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ABSTRACT - )

; -\

This thesis describes a number of closely related studies on aspebts
o% the chemistry of Co(III) complexes.. Of particular interegi are p-peroxy _
Co(IlI) compiexeé formed by the addition of.molecul r oxygen to Co(Ifj con-
taining soluti;né. These compounds have attract mdch aﬁtention, partly AN
because they can serve as mode]é for biological oxygen carfieqs and partly— )
bécauée of their intrinsic chemical interest. A review of some gf the |
pertinent chemistry is contained in Chapter One. A number gf intereiting
questions which remain unanswered, particu]arly wifhffeépeét to .the un- :

expectedly rapid rates of ligand exchange reactions and”the mechanisms -

of electron transfer reactions will be addressed in the present thesis.

There are also problems with respect to the characterisation of the '
complexes in solution particularly .in cases where there are a number of

59Co NMR hds not previously been applied to this

v ~isomeric pbssibj]ities,
S areg and the thasYs reports the intitial results of such a study. Some
necessary NMR theory is reviewed in Chapter Two. Experimental details for

both the chemical and the NMR studies are contained in Chapter Three.

The application of SQCO NMR -to these di-oxygen complexes resulted
in several interesting observations and NMR problems. These topics will
be dealt with in Chapiﬁrs Four, Five and Six: In Chapter Seven, the

. application ofaa model for assignhing 59Co resonénces to Co di-oxygen com-

plexes is presehted. Finally, in Chapter Eight, some mechanistic studies

A ¥
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on 1igand exchange and electron transfer reactions are described. Two
appendices give computer programmes and some results on the characteri-
sation-of Fe compounds produced by oxidation with the Co di-oxygen

"
complexes.

&n order to achieve better resolution, high field experiments wéere
per%ormed using superconducting magnet instruments. In the course of
" ‘these experiments an anomolous field depéndenCe of fhe linewidths was
qbsefved. Thé interpretation df this ef%ect is the*subject of Chapteré
~Four and Fivé. In the first-of these chapters, linewidth measurements on
22 complexes at 3 different fields dre reported. Qualitatively, the results
are cofsistent with réquation due to chemica{ s:%e1ding anisotropy but:
lcalcu}ations show that the observed broadening is two to three orders of
magnitude greater than expected from this source. Several other bossible
explanations are considered. It is concﬁude@‘that the most 1ikely origin
of the %ffect lies in the contribution of anfisymmetric components of-the
chga;za1 shielding tensor, modulated by an abnormally long correlation
time which is associated with the lifetimes of hydrogen bonding interactions.
Although the existence of antisymmetriﬁ components in the shielding tensor
has been recognised as theoretic}]]y possible for soﬁe time, there has been
no prevfous experimental evidence for their importance. This model leads
to two predictions - that there will be a large solvent dependence of the

field effect and that the very unusual result of T less than T, will be

found if this relaxation mechanism is dominant. Measurements showing-T]
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less thaﬁ T2 have not previously been reported. Chapter Five reports the
results of experiments designed to check these predictions. The data sup-
port the propésed relaxation mechanism. Nine compounds have S;en examined

in a'ngmber of different solvents and thé results correlated with the Gutmann
donor‘numbers of the solvents. The contributions of quéd?upolar relaxatiqPi
apd scalar relaxation of the.second kind té the linewidths are assessed.

The measurement of very short T]'s {where T1 becomes comparable with t%é
instrumental pulse widths) presents some hazards but the .predicted values
relative to T2 have been obéerved. These fé;u1ts suggest a new approach

to the study of short 1ived hydrogen bonded second sphere intermediates of

kinetic significance in transition metal complex reactions.

+

S .
Chapter Six returns-to the problem of assigning 59Co résonances in

complex mixtures. A model is developed for.esfimating both the chemical i
shift and the linewidth of an octahedrally coordinated'Co(III) complex with
any ligand afrangement. This model is tested by app]ication to some 50

known complexes. %90 data on a number of these complexes have not been re-
ported previously. The relative chemical shifts, particularly for compIexés
with similar ligands, can berca1;u]ated with some reliability. The agreement
between ca]cuiated and observed linewidths is only qualitgﬁiveqﬁyt the

results are nevertheless useful in making isomeric assigqﬁents. “In Chapter

Seven, this model is applied to Co di-oxygen complexes. Examples involving °

. A d
complex isomeric mixtures are discussed and its use in identifying inter-
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mediates produced during the oxygenation of Co{Il) solutions containing a

varieﬁy of ligands is demonstrated.

L

Fipnally, in Chapter Eight, some mechaqisf?c studies on Co di-okygen com-~-

. - $ ‘
plexes are described. The mechanism of ligand exchange reactions involving

-

bis(salicylaldehyde)ethylenediimine Co(!il) dioxygen complexes has been. .

investigated by stopped-flow spectrophotometry. The initial step is dis-

j ,
sociative ligand exchange. This result is contrasted with literature re-

ports on similar reactions invoelving complexes containing amine ligands for
swhich the initial step is g]ectroh transfer to the Co. The Eeasons for th;

high lability of this class of complexes are discussed. The reduction of

several amine‘containing Co di-oxygen compjgxes by Fe(II) has been followed

59

by Stopped?ffow_spgg;rophotdhetry and by 77Co NMR. In this case, the mecha-

nistic resultslagree with literature reports on' Similar cofiplexes but the
_interesting observation has been made that the different isomers react at
different rates. The structures of the isomers have been assigned using

9o NMR.

Some of the'results contained in this thesis ahe‘réported in the fol-

Towing publications: . | | -

i) Steve C.F. Au-Yeung and Donald R. Eaton, "Characterization of
Cobalt-dioxygen compiexes by means of High Field 5960 NMR" Inorg.
Chim. Acta, 76,,L141-144 (1983). ‘ '

if) “Steve C.F. Au-Yeung apd‘Dbna]d.R. Eaton,'“Chemiggl Shift Aniso-
tropy and Second Sphere Hydrogen Bonding in Co(III) Complexes". J.

Magn. Reson., 52(3), 351-365 (1983). ! . \\\_
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iii) Steve C.F. Au-Yeung and Donald R. Eaton, "The Solvent and ?ie]d
Dependence of 59Co NMR Linewidths“, J. Magn. Reson., 52(3), 366-373 -
(1983). g : '

iv) Steve C.F. Au-Yeung, Richard J. Buist and Donald R. Eaton, "“Spin-
Lattice Relaxation of Low Symmetry Co{I1II) Complexes", J. Magn. Reson.,
inpress. o | ;‘ ) '
v) Steve C.F. Au-Yeung and Donald R. Eaton, "A Model for Estimating

SgCo Chemical Shifts and Linewidths and its application to Cobalt di-
* oxygen complexes", Can. J. Chem., 61, 2431-41 (1983).

.vi) Steve C.F. Au-Yeung and Donald R. Eatan, "The Kinetics and Mech-
anism of the Reaction of u-Peroxy-bis(Salicyla]dehydé)ethy]enédiimine
Co(III) with Cyanide and Thiocyanate Ions". Inorg. Chem., in press.
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CHAPTER ONE
LITERATURE SURVEY OF COBALT DIOXYGEN COMPLEXES

)
SECTION 1.1 Introduction ' .
. T \
Metal complexes which are capable of forming adducts witﬁ“ﬂioxyg“

without irreversible oxidation.of the metal (M) or ligand (L) are known a
. i %
oxygen carriers. The reverse reaction in equation 1.1 must be observable

N

aM(L) + 0, <E=>[M(L)] 0, n=1,2 [1.1]

if a complex is to belong to this class.

f
Such oxygen carriers are of great importance in the transgort and storage

of molecular oxygen in living systems (1.1)‘for the following general

reasons:

-
-

i)/nnoﬁgpular pixgen functions as the terminal electron acceptor in
the electron transport chain. It is a necessity in the ‘production
of adenos1netr1phosphate (ATP) for aerobic metabolism.

ii) molecular oxygen participates in reactions mediated by oxygenases
and oxidases. The former involve catalysis of insertion reactions of

oxygen whereas the Tatter involve the ox1dat1on of organic substrates
(1.4-1.5).

Table 1.1 summarizes_the general properties of naturally occurihg oxygen

fscarrvers 1nyn]ved 1n oxygen metabol1sm._ Other metals (not l1sted in Table

- ur..—
T -

- 1.1) are also believed to be active in aspects of oxygen metabollsm For

‘example, the oxygen transport’agent in photosynthesis is postulated to be
manganese (Mn) (1.6-1.7) and the free radical reactions of vitamin 312 are;

believed -to utilize both oxygen and Cobalt (1.8-1.9).

o1~



_2-
Table 1.1
Properties of Naturally Occuring Oxygen Carriers (1.2, 1.3)
’ < Herﬁopfot_ei ns . Hemérythr-"i n Hemocyanin
- Hemoglobinw Myoglobirm.
, — v
Metal (M)} Fe* T JFe"™ ™ cu"*
De-oxygenated form \ ‘
n 2 I 2 1
B
. ] M _
magnetic-electronic i _ - 10
properties -h.s., =2 h.s., $=2 h.s., §=2 d'™, S=0
Oxygenated form
TN |
maénetic-e]ectronic diamagnetic diamagnetic ueff, temperat- diamagnetic
6ropert1'es J . ure dependent, -
. ground state
diamagnetic
WO, 1 / 1 2 2
Major function transport storage storage transport




-3-
Considerable progress has been made in elucidating the details of
oxygen transport involving hemoglobin (T.]O). Through studies of synthetic
mode1tsystems in which simple compounds containing metal complexed to di-
oxygen, insight has been gained fnto the essenijfg\:ature of the metal
) .

dioxygen bonding.

— -
It is generally agreed in the literature that the fixation of fole-

cular Oxygen onto metal complexes takes place by a reversible one electron

oxidative-addition reaction. The model of Paulfing and others (1.11-1.13)
~involving a metal dioxygen o-bond formation is favoured ovér-that of Vaska's"
1ater§1 ﬁ-bonding (1.14-1.15). The metal reversibly transfers an electron
to the dioxygen, leading to a forma]l; oxidized metal bonded to the formally

‘reduced oxygen. A bonding scheme (1.16-1.18) with transfer of a metal d-

*
2p
oxygen to metal pws-dr back bonding. This viewpoint is supported by the bulk

electron to the oxygen = orbifa] results in a g-bond as well as possible
of the evidence in the literature. A significant balance between ¢ and
*
dr-pr  back bonding is required for a good oxygen carrier (1.19-1.20). There-
. ‘®
fore, the ?asic'equilibrium for dioxygen comﬁlexation in oxygenation\react-

ions can be visualized as
' + - . L
L™ + 0y =x ()™ o=0es(mL) (™) g=g [1.2]

This bonding description has led to extensive investigation of.the

first row transition metals capabie of one electron oxidation intexactions

with oxygen. Thus,'Mn2+,'Fe2+, Co2

+, Cu+ and Cri2+/ ail comp)ex with oxygen
due to their readily accessible higher oxidation states in reactions élose]y-
similar to those of biologically relevant oxygen carriers. In general,



literature reports on the study of oxygen carriers can be divided into

three main types;

i) Modes of binding and the properties of the oxygen carriers
1) Dynamics of metal dioxygen binding in solution, and

iii} Reactions of dioxygen complexes.

(i) and (ii) are complementary to each other. For example, quantit&%ive
values obtained from measurements of the thermodynamics and kinetics of
co$p1exation directly refiect the strength of the g-n bonding."Singlg
crystal X-ray measureménts of bond length and bond ané]es proyide the
necessary complementary information. In addition, E.S.R. measurements
provide semi-quantitative values for spin density transferred from metal

to oxygen for 1:1 comb1exes. A.wea1th'of information is .vailable on
structural and dynamic aspects of oxygen carriers but only a Timited effort

has been made in the‘area of the substitution and redox reactions of simple.

dioxygen complexes.

The Titerature dealing with reversible oxygen carriers is vast but
has been well reviewed. References to individual papers wifl therefore be .
omitted except for those immediqtely relevant to the present research. In
this thesis, it is the subject of cobalt di-oxygen complexes that is of par-
ticular interest. The literature on these compounds is therefore reviewed
as far back as 1960. For other oxygen carriers, little was known until the

mid-seventies. General references are listed below:

i) Cobalt oxygen carriers (1.2, 1.3, 1.19, 1.21 - 1.48)

ii) Manganese oxygen carriers (1.49-1.51) h

3



ii1) Iron oxygen carriers (1.52-1.56)

iv) Copper oxygen carriers (1.57)

L4

In addition, two other articles or books have appeared dealing with
general aspects of bioinorganic chemistry (1.58-1.59), and one review
article discussés the recent‘ﬂéve]opment of the Actinides as probes for -
bieJogical reactions (1.60). 1In section 1.2, a general review of recent
develogments in Cobg]t chgmistry is given to complete the literature-sur-

vey. .

SECTION 1.2 General Réview of Cobalt(III) Chemistry

In general, the work reported since the earlier days of kKerner is

divided into four broad areas, namely,

i) synthesis
ii} stereochemistry (1nq1uding crystallography)
iii) kinetics, reactivity'and mechanisms, and

iv) catalysis.
i

‘Recent review articles or books dealing with the‘systematic synthesig_of
Cobalt (III) cbmplexes (1.61-1.62), -optical and stereochemistry (1.63),
‘subﬁtitution'reactions {1.64) as well as catalytic topics (1.65-1.66) have
been published. In additfon, references for other areas of increasing

interest, in recent years are compiled elsewhere {1.67-1.68).
: : ’

General concepts for inorganic reaction mechanism are well covered

in the books by Basolo and Pearson (1.69) and Wiltkins (1.70). Older litera-
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ture in this area includes thglﬁgviews by House (1.71) and Swaddle (1.72).
Models for general electron transfer reaction have been reviewed by Bodek
and Davis (1.73) and Davis (1.74). A summary of Werner's research in

Cobalt(III) complexes is also available {1.75).
SECTION 1.3 Nomenclature

The term molecular oxygen refers only to the free uncombined oxygen
molecule which is paramagnetic and has a'trip1e£ 329 ground state. Dioxygen )
is used as a generic name for the 02 species in any of its forms, with the
restriction that there exist a covalent bond between the oxygen atoms. An
M.0. description shows that the unpaired electrons in the 3: ground state
are found in the two degenerate antibonding 2pwg orbitals 1eav1ng 02 with
a formal bond order of two and a vacancy for further addition of a single

electron in both of the antibonding orbitals (Fig. 1.1).

- v
g __1__ + lp\
: ™ ~
% I+ FeTo” P 4 K2
SIs W Y, -

Figure 1.1 M.0. Diagram for Molecular Oxygen

The addition of a single electron results in the formation of a superoxide
(02") anion wifh a total bond order of 1.5 whereas the addition of two
electrons would result in the formation of the peroxide (02") anion with

a bond order of one (Fig. 1.1).



SECTION 1.4 Cobalt Models

There are three main structural classes of Cgbalt oxygen carriers.

a) Mononuclear Col0,

b}* Binuclear LC002C0L

c} Binuclear double bridge LCoO,(X)CoL, X=OH, NH, or others

Thus, the mononuclear complexes can be regarded as superoxy Co(IIl) com-

pounds and the binuclear complexes as Co(I1I)=peroxo-Co{III) compounds.

This cin be represented as follows:

-

1:1 complex - one metal atom to one molecule of 02,
MZ'0, (A) < H'0----0" (B)

2:1 complex - two metal atoms’'to one molecule of 0,,

2 2 3+

*0=0 Mtom3t 0m==0 M2t MZt g===0" W temSt o— o~ M3*

(A) (B) (c) (0)

M

In the case of the one to one complex, form (B)‘predominates'whereas in the

case of the two to one comﬁ]ex form {(0) predominates.

SECTION 1.4.1 General Survey of Cobalt Dioxygen Complexes

Since the first discovery of Cobalt dioxygen complex in 1852, two

major areas of reseaﬁh@ have emerged.

i) mechanistic study of reversible dioxygen activation (1.26, 1.76-
1.82} because equilibrium between 1:1 and 2:1 complexes has been shown
to be extremely solvent dependent (1.83, 1.84). [

ii) synthetic design of Cobalt Hioxygen complexes modelling biological

systems both in aqueous and non-aqueous solution (1.85-1.87) because



it is believed that dioxygen travels through a hydrophobic environ-

ment to reach the metal coordination site in the natural system (1.88-
}

1.89).

In general, two types of oxygenation kinetics are observed both in
the solid state (1.90-1.95) and in solution (1.26, 1.76-1.82). A 1:1 complex
obeys first order kinetics with equation 1.3 as the rate determining step
whereas a 2:1 complex obeys second order kiﬁetics with equation-1.4 being

rate determining.

, k
cot? + 0, —L>1co® - o—0 [1.3}
- k L - . 3+
. LCo™ ... 00" + Col?* =s LCo> . 00+ Col  [1.4]

k_2

In addition to 2:1 éomp]ex formation, u-Oz-u-ligand dibridged type complexes
have also beén identified and their kinetics of oxygenation has been demon-
strated (1.8, 1.96-1.97) to obey equation 1.3 and 1.4 followed by a Slow,
first order intramolecular formation of the u-ligand bridge. This type of
u-ligand bridge is be]jeved to be common when two cis-metal sites are‘avail-
ab]e\for coordination under suitable conditions (1.96). For example,
[Coen502]4+ has been investigated extensively‘by various techniques (1.98);

13c nMR

The proposed structures are shown in-Figure 1.2. On the basis of
results, structure I of Figure 1.2 was concluded to be fhe most likgly
structure, but kinetic results aré not available. It should be reiterated |
' that mononuclear 1:1 complex, the infermediate ih the fonﬁation of 2:1 dimer,
/"‘-—_-"‘////-\\has been inferred kinetically and that its actual existence has not been
detected for systéms'where equations 1.3 and 1.4 are applicable in aqueous

solution except for the complex [Co(CN)SOZH] (1.99-1.101).
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Figure 1.2 Solution structures of [Coen502]4+

In non-aquequs solution, much of thélwork has been concentrated_in
the elucidation of the e]ecfrdnic, structural and environmental faétors of
the 1:1 cbmp]ex modelling the fcooﬁerative“ d{oxygen binding in hemoglobin
(1.102, 1.103). The ;ubject is beyond this thesis, the reader is referred
to many review articles in this area (1.104 - 1;110) with paréicular

emphasis on the recent review by Smith apd Pilbrow (1.109).

In summary, a literature survey indicates that most research interest
remains centered about electronic, structural and environmental factors.

" “There are increasing trends in the literature in exploiting Cobalt{III) as

a_probe for the active sites of enzymes {1.111 - 1.112). The energy of the

lowest electronic absorption band has been found to be consistent with the

average environment rule of Jorgensen {1.112). This behaviour allows quali- '

tative identification of the environment (functional groups) in the active

 site of enzyme (1.112) leading to potential use of 2 Co NMR spectroscopy. .
. : - o
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SECTION 1.4.2 Reactions of Co-Dioxygen Complexes

The redox, ligand substitution and decomposition reactions of 2:1
r-peroxo type Cobalt oxygen complexes were investigated as early as the
late sixties. However, it was not until the last two years (1981-82) that
the mechanistic detai]s were clarified. Beforé considering the reaction
mechanisms in detail it is appropriate to exam1ne br1ef1y the structures

of oxygen comp]exes in aqueous solution. —

(A) Structure of u-Peroxo Cobalt Oxygen Complexes in Aqueous

Solution [(Co(NH,);),0,1%*

Upon addition of‘[(Co(NH3)5)202](SO4)2-2H20 to ice cold 3M H,S0,,
. ; f . .
a red salt believed to be [(Co(NH3)5)202H](HSO3)3SO4 is obtained (1.25).
On the basis of UV/VIS spectroscopy, the structure of the red hydroperoxo

salt was proposed to be either that of I or II (1.25) in Figure 1.3.

: CO//(}?\\\T///CO o CQ\\\\E)////ﬁo

it )
H Y
(1) (1)
Figure 1.3 Solution structure of the Hydroperoxo Complex
[{Co(NH3)5)20,H1%*

It is known that form (1) of the u-amido-u—hydroperoxo—bis[ethylenediamine
cobalt(I11) complex is inert towards redox reaction with I~ whereas form _
(I1) reacts slowly in 1M'H2504 at 0°C. 'The reaction completes in approxi-

mately 30 mins. Under these conditions, the hydroperoxo complex of
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{(Co(NH3)5)202]4+' shows no detectable reactivity. This finding is there-
fore consistent with the.proposed form(I). Cyc11c'v01tammetry experiments
conclusively demonstrated that protonation of the u-peroxo ligands (1.113)

occurs at pH less than 3.

-

Structure I is best described by the two fonns‘(III).

“ 0 c o | 'g+ Lo
0 o
AN ///’ — / \\o////
- Co ? Co .
R (I11)
The exact location of the proton remains unknown. Repeated efforts in
obtaining a single crystal of the hydroperoxo complex for both X-ray and

neutron diffraction analysis by various groups remain unsuccessful.

[(Co{CN)5),0,1°

= is stable at high pH (>13) and undergoes

The anion [(Co(CN);),0,]
reversible protonation between pH = 10 and 13 to give the pale yellow
hydroperoxo comp]e; [(Co(CN)S)ZOZH]S- at Tow temperature. The pK of this
proton has been determined to be 12. The hydroperoxb.complex dispropor-

tionates to the mononuclear hydroperoxo complex [Co(CN)sozH]B' and the

hydrolysed product {Co(CN)SHZO]z' when the pH € 10. Further Towering of .

pH {~5) causes production of H202 from the mononuclear hydroperoxo complex.

This is summarized below.

((Co(CN)5),0,%" + K" BLE  ((Co(CN),),0,H1°" [1.5]

0.4°C

e

[(Co(CN)g) OHI®™ + Hy0 — [Co(CN)0,H1%" + [Co(CN)SHZOIZ' [1.6]

[Co(CN) 01>+ Hy0' —s [CO(CNIH 015 + Hy0, [1.71

]



HydroTysis of ﬁhe mononuc lear hydroperoxo complex is slow, so that it has
proved possible to isolate the salt K3[C0(CN)5(02H)] (1.114). This is
the only known examp1é of a mononuclear hydroperoxo Cobalt complex with

monodentate ligands in its first coordination shell.

[ (Coen

3+
2)2(02)(NH2)J‘

Dibridged complex formation is extréﬁe1y-common for Cobalt-amine
type oxygen complexes. Cont1nued study by various groups has led to a
1tomprehenswe understanding of the structural transformat1on properties in
aqueous solution. Mori and Weil (1.116) have investigated in detail the
dibridged complex [Coenz(ufoz, NHZ)Coen2]3+ using optical and kinetic
measurements and concluded that the equilibrium re]ationship begween the
various species is consistent with Scheme 1.1. The crystal structures
of both the o« and y ions have been dete;ﬁined The structureﬂéf the a

ion with the 0-0 distance of 1.48 A 15 cons1stent with a typical perox1de

(1. 116) The nitrogen atom of the amido bridge has a tetrahedral angle.

NH 3¢ NH o
2 2
' [ 8
Co< ' >:o + Ht -k..é Co/ \Co
-
o—0 . 0?0
s {x) brown (8) orange
k.”k-.. . l—zﬂ“z
NH 3+ ‘ NH 44
F4 . Hd
k.
Co/ \Co _ +Ht ..‘—:5' Co/ \Co
t \0/ k3 \0/
o oM
(3) brown ‘ (y) rea

The chemical transformations of the s-amido-u-peroxobis[bis(ethylenedi-
lmme)cobalt([[l)l 3+ ion (= «) in aqueous solution, *

Scheme 1.1
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The structure of the v ion {1.117) demonstrates the unusual trivalent oxygen
bridge. A-more accurate structure determination is desirable due to dis-
crdering of the OH ngup. The isolation of the v ion provides further sup-
port for the existence of a‘g form - the precursor to y'formatjon. In™

- summary, equilibria between a, 8, and y forms are established in acidic¢ aque-
ous solution. The less well characterized § form is believed to be involved

in the a, &, y equilibria in basic solution. In neutral solution the a form

is stable for several hours. .

(B) Redox Reactions

The redox chemistry of u-dioxygen monobr1dged and d1br1dged com-

- plexes has been ehxen51ve1y studied. In general. reduct1on of the superoxo
icomp1ex is believed-tg occur by an outer sphere mechanism whereas that of

the peroxo complexes inv51yes an inner sphere pathway. Scheme 1.2 suggesfed ,

by Sykes (1.118}) is reproduced below

K3
[Lgco-0-0-coL ]5+ s [L5C0-0-0-Cal %
(9uter sphere) "
M ky | (:)(inner-sphere)
H
[L Co-0- M("+])*J 4?——-—- [L Co-0-0- M("+])+J4+ + Codg
k@
M Ky - H* / decomposition
5+ |
[L,r,c@-cl)-lvs(““1 A LY coll + s
. OH _ )
Ht @ whege M™ = Fell, crll, vIT etc.
LSCO(II)-OH

.~ Scheme 1.2
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Evidence for the inner-sphere product LSCO-U—U-M(n+])+ has been provided

by bdth Sykes (1.118) and‘Marte11 (1.119). By repeated stopped-fiow scanning
method, the intermediate optical spectrum was found to contain a Cobalt(III)
chromophore at ~500nm. This is believed to 1mp1y the retention of a formally
Co(III) moiety in the’1ntermed1ate. There 1s,however, no conclusive evid-

ence for a protonated species beyond the secofnd reduction step. Table 1.2

summarizes the bimolecular rate constants for some redox reactions. A special

. feature is that the inner-sphere rate constants fo d1br1dged u-peroxo com-

plexes are genera]ly larger than that for ‘mono- bridged complexes This is
attributed to a spatially more exposed peroxo group due ‘to the "lock in®
effect of the second bridge as compared with‘the zig;zag erangement of the
monobridged u-neroao complex. In the latter, the peroxo ligand is spatially

less accessible.

(C) Substitdtion and Intramolecular Redox Reaction-Mechanism
of De-oxygenation.

For a long'time, tne substitution chemistry of u-peroxo Cobalt di-
oXygen complexes remained a mystery because they exhibit apparently much
higher reactivity (lability) than the classically inert Coba]t(IIf) compounds.

III02 > CoIII formalism. For exam-

This behaviour is inconsistent with the Co
ple, the observation of the acid hydrolysis of [(Co(NH ) ')202]4+ requires a
stopped flow apparatus to folilow the reactxon and some deoxygenat1dn re-
act1ons have a2 half-life of less than 10 secs (1.720). Furthermore, sub-
st1tut1on proceeds without retention of configuration. - This has been

demonstrated in one case by crystal structure analysis (1.121). Results

of the earlier studies (1965 - 1975) are summarized in Scheme 1.3(1.122).
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Table 1.2
Redox Rate Constanfs for.Some Cobalt Dioxygen Complexes
Complex o Reductant k1(M_lsec']) Mechanism Ref.
u-peroxo” 24
[Co(tep)),0,] Fe 3 I.S. 1.19
[(Coen,),(0,) (OH)A3* Fe?* 400 L.s. 1.19
[(Coen,),(0,) () 13* crét 2100 I. 1.18
. yet 7.7 I. 1.18
[(Co{trien) )2(02)' (oM 13t FeZt 25 LS. 1.19
[(93£dien))2(02)(0H)13f - e 140 LS. 1.19
u-sugeroxo | -
((ColHiH3)g),0,1°" Fe2* £ 0.03
[(Co(tep)),0,1°" Fe?t ~ 380 0.5. 1.19
1{Coeny), )0, ) (NH,N1* - er? s1.ax10® 0.5 1.18
T 1 22.5x10° 0.8 1.18
[(Co(NHy) ), (0) (K, )1 Felt 25.2 . 1.2
' ' B Y
[(Co(bipy),),(0,) (NH,1*  Fe?* 7000 . 0.S. 1.2
{(Colphen),),(0,)(NH)I* - Fe®* 10,000 - o.s. 1.2
~=—L(Co(trien)),0,1°" Fe 430 0.5. 1.2
[(Coen,H,0),,(0,)1°* Fe?* 58000 1.2
u-?{dropego?o C?Tple§ 24 1#
B-{(Coen O,H)(NH,) ] Cr A
2121921 N, <5 - 1.119
y(Coen, ), (0H) (NH,) 1% o2t 0.1 . o
Y 2/2\°2 2 . . 1.118
_ vet ' <1
* g =
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f(NH )LCo/\/CoL(NH ]4*’ ¢ < 20.mins LCO/O ol

R.T.,

o N,

_ I T .
-* . .
m . L = 2en, 2(R-pn), trien , tren _ s .
- - _ * t < 40 mins. - . '~

— . — ‘ ) . —
e &<; R N b LN
(tren)Co o(tren) t < Thr (tren)Co o(tren) |~

o \\\\\ R.T., H0 |- \\\\\\\0,/’//£ '
. tr'en & 2 T , b
A, | J . _J " - H . _J

NPl

- -

[(NH {en) cz ~0—0—~ co(en)z(nﬁr})]“ L=SCN, ”0% [(L)(en)ZCO—-O—O—Co(en) (L)]"*

-

A"

s T(coten) (cig),0,%

trans-[(NOz)(en)ZCo'(}:_(bCO(en)z(Noz) -

I

Scheme 1.3



This puzzle has been resolved very recentl

(1.113, 1.123, 1.124). The most important piece
group of Fallab (1.123).'
formation of the (k- OZ,OH) dibridged oxygen compl
the complex [(Co(tren)(MeNHz))ZOZ] are identica

Their results are summarized below:

-
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y by various groups

of work comes from the

They showed that ghe rates of acid decomposition,

ex, and oxygen exchange for

1 within experimental error.

16
'8g
2, kex—a»[(Co,(tren)(CH3NH2))21602}4+ B, - = (18]
R |
[{Co(tren)(CH,NH,)), 80,14 d_ (™5 a[co(tren)(CH NH, 112418 [1.9]
3NH5))5 70, 3 2 |
| R.T. pHnl.5
| on) 7% i [1.10]
ke — ——35 | (tren Co Coltren + 2CH.NH, - 1.10
pH Z 1 Ng” 3.2 |
. i
H
A A A ‘-3
kex= kd = kf =1x10 (t-I/z 700 SEC)

(h\\\\\\sz/§1gn1f1cance of these resuIts is that all thr

by the same rate determ1n1ng step. From equation

determining step involves complete breakdown of the Co”
i .

reform a'Co(II) aquo intermediate.- In other word
process between the peroxo bridge\gggmthe t
determining step.. In the presence of excess CH3N

(equat1on 1.10) proceeds at a much slower rate (k

ee reactions are controlled

1.8 and 1.10 this rate .
0 Co
0/

s, an intramolecular redox

framework to

Cobalt centers is the rate

: r 0
HZ’ the reverse reaction..

23.5 x 10'55ecf],

reverse

t] 2..2 X 10 sec). The rate of 18 02 exchange with ]502 for the u-02, ﬁ-oH

-1

dibridged complex is slow (kéx31.4 x 10 %sec”™!, t

the reverse rate constant and the exchange rate ¢

.

12 v 5 x 107t sec). Bpth

onstant for the dibridged
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species Tndicate that the rate determining step is consistent with a clas-
sically inert Co(Ill) center and is most Tikely determined by the cleavage

of the hydroxo bridge.

. : ’
Sykes (1.113) bas independently demonstrated that the acid decom-

position of the protonated hydroperoxo complex [(Co(NH3)5)202H]5+ exhibits

a pH dependence. It is suggested by Sykes that this resylt demonstrates
an\intramolgcu]ar electron transfer process. Protonation of Efe peroxo com-
p]e; removes electron density from the peroxo bridge, thus decreasing its

ability to participate in a redox process.

Saito and co-workers (1.124).examined the kinetics of decomposition
of;ﬂ-Oz,.OH dibridgF formation and substitution reactions of NO, for the
complex [(Co(en)z(NH3))20‘2]4+ and arrived at the same conclusion, i.e., the
rate determining step is decomposition and not direct substitution of the
monobridged peroxo complex. The intermediate species is most likely a di-
aquo Cobalt{II) entity. The. indings of the various axgtii_ire summarized
by equations 1.11 - 1.15. : . |
[L'LCo-0-0-CoLL’ % + 4 ‘_—K_—_‘-[L'Lco-ql:i%-pou 14 - nan

xr

[L'rco-0-0-cotr+ ] #* Antramolecular, 3+ g) 4 ol (no)  [1.12)

. Red8x (rate determfping)._
L'Lcodt -0, .—F—aS—P—:»‘CmIILL'(HzO)-f 0, | [1-13],-
CoI‘iLL' 0) —fasts  colliqu.0), +j [1.14]
COI;L(HZO)é *qué;ﬁ> products {1.158]
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In conclusion, substitufion takes place via a labile Coba]t(II)
intermediate following stepwise intramolecular oxidation of the peroxo
bridge. There were no examples of d1ﬁég} substitution at the Cobalt(III)

center for this class of complex prior to the results presented in this thesis.

SECTION 1.5 Purpose of This Whrk

An objective of this thesis is to develop the potential use of 59Co
NMR spectroscopy in studying Cobalt di-oxygen complexes as Cobalt is 100%
abundant and is also a highly sensitive NMR nucleus. This technique is

particularly usefu]linb

i) structural identification of complexes and

11) mechan15t1c studies of re]at1ve]y slow react1ons NMR is far
more sensitive to the details of electronic and molecular structure
' than absorption spectroscopy. A long term goal is to be able to

~utilize this technique as a direct probe in biological studies.



N ~ CHAPTER THWO %

~ THEORY OF NUCLEAR MAGNETIC RELAXATIONM
} AMND INTERMOLECULAR INTERACTIONS
SECTION 2.1 Introduction

Stemming from the poineering work of B]oembergen,-?urce]] and Pound
(2.1), the NMR method has been developed into a major tool for studying
both mO]eéu]ar structure and environment in liquids. More recently, ap-
'plicaffons to polymer and imaging studies have been developed (2.2-2.9).
The structural studies are characterized;by NMR parameters such as the
chemical shifts.(é) and;;oupling constants (JAB). The dynamics of molecular
motions are characterizéd by time constants such‘as the spin-]attiqe relaxa-

tion time‘(T1), the spin-spin relaxation time (Tz)‘and the correlation time (t).

Two general approaches have been taken to obtain nutlear‘magnétic
resonances in bulk materials. The continuous wave'(cw) methods emp]oys;a
cpntinqous application of rf power while the spectrum s ob;ervéd. The
second approach makes use oflshérf puises'of'rf power at a single fre-
quency and observation is made after the rf power is'turned off. This
is the "pu]s:—:-"I method 6% "free preéession“ technique first -suggested by.‘
Bloch (2.10) and has Tled to-the recent increases in sophi;tgégtfan in NMR.
~ The same spectral information obtained by CW ié obtained by this pulse ‘
method through mathematica] Fourier analysis of the free inducation decay
(FID) of the bulk magnetization. This is known as ?ourier Transform (FT)-

NMR spectroscopy because the sampling of‘N&B frequency is based on the ~

-20- .
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transformation properties of the time domain function to the corresponding

frequency domain function (spectrum} by the Fourier method.

TE? advent of FT-NMR speétfoscopy permits rapid determingtion of
nuciear spin relaxation ti and it is this subject that is of some con-
cern to this thesis. The theory.governing chemical shifts and relaxation
will be examined in more detail below. Since the general theory of NMR is
well developed and understood, and is readily qvai]ab]e in many text books,.

it is omitted.

SECTION 2.2  Theory of Chemical Shifts of Co(III) Complexes

General Comments on Shielding

L

\ " The fundamental idea of shielding is extremely simple. In an ideal

sitUinfj;where a "bare" (i.e., stripped of electrons) nucleus can be obser-

- ved, the NMR frequency is in principle the same.as that predicted by the

theoretical expression for the Zeeman energy:

H = gyBHI, [2.1]
S

eyl

o where*QN i;}the nuclear g factor, BN is the nuclear magneton and-Iz_is the

component of the nuciear spin I in the z direction, usually chosen in tgsr-
dfreﬁtion of the applied field H. In the presence of electrons, thépelé;tron-
c]éud precesses freely about the unifofﬁly applied magnetic fieid H and this
electronic current generates a secondary magnetic field H' at the nucleus

giving rise to an-observed fréquency shift. 1In other words, the NMR nucleus

‘sees an effective field Heff.'This electronic effect is‘genera11y calied the

screening effect and o is the screening or shielding ‘constant. For a single
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closed shell, free atom, the shielding constant can be estimated from the

Lamb equation (2.11).

It is immediately apparent that the electron cloud nb lTonger freely
precesses about H for atoms embedded in a ho]ecule. This Teads to the
'fo110wing modification to the shielding constant ¢:

i) the secondary f1e]d H' is not necessarily anti-parallel to H(H )

and the shielding constant becomes a tensor quantity,

ii) since sh1e]d1ng is an electronic effect, the wave function describ-
ing the molecular orbitals in which the electrons reside is.modified. _
Therefore, movement of electrons is dependent upon the—orbital angular
momentum operator L and the molecular symmetry.

is problem was first resolved by Ramsey (2.12 - 2.14) and the resulting

equation, in.its explicit form is given below;
d,. p

c=0 +g¢g ' ’ [22}
4 2 . ‘
where UCEB = ug < OErk (rk B karkB)‘O- > and
#m : .
p 2
UaB - ——-—2-2[4”21" LJ|U><HIELkBIO>+<OIZbk ]n><nlzr‘ Lk |O>] (E Eo)-]
[2 3]

and the subécripts a and é_]abel the x,y,z cartesian éom onents of the
shielding tensor, Yo is the permeability constant, e is the elementary
charge, m is the mass of the electron!rk is the position of the kth elec-
tron relative to the nucleus of interest, Ek is the position of the kth
electron angular momentum 0peratorf,"6OLB is the Kronecker delta function
(6aB =1 if q=B,'6aB=0 if of8), |0> énﬁ [n> refer to the electronic ground

and excited states of the molecule, and E, and En«a?e the ground and excited

state energies respectively where n goes from 0 to the cohtinum ad is
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known as the diamagnetic contribution to the shielding invoiving freely
rotating electron clouds about the nucleus of interest and o is called
the paramagnetic contribution to the shielding describing the disruption

to o9 due to electrons in other nuclei in the molecule.
LY
o A complete evaluation of equation 2.2 is not possible since both

the excited state wavefunctions and energies are in general unknown. How-

‘ . .
ever, o can be simplified by employing the average excitation energy ap-

proximation. oP reduces to e
p M 62
~ T " %2 AE'I[<GI§r;3LRGZLkB|0>] o [2.3]
nm

where AE is the average excitation energy. This simpiification invo]Qes
the ground state wavefunctions only, which is readi]y obtained by the M.O.
method. It is necessary to point out explicitly that soﬁe detai]ed cal-
culations in the 1iteraturé_(2.15-2.18) suggest that contributions from
energy states in the continym may be comparable to those from discrete :
energy states. Calculations also show ~that the cd contribution to
shielding is relatively large, buf the variation from compound to compound
is small in compari;on to the total shiering obServed. This is consistent
with the fact that cd is prfmari]y determined by the core electrons which
are relatively insénsitive'to chemital bonding. For the heavy atoms, thfs

has been shown to be the case (2.18). e

/

Cobalt Chemical Shifts

In genéral, Cobalt shielding is relatively well understood. There
is, however, continued interest in evaluating Cobalt shielding constants

since the low 1ying excited electronic states which mix with the ground

A o !
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states cause a large paramagnetic contribution. A good understanding of
these excited states has resulted from electronic absorption spectroscoﬁy
and ligand field theory, allowing low syrmetry Cobalt(III) complexes to
serve as an excellent test of the Ramsey equation. Within the framework

of ligand field theory, equation 2.2 simplifies to

-»

= P _
o=0 -1/3a _ | [2.4]

\

. -. . 2 |2
where of = 42T (1;3> [<Olgt i 101 | 4g z<r3> :E .
n c

Eg

.

anq a = X, ¥, z designates the direction of the principal axes system of
tﬁé shielding tensor of the complex, B is the‘Bohr magneton, (r'%g—-the
radica] factor is the average value of 3 for-the valence electron in

fhe complex (closely related to the charge distribution in complexes), k'
is genera]jy known as the orbital reduction factor evaluating the quenching
effect of orbital angular momentum as a result of cqﬁplex formation, and
BE is the excitation energy from the ground to n excited states. In order

to use equation 2.4, it is necessary to know cd, k' and AE. In genéra], AE

can be datermined experimentally from electronic absorption spectroscopy.

As long as | is known, %ﬁE can be eva]?ated. Equation 2.4 has the fol-

d

lowing implication when o~ is assumed to be constant:

a1 . _ y
iso and AE ° is expected for ~j::)

. complexes with an approximately constant value of <r'3>h k'2.
This situation arises when the metal ion is coordinated to a ligand
donor atom belonging to the same periodic series 1in the periodic
table or when the metal-ligand 1nteract1on takes on mu]t1p1e bond
_character

i} a linear relationship between o,
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ii) convergence of correlation lines defined by different values
of(r 3) k' at aE -1, = 0 is expected. The convergence point gives
the va]ue Yo (1 -0 )

ii1) an average value for < 3) k' -for each complex can be detenm1ned
indirectly by measuring the dependences of the gyromagnetic ratio
with respect to wave length within a temperature range via the
fundamental relationship (2.19 - 2.21).

_ d 2 /-3\ 4.2
= y0(1—o ) + 32YOB <} >c S

= 32y 6% 3y ke?
where'y0 is the magnetogyric ratio of an unshielded Cobalt nucleus and
7;i§ the wavelength.
This is only valid when temperature changes cause slight modification
" of the Tigand fie]d'sp1itting. ﬁes a’conseQUenCe, changes in<}'3>k'2 are primari-
ly determined by changes in occupancy of the vibrational modes of the complex.,
Equation 2.4 has been successfu]]y appl?ed end three correlation Tines have
been fqpnd (2.18, 2.22, 2. 23) for Cobalt complexes corresponding to corre]a-
tion with 1igand donor atoms of the I1(c,N.0), III(S,P,CI1) and IV(As,Se Br)
periodic series. Using 6.7a.u. for the <} 3>F k'2 (free ion value, k' = 1)
obtained from a calculation using Hartree-Fock wave functions for a 3d efec-
tron of the 603 1on(;;::li;b1ta1 reduction factors and their rat1os to the
free ion va]ue for sev obalt(III) comp]exes are collected in Table 2.1,
With the exception of Co(CN)6 » the donorjafoms of the II per1od1c series
have the same k' values. This dev1at1on ég!a lower value is cons1stent with
the_]arger covalency arising from dn-pn overlap between metal and cyanide.

