchange. Because the chemical exchange takes place without change of spin state, an
equilibrium will be established for both higher and lower levels. If the Boltzmann
distribution ol onc species is perturbed, the effects will transfer to another species

through the process of chemical exchange. For example, continuously selective
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saturation of the B resonance will increase the transfer of spins to the upper level of A
and decrease the transfer to its lower level. However, the longitudinal relaxation of A
will always tend to return the population distribution back to normal. Therefore, there
is a competition between magnetization transfer at a rate k,, and relaxation at a rate
T,,}. When the chemical exchange rate, ky,, is much faster than the relaxation, the
resonance of A will eventually be saturated. In the case of T,,”! >> k;, the population
distribution of A will remain unchanged. If k, is comparabie to T),’!, a decreased
intensity of A signal is expected to be observed. The rate constant for the chemical
exchange can be derived by measuring the reduction in intensity of the monitored

signal(148),

(Ica - I.)/Icra = Tla/ (1 + knTla) (6-8)

Where 1, and I® represent the intensities of the A resonance, respectively in the
absence and in the presence of a saturating field on the resonance of B. Ty, is the
longitudinal relaxation time for the site A,

This method has been mainly used in the kinetic study of biological
. systems(149-13D), In the present work, this technique was applied to investigate the 18C6
exchange in the system of La(NQ;); 6 H,O - 18C6 - AN. Again, the chemical exchange

in this system involves two sites (equation 6.9).

k,
(18C6), = (18C6), (6.9)
A ky (B)

~ Where again (18C6), and (18C6), are the crown ether respectively in the
solvated and compiexed sites. k; and kb' are the exchange rate constants respectiv-ly

for these two sites.
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The proton NMR observations were made on a sample of R = 0.5; in this case,
k; = kb'. At temperatures < 60 °C, no reduction in intensity of the monitored signal
could be observed. However, a significant decrease of the intensity was found on a
saturation transfer experiment performed at 333 K. Figere 6.9 shows the 'H NMR
spectra of 18C6 at this temperature. In figure 6.9, the spectrum (B) was recorded upon
saturation of the complexed 18C6 signal; the spectrum (A) was taken by placing the
saturation field on the other side of the complexed 18C6 peak; and (C) is a differential
spectrum between (A) and (B). The intensities of the free 18C6 signal in spectra (A)
and (C) were determined from a integration. T, for the free 18C6 was measured at R =
0 where there is no chemicai exchange. The rate constant, ka', could be calculated on
the basis of equation 6.8, which was found to be 0.15 % 0.03 s'1, A similar experiment
was done by saturating the signal of the free 18C6 and following the complexed 18C6
peak. The longitudinal relaxation time for the complexed 18C6, T, was measured at R
'> 1. kb' was then calculated through an equation similar to the equation 6.8. A value
identical to k, was obtained for k, . The determination of the rate constant for 18C6
chemical exchange was also checked by measuring the free 18C6 longitudinal
relaxation in the presence ol the saturation field on B resonance (the complexed 18C6),
(T;,)**". The measureme=* was made on a sample of R = 0.50 and the rate constant, k;,

was calculated through equation 6.10. Again, the same result for ka’ was obtained.
@0 - I /1,2 =k, (T,)% (6.10)

An alternative experimental approach for this kind of investigation is inversion
transfer. It involves placing a magnetic label at one resonance by inverting its spin
population and following the intensity of the other signal as the inverted resonance
relaxes back(%81%9), The detailed description of this technique has been given in
Chapter 2. The inversion transfer observations wzre made on the same sample as that
used in the saturation transfer study. Again, it is only for temperature = 60 °C, that the
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intensity variations could be observed on the monitored signal. This was done for
different mixing times, 1,;,, indicating that 18C6 undergoes a chemical exchange
between the free and the coordinated sites, at a rate measurable by the inversion
transfer technique. The results are consistent with those obtained previously by the
saturation transfer study. Figure 6.10 shows the proton NMR spectra of 18C6 at 333 K,
for various values of 7. The experiment was performed (i) by inverting the
complexed 18C6 'H NMR signal, and following the intensity variations of the free
18C6 signals and (ii) by inverting the free 18C6 signal and following the perturbation
of the complexed 18C6 resonance. The description of the behavior of two exchanging
sites in an inversion magnetization transfer experiment has been given by Morris and
Freeman(!>¥, The following equations were used for the calculation of the exchange

rate: constants(134),

*/1,° =1 - (2, /B) (expl-1/2(ct - BYtmiel - €Xp[-1/2(c + BV} (6.11)

a=R,+ R, (6.12)
B =IR, - Ry)? + 4k, ky 112 (6.13)
R, =k, +Ty,! (614
Ry, =ky + Ty (6.15)

