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ABSTRACT
SPECTROSCOPIC STUDIES OF METAL COMPLEXES IN SOLUTION
By
Azam Rahimi

This thesls reports some explorvatory studies on the
use of scandium-45 and silver-109 nmr probes of the im-
mediate chemical environment of scandium(III) and silver(I)
ions in solutions.

Scandium-45 chemical shifts for scandium salt solutions
in tetrahydrofuran were found to be strongly dependent on
the nature of the counterion. This influence of the anion
was not observed for scandium salts in aqueous solutions 1in
the same range of concentration. It 1s concluded that in
the THF solution Sc3+ salts exist as ion pairs or higher
ionic aggregates while in water st or Sc(OH)2+ ion
1s completely solvated by the solvent molecules. Studiles
of 4530 chemical shifts in water-THF mixtures confirmed
the above concluslons.

Attempts were made to study Sc(III) complexes with
crown and cryptands by uSSc nmr. The results were largely
inconclusive due to very low solubilities of the Sc(III)
complexes and the relatively low sensitivity of usSc
signal.
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Silver-109 nmr studies were first carried out on
aqueous solutions of AgNO3 and AgClOu. The 109Ag chemical
shifts moved upfield with increasing concentration of the
two salts. The shifts were somewhat anlon-dependent but
extrapolated to the same frequency at infinite dilution.

This frequency is indicative of 109Ag resonance of a com-
pletely hydrated Ag+ ion.

Similar studies were carried out in several nonaqueous
solvents and, in particular, in acetonitrile. Again an up-
field shift with increasing salt concentrations was observed.
The 109Ag chemical shift for solvated Ag+ ion 1in acetonitrile
is considerably further downfield than in water, indicative
of stronger interaction of Ag+ ion with acetonitrile. The
results from 109Ag nmr studies in mixtures of these two
solvents supported the above conclusion.

Silver-109 nmr was also used to study complexation re-
action of Ag+ ion with benzene, pyridine and their deriva-
tives, 1n several nonaqueous solvents. Measurements were
carried out in acetone, methanol, tetrahydrofuran, propylene
carbonate, pyridine and acetonitrile solutions. Solvent
dependence of these complexation reactions was observed.

The effect of substituents on the complexation reaction and
the effect of temperature on complexation of pyridine with
Ag+ ion was also studied. It was found that the Ag+-
pyridine complex is more stable at lower temperature.
In view of the low solubility of the scandium salts

and extremely weak sensitivity of the 1°9Ag resonance, only
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qualitative information could be obtained with the instru-

ments used in this study.
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CHAPTER I

HISTORICAL



Chemistry of Scandium

Scandium was one of the missing elements in the original
periodic table of Mendeleev published in 1871. Mendeleev
called this element "eka-boran" and estimated its atomic
welght to be U45. In 1879, Mendeleev's predictions of
this missing element were confirmed by its discovery by
Nilson. The element was named scandium, because the
minerals containing it were found 1n Scandinavia. This
new rare earth was different from the lanthanons by its
weak basicity, atomic weight of less than 131 and by
its spark spectrum. Scandium was obtained in a small
quantity from gadolinite and euxenite minerals after
separation from lanthanons and fractional crystalliza-
tion and precipitation. Since scandium was obtalned in
a very small quantity, Nilson was not able to study it
in detalill.

For many years not much attention was paid to this
element. Later in 1950, when the problem of obtaining
this element and its compounds 1in a good quantity and
high purity was overcome, the interest in scandium and
i1ts compounds increased rapidly. During recent years dif-
ferent compounds of scandium have been synthesized and
characterized. Many intermetallic compounds and alloys
of this metal with interesting properties are available.
Application of different instrumental techniques such as
neutron activation analysis, flame and emission

3



spectroscopy, made 1t possible to detect and determine
small traces of this element in rocks, biological materials,
etc. Different inorganic and organic compounds of scandium
were synthesized and characterized by different methods.
Stable complexes of scandium in trivalent states with anionic
and neutral ligands were prepared in the solid and solution
state. A comprehensive review of all aspects of scandium
has been provided by Horovitz, Gschneidner, Melson, Young-
blood, and Schoch in a recent monograph (1).

