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ABSTRACT

The use of NMR spactruscnpg'in inorganic chamistry
is growing steadily as high—-fiald, multinuclear,
spphisticated NMR spactromstsers become more readily
available. NMR of transitisn metal complexas is developing
rapidly as metal nuclei as wall as nuclei of ligatind.atnms

become more popular candidates For NHR axpafimants.~ In this

theasis, dynamic, multinuclear NMR spectroscopy has been

carried out on various complexas of Cobalt(III) and Zn(CII)
as well as on fFrae ligand moleculss found in theses complexes.
The'sacé drsphaéa hydrogen—-bonding interactibﬁ\yith
the héxacganccaba tate(III) anion of substituted phenols,
anilines,” and benzoic acids has been studied by moni?nring
Cc—;S NMR chemical shifts and linewidths. Analysis of the
chemical shifts in order to estimate equilibrium constants
has besn attempted. The second-sphere complex with
para-nitrophencl has also been studied by measuring H-1 and

C-13 T.’s. It is shown that the lifstime of the complex is

longer than its rotational correlation time indicating a
!

-

complex of possiblea mechanisticlsignificanca.
The haxanitrccnbaltaté(lll) anion has been studied

by En-ss NMR, IR and Raman spectroscopiss in the solid

state and bg'Raman, Co-53, N—lé and 0-17 NnR,'and UU-vis. -
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spactroscopies in splution. A comparison of the solid-state
and solution results has shown that all six ligands are
N-bonded. iha primary decomppaition step is concluded ta be
aquation with a lifetime of about three minutes. A charge
transfer mecﬁPnism is suggéstaq_to egplain this anomalously
high rate of reaction, ' Analggis of gha Cao-59 NrR chamiéal
shifts-and optical data of raiatad cﬁmpnunds shows that the
ligand-field sﬁangth of the nitro ligand'is markadly
variégla. AN Bmpiridél mqpel ha? besn developed for //’
predicting Co-539 chamicél shifts of nitro—cbntaining
complexes and for complexes containing ligands with
diffarenttarbital reduction factors. Anomelies in tha.Field
dependence of the sdcond-order quadrupéla affect in the
polycrystalline Cu-és NMR of soadium g;;alﬁinitrité'ara
discussed. The shielding aqismtropg of the samé compound is
showr~to be less than 10 ppm.

The first application of the T,, method has been
made to a.matai nﬁclaus, Co-58. Scalar Fela;atidn in
cobaltinitrite and trisathulenaaiaminscobult(IiI) has been
studied using this technique. Proton T,, measurements have
also bemsn carried out to study scalar ralaxation in free
thiourea gnd in Z2n(tul4(Cl0a)2. The advantages and

disadvantages of this method are discussed’,
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1.1.1 Basic Theory of Nuclear Magnetic Resonance

In this brief opening section, some basics of NMR

theory will be presentsd. A nucleus having non-zero nuclear _

spin (I > 0) whan placed in a magnetic fiald, Bo (Tesla),
axpariences a net torgque and begins td precess about ghg
axis (z).nf-thé Field with a characteristic frequency, Vo,
qi?en by the formula: Yo = Yo . Bo, where Yo is the

ggromaghatic ratio (MHz/T) which is different for each

isntope As well, for say I=1/2, the +1/2 spins are raised

r,j.:r: enargy relative to the -1/2 spins so that by the
,3. .