k; was calculated from a non-linear regression procedure, through equations
6.11 10 6.15 (experiment (i)). Very similar equations (not shown) with the equations
6.11 - 6.15 can be obtained for the calculation of kb’and the value of kb' was determined
(experiment (ii)). The same result was found for k; and kb', 0.17 + 0.04 s™, Figure 6.11
shows the reduced intensity (I/ L) of the free 18C6 !H NMR signals as a function of
Tmix- 10 the figure 6.11, the solid line has been calculated from the non-linear regression
described above. It is noteworthy that the same results for the exchange rate were

obtained by the inversion transfer experiment and by the saturation transfer method.
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Figure 6.9. 'H NMR spectra of 18C6 for 18C6 - LaQNO,); in CD;CN recorded by
saturation transfer method., (B), the complexed 18C6 signal was saturated;
(A), the saturation field was placed on the other side of the complexed 18C5
peak; (C) is a differential spectrum between (A) and (B). The arrow indicates
the frequency of irradiation in cases (A) and(B). R =0.50. T=333 K.
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Figure 6.10: 'H NMR spectra of 18C6 for 18C6 - La(NOs); in CD;CN recorded for
various T, values by inversion transfer technique. Top: the signal of
coordinated 18C6 was inverted and the resonance of free 18C6 was
monitored; Bottom: inverting the free 18C6 signal and following the
resonance of coordinated 18C6. Front to back: 7., = 0.0, 0.1, 0.5, 1.0, 1.5,

2.0,3.0,4.0,5.0, 6.0, 8.0, 10.0, 12.0, 15.0, and 20.0 s.
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Figure 6.11: Reduced intensities of the free 18C6 'H NMR signals as a function of
Tmix- 1he solid line was calculated from a non-linear regression through

equations 6.11 - 6.15. The points are experimental. T = 333 K. R = 0.50.
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6.3. Mechanisms of the Chemical Exchange

An NMR kinetic study is based on the lifetime measurement of an observed
nucleus in specific sites. The reciprocal of these measured lifcl time values were
presented as the pseudo-first-order rate constants in the previous section. Since NMR
gives access only to pseudo-first-order rate constants, the mechanisms of the exchange
have to be known, in order to obtain the actual rate constants for the chemical exchange
processes.

One can identify two possible mechanisms, originally postulated by Shchori et
al.(135.136) for a two site exchange involving cation and crown ethers in solution. These
two mechanisms, which have been successful in accounting for the NMR results
obtained in sodium - crown ether systems(57-159) are considered here for the purpose
of the interpretation of the NMR data obtained in the La(TI) - crown ether systems.
This approach is logical, since, except for the nature of the cations involved, the
situations are similar in both cases. The first mechanism is referred to as dissociative

exchange and can be described by the following equations:

k—l kl
MOC)* = M* 4 C = (MC)>* (6.16)
kl k-l

Where (MC)>*, M?*, and C represent respectively La(IIl)-crown ether complex,
La(1II) cation, and the crown ethers.

This mechanism is initiétcci by the dissociation of the complex to give a free
metal ion and a free ligand and is followed by a recombination process to reform the

complex. The rates of disappearance of the solvated and complexed metal cation can be

expressed as:

-d[MJ/dt = [M]/t, =k, [M] =k, (M] [C] (6.17)
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-dIMCJ/dt = [MCl/xg = ky, [MC] = k_, [MC] (6.18)

The sum of the inverse lifetimes, k, + ky, determined from the NMR kinetic

studies described previously, is:

ku+kb = k‘l [C] + k-l (6.19)

Since k; = k ;x K; =k ; [MCY/{MJ/[C] and since K_ is usually large enough for
[MC] = [C],, equation 6.20 can be derived from equation 6.19:

K4k = ky(1-p)! (6.20)

Where p = [C], / [M],, the ratio of ligand total concentration over metal cation
total concentration.

The equation 6.16 can also be used to describe a ligand exchange through a
dissociative mechanism. Similarly, the rates of disappearance of free and coordinated

crown ethers can be expressed as:

A[CYdt=[Clfx, =k, [C] =k, M] [C] 621)
-d[MCl/dt = [MCl/tg =k, [MC] =k [MC] (6.22)
And:

k, +k, = k (1-R)! (6.23)

Where R = [M], / [C],, the ratio of metal cation and ligand total concentration
in the solutions. ka’ + kb' were determined from the NMR kinetic studies of the ligand

exchange as described previously.
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The second mechanism by which the chemical exchange may proceed is usually
called associative exchange. In this mechanism, the chemical exchange is achicved
through an interaction of another metal cation with the complex and can be described

by equation 6.24 (cation association exchange):

ky
M* + MC == MC + M (6.24)