Scandium, with electronic configuration of [Ar] 3dlhs2,
is a group III element and the first member of Sc, Y, La
Ac group. Its ionic radius is ~0.7 R which is smaller
than the radii of lanthanides and in its compounds co-
ordination numbers exceeding 6 are not known. Scandium
chemical behavior is intermediate between that of aluminum
and of the lanthanides. The usual oxidation state of this
element in its compound is III. Many inorganic salts of
scandium have been synthesized. Organo-scandium compounds
which contain scandium-carbon bonds are well characterized.
Coordination compounds of scandium contalining nitrogen-,
oxygen-, phosphorus- and sulphur-donor ligands have been
of physicochemical measurements on these systems.
Physicochemical studies on scandium complexes in solu-
tions are particularly rare. This fact might be due
to the 3d0 configuration of scandium in its +3 oxidation

state, which makes useless some of the techniques, such



as electronic spectroscopy and magnetic susceptibility
measurements. Nuclear magnetic resonance spectroscopy

seems to be a potentially useful technique for such studies.

Nuclear Magnetic Resonance Studiles

During recent years nuclear magnetic resonance (nmr)
spectroscopy has been extensively used as a powerful tool
for the elucidation of the molecular structure and investi-
gation of environmental effects on a given nucleus. In
particular the application of Fourler transform technique
to the nmr spectroscopy has introduced the advantage of
obtaining spectra in a shorter period of time.

In the past decade the nmr of metallic nuclei with
I >0 has become an interesting and useful extension of

the more common nmr spectroscopy of nuclel such as 1

H,
130, 31P, and 19F. A lot of work has been done in this
area specially on alkali metal nmr (3), but very few
reports about other nucleil have been published. Scandium-
45 spectroscopy has shown the sensitivity of the chemical
shift to the variation of the coordination environment of
the Sc(III) ion and suggests that this technique may be
useful for such studies.

Scandium-45 nuclide with spin of 7/2 has 100% natural
abundance and a relative sensitivity of 0.3 compared to

an equal number of protons at constant field. Very few

reports of the application of USSC nmr spectroscopy to



the study of the scandium complexes have been published.
Proctor and Yu (l4) measured the magnetic moment of scandium
with a nuclear induction spectrometer. They measured the
resonance frequency of usSc in an aqueous solution of
Sc(N03)3. By comparing this frequency with that of 23Na
from a saturated aqueous solution of NaCl and taking for the
scandium spin the value of 7/2, they calculated the magnetic
moment of scandium to be, uu580=u.7u97¢o.oos uN (nuclear
magneton). The magnetic moment of scandium was also measured
by nuclear magnetic resonance absorption (5). Proton
resonance was used for comparison. The value obtained for
the magnetic moment was 4.74916 + 0.00012 which agrees

quite well with the previous results. Scandium-45 nucleus
has also been used as a secondary standard for measure-
ments of the nuclear magnetic moment of other nuclei

(6,7). Lutz (8) measured the Larmor frequency of scandium-
45 in a dilute solution of scandium chloride in acidified
heavy water and calculated the magnetic moment of scandium

to be, = 4 ,748711 uN. Lutz also investigated the

uusSc
relative chemical shifts of uSSc in solutions of Sc(NO

3) 35
ScCl3 and Sc(ClOu)3 in heavy water and light water as the
solvents. It was found that for acidified solutions of
scandium chloride in water, there is no shift as the
concentration of the salt 1s increased, and the observed
linewldth was narrow, 28 to 35 Hz. In the case of acidified
Sc(ClOu)3 solution, there was a shift to lower frequency

as the concentration of the salt increased, and the



linewidth was also narrow, 30 Hz. He also noticed that
at low concentration, there 1s no difference in the scan-
dium chemical shift between acidified solution of ScCl3

and Sc(ClOu) The linewidth for Sc(NO3)3 solution was

broader than3that of the above salts. He observed a d4dif-
ference in the Larmor frequencies of scandium-45 in solu-
tions of light and heavy water, which was related to the
difference in shielding of the usSc nucleus by light and
heavy water ("solvent isotope effect"). Buslaev et al.