Bnltzmann distribution law there will ba an excess of —1/8
spins and a net magnetic moment from all the spins will
result leading to s net longitu;inal magnatizatinn.ulong the
z-axis at equilibrium. In contrast, thaix—g or/;rnnsverse
component of thse magnetizatio;\miii;ﬁa zero at equilibrium
since'thufa is no net phase coherence parpendicular to . the
field. The detection of Nuclear Hagnetie Resonance is
accomplished by applying a radiofraquency Eield,_B,. In
simple terms, absorption of esnergy will occur when the

Efaquancu of the applied field matches the rusonaﬁt

fregquency, vo, of the spins under -observation. One can thﬁn

1A

"



>

calculate the chemical shift (§) of the signal relative to a

preassighed refaerence signal frequency (v-ae):,

As well, the lineshape of the signal can yield

important information. For a discussion of the tgpas-bf
lineshapes obtainable in solid-state spectra, see Ch. 5. Iﬁ
solution, in‘the abseance dE indirect spin-spin coupling, onse
usually obtains a single line with Lorentzian lineshape. ~~
The linémiqth is equal to (wTz)"1 if inhomuésnsitg in the

applied Field is subtracted. T= is known as the spin-spin

.relaxaﬁich time and represents the time constant for tha

exponantial decay of x-y magnetization. A similar time
constant for the decay of z-magnetization back to its
equilibrium value is known as tﬁe spin-lattice relaxation
time, T..

Two basic.types of NMR spectrohater have bean
commanly usad. In the early days of NMR, the cnntinuouq\
wave (cw)’mathcd was/us?allg implemented. In this type of
spectrometer, a fairly small B, fField was used and either -
the applied magnetic Field kept constan£ and frequency swept
through the ares of resonance or vice versa. The signal was
then detectad in a secondary coil arranged to detect
transvarse magnetization. A new mathod was developed some

time later. In this method, a strong B, field is appliad

- L
over the space of 1 - 100 us and then turned off. This

G so-called pulse of energy excites all the spins in the

1B
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sample and the fres precession of the resulting x-y
magnetization 1s again detected by a receiver coil. Since a
Fourier Transform is required to produce a spectrum in the

frequency daomain, this method is known as th@ FT methaod.

1.1..2 i ica. n n m n n in
Nuclear Magpegtic Resonance

Nuclear Magnetic Resonance (NMR) experiments dare
First qarriad out by two groups of phgsicists working
independently, F. éloch's group at Stanford (Bloch‘at al,
1846; Bloch, 1846) and R.V.Pound’s_at MN.I.T. (Purcell gt al,
1846). It is interesting to noteythmt one of these
éxpariments was carried out on soiid paraffin wax and that
solid state NHMR of metals and alloys was already well .
developed by 1853 (Bloembergen and éomlang, ;953).' One of
the original motivatians.Eur NMR research was the deter-
mination of nuclear magnetic moments previously dstermined
onig by atomic béam measurements (Abragam, 1861). Howsever,
it QahLEairlg quickly noticed that gyromagnetic ratios were
dependent on the ;Bvirunmant of the nucleus. The First
B|xample og such an -effect was discovered by. Knight (1843)
-who found an appreciable difference in the resonant,
Eraquanciés of hure metals compared to those in ionic
salts. Large shifts of a purely chemical origin were

discovered independently by Proctor and Yu (1950, 1951) and

by Dickinson (1850a) for several nuclei with the largest




affaects (almaost 1%) being ohmervad For Co-53. Chemical

)

s
effects on nucleil with smaller shift ranges such as H-1 ware

not appreciated until the developmant of high resclution
spactrometsrs in which the field inhomogeneity was reduced
“-to a very small fraction (<1 Hz) of the total Eield
strength. With this development, spin—épin couplings of
amall magnituds could also bs datectad. The First example
of such % coupling was detected by Proctor and Yu (18513, in
ShFe where the Sh rasonance was thought to be a quintet |
Cactugllg a saptet).