In this case, the rates of disappearance of the metal cation respectively from its

solvated and complexed states are equal and can be expressed as:
-d[MC}/dt = -d[M]/dt =k, [M] [MC] (6.25)
Since -d[MC)/dt = k, [M] and -d[M]/dt = k;, [MC], therefore:
k, + ky = k; (IM] + [MC] ) =k, [M], (6.26)

If the ligand exchange proceeds through a ligand association, the equation 6.24

becomes (ligand association exchange):

ky
C' + MC = MC* + C (6.27)
The related equations are:
-d[MCY/dt = -d[Cl/dt =k, [C] [MC] (6.28)
k, +ky =k; ({C]+[MC]) =k; [C], (629)

170



If the two mechanisms of equations 6.16 and 6.24 were the only ones
contributing to the La(Ill) cation chemical exchange, then the overall sum of the

pseudo-first order rate constants measured by NMR, can be expressed as:
k, +kp=k; (1-p)1+k; [M], ' (6.30)
Similarly, for the crown sther chemical exchange, equation 6.30 becomes:
k, +k, =k, (1-R)1+k, [C], (6.31)

The relationships given in equations 6.30 and 6.31 allow us to test mechanistic
hypotheses. The actual constants corresponding to the mechanism can then be extracted
from the experimental data. Based on equaion 6.30, a plot of k, + k,, against (1 - p)’!
for [M], constant, or a plot of k, + k, as a function of {M], for p constant should be a
straight line. The slope and intercept of the plot of k, + ky, against (1 - p)™! should be
related respectively to the rate constants of k; and k,. Similarly, the mechanism and
rate constants for a ligand exchange can be obtained from equation 6.31.

Figure 6.12 shows a plot of k, + ki, obtained by 13°La NMR at total La(IIT)
concentration of 0.0050 M in the system consisting of La(NO;); 6 H,0 - B15C5 -AN,
as a function of (1 - p)'l. The solid line in figure 6.12 was obtained from a linear
regression analysis of the experimental data points. The relationship between k, + k,
and (1 - p)! shown in figure 6.12 may suggest that the La(IlI) cation chemical
exchange is through both dissociative and associative mechanisms since the obtained
straight line has non-zero values of slope and of intercept. The dissociative nature of
the exchange of La(Iil) is confirmed by the 13C NMR studies. This will be discussed
later in this section. The La(IIl) cation associative exchange in this system is indicated
also by the dependence of the exchange rate upon [La(IlD)],, the total lanthanum
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concentration. As shown previously, a single 13La NMR peak was obtained in the case
of [La(Ill)], = 0.020 M while two separated signals characterizing the La(IIl) cation
respectively in the solvated and the complexed states were observed in the case of
[La(IID], = 0.0050 M, indicating that the rate of the lanthanum cation exchange is
different in these two cases. However, taking into consideration the fact that nitrate
anions have a strong ability to coordinate with the La(IIT) cation and may also play a
role in the cation chemical exchange, it would be safe to state that the La(III) cation
exchange is catalyzed by the presence of lanthanum nitrate. Even so, the rate constants
k., and k;, were calculated from the slope and the intercept of the piot given in figure
6.12. These values are listed in table 6.8.

As mentioned previously, the ligand crown ether chemical exchange may also
be interpreted on the basis of the associative and dissociative mechanism models.
Figure 6.13 gives plots of k; + kb', obtained by 13C NMR on B15C5 (see table 6.4), as
a function of (1 - R)! at several temperatures. All these plots are linear and extrapolate
to the origin. This is a good indication that the ligand exchange occurs only via the
dissociative pathway. The rate constant k_; for the Bl;iCS exchange can be determined
from the slopes of these lines. As an example, the calculated k_; value is 1150 £ 20 5!
at 300 K. It is noteworthy that the equations describing the ligand exchange and the
cation exchange via a dissociative mechanism are the same (see equation 6.16) and the
dissociation of the complex La(II[)-B15C5 will contribute to the ligand exchange and
to the cation exchange. Therefore, the result obtained by the 1*C NMR on the B15C5
exchange confirms the contribution of dissociative mechanism to the La(IIl) cation
exchange process. Moreover, the rate constants k_;, determined independently from the
ligand and the cation kinetic studies, are in good agreemen: (see table 6.8; k ; = 1600 +
200 s (39La); k4 = 1150 + 20 571 (13Cy),

A similar procedure for the kinetic data analysis can be done for the 15C5

chemical exchange. Figure 6.14 shows a plot of k; + kb’, obtained from the 13C NMR
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spectra of 15CS, as a function of (1 - R)1, Again, the relationship between ka’ + kb' and
(1 - R)? is linear. The rate constant for the 15C5 dissociation process can be calculated
from the slope of the plot: k y =50+ 10 s at 300 K.