(9) investigated the scandium complex formation in aqueous
solution. This work was done by study of the magnetic
resonance of llsSc nucleus as a function of the concentration
of the salt and the nature of the anion: C1°7, NOS, and
0103. It was observed that the linewidth for Sc(NO3)3
is greater than those of ScCl3 and Sc(ClOu)3 and related
it to the following order of the complexing ability of

the anions:

NOZ > C17 > C10;

This order is unexpected since Cl~ usually forms stronger
complex with metal ions than NOE. More recently, Buslaev
et al. (10) reported a study on the linewidth and chemical
shift of the uSSc resonance in the solutions of various
scandium salts. They found that the linewldth of Sc

resonance in the nitrate solution depends on the concentra-

tion of the salt. In concentrated solutions the 1line was



very broad (Av = 2630 Hz for the saturated solution which
is 80% by weight of the salt (11)). The line broadening was
explained in terms of formation of an outersphere ion
pairs and higher aggregate formed in concentrated solution.
They did not observe the change in the chemical shift in
the concentration range of 2% to saturated solution of
Sc(N03)3. In an aqueous solution of (NHu)3ScF6 in the
presence of ammonium fluoride, fine structure in the "530
nmr spectrum was observed. The spectrum consists of seven
lines whose relative intensities indicate the interaction
of uSSc spin with six equivalent fluorine nuclei in Sch'
anion which has an octahedral structure. They also observed
a shift of MSSc resonance toward higher field in HCl1l solu-
tion of ScCl3 relative to an aqueous solution of ScCl3.
They suggested that in these solutions various aquochloro
complexes of scandium are formed, but the exchange is
fast relative to the nmr time scale so that only one
resonance 1is observed. In a solution of ScBr3 in HBr,
the exchange is slow and two resonances were observed due
to aquo- and bromo complexes of scandium. They also ob-
served a change in the chemical shift of "5$c resonance
with respect to the nature of the counterion. The chemical
shift decreased as the anion changed from chlorine to
bromine and to lodine.

Melson et al (12) reported scandium-45 nmr spectra for
several scandium salts in aqueous solution. They observed

the concentration and anlon dependence for the chemical



shift and linewidth of Sc-resonance in the solutions of

the scandium chloride, perchlorate, and nitrate. They
noticed that at low concentration for chloride, perchlorate
and bromide solutions of scandium, the chemical shifts
approach the same value. In other words the limiting
chemical shift 1s independent of the counterion. They
suggested that in these solutions with low concentration the
species present might be hydrated [Sc(OH)]2+ or [Sc(H20)6]3+
ions. They also observed the concentration and anion
dependence of the chemical shift and linewidth of the Sc-
resonance in aqueous solutions of the different scandium
salts. In the case of chloride and bromide, the presence

of the chloro and bromo speclies in the solution was sug-
gested. Other investigators (13-15) also studied these
systems and identified the presence of the hydrated species
of seC1?*, sec1l*, 2*, ana ScBri* in the aqueous solu-

tions. They measured the stabllity constant of these com-

ScBr

plexes by various methods such as potentiometry and cation-
exchange. Their values do not agree with each other. For
perchlorate as anion, the observed changes in the chemical
shift and linewidth of Sc-resonance was related to the
formation of [Sc(OH)]?* 1on at low concentration and
polymeric hydroxy species at higher concentration (10).
Melson et al. (12) observed different behaviors for
Sc(NO3)3 and Sc2(Sou)3 in aqueous solution. The chemical
shifts in these cases did not approach the limiting value

at lower concentration which indicates that the species
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present 1n the solution include the anions. The line-

width increased with increasing concentration of the salts,
which was indicative of the formation of a complex (or

contact ion pair) of nitrate and sulfate with scandium ion

in concentrated solutions. The stability constants for

the formation of Sc(III)-nitrate complexes and related thermo-
dynamic parameters have been measured by solvent extraction
method (16). For sulfate complexes of scandium in aqueous
solution the log k, AH® and AS° values were also determined
calorimetrically (17). These evidences support the con-

clusion of Melson et al. (12) obtained from 4“5sc nmr.

Complexation with Crown and Cryptands Macrocyclic Ligands

The discovery of cyclic polyether (crown) by Pederson
(18) and diazapolyoxamacrocyclic (cryptands) by Lehn and
his coworkers (19) introduced into different areas of
research a newclass of compounds with very interesting and
unusual binding properties. Figure 1 shows the structure
of some of the crowns and cryptands. These macrocycles
contain flexible frameworks with different cavity sizes
which enable them to bind a wide variety of cations (20).