\ “Thé effect of motional narrowing on NMR spsctra was
soan appraciated ;as the temperatura dependencs of linewidths
in liquids and solids was cbsarved. Relaxation phencmena
ware dascribaed first by Bloch (Bloch, 1946; Wangsness and
Bloch, iSSB) who introduced the phanomenclngical relaxatzon
equations incorporating. as parameters T,, the so-called
Qpin—latt;ce ralaxation time and Ta, éhé spin-spin
ralaxation tima. A detailed theory Eoéﬂdipole—dipcla
relaxation in liquids was\wnrked out by Bldeﬁburgan,/Purcell
and Pouﬁd (1948) and Kubo and Tﬁmita 1954). Sincqrthan,

_ . : ;o
slucidation of relaxation mechanisms anq development of
relaxation theoriss For many diffeqaﬁf situations has beccma
;h important companent of NMR research (Spisss,‘1378). "Also
a good deal of sffart has baen put into improving the
accuracy of relaxation time ;::?bramants boéh through

technological advances in improving instrument design and in

A .
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devaloging new experimental methods. In particular, two
1mportént methods originated in the early days of NFMR,
namglg the method of.spin schaes dué te E.L. Hahn (13S0)
and the mathod dE forced transitugy precession ar.
measuramant of relaxation in the rotating frame (T:.) due to
1. Solomon (1853). The former has proved of great
importanca in the development of two-dimensional (203 NMR
;Bax,,lsﬂa) ;hile the latter is well known For studying slow
molecular motions in the solid state CLouk‘ahd Lows, 1866),
Tha T,, mathod has bheen used toc a lessar extant.in liquids,
a situation which this thesis attempts to help redress,.
1.2 Introduction to Qunamic NAR

. 0One of the two principal applications of T:e in
liquids 'has baan in the study EE chamical exchange. The
study of thiaasahavicur by NMR helongs to the area known as
Dynamic NHME C(DNMR) Spuctroscapg‘which wa will now briefly
raevimw. Tha best known tghu of ONMR is that in which
chemical processas with modaétlg ﬁigﬁ'activatian barriers
lead to the exchange of sites with different chsmipal shifts
C(Johnsan, 1965; Binsch and Keséler, 1280). The term ‘sitas’
here is commonly defined to be'aithar nuclei with diffarent
chamical shifta or, if coupling gxists, ané}gg levels within
the cﬁuplinq'pattsrn. The effect ofia tima—depandenﬁ N
process on an NMR spéctrum is aasy to understand if one

considers that frequency, which is basically tha crucial

' — [



variabhle in spectroscopy, is in units of the inverse aof
timea. To put it another wag.'the Frequency difference of
two asites in a moleculs, 8v, can only be ohsarved if the

lifetime of that state of the molecule is appreciably
longer than the inverse of &v, Classical DNMR concarns
itselF w;thléh;\studg of spectra in which the two times are
of the same order of magnituds.

Tha first published example of a bona fide cass of
ODNMR was that of a study of campnunds%eghibiting scalar
coupling CGutowst at al, 139532, The agsanca of scalar
coupling in the H-1 spectrum of HF, KBF. and HPF. and in the
F-19 apectrum of HF and HBF4 led to the proposal that,
although the coupling conatants were likely large encugh to
be observable (600 Hz in HF), ths presenca of rapid
intermolaculariaxchange of Fluorifles zguld lead to
modulation of the coupling, randsriné it unobsarvablas.
Ihis_uas Ecnfifmad For HF by preparation of a iigcrnusig
anhgdfous sgmple in which acid-catalysed exchanga was
sffactively rmstarded and the H-1 - F-19 coupling was
quervsd (Solomon and Bloembergen, 1856). ‘A theoratical
description of this effect was accémplishad by a fairly
‘straightformard modification of the Bloch equations by

3

C.P. Slichter (1978). However, the First gatarmiﬁatlon by

-

NMR of an activation enarggnfor a chenpical esxchange process

: s
was for a diffaerent type of process namely internal rotation

aboyt the C-N baond in N,N-dimethlyformamide sxchanging cis



and trans methyl groups (Gutowsky and Holm, 1856)., We will
not describe the analysis involved here since it is
well-known and explainad cegently in many basic treatisas of
NMR (see e.g. Pnpia ;t'al, 1859). nNore detailed and
thorough tre:épsnts of all aspecta of DONMR may be Fouqd\}n a