LY

" For ligand donor atoms of the III and IV transitian series, the.k' values
) -

ere relatively well .begaved. Since(r'3)c k"z/(r'3)l_. is @ Mmeasure of co-
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Table lea.b.c.d.e

Orbital Reduction Factor and Nephelauxetic Ratios

For Octahedral Cobalt{III) Compliexes

Type Complex (—"?ck'z(a.u.] <r°3>ck‘2/<r'3>F 835
Co0g  ColC,0,)3 : 4.32 0.64 0.5
Co(C05)3" 4.26 0.64 0.49
Co(acm:)3 4,36 0.65
3+ '
CoNg  ColN)d 4.34 0.65 0.55
Coeng' 4.26 0.64 0.53
Copng’ 0.52
Co(et,0H)3" a.32 0.64
3-
Co(no, )2 ¢.28 0.64
Colg  ColCh}y 1.84 . 0.57 0.41
CoSg _‘°‘52E“‘cz”s)z’3 2.90 0.44 0.34
Co(5,00C M) 3.03 0.45 0.30
Co{S,P0C,He ), 0.36
Co(5,CMMH,) .33
3+
CoP Co(P(OCH,).CCH.)) 0.2
6 ¥ g A0.54
Co(P{OCH;)5)g - . 0.27
(CoCl  Co(MHy) C12+ 3.49(C) 0.52 0.30
:r-coenzug 3.49(C1) ‘ 0.52
ColeN)gt1™ 1.53(C1) 0.53
CoSeg ColSe,CN{CH,),), s T n.47
CoAss Cc:(triar-sine)é"+ 3.o07 0.46
CoBr (:o(NHJ)sBrz" _3.30(8r) 0.49
tr-Coen,Bry 3.34(Br) 0.50
Co(CN)gBr" 3.30(8r) 0.49
ol Cofny) 12" 1.07(1) 0.46
T 1.92(1) - 0.29

"Reference 2.21

Reference 2.20

c

Reference 2.24

Reference 2.22

Reference 2.25° o

v
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I3

valency as suggested by numerous groups (2.20-2.22) a correlation with the
nephelauxetic ratio Byg is expected. Such a correlation was established

by Juranic (2.21) leading to the series, in increasing order of—cov51ency.

COO6 N CON6 5-COC € CoS_ ~ COP6 e COC] < COBr s COASG o COSe

6~ 6

F3
In add1t1on this finding is in agreement with the ca]cu]at1on of Better1dge

and ‘Golding (2.18), in which the percentage of "spin" transferred to the

. ligands of the II, III, and IV transition series increases from 2.86% to

[

'5.35% to 6.31%,respectively. g -

4 .
The intercept obtained from 5 vs AEfl'p1ot gives the.shie]dingﬂof

3+ as -1.1% with respect to the stand- ‘

-—

. the hypothetica] free. ion value of Co
ard reference Co(CN)g' (6=0). Adding the calculated ol (2140 ppmn) value by
Dickinson (2.26), the "bare" Co nucleus can be assumed to resonate at a

frequency corresponding to a shielding value of -1.3140%..

Jeranit et. al- (2.27) have shown thet deviation from the Ramsey

_ expressien'in Tow symmetry complexes with ligand donor atoms of the same
. :

periodic series arises from inexact detennination of the excitation ener-
gies AEx’ AEy and Agz. Using a deconvolution technique, the exact band,
position of the constituent components of the first absorption band are -
determined,therefore‘allowing a correct evaluation of the shieldteg con-.
stants‘oig), 055), and cig). .ﬁy p10tting 8i¢0 versud the weighted average
wavelength of the first absorption band, the Ramsey equation is found to be
obeyed. The results of the exact sh1e1d1ng exuress1ons for Oh’ v D4h and
Coy symmetry.were given by Yamasaki (2.20) and Juranic (2.27) independently,

and are collected in Table'2;4. The assignment of the electronic eonfigurations .

1% = 10,000 ppm _ ‘ ' .
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-

and d-orbitals assocfated with the shielding expressions are given in Tables

2.2 and 2.3.

In summary, recent understanding in Cobalt shielding has led to two

main conclusions: _

i) Experiments ‘confirm that electronﬂdelocali;ation.manifests itself
- by periodic decreases of the parameters k' and 8 as predicted by the.
~ ligand field theory.

ii) The effect of sh1e1d1ng produced by a series of ]1gands about
a nagnet1c nucTeus is. 1ndependent of the central ion-a direct con-
sequence of a well ,defined corre]at]dq\‘etween the magneto-chemical 7
series of ligands or spectrochemical ser1es and the field strength
series of ligands (2.21), i.e., a/B a(B )

Pacah
yl

Recently, a theory for field dependent chemical shlfts has been deve- '
loped by Doddre]] (2.23). The idea is based ‘on the sh1e]d1ng contr1but1on
from a fourth-order perturbat1on treatment of paramagnetic c%rrents origin-

- ally suggested by Ramsey (2.12-2.14). The evidence prov1ded is weak (2.29) -

thus waxrenting further 1nvest1gat1on in this area.

Fin ]ly, to complete the 1iteraiure survey on this topic, a .coupling

constant as been reported recently (2.30) for the complex [Co(P(OCH )6)6]

 (BFy)y (5= +304ppn 3 3t = 414 Hz). The Tower value of |
. to- that of ]JC-]p (1225 Hz) has been attributed to a combination of structural

and electronic effects.

chjp as compared

j,
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Table 2.2°

LA

Irreducible Representation &f the Ground and First Excited Electronic

Configuration cifld5 Complex Ion in Oh._D

0 Symmetry Group
-_

anelayeor Lo

tlectronic Configuration

Symmetry Group
Co/”

h 4h 2v
2 2 2 1 1 YdL 1
(4,708,050, ) Mg Arg A A,
2 4 1 1 1
{d,y) M8, o, ) td 2 2) & E A,
(4, 2% 4, 1Pz 2) g te 1
xy Xz yz X -y q 2
2 2 i 1 1 tg.
dyy 1a,,0%, )2, 2_2) e T, g
1T, 4iT -
(¢, )2(d, )2(d_ )(d.2) O i, 1
xy' Vxzt Myrt 29 2 2
ta, )2 )e, )2{(d.2) 1g tg 18
xy x2' " y2 z q 2
4 2y 42 1 I N 1gr
(e, 11d,;)%(d ,)"(d,2) Ey EN 157,
? Reference 2.27
Table 2.3%
Assignment of Real d Orbitals Acco ing to 1ts Irreducible Represen-
tation in Oh..l_J‘h._l:“.o__?{ Symmetry Group .
- A
- Orbitals o Oan Cov CZV
LY .
“xy t29 b2g b2 by
%z t2g % e b,
vz "Zg eg e a,
2 4 ' L]
dx _yZ eg blg_ b! al
d 2 e; g ay 2

? Reference 2.27

-
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SECTIOK 2.3  Origin of Maqnet1c Re]axat1on and the Relaxation Times

T] and T2

Relaxation comes about because every molecule interacts with its
surroundings. These interactions 1imit the 1ifetime of a spin state. In
general, nuclear spins in large concentration (bulk material) are in thermal

ir surrounding (1attice) and are dlstr1buted among the

~

_'equi]ibrium with t
energy levels accord1 g to the Boltzmann equation. Following disruption Jof
this equilibrium by absorption of rf radiation (induced transition),. the
.nuclear spin sysfem returns to thermal equilibrium by mechanisms‘whereby ¥
'tne spins come to equilibrium Et'the lattice temperafﬁiEﬂby a:fjrst order

} re1axation process characterized by a time constant T]J his process is
"'celLed‘“spinflattice relaxation" and the time constanggfff?s the_spin-lat-

lticereiexetion time. | It is a spontaneous (non-radiative) transition process‘

and is'a measure of the time taken for“nagnetic Zeeman energy of the Spin -
system to be transferred to other degrees of freedom (1att1cej A. necessary

condition that must be met for the estab11shment of thermal equ111br1um

(defined by, this process) 1srthat other spins are not 1nv01ved.

& As a consequence of large concentrat1ons of nucliear sp1ns separated

by sma11 d1stances in the bulk material, resonance line broaden1 cturs,i

because each sp1n "sees" additional Amall local fields due to its e1ghbours

Since each local fieTd possesses a d1fferent value this g1ves rise to a

\ . -
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of energy. As a result, thermail equilibrium is quickly,established within

the spin systg&qitself with a chéracteristic time constant T, often much AT

2
shorter than.Tl. This process isJknown as "spin-spin relaxation" Qnd Tz_is
the spin-spin relaxation time. ‘This simple physical description of relaxa-
tion owes jts origin to time dependent‘magnetic behaviour of the magnefic

nucleus. For example, this can be'interaction with lattice vibrations in

a solid or random motion in a liquid. The important point is that a microﬁ

p scopic (Tocal) fluctuating magnetic field orig{nates in molécu]ar motion

and that molecular motion covers a wide range of frequencies. ‘It is this

unique property which makes possible relaxation.:

. o . o ' \
. In pulse NMR spectroscopy, relaxation phenomena can be visualized in

terms‘of a classical precession model. This approach was first outlined by

‘Bloch et. al. (2.10). The empirical foundation of the Bloch eqﬁation is as

" follows:

i) the time dependence of M, where M is a macroscopic magnetic mo-
ment resulting from an ensemble of "free" spins in a

magnetic field H, is described by the equation of motion | Ead
=y xH

i1) 1in a static field, H = H_, the equilibrium value of the magnet i-
. zation Mo in this static field become Mz and M0 obeys the Curie . '
susceptibility. '

o NI )
Mz - Mo B onz - BELY z

Under this cbndition, the time dependence of Mz,returning tq equili-
brium can be described accurately by the equation

-
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dH, (MZ-MO)

J/ R -

T is the spin-lattice (longitudinal) relaxation time.
S
ii1) when components perpendicular to Hz'a?é generated due to dis-
ruption of equilibrium, the interacting spins/(either with each
other or with the surroundings creat1ng 10
the transverse magnetization to de
]

‘maghetic fields) cause
zero at a rate described by
the equations. ' ‘ ‘

e

M M

di M
__x = e _..)i —l = = _.y_
N ‘ dt T,

T2 is the spin-spin (transverse) relaxation time.

From theéé:arguments, the equations of motion about the three axes are for- -

mulated and are generally known as the Bloch equations; o
. dM ' M dM M 2
. S - X Y - _ __Y
at - oMy T, ' Tdt T T4 T, [2.5]
sz_= _ (Mz'Moz | o
dt T]. '

A second 1mportant result is that the B1och equat1ons pred1ct de-

f1n1t1ve1y that ‘the absorption s1gna1 is of the-Lorentzian shape

1
1+ Tz(w-w )2

glw) =

A —
N

{2.6]

T2 determ1nes the width of the unsaturqted resonance s1gna1 at half height,

therefore,prov1d1ng a simple means of measuring T2 .

.

.

In order to understand relaxation time data in terms of molecular

motions quantitatively, it-is necessary to derivé.mafhematica] functions

: .



N,
describing the random time behaviour of motions. In other words, we are
seeking solutions to fhe_frequency distribution of thermal motions. This
is-achieved by the use of a correlation function G(i) and ﬁts Fourier trans-
form é;rtner J(m), the spectral density (power) function. Since we are
interested -in the self-correiation .of motiohs, the correlation fﬁnction is
Ca]]ed the auto-correlation function. ——

@& J{w) = If: G(T)ei.mtd

<

6(r) = F(t)f (¢ ‘:‘*T)

vwhere'f(t) is the function modelling the random molecular motion.

Although it has been said earlier that molecu]ar'motiqn covers a
wide frequency rangefqthe important frequencies are those that™are effective
in causiqg relaxation. These are motions with frequencies which cause spin
reorientatioh (transition) and modulation df the’;;;ﬁ/ilgrgy 1eve1§.. It has
been shown that these frequencies are at zero frequency, at the nuc]eus_re-<
sonance w, and ét(éwice this resonance frequency, ZMd for like spins (2.31).
The ]ow féequency component, i.e., w= 0 has been emonstrated’ to be iﬁéffective '
towards thg T1 relaxation process,‘whéreas the hjgh frequency_componenfs affect
both T] and TZ‘ Physical interpretation of the physics behind thesg results
is" given by Andrew (2.32). _For interaction betﬂeen unlike spins I and S, 2“0‘,df-‘
is replaced by wytwg and the low frequéncy‘cbmpoﬁent by w - W ‘
To.ca1cu1ate the auto-corré]ation functiqn, itris necesséry to find

suitable models for molecular motions; for example, models such as M-diffusion,

J-diffusion, and anisotropic rotor,etc. In se1ution, thé‘iéotropic Brownian motion
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has been widely used to formulate the random position functions. This random
walk model is due Debye (2.33). The problem %s formulated as diffusipn
over the surface of a sphere with a radius defined by the distance of clos-

L 1 _ ) .
est approach for the interactiggrbetween two spins. The general solution of

this problem is the normalized spherical harmongcs YZm (6,¢) of order £ (2.33)

- where £ = 0,1,2 because for magnetic resonance,’second order tensors are of

primary concern. r.@, ¢ are defined by the usual sbherigal po]ér coordinates.

In the Bloch formglism, 7, obtained from the Fourier transform of the auto-
correlation function is defined as the time .constant (tifetime) of an expon-
ential decay function characterizing a distinct type of fluctuation. The
power fﬁnction J{w) is a measure of.the probability of findfng molecular mo-

.tion at the frequency w characterized by t.

In summdry, the general approach for the ca];u]ation of relaxation

rate is straight-forward once all the parameters required are known.

.Anfexceptibna]ly clear example for relaxation calculation is given b}
Carrington and McLachlan (2.34). It is clear that spin relaxation calcula- |
tion is a typical example of sem1 c1a551ca1 treatment of a systen In the.
next sectlon, the various 1nteract1ons governing the efficiencies of relax-

ation will be examined and the results wi]] be given.

SECTION 2.4 Line Broadening Mechanisms - Relaxation and Non-Relaxation

-

o

In th1s section, the 11ne broadening mechanisms which arise from

both relaxat1on and non-relaxation origin will be examined, name]y,
i) Dipole-Dipole relaxation ' iﬂ S
ii) Spin-rotatioh relaxation

S
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iii) Scalar relaxation
iv) Quadrupolar relaxation
v) Chemical shielding anisotropy relaxation

vi) Magnetic field alignment effect {non-relaxation)

SECTION 2.4.1 Dipo]e-Dipo]e Relaxation -

Dipole-dipole interaction results from the magnetic ceupling be- > ;
tween two or more magnetic dipd]e moments. The strength of the interaction |
depends on the relative orientation and separation Bf the spins. Relaxation
arises when the dipolar coupling tensor D(t) is modulated by tumbiing motions

-

and the components of the Djk become a random function of time. The inter-

action Hamiltofiian for two unlike spins I and § is of the form

~

Hyp = 1:0(t)-S

Dipole~dipole re]axapion is éhe most extensively ;tudied_of all the re-
Taxation mechanisms, and is the most important for nuclei of—gbin I =1/2.
- - - Detailed derivations of the relaxation rates are readily availéble (231 -
\\\h\\\\ 2.35). The results are given below (2.35). |

—

. |
1 2 Yoyals(sa) [y . e 2t
1.2 7 1 2 LT T2 . 2 -
ot 6 3 1+(wy-0. )22 14l T+(w,fuc ) 218 [2.7]
Oy 1 r1s Witws /T RS Ak R A
1 1 Y%YgﬁZS(SH ) |4 ] Ty 212
_ s e e — + . ' +
I 6 T2 22 2 2
T, 5 rs 3 e
— _ oy [2.8]
. ~To ‘+ | -»21'2
- - 2 2 ' 2.2
e 1+wI .'l.'2 o ]+(m1+ms) -[2



D T 1 72 ij

N237-
i

. When I = S, equations 2.7 and 2.2 simplify to equation 2.9 and 2.10.

1 2 YqﬁZI(IH) T 47 .

- = . I 2 - + —2 2

T 5 1P I+m2 2 , 1raglcl - - [2.9]

1 ij T2 2 : S

LR B (e D 5t 2,

e S s 2 2 O [2.70]

T2‘ -5 r'ij T+w°t 5 w ‘rz . |
Note: r;? 15 Peplaced hy}E:r ij if a mBTecule contains severatiequi*

¢ 3 :
valent spins and %:;é; ;g for n non-equivalent spins. ’ (;\\)

In nonviscous (mobile) liquids whére the reIationship (w ré)2<<1'

cond1t1on referred to as extreme narrowing (frequency 1ndependent) 1s met,

equat1ons 2 9 and 2.10 reduces to 2.11.

11 2y | :
— = g T2 . " [2.11]
r

SECTION 2.4.2 Spin-Rotation Relaxation

“The spin-rotation interaction is an examp1e of magnetic interaction
via_indirect nucfeus-eIeatron coupling. When a molecule rotates, the
electrons about -the nucleus undergo rotation with the molecule abouf the
nucleus at an*average diémance r from the nUEIeUSL "The circu]atimg elec~

Y

tronic curreht generated, as a result of rotation motion, creates a-mag-

netic moment uJ proport1ona1 to the average value of the rotat1ona1
angular momentum J of the molecule. The rate of fluctuation of J is &

determined by the mean anguIar velocity of the molecule and is inversely

S -

‘
st
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proportional to @, the momeﬁt of inertia. Due to the quctuation of J,
a2 local fluctuating magnetic field is seen at the nucleus, therefore

giving rise to a reTaXatjon mechanism. The Hamiltonian is given by

-~

Hop = -RI-C(t)-J , \

where C(t) is the spin-rotation coupling tensor and I is the nuclear

spin. The derivation of relaxation rates is given by Spiess (2.35) and

the results are tabulated in Table 2.5.

L

Table 2.5

t

Relaxation Rates Through Spih-Rotation Interaction

L 2 V ’ . . ' - »
) v SR _ SR
]/T1 = 1/T2
Asymmetric roior, c may be asymmetric %-5;-22: BchJrJ
| f ,J'=x Y2 j
3 and c have common principal axes system, %—: (ex XX J ByC§yTJ ezcgztJ )
¢ symmetric ' ' y z
A L ,} 2 kT
s above but moreover symmetric top 327 (2@1 l TJ ﬁl "rJ )
: o I
Spherical top . . | L?;"T (2611 J;:J'
o | 4kT 2 _
Linear mp]ecu]e - - E'EE'BC,TJ E 0§%
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Four points are to be noted:

i) T3 is the angular momentum correlation time and is a measure of
the Tength of time a molecule is in the J'th rotational state.

ii} In the isotropic diffusion model, the isotropic rotational reorien-
tation time T, is related to the angular momentum correlation
~ time 1 (2.36). '

k"

9 where C is a numerical constant (2.37)

_ 1
RN B 3 |
The relaxation time for a spin-rotation mechanism increases with
decreasing temperature which is opposite to all other relaxation

mechanisms.

iii) The calculation of the relaxation rate usually invokes: (a) the
extreme narrowing condition since only ragid rotations are important
for this mechanism, and {b) instead of using the fourier transform
of the autocorrelation function in calculating spectral densities,

simple time integrals are used (2.35). -

.iv)‘ Antisymmetric components C%j of thé_spinﬁrotation‘tensor_are
possible if the moment of jnertia ténsor 8(t) has a principal axes
system where = 0., ¥ 8y # e;z ] /“’_ .

L

SECTION 2.4.3 Scalar Relaxation

In order to induce<relaxation it(ianecessary that the opserving
o spin experiences a fluctuating local magnetic field. When tyo spins I

and S are coupled together, the coupling Hamiltonian hai the form
4

’ HSC = TisoS 2

~

=
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where 6150 is the scalar (spin-spin) coupling constant. Under well de-

fined ond1t10ns i.e. the re]axat1on times of both the I and S sp1ns are

ﬂong as compared to J1lo (Jiso may be time dependent because of exchange),
‘the exchange lifetime, Tay? is much Tonger than J: lo If the above con-

ditions are not met, it would have the following effect as observed

through [:

i) if only Tax << J}lo that is, the exchange is rapid, the spin-

spin structure of the covalently bonded resonances collapses a
for a normal chemical exchange situation' The local magnetic
field is dkfined by Jisolt) S/yp and J; = 0 when I and S are

iso
uncoup]ed and J.  is f1n1te when I and S are coupled. As a

150

result of the fluctuation of Jigs i 150(t) I-S becomes a re-

" laxation mechanism. In general, any process that induces a
quctuat1on in J1SO is referred to as scalar (sp1n spin) re1axa-
tion of the f1rst kind.

IRis) if'the relaxation time of S is short compared to the coupling
constant, i.e., T? << J1s;’ by an independent mechanism the

local field becomes J1SOS(_t)/'yI providing a relaxation mech-
anism. The above condition imposes the restriction that. the
.observed coupling constant J150 be replaced by'(d1so because

~ the relaxation time of spin $ is a random function of time. i
Secondly, the'spfn system S can be treated as. being part of the
"lattice" because of its short relaxation
is assumed to be in thermal equilibriufi. This is referred to
as scalar relaxation of the second k¢gmd” An example of this .
occurs when S is a quadrupole:nucleus (I>1/2) and its relaxa-

tion is dominated by quadrupole interactions.

ime and the lattice

<
!
i

The results for the relaxation rates derived from the Bloch equation for

both scalar relaxation of the first and second kind have been shown to

take the same form (2.31, 2.35); 8



\9
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:
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s R -
2 T2

L= Ss(s)d  —2— 2 [2.12]

o 1+ mI-mS) 5
A _ s _

1 _1 2 ,s 2 . [2.13]

;T T3 S(S+])Jiso(T]+T+( _ )2 52) ‘

2 WitWs/ T2

. : . . s . -
where I is the observing nuc'leus,,-r2 = r? = Tax for scalar relaxation of

the first kind and r; = Tg, r? = T? for scalar relaxation of the second kind.
A final comment is that this relaxation.mechanism s frequency dependent

due to the term (ml-ms).

SECTION 2.4.4 Quadrupolar Relaxation '

A nucleus with spin I > 1/2 possesses a nuclear quadrupole mohent.
When a quadrupolar nucleus is placed in an enviﬂbq@ent where_e'ectri
charges are distributed asymmetrically about the nucleus, an.electric field
gradient is produced at the nucleus. For ekamp]e, this could arise from
cova]ent'bonding in which bonding p or d electrons produce a large non--
centrally symmetric field. This "local" electric field gfadjent interacts
with the nuclear quadrupole moment with an interaction Hamiltonian . of the

form "

HQ = I-A-1

where A is the symmetric second rank quadrupole coupling tensor defined
s y : '

as the product of the traceless quadrupd]eﬁnmnent tensor ij and the trace-
less field gradient tensor at the qrigin (5323¥—) . The details are
j “klfr=o0

J / _
a magnetic field, the Zeeman

-

-

given .by Abragam (2:31). In the presence of
levels split into 2I + 1 (non-degenerate) levels with 2I transitions obey-

ing the selection 'rule am = ¥ 1.



A

In solution, molecules undergo a rapid reorientation (tumbling)

’ motion, the time average of the field gradient is zero,- the original non-
fdegeneracy is removed and the degeneﬁacy of the Zeeman levels are restored.
. The coupling tensor A(t) becomes a random function of time, and the nucleus
| &ncounters a fluctuating field gradient, therefore,.provjdin;Jzzzélaxatipn )
mechanism. In the Brownian motion model, thé'comp]ete equation‘n&scribing

the relaxation rates is given below {2.35);

I 4z 7]

2.~ 2 | "NAZ j T
1 _.3 qQ - q 21+3 2 -2
o 700 () (1+50) 12(21-1) | w15 * -1+4m2~c§ J | [2.14]
\ ] - . . . - . “/
3 e%0,%,.. "% 2143 [. . %2’ 2ty ] — /\1\ .
= 3 NS P + 2.15
, - aw G 13 gy | 1+m2t§) 1+4u?r2 [..

L. T : - ] <‘:’:\_-‘

where (e?ég) is the quadrdpoIg coupling constant, nq_is the asymmetry para- .

e

meter defined as
VRV |
- XN

T]Q‘ ’V°'

5 are ‘the components of the field -

~

N _
gradient tensor in the principal axes system and rz.is the rotational

reorientation time. In tiie limit of extreme narrbwing (ur2)2<<1, equatiéns

2.14 and 2.15 redyces t thé simple form: . R
1.1 .3 efagy? 00 a3, | (2140,
TI Tz.., 40 ° T 3 12(21_1) . . /“""/
The d19t1nct feature of this reI xation mechan1sm is that-l— a(e
1,2

(1 + _g_) under this cond1t1on.

~..
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SECIION 2.4.5 = Relaxation via Chemical Shielding Anisotropy

e

The origin of shielding was discussed in Sectign 2.2. The shieldin
L g

constants can differ apprec1ab1y about the principal ax%f with values

Oy yyf°zz In solution, rap1d tumbling causes a time average of 011, T 8.,
Oigo = Tent y;xozz) where 9o 15 the isotropic shielding. The nucleus

sees a fluctuat1on in the local magnetic field on a very short time scale

*and- the shielding tensor randomizes with time providing a relaxation mechanism.

Un11ke the other second rank. tensors pertinent to magnetic resonance
spectrosc0Py. the general character of the shielding tensor is asymmetric
(2.38). In general, any second rank tensor can be decomposed into the sum

of an isotropic part o.__, a traceless symmetric an1sotrop1c (symmetr1c)

(a)

iso
part U(J), and an antisymmetric part 01J, i.e.,
\'-/

TN ‘
. _ = .la) - ;
"\“’“13‘\_‘,"1'50 * 95 T o '

- _'| ~
where - iso §{§gii)61j' . -
. (s) - {S). 1/5(. -
f | e A TUI WO

S:) = - ;?) = 1/2(0 oji) ‘ ' . ; _ 

For a symmetric second rank’ tensor:

Se) - (s)
1J 673 * U1.]

there isjéf@g;s a prTnc1paI axes system {XYZ) for which the m%%rix 0(2) is
diagonalized with the diagonal elements beify~the principal e{gﬁ%gfs obeying

the'convgntion:

* . »
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&
L@, @), (@)
.i‘ Ioiz)l:.lcxx I>fuj(,y . -
. 7 . o
Also o +_°yy +o,, =0 fora traa?Tess tensor, and the principal com-

~ ponents can be reduced further by defining’theuaSymmetry parameter—n, ..

g__-o o
y . n= XX "yy O<en < 1

®22 : . ' g“\ -~
i.e., the second rank symmetric tensor can be characterIZed by two prin-

cipal values ihstead‘pf three.-

.

annot be diagnoalized in the 0(2)

_Thé asymmetric_part 52

§i> . . axes system. The axes system where 1) can b rought into diagonal form

. { L . )
~ ;‘W - is rotated wit?:}espect to the XYZ system of ¢ 2).
| 7 . N

» - function is given by Wigner Rotation Matrices (%.35),

The~transformation

The importance of.
the antiéymnétric part of the second rank tenébr is that it can represefit a
pseudo vector quant1£y such that the presence of real asymmetry 1n the
tensor’ aafgj;.assoc1ated with non- vanishing pseudo vector 1nteract1on Thé'

' pr1nc1pa1 xes of.an_asymmetr1c second rank tensor are not necessar11y

e

‘orthégonal (2 38) - . - |

- It is also well known (2.39) that antisymmetric tensors of second

x;

rank can be reddced‘to pseudo tengors of various ranks For exampTe a
pseudo tensor of rank zero is a pseudo scalar (pseudo meaning the scalar -

undergoes c,{uges w1th coord1nate traqsformat1on) such as scalar dens1ty

or capac1uf“ }{1n ‘this context, the definition of dens1ty or capac1ty

rema1ns co? q{ WINE with its ghys1€ai\mean1ng In other words, a sca1ar

capac1ty (vo_ume) cai“Be filled or empt1ed of a sca]ar dens1ty “An examp] f

of this SItuat1on 15 charge densities in a reg1on of<§pace where orbitajs

.ﬁ{a"_\

ot e B i e $RRC L e ek e R et tart % mme et

MBS e e e e
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overlap in a bonding interaction® g
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L/" B

P . . -
Asymmetry in the ﬂMR sh1ef§lpg'tensor has been treated by Schneider =

S

(2.38) and Haebelern (2.40).

(:ihneider has/explicitly shown that the ef-

‘fect of asymmetry manifests jbdgelf as a second order” (quadratic in

shielding) effect and its magnitude is conf?o]]ed-by shielding itself. By
t ' .
gregp theoretical analysis, Buckingham (2.41) has calculated the possibility
of non-van}shing components for asymmetry of the shielding tensor and:théir ;

results are tabilated in Table 4.10. The general conclusion from these re-
~splts is that .the antisymmetric term

-cthemical shift ranges,

-ﬁ;;_gﬁ\ifﬁortant in nuclei with large
Sng and 207Pb. Therefore; in thg analysis

‘e.g.,
of relaxation rates, the antisymmetric term is not nécessari]y zero. The

C:Fp13}e expression for the relaxation rates is givén-by-Spiess (2.35);

b
! 2 zrz 2 28 2 2 | “Es ‘2' ] o
= = YIBO _(Aao') L -+ = ac (14 ) 7 2 [2'17]
T] 3 T+a™r 1 _ 15 - 3 " er :
| P /5_-: I T
R T ¢ 2.2 2 1 1.2 csy| 4 2
- =YB.0 +=-(A‘c) + = At (1+ =)= 1, + =5 [218]
T, 10|%iso"o ,3 @ 1+m2 ? 15 313 2 1 el g a
' Acﬁ"zz -,’1/2(dxX'+-'uyy)
Mg = %x ~ Oy
92z

= [(Pcs)Z + (Pcs) + (Pcs)Z]I/Z

Under the extreme narrowing condjtion.and when a0 = 0, equation 2.12

SN

reduces to the standard ?Qrm with T,/T, 7/6,

B L R N
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- SECTION 2.4.6 Alignment Effects (ay) ;nduced by Magnetic kie]ds‘
- , T |
In the strictest sense, this is.a Tine splitting mechanism, how-
ever, when the Tine splitting is small and resolution is low, it.jgﬁﬁép§?

as a line broadening. The'theoretiCal criteria are as follows:

t> ’ i) " the mo]ecu]e must have anisotropic diamagnetic susceptibility

= tensor (x) components, S ;)

Y 'ii) Boltzmann statistics can be applied to estimate the'a]ignment
~ with the magnetic field, and ' ziza -

ii9) disturbence of the orderihg is due to Brownian motion.

%
If the an1sotropy in the sqﬁcept1b111ty components is large,. the magnetic

field, under high field cond1t1on tends to a]uqn these mo]ecu]es a]ong |
the direction of the f1gvd H On the other hand ~molecules undergo rapid
Brown1an motion destroy1ng the magnet1ca]1y ordered doma1n leading to a
sma]T a11gnment at thermal equ111br1um For quadrupo]e nuclei, the average
"va]ue of the field grad1ent becomes ‘non- zero leading to a small perturbation
l.of the Zeeman levels, thus inducing a quadrupo]e 11ne splitting. The the-
-ory is due to' Lohman and Maclean (2.42-2.45)., The appropr1ate Hamiltonian

(2:42) is given below:

RN N R H | O S
fio = 2"n"- 6’1(._21’-1)[ R

‘/_<3 ces 6~ 2> VZZ+F ém 6.Cos @(\Ixx yy)



. ) : 3 . '
+ E<51‘n2851"29(vxy.+ Vyx) + E <coses1n8cos¢>(vxz+vzx)
3 . i . .‘
+ E é:osesmesmq> (Vyzf\’zy). ‘ - . [2.9]

where (> are the averages of the motional parageters, 6 is the angle
between the principle axis an‘d the apph‘éd field H » ¢ 15 defined as in
sphemca] coordinates, V (13 =X,¥,Z) are ghe components of the field
gradient-tensor and [ is the spin of the nucleus. For molecules with axial -
symmet‘ry i.e., a three-fold or higher sjfmmetry axis, equétion 2.19- reduces

to <

> . leQ 1 3 cncly 1 2 _ .2 : '
Ho= |5 - FTErING cos™e - 3 vy, 3(I,0° - 1 | [2.20]

. . . - . -
~because ¢ averages to zero. For c2v symmetry _sine averages to zero, there-

fore equation 2.19 reduces to - . :

- _led - 1 /3 2 3 1
f{Q— _I-% T2 < cos“g- 2> sz 5 sin ecc1524>(vxx yy)

e | [3(1 ')2 {I/ \

I I }
"Q T -ﬁ‘;——ﬂ— then subst:tutwn yields
' zz )

oo e . - g /. |
| HQ=$'% T sz<% cosZe- %>A+——g~’€;.1n29c0529‘-[3(12.).?-_12]_ [2.21]

b
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: »
The .motional parameters are
2 N
3 052 21 s -
<2 cos e 2> 15 Xz ayy) F -
J <sﬁnzecosz> =L (x5 X)) Ho? : 2
VT P Ny g (2:22]
A where k = Boltzmann constant and T = temperature The ca]culat1on ofjme=
sp11tt1ng is straightforward. ' |
'SECTION 2.5 Inter-Mo]ecu]ar'Interactions : . \V’ : ; ' .//,’-s~\\
o : ] _ hY
| SECTION 2.5.1 General Survey o | e

Various authors have proposed different models to account for re-.
laxation rates of quadrupole ions in so]ution._ The assumptions ve;; from
purely. electrostatic to weakly covalent over]ap interactjons between so]vent
and ion. Valiev (2.46-2.50) suggested that the re]axatt&h\rate res
-both vibrat1ona1 motion of the solvent molecule. in the solvated comp]ex and

~ translational motion of the so]vent mplecu]es governed by a random radial

distribution. A]ternat1ve]y, Hertz 1-2.52): proposed an e]ectrostat1c ..

theory assuming that the dipoles of “the solvent molecules in the immediate

env1ronment of the quadrupo!e 1on are cons'dered to contribute a sma11 per-

‘turbation modulated by mo]ecu]ar motion of the solvent in this vkcinity. . -
-4

This approach however,. 1nvo]ves numerous parameters which" requ1re 1ndepen-

dent estxmatwn as well as various approxmatmns,

-
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i). motion coEre]ation between solvent mélecu]es and the solute
at-the closest distance of approach is neglected.

ii) orientational motion of solvent molecules is entire]y random,

Siid) 1nf1n1te dilution cond1t1ons apply, i.e., solute solute inter-
act1ons are absent. :

]

——This is known as the fully randomized model (FRD). ‘The most important f

..

feature of this model is that a discrete solvation shell does not exist.

) Nlth1n the same framework Hertz has modified the FRD model to one
with a discrete so]vat1on‘she11. There are two 11m1ts to this mod1f1cat1on
The first is the non-oriented so]vat1on (NOS) model’ in which the motions of
the solvent molecule withfn fﬁe first solvation shell is entirely randoﬁ-
ized The second is the fu]ly orIented solvation (FOS) mode] for which ’;yf’%
' the so]vent d1po]es of the first solvatlon shell are rad1a11y oriented
about the solute molecule. Allowance has been made to accomodate ion-ion
interaction, i.e;; finite concentratjon. In‘genera1, most experiménta] |
, vesults fall between the NOS and FOS limits.. in-prinCiple,‘if-the as;ump- 
tion that the charge distr{bution of a complex cation ié spherical can
- .be made, a test of this model is based on the calculation of relaxation |
'rates.Unfortunatgiy,'suéh a pfocedure:qgnnot be carried outCQn précpiéé_ N
since the parameters governing'this:;;5;3‘;:2\é4péiimentéllf unavailable.
A tﬁirq mode] developed by Deverell (2.53-2.54) postu]ates'that the

origin of the relaxation of a quadrupolar ion is due to instantaneous dis- -

+ tortion of the electric field grddient produced'by the overlap of the



intermolecular repulsive potential (S) of the interacting pair during a
collision process,i e., an e]ectronic distortign model. Under such a

condition, the qyadrupole coup11ng constant can be wnntten as

(e q<>25 .

/

where ZSz'is the sum of the squares of-« the overlap integral S between the

outer orbitals of the ions and the oguter orbitals of the i ne1ghbour1ng

molecules and < 3> is the expectation value of r 3 in the outermost p

‘orbital of the ion cons1dered This approach has not been entirely accep-
. i /w

ted in the literature. A]though this effect may be more applicable for

1argér (softer) poTarizabIe ions it has been found experimentally that the

-paramagngtic shielding of Lit is not dominated by-the rqpu]siVe overlap

integral (2.55). VS

Finally, covalent or wéak?yLCOVaient interactinn% between the observed -
ion and'the-e]ectron pair from the solvent have,been proposed by HMis--

hdstin and Kessler:(2.56-2;58) in an attempt to understand the solvent .

“debendences of 71i* relaxation béhaviour Three pieces of -evidence have;,

been c:ted to support th1s type of "e1ectron1c effect;

1) I.R. stud1es on the 1nteract10n of L1 with acetone, aceton-
itrile, PYr1d1ne and subst1tuted amines revealed definitive fre-
quency shifts of characterlstic functional groups (2. 59, 2. 60).

ii) quantum mechanical calculations have shown that charge transfer .
' takes place from solvent molecules in the solvation shell to Lit in ;/f
<“‘“beth.aqueous_and non-aqueous solution (2.6152.64),

.

. S ‘ -

w
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iii) neutroh and x-ray diffraction of aqueous LiCl so]ution firmly
establish a well-oriented hydration shell about L] and that the
lone pair provided by the selvent molecule directly interacts with

(2 65).

e

This type of behaviour is incompatible with a pufe electrostatic theory.
The inconsistency points to interaction of a non-electrostatic nature,
namely donor-acceptor interaction. As pointed out by these authors, dir-
‘ect quantitative application of the effect of charge transfer on quadru-
- pole relaxation time is not péifible since a'comprehensive-treatment of
'the theory is'unavailable. Other emp1r1ca} parameters can be employed to
character1ze donor- acceptor Interactions In the following section, the -
donor-acceptor concept of Gutmann (2.66) is examined. Before closing this
- survey, a few review articles dealing with both the theoretical aspects as
well as experimental results have appeared (2.67, 2.68). The reader is

referred to them for detailed discussion.

2.5.2 Donor-Acceptor Interactioo and the Donor Number (DN)

The ba51c foundat1on of the donor- ~acceptor theory is based on the
Lewxs concept- (2.69}. . The most fundamental result of the Lewis concept
is the-formation of a coord1nate cova]ent bond upon 1nteract1on of a Lewis
ac1d (e]ectron pair. acceptor or acceptor) and a Lewis base (e]ectron pair
donor or donor) 1ead1ng to a charge density rearrangement in the reg\jt1ng

adduct.

L3

‘Charge density rearrangement due to actual charge transfer and/or

polarization effects which resu]ts from the interaction oetween donor and

» z
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acceptor species generally manifests itself throughﬁmeagurable quantities
such as bond lengths, thermodynamic and kinetic quantities. Of these,.

the avai]ability of precfse structural data in recent years has allowed
formulation of simple rules - the bond length variation rules k2.70-2.72) -

accounting for bond length varijation within a molecule in different donpr

solvents. ' o ‘? o ) ///
s ‘\\
" The first bond length variation rule states that the smaller the }/,,/-‘~

intermolecular distance D-A, where D stands for donor and A for acceptor, '[i
thg greater the indu;ed Tengthening of the adjacent intra-moiecular bonds
poth in the donor and acceptqrvcompohent of thg charge Qransfer-complexf

. The second_bond.]ength variation rule relates the effect of o-bond d%s-
tortion for the remaining part of -the mo]ecu]e.dpon formatioq of D+A
complex. "As a result of donor-acceptor interaction, charge density re-
arrangement takes place. A g-bond is lengthened when the elecffbn shift
occurs from a nucleus carryi;a a posifive to one carrying a negative c
fractional charge whereas the a-bonq is_shoftened when the e]ectron'shift ’

is induced in the opposite direction." Since precise Tocal nuclear charge

owa, the idea of electronegativity has been used to carry through
‘ | Co —— .
e argument. Thus, a o-bond is lengthened when the electron shift takes
_place from the more e]ectropos1t1ve to the more e1ectronegat1ve atom 1n
the uncomp]exed species and a .o-bdnd is shortened when the reverse takes-
place in xhe.uncomp1exed species. The third bond length variation rule
- (2.73) states "When an adduct is formed, the coordination number is in-
creased at both the donor and the acceptor atom'and*;ccording to the

first bond length variation rule, the bonds originating from these atoms
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are lengthened irrespective of the state of the aggregation". Thus, as

the coordination number increases, the lengths of the bonds origihating

from the coordination center increasgs (2.74-2.76). ik(?ﬁ?ﬁstrative

example of the bond length variétion rules is provided by Keitaibl et. al
(2.77) in the study of the intgfactiqn of tetrachloroéthylene carbonate
with SbC]s. The induced charges in bond distances are shown on the extreme

right of Figuﬁz 2.1 (reproduced from re%erence‘z.ss). The agreement between

¥changés in esperimental bond 1eﬁgth§ with the bond length variation rul

is self-evident.