These compounds form strong complexes with alkali and
alkaline earth metal ions (21) and they have been used as
models for 1lon carrier molecules of biological interest.
Crown ethers form two dimensional complexes, and cryptands

form three-dimensional complexes. The strength of the
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Figure 1. Structure of macrocyclic ligands cryptand and
crown.
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complexes largely depends on the relation of the cavity
slzes of the polyethers to the diameter of the ions.
Although these macrocyclic polyethers have been used
extensively as complexing agents for a variety of metal
ions, the studles on complexation of these ligands with
Sc(III) ion has just been started. Olszanski (22) has

done some studies on reaction of ScCl3 and Sc(NCS)3

with the benzo-15-crown-5 and dibenzo-18-crown-6. He found
that the stoichliometry of the complex is a function of both
the salt and the solvent used in the course of the reaction.
A more extensive historical discussion of these macrocyclic
ligands and their complexes with metal ions in particular

alkall metal ions can be found in the Ph.D. thesis of E. H.
Mei, Michigan State University (1976).

Conclusion

From the above discussion it 1s evident that uSSc
NMR spectroscopy may be used as a sensitive probe for the
detection and the study of scandium (III) ion solvation
and complexation in solution. The first part of this thesis
reports an investigation of Sc(III) salt solutions and of
complexation of this ion with macrocyclic ligands crowns

and cryptands by scandium-45 nmr spectroscopy.



CHAPTER II

EXPERIMENTAL PART
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Experimental

Reagents

Scandium oxide was purchased from Research Organic/

Inorganic Chemical Corporation and was 99.9% pure.

Salts

Anhydrous ScCl3 was prepared as described by Stutz

and Melson (23); SeCl5°5H,0, Se (NO,) 5 3H,0, Se(C10y) 3"

3'3
6H20, and ScI3‘6H20 were prepared from Sc203 according to
the described methods (24-28). These compounds were dried
over P205 under vacuum at room temperature. The Karl
Fischer titration method was used to measure the numbers

of water molecules accompanying eadh salt. For the hydrated

ScCl3 and Sc(NO cases, the number of water molecules is

3)3
different from that reported earlier (25,26). The dif-
ference may be due to differences in drying procedures
(reported values for the number of water molecules accom-

panying ScCl, is 6 and for Sc(N03)3 it 1s 4).

3

Solvents

Tetrahydrofuran (THF), (Burdick and Jackson Laboratories,
Inc.) was dried over metallic sodium and benzophenone by
refluxing. Its water content, measured by the Karl Fischer

method, was less than 100 ug/ml.

14
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Ligands

The cryptands C2l11 and C221 were obtained from E. M.
Laboratories, Inc. and were used as received. Crown
ethers dibenzo-18-crown-6, dicyclohexyl-18-crown-6 and
benzo-15-crown-5 were purchased from Aldrich Chemical

Company.

Sample Preparation

Tetrahydrofuran solution of scandium salts were pre-

pared by the following methods:

1. The required amount of anhydrous salt sample was
introduced into a volumetric flask and diluted to the mark
by tetrahydrofuran or by a mixture of tetrahydrofuran
and water in desired ratio.

2. Since the preparation of anhydrous scandium salts
was difficult, attempts were made to make tetrahydrofuran
solutions of scandium salts by another method. Hydrated
scandium salts were dissolved in the dry tetrahydrofuran.
The solvent from the solution was refluxed and the condensed
solvent was passed through molecular sieves which were
in the column of the Soxhlet extraction apparatus. The
water concentration during the course of the extraction
was monitored by the Karl Fischer method. After a few
hours the water concentration was reduced from ~250-400

pg/ml to ~20-30 ug/ml. To make solutions with the highest
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possible concentrations of the salts (which was still

very low, 0.02 M for ScCl,, 0.0017 M for Sc(NO and 0.0014

3 3)3

M for ScBr3,)some of the solvent was evaporated.
The IR spectra of the solid dehydrated product (after