numbear cﬁ;rp nt bocks including a highly informativa

treatise edited by Jaé;;an and thton (1975) as wemll as
shortar books by Kaplan and Fraenksl (1380) and by Sandstrom
(18982). Regular reviews of DNMR studies and indesed aof
pll aspscts of NHR‘gag be Found in "Annual Reports on NMR
Spectroscopy” a&ltad by G.A. Webb (13968-), "NMR Basic
Principles and Progress” (Oimhl et al, 1888—)) "Progress
iq NMR Spectroscopy” (Emsley =t al, 13%?—1, "Nuclear
nﬁgnstic Rescnance: Spacialist Periudicﬁf’g;purt” (Harris,
1971-) and "Advances in Magnetic Resonanca” (Waugh, 1965-).
A far less used and lesss understood type of ONMR is
that in which the exchange process studied occurs a€ a rate
comparable to the rotational correlation time(s) C(vc) of
the molacule(s). ;h this way the spin-lattice relaxation
time T, is affected as well as the spin-spin relaxation time
Ta and thus measurement of T. in particular can give rate
Ainfurmation not napainabla From the classical DNMR mesthod
hereafter known as ONMR-1. The second type of DNMR, known
now as ONMR-I11, which has baen rabiumad recently by

P. Laszlo (1373), allows the measurement of ratas vary much

fastsr than by ONMR-1 since thas éxchanga lifetimas, being

- ' .\
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comparable to Tc, can be of the order of 10-:=2 to 10~ for
small moleculss. The reactions invnlvad here ars naturally
ones with quite small activation enthalpies and involve weak
sacond-sphare complexes of various types,

Ihe principal application of DNMR-11 has been to
systems involving exchange betuesn two si#ss with
considerably different relaxation rates such as a small Fres

' ‘ ion or molecule moving on aﬁd.qff'a bound site on a larger
3\H41/mnlecula such.aé a protain ar-éome other bioclogically
iﬁporthnt macromolecule with binding sites (Sykes, 1989b) .
- .  'ThQ5 typical studies have involvad caomplexation of the
ﬁmniprasan£ sodium ion by the ionophore antibiotic monensin
‘(Degani, 1977) or inhibition by mmnusacchatidas of anzymes
such as lysozyme (Sykes, 1969a). Howaver, assaociation af,
two small molecules is alsc relativdly easily detected
(Hertz et al, 1976 and s.g. it has been Found ? Andersan
(1588)_thathnSD;CHCl= form a distinct complax s
distinguished from a Elaa;ing encuuntar‘battar known as é
cnllisxun complex Chulliksn and Qrgel 139573, . The DNNR—II
mathod of either quantitating squilibrium constants or
quglitativalg(idsntifging true complaexes has been shown to
be far superior to other methods, such as NMR chamica; shift
variation (Engler and Laszlo, 1871),w}n avaluafiﬁg-
cémplexatién‘charactaristics siﬁca the very naéure bf the

mefhod is such that a precisa definitieon of a truye complex

is provided ipso facto. The crucial criterian to be applied
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hers is that a bona fide complex must undergo orisn;atinn as
a single discrats unit, Iharafcfg the lifatime of tha
complex must at least be agqual to the 1c of ‘the marm slowly
rotating partner. 0OF course, any definition is somewhat
arbitrary but angtﬁing weaker would surely render the
caoncept of complexation somewhat redundant. "~This method,

-which will be described in greater detail in Chapter 3, has
bean used in this thesis to.coﬁfirm hypothaeses about the
lifetimes of’saconq coordination sphpre complaxes gf the

hexacganucobéltats(lll) anion. Here Co-53 shifts were used

to determine equilibrium constants for outer aphere hinding -

. but: H=1.gnd C-13 T.'s werg necessary to conficm complax

Formation.