C.'-a q‘- ' t a ) . h 1
- G a . "
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a” | -ar I a : .
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Figure 2.1 Donor-Acceptor Analysis of Bond Length Data of (CZC14CO3)SbCIS(2q66)

A direct consequence of changes in Epnd length aré’bond polarity
chang;sldue to changes in charge separatioh.. These changes are related to
the finite changes in charge dens1ty at both the donor and acceptor atoms ‘
Teading to an e]ectron1c “p11e up" or "spill-over" effect "Upon interact-

ion of a neutra] donor and acceptor pair, a net gain in pos1t1ve charges
results at the acceptor atom due to the transfer of negative chatgés including

part of those originally situated at the acceptor atom to other parts of

the acceptor molecule. This leads to an overa]l-ihcrease in negative char-

L]
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ges in the acceptor component, in'particular, those terminating the acceptor
molecuie.” This is known as the "spill-over" .effect of negative charge at ‘
the acceptor atom (2.78). Similarily, the "pile-up" effect of negative
charges af the donor atom is dué to a’net gain in negative charges from

the components of the donor molecule resulting in an overall decrease in
negative charges throughout the donor molecuie." This is'schematically

roo- _
represented below;

\c/ .
. “nile-up effect at D ps- '1ncrease in fract1ona] negative
Intermolecular interaction ¢ charge .
1] n 6+ - - - » »
§351]-over effect at A A increase in fractional pos1t1ve
| gl ' charge
g5~ |
/ N\

The "spill-over" and "pile-up" effects have been uccé%sfully applied to,

systems of which molecular association takes place in liquid state.

pr example,.ca1cu1ations_for'the interaction between wate and- chl

shows a tota] of 0. 003 electron trahsfered (2.79, 2. 80) The ."spill- over“ \

and "pxle-up" effects are apparent at the ch]or1ne and oxyaen atoms, respec-

tively. - éfﬁi‘ . | . _
N I b "‘

+0.188 H | S ; .
\3 369 1 +0.623  -0.026 -
. | .
— >l ——Cluy
H<0.186 -

-0.003



In the ;Loregoing discussion, the basic idea of the donor-acceptor
approach to mblecular ihteraction was examined. The reader is referred to
the excellen "text by Gutmann (2.66) for further detail. It has becowe
obvious that, ion solvation cqn‘be rationeiited in much the same way but

with caution since the so called “pile- up and "spiil-over" effect does not

‘necessar11y follow the same trend. A final examp]e serves tg 1]1ustrate

these concepts.” In the so]vat1on of 7L1 in fonn1c acid, Rafin resu]ts (2 81)

indicate four molecules of fonn1c acid are :coordinated to Lit. Frequency

'sh1fts led to the conclusion that the C=0 and C~H bonds are 1engthened where- >

as the C-0 bond is shortened. In add1t1on, an ab-initio caleulat1on (2.82)

+0.072 | ‘ 3
H'\, | ‘ o ;
| Jhﬁfr'““xxo X %—Li+ o | ’ |
_ 5 /40,143 -0.278 |
m? +0.049 ~0.007 | +0.007
+0.021 L !

. 1R
indicates that 7L1‘ gains a total of 0 007e . The same ca]cu]at1on show

that a considerable "p11e -up" of charge dens1ty is located at the oxygen
&
donor atom. The important feature of this example is that there is no

"spi]]-over“ at 7
7 .+ 7 - 23
Li'. In add1t1on, so]vent—dependence stud1es of ‘Li* and Na re-.

Li* 1eading to an overall decrease in the p051t1ve charge

at

_ laxat1on rates prov1de further support for these ideas (2.%6, 2. 57) The

conclus1on that can be drawn from the 1ast example is that cat1on solvation
in d1fferent prot1c/aprot1c so]vents is d1rect1y related to the strength of
the solvent in its ab111ty to ‘interact with the 1on. It remains, therefore,

a problem of seeklng,g proper characterization of the solvent with which



o

. expressed quantitative]y by the donor number concept proposed by Gutmann

-56- J,
such properties of the solvent are direct]y reflected.

Various attempts have-been made in so]yeut characterization by empiri-
cal - parameters, notebly Grunwald and Winstein's Y-values (2.83), Kosower.'s

Z-values 63T§4-2.88) and Dimroth and Reichardt's E 4va1ues (2.89}). These

emp1r1ca1 parameters have all proven successful, in ]1m1ted app11cat1ons

i
From ca]or1metr1c data on SbC]5, Lindqvist (2.90) der1ved a qua11tat1ve
order of solvent donor strength This is the first so]vent scale der1ved

with emphasis on direct changes. in bond properties. This idea has been

EY

_and Hycheri (2.58). Gutmann sought solvent 1ndependent representation for

the donor ability of a molecule. The “"donor number (DN)}" or "donicity" is
defined: as the molar enthalpy value for the reaction of the donor (D) with -

Sbcls as a reference acceptor in a 10-3u solution of dichioroethane. Thus,

- . L)

nﬁsmkinsmr

5, ~Mp.spe1 = ON

Hl

the molar enthalpy of 1:1 molecu]ar adduct formation in d1chloroethane is

taken as an approx1mate measure of the energy of the coord1nate bond be-
tween the donor and Sb atoms of SbC1g (2 58) Therefore, the AH values.can -
be used as a gu1de to the relative complex stab1}1t1es A 11st*of the
donor numbers is given in Table 5.14. The 1mportance of thIS def1n1t1on

is that AH is a dlrect funct1on of changes in boad propert1es upon chenn- _

cal interaction. Consequent!y, cation solvat1on can be characterIZed

tion rules together with the "p11e—up" and "sp11]-over" effect. much fof the

: quant1tat1vely by the DN-and upon appllcat1on of the bond Tength ve;}a~

observed solvation phenomena can\ge_efela1ned qualltat1ve1y.

&

~
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In magnetic kesﬁnance, cﬁemical shifts are directly'rélated to the
éo called “E{ie-up" and "spill-over" effect because charde density.build
up at huclgj adjacent to the observing nucleus induces-shield}ng effécts‘
leading tao a;g;ange in éhemiéa] shift. Thefefqré, chemical shift measue-
ments serve as one method of measufing so]vatiop_power'using magnetic
resonance methods. For a quadrupolar. nucleus, the quadrupole interaction
.dominates the relaxation mechanism and is ensitive to extranuclear fluc-
tuating'charge densify about the‘quadrupole*nucleus. Relaxation time
measurements provide an alternative maénetic resonance method for pro-
bing solvation power. Examples 6# the former effect are known for the

: dependences of 23Na chem1pa1 shi

3+

wi DN (2.57, Zg )_ and the latter
3

4 R " . !
al shift correfation for Coen




e

v

, charcoal. The Naﬂj js slightly in excess of the 6:1 stoichi

“after mixing. The pH of’ the solution containing Co(N3)6 an1on 1s thin

wére*

J\\/"*

CHAPTER THREE

EXPERIMENTAL_
SECTIOH 3.1 Sources of Compounds and Synthet1c Procedures

¥ i

The synthes1s of the complexes studied 1n th1s thes1s have all been
4
reported in the literature. The relevant references are comp11ed in Table

3. A | ' o

Preparation of Co(Na)gf

In a typical prepargtion,_loomIS of NaN3 solution is allowed to
react with,CoCTz.GHzo in the'presence of'éox H202 (10m1s) and activated

The mixture is warmed- to 60°C. Effervescence ceased 15- -20 m1nutes

b
adjusted to 7 and the so1ut1on stored in the refr1gerator

SECTION"3.2. NMR T, and T, Measurements’Zf

-,
General
[ . N

5 Co NMR measurements were carr1ed out on Bruker WH- 90 wﬂ1250 and .

NH—400 h1gh;;f§o}ut1on FT- spectrometers operatlngipt 21. 252 59.035 and-. /

ne on resonance except where ulti 11ne spectr _Erjgznvolved

- _temp 'ature of the probe was usual{y 295+1°; 295 +0.5%7 263%1°K respect1ve1y

h,e the same mthﬁ!é oﬁ%ﬁferent

[ A,

Y

'94345?“ﬁﬂ;\:esfeft}vely ' The latter: two 1nstruments use a super-conduct1ng Sy

'magnet and a field frequency lock was not necessary A]] measurements
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days. Saturated samples in the pH rauge of 5-6 were examined to ensure

14

that amine proton exchange does not take place. N NMR spectra were ob-

tained on Bruker WM-250 and HH'400'FTa5pectrometers operating at 13.059 and
28.894 MHz respectively ]H NMR spectra were recorded on a WP-80 Bruker

FT- spectrometer operating at 80.00 MHz. ]3C NMR spectrum was obtalned an a

© WH-400 fT- spectrometer operat1ng at 100 577 MHz.

Chemlcal sh1fts were measured by exact frequency method re]at1ve to exter-

" nat Co(CN)3 . Bulk susceptibility corrections are of the order of 1-2ppm and

were neg]ected.

SECTION 3.2.1 Linewidth M“éasurement‘s'

The transverse relaxation time T2 is obta1ned from the ful

-l
Tew Hz

)

half he1ght of - the absorption signal. Instrumen;alabroaden1ng is

T“and is therefore neg]ected. Peaks may be fitted to a Lorentzian hape func-

tion def1ned by equation 2. 6 Examples of linefitting'are shown in Figure

.3.1 for the convent1ona1 mid-range standard Coen3 (X /df=0.008) and F1gure
/3.2 for the complex trans- [CoenZCIZJCl(x /df=0. 003) - For complex spectra,~‘ e

non-11near least square program was-deve]oped where the spectra were fitted to

a sum of Lorentz1ans w1th_a sixth order polynom1a1 base11ne funct1on as wel#d

as opt1ons for s1newave base11ne correctlon Examp]es of comp]ex spectra L e

are given in F1gure 7.4 and 7.5 The cr1ter1a for'Bestvflg is-determined by
the value of X 2/df (1. 0). The stagggrg\:rners were calcylated in the usual .
Ff -— L

S -
. SECTIUN 3.2.2 Long1tud1na1 Relaxation T1me (_,) Measufements
| =

way from the .est1m%ted var1ance-covar1an e matrix of the f‘lt% parameters(3 36)

L ——

‘(1) I Measuredents - o - '\:?— o
. ‘Q{ : . S

Lohg1tud1na1 relaxat1on time measurements were carr1ed out on Bruker

ST -250 (5. 8749T&:and HH-400 (9. 3950T) FT—superconduct1ng NMR spe trometee;*_‘\\\\;h‘;
LM (t = Q\\sqsL‘ LT

= =) was measured ‘from the 1nten$1ty g(w ) of the absorption nal:

ﬁ‘ ‘. \" - ’ . . & . /.\ %

-

]
§
H
i
{
L
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Al

-

In general,-the signa1/neise (S/N) ratio was at least 25 and on the average

more than 100. For cases where the S/N ratiovwas low, exponential multipli- '
cation of the FID (Free Induction Decay) was used to~improve its value. ¥

Instrumental drift in sensitivity can be neg]ected since most T exper1ments’

i - -

were completed in & fa1r]y short time (‘ 2 hrs.). ( .ok ’f
‘ Qﬂﬁ‘ The standard inversi;n-recovefy pulse sequence (180°-r-90°'—T)n was

used where T is the relaxation delay and is always greater than 5 x T] (3.37).
' The pulse Tengths for 90° and 180° pulses were determined by searching for

2 maximim or minimum, respectively, in the intensity of the FT-signal. .The

59

determined pulse widths;for Co T] measureﬁents on the WM-250 ranged from

32 to 42usec,and 64 to 95usec on' the HH-400,depending.on the samplie used.
' »
~
Additignal measures were undertaken to determ1ne the effect. of probe

s
_ - mis- tun1ng on T]

 the wi-250. &

ch that the resulting 90° pulse length was 52usec on ‘\\:

resfiting 7, value determined under these conditions com-
pares well with that|of the.T] value determined under optimum probe tuning

'180° and 90° pulse lengths. The results i

RS - clear ; onsﬁghie ffﬂt th1§ procedure oniy results in a logs of dy
. N o
range through 1neff:c1ent inversion and detect1on

i

. 4

Hr’{{ © trans- [Coenz(NOZ)z]NO3 1n;d1methylsulfox1de were rmined using- 56° and™

w .14° for the detect1on pulse’ instead of the’ 90° pulse (Tabfe 3. 3) The T-I

obta1ned were 1n goﬁﬁ agreement wwth those obta1neu using the norma1 gp°

detectagn pulse. However, S/N is’ dra_‘a;ally reduced for shorter detectleﬁ/k

~
B I e
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2 . :
* Table 3.2 < .
Dependence of 59(:0 T] on Pulse Hidths] »2
% ]
M _ - Preparation Detection
Mz(t = =) 2(t=0) T (msgg)  Standard Pulse tength Pulse length
(t = =) error usec  deg usec  deg
14.2 0.83 ' 8.50 *0.06 64 “ 180 32 9%
~ 'h. .
> 6.6%  0.82 8.53 *0.10 105 "180. s+N\52 9o
5.4 0.3 8.55 %0.19 64 110 32 55
' *
0 ! Sémp]é" [Cb(en)3]7C13- in water. - ’
2 o e e
¥M-250 Bruker-FT instrument
e ~ Table 3.3 .
: : o 1,2
* Dependence' of 93¢0 T,_on Detection Pulse Angle
PW (usec) " PH {degrees) - Ty (msec) -~
. L . ¥ _
32 . 90° - 0.0767
32 90°. C 0.0774
] . . ‘ ‘e
_ 20 a " 56° . 0.0767 ~
> AR 5 14 _ 0.0790
~— ) ) . »
i ~
o~
'c“ e t
.OI‘G

ey S L
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pd?se lengths For this reason, the normal 90° detection pulse was used

since it is obvious that it is more eff1c1ent Thus, more efficient in-

_ vers1on was obtained by %horter detection-pulse lengths but th1s gain was

offset by less in S/N. rat10{\&\

" The 90° pulse width used for ]4N T] measurem;r%saon the WH-400

'(28.894 MHz) waslldousec. A number of independent determinations were

carried out for each sample and the resulting T1 va1ues were found to be

\(i:;éﬂ{?dUCIbie to t 5% for 59Co T] s.. The random errors obtained from N

single set of data are cons1derab1y smaller than this value - Hhe qual1ty of

14 59

the N sasctra were lower. than thoée of ~“Co spectra, the T1 values there-.

fore involve a 1afger érror (~ T 10%).

The 1nvers1on of the NMR s1gna1 was far less than compli}g for all tk!

complexes exam1ned This may have been due to the “following reasons: .
i) - Inexact ]80°fpu15e\1engths. _
- i) inhomogeneity in the H, fie]d_'

- .

i) relaxati‘n during the 180° pulse,

vy ﬁv]axat n duripg the 90° pulse. and

. "-
v) re]axat1on during the computer de]ay, DE where

—

DE = (4 x sweep widih) I‘A(minimum of 2. ‘ ec). ©o

-

Reason (i) has already been dealt with. The combined _fféct of (ii) and -

'

-

(ifi) is to cause M, (r=0) < i({) as well as -y components df-magnetizal :
tion after the 180° pulse. These gffectsygi§>eas 1y corrected by the use



“an equation of the form

'mental data and ‘also 1nd1cates the s1gna1 to noise rat1o*o? ‘the spectra

© SECTION 3.3 M‘isceﬂaneous SN

_r-—T"\' . . -
of quadruature ptase detection or simple phase cyciing of the detection

pulse as suggested by Pegg et. al. (3.38). The effect of (1v) is uncertain

'and there is little known 1n the literature (3. 39) "Inp all practical con-

sideration, {v) can be neglected.

/' (ii) Data Analysis
' -

T, was calculated by a non-linear three'parameter'fit of the data to

.

#ale) = Hy(e) = Dy (0) - (o) e@,#% )

, .
The criteria for best fit was un eighted least squares and the calcu]atIOns
were carried out on an Osborne n?l}ocomputer using a BASIC program (GRAPTECH-

non- 1terat1ve) developed 1n this laboratory (3.40 ) after the pattern of a

solution presented in Draper and Smith (3. 41 ) as well as a program developed

by another group (3 42) (NMR T -1terat1ve) The two programs are g1ven.1n

Append1x 1. The standard errors for both GRAPTECH and NMR Tl were ca]culai '

ted as described earl1er F1gure 3.3 11177trates a-flt of the T1 experi-
5 -

used to measure the 11new1dths fbr Tz—calqulat1ons.
w .

'

- . - - j‘

. sscnon 3.3.1 Kinetic Measurements
3— ‘ .

. “ . J . .

A1l kinetic runs were performed on a Durrumagzaio g]assfluc1te Stopped-

flow spectroPhotometer with convent1ﬂﬁaj Deuter1un and Tungsten 11ght sources

’ ‘

'covermg the ent1re UV/VIS spectra‘l range - The reagents si:ere mixed in a

LS

-

‘._ l I ..‘ _l' I .- 7)«
'_‘\ﬁ: i . }._ ‘-\ ) ) . .
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INTENSITY VS TIME
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igure 3.3 Exberi;mentﬂ T, data (O)(SQ'MHz) for the complex

trans- Cv::enz(Nc}z)2 /d1methy1 sulfoxide. Solid line three para-
_met. f'lt as descmbed in Sec. 3. 2(11) T] =.076 msec. A-trac{\
- of ¢j {:oenz(mz)2 : -
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. (Mode] 115) Molecu]ar He1ght Apparatus

sure method and was ca11brated wi

~ -68-

*

mixing jet and observation was carried out in an optical cell {2cm opt1ca1
path Iength) via a Zmm diameter observation window. The syringe drive rate :

was +30mls/sec operating at a pressure of 70 psi. The dead time for mixing

‘was 2-5msec. The s1gnals were d1g1t1zed and fed into a Nicolet- 1170 s1gna1

averag1ng system and the klnet1c trace was recorded on a Hew1ett Packard
7045A x-y recorder. The opt1ca] scale was calibrated by the standard react1on
of 0.01M Fe(NO )3 and 0.0TM KSCN in 0.1N H,S0, (0.5 Absorbance\Unlt ) A11~
reactions were buffered g}fﬁ appropriate buffers (3.43)°and were at Fonstant

ionic strength.

"SECTION 3.3.2 Mﬁssbauer'MeasGrements

o

Mbssbauer spectra were recorded by Dr G. Denes using -an exper1menta1

'set—up §1m1]ar to. that prev1ou51y descrlbed by B1rcha11 and Johnson (3. 44)

‘and the results are d1scussed in Append1x II

1

sscr:ou’s,;.s D.T.A./T.G.A. neasuéements S R
“. w . . - ‘-‘ . “\

Therma] ana*ys1s of Fe(OH)3 samp]es were carried out on a Netysch STA-

409 s1mu1teneous D T. A /T.G.A. 1nstrument by Mr.. Frank G1bbs of the Inst1tut1on

for Mater1a15‘Research of McMaster Un1vers1ty The yesu]ts are discussed in

— .

Append1x II

-SECTION 3.3.4 -Solution Moiecular Weight Measurements

Solution mo]ecu]ar we1ghts were me sured us1ng an H1tach1-Perk1n Elmer

Imldaone

LE

s

F%!;

Th1s apparatus utilizes the vapour pres-
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HA}EER FOUR

THé)DEPENDENCE DF,TﬁF—LINEHIDTHS OF COBALT(III) COMPLEXES
IN AQUEOUS/%OLUTION ON MAGRETIC FIELD STRENGTH

h

‘SECTION 4.1 Introduction

As treated in Chapter 2, the most jmportant relaxation mechanism. Hﬂhxlsr
of 2 quadrupolar nucleus is due to modulation of the e]ectric field gra-
dient. This gives rise to the NMR 11ne broaden1ng. Broadening due to -

. &
othec-mechan1sms is usual]y neg}ected. In aqueous solution the "NMR 1ine-

"~/ widths of 59to(III) 3§mp1exes vary from a few Hz for Co(CN)3'rto more than

9 kHz for trans- Coenzm2 - Th1s drastic change in the NMR llnewadth is-
aSSOC1ated with a change in the quadrupole coupl1ng constant ‘more pre-
c1se]y, (e qQ/h)2 'In the former case, the e]ectr1c field ;;aozent at the
Cob_);,ggc]eus is zero as expect}ed for 0h synmetry. A value of 60.14MHz
for (e qQ/hffhﬁﬁ Qeen ﬁgported for the latter complex and accounts for the

' much broader ]1new1dth For the complex cis- Coen2C12, the -measured line-

1dth of 5kHz para]]e]s a quadrupole cOupllng constant of 36MHz /%he line

-

width ratio for these geometric isomers 1s,qsefu1 as an a1d in structural

A (o . ‘ s <hi PPN o
“assigriments in cases for which the chem1ca1'sh1ft differences are.small. : -
. |

‘ Recent advances in H1gh Field NMR 1nstrumentat1on have 1ed to the -

follow1ng s1gn1f1cant 1mprove$gnts. (i) Enhancement of resolut1on due:TSithe %;f

larger separat1ons of the Nuclear Zeeman levels, and s1nce (i1) the sengiti
vity of tie NMR e per1ment var1eq~as the square* of the magnet1c field // (’\\\

!\.l t ‘-w ’ g " v ‘ a . '
" - . \ } ‘/-? . ,'. -—
~in practice only a powerof 3/2 is achieved. '

l . s «

o g9-

oA e
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_strength, it is there€ore poss1b1e to study molecules conta1n1ng nuclei

a'both the chem1ca1 sh1e1d1ng an1sotropy (55) and the quadrupole coup11ng | -

and aceton1tn11e\and the chem1ca1 shifts were found to be satisfactor11y con-

stant (Sec. 5.2
. for the ap

e 7

of low natural abundance or compounds thh 11m1ted,so1ub111ty In"the
case of- Cobalt comp]exes this latter aspect is part1cu1ar1y usefu] In

add1t10n var1ab1e magnetic f1e1d measurements allow inv st1gat1on of

"sh1e]d1ng anisotropy.  This is a sens1t1ve probe of the elegtronic struc-

ture of a complex'and is re]ated to the e]ectron1c spectrum ince

quadrupolar re]axat1on is- 1ndependent of the magnetic field strength, B

constant (e qQ/h) can be eva]uated from the 11neu1dth data if: the correla-

tion ‘time can be estimated.

4.2 Results

PR

—

The chem1ca1 sh1fts and 11neW1dths for 22 octahedraIly coord1nated,.'
Coba]t(III) complexes have been measured at f1e1d strengths of . 2 141, f' - *
5.872T and 9. 395T in aqueous so]ut1on These data are tabulated in Table : ; :

4.1. For the purpose,of compar1son ]ow f1e1d data from the 11terqture

(4.1, 4.2, 4.3, 4.4) obtained at 1.005T, 1.348T and_ 2.349T are also col-

lected and pfesenteddin'TabIe 4.2._ A few comments‘are in order with res-

. ] .

pect to Tables 4.1 and 4'2 | Generally, the chemical shifts are rebrb—

. ducibie at d1fferent f1e1ds and agree with Titerature va1ues (4 5) with

the ‘exception of the comp]ex trans-Coen2C1 for which the chem1ca1 shifts '

g apparent]y f1e1d‘dependent This cdmplex was also exam1ned in methano]

—
,Table 5.6). At this timé, no exp]anat1on can be given

t var1at1on of the chem1ca1 sh1ft in water. Réf“?t articles -

L7 1
,
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by Doddrell (2.28, 2.29) report small variations of chemical shift with
field for Cobalt complexes, namely Co(CN)g_ and Co(lSNHa)g+ in water,
and Co(acad)3 in chloroform. ;Shielding differences of approximate]} 10Hz
meésured at field strengths of 0.347 and 2.107 were fBU;a for the compliexes ‘
CO(ISNH3)2+/ 0 and Co(acac)3/QﬁC]3. These differences are far too small
to be signific .t considering that the chemical shift scafé of Coba]t com-
plexes is of the order of 15,000 ppm. In addition, the shielding differ-
encés are in the opposite direction fo that predicted by fourth-order per-
turbation theory based on the paramagnetic contribution (2.28). These
authors offered no explanation for this disérepancy. In_short, the pre-
gent treatment of field depeqdent chemical ghifts, ff they exist, is not
well understood. The complexes Co(CN)g-andréo(NH )g+ possess Oh site

&

symmetry at the Coba]t nucleus and the linewidths are expected to be f1e1d
independent. For the complex Coeng » the site symmetry at the Cobalt
nucleus is:close to 0h symmetry. Within experimental err8r, the measured
lTinewidths for these threé comg]exes are independent of field strength..
In the case of Co(CN)g', instrumental contributions to the linewidth may

be significant as pointed out in Section 3.2.1. 1

For the remaining complexes in Table 4.1, this sourcg:;?“error is
nég]igib]e. Figure 4.1 shows the only spectrum from which computer de-
convo]ﬁtion was necessary due to significant overlap of the resonances at
Tow field strength (2.114T). Other Spectra‘wereiéll obtained on resonance.
The sfructufes for the isomers of Co(dien)g+ are shown in Figure 4.2.

The nomenclature used is that recommended by the Commission on the Nomen-
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59

Figure 4.1 Co NMR spectra of Co(dien)g+ in H20. 4.1.1. Field

strength 2.114T7 - expefimental and simulated spectra. The curve b
is background correction. 4.1.2. Field strength 5.872T. 4.1.3.
Field strength 9.395T. (A) cae,dfb-Co(dien)3* (tentative)

() bfc,dae-Co(dign)g+ (C) aed,cbf-Co(dien)g+
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clature of Inorganic Chemistry (4.5). For compounds 3-22, increases in
Tinewidths varying from 30Hz to more than 9KHz were observed on increasing
the field strength frpm 2.114T to 9.3§5T.;?These increases are listed in
Table 4.3. “ | -

~

If the field dependence of linewidth indeed arises from relaxation

due to chemical shielding anisotropy,in the 1iﬁit of %he,white spectrum
(extreme narrowing) approximation ((m012)2<<1), 2 linear plot of linewidth
versus the square of the field strength is anticipated. Formally, the )
intercept at Bo=0 gives the quadrupolar contribution and the slope the
chemical shielding anisotropy. For ﬁompounds 4-14ﬁin Table 4.1, the cor-
relation coeffié{ents for such piots are greater than 0.99, as is shown
in Table 4.3. This is a satisfactory 1ine$r fit. fhe intercepfs and
slopes for these compounds_aré also given in Table 4.3. These compounds
are generally of the types CoAsB or trans-CoA4B2 giving site symmetries
at the Co of C4v or‘th. For compounds 15-22. plots of line width versus -
field squared are qu‘linear as shdwn by thé much smaller correlation
coefficients in Table 4.3. The broadening at the highest field is less

than would have been expected for a 802 correlation. Selected examples

of such a non-linear dependence are shown in Figure 4.3, All of these

compounds have lower site symmetry at Co. Most are of the type cis- ~

C0A4B2 with C2v symmetry or lower.

Since most of the comp]exes are amines, exchque between N-H protons and

solvent deutergns can occur. Such 1sotop1clsubst1tut10n can lead to sig-
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LINEWIDTH (10° Hz )

" T I | I L
0 2 4 6 -8 10

vz (103°MH22) B

Figure 4.3 Plot of L1new1dth versus vz for. (A) c1s—Co(NH3)4(CN);

(B) cis-Coen (CN) () Co(NH ) (:03 Data taken from reference
4.1(1), reference 4.3(2),. and reference 4.4(3), |

\
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Figure 4.4  9.395T 9o NMR spectrum of Co(dien

)g+ after standing
in Dzo. ) . - ! )
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nificaqt changes -in 5900 chemical shifts, as reported by Doddreil et al.
(4.7). The results of such exchange are shqwn'in Figure 4.4 for the system
Co(dien)g+.' At the pH va]ue; of the.present experiments, the exchange is
slow, teking several hours to reach completion. If such an isotopic structure
was unresolved due to‘ieherently broad lines, it coufd ]eed to spurious
additional broadening which would be field dependent For this reeson,

the data of Table 4.1 were obtained from HZO so]ut10ns in the pH range of

4-6.
4.3 Discussion

0f the varioue relaxation mechanisms outlifed in Chapter 2, chemical
shielding anisotrop} is most likely to account for the observed field de-
pendences of linewidth. The theory for this broadening mechanism was first
presented by McConell and Holm (4.8) for I=1/2 nuc]ei,pasedron the general
relaxation theory of Bloembergen, Purcell and Pound (2.1). The morevgenera— _
lized derivation is given by Spiess (Sec. 2.4.3). The contribution to T2
from this Mechanism, under extreme narrow1ng condition i.e., (w 12) <<]
given by equation 2.18, When the contribution from the antisymmetric terms
in the chemical shie]diﬁg tensor has been neglected, evaluation of the con-
tribution of shielding anisotrdpy to fz simply requires independent know-

Tedge of Ao and TeSA

There are two methods of obtaining shieiding anisotropies. The first
of the two is frcm d1rect s1ng]e crystal NMR measurements ~ Spiess, Hass .

and Hartmann .(4.9) have measured the chem1ca1 shielding anisotropy of the
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-
complexes trans-[CoenZCIZ]C]-HC1°2H20, [Co(NH3)5CN]C12, [CO(NH3)4CO3]Br
and trans-[Coehz(N02)21N03. With the exception of [Co(NH3)4CO3]Br, plots
of 1linewidth versus Bg generate correlation coefficients of greater than

-

0.99 (Tables 4.3 and 5.11) for these complexes, therefore , (rsz'l is pro-

pprtional to Bg.

The seEOnd method is caTgu]ation usina Crystal Field Thebry. It has been .
pojnted out in Sec.2.2 - that 5900 chemical shift is dominated by the para-
magnetic shielding term (aP) in'the’Bamsey (2.12-2.14)'equation and that °
oP fs directly ptoportiona] to the inverse of the energies of the first
d-d electronic trans1t1ons observed in the v151b1e spectrum. Simple Crystal i
F1e1d theory can therefore be employed to est1mate chemical sHielding aniso-
- trop:es. To 111ustrate the s1mp]1c1ty of the Crystal Field treatment of
Yamatera (4.10) the calculations of the an1sotropies for the comp]exes cis-
trans CoenZCTE, mer-fac Co(NH3)3(CN)3, Co(NH3)SCI2+ and trans-CoenszOZ); ’
serve as’ examples to the M vaiges listed in Table 4.6. For the fol-
lowing calcu]at{ons, electronic atsorption data were obtained from Went-
worth and Piper (4.1T) and Matsumoto et al. (4. 12) The values for the
radial factors <} 3)(k )2 are those given by Fujiwara and co-workers Q 20).

For a tetragonal D4h complex;

. &
-9.29 x 103 <r'3>(ki)2'

2z
o€, | .
-9.29 x 103 ‘{ﬁ'—3>(k2)2
“xx " Oyy T AE

v X,_Y
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The anisotropy is defined as

ao(g) = o,; ~1/2 (cxx yy) and

{ac(%)) x 10,000
10°

Ag =

For sz systems, the anisotropies can be Ea]culatbd using equations from
Sec.2.2 and the predicted first absorption band shifts of Yamatera (Table
4.4). As is shown {n'Table'4.4, the splitting of the‘first absorption
band of a trans complex is twice as great as that of a cis.complex and‘
that their IeveT order is inverted. Appropriate electronic trans1t1ons
and < 3>(k )2 together with calculated & values are collected in Table

-

4.5 and the calculated Aoca].are cq]]ected in Table 4.6.

o

Table 4.4

Predicted Shifts and Splitting of First Absorption .
Band in Low Symmetry Co(IIIl) Complexes (4.10)

Electronic MAgB ‘trans-MA4Bz cis-MA4B,  trans-MA,B, c1s-MA3B

Transition t+z)a (+z,-z)" (+x,4y)  (#x,-x,+2) (+x, +y,-z)
dey*di2., 2 0 (A)) 0 (Ay) 25;(31) 26, (A,) 255 ,
dyd 2,2 8 oy 26, (£g) 1(apB,) | G1(Bp) 26, (A;ﬁs?)
d,*d,2. % & 25, 54 - 38,(8,) 26,

N4+z), (+z,-z), etc., indicate the p051t1on of substitution
bs, = 35/4 0

- [}
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A
Table 4.5
: . 5
Electronic Transitions and Band shift Parameter s, )
o 2.b k')2 -1
Complex E]ectron1c transitions®* <%$% ; 6](cm )
. ’ . ! &m-] ) l
= -
fac—ciﬁﬂH3)3(CN)3 . 24916(A2E)AEx,y’2f 3.84
L] c T .
mer‘-Cp(NH3)3(CN)3 24916(A2) AE* 3.96 3369
21047(82) AEy _ 3.96
28785(B, ) aE, . 3.9
trans- Coen2C12 . _ 16120(Eg) AEx,y ) 4;30
| _ 22490(Azg}AEz _ 4.30 )
. + ’ .
c1s-qun2C12 19305(A2) aE, 4.30 3185
2 1930§(B2) AEy | ) 4.30_ a
. 16120(8, ) aE, 4.30
2+ L ' '
Co(NHa)BC] . 18720 (E) AE X,y 4.30 2630
p . s
‘ 21350 (AZ)AEz_ 4.30 | %
trans- Coenz(NOZ) 21000(Eg)-AEx’y 4.30 1600
24200(:5\29)&?z *+ -4.30
#
2 Ref. 4.13
b Ref. 4.13
€ Ref. 4.12 T

d This work. The assymmetric band at 440nm was deconvo]uted by f1tt1ng
to two Gaussian fbrms :

-
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A check on the validity of these calculations is provided by a_compari-

.son of the differences in thé dsotfopic chemical dhifts of isomer pairs .
calculated by this method w1th the experumental va]ues The agreemen%
between the calculidted va]ue of 386 ppm and the observed value of 363 ppm
for "cis"and “trans" Coen2C12 s and the ca]culated value of 691 ppm and

the observed value of 674 ppm for "mer" and “fac" Co(NH ) (CN)3 1nd1cates .

that the calculations are relatively reliable.

B e
If thd assomption is made that the correlation times of these com-

. plexes” are approximately the same, the broadenings due to chamicaT shielding
anisotropy can be predicted. Qualitatively, the 1tne broadening parai]é]sv
the 6] values in Tablo‘4.5. No field dependent broadening is expected for

fOﬁ compiexes os observed. A complex such as Coeng+, which approximates to
Oh symmetry ,has the anticipated small broadening of 27Hz between'fieId

" strengths of 2.114T and 9.395T. A fac- CoA3B3 complex shou]d have zero

chemical shielding anisotropy based on the Crystal Field approximation, .

| and this is consistent with the sma]l field dependent broaden1ng shown in

) Tab]e 4.3 (130Hz). The mer-1somer\'on the other hand should havo}a 1arge‘
anisotropy, and this is paralleled by a large broadening of 9536HzZ observed
for mer- Co(NH3)3(CN)3. The Crystal Field theong.pred1cts that the trans

. 1sdner will have a larger chemical shielding. antsotropy ‘than that of the

‘c1s‘1somers and this is ref]ected in the data for the complexes of cis and.
trans-: E3§y2C12 w1th broaden1ngs of 4072Hz and 8156H2 respect1ve1y., 51m1-h
larly, the cis and trans isomers of Coenz(CN)2 show’ broadenings of '1813Hz

and 8601Hz respect1ve1y. In general, ‘the Targer the . values of Tab]e

.
L



.and the latter 1
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4.5, the larger'the,cbemical shielding anisotropies and the larger the
e

increases in Tinewidths shown in Table 4.3.

~

It is important to point out that chemical shielding anlsotrop1es in
the solid state and in solution are not necessarily identical, and that there
are inadequacies in any Crystal Field treatment. Within these limitations,
the chemicaT.shjelding anisotropies in Table 4.6 have only order of mag- .

nitude reliability.

There are three.ways to estimate the correlation time. The fiéﬁt is
to use the Tipewidths at zero field obtained from the experimental data as
a measure of the quadrupolar coup11ng re1axat10n and combine this information
ﬁ;;h quadrupoTe coup11ng constants from HQR data in the literature. The

second is to calculate the corre]at1on times from the modified Debye equation

3 a
4wna solute
3kT Gasolvent c 2

The factor “f* is known as the Gierer-Wirtz corrgsfion factor. Both sets
of correlation tjmes are shown in Table 4.6. The former is Tisted under q
‘ Deb-sd]v' In the Debyeuca1cu1atiops, alvalue-ofthi)rad1us
(a) corresponding to a solvated complex has been used. If the calcilations
were carried out With a free complex ion radius, the B and TOEB-free 1on‘ .

would be off by an order of magnitude. The most simple-minded rationalization

is an implication of a second solvent shell haying some finite life time at

‘the compiex, i.e., rotating as a kinetic unit within the isotropic model.
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Experimental justification for this point is given in Chaptef 5. Finally;
if the assumption that the correlation time responsible for quadrupolar
relaxation (rotational re-o;ienting correlation time) is the same as that
modu]afiné the relaxation due to chemical shielding anisotropy, then Tesa
obtained from using experimental Tinewidth and—both crystal shielding-
~anisotropies and calcu]ated anisotropies for complexes .showing a 82 de-
pendence would para]]e] or agree with rQ Tegp Calculated from A9, +a)
and Aa..1 are also listed in Table 4.6. Precaution must be taken since

Ac vailues have only order of magnitude reliability, thus, the same is true

for correlation times derived from them.

-
-

It is clear from Table 4.6 that the values obtained for TesA (mlO'Bsec)
are much longer than anticibated and are three orders of magnitude larger
than TQ' The‘correlaﬁion'times obtained from quadrupolar coupling constant
and from the Debye relation are in feasonab]e agreement and are of a mag-
nitude flO-BUpsec) consistent with accepted values in the literature for
“: this size molecule. To demonstrate the discrepancy, the last column of

.Iable 4.6 lists the increases in Jinewidths'between 2.114T and 9.395T cal-

culated from Ag obtained from spectral data and correlation time (1Q)

cal
obtawned from quadrupole coup11ng constants. When compared with the experi-
menta] values of Table 4.3, the d1sagreement is well outs1de experimental

error.

‘There are, therefore two problems in the 1nterpre§h}1on of the field
‘dependence ofxﬁgi linewidths of these Co(IIl) complexes in terms of relaxa-

tion due to chemjcal sh1e1d1ng anisotropy:
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i} The broadening observed are two to three orders of magnitude
greater than predicted from the estimated anisotropies and correl-
ation times. '

i1) Low symmetry complexes do not show a linear dependence of line
widths with BZ.

At the same time, the qualitative variation from compound to compound is that
expected of the anisotropies. It is, therefore, appropriate to consider

possible deviations from equation 2.18.

In general, the rate of spin-spin re]axation, R2 observed for‘a quad-

rupolar nuclels can be expressed as a sum of various relaxation rates and
F

non-relaxatioh line broadening mechanisms as expressed in equation 4.1;

S 1 e
=1T +% +]— +l + = + Av ‘[4_]]

20bs  '20  asc  T2csa lepp Tasp X

—i]~

ot

1, . . R . A
_where-Tzq (quadrupolar interaction); T2SC (scalar couphng);*TZCSA (chenmical
shielding anisotropy);TééR (spin rotation ); Avﬂx (anisotropic susceptibility)
and TEBD (dipolar-dipolar). In the followirg sections, it will be shown systema-

- -] . -]
200" Aqu and TZSR are negligible. The Tzsc

contribution to Cobalt 1inewidths is less than 10 per cent of the total, effec~

tively leading to the interprégation that line broadening is due to TEéSA and Téé.

tically tbat contributions from T

Téé is independent of Bg within the extreme narrowing condition; however, out-

side fhe extreme narrowing condition Tzé decreases with Bs, which is opposite-i

to the experimenta]ly observed effect. 1§\‘ a
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SECTION 4.3.1 Dipolar Relaxation, 1
T2dd

It is extremely common in the literature to neglect dipolar relaxa-
tion contribution in studying relaxation rates of quadrupolar nucliei in
spite of their relatively larger magnetic dipole moment (u) in comparison
to that of a proton. For example, the magnetic dipole moment of 9?Nb(1f9/2)

and 99

Tc (I=9/2) is +6.167 and +5.68 respectively (4.15) in units of nu-
clear magnetons (eh/Mp}. These values are much larger than the protoh ﬁag—
netic moment of +2:79278 (efi/Mp). It is, perhaps, instructive to examine
the relative effectiveness of the two relaxation effects of different origin,

namely the magnet1c dipole-dipole interaction (magnet1c) and the e]ectr1c

quadrupole 1nteract1on (electric).
(]
For simplicity, consider an isolated Cobalt nucleus in the presence’

of a fluctuating electric field produced by the motion of a proton; for
example, translational diffusion as would be the case in solution, at a
separation r, the magneticlinteractfon of the Cobalt nucleus with the-proton
is given by (2.31).
»
- Hiypd
Ht .

Hho %o 3
the electric interaction is given by (2.31)

- e+ P

He-“ (eQ)¢q "_§

The dependence oﬁ the distance r is thus constant and at time t
< . . .
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e

T

m Heo Myt

The transition probability W, i.e., the nucleus flips its spin direction

under the influence of time-dependent interaction, is proportional to ﬁ

and+the relaxation time governing the;transition can be approximated by N—],
'«{heféfbre,

W ‘ (éH"'(eQ)CO)Z

£ _n__ Le’ ,

Hm ”H+ MCo

For the case of Cobalt (I=7/2), u= + 4.62 (efi/Mp) and Q = + 0.4 x 10~ 2¥emC.

W
£ 2 5x10

wITI

3

Since T] a H'1, the relaxation time arising_f om quadrupolar effects may
easily be 3 or 4 orders of magnitude;ma]]qf)ihan that of relaxation via
magnetic dipole-dipole interactions. Vln short, the relaxation effect of
electric origin is 3 or 4 orders of magnitﬁde larger than that af magnetic
origin. The §b9ve consideration, of course, is an over-simplified approach
since distortion of the idn cére surrounding the nucleus also contributes
to fhé field gradient. Thus, the discussion given above can be reasonably .
assumed to be the Tower limit of the electric relaxation effeét. This
type of analysis is supported by experimental T] valués of Cobalt complexes
which are in the sub-mi]]isecondbrangé in comparison to those of protons

%

which are usually in the range of secs - a change of 4 or 5 orders of mag-

nitude.
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In general, the total dioolar-dipolar relaxation rates consist of
contributions from both inter and intra molecuTar dipole-dipole relaxation.
The motion primarily responsible for intra:yolecu1af relaxatian has been )
well documented and is generally attribufed fb that of rotational re-orieﬁi
tatiop. On the other hand, the origin of inter-molecular dipo]e—dipo\s

relaxation is due to that of translational motion. The total relaxation

rate is given by equation 4.2, j.e.,

L - + 1 [4.2]

10-D ?i intra "1 inter /

For I = 1/2, coupling of magnetic dipole moments dominates the relaxation.
For protic solvents of small size, the inter-molecular relaxation cbntrib- .
ution becomes significant. Most often, it has the same order of‘magnituée

as intra-molecular relaxation (2.37).