dehydration process and evaporation of the solvent) did

not show any Hzo-bands which are present in the spectra of

the hydrated scandium salts. The IR spectra of the product

in the ScCl3 case was identical to that of the ScCl,°3THF

3
adduct, first prepared by Herzog et al. (29). The

crystal and molecular structure of this compound was re-
cently reported (30). In this compound the scandium ion

i1s hexa-coordinated by three chloride ions and three tetra-
hydrofuran molecules. The IR spectra of tetrahydrofuran
adducts of other scandium salts have bands in common with

those of the ScCl_.°3THF adduct with some shifts in their

3
positions. Therefore, it 1s possible that in the dehydra-
tion process the H20 molecules around scandium ion have
been replaced by tetrahydrofuran molecules. The above
dehydration process was used in other solvents besides
tetrahydrofuran, such as acetonitrile (CH3CN), dimethyl-
formamide (DMF), dimethyl sulfoxide (DMSO) and acetone
(CH3COCH3). In CH3CN hydrolysis took place, and the IR
spectrum of the precipitate indicated that it was 80203.
In DMF, DMSO and CH3COCH3 decomposition took place during
dehydration process. Therefore, tetrahydrofuran was used

as the nonaqueous solvent for this work. Scandium 1lodide

was not used, since the water concentration did not reduce
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appreclably even after a long dehydration process.

The solutions for study of usSc nmr in mixture of sol-
vents were prepared by adding the required volumes of the
two solvents to the desired weighted amount of the salt in

a volumetric flask.

Instrumental Measurement

Scandium-45 nmr

Continuous wave u5Sc nmr spectra were obtained for
some of the experiments with a highly modified NMRS-MP-
1000 spectrometer (31,32) operated at 55.1 MHz at a field
of 53.3 Kg. The time sharing method of Baker et al.
(33,34) with frequency sweep was used. Spectra were
time averaged for many scans on a Nicolet 1083 computer.
Five mm nmr tubes were used. The reference was 3.0 M
aqueous Sc(ClOu)3 solution. Increasing chemical shift
values (positive chemical shifts) correspond to upfield
shift. Magnetic susceptibility correction was not made
because of the large chemical shift range. The line-
widths are not the natural linewidth since some instru-
mental line broadening contributes to them. For some
of the experiments, the spectrometer was modified to
operate in the Fourler transform mode which saved time
(since for continuous wave mode, a lot of scans were

necessary to see the signal which took as long as ~24 h).
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The uSSc nmr studies in mixed solvents were done 1n both

modes and identical data were obtailned.

Infrared

Infrared measurements in the 4000-200 cm"l

spectral
region were obtained on the Perkin Elmer Model U457 grating
spectrophotometer. The mull samples were held between
potassium bromide salt plates. Nujol was used for making

the mulls.
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Introduction

Scandium-45 nmr spectroscopy is shown to be a poten-
tially useful technique for the study of the nature of the
chemical species present in the solution. The work done
in this area so far deals with usSc nmr studles in aqueous
solutions . This might be due to low solubility of anhydrous
scandium salts in nonaqueous solvents which makes it d4dif-
ficult to see usSc-resonance with these solutions. With
this in mind this study was initiated to investigate the
salt solutions of Sc(III) salts in nonaquous solvents.

In addition since there have been no publishéd reports
of any studies involving the uSSc nmr studles of crown and
cryptand complexes of this ion in solution, it seemed
interesting to study complex formation of these complexing

agents with Sc(III) ion by usSc nmr spectroscopy.

A: A Scandium-45 NMR Study of Solutions of Scandium Salts
in Tetrahydrofuran and in a Mixture of Water and Tetra-

hydrofuran

The chemical shift and linewidth of the MSSc resonances
for tetrahydrofuran solutions of scandium salts are recorded
in Table I. The chemical shifts, "6", are referred to
an aqueous solution of 80013 at infinite dilution. In-

creasing values (positive chemical shifts) correspond to

20
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Table I. L‘SSc NMR Data for Some Scandium Salts in Tetra-

Hydrofuran Solution.

Concentration Sc3+ Chemical Shift Line Width

Scandium Salt M §, ppm Hz
ScCl3 0.020 =202 660
ScClB'quo 0.020 =191 800
ScCl3'llH20 0.015 -190 890
ScCl3°’4H2O 0.010 -193 900
ScBr'3 0.007 =273 231
ScB