The fact that k; is much larger in the case of B15CS5 than in the case of 15C5
seems very interesting. Usually, at least for the few cases where a comparison is
possible, the reverse is observed or both rates are comparable for the cases involving a
crown ether and its benzo-substituted analogue. For example, k_,, determined from the
23Na NMR on a NaBPh, solution in AN, is 3.8 £ 0.5 x 10% s in the case of 18C6 and 4
x 10% 57! for the case of DB18C6(57), Another example can be found for the potassium
dissociative exchange in the systems involving 18C6 and DB18C6: k;, determined
from 39K NMR on a KI solution in MeOH, is 6.8 + 2.7 x 10* 5! in the case of 18C6(50)
whereas it is 610 s’ in the case of DB18C6('81). One can only speculate on the origin
of the behavior observed in the present work. Plausibly, the 15C5 complex is better
stabilized in solution than the more bulky B1:25 one, in which the three nitrate groups

are in close proximiiy to the electron-rich aromatic ring.
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Table 6.8.

Rate Constants of the Chemical Exchange in the La(IIl) - Crown Ether

Systems
Type of Nucleus k, k,
Exchange Observed (sH (sh
Cation (La(IIl) 1391 4 160012002 2.640.7x10°®
Ligand (B15C5) B¢ 1150+20° -
Ligand (15C5) B¢ 50£10° ----f
Ligand (15CS) H 35¢54 et
Ligand (18C6) H 0.1 -
a, Determined from lineshape analysis of *®La NMR spectra
recorded at [La(TIl)}, = 0.0050 M;
b, Obtained from simulation of the B15C5 13C NMR spectra;
c, Determined from lineshape analysis of 15C5 13C NMR spectra;
d, The value obtained from simulation of the coordinated 15C5 'H
NMR spectra at 297.3 K and R = 1.08;
& Calculated by magnetization transfer technique, assuming that the

18C6 exchange occurs via a dissociative pathway. T = 333 K;

f, No associative exchange was detected.
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Figure 6.12. (k, + ky), obtained from 1*La NMR lineshape analysis, as a function of
(1-p)? for La(NO,); - B15C5 in AN. The points are experimental and the
line is calculated from linear regression of the experimental data. (La(IID],
=0.0050 Mand T =300 K.
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Figure 6.13: (k, + k), obtained from 12C NMR lineshape analysis, as a function of
(1-R)? for LaNO3), - B15CS in AN. The points are experimental and the
line is calculated from linear regression of the experimental data. [B15C5],
= 0.015 M. Top to bottom: T = 331, 318, 308, and 300 K.
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Figure 6.14: (k, + ky,), obtained from !3C NMR lineshape analysis, as a function of
(1-R)1 for La(NO;); - 15CS in AN. The points are experimental and the
line is calculated from linear regression of the experimental data. [15C5], =

0.0043Mand T = 300 K.
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The activation parameters for the ligand dissociative exchange wera determined
from temperature variation studies. The Eyring equation was used to describe the

relationship between the calculated rate constants and the activation parameters:
k = (kg T/ h) exp(-aG*/RT) (6.26)
k = (kg T/ h) exp(-(aAH* - TAS*)/RT 627

Where kjp is the Boltzmann constant and 4 is Planck’s constant. aG¥, AH¥, and
AS™ are the free energy, enthalpy, and entropy of activation respectively. Figure 6.15
and 6.16 are the Eyring plots respectively for B15C5 and 15C5 exchanges studied b
their 3C NMR investigations, In both cases, the plots are linear, indicating that
equation 6.27 is valid in the range of temperatures studied. The activation parameters
were obtained from the plots and are reported in table 6.9.

From the above discussions, one can see that the ligand exchange in the systems
of La(Ill) - crown ethers occurs mainly via a dissociative mechanism. However, large
negative entropies of activation were obtained for this kind of exchange (see table 4.9).
This may be understood by considering the solvation of the transition sate for the
exchange reaction. It is impossible to compare the activation results obtained in the
present work with the literature values since kinetic studies on these systems have not
so far been reported. However, large negative values of entropy of activation were
found for the dissociation of the complexes Eu(II)-(2.2.1) and Eu(ill)-(2,2,2) in
aqueous solution: A §% = -106.7 J K-! mol! for the dissociation of Eu(ll)-(2,2,1) and
-108.8 J K mol! for the case of Eu(llI)-(2,2,2) have been reported(!2), Negative
entropies of activation were also found for the dissociation of complexes of the sodium
cation with crown ethers in non-aqueous solution. For example, a o $% = -78 + § J
K-'mol! was reported for the sodium cation dissociative exchange in nitromethane

solution of NaBPh, in the presence of DB18C6(163),
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Figure 6.15: In(k k / kg T) as a function of T-L. Crown ether = B15C5. [B15C5), =