The intra-molecular dipoleée-dipole relaxation is Qe]l understood and
numerical estimation is straightforward by application of equation 2.8,
A general calculation of the intra-mq]ecu]ar relaxation rate is ‘extremely
bomp]gx and the interested reader is.referred to the excellent articles by
Hertz (2.51, 2.52) for detailed discussion. In the presenée of quadrupolar
re]axatiﬁh? the inter-molecular dipo]e-dipo]g contribution to the Cobalt
relaxation rate can'reasonably be éssumed to be negligible.. Tééod-d i§
calculated as a-function of T, at a field strength of 9.395T for the complexes
Coen§+ and Co(NHa)g+ and the results are tabulated in Table 4.7. In the range
of g values listed in Table 4.6, the dipo]e-&ipo]e'confribution to the total

Cobalt relaxation rate is clearly negligible as reflected by the values in

Table 4.7.
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Table 4.77

Calculated contribution of intra-molecular d{bole—dipolé relaxation
rates to Cebalt relaxation rates. '

Ty X 10 sec TZ-](sec'])

' Coerl33+ Co(NH3)g+

1 1.40 1.87

5 7.00 9.27.

0 13.46 17.87

50 - 40.08 53.21

100 55.17 - 73.23

1000 289.40 384.19

"Co-N-H = 2.7963 x 10”1
"Co-N-C-H = 3.9390 x 1070

Yo = 6.2928 X 10’ rad-sec”! T
YH = 26.7519 x 1077 rad-sec™! T~
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SECTION 4.3.2 "Magnetic Field Alignment. vy

The formal theory for the alignment of anisotropic magnetic sus-

- ceptibility with the magnetic field has been treated in Sec. 2.4.6. As

i

pointed out.earTier, this is a brosdening mechanism not involving relax-
ation. In sufficiently high magnetic field strengths, the mo]ecﬁ]e tends
to align itfe]f-with the magnetic field, Bo' Fof a2 quadrupole nuc]eﬁs

this results in a non-zero time average of the electric field gradient at.
the nucleus. The interaction of the quadrupole moment with the e?ectric
field gradient acts as a small perturbation to the degenerate Zeeman levels,
thus 1ifting the degeneracy. Under favourable circumstances, this would
split the degeneracy of a nuclei of spin I into 2I + 1 energy levels

giving rise to 2I tyansitions in a magnetic field. In the case of Cobalt

(I=7/2), seven trangitions are anticipated and the separation between

- adjacent energy levels is given by equation 2.19. In the limit of high

'fier, first order approximation (2.31), first order perturbation treat-

ment showed that for nuclei of half-integral spin,‘the splitting of the 2I
lines is symmetrical about the centre resonqpee\corrgsponding to the tran-.
sition ~1/2 < 1/2. Furthermore, the first ordér.shift vanishes for Iz(m)=
1/2 and the %ntensities of the various lines are proportional to]<M_]Ix|M-I>|2
(2.31). For I = 3/2 the intensity ratio for the three transitions -3/2«+-1/2 :
-1/2 — 1/2: i/2 +> 3/2 is 3:4:3. Similarily, for 1=5/2 the ratio are 5:8:
9:8:5. If the individual 1inés are unresolved, this will appear as an
additional broadening. Under thé strong field treatment, the separation
between the extreme Tines for Cobalt complexes is simplified from equation'

2.19. For complexes with higher than C4, (axial) symmetry:
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¥

2
2 B
av, (Hz) = 1.6470 x 1027.(9—9g) (1+2£—) Ay —2 [4.3)
Ay h 3 T
For complexes with Tess than axial symmetrys:
27 ,e° Q ] . {x..=x..) B2 .
- av, (Hz) = 1.6470 x 10°7 (8299)(1+-Q) + 0 X Xyy! Bo (4.4]
&x . h =t 3 Q 5 —

b

Ay may be estimated frgm the absorption spectral data of Wentworth and Piper
. (Table 4.5) using the thegry of Griffith and Orgel (4.16). This theory pre-

dicts that the magnetic susceptibility anisotropy will exa&t]y parailel the

chemical shielding anisotroby so that the trend from compound to compound

would be that observed. With known quadrupolar coupling constants (4.9, 4.17)

s as.well as equations 4.3 and 4.4, AVAX

at a probe temperature of 24°C and the results are collected in Table 4.8.

is estimated at“B,-= 5.8719, §.39507

Table 4.8

Estimation of Anisotropic. Susceptibility Broadening (av}
at RT (24°) and BC = £.8719 and 9.3950T

Comp1ex Equ/ha raQb Ax Av{Hz)
< {MHz) {(10-33m3)  5.8T79T 9.3950
trans-Coen,C1) 60.14 0.225  0.5366 6.3 . 16.0.
cis-Coen,C1; &  36.05 0.173 _ o0.8721° 6.1 155
ColNHy) L12¥  * 3174 * 0.251  0.5607 3.5 8.9
Co(NH,) N2 1 26.57 °© 0.185  0.6512 3.3 8.6
trans-Coen,(N0,);  13.22 0.727  0.0665 0.2 0.5
a-= Reférgnces(a.f and 4.9) b Vxx"vzx

| v

: zZ

o "g(xxx'xxx) o _
c the value is ay + > as defined in equation 4.4.

\
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It is important to point out tpat in this calculation, solid state

quadrupole coupling constants were employed thus maximizing the field
gradient effect.. The estimation of x values from solution spectral data
can be safely assumed to have an inherent error of about 20%, thys the AvAx
values in Table 4.8 can be regarded as the upper limit‘for this hechaniSm.
In other words, the Aqu values can be considered as the maximum contri- =
‘bution to Cobelt Tinewidth as specified by the conditions in Table 4.8.
In generaT, the agreement between ax values-and the shielding enfsotropy
values listed in Table 4.6 is poor, which could be the result of an over
simplification of the Griffith and Orgel approach to suscept?g%lity. It
is, however clear that w1th1n this crude approximation the Aqu values
are we11 outside experimental errors when compared with the broadening

11sted in Table 4.3, therefore, orientation effects are too small to cause

the observed broadening. - ' N

1
Tasr

SECTION 4.3,3 Spin-Rotation Relaxation,

The origin of spin-rotation relaxation is due to local magnetic fields
generated by circulating e]ectron‘cufrents,at the nucleus modulated by ro-
tation of the molecule. Since the effect‘is’directly proportional to the

molecular rotational fangular) velocity, we may therefore expect-this mecha-
| nism to be importent for small molecules. For molecules with considerable
inter-molecular interactiens, for example hydroéen bonding,_the angular
velocities are affected by the strength of the interaction and the residence

- Tife time at a particular position due to these interactions.

\
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For the compiexes considered in this work, anisotrepies obtained

from single crystal NMR measurements as well as those calculated from
solqtion spectral data cah equally be employed for the estimation of the
spin-rqtation constant using the relationship proposed by Rigny and Virlet

(4.18)
Fo- Eﬂ.)(ﬂ.) 3 - 476]
M 6
B -
3 is the Bohr magneton, fi \

is Planck's constant, & is the moment of inertia. o is-the shielding ten-

In equa?jon 4;5, N is the nuclear magneton, yu
sor and % is the spin-rotation tensor. This relationship has been success-
fully app]%ed by Deverell {4.19) in estimaping spin-rotétion constants for
fluorine and ph05pﬁorous compounds. The agreement between values estimated
from NMR paramagnetic shielding constants and molecular beam experiments .
are generally within 10%. In constrast, estimation of sﬂ’n-?otation con-
stants from spin-lattice relaxation times, in genéral. gave extremely poor
results. This has been argued to be due to an incorrect estimatioy of the
TR from the Hubbard relationship relating the rotational re-orientation
correlation time. Althngh Green and Powles (2.37) have e#périmenta]]y

: . -
confirmed the Hubbard relationship; the numerical factor of "1/6"

. _® .
TSR™Q © TBkT - '

has been questioned (2.37). With the spin-rotation constant estimated from
equétion,4.5, and the general equations of Sec. 2.4}2, contributions to Cobalt
relaxation rates are calculated at a probe temperature of 24°C. The appro-

priate values of C, o, T and TE;R are collected in Table 4.9. Q is given

5
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l:“ ) Table 4.9 -
Estimaied Line Broadening Contribution From Spin-Rotational
Relaxation Mechanism
Complex ‘
0,C,7,8,T, trans-Coen,C1} _ trans-Coen, (10,3 Co(NHB)SCN2+Co(NH3)4c0§
%iso ! | " 0.008323 | 0.009732
I\ ; 0.010600  0.006200 0.006000 _£.0.009900
SC Y ~0.010900 0.006500 10.005900  0.010400
L 0.006100 0.006100 ~  '0.008200  0.008900
o) 0.010750  0.006350 0.005950  0.010150
Cp, (KHZ) 47.050 26.102° - 53.537 62.045
C,y (KHz) 50.377 27.365 52.645 68.776
€ (Cp ) (KHz)  26.378 20.642  101.935 . 119.829
L ) ase . 2673 53091 65.410
8 (107 gncn?) 1.306 1.364 0.644 0.916
eyy(1o‘37gmcm2) 1.306 1.304 0.0 . 0.868
8,0,)(10"¥gmen?) .38 1.395 0.462 0.427
8 (0 gmen?) 1.306, g 11.35& 0.648 . 0.892
T (107 %sec)  7.254 .+ 62363 2.2 a6
ryy (107 %sec) 7.5 62.363 U 2.082 - 3.8
Tpa(7 (107 sec) - 7,376 12932 i.ase %0
iL (10" Msec) 7.5 62.363 . 2082 3.955°
t (sec) - 0.837 0.316 2,857 1.575
wy, (2) - o4 I R




in Tab]e 4.6. The contribution listed in the last row of Table 4.9 clear-

1y demons@rates that spin-rotation is negligible af 24°C for complexes of
this size - a generally valid assumption. ﬁefore 1qfing this dﬁ%cussion,
it is appropriate to point out that the approach that has been taken to
caicu]ate the spin-rotation reléxation contribution to thé.Coba]t re]axaQ
tion rate is self-justified in that the results are in good agreement.with
the experimental work of Adler and“Loeﬁenstein (4.20). By étudyin; the tem-
perature dependence of 9o T, of the compiexes Coen,Cl, and Co(NHs)BCI
theﬁe authors were able to shog_&hat\at room tempfrature t?é'Spin_rotation re-
laxation mechanism can be conclusively eliminated. However, above 60°C,
the sbin-rotation mechansim‘dominates the Ee]axation of Co(NH3)6 ' Fﬂna]]y,
_.since so]1d state sh1e1d1ng an1sotrop1es agreed within a half order of mag-
nitude w1th solution an1sotrop1es caIcu]ated from absorption spectral data,
the estimated contr1but1on‘from solid state sh1e1d1ng values is relatively.
' SN '

reliable.

g TION 4.3.4 Chemical Exchange and Scalar Relaxation .o

The details of scalar re]axat1on have been treated in Sec. 2.4.3. ‘In .

th1s section, the d1scuss1on w1]1 deal with scalar relaxation of the f1rst
kind, ie., chem1ca1 exchange. For reason§-wh1ch w111_become.apparent later,

. a,discu;sion of sca1ar.re1axatioh*6¥ the second kind is defarred to Sec.5.3.2.°

- -

It has been stated .in_the general remarks of Sec. 2.3 that any mecha-

nism  which éjves rise to a fluctuating 1oﬁgqf;agnetic.field causes re-

2

Taxation. In the case of scalar”(spin-s in) coupling between I and S spins,
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ing or A is time-dependent, a relaxation mechanism results'
(scalar relaxation of the first k{nd). This situation arises when chemical |
exchange is present. Two possible origins £an be suggested for chemical
exchange’ for the comp]exes studied in this wnrk The f1rst is proton ex-
change between an ammine group of the first coord1nat1on sphere and the
solvent. The rate for this exchange has been estimated by Wilinski and Kur-
land (4.21) for the case of Coeng+. At pH=5, a 11fet1me T, 105 sec is
predicted which is consistent w1th the deuterium exchange 111ustrated in
F1gure 4.5. Therefore, this process is too slow to, cause any broaden1ng It
is for this reason that all stud1es were carried out in this pH range. A
second chemical process is the formac1on and break1ng.of hydrogen b0nd;
between a first ebordination sbhere 1igand and the solvent. If the rate |
of H-bonding exchan.e is nuch 1arger‘then the conpling A or the spin lattice
relakation re}e)R] fo e1ther I or s spin and if the t1me the two nuc1e1 are
coupled is much Ionger tiﬁn the time they are uncoupled, Tg OF T} in equation
2.12 and 2.73 can be replaced by T exchange Us1ng an-upper value of A ~ 10Hz

a value of 1 exehange >>10 -3 is requ1red to producef’hy observable breaden-

1ng, and as such, scalar relaxation ogfthe first k1nd becomes irrelavant.

For the purpose of conclusion, the reSule“Ef Sec. 5.3.2 will be

stated here as less than 10% contribution to the total relaxation rate of

Cobalt.
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4.3.5 Quadrupolar and Chemical Shielding Anisotropy Relaxation

From the discussion presented in Sec. 4.3.1-4.3.4, equation 4.1

effectively meduces~fo Jghatibn 4.6;

-

|.—.n
1
¥

1

+
T2Q

* JT"* - [4.6]

= 1
Toobs  T2.CSA 2$C

?rom Sec. 5.3.2, scalar relaxation of the second kind coﬁtributes‘no more
than 10% in aqueous soldtion for iow symmetry Co(III) complexes.- The exact
- expression for chémica] shielding anisdtropy is given in Sec. 2.4.5. This
' expression removes all approximations excepf the a§$umption of anisotropic
rotation of the molecule. Before a complete evaluation of equation 2.12,
the aspect of asynmmetric rotation deserves some attention. [t mﬁst be
pointed out that a detailed discussion of the theory of anisotropic rota-
tional diffusion is far beyvond therscope*of this thesis, it is theréfpre
desirab]e_to examine the general results of the treatment governing relaxa-
tion qgteg. The interested reader is referred to th§ orig{hél articjes
by‘épiess (2.35) and Huntress (4.22). General expressions f?r Spin-spEnrh
and spin-lattice relaxation rates allowing for different rotational motions
aﬁout differént §xes have been derived by Spiess (2.35). A few point are

to be noted: - ,

: S 1 e
i) T = 6D C where , ™
' LN ‘
. . .oe —
" C is the correction factor due to asymmetric rotational

. . . . D,-D *
diffusion - a fgnct;on of “D]' !% XX 0" =0,,-D
and A= (1 + nD/3) » Dg.= 3‘(Dxx + Dyy +0,,)

S’

»
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Figure 4.5 Reduced 95 (w) for.anisotr‘opic rotational diffusion for a -
benzene derivative (Reference 2.35 page 135).

: ZAIlyD, YAI IxD.(case A}
ZAHZD' x;\“"o (case B)

isotropic motion (case C)‘ '

D
s *
p* = 1»D =D, - D

_ o] _ 5 _3
D,; = 2D, Dyy N 805 Dyx = §Ds
nD=%’ nAzos
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i) RI’; a Re Gplw)
T aﬁ(w) (reduced fourier transform of the correl-
ation function)

iii) Gt(u) invo]ves~c0upling parameters of the Hamiltonian of

interest, it is therefore ngiythe usual spectral density
encountered for isotropic diffusion motion.

A coinlete evaluation of ¢ and Eﬂ(m) requires complete knowledge of
(i) the Eulerian angies a, B, vy relating the principal axis system (X,Y,Z)
of the inieractioﬂ,(h) tensor and that of the principal axis system {x,y,z)
‘ of the diffusion (D) tensor, (ii) the different diffusion constants about
the different axes, which are neither experimentally }eadi]y available nor
is there any simple method of estimating these pérameters; as such, numeriQ
cal analysis is necessary. Figure 4.5 reproduced from %piess (2.35) 515
Tustrates diagramatically the effect of the reduced fourier transform of
the correlation function, g& (w), gé a function of m/BD; (~ mttk) of asym-

‘ ’

metric\rotationa1 diffusion corresponding to a highly asymmetric rotor. The

F]

most 1mbortant features of Figure 4.6 are as follows:

12

e

i) when w/6D_ ¥ 1, §,(A) 4,(8) > §,(C)

ii} when m/GDS

A

1, §,(8) ¥ 24,(C)
g,(A) ¥ 2/3§,(C) .
1, §,(A) ¥ 3/2§,(c)
g,(8) ¥ 2/3,(C)

e

v

iii) when w/6D
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If the origin of the field dependences which arises from anisotropic ro-

tational diffusion is in the limit described_by (ii) above {since < of

Q's
Table 4.6 are of the order of 10 psec}, a maximum broadening factor of
£ 25150 is anticipated at constant field strength. Since Ez(w).a R] os the
last column in Table 4.6,which is a calculation of aiso for chemical shiel-

.ding anisotropy at 94.457 MHz serves to demonstrate that anisotropic dif-

fusion cahnot be responsible for the large discrepancies observed.

Returning to equation 2.12, the first term gives the contribution to
the Tinewidth from rapid chemical exchange processes. If the Iifetime in
a given site is T, << nAv/;, wherg av is the chemical shift difference, the

standard approximate solution of the modified Bloch equation predicts an
': additional broadeding proportional to BZ. The origin for such a term has
been suggeste& in the 1ast section. Since there is no proton exchange, the
first of the two processes can be eliminated. Recently. it has been shown
“that second sphere hydrogen bonding in Cobalt complexes causes chemical
‘shift changes by'séveral hundred parts per million (4.23). At 94.457 MHz,
this corresponds to a‘frgquency separation of 104Hz. Such a frequency |
“separation would require hydrogen bond Tifetimes of 107° - 1077 sec to pro-
duce the observed broadening. Lifetimes of this magnitude are much longer
than those reported for uncomplexed amines (4.24) 10*]0 - 10'12 sec but
perhaps not entirely unreésénab]e for strong hydrogen bonds. If thisrwere
the origin of the fie]d dependent broadening, it should be equally applic-
able to symmetric complexes such as Co(NH3)6 and there is no s1mp1e reason
to expect the trends for chemical shielding an1sotropy, j.e., trans > Cis,

- mer. > fac. to be obeyed. In addition, it cannot account for the Tack of
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Bg dependence for the Tower symmetry comﬁliiﬁgﬂzbbh\iigf}sFCoenéc1; and

o+
CO(NH3)4C03.

The second tem in equation 2.12 arises from the anttsymmetric term
in the chemical shielding tensor. Buckingham and Maim (2.41) have calcula-~
ted the point groups for which such terms are non-vanishing using group

theoretical treatment and their results are reproduced in Table 4.10.

-

It is narticularly important to note that symmetries as high as C4h’
'Csh. etc. possess non-vanishing components in the paramagnetic shielding

term. InitiaT]yﬂ it would appear that contr¥bution from this term could be

neglected for the cémplexes under consideration. However, if the first
sphere 1igands indeed hydrogen bond to solvent molecules, an effecfive site
symmetry lowering takes p]ace.at the Cobalt, thus the point symmetry listed
in Table 4.3 is no loriger valid since it only considers the atoms directly

bonded to Cobalt.

The theory of asymmetry in the general magnetic second rank shielding
tensor has been treated first'by Schneider (2.38) and later by Haeberlen
(2.40). 1In ordef that non-zero antisymmetric components occur, J& s neces-
sary that the magnetic susceptibility tensor be anisotropic as it is in
the present case. In favourable cases, the antisymmetric part of the cheém-
ical shielding tensor may have elements of the same order of magnitude as

the symmetric anisotropic part, i,e.,:A g equation 2.18. The cor-

relation time Ty associated with A4 is predicted fto be 312 within the

isotropic diffusion model so that fhe effect on the linewidth could become

large. It is extremely important to point out that Aao‘has neither been
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Table 4.10°
Group Theoretical Analysis of the Contribution of Components

of the Shielding Tensor N
. Number of indep-
- endent components /
Point group appropriate (d) (p)
10 the shielded nucleus LA %u8 Non-vanishing components
_ o o (s) 5(s)
C], Ci f;Sz) 6 9 g oxxz ;yy, U(y) >0, f ) yz
a
cxy ajl, Iy s cyz

. _ . (s) . (a)
CZ’ Cs ('Clh)’ C2h 4 -5 %2z* Fxx* cyy’ axy ? ny
*sz’ DZ’ DZh 3 3 92z* xx’ yy

z . (a)

Cqs Sq0 Cyp, 2 3 0,0 Oy T Tyy* xy -

. - . _ . (a)
C3s S6’_C3h’ 6> Con 2 | 3 0y Oy T Oyy* Ixy
Cav> Daq> Dy Dy -
C3y» D3» Dags Dy 2 2 0y Oy T Iyy
Csv> Dg* Dgp o)

= Pl .

va, DDnh 2 1 0,7 Tyx Iy’ (ozz 0)

Th' Tqs 0s 0h < 1 1 N

Table 4.10a The number of indépendent components of the dia-
magnetic (symmetric) and paramagnetic (nbn-symmetric) shiéiding
constants for various point-group symmetries of the nuclear site,

- The final column shows the non-vanishing components, the z axis
being the pr1nc1pa] axis of symmetry, and for C2 s 02 and DZh’ the
xz and yz p]anes are planes of symmetry; the components after the
semicolon apply to °£E) only.

a Reference 2.47.
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experimentally measured nor calculated theoretically. Hence, its general

magnitude remains unknown.

In the extreme narrowing condition (wztg <<_T); the snectral density
governing the final term in equation 2.18 reduces to 7/3 12: Under_gon—
ditions where the extreme narrowingrcondition is not met, the linewidths are
no longer ﬁroportiona] to Bg . The quadrupolar contribution to the Tine
widths also becomes field dependent because the_ful] expression governing
1/T2 can no longer be approximated. For a fiefd strength of 9.395T, the
operating frequency of Cobalt is 94.457MHz so that‘mzrg ~ 1 corresponds to
a correlation time of ~ 1.67 x 10'9 sec. Both the chemical shielding ani-
sotropy contribution and the quadrupolar contributfon to the linewidths are
reduced at high field. If t, has values ik the)rarge of 1077 107'Osec and
the term involving Ao is included, all of the data in-;gb]e 4.I.can be
fitted to equations 2.15 and 2.18. An exam§1e of such a fit is shown in
Figure 4.6 and the derivedlparameters for complexes where so]id state quad-
rupole coupling constants are available are presented in Table 4.11. ‘The
“observed curvature of the plots versus Bg can only be obtainéd with a cor-
relation time of this order of magnitude. ‘The intercept at zero field
formally gives the quadruﬁo]ar contribution and the effective quadrupolar -
coupling constants are generally one order of magnitude smaller than those
obtained from solid state measurements with these long correlation times.
The important feature is that A0 predominates andAthe'effective correlation
times are longer for lower symmetry compTexes. An alternative way of fittfng

| data to equations 2.156 and 2.18 is to remove the equa]fty.r1 = 312‘resu1ting
_from the simple rotational diffusion model and allow 11 to vary freely.

This results in derived parameters for quadrupole coupling compatible -
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Figure 4.6 Observed and calculated field dependence of linewidths.
The upper solid Tine shoWs the sum of the various contributions
from the different terms of Equations 2.15 and 2.18.
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with solid state coupling constants, values of T, of the expected mag-
nitude of 10'1] sec and values of Ac correspondiﬁj to those from solid
state measurements or calculated from optical data. This alternative
however, requires 3 to be two orders of magnftude or more greater than
T, and Aac greater than Ac. Examples of pafameters derived on this.basis
are given in Table 4.12. A comparison of 829a5f from Tables 4.11 and 4.12
suggeﬁt that éither treatment of the data reflects the unambiguous impor-
tance of the anti-symmefric term. Quantitatively, the Aaceff values do not
change drastigally in either treatment, and 3 from method two is compatible .
1ﬁ‘order of magnitude to Toff of method one, again suggesting ;hat this
term dominates -over all others. An interesting impli étion of this model

ihvo]ving the anti-symmetric term is that the unusual ituation of T1<T2

is predicted and experimental results are presented in C

tigate ;hijbggint.

The long correlation times of 107° sec are incompatible with the

5 to inves-

simple rotational diffusion model. A }egsonab1e suggestion, which can be
verified later in Chaptér.S. would he that the_second coordination sphere
hydrogen bonding interactions are- the dominant factor. For all of these
compiexes, two types of Hydrogen bond formation ére.possibleJ The amine
ligands can act as hy&rbgeh bond donors whereas ligands such as CN", €17

and COZ can act as hydrogen bond acceptorérto a solvent molecule. Formation
~ of both.types of bonds leads to closer charge neutrality and a second co-

ordinat?dh.sphere'with a wé]]-defined structure. For example, in the

fragment
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the donor interaction at the ammonia dézreases the effective'positive-
charge on the nitrogen and the acceptor jnteractiOn‘at‘the chlorine de-
creases the negative charge at the C17. The electric field gradient at
the Cobalt 1s altered. Cooperat1ve effect of this. type is more effectiye -
in complexes of the type R+- M- g— than A - M - §+or g-- M - g_

Consider a model in which two types of mo]ecuTar rotatTOn are a]]owed :
yThe first is rotation of the whoTe complex, 1nc1ud1ng both the first and
Psecond sphere tigands. This is presumed to correspond to a corée]at1on

t1me of 107 -1

sec as est1mated‘from quadrupolar relaxation and the calcula-.
tions from viscosity data;' The second type ofbmotion weu]d be rotatjon
of “the first coordination sphere comp]ex withtn the_secqnd sphere inyolving
“the: breaking of hydrogen bonds and.wou1d have a much longer correlation

-10° sec¢ cons1stent with known hydrogen bond life-

time oprerhaps 107? - 10

. times. By symmetry arguments, the changes in the-e]ectrjc field gradient at

the Cpba]t nucleus and in chemical shift for a svmmetric compfex such as

Co(NH3)6 produced by the second type of rotatlon are identical to those
duced by rotat1on of the first type, i.e., the whole comp]ex Therefore,

rotation of the inner sphere would not contr1bute to line broadening. For

an unsymmetr1ca1 COmpIex frotat1on of the inner sphere produces a d1fferent

' chem1ca] shielding tensor wh1ch cannot be accomp11shed by rotat1on of the

whole complex. Inner sphere rotat1on which may 1nvo]ve a re]at1ve1y 1onger

'correlat1on t1me could therefore contr1bute to 11ne broaden1ng In short,

a change in the hydrogen bondTng arrangement via inner sphere rotat1on g1ves

rise to line broaden1ng
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For complexes with & fourfoId axis of symmetry, rotation about the
- four fold rotation axis will not produce d1fferent hydrogen bonding arran- .
gements. This is, of course, not true for rotation about axes perpend1cu1ar
to the fourfold axis. For lower symmetries, rotatioh about any axis of
rotation changes the hydrogen _nding. It may be significant that the ef-

-10

fective correlation times for 4y and D4h molecules {~10" "“sec) are inter-

mediate between those for loy symmetry complexes (IO—QSEc) and the true

-11

correlation times (~10° "sed). This leads to a greater lineahity in the Bg

plots for-C4v and D4h molecules - a result predicted by the model.

The ba515 of the above model is somewhat a cross between the “Inter-

stitial® (4. 25«3? 26) and "F11cker1ng CTuster“ (4.27) models proposed in

eiplaining‘the properties of water. The essential 1dea behind the inter-

. stitial model is that a fraction of water moIecu]es are allowed to rotate in

a cavity formed'in‘the open hydrogen bonded tetrahedral network. In the
f11cker1ng cluster model hydrogen bond making and breaklng is co-operative

due to part1a1 cova]ent character as in donor-acceptor interaction of the

sl

hydrogen bond (4 26} In‘th1s context, short range interaction between the

L

first and second spheres becomes .important. If the lifetimes of the hydrogen

bonds are long enough such that a oseudo-perturb1ng moment is created the

" electronic arrangement of the complex is_thus modulated by an additional

time-dependent potential which may, in this case, manifast .itself as the
£=1, {(i.e., r]) component of the general'second rank shielding tensor in
the course of field dependent measurements. Since interchanging of hydrogen

bonds  is a chemical exchange process, the relaxation of Cobalt necessarily

- becomes complex. In the analysis of the relaxation of quadrupolar halide

P -

/ﬁ/. )
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‘probe experiments, Marshall (4.28) has shown that the effective correlation

¥

-times can only he obtained by summing rotationaT and exchange rates and
D that the'neceggary condition of w,t <% 1 must be inoosed in particular for
'quadrupolar‘nUCIei of ha]f—integra] spin in order th;t a Bloch-type equa-
tion can be aopliedﬂ In the event that this condition is not met terms .
-}préﬁdytiona1 to 13 resu1t 1n the re]axat1on equat1on and the Bloch equation
o is invalid. This has been pointed out 1ndependent1y by Abragam (2.31) and
Marshall {4.28). Until a more general theoretical treatﬁent tékjng into
account thercombined effects og;guadrupo}ar_re]anation,.chemica] shielding
anisotropy relaxation, and raoid chemical exchange on‘]inewidtﬁhbecomes‘

ava11ab1e together w1th the reasons cited above, 11tt1e phy51ca1 sig-

-—\’

\:§/R¢TTEGRE5_Sén be assoc1ated with the der1ved coupling parameters of Tables

4.11 and 4.12. _, PN

SECTION 4.4 Summa } S
Sumany ®

The f1e1d dependent behav1our of Cobalt-complexes.

as been investi-
gated at field strengths of 2.114T, 5 872T and 9.395T. /Linewidth ‘measure-
‘ments revealed that - /"*“'

‘~“ 4 i) symmetrlc complexes .show no field dependence ,

o

+ . ' ‘ _ -
ii) low symmetry comp]exes show changes in line widths of as much as &
10KHz between the highest and the lowest field and the expected trend  ~'—
with shielding anisotropy is observed. N

iti) plots of”]inewidths\q:;sus B2 show deviation from expected lineari-

_ ty, this non-linearity becomes part1cu1ar1y pronounced for extremely ;
—  low symmetry compTexes, - ' : -
. : : o AN
1v) T der1ved from quadrupolar contr1but1ons indicates the ex1stence

of a second coordination solvent shell reor1entat1on as an ent1ty at’
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1

a time scale of 10_]] sec,

9

- - : 1
v) Tesa (~10°° - 10 1Q) derived from field dependent measurements is—

associated with the 1ifetimes of hydrogen bonds batween the first
and second coordination spheres, and

vi) (tentatively), the anti-symmetri& part of the chemical shielding

tensor cannot be neglected.

Thése results suggest that ca]cu]ation-of the relaxation parameter,
fc, emp]oyigg’so]id §t$te Quadrupoie coupling constants for quadrupolar -
nuclei yields incorrect results if hydrogen bonding with the so]vent'can
occur. In Chapter 5, further evidence is given tﬁrsdpport the fdeé of a

second coordination solyent shell and the involvement of A0-

L

'Before closing fhis«chapter, the present experimental results proVidé'

59

‘an indication of the validity of the common assumption that ““Co relaxation

is dominated by e]ectrit quadrupolar interaction. At 1owﬂfield, ed. 2.114T,‘

the agror introduced by assuming complete-quadrupo1afléé16xétion is less than
5% for c ﬁ]exes of C4V or D4h point groups. For_1ower'symmetry complexes,
e.g., Cév,‘an error of 50% could result. The ratio of the Tinewidths for

trans to cis isomers obtained by extrapolation to zero field approacheé 4,

o
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much weaker'hy!&ggfgrgsnd acceptors. Water and met

CHAPTER FIVE

-

SOLVENT AND FIELD DEPENDENCES OF RELAXATION TIME
FOR LOW SYMMETRY COBALT {III) COMPLEXES.

SECTION 5.1 Introduction _ | —ﬁ\\\\\\;#//
- !

In the previous chapter, it-was Shown that TET for Co(1I1) complexes

varied with magnetic field and that this variation could be either 1inear or
non-linear. WiFhin the framework of the isofropic diffusion model, the ori-
gin of the anomalous field dependent behaviour is aftributed to hydrogen
bonding effects between the first sphere ligands and solvent molecules. In
this‘chaptér, additiona] evidence is given for inter-molecular hydrogen bon-
ding based on thé solvent dependence of Tél as a function of Bg. The proposed
model involving the anti-symmetric térm of the chemical shielding tensor

is re-examined on tﬁe'basis of both spin-lattice and spin-spin relaxation

timgj The resulting T.[/T2 ratio is consistent with the earlier interpretation.

SECTION 5.2 Results ° | , : E ’

The chemiqa] shif}s and ]inewidbhgﬂof nine‘Co(IIIj compleXesRhave beeﬁ_
measured at fields of 2.114, 5.872 and 9.395T in-é bariety of So]venté and
the results are‘presented in Tables -5.1-5.9. 'A1i of the complexes have less
than octahedral symméqu and’ contain figandshsuch as aminez nitro, chloro,

carbonate-and cyano groups. A1l of the selyents can function as either pro-

ton donors or proton acceptors. For example, dimethyl sulfoxide can fo

strong hydrogen'bohds by proton accepfﬁn#e. Acetone and acetonitriie are




Table 5.1 .
Chemical Shifts and Linewidths of mer-COLNHglq(NOle_K;j
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Solvent 21.252 Wiz 59.035 Miz 94.457 MHz
S/ppm Av%/Hz _ §/ppm Av%/HZ Gfppm" Au%/Hz
(CH3),S0 7007 T 10 2231 ¥ 50 7000 * 20 2907 * 50 7000 * 20 3338 + 100,
HO . 6981 210 782+30 6982 %10 956 * 20 6983 * 10 970 T o3
CH40H 6992 210 595 %30 7005 20 832 % 50° 6998‘5.20 1068 * 50 -
CH3CN-—\'7026 10 13115 7038t 5 182% 10 7033 * 10 314t 30
(CH4),CO 7012 + 10 363.£30 7029+ 5 376 + 10 7023 * 10 450 * 30
- Jabie 5.2 ’ :
Chemical Shifts and Linewidths of mer-Co(dien)(NOzls;,,
Solvent . 21.252 MHz - 59.035 MHz 94.457 MHz
§/ppm Av%/Hz' &/ppm Av%/Hz §/ppm Av%[HZ
(CH3)250 6471 20_'3853 t 200 6476 * 20 5@91 * 300 6463 20 7130 +'300
H,0 f7- 6398 ¥ 10 1620 * 50 6397 * 20 2127-% 200 6399 * 20 3204 * 100
- CH30H | 64]8 130 1826 t-lgoj§4zs £20 1969 * 150 6431 * 20 2400 't 100N
~ CHyGN 6425 £ 10 610 * 25 6451 * 10 857 * 40 6435 % 10 1000t 50
(CH3),C0 6435 * 5° 956 * 100 6439 * 10 926 + 40 6449 * 10 1000 £ 50

K,n;\\\\ |
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Table 5.3
/ A

Chemical Shifts and Tinewidths of trans-CoenzjﬂDlei

|

_ Y
Solvent 21.252 MHz . 59.035 MHz 94,457 MHz.

Uopn  Ew/he  Sem o bk S oy g

(CH3)ZSO 6387 £ 20 2963 £ 150 6401 * 20 3642 t 150 6396 ¥ 20 4400 t 150

H0 6323 % 5 1366 50 6329t 5 1430t 506319% 5 1579 ¢ 50
CHjOH 6374 % 5 716+ 50 -6387 £ 10 751 50 6383 + 10 800 + 20
CHiCN 6361 % 5 155% 20 6372+ 5 163 % 156366+ 5 240+ 20

Table 5.4

Chemical Shifts and Linewidths ' of trans-Co(NH3)41ﬂgal2i

Solvent 21.252 59.035 MHz ~ 94.457 MHz

8/ppm Av%/HZ .- &/ppm Av%/Hz - &/ppm Av%/HZ
(CH3),S0 7225 % 5 888 *-50 7234 * 10 085 * 20 7235 * 20 1283 £ 50
H,0 7207+ 5 355 %20 7206t 5 356 10 7208 £ 10 390 * 30

CHyOH - 7224 +10 439t 50 7241 % 5 487 +50 7236 * 10 495 *-50
CHiCN 7228 5 253 %50 7233 % 5 260 ¥50 7238 * 5 280 ¥ 50

CF 3CO0H | ' _ ‘ ., 7215120 2588 %100
-. \) ‘c‘

Y
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Table 5.5
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. . TR — +
Chemical Shifts aqd Linewidths _of c1§-Co(NH3)4(N0212__

Solvent 21,252 MHz 53&035 MHz 94.457 MHz
e
8/ppm Av%/HZ‘ s/ppm Av%/Hz &/ppm Av%/Hz
(CH3)250 7274 T 20 1181 * 50 7288 * 10 1648 * 20 7290 * 20 2310 ¥ 59
H,0 7277 210 331 120 7272t 5 356t 10 7276 T 10 440 * 30
CH,0R 7300 10 326+ 20 7316 £ 10 404 +30 7311 +10 700 *+ 20
gla.CHCO0H . 7279 t 20 1595 t 50
CH4CN 7305+ 5 180 % 20 7301 * 5 230120 7305+ 5 320 % 30
»
o, —
P A : ‘ .E;i;;::::::'
. : G\ -
3\,_, _ Table 5.6 -
‘Chemical shifts_and Linewidths of trans-Coenzglzi
l .
Solvent 4/’\2].252 MHz 59.035 MHz 94.457 MHz
‘G/ppm Av%/Hz 8/ ppm - Av%/HZ ‘ Slppm AQ%/ﬂz
(CH3)250' | 8897 % 100 14180 * 1500 8841 * 100 17660 * 1000
o _ | , ,
Hga T 9333 % 20 8597 * 300 9163 * 30 13400 * 500 8960 * 30 16783 * 500
CH,OH 5 8873 * 30 9375 + 300 8850 + 30 10209 + 500 8821 *+ 30 12920 *+ 500
CH3CN 8754 1 30 3672 ¢ 300, 8797 + 30 4000 # 300 8788 * 30 5100. £ 300
-

[}
e *
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‘Table 5.7
Chemical Shifts_and Linewidths of cis-Coen Elg
Solvent 21.252 MHz 59.035 MHz 94.457 MHz
s/ppm Av%/Hz &/ppm Av%/HZ 8/ ppm Av%/HZ
(CH3)250 8867 * 30 8686 £ 800 8871 * 50 11660 * 1500 9044 * 50 11837 * 1500
H,0 8966 I 20 5126 * 300 8968 * 30 8483 * 600 8987 * 20 9218 + 800
CH30H "~ 8814 * 20 4700 * 500 9028 t 30 6540 ¥ 600 8787 * 30 7661 + 700
p T
Tab]e 5 8
So]vent 21.252 MHz - ' 59.035.MHz 94.457 MHz
&/ppm Av%/Hz 6/ppp Av%/Hz &/ppm Av%/HZ
_ : 7 - -
(CH3)280 6728 * 30 7600 + 500 6782 ¢t 30 9280 * 1000 6731 * 30 12526 1500
HZO : 6669 +20 2370 * 200 6674 t 20° 2577 * 250 6683 t 20 t 250
20 3555 + 300 6770 + 20 6040 % + 30

CH30H \\'6775 +

500 6744

3
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¥ Table 5.9
Chemical Shifts and Linewidths _of Co(NH;),C0%
Solvent 21.252 MHz 59.035 MHz 94.457 MHz
6 5 .-\ ’
/ppm ,Ai,i/Hz ~ &/ppm Av%/Hz §/ppm Av;ﬁ/HZ {: _

8
(CH3)250 9716 % 30 5649/ 500 9680°* 30 5710 * 500 9681 * 30 5939 * 500
Hy0 9732 * 20 3291 + 300 9735 + 20 5773 + 400 9729 + 20 5476 *+ 400
CHs0H 9797 * 30 2122

1+

300 9731 £ 20 2733 + 300 9738 + 20 3843 + 350

14

CH4CN 9753 T 10 495 £ 150 9735 t 10 835 %, FERET0 + 10 1216 ¢ 150

( - Table 5.10 : -

Viscositiesyof Saturated Solutions of Co(III) Complexes in
Different Solvents

Complex . * nfcp) .
(C_H3)250 CH30H ' H20 (CH3J2C0 -CHBCN_A_

Ltran-[Coen,C1,1C1 | - 0.608 0.974 L o2
.trans-[Coenz(Noz(Noz)Z]No3'1.932 . 0-§04 0.954 - 0.457
[Co(NH3)5CN1{(C10,), 1.953  0.606 0.973 - v -
[Co(NH3),C051N0, 1.922  0.601 0.961 - 0.353 .
\\“tis;[CoenZC]z]Cl | - 0.608 0.975 - -
' | -

72



feature of these results is that

+ . _%I_ ’

The Tinewidths in different solvents are expected to vary due to the
different viscosities of the solutions. The viscosities of saturated solu-
tions of trans-[Coen2C12]C1, trans—[Coéﬁz(Nogjz]N03, cis-[Coen2012]CI,
[Co(NH3)5CN](CIO4)2 apd {Co(NH3)4CO3]N03 were measured in several solvents.

These data are g{cghxin Table 5.10. The larger Tinewidths are found in the
) \

solvents with higher viscosity'but the percentage change in the linewidth

/ ‘ . . .
compared to the percentage change in the viscosity is much larger than one.

Table 5.11 and 5.12 summarize the spin-spin (TZ) and spin-lattice
(T]) relaxation times (fo both 59Co and ]4N of Tow symmetry Cobalt(III)
complexes at fie]d'strengths of 5.872 and 9.395T. Experimental details for

Tl measurements have been described in Chapter 3. Due to experimeﬁtal dif-

ficulties only a limited number of complexes can be examined, particularly for

]4N T] measurements. The results of Table 5.11 clearly indicate that T]#Tz“

at both.field strengths with the exception of the complexes [Co(NH3)CIICT,
and mer'—Co(NH3)3(N02)3 for which the ratio T]/f2 ¥ 1. For the symmetric
complexes CoénéCI3 and Na,[Co(NO,)¢], the T,/T, ratio s much larger than
one. These discrepancies are attribﬁted to scalar reiaxation of the éécond
kind and will be discussed in detail in Section 5.3.2. Another important
*%o T,'s are definitively field dependent
indicating that chemical shielding anfsotrbpy is important. The valﬁes re-
ported in Table 5:1 are‘the_average values for seveka] detefﬁinationsﬁ

]4N.

Table 5.12 pFeSents some T, values for The most noticeable féature is

that ]4N T1 Y T2 and that T2 is field independent within experimental error.
This is at least true for the two field strengths examined. An interesting

observation is the detection of.the coordinated NOé’group in the complex
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AT

trans-[CoenZ(NO ) ]NO The assignment of 14N s1gna]s follows that of

-124-

 the literature in most cases {5.1-5. 5)
SECTION 5.3 Discussion

Consistent with the results of Section 4.2, not all of the‘elot;
versus Bg are linear. Again, the slopes, intercepts, and correlation co~
efficients have been extracted and are summarized'in Table 5.13. In cases
where pronounced curvature is observed, only the intercept -is given. A
genera] trend of these results is that both the 11ne w1dths and thear field
dependences~are strong]y solvent dependent. In some cases, the Tine w1dths
vary by more than a factor of twenty in different solvents with the broader
lines and the larger field dependences be1ng assoc1ated with the stronger

hydrogen bonding solvents.

Figure 5.1 shows a set of p]ots of 11new1dths versus 82 -for mer- Co(d1en). ]

l(N02)3 in the dlfferent solvents. These plots are reasonab]yf11near. Figure
5.2 shows a set of plots for the complex C15~Coen261 Deviation-from lin-
earity is observed in strongly hydrogen bonding solvents. In methandl,’ a
weaker hydrooen bonding solvent, less curvature is found and the anisotropy “is.
sma]ler. Evidently, the data in Table 5.13 show. that there is a difference of-.

-‘_a factor of ‘more than 60 between the slopes Bf the B2 plots in acetone and

in d1methylsu1fox1de for the complex mer-Co(d1en)(N02)3 The linewidths-at

zerg field show parallel changes For example, the Zero f1e1d 11new1dth

of the complex trans- Coenz(NO )2 changes by a factor of ~ 20 go1ng from

aceton1tr11e to dimethylsulfoxide. These observations show that the 11ne— i
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width changes are direct}y associated with the properties of the solvent.

SECTION 5.3.1 Trends of Relexation and the anor-ﬁcceptor Interaction

‘The so1vent and f1e1d dependence 11new1dth results can 'be separated
into the field dependent and the zero field parts The field dependent part
;s not. well understood . From the lots of F1gures 5.1 and 5.2 it is evident

' that the tnghd is tending to de reasing curvature where non-]inear plots
~with 82 are obtained and the smaller sTope for linear plots w1th B going {
lfrom the strongly hydrogen ‘bonding so]vent‘{d1methy] sulfoxide) to/tﬂe
weak]y hydrogen bond1ng so]vent:§§z:;on1tr11ej. This is an expected be-
d i

L hav1our from the model prop ap

.

_The zerg fie]&_pert contains‘pote tially) more informa:}on and can

A

be treated.as follows:

> s

i) The differences in 11new1dths obta1ned by extrapo]at1on to zero
field lects directly the so]vat1on effects towards quadrupolar re-,
laxation of these complexed ions. A correlation of (nT ) B =0 with

- the donor . number is expected F1gure 5.3 gives representat1ve plots
of these results. _The good correlation with Gutmann's-donor number
re1nfoﬁ€'e the su5pected‘or1g1n of the 1 linewidth differences.

‘11) In Chapter Four, ré'has been ascribed being respdnsible for
. . the modulation-of the quadru interactions. Therefore, from the
11new1dth obtained by ex apo]at1on to zero field, t (rq) can be ob--
D tained j4,it can be aggumed that the Solid state quadrupole coupling. e
‘constant can be used as .an upper Timit to bracket the quadrupole .
© | 1nteAp‘t1on The ompar1son with t, values-#3timated from the- mod1¥.
- fied Debye equat1 for d1fferent types of intermolecular inter-
-~ action reflect the effect\gﬁf;h% various solvents. These values are
' ‘tabulated in Table 5.15 togethér with the appropriate f-factors and

\
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qm’/f{B) mer-Co(NH )5(NO 0)3

(C} mer- Co(d1en)(N02)33
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ot

. .Table 5.14 (2.66)

Donor Numbers (DN) for Various Solvents Obtained from Calorimetric
Measurements in 10 3M Solutions of Dichlorocethane with SbC]5 as
; a Reference Acceptor

-/

Solvent . DN ‘7 Solvent - DN
],2-Diéh]oroethane(DCE} - Ethylene carbonate(EC) . 16.4
Benzene 0. Phenyiphosphonic diffuoride ) 16.4..
Thionyl chloride 0.4 Methylagetate ©16.5
Acetyl ch]ofide “ 0.7 n-B yfonitri1e 16.6
Tetrach]oroethylene carbonate 0.8 Acetone(AC) : 17.0

(TCEC) ‘ , ' ' ' ’
Benzoyl fluoride(BF) 2.3 Ethylacetate 7.1
Benzoyl chloride = 2.3 Mater- 18.0
';Nitromethane(NM) s 2.6 Phénylbhosphorié dichloride  18.5
Nitrobenzene(NB) 4.4 Diethylether - - 19.2
Acetic anhydride 10.5 Tetrahydrofuran(THF) 26.0
PhospHorous‘oxych]oride_ o N7 : D]pheny1ph0§phor1c chloride - 22.4
Benzonitrile(8N) ¢ 1.9 Trimethyl phosphate(THP) 23.0
Selenium oxychloride .  12.2 Tributyl phosphate(TBP) . . 23.7
_ Acetonitrile. = - . 14.1 Uimethylformémide(DMF) 26.6
: Tétramethy]enesUIfone(TMS) 14.8 N-Methyjpyrolid}none(NMP) 2.3
..Dioxane. o 14.8 N—Dimethy1acetamide(DMA) ‘ 27.8
Propanaio1-(1,2)-carbonate 15.1 . Dimethylsulfoxide(DMSO) 29.8
(PDC) - - | SRR .
Benzylcyanide o 15.1 '_N-Diethy1formaﬁide(DEF) - 30.9
Ethylene sulphite(ES) 6.3 N- D1ethy1acetam1de(DEA) 32.2
“iso-Butyronitrile 15.4 Pyridine(PY) . . 33.1
Propiohitni]e | o : 16,1” Hexamethylphosphoric triamide 38.8
' (HMPA) : - '




H®

b

C

Table 5.15

-

[ 4

Calculated and Experimental Correlation Times fdf‘Co(III) Complexes

T ion-pair(lO]]sec) 2.0;5‘“1.383

S
Complex .trans—[Coen2C12]Cla trans-[Coehé(Nﬁz)z]NO3b
Splvent CHyOH  Hy0  CHiCN (CH),SO CHyOH HiD  CHCN
a solvent(R)C 2.817 2.817  2.10 3.080
a free-ion(A) 2.874 3.025 3.025 3.025
a solvated-ion(R)  6.508 ' 6.449  3.593-5.545
a fon-pair(A) - . 4.080 5.765 5.765 5.765
f free-ion 0.380 0. 0.358  0.480 0.347
f solvated-ion 0.77 0.512 0.584, 0.579 0.763  0.570 0.600
f ion-pair 0.483 0.647 . 0.442 - 0.589 0.682 0.915 0.624 -
r-free-ion(fOTl;eé% 0.502 1.079 0.197 . 1.692 0.613 1.298 0.426
(10'sec) 1877 1.652 0.734 11.05. 2.706 2.275 0.535
 solvated(10''sec) 13.131 '1.716 4.290 - 20.839 12.65  2.585 4.788

'« ion 0.804

22.321 8.081" 17.122 éSSEBJ
o 3

[4

4 60.14 MHz, n.

13.22 Mz, n

a= ]/3 (ax + ay

.225

727

. ay
az)
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tatio required for calculatign for the two selectied complexes. The

-

trend reviewed by these calculation demonstrated

1

hat the T value obtained
experimentally (rQ) is always more than the 1 calcNated for the free .
ion but'less than that caicu]ated fortheso]vatez ion. Fpr,the strongly
nydrogen bonding-so1vents, it is closer to tﬁezgelvated ion va]ues and

for the weak]y hydrogen bond1na solvents 1t is closer to the free jon
values. For the comp]ex trans [Coen2C12]01 the variation in rq in d1ffer-
ent so]vents is comparable to the variation in the ca]cuIated t values.
For trans-[Coenz(N02)2]N03, the bariation in 0 is clearly larger implying
that the linewidth variation with solvent ref]ectsﬂchangee in beth cor-

relation time and quadrupole coupling constant with hydrogen bond formation.

. For trans-[Coenz(N02)2]N03, with a smaller quadrupole coupling constant

(13.22 MHz)}, a small additional fie]d-gradient produced By hydrogen bond-
ing will give rise to a propdﬁtionate1y greater effect on the linewidth’

whereas such effects are less revea11ng for trans [Coen2612]c1 since 1t has

‘a much 1arger quadrupole coupling comstant (60 14 MHz).

A

Similar changes in Tinewidth have been reported for alkali metei ions.

-

(2.56, 2«57, 2.91) with diffenent solvents. In genera] the exact nature of
solute- so]vent interactions is not well understood a]though the exper1menta1
literature in this area is vast; (2.67 2.68, 5.6). There have been some .
advances in the theory of the so]vent dependence of the re]axat1on rate of
simple ions (Sec. 2.5). Although the natire of the problem is s1m11ar for

complex ions, the mathematical treatment will be more complxcated.

\
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Consider the f011owing scheme:

H
. . L/‘
0
S+ /YN En
WoH éz
ar® sy -
H /H
H H—N I z
a 5+ - — N H H
\ H+ H/I.f I — q - \__H B
cﬁ' ct
{1} (IfY .
i
H
H/‘\
TN
" Y
H
Hy l {/n
HH_/N /'N‘yH
H--.N/l“‘\-"(N—-H
H/E' : M-
Cl

tructure (1) g1ves the e]ectronegat1v1ty of the uncomp]exed spec1es

and structures (II,IT1) illustrate the effect of second sphere 1nteract1ons

According to the first bond 1ength variation rule. Co-Cl-and N-H bonds are

1engthened as indicated b} the solid arrows. By the seconE“Eond length var1a-

S§1on rule, the Co- N bonds are shortened as indicated by the broken arrows.
There will be an e]ectron1c "p11eeup" effect ‘at C1” and a “spill-over" effect o

towards the N atoms. These changes give rise t0“the.fo]16wing:

i} assuming symmetrical hydrogen bonding takes place the ﬁhape of

-the field gradient about Co does not alter drast1ca11y upon adduct
formation, however its magn1tude changes . L

*
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A\ 1) The shape of the field gradient about Co changes only if the a

strength of the intermolecular interaction involving the chloride
and the amine are significantly different. 'Tnis will happen witha
large donor number. ) . , X

iii) The donor number characterizes the "donicity"” or "ability in
the charge transfer process"” of the solvent, therefore, an increase
“in relaxation rate is expected with donor number. Therefore, a high
donor number leads to a 1arger field gradient resulting in-a shorter '

T, — . o

4

v) The relaxation of th1s modified f1e1d grad1ent is principally
. modulated by the rotational reorientation time of the complexed
adduct because TZ is usua]]y much shorter than Ty i.e., T
where Ty is the average hydrogen bond lifetime.

<< T

2 H
v) A corre]ation between Tinewidths at zero field with AN (acceptor ‘
.numben)'is-not found, implying that the donor properties of ligands such
as C1°, N02', etc., are poor in spite of the large value (5}) of the
acceptor number for a selvent such as water. In this context, these
ligands effectively are termfﬁEET‘g-atoms in the acceptor complex.
~—  Together with the “pile-up" effects"at‘?he;gitrogen atoms, it is rather
' clear that the princtpal contribution to the quadrupole linewidths
is due to f]uctuat1on of charge densities in the first coord1nat1on
shell. o
SECTION 5.3. 2 Relaxation in Hydrogen Bonding So]vents and Scalar ‘ (ﬁ’
Relaxation of the Secon32k1nd

¥

r
S

" In the concTﬁsion af Chapter Four, the field dependence behg<¥n%r of
alt relaxation rates in aqueous squt1on ‘has been attr1buted to non://h\‘
vanishing components of the ant1 symmetr1c term of the chemical shielding

tensor. 'The or1g1n of this term has been associated w1§h se;ond sphere

sy
8 - *
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interaction as discussed in Section 5.3.1. The unique feature of this model
is that T, is predicted to be less than T, it the antisymmetric term makes a
dominapt contribution to the overall fje]d dependent relaxation. The primary
objective of this section is to identify the origin of this term by measure-
ment of TI and TZ' In additionf these relaxation measurements allow con-

clusive determination of the possibility of chemical exchange because such

a mechanism also leads to f] > T2.

Exper1menta1 difficulties limited the determ1nat1on of T] to two field
strengths -These results are presented in Table 5.]]. An immediate con-
clusion that can be drawn from this data is that T1 and T are both f1e1d de—

-pendent and that sh1e1d1ng anisotropy contributes to the overall re]axat1on

. The complex trans Coenz(NOZ)2 was examined in three different solvents and ”
in accord with Segtion 5.3.1, ] 's 1engthened w1th decreas1ng DN. A
'second conclusion can be reached in that three types of behaviour are obser-

“ved at both f1e1d strengths by the ratio T /T
.

The complexes e-CoendienC12 and trans—Coenz(NO2 + in wateh and'trans-
| Coenz(NOZ) 1n dimethyl sulfoxide exhibit the expected behaviour pred1cted

by the model, i.e., T]/T2 < 1. The increase of 63% between the Ty values at
| the two superconducting fields for e-—Coend1enC12 is s1gn1f1cant and clearly
demonstrates that :he field 'dependence of the line widths does not arise from:
‘a chem1ca1 exchange process.  For the comp1ex trans CoenZ(NOZ) in water'
and d1methy1su1fox1de, a]though the percentage increase in T1 is smaller,

the same” conc]gs1on is valid. For the complexes Co(NH3)501 and mer-.

| C_o(N02)3(NH3)3 in water T/T, ;' both chemical exchange and 4,0 con-

t
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tribution to the oﬁera]] relaxation can be eliminated initially. A similar
argument would Tead to the conclusion that since TI > TZ’ the relaxation
for_the complexes Coengf and Co(NOZ)g' in water and the complex trans-COen2
(NOZ); in acetonitrile is dominated by chemical ekchange.or by scalar re-
laxation of the second kind. In fact,‘correction for scalar relaxation
would yield results compatible with the above model. It 1s, therefore, -

necessary to assess scalar relaxation of the second kind in some detail.

The formal theory for scalar re]axat1on has been treated in Section
2-4.3. Because all of the comp]exes stud1ed have. d1rect1y bonded nitrogen,

relaxation contribution due to scalar coup11ng w1th n1trogen are anticipated.

i

The so]ut10ns to the Bloch equations are g1ven by equation 2.12 and 2.13.

Since T2 fT » the contribution to l/T is larger than to L/T (of the observed

]4N and 5900 resonance. fre- -

. : . : 2
quencies are well separhted the term (w - ms)zTg'

'the contr1but1on of scalar spin-spin coup]1ng to. 1/T for: the Qbserv1ng

nucleus is neg11g1b1e. The contr1but1on to 1/T2 2ffiﬁii//r
- S ) -

nucleus). For the Cobalt-nitrogen system, the

is large (mlo]o) and

| L. o1sten) ‘JisoTl- : TR Y
L . T 1 3 _ o ; P
2 ; : )
| leading to the equation - : . > —
, 2 g2 N S | -
. lc =8 Oy Ty (5.2]
7,0 ' /

per Co-N bond pair. If additive proeertie§ can be assumed(2.31, 5.5), the -
total scalar conﬁribution gan be estimated-as the sum of the ihdividua1‘

scalar relaxation rates, Inspectfon of Cobalt T, values indicates that

N
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L4

the reverse re]axayﬁon process also takes p]ace, i.e., the n1trogen is

being reTaxea\by,fﬁba]t w1th the appropr1ate express1on g1ven by

-

21w2

3

.

N
2

(o) Ty (CO) | [5.3]

._t

In order to carry out correction for scalar re]axat1on for both the T4N

and 5900 relaxation rates, it is necessary to know (i) the coup]1ng con-

| stant J(C -N) (11) Co T1 and (iii) 14

£

From known J 15 values measured by ]SN NMR on similar amine
_ (Co- NR3)

N T].

: comp]exes (5.1-5.4), thes coupling constant of J(C ]4NR ) was estimated

" to be ~ 45Hz and J(C -14N0 ) is obtained. from Coba]t T, and T, data of

CO(N02)3 s1nce the 14y T for CO(MNOZ)3 was exoer1menta]]y determined.

This procedure_g‘;g a value of 56.4Hz which is comparable to the va]ue of
‘ -60Hz obtained by estimation from a simple hybridiiation]f Iatidnship (5.7)
The measurements of 59Co T] values present some d1ff1cult1 and exper1-'

14 14

menta] access to N T,'s are limited by its Tow sens1t1v1ty. Since N

T2 s can be determined more read11y, it is more des1rab1e to substitute
14

K

N T for ]4N T] in equation 5.2. Pr1or to subst1tut1on, it is necessary

to estab11sh that T] v T2 for!:4N relaxat1on

From the results of TabTe 5.12, the following cqﬁclﬂ&ions Can‘be

drawn;

i) the. observed T2 values are, within experimenta] erroy, indep-
endent of the magnetic field strength. Relaxation due td chemical
shielding anisotropy for 1N is therefore negligible. This is a

-
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reat advaniage since measurement at higﬁ field can be employed
ai%‘Eca]culatmn ow field as well. - ’

ii) At 28.894 MHz, T1 > T2 where data are ava1]ab1e By the argument

presented in Section 4.3.4, this cannot be due to chemical exchange.

]4N‘relaxat10n,1s dominated by quadrupelar relaxation, and the field

14N is modulated by the re-orientation- rotatiocnal

gradient about.
correlation time of the solvated complex as suggested in Section 5.3.1
under conditions of extreme narrowing, 1/T]Q = 1/T20. The difference I

in T; and T2 can safely be attributed to scalar coupling ofTJEN.hith-
53¢o. e '

This conclusion is checked by application of equation 5.3 together

d 59

with estimated coupTing constants an Co T1 values from Table 5.11." The

resu]ts are Tisted in Table 5.12 under T
14

For the Tow symmetry com-
\m 3

N. For the h1gh symmetry complexes such.as- Coen3

14

2 corr’

plexes, T]= for

TZ corr

and Co(NOz)g'. sUCh a Pprocedure for correctign for ' 'N is no longer valid

since the condition for the derivation of‘equatidn 2.12 and 2.13 is no longer

obeyed. In other words; the V4N spin system no 1onger "sees" the Coba]t spins

S_ I

as being part of the lattice, 7. e., the condition T1<<T1 is v101ated -For .f

the complex cis- Coenz(NOZ)z, the value of T2 is inaccurate because the cis
and trans NH2 resonances are: unreso]ved For these reasons, corrected T2

values are not Tisted. Upon estab11sh1ng T? I Tg corr® equat1on 5.2 can /

be rewritten .as;

1 _ -8w2

o= 7 co- N) 2 corr . . [5.41
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e

* Scalar contributions towards the overall relaxation rate of -Cobalt ¢an

be evaluated in this manner. In the correction for the two compléxes, e-
Coendienmz+ and'Co(NH3)SC]2+, the contribution from Co-Cl is not known

because'the coupling cdhstant is unknown and there is no means of making

an estimation. Therefore, in this djscussion, contr1but1on due to.Co- C&f‘;;> ’

is neglected. The results are given in Tab]e 5. 16. The corrected Cobal

T2 is Tisted in the first column, the rat1o T /TZObS in the second column

.and T /T2corr in the third column under the appropr1ate operat1ng frequency

Compar1eon of TI/TZobe with T]/T shows that the correction-is negligi- Y

Zcorr

- bly small for short T2's but could be as much as 10% for the longer T2's,/’)—#_74‘
- . 1

- the

obtained for these Tow symmetry complexes in aqueous solution. For com- - , -

plexes with 0h symmetry, scalar reTexation dominates the re]axation mechanism. <=

This s evident for both Coeng and Co(N02)6 with ‘corrections ‘of 56% and
85% respectivé]y The shorter re]axat1on t1me for Coeng s1mp1y reflects

the fact that the symmetry . of th1s omp]ex 1s D3 rather than Oh. Since
14

~

N resu]ts were obta1ned 1p)aqueous solution, and correct1on emp]og)kg

_these resu]ts to trans- Coenz(N02)2 “in acetonitrile or'd1methylsu1fox1de

- éif"fr1ctly invalid. It does howev » indicate. the overall consistency of

‘ .

this method. " ' S Y . T

Re]axat1on due to the Ac term of the sh1e1d1ng an1sotropy gives rise

to T /T 7/6 under the cond1t1on of extreme narrow1ng Thxs value is com-

parable with the values of T,/T, .. fo ﬁ‘ens_ﬁoenz(NOZ)z in aceton1tr1]e —

* From Sect1on 5.3.1, and 5.3.2 intermolecular 1nteract1on has been demon-

: strated to be negligible 1n this’ so1vent Teading to A o -_0f The ratio of

1. ]13 may then be compared w1th that of the va]ue 7/6 Y 1 16. .

f"\f_eh:) ,qfa o ) . "'_1

T /T2corr
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predicted by relaxation qoe to the symmetric part of the shielding aniso-

tropy tensor under the oOndition of extreme narrowing.f

The T Al ratio uniquely;demohstrates that-TI <~T2, conswstent\\;\:

2 corr R

- with the prediction of this model. Within this context in the extreme nar-
- rowing condition, plots of 1/T and 1/T versus B2 should be linear with -
¢ a commoh intercept (g1v1ng the quadrupolar and scalar contr1gg\ﬁon) and w1th |
the slopes for the 1/T] plot be1ng twice. that for the I/T2 p1ot F1gure 5.4
shows such a plot and Table 5.17 $ummarizes the slopes and 1ntercepts for
| aqueous solution has a

( ﬁlf_:;/ﬁ is not

neces%gftﬁy met. The ef’S; decrease from 2 cannot be calc Tated but a con-

these comp]exes The ratio of the slopes M]/M2

1ess than 2 supporting the idea that the. Cde1t10ﬂ

sqstent ratio of " l 5 strongly favours the so]vent effect ;bument'

In the case of trans- Coeni(NOZ)2 in d1methy1 sulfox1de. the va]ue of

h]/Mz- 2.09 1mp1y1ng tha: the extreme narrow1ng cond1t1on is met gnd 1nd-
. E 1cat1ng that the hydro bond 11fet1mes {in s0 fer_as_hydrogen bondjng is -
1mportant) are shorter than those in water. Careful cohsideratiop would )
‘suggest that although hyl suifoxide has e’lerger'DN, it does notbneces-
sarily have an average“ hydrogen bond1ng 11f 'me 1onger than those of '

water 51nce the cooperat1ve effect is much Iess ff1c1ent in the former 3 .-

' solvent,_rAs‘such. the DN-concept is not violated.

¥plexes 1h Weak_glNon-

. B

SECTION 5.3.3.

o Co(III) tom
fing Solvent

p y -, \
In Sect1on 5. 3.*“5 t has hhgn established that the anama]ous change

in re]axat1on rate (at Zero f1e1d) W1th respect to changes 1n solvent is

—

17



AW N

. -

00

e n00. 20 - Loe B0 Bo

_ . VS 0 MHzY

Figure 5.4 Plat of i/T]72 vérsqs Bg

A trans;COenz(N02)2+/diméthy1 sulfoxide
"B e-Coendienc12*/4,0

C t?3"5TC99“2("02)2 (HZO |

.'_“ L



7 . .
= e . |
- N *
@
A B o ’ ;
. ™ f.@ ¢
b0 £5€2 o6y sz . LS - 0%/ ConE(Cuny0g-asu -
90" 1 eeee 9252 ¢ 19§E . . L69°E 0°h/*oNT% (“oN) Pua0g]-s 1 1
65°1 LE£S £ A - N 1 . 0%1/%100 1% (Suw)oa] g
£v1 b9 . BL1°L6 o o€e8Ls - 6pLsEL R ONI\NGE%._E%&-& 2
9" L 59.¢ TR e e oW o |
60°2 80LLL 15692 2L - sgzos . oswa/Sonr%(%on)Pusog]-sueay |
Nz ZH/1daodequ] {-2H Eo_xamzvmno_m ZH/3dadualul ~ZH ﬁoE _Emaoﬁ . _ .
Ly 211 . ! X RYV/ . . xe|duoy .
, SJUBAL0S buLpuog USBOJPAH UL "_o_umxm..._mm ..mo.mu:.uv_.ho%m P94
.1’/4 - |

vy




[l

<f

-144-

due to jhtermo]ecu]ar interaction between cohp]ex-don and solvent. The
results presented in Section 5.2 were convenientlj eharacterized by tnene
Donor Number.< Correlation times estimated from the modified Debye equa;

tion emp]oy1ng solid state quadrupo]e coup11ng constants and crysta] .

structure bond Tengths suggest that:

i}- the 1ine width in aceton1tr11e approaches that of a Freely tum-
b11ng comp]ex ion,

i) the extreme narrowing condition is met in the solvent acetonitrile,

iii) the re]axatxon mechanism for Co(III) complexes is dominated by the
quadrupole 1nteractr9n - ) ' '

Observations (f):- (iii) strongly favour a mode] where second sphere inter-
actions are neg]igib]e. This is an under1y1ng result of the DN concept.

The consequence ofzgﬁ - (111) is that the linearity between (uT -1 0 and

K
(-—990 (1+——-) for Tow symmetry Co(III) complexes is expected to’hold in the
solvent aceton1tr11e providing that the quadrupole coup]1ng constant is the

.same 1n so]ut1on as in the solid state and that the rotational reor1entat1on

icorre]at1on time Ty 15'approx1mate1y constant.

N <> . . Y

Based on the results presented in Chapter 4 -and S\s:.bIS‘S 3. 2 the [

observed re]axat1on rates for Coba]t amine comp]exes in ﬁbn-hydrogen bonding

so]vents is the sum of the contr1but1ons frongboth the quadrupo]ar re]axat1on

and relaxat1on due to sca]ar coup11ng of the second k1nd, i.e.,

-
P

N o .o

B & /_+.l_ | I £ I
TZobs_ TZQ ,TZsc ‘ o
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S f/ .
Under the condition (mr2)2 » equation 2. 10 reduces to the standard
form. Subst1tut1on into equat1on 5.5 y1e1ds |
1 ﬂg o *5‘f..
Téobs (Bo=0) ,5 +§_ R

‘where Eigg' is the solid state quadrupole coupling eonstant and n js'the'
asymmetry parameter, ' As has. been stated in Chapter 3, so]ub111ty ]1m1ta—~ |
tions have prevented the measurement of 11new1dths in aceton1tr11e for thea S
.ncomple;es CQ(NH3 5CN2 and c1s-Coen2C12 Therefqre,_the1r 11new1dths re- .
quire estimatibn by indirect methods. It has been shown in Sectien 5.3.1,
- " that the Tinewidths at zero field are linearly related to.Gutmann's donor.
-~ nuhzer for the so]vents, thus‘this propdrtiona]?ty may be.used to obtain
E@;; 4 . an estimate of linewidths. Th1s is done by extrapo]at1on of plots of l1ne--
w1dths versus donor number to DNZ14. 1 (corresponding to the solvent. aceton- f :
itrile). The 11new1dths ohtained by this procedure.together with those
~ determined eXperfmenta11y are eolleEted dn Table S 18. 'Ast']isted.in |

s 3
Table 5.18 are the solid state quadrupole coup11ng constants, Q- determined

from exper1menta1 11new1dths at zero field as wel? as those ca]culated from
%

- est1mated Tinewidths and the average radii of the-free complex ion. A plot
‘ of i . . versus (& 99)2 (I+~—0 1s““huwn“’h\Efgure 5 5. "The slope
- T2 obs (B =0)

of this p]ot y1e1ds a T, va]ue of 7. 45 psec and an 1ntercept of 73 Hz
- The tz extracted from this plot is closely comparab]e to the average
g of. 7. 82 psec from Table 5.18. The sign1f1cante of'F1gure 5 5 is that Ty,
.‘can only be constant when the jons are of approx1mate]y the same effective

s1ze and re1axat1on is not affected by 1ntenn01ecu1ar 1nteract1on From
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Figure 5 5 Plot of Zero f1e1d 11new1dths 1n aceton1tr11e versus
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the "a" values of Table 5.18-and the result of the DN concept, this is
undoubtedly true. A second comment is that Tq can be bracketed by Qalues
_ obtained from both the Debye and modified Debye equation. Using an"a" vajue

e g

of 300 pm, n = 0.35cp, f = 0.16233 at 296.16°K;

Debye(g 67psec) > T4 (7.82psec) > Debye mod1f1ed(]5 7psec)
suggesting that 1n acetonitrile, the trad1t1ona1 Debye equation gave a much
7c1oser estimation of Ty within the r1g1d sphere appr?x1mat1on This is
an expected result since 1ntermolecu1ar interaction between the jon and
~_aceton1tr11er1s almost negligible. F1na1];j'the 1ntercept of’ 73Hz reflects
‘the average contr1but10n from. sca]ar re]axat1on of the second k1nd for these
complexes. Th1s value is in agreement w1th the values obtained in Section
. 5.3. 2 for Co(NOz) of ~ 50Hz due to scalar relaxet1on of theksecond kxnd
| but is smaller than the value of ~ 167Hz ( H decoup]ed) for CO(NH )63+
sca]ar spin-spin coupling w1th ]4N. The d1fferences are clearly a reflec- )
',/‘t1on of the d1fferences 1n both the ]4N T1 as we]] as JC N Neverthe]ess,
in view of the errors. assoc1ated w1th re]axat1on tlme measurement the value
| of 73Hz lies reasonably well in the range expected for scalar relaxation )

of the second kind for Cobalt amine comp]exes
SECTION 5.4 Summary

The'solvent and- field dependente of linewidth with Bg Was;meaéured
“for nine complexes. The results of-these investigations.confirm the fol-
lowing;t. .
"i)::}ntermelecular interaction between ion and solvent is extremely =

ol . o
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inportant and this effect accounts for as much as 80%-of~the 1ine-
width for a quadrupole complexed ion in a hydrogen bonding solvents.

i1) Good correlation with DN implies that the interaction with amine
groups is more- 1mportant ‘than -the-acceptor 1nteract10n with nitro,
chloro, cyano, and carbanato-type 11gands ' ‘ ,

iii) The major contribution to quadrupolar relaxation is due to charge
density fluctuation in the first coord1nated ligand shell resulting
“from intermolecular interace¥on.

iv) In solvents where intermolecular inferaction is neg1igib1e,'rc, :
+the rotational reorientation time estimated by the classical Debye
equation gave better_agreement.with experimental values.

Ly 2 o
v) (nTz)B] =g Versus (g—ﬁg) (1+ ——J is 11near 1mp]y1ng that the

solid state quadrupo]e coup11ng constant is a good approxmmat1on for

'so]ut1on quadrupo]e interaction. "An implication is that fon-pairing -
may be 1mp0rtant under these cond1;1ons.

' vi)' In weakly hydrogen bonding solvents, the relaxation of low Sym-
‘metry Cobalt complexes is dom1nated by quadrupolar interaction whereas.
- scalar #Pin-spin 1nteract1on with ]4N dominates. high -symmetry -
Cobalf amine Tomplexes. In hydrogen bonding solvents scalar re]axa---
- ’_,_—'—'__'_‘—-—..,_._
tion ontributes my_more than 10% to the overa]] rp]axat1on of low .
Symme Texes. . . S ~

v11) The pr1nc1pa1 axis system wh1ch d1agona11zes the field grad1ent
tensor 11kew1se diagonalizes the symmetric part of the shielding
tensor, "and a trend character1st1c of sh1e1d1ng an1sotropy is expec-
ted, i.e., trans > cis, mer > fac etc.. .
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viii). The variation in the Chemical Sh1e]d1ng Tensor is modulated by the
hydrogen bonding 1ifetimes whereas the relaxation of the quadrupolar

interaction is modu]gted by the rotational reor1entat1ona1’szTthof
the solvated complex.

Spin—1atti&e‘and spin-spin re]axatidn timéimeasurements agree‘with
a modél in which the antisymmetric term of the shie]ding tensor is non-zero.
.This has been attributed to sjte symmet;y waering at Cobalt upon interac-
tion with sb]vent mdleciﬁgs. ‘The magnitude of 8,9 term is ‘determined by
ih, the average-]jfetime of the hydrogen bond and the overéll solvent and

field dependehcé results compl iment fhose of relaxation time measurements.

L
.

& _ . S
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CHAPTER SIX

4

Eﬁ EMPIRICAL MODEL FOR FACILE ESTIMATION OF CHEMICAL
SHIFTS AND LINEWIDTHS OF Co(III) COMPLEXES

- SECTION 6.1  Introduction
' r ’

TWo important po1nts emerged from the results of Chapters Four and

N
F1ve they are:

i) 'the chemical shift is independent of magnetic field streng%h, at
least from 3%}13T to 9.3957, and

'11) the linewidth when extrapolated to zero field for m1xed 11gand

" cobalt complexes foT]ows simple Crysta] ‘Field (e]ectrostat1c p01nt charge)
Theory. '

q.el, by (_tr'ans-MAzB ) ~ 4A\:Li“‘(c1's.-MAzB4)‘
Av% {mer- MA;B 3) A ]ZAQ%‘(fac-MAaB3)

These f1nd1ngs create the possibility of form1ng an empirical model to ass1gn
structures of coba1t comp]exes conta1n1ng mlxed 1lgands in so]ut1on based

‘on the comb1nat1on of chemical shift and linewidth data. It is the purpose

“of this chapter to exploit “this possiQ§¥iEf.

4 o
> SECTION 6.2 Theory =~ .*.

SECTION 6.2.1 Chemical Shift Correlations

59

In the literature survey of Chapter TWO, it was shown that “Co NMR

-chemical shift is dominated by the paramagnetic term in the”Ramsey equation -
{2.13-2.14, 2.19-2.20) and that this paramagnetic shielding term correlates

L
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with the inverse of the firs spin alTowed d-d transition. This approxima—
tion was further advanced b}y Yamasaki et.. al. (2.20) to 1nc]ude an orb1ta1
reduction factor k'and™a wadial factor ( > to account. for the covalency
- of the.varying tyaes~af\meta] ]1gand 1nteract1on. Th1s type of approach .
generally leads to shielding tensors of the form given 1n Tab]e 2.4, The
isotropic chem1cal shift is.given by the average over the three pr1nc1pa1

components of the sh1e1d]ng tensor.
‘ A

Various duthors have shoﬁn that 5900 chemical shifts correlate well
wi th : I -
‘i) the sum of the e]ectrohegativities of the first‘sphere ligands (6.1), .

il) § = 369(X) + g 85 (L) for complexes-of the type Coen (NH

=1 3)6-2x-yLyf
where 6. (L) is a' constant for a g1ven ligand (4.3) , and o

iii) the ryule of average environment (6.2),

. | L o o . '
Yoneda et.’ al (6‘2) have shown that 59Co chemiecal shifts obey an additivity

rute: "... the : Co chemical shift value in solution can roughly be given by the -

sum of contributions from each llgand" This additivity rule is based on M.0.

ca]cu]at1ons(6 2) as well as'exper1menta1 solid state sh1e1d1ng va]ues of '

cobalt (4 9). Thus, the add1t1v1ty rule trans]ates mathemat1ca]1y to equatton

6.1. N - o ' o

. . . . . ‘ X

o49) =_Za§?1.(59co)/3 txyz . | [5 1]
-1 ‘

iso
This add1t1v1ty treatment of the 5900 chem1ca1 sh1ft makes ‘thé same assumpt1ons
~ to that of the Cnysta] Field treatment of the sp11tt1ngs of the absorpt1on

spectra of d1amagnet1c _cobalt complexes of Yamatera (4.10)
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:Juranic et. al. (2.27) have recently shown that for low symmetry

_+~ complexes it isﬁ;ecessary tolallow for the enisotfqhy'of the ghie]ding
when correlatihg_SQCo chemical shifté_witﬁ.the_inverse of the gbsorption
band. For an octahedral complex, the lowest excited state is triply. de-

- generate‘but this sp]itsn?ﬁto a maximum of three states with energfes of

Es EY’ and E, as the symmetry is lowered. In other words

‘ A (R P
» - s(ppm) = % (+ g txp ) - 11,000 [6.21 s
: | : 3 AE, Ey AR, R
where C is a collection of various canstants.

In fact{ Juranic has demonstrated that 59Cq ehemical'shift correlates far _
befter with the weighted average'of'ﬁeveiengths:of the'first absorpfion banj//,{f
for low symmetry cdﬁplexes (2.27). On the basis of these findiﬁgs equatio

6.2 can be modified, w1th1n the framework of the e]ectrostat1c Crystal Field

Theory, to take the form -of equatnon 6.3.

1
( * ) -
3545, 7§ +s4 55+s6

's(ppm) = n ,_000 " [6.3]

' where’ S] and S2 are chem1ca1 shift parameters character1st1c oF the
ligands on the’ x-ax1s S3 and S4 of the llgands on the y-axis, and 55 and .
Sg of Tigands on the z-axis.. Equat1on'6.3 15‘3u5t1f1ed by the fact that the'f
&eqtroni’c structure of a.‘Q.i‘ver.:'combleX is determined by the sum 6 the
charées on each axis‘whee all the‘dietances‘are:ggggl. This_has been ex-
p11c1t1y po1nted out by Ballhausen {6.3). Successful app]iéfz;on.of this

‘app;Sach to the pred1ct1on of the splitting of the d-d electronic bands of
c6;572§e§ of d1fferent symmetry has. been demonstrated 1ndependent1y by "

| Yamatera (4.10) and wentworth and P1per (4 11).

o
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There are a number of approximations inherent in the use of equation

6.3 in addition to the assumption of unequal distances mentioned above:
_ | L :
‘1) The correct. express1ons for the electronic trans1t1on energ1es also
include terms 1nv01v1ng the inter-electronic repu]s1on (the Racah pa-
rameter) wh1ch may'vary with, the 1ligand in a different manner to the

Crystal Field Sp11tt1ng parameter Dq, )

11) The orbi tal reduct1on factors (k') and the rad1a1 factor (r 3>

will vary from complex to comp]ex and .

iii) The Crystal‘FieId Splitting\and hence the chemical shift parameter,
ﬁj for a given 1igand'may depend upon the presence of other ligands.

w

Thus g1ven a set. of chem1ca1 sh1ft parameters S, fop/all the different ligands -

f. s1mp1eca]colat1"of the
ff"s- (i) to (ii) above; "

encountered equat1on 6.3 w111 provide a q

chemical shift of Cobalt oomp]exes. In the

. equation 6.3 s bnly expected to give a fai to experimenta1 values.

s;-:cfxo_n_é.z.z- Linew dth Corre1a‘t1‘ons_ B

‘ o .
59Co has a spin of 7/2.and therefore possesses a quadrupole moment

It was demonstrated in Sect1on 4.3.1, that quadrupo]e interaction dom1nates :
the’re1axat1on mechan1sm at f1e1d strengths that are suff1c1ent1y 1ow(2 11T)

&
The 11new1dth‘jnT w111 bng1ven by equat1on 2 15 Assuming the cond1-

tion of extreme narrow1ng (1-2 @~10 nsec) modu]at1ng the quadrupo]ar 1nter— “ik
act1on, equat1on 2. 15 reduces to 2. 16 If the corre]at1on t}meswfor a series .

' ; of comp]exes are approx1mate3y the same"the differences in linewidths for

d1fferent comp]exes wﬂl then dependg the.quad:upo_}e couphng const—ants,,. '

(e qQ/h), and the asymmetry parameters, wm, of th& complexes.
. .- ‘ . . : ‘

e
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. L1new1dth variations of Co(II]) comp1exes have been cons1dered by
various. authors (6.1, 4.3). Yajima et.al. deduced from simple~Crystal Field
theory that the 1mnew1dths of the trans- MAZB isomer ‘should show broader
llnes than the cTs-MAZB isomers and that the mer isomer of the st1och1ometry
MA B shou]d show a broader line than ‘the fac 1sdher of MA.B

373
tively, this is supportef by exper1menta1 results. Valiyev and Zripov (6 4)

Qualita-

“have treated the theory of quadrupo]ar re]axat1on on the basis of a point

,charge/po1qt d1po1e approx1mat1on to rationalize the NMR 11new1dth. This -

<

{FF:

1-fjf of . 1nterest requxre est1mat1on, KM e.; e -charge of the halide, d- d1po1e

- z%};/;Iér thebry has been applied to the 93\b Tinewidths of Niobium halides by

Tarasov et a] .§6;5) and to 27A1 linewidths of Aluminum halide complexes
- by Wehrli and:Hehrli (6.6). Valiyev and Zripov's theoretical treatment of
quadrupolar relaxation rates is sound and thorough, however, its main

£

back is the requ1rement of a large number of 1nsuff1c1ent1y known parame

For examp]e the express1on for the relaxation rate of the M(H 0)4)(2 system

is g1ven by
‘L‘-é%@fﬂ— (S - )1212 B i

Ih equat1on 6 4;~the 1Jgand Hzo is treated as a po1nt d1poﬂe whereas ‘the
hal1des are treated as two po1nt charges Ne1ther the Sternheimer ant1'

0 sh1e1d1ng coeff1c1ent is read11y ava11ab1e nor p(a measure of the field

. I |
: ndu ed. eIectron1c po]ar;Egt1on effect i the medium by the pa£t1c1e under
i

ae eas11y In add1t1ons 311 the parameters

.: c'ns1derat1on) ' imat

ﬂ: moment of coordxnated HZO b and a are the d1st of the ﬂ%]lde an .;‘
H20 from the me respect1vely and 12 the ro%et1ona1 coirelation "timb, . f
: Therefore a]though the theory is extreme]y sop‘ X! fﬁff
“-Vue IR b o c f
: .\ .‘:.‘_‘,. _ B - . ' - S ‘D"q
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o 'For examp]e, in the ca\? of a trans C0A4B2 coéﬁTexa\&J//
.":“ r_o .
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‘practicaT use%u]ness is rather limited.