0.015 M. The points are experimental and the line is calculated from linear

regression of the experimental data. k at each temperature was obtained from

the analysis of the B15C5 13C NMR results.
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Figure 6.16: In(k & / kg T) as a function of T-!. Crown ether = 15C5. [15C5], = 0.0043
M. The points are experimental and the line is calculated from linear

regression of the experimental data, k at each temperature was obtained from

the analysis of the 15C5 13C NMR results.
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Figure 6.17: In(k h/ kg T) as a function of T-). Crown ether = 15C5, [15C5], = 0.0041
M. The points are experimental and the line is calculated from linear
regression of the experimental data. k at each temperature was obtained from

the analysis of "H NMR spectra of the coordinated 15C5 (see table 6.7).
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Table 6.9. Activation Parameters for the Ligand Exchange.

Crown Ethers AH* AS* AG*

(kJ.mol 1) (J.mol'}) (kJ.mol)
15C52 202 -140£ 6 64 1 2°
15C5¢ 25+ 1 -133+4 64+1¢
B15C5 2311 -112+4 56+ 1°
18C6 87"

a, Determined from 3C NMR of 15C5;
b, T=3000x0.5K;

¢, Obtained from the 'H NMR observations on the coordinated 15C5:
d, T=2973%05K;

e, T=333%1K,only free energy was calculated from k = (.15 stat 333K
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A kinetic phenomenon is still obsérvable in the case of 15C5 from its 1H NMR
for values of R > 1 (see figures 4.18 and 6.7). This was discussed earlier in section
6.2.3. Since, under the same conditions, no similar kinetic behavior was detected from
13C NMR, the different 'H resonances for the coordinated 15C5 ligand were attributed
to the presence of two chemically different types of protons belonging to the same type
of 15C5 - La(IIl) complex. The equation 6.7 shdwn previously was used to describe
this kind of exchange. The possible mechanisms that could account for this

experimental observation are given in scheme II

Scheme II
—\-La E‘l | lil‘ l]__,
- A B HE ®
/La\ + /La- - _La— -;La ®
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| represents the solvated 15C5, j and [are the complexed 15C5 with its protons in

the “inner"(] ) and in the "outer” ([) states, and — indicates NO5'!

All four reactions shown in scheme II can cause the rearrangement of the
complexed 15C35. Therefore, each of them may be responsibile for the complexed 15C5
exchange. In scheme II, the reaction (a) is dissociative and the reactions (b), (c), and (d)
take place via associative pathways. The mechanisms described by reactions (c) and (d)
are excluded for the coordinated 15C5 exchange since the exchange rate is independent
on both the concentrations of the 1:1 complex and of the free ligand (see the spectra
shown in figure 4.18). As shown in figure 4.18, the behavior of the complexed 15C5
exchange was observable in the cases of R > 1 where there is no free ligand in solution,
indicating that the reaction (d) docs not account for the exchange process. Similarly,
the 'H spectra in the region 0 < R < 1 are the same, implying that the exchange rate of
the complexed 15CS is independent of the compléx concentration which will increase
with increase of R. Therefore, reaction (c) is not responsible for the process described
in equation 6.7. In the reaction (b) of Scheme II, the exchange rate would depend on the
concentration of the free lanthanum cation. Since the exchange behavior of the
coordinated 15CS was also observed in the cases of R < 1 where the concentrations of
the free La(III) were equal to zero, the most plausible mechanism for the exchange of
the complexed 15CS5 is reaction (a).

It should be pointed out that if the coordinated 15C5 exchange occurs via the
mechanism described in reaction (a) the rate constants determined respectively from
the 1*C NMR studies at 0 < R < 1 and from the 'H NMR investigations at R > 1 should
be the same, since equation 6.16 described a ligand dissociation exchange between its
solvated and complexed sites. and reaction (a) represents the same process. The results
ieported in table 6.8 indicate that this is indeed the case, The fact that the dissociative
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mechanism is the dominant contribution to the coordinated 15C5 exchange can be
further checked by the activation parameters. The Eyring plot of the data given in table
6.7 is also a straight line (see figure 6.15). The activation parameters were calculated
from the slope and the intercept of the plot. These values are given in table 6.9, One
can see from table 6.9 that the activation parameters obtained respectively from the 13c
NMR studies on the ligand exchange and from the 1H NMR observations on the
intramolecular rearrangement are the same.

The reaction (b) in scheme II cannot be completely ruled out from the
mechanisms for the exchange of the complexed 15C5. It should be noted that reaction
(b) describes the process of the La(If) cation association exchange. As shown
previously in this section, the La(Ill) cation association exchange was detected from
the 1%%La NMR studies on the system of La(NO3); 6 H,O - B15C5 - AN. It is
reasonable to believe that this exchange also plays a role in the system involving 15C5.
Indeed, the 'TH NMR spectra given in figure 4.18 were different for different values of
R in the cases of R > 1, indicating that the exchange of the complexed 15C5 is also
catalyzed by the concentration of the free La(Il) cation. However, considering the
condition (R = 1.08) under which the 'H NMR studies for the complexed 15C5
exchange were carried out, the fact that the dissociative exchange is the main
mechanism is not surprising since in this case, the concentration of free La(IIl) is very
small. In this case, the contribution of the cation association to the exchange of the
complexed 15C5 may be negligible.

The kinetic studies discussed above might also help in understanding the
complex structure in solution. As mentioned previously, the model postulated on the
basis of the solid state structure of the complex 15C5-La(III) successfully accounted for
the 'H NMR data on the complexed 15C5 chemical exchange. This might indicate that
the structures for this complex in solution and in the solid state are similar. Moreover,
the solid state structures of the La(1II) cation complexes with crown ethers may also be
used to interpret the different kinetic behaviors observed in cases involving different
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crown ethers. For example, the cation exchange in the system involving B15CS is
measurable by **La NMR whereas the La(IlI) exchange is very slow for 18C6. The
different rates for the cation exchange in these two cases may be understood by
considering the structures of the complexes La(IIl)-18CS and La(QID)-B15C5. As seen
previously, the associative pathway is an important contribution for the La(IIl) cation
exchange in the system of B15CS, plausibly because the free La(IIl) can make contact
with the complex from the crown ether side. This contribution, however, is expected to
be much smaller for the system involving 18C6. Assuming that the structures of the
complex 18C6-La(lII) in solution and in the solid state are the same or very similar, the
approach of a free lanthanum cation to the complex is hindered from both directions: it
has to face the coordinated nitrates. Furthermore, the dissociation of the complex
18C6-La(lll) is also expected to be much slower than that of the La(IIl) complexes
with 15C5 or with B15C5. Therefore, the ligand and the cation dissociation exchange
in the case of 18C6 shouid be slower than for the cases of B15C5 or of 15C5. Finally,
as shown previously, the ligand (B15C5 or 15C5) exchange was detected only through
a dissociation mechanism. If the structures of these complexes are considered, this
result becomes logical since the crown ether cannot easily contact the complexed

La(III) cation in either case ( complexes La(III)-B15C5 and La(III)-15CS).
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GENERAL CONCLUSIONS

1391 2 NMR has proven to be a very sensitive technique for studying the La(TIT)
complexation in solution. In Chapter 3 of this thesis, 1¥La NMR spectroscopy was
used to investigate the cation and anion interactions in aqueous sclutions of lanthanum
nitrate, chloride, and perchlorate. The 3La NMR data were accounted for by the
presence of 1:1 inner sphere complexes of La(Ill) with these three anions. The
thermodynamic stability constants for these contact ion pairs were determined by
introducing activity coefficient effects to the data analyses. The quadrupolar relaxation
mechanism of 1*?La in the solutions was discussed. Instead of the usual reorientational
time fluctuations, fast solvent exchangs in the La(IIl) solvation sheil is believed to be
the major contribution to the **La quadrupolar relaxation. The nature of the La(I11)
first coordination sphere in acetonitrile solution of La(NO,); 6 H,O was examined by

139La and 170 NMR. The following model accounted for the experimental data.
(La(NO3); (AN),} + H,0 = {La(NO3); H,O(AN),}

Significant line broadening was observed in the 170 NMR spectra when the
H,!70 molecule was coordinated to La(Ill). Besides a quadrupolar relaxation
contribution, the indirect coupling between the 170 nucleus of the coordinated water
and '%La is thought to contribute also to the line bioadening. The coupling constant
was estimated by analysis of the 170 NMR spectra.

In Chapter 4, the thermodynamic study of La(Ili) complexes with crown ethers
in non-aqueous solutions was carried out by multinuclear magnetic resonance
spectroscopy. In the methanol solutions of LaCl; 7 H,0, a 1:1 complex of La(TII) with
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18C6 was formed. The formation constant for the complex was determined from the
lineshape analyses of the experimental 1**La NMR spectra. The }*La NMR study on
the system of LaCly 7 H,O - B15C5 - Methanol indicated that no complex between
La(Ill) and the crown ether was formed in solution. In the acetonitrile solutions of
La(NO3); 6 H,O, 1:1 cation : crown ether ~omplexes were quantitatively formed for
La(lll) with 18C6, B15C5, and 15CS5. Multinuclear magnetic resonance studies on
these systems indicate that the crown ethers coordinate directly to La(IIl) while the
coordinated water and most probably the solvent (AN) molecules are expelled out from
the first coordination shell of La(IIT) upon the complex formation.