”»

An aTternative approach is to adopt-the pcint charge nodel for‘.
quadrupo]ar coupling deve]oped by Bancroft and Platt (6 7, 6.8) which has
been extens1ve1y and successfu]]y appl1ed to the 1nterpretat10n of quadru-
pole coupllng constants dervied from Mossbauer spectra. The s1mp11c1ty
of this model is that the components of the electric f1e1d grad1ent tensor |
are expressed in terms of the partial quadrupole splitt1ng parameters (PQS-‘

va]ues) for the individual Tigands. Thus, a,s1ng]e 11gand.glves rise to

the field gradient.. =~ -
-~ ] ‘ . ." . .
Vs =-Zerf3 . (3.sinzec052¢-i)
Vo= Zer - (3sinosin?gl) [6.5]
. v = Zer™® L (3 cose-1) ' |

2z

where Z is the charge on the iigand'and e the charge;of an electron. ', 8

and'¢ have their aeual-definitions in the polar coord{nate'syStem The

'f1eId grad1ent for a conp]ex is obtained by summ1ng the contr1but1ons to

* .
: V , VO and V from all six 11gands w1th the 8 and ¢ values be1ng deter-

Yy
mined by the pos1t10n of each llgand in the complex. -S¥nce it was found

[

‘_poss1b1e tqﬁiirameter1ze ions and groups attached to a central metaI 1on,
h

acteristic values’ Fepreéentlng dlfferent 1igands or groups

) . e 'e' . NS K )
‘ ‘l 7. . " l.l_ . ’ - -3 . \
T Ty Lty 202" )B]e. | e
."VZ.Z = [4(2[" )A - 4(2?“ )E]e g = o
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where the subscripts A and B correspond to the dppropriate ligands. Sub-- Se.
stituting equation 6.6 into equation 2.16 gives n=o-and, I
| L_ 8492 -3 |
!‘i =98 h [4(21" ) '-74(21" ) ] T2 [QYA‘Q'YB]

o 4 7 'andy-
—'ﬁ(_f_)(r)AZ B

‘ where ,-y'A-= s (e—zof)(Zr'3)'sz

.Follomng this pr‘ocedure the hnemdth formu]a for var1ous symmetries -
‘expressed in terms of the broademng parameter YL are derwed and are co]'lec-
"ted in Ta_ble 6.1. The numemcal values for Y are gwenqn;‘i’ab]e 6.2. h

“ The expressipns of Table 6.1 agree with those given by Bancroft and Platt-
((25.7.) for all cases where 'direct comparison s “poss-ible. A few numeri'-c:a1
factors dii;fer from those given by Tarasov et. _alll., (6.5). In deriving

. the'_ Tine broadening parameters from 1inéwidth data, only différences are

obtailned and there-is ambighity with respect to the signr since they appear

jares. It will be shown in Sec. 6.3 that absolute values can be ob-

rison wi th MSssbauer data.
; There are, however, four approxmattons 1nherent in the use of

-l

‘ uaf{on 2. l'l for Hnevndth corre]atwn,

i) The instrumental liriewidth is neglected ‘since: this contribution_is
less than a few Hz, which is an in51gn1f1cant error. \) 3

11) In Chapters 4'{d 5, it was demonstrated t chemical sh1e1chng _
anisotropy can be impentant for Tow symmetry comp'lexe(;\at low field
- strengths. However, the variation of the chithi cal shie]ding tensor %u
. Mith geometry mathemat1 cally parane]s that of the grad'i
‘\;% . tensor as demonstrated by Spiéss, Haas and Hartmann(4. 8) (these auth- y
ors found .that single crystal shiel ng amsotromes of Cobalt-com-
| ‘_ . Plexes are di rect'l‘y proportiona1 to” the quadrupo]ar coup]‘ing constants),
therefore, the procedure deveIoped for 1inewidth corre]ah ons based

R

on-quadrupolar re]axat1gn is Just1f1ed prov1d1ng it is recognized that \

/e

fea

X

#® \4

Vo .
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Table 6.1- IR

L1new1dth Formula for 0ctahedra1 Complexes. Der1ved from the Paint

Charge Model

-

Structural type* oo Liﬁé Width Formula
MA 0. ‘ 0 e -
(a,bcdef)-MAB, 0 4lyp-rg)
cis-(be,acdf)- -MAB, 0 4(TB-TA)2 :
trans-{af,bcde)-MA 34 I 1 L
fac-{bef, acd) MA ) , 0 ' 0
mer-(abf, cde)- MA3 3 f0 9(YA TB) + 3(YB'TA)2
cis-(b,acdf ,e)-MAB,C o 70, - (2rgev, Yc) + 3(YC‘YA)
trans-(a,bcde,f)~ MAB4C <Ej;\ PR I 4(7A + ve-2rg )2
fac-(b,acd,ef)-MABSC, 0 4lypvp)2 4
- . 2
lmer,trans(b,adf,ce)-ﬂABBCZ | #0. (3YB—ZYC-YA) + 3(2YC'YB-YA)
mer,cis(b,aef ,cd)-MAB,C,, © A0 (Brge2vemyg)? 4 3(vper, )2
cis c1s.§15(be ad cf) MAZBZC : #0 ' (YB + YC-ZYA) + 3(YC-YB)2
trans.c1s cis{af,be,cd)- MAZBZCZ 0. 4(2y A YR )2
trans,trans;trans(bd,af ce) -MA BZCZ #0 4(3YB~YC-YA) + 12(YC-YA)
mer(b,acf d,e)- MA83CD 7 ‘ - #0 Z(YB-TA-YC-YD) + 3(YB+TD-TA-YC)2
trans,cis(b,af ,de,c)-MAB,C,D #0 fdvg-2v -TA-TD) + 3(y -YA)Z
) . . .\‘ _ _ 2 -
cis,cis(b,ae,cf,d)-MAB,C,D #0 .(YB+YC Yp-Yp)
trans scis{b,ce,ad »fa)-MAB,CD £0 (2vp-vc- ZTB-YA) + 3(2y -YA-TC) :

c1s.c1s(b ae,cd fQ -MAB CZD - #0 (ZTD+1B-ZYC-YA) + 3(y -YA)Z

cfs c1s{y,ad,ef c)-MAIi2 0 PO (yghremvamrp)2 ¢ 3(YD+YC-YA-TB)2 T
~ trans,trans(b,ce,af,d ~MAB,C,D * #0 (4WC'ZYB'7D'YA) $ 3(2YB_YA-TD)2fi"

—+

the ligatlng atoms -are arranged as Tnd1cated by
the IUPAC convent1oh reference 4, 5‘




-159-

- the derived YL vaiues contain a contribution from chemical sh1e1d1ng
an1sotropy which will be fleld dependent

111) As demonstrated -in Chapters 4 and 5, scalar relaxation of the
second kind aiso’ contr1butes to the resonance dinewidth for Cobalt
amine type complexes. The contribution is small when the quadrupole
coup11ng constant is ]arge but becomes important with comp]ex ithe
h1gh symmétry ang small quadrupo]e coup11ng constants, 1.e.;/?¢?row

- resonance linewidths. Therefore, it is expected that Tinewidth cyr-
re]ation will be quantitatively poor for the latter complexes. ’

iv) The imposition of the extreme narrOWing condition (w r§<€l) is
~ probably valid for most comp]exes but may not be true for polymer1c '

: spec1es
-

Finally, it was demonstrated in Section 5.3, that (:T ) 1ndeed pro-

portional to (——999 (1+ﬂh0 in aceton1tr11e. This ev1dence therefore serves

" as dlrect justification for this 11new1dth corre]at1on procedure.

SECTION 6.3 Results .
."a,' R
Table 6. 2 contains chem1cal sh1fts and 11new1dths for 44 CD(III)
comp]exes. "The comp]exes reported in; this tab]e are well charaﬁter1zed

compounds of the types CoA (0 ) CoA B(C ). cis- CoA 34( ) trans- CoA2 4

(D h) fac-CoA (C3v) and mer- CoA (CZV) Th1s data wiTl be used to-

e

" 59

by

Sec 6 2. Data aken from the 11terature (4.5) is given in entheses.
Co NMR for eleven of these compounds have n é’par

been reported previous1y._

of the remainder, a]1£i;:/j}ye\have be n"emeasured Agreement with the

* Viterature chemica] s values is enerally good wdth the exception of

.‘—‘—#g of the valﬁﬁgtégz‘:he cis.an trans/CoAZB4 1somers The ‘present

. data gwe d1st1nct chemical sh1fts for the dtfferentusomers in a11 cases. ETJ

. - T
N . : . L -

. . ) s

st the mode] “for ca]culat1ng chemlcalfshlfts and’ 11neu1dths des fibed in

A

. .
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-{e
In one or two cases, the present ]ineﬁidths do not agree with the liter-
ature values.obtaindd from broad 1ine instruments. The ligands chosen -
‘range from the strong field CN to the weak field 0035. The total range.
[ : R -(_ B
of chemical shifts is more than 14,000 ppm which is close to the maximum

observed fer Co(III) complexes. 'This data should therefore provide a' » Ce

: s
, fair and“ydequate test for the model. : L -

T . H 7 “J‘. ;g .

Evaluation™~af S, . ‘ s - C

Tb ‘obtain the SL values, ‘the exper1menta] chemical shifts for CoA6

comp]exes were equated to equat1on 6.3 and an 1n1t1a1 vaTue of SL was ob- e
tained. Folyow1qg‘th1s procedure, S velues for other 11gands can be
obtained via the chem1c31 sh1fts of EoASB type comp]exes The. SL va]uee

1n th1s manner were then employed to ca]culate the chem1ca1 sh1fts

for othe Cobalt _complexes 11sted 1n Table 6. 2 By 1terat1ve.method, the

‘values \E:ejfound and are listed in Tab]e,§%3..

r

The s1g
57

(YNH3 - YC]') of these d1fferences were obtained by comparison -

w1th the ana]ogous Fe Mossbauer part1a1 quadrupo]e coup11ng constants

',g. ' L. gTven by\Eih:roft and Platt (6 7, 6 8) F1gure 6. 1 shows 'a plot of the .

d1fferences &) part1a] broaden1ng constants (AYL) versus the d1fferences

-‘ j) ) 57Fe part1a] quadrupo]e splitting constants (APQS) There is a lindar

' . . . K ' - -_. ) R .

g
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30.0 - “40.0 . 50.0

20.0

EFG (AY, of Co(Im) Hz¥:
1100

/7

- . - 6 . ' . "
- R .
A .8‘2/’// . N .
— ’ i 0 ‘\ : .
_ 7 ' T

0 107 20 307 40 5.0
 EFG(APQS -of Fe@X( 10" mm sec”)

Figire 6.1 A plot of the differences in partial broadening factor -
‘(AYL) vérsqsfthé corresponding,differengg§<in the isdelectronic Fe(1r) o
~ partdal quadrupo]e.sp1}ttihg=va1ues for various ligand pairs.

1. ONT-H0 2. CNT-NH, 3. en-Br” 4. NHg£T™ "5, en-Ny" 6. en-NO,”

3




F - ’ ’ : —}66-_-
L
.refatidnship with a correlation coefficﬁeht of 0.988.”~Since the absolute
- values of the quad)upo]e sp]itt;zngﬁﬁstants are known’, the abso]ute values

Cw,
of the part1a1 broaden1ng constahts can be obtained. frém the slope of this

plot. Th1s leads to a set of YL va]ues which were then adjusted E; §1ve
the best fit to the linewidths of Table 6. 2_ The best fitted Y values are
co]]éeted in Tadle 6.3. The implicit assumptlon made using this t;eatment 1
s that since the Cq(III) comp]exes and the Fe(II) complexes are 1sostrhc-
trual and isoelectronic} there will be proportipna1ity between the-field
gradient produced bf'a-g?ven 1igand'at-the Coba]t:ndeleus and the‘electric'
field grad1ent produced.by the sdme’ 11gand at the Fe nuc]eus  The’ approxi-’ e
qmatwon involved 1n thls assumpt1on is probab]y less than the errors ari- -
s1ng from assum1ng constant correlat1on times and neg]ect1ng re]axat1on
_ mechan1sms other than quadrupolar. | | | \t—\,

SECTION 6.4 oi“scus%lio? g SV

~ SECTION 6.4.1 Eva]uation of the Mode]

F1ve f the complexes of the type Co(NH3) X2t where x=F 17, NCS™,
SCN” and H20 ave been included to prov1de the correspond1ng X parameters
&

for app11cat1on purposes in Chapter Saven.. S1nce these 11gands are on]y

present 1n one compound the calcu]ated chem1ca1 sh1fts cannot const1tute
(Vg .

L
a test for the validity of the model. Ofy%he rema1n1ng 39 complexes con- . ’“\\
ta1n1ng exght different ligands (NHB, en, CN , 17, Br s C03, N3 and dien),' -

the. terminal NH2 of the d1en I1gand has .been ass1gned the same parameters
as the NH2 of en. Two dlffer nt parameters have been used for the entra]
KH of dien dependlng on whether the three coordinate posxt1on§ are planar

'- or at right ang]es._ The same parameters wilI be useh for tetraén and the -
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Table 6.3 . .
59Co Chemical Shift (S ) and Broadening Gy > Parameters ) :_'ﬁ.,
: for Coba]t(III) Complexes o
-. . . us -] L. | ;i L éu 3
Ligand SL(IO -ppm - ) YL(HZ_) F-factor
_ oo o : |
. N . 4.446 - 79.500 R
N02 | 3.098. 60.587 -
N(CH CHZNHZ) -3.087 65.958 -
NH(CHZCHZNHZ)Z 2.895 59.985 1.29
NHZCH : 2.858 © 59,210 1.30
y Hoy b ’ :
NH(CH,CHNH, ), 2.823, . 58.488 1.29
‘NHZCHZCHZNHZ 2.755° "+ 57.080° . 1.8
NH3 - 2.608 52,000 25
2.476 . . 45.000 _ 1.02
Sen” 2.320 - .%8.000 0*73
- c -
0," ,2.169° 44, 4g§__‘ -
i- - 2.168 41.000 -
Ay 2125 43.000; 0.83
B 2125 . 357938 Yo.72
* _ . . , :
,_ 2.058 - 33.895 . 0.78
C04” © 2017 35,500 - -
* i ) .
OH-" ..¢1.930 19.658 -
0 1.920 ©19.613 1.00°

* indicating ligating ato@.
-2 tefmingi amine groups drranged 90° to each Gther.

b term1na] amine groups ar anged 180° to each othef.

per 11gat1ng atom:™

e References 6.9. -

-7 .

,e') “
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terminal NH2 group 0 trten. The same parameters have been used'for both

L]

monodentate and bidentate CO3 Therefore a total of nlne parameters were
used to fit 39 chemical shifts and a similar number to calculate the line-g r
widths. The standard devfat?on of the calculated from the experimental

shifts is 108 ppm. ’ The total range of the3hifts is 14, 070 ppm and it wou]d
be- ant1c1pateg‘tha the f1t is worst at the extreme ends of the chem1ca1

shift range. Of ‘the. four complexes for which the- differences between the =~

observed and ca]culated chem1cal sh1fts are greater than 200ppm, three of these

¥ four complexes are cyanide- amane compounds 1nc1ud1ng Co(CN)g- and the fourth N
is the tris-carbonato complex. Theﬁassumpt1on of a. constant orbital reduct1on '
'y
factor 1s least applicable for these compounds. e

,--..._‘

TT™~.The caIculat1ons pred1ct that c1s iﬁoners have a sma]ler'sh1ft than

.]the trans-1somer and that the fac ~{somers have a smaller shift tha\ the m
-1somers The exper1menta1 data support these pred1ct1ons 1n all cases. .
| The .agreement between observed and’ ca]culated ]1gew1dths is on]y quaI1ta—1
t1ve. Thus -it is predlcted that “trans- CoAZB& w111 have a*broader resonance
llne Fdth than the cis- CoAzB4 1somers by d factor of fodr Th1s pred1ctlon “‘;-n
is well ref]ected h;\theT;esults of Tab]e 6.2 a]though the factor is gene--'
11y Tess than four e discuepanp1es can be attr1buted to the chennca]j - e
shielding an1sotropy wh1ch was demonstrated in Chapter Four. Nevertheless,;'L %_

C::thézoorrect pred1ct1on of the trends in. the 11new1dths-may be 111ustrated .

with the, series of

is- Coenzxzaeomplexes with x = C] » Br, CN CO and

respectively compared ca]culated 11new1dths of 2150, 1788 2010, ]862‘““%

793 andﬂaOS Hz respect1ve1y. S1m11ar]y, the mer-1somers always showed broa-

-

der 11nes than fac- 1somers as pred1ctedur‘rhe model predicts the fac—isom- R
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er to have a zero quadrupo]ér broadening, The observed res1dua1 W1dth of
a few hundred Hz probably arlses from scalar relaxation of the second kind
with the nitrogen ligands for the complexes considered. The above cons1dera—

tions, therefore, demonstrate the d1rect usefulness of this s1mp1e model.

SECTION 6.4.2 Quantitative Correlations

Since the point_chargé model used to calculate the 1inewioth'para-
meters uses precisely the same assomptions‘as the familiar Crystal Field
theory used to obtain the Crystal Field splitting parametér, Dg, from elec-
tronic spectra, a correlation of 1 with the f-factor of Jorgehsen (6.9) is
expected. This is due to thé fact thot Dq is expressed in terms of ligand

contributions and metal ion contributions, i.e.,
10 Dq = f]igand X G1'0n ' ' ‘

The f-factors evaluated by Jorgensen are also tabulated in Table 6.3 and
the resu1t1ng plot of #-factor versus YL for the same ligand is shown in
F1gure 6.2. An excellent linear correlation (0.98) is obtained wi th the

piot passing through the origin.

Figure 6.3 gives a plot of the chemical shift parameter SL versus
the linewidth parameter Y - Although the plot is not‘linear,.there is a -
smooth correlation. . The deviation-from Iinearity is believed to reflect
that £ and hence S depend on both Dq and the Nephe]auxetlc parameter, g,
_and that for strong field ligands change in the orb1tal reduction factor, k',
cannot be neglected. This result is consistent with the progressive Cry-
stal Field - Ligand F1e1d treatment of e]ectron1c absorption by Yamatera

(4. 10) One other 1nterest1ng p01nt to note is that the intercept on the



-170-
N
~
~. —
<
N 4

F -factor

T T T T T 1

020 40 60 80 100 120
+ ' 1 .
Y, (10 Hz?2)

Figure 6.2 A plot of the hgand free field factor-f versus the
part1a] broadening factor M
CN 2, NH“(CHZCH2 2)2 3. NHZO_H.. 4. NHZ(CHZ)ZNH

- 5. NH3 6. NCS™ 7. N3"8. SCN™ 9. Br- 10. C1-
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-1
ppm )

S, (10

1637

0 20 40 6.0 B8O 10.0 12,0
- 1
Y. (10" Hz %)

Figure 6.3 A plot of the Shift parameter SL versus the Part1a1 '
Broaden1ng factor YL -

1. oN 2. N(CHZCHZNH2)3 3 NH(CH CHZNHz)z* 4. NH,OH
5. NH(CH)CHpNH)), 6. NHy(CH,) NH,* 7. NH, 8. NeS 9. SCN
1.0, 11 I 12 N 130 B 140 17 1s. c05”

16. O 17. HO0

C

-
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~ 4

SL axis correspond to the SL value for F (1.868 x 10'5 ppm-]).with an ap-

proximately zero broadening factor. Low spin Co(III)Fg_ is not known:

It may be suggested that the combination of -both Figures 6.2 and
6.3 provides some quantftative usefulness since bqth the linewidth harameter _
and the chemical shift parameter provide an indication of the position of

~a 1igand in the spectrochemical series. 59

“Co NMR spectra may therefore be
used to obtain 1nformat1on in cases where ass1gnments of electronic spectra
are uncerta1n In the case of the Cobalt di-oxygen comp]exes, the d-d elec-
tronic spectra are most often complicated by the charge transfer band cor-
responding to the transfer of an-electron to the Coba]t d 2 orb1ta1 from the

2p 7 orbital.

SECTION 6.4.3 Further Testing of the Point Charge Model

Table 6.4 presents éhemiea] shifts and Tinewidths- of fourteen low
symmetry Co(III) complexes. Most of these complexes have three different
]igande and offer a variety of isomeric possibilities. ﬁost of this data
is takeh from the literature (4.5). None of this data appeared in Table E
6.2 in the ca]cu]at1on of 1;\§nd parameters and therefore provides a
further test for the model. For the fourteen compiexes in this table, the
standard deviation between observed and calcu]ated chemical shifts is 57ppm.
“Most of the data is from older literature where accuracy is not comparable
- to modern F.T. instruments. Nevertheless, the model clearly demonstrates
that it has predictive values for spectral parameters for complexes with ~

mixed 1igands.
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" SECTION 6.5 Summary

P

A simple point charge model has been deve]ob&d for caTcaTating the
chemical shifts and linewidths obtained from the sgcb NMR spectralof Co(III)
complexes. The chemical shift calculations assume the predominance of the
paramagnetic term in the Ramsey equation and the relationship of this term
to the energies of the d-d electronic transitions. The linewidth calcula-
tions assume the predominance of quadrupolar broadening and use a similar
point charge model to calculate the electric field gradients in a manner

-
used to interpret Mossbauer spectra. The model is tested by application

to sixty known complexks. One chem1ca1 shift parameter, SL’ and one partial .

. broadening barameter | » are required for each different type of 11gand
These parameters are related to“&ach other and to the Crystal Fig]d split-
| ting parameters of the Iigands. The~calculation can be app]i%g to comb]exes
- of any symmetry and can differentiate between geometricaf isohers of the
'sama stiochiometry. The entire range for Co(III) complexes was covered
and the standard deviation between the calculated and exper%mentaI values
is 108 ppm. Linewidth calculation is only qua11tat1ve due to the comp11cat1on
of chem1ca1 shielding anisotropy relaxation. It nevertheless provided
additional information for_aiding assignmeats. ‘

The errors 1nvo1ved in other approx1mat1ons are assumed to be small
compared to the assumpt1on'9f a constant correlation time for complexes
given in Tables 6.2 and 6‘; and may be est1mated to be ¢ 10% Polymeric
ucomplexes will have 51gn1f1cant1y longer correlation times and the linewidths
are 11ke1y to be significantly broader than those calculated by the above

simple procedure.

a
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£

-Chemical shift calculations are applied to all field strengths

whereas linewidth calculations are limited to low field.

war
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+ SECTION 7.7 _ Introduction

-

CHAPTER SEVEN

CHARACTERIZATION OF p-PEROXO-COBALT-DIOXYGEN COMPLEXES-
AN APPLICATION OF THE POINT CHARGE MODEL

. N
Since the discovery of the first Cobalt dioxygen complexy the physicaf

chgracterization of the peroxo-Cobalt dioxygen complexes has q§9a11y relied

on the observation of a charécteristic CT {Charge Transfer) band in and

slightly be]ow the Soret region (330-400nm) of the e]ectron1c spectrum, or a

stretch1ng frequency of 900cm~ -1

in the vibrational spectrum (Raman_spec-
troscopy). Although these characteristic frequencies serve as quick and
;imp]e “fingerprint" identificatjon fdr di-oxygen complex, they do not pro-
vide information regarding the detailed arrangement of ligands about the

metal Center. This is particularly true for mixed ligand systems.

In Chapter Six, the Point Charge Model has been'developed f this
purpose. Since chemical shifts and 1inewidths are h1gh1y sensitivento the
geometrical arrangements of the 11gands about the Cobalt ion, th1s serves -
as a more sensitive probe for. the geometr1c structure of dioxygen complexes.
The sigﬁificance of knowing the precise assignment QiT] become apparent in

Chapter Eight. In this chapter, the Paint Charge Model Yor >°Co chemical

Tsh1fts and 11new1dths will be utilized to 1dent1fy geometrical isomers of

~ Cobalt di- oxygen complexes

SECTION 7.2 ResuTts.

A series of water soluble Cobalt dioxygen complexes was prepared and
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j

59Co NMR chemical shifts and linewidths were measured at three field

the
' strengths (21.252 MHz, 59.035 MHz and 94.457 MHz). These results are
summarized in Jable 7.1. Again, seme compiexes showed a linear and some a
non-linear dependence of 1inewid£h witH;Bz. This is evident from the results
presented in the fab]e In general there is 4 great tendency for Av%
versus B2 p]ots to dev1ate from 11near1ty This iS-cohsistenF with an expec-

ted Tonger correlation time for tumbling motion. For single bridged dioxygen _

complexes, the possibility of rotation about‘the 0-0 bond may be important.

For the complexes (Co(sa]en))ao (DMSO) and (Co(sa]en))zoz(DMF)z, the
observed chemical shifts and 11new1dths are identical within experimental
-error to that of the compIex [(Co(sa]en))ZOZ(HZO)]Z. Hydrolysis of the DMSO
and DMF  complexes is indicated. Solution molecular weight studies and 1HJ

NMR results are dealt with in Sec. 7.4.

| ..The NMR'spectrum of the cogp]ex (-Co(Nl-i3)(trien))2024+ has béen measured
* at both high -and Tow pH's to examine the possibility of p-amine bridge for-
'hation. An anticipated linewidth increase of a factor of around ten woaﬁd
'resU]t from this behaviour. The observed small change in 11new1dth and chem1-
' sﬁ1ft from pH 4. ]5 to 10. ;‘\bjtherefore more consistent with broadening

‘ due to amine proton exchange -
SECTION 7.3" Discussion

The Cobalt di-oxygen complex with 2 1 Co O2 stoichiometry presented in
Table 7. 1 are usually regarded as Co{III) complexes of the peroxy anion.

Th1s formulation is consistent with the moIecular structure of (Co(NH3) )20

(SO )(HSO4)3 determined by x-ray crystallography (7.2). The chemical shift of this
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compound'supporps this electronic assignment. This chemical shift may be com-
pared with those of several otheﬁ'comp1exés of the type Co(UH3)5 col]ected
in Table 7.2. These data indicate that the position of the peroxy anion in
- the spectrochemical series is intermediate between N3 and Br~ yith a Crystal
Field splitting similar to I". This conclusion (i.e., they are normal Co(III)
"complexes) is supported by the chemical shifts of the remaining di-oxygen
compiexes cohtaining amine and peroxy ligands. Employing the ‘same strategy
as in Chapter Six, chemical shift parameter and linewidth parameter were
determ1ned to be 2.17 X 107 =3 ppm-] and 44.446 Hz;2 respectively. These best

fit values for the 02= ligand quantitatively place the peroxy ligand in a

[~

!

Table 7.2

: .
9o Chemical Shifts and Linewidths of Co(NH ) X™ complexes

Complex - &/ppm . ‘ Av%/HZ
- 2+ + . . et
Co(NHs)SFN o 6641220 o 32602200 ~
ColNHy) 0% . 7576%s 440420
ColNHg) " | 8671%5 72t
(Co(NH3)5)2 24+/GMNH40H 8759ts | o M7t e
. ) ' . ) .
ColNHy) 12+ o 8760%.
- Co(NH)Br ‘ 8820 13172100 \\H
Co(NHg) €12 888775 1460+100
 Co(NHy) 5,0 9122410 ™ "4005%200
. B

~\h\€Referénce 4.5
. ‘ \\\\ .
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position closer to NB' than to I” in the spectrochemical series. From the |

linear relationship of Figure 6.2, mhe £ value for o; is determined to be 0.95.

‘;-,,IK;

B

 Figure 7. 1, Isomeric Structures for (A) (Co(en)(dlen)) 4+
_and (B) (Co(tetraen))zo 4+

For Cobalt dioxygen complexes containing mixed ligands, geometricail
fznmerfsm is expected. In principle, both 130 and 59Co hMR can be used to
obtain 1nformat1nﬂ\vegard1ng the geometries of isomers of the complex (Co-
(en)(d1en))202 - The three isomers expected for this come}ex are illustrated
in Figure 7.1(A). The ]3Q spectrum is expected to show four resonances for
isomer {c), four resonanceé for isomer (b) and three resonances for isomer
(&), The 13C spectrum (Figure 7. 2) at 100.577 MHz demonstrates that several

isomers are present but Js not useful in mak1ng ass1gnments

The"spéttra of Figure 7.3 i1lustrate the 5900 NMR spectrum of the same .
complex at three different fields. In F1gure 7.3(A), corresponding to the
10w field 21 25£ MHz spectrum, on]y two resonances are 1mmed1ate1y obvious.
Upon going to higher fields (Figure 7 3(B) and (C)), the Tow field resonance
~i is resolved into th}EE"EOmpbnents w1th d1st1nct1y different chemical sh1fts

corresponding to the three isomers. The 1ncreased resolution obtained from the
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Figure 7.2 100. 577 MHz C NMR spectr'umgof (Co(en)(d1en))20 4
in H,0 (saturated referenced to 0.1M Coeng ).
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Figure 7.3 59(:0 NMR spectrum of (Co(en)(d1en))20 4+
(A) 21.252MHz (B) 59.035MHz (C 94.457MHz. The asstign-
ments correspond to the struct res. of Figure 7.1 and

Table 7.1. ! . S # \
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59.035 MHz spectrum (Figure 7.3(B)) tends to be offset by an increase in
broadening due to shielding anisotropy at 94.457 MHz (Figure 7.3(C)).
Nevertheless, these spectra clearly demonstrate the advantage of using high

field 59Co NMR over ]36 NMR in this particular app11cat1on.

The assignment of the 900 resonances can be accomplished by applica-
tion of the point charge model deveToped ‘in Chapter Six. According to the model,
a low field resonance at 77 ppm from the central line (observed 80 ppm) and
a high field resconance of 37 ppm from the central line (observed 17 ppm) are
predicted. The model also correctly\ predicts that the highest f1e1d/2om—
ponent will have the smallest width%\\iﬂe lTinewidths for the remaining isomers

are 1ess satisfactory in comparison to caleulated-widths This poor cor-
relation may well be due to comp]1cat10n by CSA relaxation effects as dem-
onstrated in Chapter Four. It is to be noted that the calculated chemical ’
shifts for these isomers are all 130-140 ppm higher _than the experimental
* values but the relat1ve sh1fts and linewidths are well predicted. The assign-
. ments for the three 1somers ares g1ven in Tab]e 7.1. Tnz possibility of
c1s/trans isomerism about the peroxo bridge is neg]ected An interesting
ponnt is that the ass1gnments of c1s/trans isomers of a and b of F1gure 7.1
(A) has the reverse order, i.e., the cis lsomer has a 1arger chemical shift
than the trans isomer. This type of behaviour has been observed in the 93Nb.,
r;‘\\ " (24.5 MHz) spectrum of [NbC1 Br6 17 (n=0 to.6) in-acetonitrile solution by
Jarasov et al. (6.5), and is pred1cted by this model when ‘Tigands have 51m1-‘
jar shielding parameters or. the complex has extreme]y low Symnetry.

~—

¢
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| Four disomers are expected for (Co(tetraen))zog+ as.shokn in Figure
7.](8). This is consistent with the 3¢ spe;trum at 21.252.ﬂﬂz (Figure
7.4(B)). Hqﬁever, the 94.457‘ﬁHz specfrum {Figure 7.4(A)) shows a minimum
of seven Iinés Computer fitting requires eight components in order to
obta1n a. satisfactory f1t (x /df=1.17). The fitting in the region between -

= 7516 ppm and & = 7494 ppm is less satisfactory. Both phasing erfors
-and acoustic finging causé distortion of the resonance shape résu]ting
in poor fitting. The four‘symmetricf isomers have calculated shifts of
7381, 7458, 7484 and 7575 ppm ahd_their calculated linewidtgz are 638, 571,
408 and 985 Hz respectively corresnond1ng to structures a, d, b, c in Fqgure ‘
7. 'I(B) From Figure 7:4{A) only th% syrrmetmc isomers of d, b and ¢ are
observed. For these resonances, the 21.252 MHz and 59.035 MHz spectra data
are consistent reinforcing their assignmenﬁs Since équated specfes re-
sonateaat much larger chem1ca1 shift values, the add1t1ona] resonange can
only be due to po]y bridged (tri)-meric  complexes. The di-bridged p-
peroxo, u-ethy]ened1am1ne complexes of Coba1t(IiI) have been identified'by

13

Nakonlet. al (1.98) using '°C NMR.

An obvious expectation in the disfinction-between the syﬁmet}ic
mono-bridged and asymmetric tri-bridged complexes would be an increase in
the corre]at1on time of the 1atter resu1t1ng in ]arger 11new1dths Line-
w1dth corre]at1ons.for these latter comp]exes are much less reiiable for
reasons such as possibilities of asymmetric rotation as well as diffusion

aﬁd the corre]ation‘fime becomes a comp]icatéd,function of the individual

* symmetric with respect to the‘OZ bridge

]
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@

(A) B
1.

!

Figure 7.4 '5_900 NMR specfrum-of (Co(tetraen))zoz(C]O4)4 in
aqueous solution (A) 94.457MHz (9.395T) (B) 21.252MHz (2.1139T),
In (A) ‘the continuous line is the simulated spectrum.
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t's contributing to the molecular motion és illustrated by Spiess (2.35).
The assignment therefore relies on the calculated chemical shift values
only. From Figgre 7.4(A) and Table 7.1 where 59.035 MHz data is availa-
ble the resonances at 7518 and 7552 can be compared with the calculated
chemical shift values of 7502 and 7556 ppm forming one dimeric tri-bridged
isomeric pair. The resonances at 7417 and 7552 opm arise.from another dimeric
tri-bridged complex. The assignments for all other resonances are indica~-
ted in Table 7.1. The signal corresponding to the calculated chemical -
shift of 7381 ppm was not observed on the 94.457 MHz spectrum but was ob-
served on both the 21.252 MHz and 59.035 MHz spectra. The Tinewidth obtain-
-ed from the 21.252 MHz spectrum ruled out_fhe existence of the cofresponding
_symmetrical mono-bridged possibility. Since the increase in linewidth from
21.252 MHz to 59.03§‘sz is rather large, it is possible that the signal’
corresponding to this chemical shift value becomes extremely broad and is
not observed on the 94.457 MHz spectrum. Thus, for complex spectra, data

obtained at various field strengths is necessary for an overall analysis.

* A final example of _the direét application of the boint Charge Model
involves an expefiment in which a mixture in the ratio of one mole of Co-
(SCN)Z, two moles of ethyle?ediamine and:fbur moles of KSCN was oxygenated
in aqueous solution. The initial sgCo NMR spectrum obtained at 21.252 MH;
is shown in'Figure 7.5(h). The time requfred to obtain this spectrum is
one hour. The corresponding 94.457 MHz gpectrum"(Figure 7.5(A)) of the
mid-rangé region, obtained in 15 minutes, shows additional transient lines.
The spectrum was computer fitted (ledf = 0.15) giving a total of eight

species. The observed and calculated chemical shifts and linewidths are
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Eigure 7.5 59Co NMR spectrum of the oxygenation reaction of

Co(SCN) ,+2en+aKSCN ~025 product  (A) 94.457MHz (9.395T)_spectrun
obtained after 15 minutes, (B) 21.252MHz (2.1139T) spectrum obtained
after 1 hour, In(A) the continuous line is the simulated spectrum.
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8161
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Figure 7.6 21.252z (2.1139T) 5%0 g spectrun of the oxygena-
tion reactibn'Co(SCN)2+2en+4K_SCN —92>products:.f:faftér' 2 hours showing
the final products of the reaction. |

e
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summar1zed in Tab]e 7.3. The 21.252 MHz spectrum after two hours 15 pre-
sented in Figure 7.6 and the assignments are co]lected in Table 7. 4. The
oxygen comp]exes found are of the types (Coen NCS)ZO R u—athy]enediamine— :

ﬂoz ((Coen(NSC)z)z, (Coen(NCS) 2~ and (Co(NCS)S) » T.e., the’ ethy]-

3)2

- ene-diamine isothiocyanato comp]ex series predom1nates and there are no thio-

_cvanato/1soth1ocyanato m1xed ligand complexes. The final- ‘product shows 2
mixture of Coeng R Coenz(SCN) (cis- 1somer) and. Co(NCS)6 .The.latter_com- _
plex can be ass1gned with some conf1dence to the line at 9194 ppm (11new1dth
158 Hz) on the bas1s of thg calculated. sh1ft of 9187 ppm (11new1dth 0 Hz)
This simple complex has apparent]y yet to be 1solated In add1t1on to the
above, the product mixture shows resonances at 9124 and 9701 ppm. These
resonances can be ass1gned to the mer and fac isomers of Coen(SCN) (NCS)

on the basis of chemical sh1fts The agreement between experimental and
calculated ]inewidths 1s poor with the observed linewidths being too small.
An alternative to these aésignmente iﬁvo]ves bridged'ethylenediamine com-
plexes with four 1soth10cyanato and one thiocyanate ligands. These dafa

are collected in Tab]e 7.4. The assignments for the latter two resonances

. ‘(i.e.g 9124 and 910) ppm) must be regarded as tenfatfve The occurrence

of the dibridged u- ethylened1am1ne -u- 02 (Coen(NCS) )2 complex in the final
'product mixture is consistent with the known stab111ty of u-11gand-u -peroxo *
-br1dged Cobalt.di-oxygen complexes (1.2]. The pn- ligand br]dge tends to

"Tock 1n" the- b1nuclear species thus enhanc1ng 1ts stab111ty

SECTION 7.4 So]ut1on Molecu]ar we1ght Determination of (Co(salen)lzgzge_
where L=DMSQ, H '

.

0
In Section 7.2, the chemical shift and 1inewidth data suggested ‘that

BN
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the complexes (C‘o(sa]en))202L2 (L=DMSO, DMF, HZO) form tﬁe dimeric-u-peroxo
complex [(Co(sa1en))202(}i20)]2 in aqueous solution. It is therefore desira-
ble to provide further supporting evidence for the structure in aqueous

solution. The solution moTecu]ar weight of the complexes (Co(slaen)) 2 2

(L=DMs0, HZO) has been determined and the results are tabu]ated 1n Table 7.5.

! The agreement between the expefimenta] values with the calculated value ?or
the dimer is,se1f_evident. iThg‘determfned solution ﬁo]ecu]af weight for -«
(Co(sa]gn)}zoz{DMSO)2 with respect to the molecular weight of a monoméric ﬁ-
peroxo dnit clearly demonstrates thgt7in.aqueous solution this complex is
best formulated as a dimeric u-peroxo dioxygen comp]éi.. The lower va]pg of
1321 gms/mole compared to the calculated value of 1521 gms/mo]e indicates
that there is free DMSO a result in agreement w1th H NMR. Table: 7 6 sum-

1

marizes the H NMR shifts for the d1 -oxygen complex (Co(sa]en))202 o+ Under

s

Table 7.5
SO]Ut]Oﬂ Molecular we1ght of (Co(sa]en)),_z_z

L o - Exp.a’b _ , “cal (gms/mole)
' (gms/mole) - N {mono) (dimer)
(Co(sa1en))zqu2 ((Co(sa1eh))202L)2'
1350 £ 117 o
pMSO 1347 + 122 (ave. 1321). 839 : 1521
o 1267 + 153 ' : :
i 1817 + 60 o - | -
HZO - 1392 £ 60 (ave. 1408): . 719 _1401

1414 + 85

- @ See Sec. 3. 34

Ca11brant Range 0-22 (10'3M)
So1vent H20
R.T. 23°C
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idéntical conditions, the shifts of g:; axial bases (DMSQ and DMF) are iden--
t1ca] to the free DMF and DMSO sh¥fts, in accord with both 5960 NMR and mole-
cular we1ght resu]ts. The poss1b1l1ty-of rapid Tigand exchange Has a]éo‘peen
considered. The results show that neithér',complexed DMSO nor DMF is in

-

exchange with bulk DMSO or DMF. -
Table 7.6 \

Proton Resonance Signal of Coordina{ed and Free Axial Ligand
for the System (Co(sa]en))ZQZEZ(L=DMSO,DMF)

*.Compound ¢ z(ppm} ‘ Solvent
(CH3) ,NCHO - 7.159, 7.003% 2.081 D,0
(CH3),S0 o 7.235 - D,0 *
(Co(sa1en))20 (DMF)2 7.153, 6.991, 2.984/,; 020_
(Co(sa1en))20 (DMs0), 7.215 -0 D,0

.. 'SECTION 7.5 Summary

' »
" The 02 T1gand has been p]aced in the spectrochemical séries in the

reg1on of weak. ligand f1e1d gxrength (§ = 0.95). The di-oxygen complexes -

k]
" are best described as normal Cobalt(III)-peroxy type complexes. The stability

_of di-oxygén complexes with weak field Tigands is questionable as demon-

strated by the 6xygenation reaction of Co(SCN)z,'en and KSCN mixture.

L]
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To summarize, the structure of the CobaTt: dioxygen comp]exeS\(if-
(sa]en))202L2 (L = (CH,) 550, (CH3) (NCHO)) in aqueous solution is best \
_described by equation 7.1.

' | R.T :
(Co(salen)).0.L i » (Co(salen)),0,(H,0)., + 2L
. 2 % 2 aqueous . 227272 .o
solution : !
Ihimerization
K . [(co(sahem))ZOZIHZORJ2 . {7.1]\ |
. L= (CH3)2NCH0, (CH3)250, H20

Th1s conclusion is supported by the crygga11ograph1c results of the tetramerlc

complex Bis-(3- f]uorosa]1cy]a]dehyde)ethy]ened11m1ne CobaIt(III) (7. 1)

The Point Charge Model has been successfully ahh]ied to identify-SQCo'
resonances in complex spectra. However, its predictive value is 1imited

: : s
.. when. polymeric species are invo]ved This is part1cu1ar1y true for linewidth

calculations since the 'errors 1nvo]ved in the assumption of a constant cor- .

re]at1on t1me are substant1a1 It does, however, provide a reasoﬁab]e star-

L]
t1ng po1nt for the ass1gnment of complex spsctra.

.

a .



CHAPTER EIGHT ' .
REACTIONS OF COBALT DIOXYGEN COMPLEXES '

SECTION 8.1 Introduction

In the 1aterature survey of Chapter One, it was demonstrated that
oxidation-reduction reactions for CobaIt d1oxygen comp]exes are re]at1ve1y
well character1zed Substitution react1ons for d1oxygen complexes were
demonstrated to take place fo11OW1ng intramolecular reduction of the Co(III)
by the peroxy bridge (1.124, 1.125)." In other words, substitution takes
p1ace'at Co(11) intermediates.' Direct: substitution reactions at the Coba]t
(I11) center on the other hand, for Cobalt dioxygen complexes are less
well understood. In this chapter, some results re]ating to the mechanism

of sﬁbétitution and oxidation/reduttion reactions.will_be presented.

s

SECTION8.2, ’Substisytion Reaction - v
T \ | : o

In Chapter Seven the type A Coba]t Sch1ff base (salen) d1oxygen com-
Plexes, (Co(sa]en))ZOZL2 "(L=DMSO, DMF, HZD) in aqueous solut1on were shown
to have. tetrameric structuresqy1th‘two water mo]ecu]es occupyTng the co-
ordination sites trans;to the dioxygen'bridge in the terminal Co(salen)
units. This solution struoture'oresente a favourable case for studying
_‘ | substjthtion reactions since: a '_ o o - ]
' ' ) i) the fhtermed:ate is constra1ned to.have a f1vL coord1nate square

pyramidal geometry, and

ii) the react1ons 1nvolve rep]acement of water wh1ch is present in
- large excess. S

-195-
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SECTION 8.2.1 Results
The following reactions were studied.