The crystals of these complexes were prepared and their structures were
determined by X-ray crystallography. These results were reported in chapter 5. In the
solid states of these complexes, the first coordination spheres of La(Tll) were occupied
by the oxygen atoms of three bidentate nitrate anions and of the crown ethers.
Structural similarities were found for the La(IIl) complexes with crown ethers in the
solution and in the solid state.

The kinetic studies of La(IIl) - crown ether complexes were discussed in chapter
6. Both cation and ligand exchanges are slow in the system of La(NO5), 6 H,0 - 18C6 -
AN. 18C6 chemical exchange was only measurable by the magnetization transfer
technique at high temperature. The rate constant obtained for the exchange is k = 0.15
st at 333 K. When the crown ether is B15C5, the cation chemical exchange was
detectable by '*)La NMR. The La(Ill) exchange occurs definitely through a
dissociative mechanism. However, an associative process (involving a second cation or
the nitrate counteranion) might also contribute to the cation exchange since the La(IlI)
exchange rate is salt concentration dependent. The crown ether exchange mechanism is
accessible by 13C and 'H NMR. The dissociative pathway is the only mechanism for
the ligand (BI15C5 and 15C5) exchange. Considering the structures of La(III)
complexes with B15C5 and with 15CS5 in solution, the dissociative mechanism must be
the major contributor to the crown ether chemical exchange since the ligand cannot
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make contact with La(HII) from both sides of the complexes.

A kinetic process involving coordinated B15C5 and/or 15CS was detected from
the 'H NMR spectra of the ligands. Detailed 'H NMR observations were made on the
system iﬁvolving 15C5. On the basis of the La(IIl) - 15CS crystal structure, a model
involving "inner" and "outer” proton exchange was postulated to account for the H
NMR experimental data. The mechanistic study showed that this proton exchange
occurs through a dissociation and recombination of the complex.

The activation parameters for B15C5 and 15C5 chemical exchanges were
determiried through icmperature variation studies. Although the ligand exchange occurs
through a dissociation process, large negative entropies of activation were obtained,
suggesting a complete reorganization of the La(IIl) solvation shell during the exchange

process.
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APPENDIX I:
Equations describing the simulation of B15C5 '3C NMR spectra.
For each pair of carbons in free and in coordinated sites of B15C35, the intensity

of 13C NMR signal can be expressed as:
;=-Cx(Px[1 +"X(PBX(TzA'l)i+PAX (Tyg )]+ Qx R} /P2 +R?
P=1x((Tog ) X (Ta)- 472 V2 + 72 D?) + Py X (Ty4™1); + Pp X (Top™);
Q=1tx2rV -aD(P,-Pg))
R =21V X (1 + t((Top™ 1) + (Ta4 ) + aDt(Tog 1) - (Tp41)) + ”*D( P4 - Py )
Where D=v, - vp
V=05(v,+vg)-v
1 =(k, +kp)!
and v ,, vp are the 13C chemical shift in Hz respectively for site .A and B.

The above equations are also suitable for the La(IIl) cation exchange between

the solvated site and the site complexed by a crown ether.
In the case of B15C5 exchange, since there are four pairs of carbons, the total

intensity of the 13C NMR spectra will be the sum of contributions from each pair:
i ( i=1- 4)
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APPENDIX II:

A FORTRAN program corresponding to the equations given in Appendix L.

REAL Y1(1600), X(1600), V(10), Y2(1600), Y3(1600), Y4(1600), Y(1600)
C=1E3

R=1400.0

T=1.0/R

PA=0.804

PB=1.0-PA

READ(5,* END=999) (V(I), =1, 8)

READ(5,* END=999) PI

DO 101=1, 800

X(I)=5100.0+0.5*

F1=V(1) -V(8)

T2A1=1.0/P/1.0

T2B1=1.0//1.0

DF1=0.5*(V(1)+V(8))-X()
P1=T*(1/T2A1/T2B 1-4*PI**2*DF 1 %24 %%2*F1 **2)+PA/T2A1+PB/T2B1
Q1=T*(2*PI*DF1-PI*F1*(PA-PB))
RM1=2*PI*DF1*(1+T*(1/T2A1+1/T2B1)}+PI*F1*(PA-PB)
RH1=PI*T*F1%(1/T2B1-1/T2A1)

R1=RM1+RH1

Y 1(D)=C*(P1*(1+T*(PB/T2A1+PA/T2B1))+Q1*R1)/(P1*P1+R1*R1)
F2=V(2) -V(6)

DF2=0.5%(V(2)+V(6))-X(I)

T2A2=1.0/P/1.0

T2B2=1.0//1.0
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P2=T*(1/T2A2/T2B2-4*P[**2¥DF2%# 2+ PI*#2¥F2*%2)+PA/T2A2+PB/T2B2
Q2=T*(2*PI*DF2-PI*F2*(PA-PB))
RM2=2*PI*DF2#*(1+T*(1/T2A2+1/T2B2))+PI*F2*(PA-PB)
RH2=T*PI*F2*(1/T2B2-1/T2A2) |

R2=RM2+RH2 _
Y2(I)=C*@P2*(1+T*(PB/T2A2+PA/T2B2))+Q2*R2)/(P2*P2+R2*R2)
F3=V(3)-V(5)

DF3=0.5*(V(3)+V(5))-X()

T2A3=1.0/PI/1.0

T2B3=1.0//1.0
P3=T*(1/T2A3/T2B3-4*PI**2*DF3*DF3+PI**2*F3*F3)+PA/T2A3+PB/T2B3

Q3=T*(2*PI*DF3-PI*F3*(PA-PB))
RM3=2*PI*DF3*(1+T*(1/T2A3+1/T2B3))+PI*F3*(PA-PB)
RH3=PI*T*F3*(1/T2B3-1/T2A3)

R3=RM3+RH3
Y3(I)=C*(P3*(1+T*(PB/T2A3-+PA/T2B3))+Q3*R3)/(P3*P3+R3*R3)
F4=V(4)-V(7)

DF4=0.5*(V(@)+V(7)-X(D)

T2A4=1.0/P1/1.0

T2B4=1.0//1.0

P4=T*(1/T2A4/T2B4-4*P[**2*DF4*DF4+PI**2¥F4*F4)+PA/T2A4+PB/T2B4

Q4=T*(2*PI*DF4-PI*F4*(PA-PB))

RM4=2*PI*DF4*(1+T*(1/T2A4+1/T2B4))+PI*F4*(PA-PB)

RHA4=PI*T*F4*(1/T2B4-1/T2A4)

R4=RH4+RM4

Y4(I)=C*(P4*(1+T*(PB/T2A4+PA/T2B4))+Q4*R4)/(P4*P4+R4*R4)
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Y(D=Y 1+ Y20)+Y3(D+Y4()
10  CONTINUE
YMAX=Y(1)
DO 50 1=2,800
IF(YMAX.GE.Y(D)) GO TO 50
YMAX=Y(I)
50  CONTINUE
DO 40 1=1,800
Y=Y {I/YMAX*10.0
40 WRITE(6,300) X(I), Y(I)
300 FORMAT(6F10.4)
999  STOP
END

Note: A data file for this program contains 13C chemical shifts (in Hz) and = value.
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APPENDIX III:

An execution program for running a FORTRAN program on a mainframe

computer.

/* this program will run a VS FORTRAN program.

It is invoked by typing:

F <program name> [( [Nocompile] [Single] [Data=< file name:>]

[Result=<file name>]

[Library=<text library name>] ]

where optional argurnents are:

Nocompile: Used if a compiled TEXT version exists.

Single: Specifies that the single precision IMSL library should be used. The
default is double precision.

Data: Gives the name of the input disk file, of filetype DATA.

The default is the program name,

Result: Gives the name of the result file, of filetype RESULT. The default is the
program name.

Library: Gives the name of a user supplied text library.

In a fortran program, the file numbers used must be: 5 for input from disk data
file; 6 for output to disk data file; 7 for input/output with the terininal.*/

PARSE UPPER ARG programname °(’ op.1 op.2 op.3 op.4 op.5

datsname=programname

resultname=programname

imsllibrary="IMSLDLIB’

userlibrary=""

DOi=1TOS

PARSE VAR op.i option '=’ argument
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IF ABBREV("NOCOMPILE’option,1) THEN compile="no’

IF ABBREV(’'DATA’,option,1) THEN dataname=argument

IF ABBREV(’'RESULT’ option,1) THEN resultname=argument

IF ABBREV(’SINGLE’ option,1) THEN imsllibrary="TMSLSLIB’
IF ABBREV('LIBRARY",option,1) THEN userlibrary=argument
END

IF compile /= 'no’ THEN 'FORTVS’ programname ’(SDUMP’
'GLOBAL TXTLIB VLNKMLIB VFORTLIB CMSLIB PLOTLIB’ imsllibrary
’FILEDEF 3 DISK’ DATANAME 'DATA A’

’FILEDEF 5 DISK’ DATANAME "DATA A’

"FILEDEF 6 DISK’ RESULTNAME "RESULT A (LRECL 130’
"FILEDEF 7 DISK’ RESULTNAME "OUTPUT A(LRECL 130
"FILEDEF 8 TERMINAL’

'ERASE’ PROGRAMNAME 'LISTING’

’LOAD’ PROGRAMNAME ’(START’

Note: The name for this program is F EXEC, To run a FORTRAN program, type: F
filename. A FORTRAN program to be run must be saved as <filename fortran>.
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