Colsalen)) 0,(#,0)], + 2 > [(Colsalen))30,(x),12

X~ = CN", NCS™

The reactions were examined at‘24°C Added Tigand concentrat1ons var1ed
from 0.1 to 2.0M at a total ionic* strquth of 4.54 (NaC104). The reaction
\ .was carr1ed out in-a pH=7.0 buffer (Na HPO4 -NaH2P0 ) - The kdnetics of
the initial reactions &ere studied~by means of stopped-flow spectrophotone-
try.  The so]ub111tyrof tHEJE~ba1t complex is limited,and a concentrat1on

of 0 11 mM (assum1ng the mo]ecu]ar we1ght of the bis-( u- peroxo complex)}

Was, ‘used throughout. The react1ons were fol]owed at 448 nm and at 470 nm
spond1ng to the format1on of [(Co(salen))zoz(CN)] ".and [(Co(sa]en))2
. 0. (NCS)] anions respectively. 'Good exponent1a1 formation curves were

observed 1nd1cat1ng a - pseudo f1rst order react1on - The pseudo f1rst order

"5 rate constants are summar1zed 1n Table 8.1 for the two react1ons Two -
/“ R

2y

: ipomts may be noted: /

i) evolut1on of mo]ecu]ar ‘oxygen was observed for both reactions

11) the subst1tut1on 1nvolv1ng NCS™ 1igand showed a second step on
the stopped f]ow trace. ' '

ﬁ

Cons1derab1e 1{’hk scatter1ng was observed (1nd1cat1ng 02 evolut1on):f

For the CN subst1tut1on reaction on]y a s1ng1e react1on 'step was observed.
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Table 8.1

»

Pseudo First Order Rate Constants for Substitution
Reaction of [(Co(sa]en))_(_.,02(_7H,L,0)]2 with CN” and NCS™

._!

_ —
X X3 () Kgps (se¢” 1
cN30s¢hef 0.10 0.0200 * 0.0085
0.25 0.0439 * 0.0072
" . 0.50 | 0.0620 ¥ 0.0113
| 0.75 0.0925 * o.ooés
1.00 ; 0.1104 t'o.poso
1.50 - 0.1246 T 0.0040
2.00 . 0.1385 ¥ 0.0040
Ncs~2:Ddse,f 0.15 - © 0.0127 *0.0080
0.20 0.0170 * 0.0064
0.33 - 0.0303 ¥ 0.0091
0.50 (\\-o.dkss * 0.0064
0.75 0.0572 * 0.0100
1.00 0.0611 I 0.0050
1.25  0.0810.* 0.0068  —
' 150 . o.083% q;ooso .
‘ : 175 0.0840° * 0.0064 ::\‘
a [{Co(salen)},0,(H,0)], = 0-11miL. 460mm (esg;g x 104 Tem=1) shoulder
b I=4.5H(NaClO,) - R e

¢ reactiog followed at Xoax = 448nm .(F]"]OB M']cm'])
-d reaction followed at ‘lmax 470nm (=725 W']cm'])
e 24°C ' ‘ - f pH 7 .0 (0.2M NazHPO -0. ZMNaH

0,)
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Bubbles due to oxygen evolution produced only modest disruption of the
stopped flow traces and it appears that formation of oxygen does noﬁ occur
in the first stép of the reaction. §in¢e a second step can be observed
for the thiocyanaté.reaction, it is Tikely that this second reaction step
is faster with thé cyanide ion which is consistent Qith markedly more

inter;:>Ence from bubbles in the first step.
SECTION 8.2.2 Discussion

Plots of Eobs vs [X7] for fhe results of Table 8.1 are_shdwh iﬁ
Figure 8.1. It is evident that the deviation from linearity occurs at High;
concentrations of both anions. This behaviour conclusively rules ﬁut the -
operation of an SNZ'(1im) or A-type mechanism s{nce for such a mechanism a
linear p10£ of K ps against [X] over the entire conéénf?ation raﬁgé of X~
is predicted. Thaf is,.the rate should be first order in X~ at all concen-

tration of X~ as shown below:

s

ki,
L2+ R [x MLn+] Kooy x(" D+ L
-1 .
x0Ty : S
a_‘[ -, ] = kz[x ..MLG . ." [8-1]
assuming sfeadyvstate approximation for [x'...ML2+],
L Mge T Nt Ly a7
dt[x ]—0—k1[ML6 10X 1-k_, X ..ML6 ThoEXTL ML ]
= k n+ - . . .
Substituting into equation 8.1
1)+ kek n+ Lo
d M x(n- 1. 12 L 0] |

-t 2

Under pseudo first order conditions
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I o%w“

i —— — — =
0.5 1.0 - 1.5 20 . 25

F

: | [xTtm -

Figure 8.1 Plot of Kops Versus [X"] where X=CN~, NCS™.
- Solid line calculated from equation 8.6.
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k1 _
- ) K] [8.43

When k, >> k_y» equation 8.4 further simplifies to

———

s = k][X ] [8.5]
Equations 8.4 and 8.5 predict Tinear plots of kobs against [X ].
Three reasonable mechanisms could account for the preseﬁt results.

i) An Sy! (1im) or D-type mechanism,

ii) An Id (d1ssoc1at1ve 1nterchange of outer-sphere complex)
mechanism,

iii) An I, (associative interchange of outer-sphere complex) mechanism.

Mechanism (i), S,1 (1im) or D-type

k
M- h+ "1
L5M OHZ -1 LSM .+ HZO

Kk : |
L5M”+ + :nc“——2—>L5|v!-x“"”+ :

Mechan1sm {ii) IA (dissocative interchange) and (111) I (assoc1at1ve
interchange) at the Outer-sphere Complex ' o

K
LM-OH,™ + X Oﬁ [Lgh-0H,™, X1

(outer»sphere(1on pa1r) comp]ex)

[LM-0nD", X 1=kt M- x(n- ”* + H20
If the following assumptions can be made;

i) the concentration of the 1ntenned1ate L M 1n'mechanism (i)
can be approximated by steady state treatment o ' e,
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' "
i1) substitution can be treated as a one site problem since ‘the .
two identical reaction centers dre remote from each other (this
approximation is supported by crystallographic data (7.1}).
such that simultaneous substitution takes p1ace at both sites
obev1ng the same kinetics, and

-« 1i1) the second reaction is irreversible.

The dependence of the observed rate consfant, kobs’ for mechanism (i) is

given by equation 8.6.
| k1.
T,/ + ]

-~
I}

[8.6]

k L
4 ) (=L DUULU . [8.7]
obs k1k2 [x] k] :

A plot of ]/kobe versus 1/[X"] is linear with a slope (k_]/k]kz) and an

intercept (1/k]). Similarly for mechanisms (ii) and (iii)

_ kK [X7]

k ' i [8.8]
obs ]+Ko X= | . Te
1 ] 1 1 | .

—_— = (—) — 4+ — ) [8- g]

kobs kKO [X-] k

Equation 8.9 again gives a linear plot with slope (%k } and intercept .

(1/k) (1.69, 1.70).

The distinction between mecﬁanisms (ii) and (iii) is that the rate

in the first case is. controlled by the dissociated‘step in the interchange

of the coordinated HZO and X~ within the outer-sphere (ion-pair) complex.
Th1s process does not involve bond making in the 1nterchang1ng process be-
tween the metal center and the 1ncom1ng llgand X". It is expected that

(kKD) would be fairly constant for s1m11ar1y.charged ions. The value of

-



-202-

kK0 for mechanism (iii) is not expected to remain constant since k. is

dependent on the direct ligating strengtf of the incoming ligand X~. In

the outer-sphere complex, a bond making process between the metal center

and X7, i.e., an increase in coordination number at the transition state,
Preceeds the formation of the eroduct For mechanism (1) the rate determ1n1ng
step is d1ssoc1at1on of coordinated watec/’ This condition requires that

k1 (rate of H20 exchange) is 1dent1ca1 for a series of similarly charged
ligands. In other words, a plot of k/kObs versus 1/[X"] for different ligands
should converge at 1/k - a distinct feature of this mechanism. To sum—

marize the salient features of the three mechanisms obta1ned from the 1/k

versus 1/[X"] plots

i} For Sy (]1m) and I, mechanisms a common intercept and dif-
ferent s]opes for a series of hgands are expected

ii) For the Ia mechanism, the same”slope but different intercepts are
expected for the same series of ligands.

Having established empirical cr1ter1a for d1fferent1at1ng between

the various mechan1sms, the data of F1gure 8.1 can be treated accordingly

for a best fit mechanism. F1gure 8.2 gives the plot of 1/k | g versus’

'.1/[X ] and the results (slopes and intercepts) were treated accord1ng to

the three mechan1sms for compdrison. This 1s summarized in Table 8.2.

From Tab]e 8.2, it is 1mmed1ate1y clear that mechan1sm‘(111) (I ) is not
likely to be operat1ng since its rates of product format1on k are almost

~ identical. This is contrary to the expected behav1our since by definition

bond form1ng influences k.. The outer-sphere comp]exat1on constant can be
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10.0

Keps 110" SEC]

o - Loy T Y — . —/
0 20 40 60 .~ 80 100
-1-1,. -1
[x7]7 (M1

Figure 8.2 Plot of 1k, versus 1/[X"] for the ligands NCS™

and CN™, | ' _ : Y
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Table 8.2

Slopes and Intercepts of I/kobs versus 1/[%" ] Plot -
' Fitted to'Mechanisms (i) to (jii)

Ligand SN] (1im) Id or I o
" kolk k (sec'l) kK (M']sec']) k(sec']) K (M”])
2/ "1 1 0 0
N 1163 ° . 0.192 4.877 0.192  23.42
NCS 0.443 0.208 ' 10.857 0.208 52.27

estimated from the modified Fuoss relationship (8.1).

¢ o dNgad ev(a)/kT

0 [8.10]
3000
where
_ el 2
via) = 21 2% - leZEOG
aD D(1+ea)
‘ a 2
1000 DkT
with N, = Arogadro's number.

center-to-center distance (1n cm)'between the two
react1ng partners at the po1nt of closest approach

j+ 1
1

‘Z]-and 22 are forma] charges on the react1ng species.

D
1]

o = electronic charge in (esu)
D = bulk dielectric cOnstént

k = Boltzmann constant in (ergs)
T = absolute temperature |
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When one of the species is uncharged, in this case the metal compiex,

equation 8.10 simplifies to

3 . \
Ko - 41rNAa
3000
Ky = (2.52 x 1027y a® (w71 | | [8.11]

Equation 8.11 has been'emp]oyed by various authors to estimate K0 as an
aid to mechanistic assignments (8.2,8.3,8.4). It has been argued (8.5)
that for aquated metal eomp]exes, the nah va]ue is between 3.5 to SR de-
pending on the extent to wh1ch the 1ncom1ng ligand penetrates the f1rst
coord1nat1on she]] If it can be assumed that the average value of 4.25A
is the most probable value for "a", Ké is estimated to be O.ZOMf]f It

is necessary to stress that this cdmb]exation constant is difficult to
estimate for [(Co(sa]en))ZOé(H 0)]2 but it would probably be larger than
this value due to the 1arge s1ze of the molecule. Ko'calculated as a
function of "a" is 115ted in Table 8.3. The K, values in Table 8. 2 are
much larger. than those of Tabie 8.3. For a radius of IOA ‘a K of 2. 52M 1
is calculated. Th1s 1s considerably less than the values of 20 to 50
obtained in Table 8. 2 It can be concluded that the data are 1ncons1stent

w1th an 14 mechan1sm and that a Sy 1 (1im) or D mechan1sm is 1nd1cated

The results of Figure 8. 2 best fit. that of mechan1sm (1), i.e. -
D type This is 1mmed1ate1y apparent from the p]ot in Figure 8.2, the
unique feature of a common k] is very apparent. Using values obtained from
. - :

~ Table 8.2, the smooth cunves_in'Figure 8.1 wereeback‘calculated.‘ The dif-

ferences in the ratio of'kZ/k_] and their magnitude is consistent'with o



-206-

Table 8.3

Estimated Outer-Sphere Complexation Constant K:

a (d) © K, (7).

3 0.068
4 0.163
5 0.315
| | 6 - O o.544
7 L 0.864
8 1.290
9 1.837
10 _ 2.520

‘known 11terature results for the substitution of‘Co(III) comp]exes Notable
are those of the subst1tut1on of Co(CN)5 202 by Ha1m and Wilmarth (8 6), |
_Co(Hematoporphyrm)(HZO)2 by Mest1che111 and co-workers (8. 7) and theé sub-
stitution of trans-Co(NH )4(503)X by Ha]pern et. al., (8.8), which operate

under the same mechan1sm The k2/k_] values from different systems are

summarized in Table 8.4.

Structura]]y, a f1ve coord1nate square“ pyramidal 1ntermed1ate with
the peroxo group occupy1ng the apical position is reasonable w1th Co(salen)
“lsystem since the strict planar arrangement of the sa]en ligand does not

allow any stereo- transformat1on at the trans1t1on state A s1mp1e inter- °
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pretation of the Eesulps is as follows:

iﬁaelf an I mechanismﬁﬂsre operathe; the transition state would
ha¥e an increased coordination for the Cobalt. In cases where
monodentate ligands are involved this is possible sincé tﬁe entire
coordination sphere is capable of undergoing some rearrangement to
minimize both steric and electronic repulsion between neighbouring .
groups. This type of mechanism has been found for Cr compounds
(8.9). This is clearly not reasonable for the present complex.

ii) If an Id mechanism were'bperative, the incomihg anion is likely L

. to experience large electronic repulsion from the extensive x-
cloud of the salen Tigand. This effect tends to destabilize the
outer-sphere complex and decrease the probability of ligand exchange
within the outer-sphere complex.. : -

The above considerations are consistent with the D-type mechanism ﬁndicated '

by the kinetic results.

The value of ky is expected to be close to the rate of k of -

exchange

. co-ordinated water and bulk water (1.691[ The value of kg observed for

these reactions (2 x 10" sec']) is much higher than k

fr-- ical-
exchange o c]ass1c_1 _

Sy inert Co(III) chmp]exes. It is not entirely unreasonable on the basis

of electronic considerations discussed below. Table 8.5 summarizes kex(HZO)'
for various-Cobalt (III) complexes. From Table 8.5 the obvious feature is
that the k1 obtained for these reactions is much smaller than_kexchangé:er;;'f
Co(Il). The value found lies between those of Co(CN)SHZOZ"and'trans-

Co(NH;),504(H,0) . The bonding in'Co(CN) gH,02" and trans-Co(NHy) ,S04(H,0)*

has been extensively discussed (8.6,8.8). The large Koy for these compiéxesn'i--‘

, . . : R
_reflects the trans-labelizing effect due to the dn-pr* and dr-dr interaction;a.z~:

for_ the former and latter respectively.. In'?afge macrocyclic Co(III) com-

plexes where the Co(III) jon becomes extensively involved in deloca]ized‘_

2 L ' —
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. Table 8.5
?kex—iﬂzq) for Cobe]t ‘Conplexes
Complex | S kex(sec']) | T{°C) pH ~ Reference
—
Co(H'0)2+ | 1.10 x 106 25 : 1.69
Co(5P) (H, 0)3* 1.70 x 10" %5 - 7.2 8.7
trans-Co(NH SO3(H20)+ 1.34 x 10 25 - 8.8
[(Colsalen)) ,0,(H,0)1, 2.0 x 107] 24 7.1 This work
CCo(eN) (1,002 - C1dex10 g0 v 8.6
Co(Niy) 5 (H,0)3* 6.00 x 1076 25 T 1es
a HP = hematoporphyrin ) 3
o . R o q

bondino with its ligands," the formaI ox1datton state forne11sm breaks down
i ff.leadtng to k1net1c ‘lability (8.7, 8 10). An exdmple of this is- Co(HP)(H20)3+
'z'f(8 7). The crysta] structure of the tetramer1c Bis(3- f]uorosa]1cy1a]dehyde) T
| ethy]ened1am1ne Coba]t oxygen complex has been determ1ned by Wang and Schaefer
(7 1 ) Both bond 1ength and bond ang]e data 1nd1cate that the bonding -
ffdescr1pt1on of thws tetramer does not sat1sfy e1ther one of the two extreme7
- formal ox1dat1on state ass1gnments,‘1 e., ne1ther Co(III)O2 Co(III) nor
| Co(II)OZCo(II) Bayer and Schretzman (] 23) have cons1dered the bonding
L :1" deta11 and have conc]uded that th1s type of complex is best descr1bed as
- a weak n-bond1ng comp]ex where the bond1ng 1nvolves part1a1 charge transfer'
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from the filled 3d or 3d orb1¢a]§ of Co(II) to the n orbital of 02

Th1s descr1pt1on is con51stent with the present results, in that, upon sub-

;b stitution by good n-11gands the coord1nat1on of oxygen is ‘destabilized

due to the effect1ve compet1t1on of the axial ligands trans to it, decreasing
b ]

‘the ava1lab]e charge transferred to the n* orbital of 02 from the meta]
-dez or 3dy orbitals. It.toliows that the five co-ordinated 1ntermed1ate
is stabilized as. the trans ligand departs from the comp]ex This type of

bonding p1cture also rat1ona112es the observat1on of two react1on steps
in the stopped. flow resu]ts for NCS™ and one for CN : The. latter competes

much more effec%?gely than the former {n 1ts nfbondwng a51]1ty caus1ng im-

" mediate destabilization of the Coba]t—oxygen bond. ‘ ’

iy ' -
o

F1na11y, it is interesting to Compare the mechan1sm for 11gand
exchange found in the present study -to those reported by Sasak1 et a]
Q. 125)

he 1mp11cat1on is that for am1ne/d1oxygen comp]exes. 1ntra—

mo]ecu]ar lectron transfer is faster than axial 11gand d1ssoc1at10n but

-

for the sghiff base (sa]en)/d1oxygen comp]exes the converse is true. The

f1rst order rate constant found by, Sasak1 (5 x 10 3sec ]) is almost - two

«orders of magnitud less than the d1ssoc1at1on rate (2 X 10 ]sec ]) re-

ported here. With a planar « ﬂ1gand, stab1l1zat1on of the f1ve coord1nate :

intermediaté is enhanced and ax1a1 d1ssoc1at1on of the ligand trans to the \5

'oxygen bridge is rate determining. W1thout a planar w-]mzznd eTectron

transfer is ratilﬂetermining. Either case 1eads-to Mano s1y.rap1d"~11gand |

exchange. | - : R o ' -
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+ SECTION 8.3 Redox Reactions in Aqueous Solution N

The following reactions were studied:

| ; o~
sym-edf ac, b——

sym -aef, cd, b———---(Coend1en)20 4 + FeSO4 7H 0-9-Products

Sym—def ac, b-————

T

The primery objective'was to detect reECtion intermediates using 59Co NMR

techn1que to verify the reaction mechanism,suggested by Sykes {Scheme 1 .2).

SECTION 8.3. 1 Resu]ts

(A} 'Kinetic Measurements .

‘ The reduct1on reaction was fo]]owed by stopped-filow spectrophotometry
| at the wavelength of 420nm correspond1ng to the absorption by the Fe3 _ pro-
'duct Two different rate processes were observed The two processes were
‘studied concurrent]y using the dual time base prov1ded on the Nicolet~1170

signal averag1ng system. The pH dependence of the reaction was exam1ned

1n the range 3. 46 4, 55 The  reactions were exam1ned at 24°c.- Added re-

duc1ng agent Fe2 s concentrat1ons var1ed from 4 to SOmM at a total ijonic

strengtb of 1.2M (NaC]O4) The react1on was carr1ed out in a pH = 4.5

buffer (0.1M ~ KH phthalate - 0. lM NaOH) Good exponent1a] format1on curves
were observed 1nd1cat1ng a pseudﬁ“fTrst d;;}r react1on The kinetic dqﬁa '

are co?]ected in Tab]e 8.6 and the correspond1ng plots for k obs Yersus -
[Fe ] are shown in F1gure 8.3. In both cases, kobe is proport1ona1 to

' [Fe ], the two second order rate constants obta1ned from the Tinear Teast
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'§o]id line_is linear least squares fit.

a

-

Figure 8.3 Plot of kjpe Versus [Fe2+]

- {A) sym-edf,ac,b-(Co(en)(dien))2024+ '

(B) sym-aef',cd,b-(Co(en)(dien))2024+

| ;[Fez1i](i01 mM) |



- above solid contains two Fe
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squares method gave ké = 3.0403 M sec”! and ;;E=ff.0655 M1 sec™! for the

faster and slower rate'processes respectively. For the concentrat1on range
studied, the,J{gear plots of F1gure 8.3 demonstrate that the rate law

8.12 ﬁpbl1es to both processes.

g [Product], ko[C0,0,  IlFe™] [8.12]
where C0202?+ = .(Coendien)2024+

(B)  The Nature of the Reaction Product

For preparative purpeees,'the reactfon was donewith a stoichiometric
ratio of 1:1 for Co:Fe. Under these conditions, a'solid'precipitate'(Ifght
Vbrown in eo}our) characterized as Feoalz_x(OH)zx(%--x) HZO,-x = 0 (see
* Appendix II) was.obtained. From the Mdssbauer results of Appendix II, the
3+ sites with the same chemical isoﬁef shift
(6 =0, 38 mm sec ]) but different quadrupole sp11tt1ng constants. The
contribution of the two s1tes are 38% and 62% with correspond1ng quadru- i«

pole sp11tt1ngs of 0.47 mm sec 1

-]

and 11new1dth r= 0.3] mm sec -1 for the

-1

first Feo' site and 0.74 mo sec” and Tinewidth r = 0.47 mn sec”! for thie

3+

second Fe” site. The total yield of Fe03/2 x(OH)Zx TZ x)HéO is aphfbx-

|

The resulting solution, after filtration, was examined by

1mate1y 85% based on Coba]t
59co NMR.
16% of the sym-edf, ac, b-(Coendien)2024+ isomer had not reacted whereas

L € Py ) ~ .
approximately 30% of the sym-aef, ¢ ,\b»(Coendien)2024+ isomer remained. .
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‘The sym- -def, ac, b- (Coend1en)2024+ isomer which contr1butes 3.5% to the

~ tota] original isomeric m1xture remained unreacted. Qne additiona? resonance

‘.was observed at & = 6972 ppm (Av]/z = 358 Hz). This was- present in Tess than
2% abundance reiat1ve to the original mixture and | was assigned to cae. +0f ,d-
Co(d1en)2 _by the model’ ca]cu]at1ons of the type descr1bed in Chapter S1x
Visible spectroscopy confirmed the formation of o2t (m 500nm)

'1 PH of the filtrate is acidic (pH ~ 5). ]3C NMR shows two broad resonances

”‘“‘\\\\_/,ﬁ“\53 384 and 54.205 ppm and § = 46, 601 ppm relative to TMS cons1stent
’ with the presence of free d1ethy1enetr1am1nes and ethy]enedIam1nes The ]ow
field shift of 2 ppm and line broaden1ng of the ]3C resonaree 15 due to

relaxation by‘paramagnet1c Co2 .
SECTION 8.3.2 Discussion

- From fne kinetic plots of Figure'8.3,.it 1s'aoparent‘that fno in:
dependent reduction Processes take place. Therefore, it is necessary to
identify the two rate processes. This was accompl{shed by direCf'monitorino-
of the rete:of loss of. C/?a]t The reaction was followed d1rect1y by 59C

g as§ the internal stand%rd The sto1ch10metry of the

NMR at 6°C with Coen
. mixture was lFe: 1Co. The resu1t1ng 1ntens1ty versus time plot is shown 1n
5 Figure 8.4. For the two curves corresponding to the 1somers of 1nterest

there is also evidence of a much slower reactlon occur1ng after the 1n1t1a1

rapld loss of intensity. Thus, the ilower rate proce can be assigned to

- (Cof 1en)(en))20 4+

ferrous ion reduct1on of the isomer (c) sym- aef cd,
and the faster rate process to reduct1oneof 1somer (a) Sym- df, ac, b~

(Co(d1en)(en))202 with some conf1dence._-
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The observed second order rate constants for the initial reduction
steb.k2'= 3.04 M) sec'] for isomer (z) and k2 = 1.07 M°! sec”] for isomer
(c),are we]l within the range for an 1nner sphere e]ectron transfer pro-
_cess In the mechanism proposed by Sykes, it was suggested that the ap-
proach (coord1nat1on) of the ferrous ion 1ab111zes the Cobalt-oxygen bond

ol for

eand that the rate of oxygen ‘bond c]eavage is then rapid (k Y 0.01 sec
L = (en) ) {1.118-1. 119) This Tability 15 ‘a direct effect of the electron o

-étransfer process. The 1ntenmed1ate spectrum for the species CoIII"'O“"O”FeIII
has been og;;E)ed by Sykes (1.118) and Martel] (1. 119) ~ These kinetic results
obtatned by 59Co NMR are cons1stent with the presence of th1s 1ntermed1ate

The second step of the reaStIOn is c]ear]y assoc1ated with another electron
transfer s since it involves the 1oss of Co(IIl) signal intenSity;

.Goinggb ck to the original mechanism proposed by.Sykes'(Scheme 1.2);7 reaction

® is unamb1g1ous while reactions @ @ and. 'are ditﬁ’cu]t to dis-
t1ngu1sh From the 5900 NMR point of v1ew, the rearrangement step described -
by (:) generat1ng the SpECIQS L CoIII 8—-Fe cou]d in pr1nc1p1e be detected

' since the character of éhe ‘trivalent oxygen is less peroxy 1n nature Th1sl

would require the Co resonance’ frequency to 1ncrease, thus 6(ppm) becomes

more +ve (in this case increasing to 8000 7800 ppm). This was c1ear1y ‘

not observed dur1ng the 59Co NMR k1net1c run A]though it cou]d be argued .

that the relaxation effect of the h1gh spin Fe3 cgu]d effect:ve]y relax

Co(III) to the extent that it becomes too broad (extremeiy short Tz) to .

be observed Th1s effect was shown to be m1n1ma1 by two exper1ments as

follows:

*See Table 1.2 G



i) the re]axetion effect of 0.05M Fe3+ in natural abundance
]70H2 The result shows that T, of ]70H2 decreases by a factor
of 20 (3.9 msec to 0.3 msec}. The T70H2 signal can be detected
easily despite thecfact that ]70 is quadrupolar (I = 5/2).

This experiment therefore demonstrates that an intermediate of the
‘type L5Co-——-g—--Fe3+ is not likely to affect.the 53¢ resonances.

ii) The relaxation effect of 0.1M Fe3 gives no broadening of the
59¢q NMR signal of Coen3+ T

Thus, on the basis of (i) and (ii), Fed* should not prevent detection of

the intermediate of the type described in {i). - However, if the interme-

"d1ates exh1b1t strong peroxy character, a8 slight shift on the 59Co reson-

: anCe 1s expected and would very likely “be 1nd1st1ngu1shable from the déé;z;\

original 59Co resonance of -the di-oxygen complex. Since step(:)and step”
(:)of Scheme 1.2 are rap1d for Cr2‘ reduction of the u-perdxo-complex stud-
ied by Sykes, it is un11ke1y that: the second- stdge of reduction observed

in th1s,exper1ment using 59 Co NMR corresponds to step(:)(an outer-sphere

--process) cIt.is more cons1stent with step(:)v1a a second inner-sphere

electron transfer process rather than an outer-sphere electron transfer
(k 'Z 102 M sec']) In other words, if step(:)were to take place, the
'second reduct1on step is more likely to be consistent with a s;:l,’)de-

. scr1bed by equat1ons 8.13 to, 8 15 as’ suggested by Martell (1 1

I + Il :
‘L5Cd—-‘0—‘-Q—FeIH§H LCo—?—FeIII(1some- [8.13]

| fast OH . rism)
oI I11 I H 111 '
LSCO—-—O Fe W LSCO"—O—FG : [8.]4]
mH I 11
LSCO-——-—O Fe “—]-—> L.Co" 2F [8.]5] .
- sldw

VHO-FeII
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" That is, bond-scission takes place with reduction. Such a mechanism is
quite plausible under conditions with excess reduc1ng agent as we]] as

strongly ac1d1c solutions (1.115).

Going back to'F1gure 8.4, the Lime sca]e in wh1ch Cobalt intensities
reach a constant value far exceeds that of the stopped flow experiment.
.Second1y, substant1a] NMR 1ntens1t1es remained at t_ (~4hrs.), 1mp1y1ng
that the amount of Fe2 present is insufficient to compTete the re-
duction of the Cobalt dioxygen comp]exes. From reduction studies
of similar systems by other workers (1. 118 - 1.120) it has been established
that four equ1va]ents of a one electron reducing agent are requ1red to
'comp]eter reduce the peroxo complexes to Co{II} and water Two electrons -
for the reduction of the peroxo comp]ex to Co(II) and two electrons for the

reduction of the peroxide (02 ) to water,
‘ y

COIIIOSCOIII 2"'n+

t . , _ _

at + 0," + K™ — 5 2H0 + 2R (n41)+ T [8.7]
: T :

—— 2!ty o ek T

With a st01ch1ometr1c amount of Fe:Co and when both ‘equations 8. 16 and 8.17

are Operat1ve, it is not 11ke]y that all the or1g1na1 CoIHO2 CoIII complex

%
. would bé reduced In the case of strong reduc1ng agents such as Cr2 the

reduction of peroxide to water may occur by d1rect reaction with the metal
ion. In the case of Fe2 s @ re]at1V3#y milder reduc1ng agent, a likely
sequence 1s decomposition of free perox1de to moledular oxygen and water
(probably cate]yzed by the metal ions present) fo]]owed by reoxygenation

to reform Cobalt dioxygenAcomp]ex. The presence of a smal}l but detectablie’

D
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amount of Co(dien)§+ in the final solution is consistent with this

sequence, since it is well known-that the intermediate in the formation

of Co(III) complexes takes place via the superoxide-peroxide oxygenation

pathway.

Finally, it should be noted that at the end of this seqoence half

of the CoS* 2+

has been reduced to Co“" and half of the peroxide has been
‘reduced to water. Reaction with more Fe?* will eventually complete the
reduction. The results of the NMR kinetic exPeriment shown 1in Figure 8.4
.are consistent with this scheme. The reactioﬁs studied by Stopped-flow
are complete before the first NMR spectrum has-been acquired. There is
therefore a sharp initial decrease in o intensit}‘fo1lowed oy a much )
s1ower decay;"The intensity does not tal1«to-zero even after several hours

showing that some of the Fe2+ has been used to reduce peroxide rather than

Co. This. exper1ment was performed at 6°C in the hope of 1dent1fy1ng inter- ¥

med1ates of the type postu]ated by Sykes and McClendon and Marte11 There
is no 1nd1cat1on of spec1es other than the starting comp]exes and it is-
1nferred that al] the react1ons in the sequence descr1bed by equat1ons 8 13-
8.15 were ot observed in the NMR spectra.‘ The 1mportant observat1on is

“that the re t1ve 1ntens1t1es of the resonances arising from the dlfferent

isomers are significantly différent after the 1n1t1a1 stage of the reaction
is finished. Thus -the ratio of the aef, cd.b isomer to the ed% ac;b isomer
is C. 68 1n1t1a11y and .47 on the f1rst NMR run on the react1ng solution.

.+ Clearly eohe d mer is consumed faster than the other conf1rm1ng the inter-
pretation of the Stopped fTow data | L o, |

'
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SECTION 8.4 Summary:. L ‘ .

The-kinetics of sﬂbstitﬁtibn for [(Co(éa]en)) (H 0)]2 dre con-

‘ 51stent with the bond1ng descr1pt1on suggested by known X- ray crystallo-

graphic data. From these resu]ts, 1t is inferred that if the fbrmal oxida+

., tion state assignment is valid, the rates of substitution would: most

‘1ikely be similar to norma] Co([II) complexes.

On the question of the,redox mechan1sm of the - peroxo Cobalt dloxygen "
complex, it was_ demonstratedkthat when 1somer1c m1xtures occurs, the various
isomers can react at d1fferent rates.” The most react1ve isomer has the K
11gand w1th the h1ghest p01nt charge (or Crystal. F1e]d sp11tt1ng) para-
reter trans to the peroxo group. Th1s is consistent w1th f1nd1ngs of sub-
stitution reactions that groups such as CN™ and NCS activate peroxide 1n

a trans pos1t1on



- | . CHAPTER NINE

CONCLUSIONS AND_FURTHER WORK

‘ A centra] theme in the discussion presented in- Chapters Four and
‘Five is.the poss1b1e 1mportance of the antisymmetric term, a %> in the
chemical shielding tensor The origin of the ant1symmetr1c chem1ca1 sh1e1—
| d1ng 15 uncertain but is tentat1ve1y attr1buted to site symmetry 1ower1ng
~at the Cobalt nuc]eus by inter-molecular interaction with solvent moIecuIes;
The rotational reorientation correlation. time T, is one order of magnitude
larger in hydrogen bonding'so1vents than in solvents where inter-nolecular e
interactions are weak (CH3CN). The correlaQion ;ime T is associated with
the 1ifetimesrof the inter;nolecu]ar interactions. In the present'case, this
is thought to be H-bonding. = °= / ) -

It would be of interest @ extend the investigationﬂof'the field de-

~ pendence of linewidths to comolekes of otherfmetal ionsr There 1s no reason
to expect that the efrects observed are peculiar'to'Co Both quadrupolar

S]V 139Ca) and non-quadrupo]ar nucle1 (e.qg., 89Y, ]ggHg)

'nuolei {e.qg., ,
should be examlned The measurements on T-I shou]d be confirmed and extended
to shorter. re]axatlon times by us1ng a high power 1nstrument when one be-

0

" comes ava1}ab1e

One of the'more surpriefng resuité-demonstrafed in apter'Five is
that Gutmann's donor numbers correlate well w1th .the Tine dths at zero
fields. in d1fferent solvents. . It would be expected that such solvent depen- -
dence would be 1argest for syetems where the donor acceptor bond is at .one.

23

bond separat1on as it is- for Na (2 57, 2. 91) and (2 56) The changes"

EaS

-222-
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&
- in relaxation rates exhibited by the complexes studied in this thesis are

surprisingly largé and further ihvestigation of their origin is warranted.

Combining literature information, an alternative model described -
'he]ow"may equally account for the very Targe‘reTaxation rates for quadrupolar’
nuclei. ‘

i} For Toh symme y compTexes, the quadrupoie coup]1ng constant
. is best descr1be by equat1on 9 7. : : : .

._(eQ)evzq:w R IR f9.1] -
where @ s famit)
n= number of 1nter-mo lar bonds

Vr'*)bond d1stance of the 1ntermo]ecu1ar bond

11fet1me of the 1ntennolecu]ar bond

_In other words the quadrupole coup11ng is determ1ned by the time ”
.average of the effect1ve e]ectron1c charges located in the first co-
'_ord1nat1on shell. A proposa] of\the form described may be t?sted by
f1e1d grad1ent ca]cuTat1ons b : -

' 11) As a resu]t of charge dens1ty f]uctuat1ons in the fTPSt coordina-
- tion she]], 1nduced by intermolecular 1nteract10ns the 11gand field
'fpotent1a1 also fluctuates with time. The paramagnetic. e]ECtPQHTC
'H'currents are modified as a function of time and’ 1ntermo]ecu1ar bond-
'1ng arrangements. Therefore, the matr1x €lements governing the para-.
‘magnet1c term in the Ramsey equat1on is also t1me averaged.' The -
sh1eld1ng values are thus d1rect1y affected.: Th1s type -of transient
chemical shielding -relaxation effect has been proposed for I=1/2
‘ “spherical heavy atoms (9. T) However, the fundamental differences be- N
B . tween the cellision model. descr1bed above and that of the donor-
lf‘acceptor model is that the former assumes an asymmetr1c e]ectron1c'
.. distribution whereas the Tatter involves fluctuat1on in the total
' ;e]ectron1c charges. Thus ‘a mathemat1ca1 forma]1sm of the latter 1s need-
T-ed to test the mode] : ‘u;NLf._T“‘f\v '



. experimental means for the detection of 4,0 in the solid state. However

e TN
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Several authors (2.38, 2.40) have dealt with the theoretical and
/

the magn1tude of 8,0 is’ at present unknown " Thus calculations of Aac for

simple systéms are needed to shed 1ight on this particular area.

-~

Chapter Six présents a simple and unique model for structural assign-

ments for low symmetry complexes utilizing both chem1ca1 shifts and 11ne-

w1dths Its direct application has been demonstrated in Chaptek\Seven A

fewkpoints deserve‘further work. )
i) measurement of the orbital reduction factor, k', for a variety
of low symmetry complexes. This procedure allows improvement on SL
values. ' : ' ;

«ii) ~extension of the model to 1ncorporate ‘the. c1rcu1at1on remOV1ng
' ratio (9. 2) proposed - by Juran1c Tor fine correction. of metal- ]1gand
cova'lency ‘ ‘ 3 @

1i7). extens1on of  the model to other ligands part1cu1ar1y those of H20
and OH ‘

v



50 INPUT X(G), Y(G)

’ -225-

g

APPENDIX 1

BASIC PROGRAMS FOR CALCULATION OF T} DATA. (3.41, 3.42)

';;/f#

(1) "NMR T,*

@ FOR I=1 TO é\\FRINT tNEXT I '

'10 FRINT "TO FIT THREE CONSTANTS TO A FUNCTION" )
{EH — THE METHOD IS GENERAL, THE FARTICULAR FUNCTION IS FOR

EM - T1 DETERMINATION IN NMR, AND LOCATED IN STATEMENTS 280\ -330
13 REM - : '
20 DIM X(SU)'Y(SU)pE(JG) : _ T
30 PRINT"INPUT X (TINE), Y(INTENSITY), NEGAI;QE\X &Y TO END LIST"

40 FOR G=1 TO 50
OF A,E,C"

+ 1=FINAL TABLE, 2=DELETE 1 FOINT,
LUTE END, I=DIFFERENT A, B,C"

)

60 IF X(G)<0 GOTO 90 -

70 N=G

- 80 NEXT G - ;

90 PRINTUINFUT INITIAL ESTIMATE

100 INPUT A1,E1,C1

110 RRINT. “INFUT T, 0=CALCULAT

120. PRINT"3=ADD . 1 POINT, 4=AE

130 INPUT T _

140 IF T=0 THEN Zo0 S I
156 IF T=1 THEN 751 = - - '

160 IF T=2 THEN 880 ~ - - - | \Ve

170 IF T=3 THEN. 1110 .

180 IF T=4 THEN 1150

190 IF T=5 THEN 90

200 H=1 o
205 IF H=6 GOTO 700 | L |
210~H1=0:M2=U:M3=03M4=U:M5=0:H6=0;M7=0 . .

220 MB=0iM9=0:S1=9 ‘ ‘ - .

230 FOR G=1 TO N - : , _ . T

240 IF (H=1) AND (G= 1) THEN 780 ' S

250 GOTO 290

255 REM -

‘260 REM - T1i= r'n, T2=F‘E, T3=F’ c, TA=R=Y—=(F (A,E,C))

270 REM ~ SECTION FOR SPECIFIC FUNCTION FOLLONS. NOTE JUMF INTO IT

ZBO_PRINT"FARFICULAR FUNCTION IS Y=A-A EXF (- ~X/E)-Af. EXF{-X/E)"

290. TS=EXF(~X(G)/E1) _ _ | . e

T1 1-TS-C1%T5 g ) . S B
-A1xX(G)x15/(E1x31) ,.1’7' o o

Iy . "Té Cix I'6 ' ’

330 1:!5

‘335 G)—(Al Ai Tq" IXCIqu)
339%BEH“

340 REM - COMFLETE SECTION SPECLFIC FOR FUNCTIDN
3350 R(G)=Tq




3610
370
380
390
400

410

424

- 430
440.

43540

. .460
“470
L4735
480

485
486

490
© 580

510
520
530
540
S50

560

571

S80

590
600
670
6810
691
700
710

720

730
740
747
748
749
751
752
753

754

735

756

goo
810
B11
820
821
830
831
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REM < CALCULATION OF SUMS -
M1=M1+T1%T1 | S >
2=M24T1XT2 ' ‘ |

M3=M3+T1%xT3

MA=MA+T2XT2 ¢ ' .
MS=MS+T2xT3 C,
Mo=ME+TIXT3 : ' -
M7=M7+T1XT4

MB=MB+T2ZxT4

M?=M9P+T3x%xT4 : a IR

S1=51+T4xT4 ‘

NEXT G

REM -,

REM — CALCULATIONS USING SUMS ~- CRAMER S RULE
REM - ALSO CALCULATION OF AFFRDPRIATE VARIANCE-
REM -~ COUARIQNCE MATRIX. ELEMENTS AND DETERMINANT
S3=2XM2xMIXM5—- HQXNSXM4 MIXHJXMJ+M1XMQ*HE—H”*HZ*Hé
§3=1/53

SE4=MExME&—~ Huxﬁa

AZ=53% (M3XMSXHG - HS*M419?+H°KMSXH9 —MZXMOXHB+M7XEE) .

Q3=S3%84

S5=M1XM&-M3EMI - 7 - .
-eﬂzsaxggﬂx:5xn9+n8x95+M3xﬁuxﬁ7 ~M1xHSxM9 - sznéxﬁ7>
Q4=53x ‘ _ ‘ L. ,

i

S6=M1xNq-H2xM2>

cz S3IX(M2ZXMSKM7 - MBXH“XM7+M”xHSXHB “H1XHIXMB+HIXS6)
=G3xS6 = -

Al Al+AZ

E1=E1+B2 |

C1=C1+C2 co

H=H+1:{GOTO 20%

S2=80R(S1/(N-3))

PRINT"STD DEV .OF Y —;“52'"FOR S REPEATS" .

PRINT"NEN A = "JA1;“NEW'E = “;B1;"NEW C =-"}jC1

PRINT. ' ' S -

GOTO’110

REM -

REM - FINAL TABLE OF CALCULATED Y- UQLUES AND

REM - STANDARD ERROKS , ' .
FRINT. * X Y . YCaLC - Y-Ycat.c
FOR G=1-TO N o ' - ' . B
PRINT X(G),Y(G),Y(()~ ~R(B), R(G) )

NEXT & - - Y

FRINT "TO CONTINUE TYPE RETURN"

INFUT K - o

A$="""IGOSUE 2000 - . -

A%$="A= "“+STR$(AL)I+" STD ERROR= “+STR$(S2x8QR(03))

GOSUB 2000

A$="B= "+STR$(E1)+"  STD ERROR= "+STR$(S2XSOR(Q4))
GOSUE 2000 . S o o
A$="C= “+STR$(C1)+" STD ERROR= “+STR$(S2ZXSOR(QS))
COSUB 2000 S : ! -



840
841
830
870
874
875
880
890
200
2140
220
930
2440
?30
&0
970
280
9910

-1000

1910
1020

1030

1040

1050

1060
1070
1080
1090

© 1100
1105

1110
1120
1130
1140
1150
1154

1155

2000
2050
2040
2070
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o

A$="NUMEER OF FOINTS= “+STI8(N)+"  STD ERROR OF Y= “+5TR$(S2)
GOSUE 2000

A$=""1GOSUE 2000:COSUE 2000

GOTO 110

REM - - T
REM .- SORT DATA SET AND DELETE WRONG X AND Y

PRINT"INFUT WRONG X AND Y" L;f
INFUT T4,TS * Y Z

FOR G=1 TO N

IF X(G)<>T4 OR Y(G)<>TS THEN 930
X(6)=999%

NEXT G

FOR H=1 TO N
C=0

FOR G=1 70 N-1 o
IF X(G)<X(G+1) THEN 1050

T4=X (G}

TS=Y(G)

X(G)=X(G+1)

Y(G)=Y(G+1)

X(G+1)=T4

Y(G+1)=T5 , : C

C=1 . h . . -
NEXT 6 - . AL

IF C=0 THEN 1090 -

NEXT H

IF X(N)<»9999 THEN 110

N=N—1 .

GOTO 110 - "

REM - . |
PRINT"INPUT ADDITié}AL X & Y"
INPUT X(N+1),Y(N+1 ‘
N=N+1 .

GOTO 110 .

END " - : . L

REM - : ‘ ‘ ,
‘REM - SUERDUTINE FOR QUTFUT. ' S © g
A$=AS+CHR$ (10)+CHRS (13) : - S
FRINT A$ . .

A$".-:llll .

RETURN \
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(ii)

0
2o
30
44

45
446

S50

&0
70
go
20
100
105
104
110

. 120

130

140

150
140
170
180

T 190
.. 200

210
220
230
2490
250
240

- 270
2890

290

300

3140
320
33n
340

‘330
- 340
- 370

380
390

400

410
420
430
440
450
440
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"GRAPTECH" L o

FRINT fNONLINEAR REGRESSION BY GRAFHICAL TECHNIGUES“
FRINT
DIM X¢35), Y(Su) LY(BS)

(=0
REM -

REM - INPUT DATA ' |
PRINT “"NUMEER OF KNOWN FOINTS"; ~
INFUT N

FOR I=1 TO N -

PRINT "X,Y OF POINT ;I

INPUT X(I),Y(I)

NEXT I o ' . Comiem
REM — EXAMINE DATA AND MAKE ANY CHANGES AS NECESSARY
FOR I=1 TO N

PRINT "X,Y OF FOINT * I,“ARE" X(I), YD)

NEXT I SR N

PRINT "IF SATISFIED TYPE '1'"'

INFUT ™

IF M=1 GOTO S30
PRINT,"IF YOU WISH TO CHANGE A& FOINT TYPE 1
PRINT "OTHERWISE TYPE 23

INFUT KIL _

IF KIL=1 THEN GOTO 210 ELSE GOTO 300

PRINT "“NO. OF FOINT TO BE 'CHANGED IS";

INFUT LIK

IF LIK>N GOTO 210

PRINT "X,Y OF_FOINT"ILIK}"IS";

INFUT X(LIK),YILIK) | ’

FRINT “MORE POINTS TO BE CHANGED? TYPE 13,
INFUT A4

IF. AA=1 GOTO 210

FRINT

FRINT “IF YOU WISH TO DELETE A POINT o
PRINT “TYFE THE -NUMEER OF THE POINT TO BE DEL-"
PRINT "ETED, OTHERHISE TYFE 0" o o
INFUT BE

IF EB<=0 OR EE>N GOTO 450

IF B=N THEN N=N-1

FOR ILL=EE TO N

XCILL)=X¢(ILL+1)

Y(ILL)=Y(TILL+1)

NEXT ILL = o

N=N-1 A oo

FRINT ' - _ : ' )

FRINT "YOU NOW HAVE "t N;"PUINTS"

PRINT

GOTO 300

PRINT “IF YOU WISH TO ADD MORE FOINTS, TYPE 1.
PRINT "“OTHERWISE TYFE A 3";

"
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820 PRINT "MO'UALUEE SHOULD EE CLOSE TO ESTIMATE" .

_229_

470 INFUT CC /

489 IF CC=1 GOTO 490 ELSE GOTO 530 ' !
490 PRINT "X,Y OF POINT" ;NFL;"IS";. \ ” '
500 INPUT X(N+1),Y(N+1)

510 N=N+1 ’

- 520 GOTO 450

521 REM - _ o
522 REM - CALCULATE M(0) USING THE THQ DERIVED EQUATIONS
523 REM - AND A SELECTED RANGE OF T1 MALUES

S24 REM -

530 FRINT "ESTINATE Ti BY NULL POINT METHOD" \

S40 PRINT "CHOOSE TiMAX TO BE AT LEAST TWICE THAT!

550 PRINT “MAX. T1 VALUE IS "i ~

-S540 INPUT TiMAX

570 PRINT “"MIN. T1 VALUE IS *s
580 INPUT TiMIN

‘G590 T1S=(TYMAX- T1MIN)/10 : '

600 * THE IDEA IS TO FIND T1 FOR WHICH HO(i) MOC(2)

610 T1 - MO(1) MO(2) MOC1)-MOC(2)
620 FOR Tl T1HMIN TO T1iMAX STEF T1S :

430 . :

&40 ,‘AD A%, B# C#, Dt,E# F$,G¥,H¥+, 0%

650

' paTA 0,0,0,0,0,0,0,0%,0% ' : Lot
REM - CALCULATE SUMS ' o
&40/ FOR I=1 TO N

670 A%=A#+Y (I)XEXP (-X(I)/T1)

480 E#=B#1EXP(-X(I)/T1)

6900 C#=C#+Y(I) :

740 D#=DF+EXF (- 2%X(I)/T1)

710 E#=E#+X(I)/T1AZXEXP(-X(I)/T1)

720 FE#=FE+XUI)/TLIA2XEXP (-2xX(I)/T1)

73] G#=G#+X(I)/T1A2xY(XIXEXF(-X(I)/T1)

740 HE=HE+X(I)A2ZXEXP(-2XX(I)/T1)

750 0#=04+(1-EXP(=X(I}/T1))+ 2’

760 NEXT I

770 MO1=(A$XBE-NXA$-C#xDF+CE#XBE)/(E$ 2~ NXD#)

780, MO2=(C#XE$-CHXF$+BEXCGE-NXGE) / (BEXES~ NxF#)

790 IF L=1 GOTD 980 . - Q.

800 PRINT T1,MO1,MOZ,M01-MO2

810 NEXT T1 '

830 PRINT "“IF NOT, /'RY. DIFFERENT RANGE OF VALUES" .
840 PRINT "IF THEY ARE, NARROW RANGE OF CALCULATION®
850 PRINT “IF SATISFIED. TYPE “1°"3

860 INPUT L -

‘870 IF L=1 GOTO 930

880 PRINT “IF YOU WOULD LIKE TO. RE- EXAMINE DATA
B90 PRINT “TYPE A “1°"} ey
900 INPUT LL . e ‘

910 IF tL=1 GOTO 110

914 REM - _ , L
915 REM ~ IF SATISFIED, CHOOSE BEST T1’ AND CALCULATE

-

P
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920
930
940
950
940
970
980
990
1000
1010
1020
1030
1040
1050
1060
1061
1062
1063
1064
1045

1070

1080
10990
1100
1110
1120
1130
1140
1150
1160
1170
1180
1220
1249
1250
1240
1270
1280
1290
1300
1310
1320

1330
" 1340

1350
1360
1365
1370
1380
1390
1400
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REM - M(0) AND M(D0)

GOTO S50

FRINT “BEST VALUE OF Ti IS";

INPUT Ti1B - - . o

TIMIN=T1E ‘ | S v

TIMAX=T1B+1 ' | :

GOTO 620 : . “

MO=(MO1+MO2) /2.

MOO1=(MOXE$-C#) / (B$-N) : o
1002=(~MOXF#+G#)/ (E4-F%) < o > g

PRINT “ESTIMATES OF M(0) ARE "iMO1,H02 S \

PRINT “ESTINATES OF M(0D) ARE ";HOO1,MO02

PRINT “AVE. ¥(00) IS:";(MO0{+MOOZ)/2

MOO=(MD01+M002) /2

PRINT “AVE, H(0) IS ;MO 4

PRINT "ESTIMATE OF T1 IS ";TiE

REM — : ~ C

PRINT “IF YOU WOULD LIKE CALCULATION OF Yx UALUES *

PRINT "AND EST. OF STAND. ERRORS, TYPE & ‘1°%:

INPUT CAL R o

IF CAL<>1 GOTO 1370 L o

EE=E4XT1A2X(HO0-MO) : ' -

FF=F#xT1A2% (MDO-MO) ) o

HH=HEX (MOO-MD) A2 o :

P#=B$-D# . ' ' | LS

SE=FF§/T1A2 - :

G#=FE$/T1A2-G%

T#=HH/T144

ZZ=0#x (DEXHE- S#A°)~Ptx(PtxH#~Stxut)+ntx(P*xSt ~QEXDE)

Z=NX(DEXHH-FF A2 y~B#X (B4 XHH-EEXFF ) +EEX ( E4XFF~EEXD#)

PPHOO=(DEXHH-FFA2) /Z

PPMO=(0$XHE-QEA2) /77

PPT1=(NXD$~ ~B#12) /7 . 3 | A
RSS=0 . | L
PRINT " I COXeD) Yy CALCULATED Y

FOR JI=1 TQ N _

YT=M00+(MO-MOO)YXEXP (- X(JI)/TI)

RGS=RSS+(YT-Y(JI))A2

FRINT JI,X(JI) Y(JI) YT

NEXT JI - ‘

PRINT “RESIDUAL SUM  OF SGUAR S IS "'RSS

SM00=5AR (RSS/ (N~-3)xXFPM0O0) -

SMO=SQR(RSS/(N-3)XFFPMD)

ST1=8QAR(RSS/(N~-3)XFFT1) .

PRINT "“STANDARD ERROR IN M(QO) IS “ESMOO

PRINT "STAND. ERROR IN M(0) IS ™;SMO -

PRINT "STAND. ERROR IN T1 IS1"; STIXTIA” ]

REM - e '
PRINT “IF SATISFIED HITH NON—LIN. ESTIﬁQTIUN TYFE “1°%3 -
INFUT NOL '

IF NOL=1 GDTD 14“0

SN o
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o - . S
11410 GOTO 110 R T
1415 REM -
1420 PRINT "IF YOU WISH TO CALCULATE Ti EY LINEAR REGRESSION "
1430 FRINT "OF LN(Y-M(OQY) VS TIME, TYPE ‘1°"; :
1440 INFUT D. - . Y
1450 IF D<>1 GOTO 1850 - -
1455 REM - |
1460 PRINT “IF YOU WISH TO USE MCINFINITY) FROM 3- PARAMETER"
1470 PRINT "FIT, TYPE A "1", OTHERWISE TYFE RETURN' ‘
1480 INFUT MINF -
1490 IF MINF=1 GOTO 1520
1560 PRINT"ENTER A REASONABLE H(INFIN) VALUE"
. 1510 INPUT.MOO. . o o
1520 a=0 '
1530 B=0
1540 C=0
1550 D=0
1560 E=0 .
1570 PRINT, "HERE IS LINEARIZED DATA" -
1580 PRINT " - I X(I) Y (I . ';;),7
1590 FOR I=1 TO N - ‘ : - ‘
" 1400 'IF Y(I)>=MOC GOTO. 1680
1610 LYCI)=LOG(MBO-Y(I)) -
11620 PRINT I,X(I),LY(I)
1630 A=A+LY(I)
¢ 1640 B=B+X(I)
1650 C=C+X(I}A2 o R
1660 D=D+X(I)XLY(I) . | g
1670 E=E+LY(I)A2 .
1680 NEXT I
1700 . H=(AXB/N- D)/((EAZ)/N C)
1710 BB=A/N-MXE/N
1720 RSS=E-BEXA-MXD
P 1730.PRINT "RSS"}RSS '
: . 1740 DN=SOR (NXRSEZIN-2)/ (NXC-EAZ) )
* 1750 DE=SQR(DMA2ZXC/N) | T |
1760 DT1=DM/MAZ L - N %
1770 TI=-1/M - | IR
1780 PRINT "CALCULATED T1 IS “;TI. .
1790 FPRINT “CALCULATED M(DD)>-M(0) IS"EXF(EB)
18060- PRINT "STANDARD EST. OF ERROR IN T1 IS"{PT1
1810 PRINT "STANDARD EST. OF ERROR IN LNCM(Q0)-M(D)) IS"3;DEB
1815 REM - .
-1820 PRINT “IF SATISFIED HITH LINEAR, REGRES 0@/4\PE (1o
L1830 INPUT T .
- 1840 IF T<>1 GOTO 1370
.1850 “END

. : . ) . L
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APPENDIX 11 o
"PREPARATION AND CHARACTERIZATION OF “Fe(OH), POWDER"

A-II.1 Introduction | - \
As part offan‘effort}to-understand the'reductipn of the CdbaTt-

dioxygen complex (Co(en)(dien))202(004)4 by FeSO4-7H20, the Irpn hydroxide
. powder obtained frOm thislreaction (Fe(OH)3) was iso]ateddand cheracterized
by Mdssbauer spectroscopy. To date, a11 published preparations of Fe(OH)3‘.
involve base hydro1ys1s of ferric salts and give an amorphous (gelat1nous)
material. The nature of th{s ‘material cons1derab1y ‘restricts the investi-
gation of its physical propert1es STnce-11tt]e 1s known about Fe(OH)3 in
. the powder form, this chapter presents some preliminary resu]ts on the
physical properties of the compound prepared by the reaction of FeSO4 7H20-
with Cobalt di-oxygen comp}exes, : - 9
A-I1.2 Brief Survey

The literature on.hydrated irdn oxides is scattered. This
reflects the complexity qf‘tﬁeSe systems which are generd]]} not well
,understood (A-11.1, A-I1.2). Hydrated iron ox1des Fe203 have been shown '
to exh1b1t var1ous phases (A- II 2) of. these, a-F9203 exh1b1ts 1nterest1ng
magnet1c propert1es wh1ch find app11cat10n in both the magnetlc tape and
e]ect;pp1c dev1ces industries (A II 3) It has been shown that the de-
hydration of the hydrated ox1des is mostly topotatic, i. e., the loss of
'pgter does not significantly affect the iron-oxygen skeletal framework
| suggest1ng that the structure and propert1es of Fe203 depend strong]y on the

parent hydrated oxide (A-II 4).
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A-I11.3 Preparat1on and Character1zat1on of Fe(OH)q from Reduction
React1ons of (CoL5)20 where [ en, dien, tetraen and _NHo

A-I173.1 Preparation

A typ1ca1 preparat1on involves dissolving stoichiometric amounts
'12:] FeSO4 7H20 Co d1oxygen complex) 1n aqueous solution under argon.
The pixturehie typically stirred for three hours and.light hyown Fe(OH)3
collected by'tiltrat?on.‘ A 70-75% yield is obtained. Prolonged stirring - N
(orernight) usually improves the yield to 85-90%. The crude product uSua]]y
contains some o’ and free amine ligands. It is.essential to-nash the
product by coﬁplete]y suspending in water.‘stirring for 30 minutes and
then re-fi1tering. ‘The washing procedure is usually repeated three times.

" The we1ght of the product reaches a limiting value after drying by standing

~ for two days under norma] ‘dtmospheric cond1t1ons

A-11.3.2 Characterization.

Y

. . o .
(A} Chemical Analysis and/Thermal,Decompoéition

e

The powder obtained after drying at roon temperatore until constant' D
weight is reached ‘is lignt brown. 100mg samplés were analyzed for both /
Iron and Cobalt by atomic absorption spectroocopy;: The quantity of water f
was determ1ned by therma]~decompos1t1on of a known quant ty of Fe(OH)3 on . - g
'a high vacuum 11ne in a quartz tube. The samp]e wa sldwly heated (m4 hrs)
to 920°C and the amount of water evo]ved was trapped in a prewe1ghed pyrex
-vesse] immersed .in ]1qu1d n1trogen. When decompos1t1on was complete, both
the weight of the Iron reSIdue and the water were recorded - The sol1d Iron /

. 4

N v
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residue was checked by Mossbauer spectroscopy and was found to be a- Fe20
Th\\w&téigzas ana]yzed by microboiling point and refract1ve index. The
analysis results are ‘tabulated in Table A-II.1. Table A-II.] shows that
Cobalt is present'tooapproximately 5% in toe crude product. Thorough wash-
1ng of the Fe(OH)3 powder by distilled water decreases the amount of Cobalt
to less than 0.25%. It can be concluded that Coba]t co- prec1p1tates as a

0) has been re-
3+

soluble impucity. Th1s is important since FeQOH (Fezo3 2

ported to incorporate 1arge quantities of trivalent metal M°  ions to\form

a solid solution of composition Fe, M_O0H (MY = cr3* (A-I1.5) and AW

1-%x X

3+

(A-11.6)) and thaéfthe presénce of M™ alters the physical and spectroscopic

: properfies of the oxide hydrate.

The Iron aoo]ysis hj atomic absorptiooagave resujts in good“‘.
agreemenf wjth‘the calculated values for Fe(OH)3 (FeéO3-3H20). 'Coij
pT+mentary;‘the ana]ycica1 result obtained fof the prodact-of thermal de-
COmpositjoo of Fe203 3H20 gave reproduc1bﬁe and fa1r1y accurate we1ght

percents of Iron Oxide and water.
(B) Bulk Density

The bulk density (Archimedia oethod)'ﬁas termihod to_be Pave ~
.2:79 Ton gm'c‘m"3 (redu]cs in Taole A-11.2). Figure A-11.1 _iT]ustratec
the variation of dens1ty with water contentyfor various known - Iron(ILI) oxide
hydrates. For Fe203 2H20 {2Fe00H- H20) the dens1ty determ1ned by various
groups var1es con51derab1y and 15 not cons1dered re]xab]e. q?‘he va1ue ob-

h ta1ned for the Fe(OH)3 of this study is the f1rst reported va]ue of its k1nd

It is;wé]l known that large differences in the value of density can occur

[



Table A-II.1

'_:Chemjcai Anélysis of % wt. (Fe_ard. Co by Atomic Absorption
= Method; Fe,0, and H,Q by Thermal Decomposition)

L

Samplé.number‘ - Fa A Co Fe203 H20
Calculated  52.26 0 L1 (25.29
: 1 g7 4.37 T
2 54.34 - 0.25 74.25 - 25.46, k
3 49.51 2.35
: 4 50.51 o021 - T72.24

5 49.51 507 N
6 54.09 0 71.01

Y 52.15 0 71,07

' - 0 70.02

8 T 49.15

from SmM (Coendlen) 0 4+ (unwashed)
from 5mM (Coend1en) 0, ‘0 - (washed) -
from 2mM (Co(tetraen)) 0 4+ (unwashed)
from 2mM (Co(tetraen)) 024+ (washed)

- from 50mM (Co(NH ) )202 (unwashed pH=8)
from 0.1 Fed+ + OH- '
from 0.1M FeS0,-7H,0 + Hy0, (pH 10. 86)
from 0. M FeS0,-7H,0 + H50 (pH 4.5) -

0 N U W N e :
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even for systems with wej] defined'stoichiomefries. For*exémp]e‘ the trensfor- :
~ mations of y- Fe00H+ v Fe20 (A-II.1)} and B-FeQOH + §- ~Fe,04 (A-11.8) give
structures with 1ncreas1ng vacancies leading to a lower dens1ty The 6-a

-

| ‘Tab1e A-11.2 \ \J;;;§ .

Bulk Density of Fe2g3L§ﬂéO from Different Preparations

S -

. . / ©oat _ . .'_ . .
\fe203-3H20 prepared frqm, | o g " p(gmem 3) _f;,,vf:_
‘ i ' iy \//); ' ;
' (Coendien),0,*" - D 3.1 ooz
(Co(tetraen)},0,™ . I .. 2.78'% 0.05
) ' - - . —.- ‘ - . . . e __.' : ‘ +
A - H202 R . . o .2.60 = 0.02

trdnsitipn of Fe203lat‘high temperature gives_the_tight]y packed hematite
o structure which lead to an“increase in density from 4.4 to 5. 259mcm"3(A-II 7, -
- CA-11. 9) There{gﬁe oth crystal packing and structura] defects 1nf1uence

the density s1gn1f1cant1y A few trends can be deduced from FJgure A-II;].

| (i} the densaties of various Fe203 XH,0 compounds decrease as X .
b increases ‘ ' '

S ] (11) 1arge-var1at1ons 3¥:d;neify are observed for a given'composition,
o implying the significant role of structura} effects- such as pack1ng

and crystal defects, etc.
»

(iii) if the water 1s present due to absorption on ‘the surface, the

dens1ty shou]d obem_the following equat1on (A 11.18).
C . B
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| = o Fey03.3H0
- fw Fe03H0 s szo
- 5-B)\Y  .FeOOH | FelOH)3’
| 3 Fep03.4H,0 |
- 2Fe0OH.3H,0]
Fe(OH_)3-,H20
. |

@

Density (g.cim3)

S nHZO/Fe203 e
rlrﬂk1gure A-II 1 Evo]ut1on of the den51E} of hydrated iron oxides’ w1th the
degree of hydrat1on The. values of the measured dens1ty are taken from tha:
11terature for the fo]]ow1ng ox1de-hydrox1de a-Fezo (A-II 7, A-11.9), y-FeZO3
_ (A 11, 10), é-Fe 0 (A-I&wg), €= Fe20 (A-11.11), a-FeOOH goeth1te(A I1.7, A-I1. 9,
CA-II. 1), 'Y-FeOOH lepidocrocite(A-11.7, A-11.9, A-I1.12), 8-Fe00H(A-I1.9,
| A-11. 13), unspec1f1ed phase of FeOOHTR-II. 14), unspec1f1ed pQAS of Fe203 H20 - £
- (A-I1. 15), Fe203 1. 8H OCAJII 16), Fe203 2H-0(A-11.2), Fezo «2~ 2O(A-—II 17)
and. Fe20 4H20(A -1T. 15) - The shaded area gives the range of ca]culated Qen-h
's1t1es for a s1mp1e adsorpt1on of water mo]ecu]es by Fe203 oo




el

t;:hhas the forma] compos1t1o%§of Fe203 2H20 or 2Fe00H H

-~ the caTculated dens1ty for a phys1ca1 mixture

"f far more : rap1d1y than- the exper1menta1 dens1

:'most ]1Ef;ijpresent 1n 1att1ce pos1t1ons rather than s1mp1y absorbed 6n the

' and cont1nues ﬁ’*to 170° ; There is a tota] we1ght 1

_238a
. ) _ _ b
b Fe 0, + PHO ' : o
e Fe203 xH 0 273 2 _ [A-II.T]
. X+ 1 ' B
-7
i.e., the average of the dens1t1es of the two components of th ixtdre is
obta1ned Thxs is shown in the shaded reg1on of Figure A-IT1.1. The upper
3

and lower boundr1es of the shaded reg1on refTsf? the max1mum and m1n1mum
dens1t1es reported for a and & Fezo respect1ve]y

Accord1ng to equat1on
A-I1.1 (A-IL. 19). |

The dens1tx;%f a phys1ca1 m1xture of TFe20 and erQ
ite supface. From 0 to'2H20;

ing equatifn A-II.1 faTT“i'

0 shou]d_be:CTOse to
the dens1ty of Fe203 hav1ng XH 0 absorbed ol

1mp1y1ng that the water is

b

Vsurface. Beyond 2H20 exper1menta1 and ca]cu]ated dens1t1es agree weT]

u”iThe thlﬁQ\E\; coqu be surface absorbed— However, after desorptlon, there

is ‘only partjal rehydrat1on (m50%) The: absorptton 1s£most 11ke1y in pores '

. f.and not on the surface. /’T\\\. : e

(C) Thermal Ana]ys1s (§1mu1taneous D.T.A. /T G. A ) of Dehydrat1on

',.71L£§£gﬂla C -i;' CT

B

A . . . -
+40 ' : - o,

* i thermogravametr1c curve is presented 1n F1gure A II 2 for the

:(OH)3 : The deh;dnatzon process starts at approx1mate1y 40°C

‘-of 8.5% ‘the solid - .

/ "The loss of the second

AR LA AL TR LIS s e L et e .
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R .
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CRAGS R
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e

T

R 800 I!-_GE)O_‘-'; 400 '__.'260 _‘,"'"T(°C)-

‘_F1gure A- II 2 D.T. A /T.G. A. curves for the dehydrat1on of Fe

(oK)
- powder.

FeOOH and Fe203 XH20 (hydr‘ohemat]te) are 1ntermed1ate products.
Lipear heatmg rate = ]0°C/nnnute

estmate of the basehne for the D.T.A. Curve.

'
; ' .

¥ - : Y m

Tt

i ) ( .

: i .
¥
-
-
- -

The broken Tine is an 1nterpo]ated ‘ 2

R A e e b A e

¥ - i .
el il b T 2 Ll L v e et h il
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water mo]eod1e is characterizedrby a very sharp endothermic step followed
oy slower step trailing to.350°C. -A total of ]6.5% of.the_tota1'weioht
_has been Tost to th1s po1nt The-solid now has the formai composition of
' Fey0y+Hy0 or FeOOH. A third dehydration step starts at ~460°C and is com-
pleted at 690°C. At th}E point, the solid samp]e st1ll retains 1. B%//i/’j

‘water and is generally known as “hydrohemat1te - N

It has been demonstrated by Wolska {A-II1.19) that hydrohemat1te is

3+

made up of a c]ose packed sublatt1ce (0 and OH" T/L1th Fe™ def1c1enc1es

in the citionic positions. Hydrohemat1te has the formu]a Fe2 x/3{0ﬂs 03 -x
and can conta1n up to 3-4.5% of t1ght1y held ater and requ1resx3 temperature

in excess of 1000’C to. complete dehydratlon In the case of crystalline
¥,

Fe(OH)3, the remova] of the"rema1n1ng 2% of water to form the hematite a-

F9203 is completed at 900°C. The tota1 amount of water 1oss is equ1va]ent
LV : .
to 2.95 Ho0..

“ ] “ r y | '.l . ‘-’L‘)
Each step of "water" 1oss is character1zed by endotherm1c steps with:

the second “water" 1oss well def1ned on the T.G.A. Ve ilar changes

are observed for Fe(OH)3 samp]es obta1ned from pY, parat1ons us1ng other

Cobalt d1oxygen complexes. The1r T.G.A. curvyes are presented in Figure A- II 3

__Also 1nc1uded for - compar1son Jin F1gure A-II. 3 are ‘the T.G.A. curves of Fe(OH)3
prepared from the react1on of FeSO4 7H20 w1th H202 and the react1on of FeC'I3
with NH4OH The latter react1on g1ves a gel as reported in._the 11terature |
(A-11. 2) 1t is quite obv1ous from F1gure A-II 3 that -the gel loses most
fof its water (m 90- 95%) at 300°C whereas the crysta111ne powder 1oses anly

approx1mate1y 65% of 1ts.water,at‘thts.temperature. The first two stages
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Figure A+II .3 . Origin of Samples ° NG . o N
(@) F 2 + (CO(en)(d1en))20 . (powd} . co
~ {b) 2 + HZOZ pH < 7 j » {powder)
(c) Fe ot + (Co{tetraen)) 02 . (powder)
(d) F 2, + (Co(NH ))50 " “(powder)
{e) Fe® Hy0, PpH = 10 9 S rgel

6 F 3 4 NHgOH ©owogel
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of dehydrat1on for Fe(OH)3 obta1ned from the hydrogen perox1de react1on
Aare not well reso]ved suggest1ng that the two types of water are proba-

bly structura]ly qu1te similar. This result may be compared w1th the :;. 5

T.G.A. curve of the Fe(OH)3 powder obtained from the react1on of [(Co(NH )5) c

. 02]4 with FeSOh\7H 0 in which the first and second dehydratlon step are‘”

c]ear]y reso]ved The third stage of dehydrat1on covers a range of 250°C\
(~ 500- 750°C) for both the gel and for crystalline Fe(OH)3 0bta1ned fro
the d1oxygen complex react1on or by react1on with. HZO These chardéi"“'

‘teristic T.G.A. patterns can be cons1dered as further ev1dence for the

". .-

L synthes1shof a new form of synthetic crystalline Fe(OH) Two additiona]

poihtsfare to be noted;

i) After the T. G.A. ana]ys1s the samp]es were observed to re-
_versibly absorb moisture but not all of the water was regalned
after 48 hours. S " _ -t

: 11) Ne?yht fiuctuatnons are observed when the hum1d1ty of the
' -env1ronment fluctuates. These fluctuations were found to be Iess
thaq‘5%. SR | _ : i ”
The processfof dehydratioh is summakiied)ih Scheme A-I1.1.

Y -
From Scheme A-II.17, 1t is c]ear'that a substant1a1 amount of water

is loosely bound in the. 1att1ce in’ both gel and powder’ forms of Fe(OH)B.

Since the stoichiometry of 3H20 Fe203 is hdt fu11y recovered in _air of
normal hum1d1ty after the T.G.A. experiment at room temperaturé‘ it is !
11ke1y that simple absorpt;on on the surface is an over-s1mpl1f1ed explana-
tion for the crystalline powder. This -is contrary to the absorp—
. tio behaviour proposed for the gels (A- II. 2)." The powder samp]e dmffers
//4>\::>%he dried ge]s 1n that one moTecule of water is reta1ned up to ~500°C

and the individual intermediate dehydratjon steps are resolved. It is ..
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”,#,/( Scheme A-11.]

gel - - crystatline powder
—— 2Fe(OK) 4
. a7 -8.5%) ~40° - 170°C
‘ : (slow)

F.e203 . 2H20 S+ H20

M v -25% m25°C 300°C B aM ¥ -8.5% | ~170°C - 210°C
-' (fast) | \ (fast) /
2Fe00H + Hy0
T ' M ¥ -6.5% | ~490°C -.690°C
oy i : ¢ (slow) ,
Fe203 nHZO + " (3- n)H20 o Fe293'- nH,0 . + (I-n)HZO |
A \ hydrohemat1te 7 ‘ .

{v. slow)

‘g?;ile aFe0; + mH 0

(hematite)

L My oo.st | ¥ a0 _ | o

highly likely that the water Tost above 500°C is not present as an -
_actual water molecule in the sample,.but is formed by the reaction, e, o

-

S o ‘20H1—-—-§-H20'+f03**5.:? . Ly o o leit'
w"he;l the 0_’/1.on bridges two nelghboum ng 1ron atons.\'[ms process w111
require a cons;derab]e input of energy smce structural rearrangement o
takes place. As for the ge1s there is no way of d1st1ngu1sh1ng the f 'k f._ w
“individual steps. Some Tow temperature evo]utwn of water from the Fé(OH)3 o |
gel has been 1nterpreted as or1gwnat1ng From OI-I groups (A-II 2 A- II{O)

Therefore, combmmg known 11teratur‘e resu]ts and the- present study‘, nelther

. ’ ' R '.j_" ' . v P .‘ N r -
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the_formu1atton'of Fe(OH)3 (jron trihydrorfde) nor that.of Fe203-3H20 7
(iron oxide trihvdrate) is appropriate for'thﬁs compound. It:may be :

‘ suggested that the formu]a Fe03/2 x(OH)Zx( -x)e Hy0, where X=0 to 3/2 best

describes the ser1es of compounds ]1sted in F1gure A- II l " The ox1de

hydrox1de hydrate prepared in this work has a value of X=0 and a forma] ;

compos1t1on of Fe,0,° 3H 0.. For simplicity, "Fe(0H), powder" will be used
273" 712 3 .

in further d1scuss1on A"“‘ " T | A . '.(:;c_\- '

Y

(D) Mossbauer Spectroscopy

wl The room’ temperature Mossbauer spectrum of Fe(OH)3 powder” is similar
to that of Fe(OH)3 gel (A I1: 2) and of the natura] ferric gel Fe(OH)3-0 QHZO
(A-11. 2]1 in the paramagnet1c pha S ral Fitting to one 1ron site is

B unsat1sfactory (x /df 2 153) gqv1ng an unreasonable - é;newfdth in compar1son
to the—calibrant. Th1s f1t is shown in Figure A- II. 4{a) together with the

: correspond1ng p]ot of the res1dua1 deV1at1ons Both d1str1but1on of. the e N

- isomer shift and/or quadrupole spl1tt1ng was observed for the gel of Fe OH)3.
nH 0 Th:s coqu result in large 11ne broaden1ng and 11neshape d1stortf

(A II 21) F1tt1ng the spectrum to one 1ron s1te,w1th a d1str1but1on of'

;'fectly Hhen the spectrum was fitted to two Iron s1tes w1th equal I1ne- _"
'5i w1dths the f1tt1ng 1mproved to g1ve (ledf—T 011), but rema1ned poor ‘par-

: t1cu1ar1y at- the point of m1n1mum absorptlon between the components of

' the observed doublet Finaliy, re]eas1ng the equa] 11new1dth‘constra1nt
lﬂ/thg_two s1te f1tt1ng gave a compTetely sat1sfactory fit for the ent1re

'spectrum Th1s is shown 1n F1gure A—II 4 (b) and the chemical tsomer sh1ft

'and quadrupo]e sp11tt1ng parameters are. given 1n Tab]e A-I1. 3 Also g1ven

!
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3
7re Mossbaver Data for "?e((:lH)J Powder” and Related Materials
Pt )
Compound - T number -~ g a(2e} r H contribu; ledf
{*K) " of sites ————7——  0e tion of 7
_ mmsec site(2) -
'Fe(OH)3 powder® . -
Sample ) 296 1 0.37  0.60. 0.45 215
' . 2 7 0.38 047 0.3 38(10) o0.87
0.38 0.74 0.47 62(10) .. -
. : B
5.2 | 0.50 o.66 a24(1) < 18 )
Sample 2 296 .o ‘
‘ 7 MW g o 0.45 1.89
: 2 o os o 51(8)
T ' 051 0.82 045 . ag(s) 58
42 1 ose 0.56 - 432(1) 1.22
“Fe(0H) yge1"? ‘ .
w0 ooz, 7
U gassh - a Co
B X ’ A515° - )
"Fe(OH)3'p.9H20"d _ . ‘ S ;
26 1 s o2 ogas 0 L.
7o oaom oss - . - TR
o 4.2 1 o3 003 - 458 : 3
“g-FeQOH"® ‘ - L : ' -
295 2 70.314 0.545 0.274 60(2) CR ot
. 0.379 0,951 0.376 - 40(2) '
773 0.51 -0.07 0.45 470 54
' 0.46 -0.34 0.27 452 15 ‘ S '_,'
0.48 -0.49 0.65 442 . n - . ‘

9 Reference {A-]].2) .

[somer shifts are given relative to a Sim in Pd source in Rét:rerice (A-11.2)
The numbers in the table are relative. to o-Fe &t room temperature; the cor-
rection fs made using the value given in.Reference (A-11.2).

€ Value estimated from figure 4.4 of reference (A-11.2}; no value of Hofe 1s
glven in reference {a-11.2). - A, i

4 Reference (a-11.2). o Lo .

¢ Isomer shifts sré given in reference {A-11.2} rela"tive to a 57(:0 in Cr source
Ehey are converted to o-Fe reference using the value given in reference ,
{A-11:2). NN ’

-
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Figure A-II1.4 Mossbauer spectrum of Fe(OH)3_at room temperature (para-
magnetic region} and their corregponding~plot’of the residual derivations. _

(a) fitted as one quadrupole doublet (x?%/dF = 2.153) R B
(b) 'fitted as two'quad(ypo]e doublet with unequal) Tinewidth (xz/df = 0.87).




| -247-

in Table A-II1.3 are literature parameters for Fe(OH)3 gel, the natural
ferric ge] Fe(OH)3-0.9 0 .and 8-FeQ0H (cantaining 3% C17) for comparison.

3
" The results sﬂggest that the Fe(OH)3 powder when comﬁa;EE\to the various -
_.other materials in Tab]e A-I1.3, is most 51m11ar to B-FeQOH. The chemical
"1somer‘sh1ft of 5 = 0.375 mmsec -1 .of the latter and also the va]ues of
the quadrupole sp]1tt1n9 of the 1nner and outer doub]et (0 546 and 0.951
mmsec -1 respect1ve1y) can be compared to = 0.375 mmsec 1 and 0.47 and 0.74 .-
N msec”! fol the 1nner and outer doublet of Fe(O‘H)3 | Although the quadru- .
po]e sp11tt1ng values are substantially d1fferent they cannot be con-
sidered to prov1de conc]us1ue evidence fpr 1dent1fy1ng ‘the mater1a1 s1nCe
surface effects as well a% 1mpur1t1es affect the quadrupo1e sp11tt1ng values.
These effects may be part1cu1ar1y 1mportant for B- FeOOH since it contains '

o 3% chlor1de The chen1ca1 1somer sh1fts of the two mater1a1s offer no s

| _ help in d1fferent1at1ng these mater1als since they have similar values

.

Fortunately,*1ow temperature Mﬁssbauer spectroscopy‘providés ad-
ditional 1nformat1on s1nce B FeOOH exh1b1ts a magnet1ca]1y ordered- hyper--

S

~fine splitting spectrum at 77°K (see Table A 11.3) whereas the Fe(OH)3

crystalline powder obta1ned in th1s work shows no not1cab1e change at

77°K (F1gure A-11. 5)(a) except that there is an 1ncrease in isomer shift
by ~ 0.1.mmsec wh1ch is due-to the second order Dopp]er effect. This |
1s a re]at1v1st1c temperature - dependent.effect wh1ch is- due to the fact‘
that the Fe3 -ions are vibrating in.the solid and the mean value <v2> of
- the Doppler shift is non-zero. Th1s type of behav1our has been observed
: for'a-FéEO3 over'the same teﬁperature range (A-Q}.ZZ). The re]at1ve con- ‘
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tribution of each iron site at 77°K is approximately the same as that at
296°K. The magnet1ca11y ordered spectruim of Fe H)3 powder is observed

o at 4.2°K. This is “shown in F1gure Afltzs(P)f The ca]1brant;a-Fe at room

. temp?natgrs,is shown in Figure A—I;.S(c)j- o .

The spectcum of Figure A-II. S(b) cons1sts of six symmetr1ca11y |
broadened ]1nes (r3 = r4 = 0. 557(7), T, =T = . -23(10), 1y = Tg = 1.86(10)
msec” T, where F], to FG represent the 11new1dths of the 11nes 1 to 6 from
'_inegat1ve to pos1t1ve velocities). The broadened 11nes are character1st1c
of magnetic field distribution. The speetrum was: f1tted to a single hyper-
fine magnetwc site 1nc1ud1ng the magnetic f1e1d d1str1bution parameters '
(A-II 21). The ca11brant of a-Fe is. shown to contrast the ]1new1dth dif- ,
ferences.- S1m11ar broaden1ng by magnet1c field d1str1but1on was a]so
observed in synthet1c and natura] ferr1c gels There is no evwdence of - more
than one-hyperf1ne s1te for the 4.2°K spectrum as .a one site fit is satis- .
factory. Attempts to lnclude two hyperf1ne sites resulted in d1vergencet
. This result c]early differs for that obtained for g- FeOOH Three hyperf1ne
sites were found for .the: Iatter at 77°K. The fitting of the 4.2°K spectrum
to one site is not 1ncons1stent w1th the fact that two iron s1tes are ob- - |

5

~_served at h1gher temperatures due to:
o

i) the resolut1on is decreased and thus the d1st1nct1on between two
closely over]app1ng s1tes becomes more difficult. -

11) 2e = A (§59§E§_l) where 6 is the angle between the axis of mag-
net1zat1on (internal magnetic field) and V Since 8 and A can have
a d1fferent value, 2¢ can be similar for both s1tes in the magnet1ca]-

| ]xﬂgrdered phase. | ' '
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e

Therefore, tow temperature Mﬁssbauet data.ha; definitively shown that the *

product‘“Fe(OH)3 powder" is a different material to any of the known Iron
( al ‘

oxide-hydroxide-hydrates. o o -
A-I1.4  Suggary o

- The chemical isomer shift of,the"Fe(OH)s'powder" (6 = 0.375 hmsec71)j

is compatible with the values fot the Fe(OH)3 gel (& = 0.385 mméec'1j the,
natural ferric gel Fe(OH)3 0.9H;0 (5 = 0.35 mmsec ~1) and g-FeOOK (5 = 0.37
mmsec ) and shows that the iron is in the ferric state. Nhere the isomer
sh1fts have the same vdlues for two Fe s1tes as 1t is for the present
case and that of B FeOOH, ‘it is suggestive that the "average enviroment
about- the two Fe3 sites ‘is approx1mate1y similar. The differences tn the
quadrupcle splitting between the two Fe3‘+ sites reflect differences in

coordination and bonding ‘about iron. The contr1but1on of each s1te may

ref]ect differences in the mechan1§ms of format1on w1th different di- oxygen -

complexes,

-

“In conc]us1on from the magnet1c po1nt of . View, the Fe(OH)3 powder

' _behaves in an’ entirely different manner to g- FeOOH and other related

. "mater1als These f1nd1ngs, together w1th dens1ty, T.G. A and analys1s

results warrants the descr1pt1on of th1s mater1a] as a new compound

[

v
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