1.3 Ihe I.. method

-

In this thesis there is alsc made use of a technique
which belongs in the class oE'DNNR—I'ﬂxpsrimsnté'hut which

is not widely used. This is the use of T.. toc obtain both

Fa

Sv and T« in'ona set of expeciments.’ T,, is the relaxation
- —

. time of tfansversa mégnatization measured in the,presance of

1

a strong radiofrequency field also known as the spin-locking

field (B,).‘~Rs such it can be considerad a cross between T,
o ) LY '

and I sindk Tz is maasured whan B: is ralativélg small

o . - .

while T, is obtained when B is large. Altscnatively, the
method can be considered a tgpa of Field dispersion since

.the contributions to relaxation which make Ra (1/Ta) greater

-~
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than R, (1/T,) are dispersaa to zero when the strength of B,
becomes larger than the correlation Qﬁme for the process
involved. This is precisely the same effect obtained when
one exceeds the extreme narrowing condition that wo=*<<tc- in
.which case R,, after reachingia maximum, Falls back to

zero. In liquids and gases the relaxation processes
dispersed by T., are chemical exchenge (CE) in the fast
Bxchange region and scalar rselaxation of the first (SR1) and
second kinds (SR2) (Abragam, 1861). Scalar relaxation 1s sao
named because it is the result of a modglation of a scaler
, .

coupling to an X-nucleus. This modulation can be caused

either by an intermplecular chemical exchange (Sﬁl) or by

LY

"gapid relaxation of the X-nucleus which is usually
dLgdrupolar (S;E).

‘ The First application of T.,,. measursment was
accomplished by Solomon (iSSSb) who used it to measure,the
N-1%. - H-1 coupling constaﬁt and T,™ in Eofmamide.. The next .
applica%iun, by Meiboom (1961), was noteworthy in several
respects since it involved one of the most common liquids

known to man, wata}. True to Form, the analysis turned to‘
, U

be rather unique fFor Qavaral reasons. First of all, the

source of line;brmadening?in ﬁaturallg‘occurring H?U was

shown to be due to the smail amount of 0-17 (.037%) praseht

in the watar.‘ Furthgfmnre, a fortuitous combination of

savaral Factors was shown to be necessary, namaly the

presence of guadrupolar relaxation for the 0-17 nucleus



which collapsed the .037% H=(D-17) tao a sain
presence of intermediate progpn exchange measurable du
\the very small amount ufléatalgsing H* and OH—, and finall
the whole expariment was interpratable only bécausa af Eha
simplification that only one of the exchanging sites was
dominant precisely hacadga of the inw abundance of 0-17.
Strictly speaking, this is an example of scalar ralpxation
of both the first and smacond kind since scalar coupling is
being modulated by chemical exchange (SRi) as well as bg'
quadrupolar relaxation (SR2). Thus thisﬂpxampla can hardly
.be considered a tgpical ong but {F has in Fact spawned at
~ least three other studies of H;Ufﬁg };;;*hamslg the study of
the temperature, pH and denaity ﬁependanca of the asxchange
lifetime and of J(H-1 - 0-17) by Burnatt and Zeltmann
€1974), by Knispel and Pintar (1875) and by Lamb et al
(18981). T . _

’ The first example of tﬁalbsa of Tsr to study
| chamical exchange GEEE betwasen tﬁo distinct chemical shifts
was by Deverell Ft al‘%&S?O) who studied chair-to-chair
iaumefizatiun in cyclohexana. A few other gxamp;as involve
molgcuies such as cis-decalin (Ohuchi ‘et al, 19797, the P
tgutumars of maso-tetraphenylporphine (Hennig ?nd Limbach,
1978), ureas (Stilbs and Mcseley, 197¢8) and benzaldshydes
(Doddrell et al, 1S7Sa). Examples of studies of;pcalar

relaxation of the second kind (SR23 include those an

nitrobenzena and pyridine¢J C-13 - N-14) CMlynarik, 19823,
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chlorocarbons(J C~-13 - €1-35,37) (Ohuchi et al, 1979) and on
liquid HCl and HBr (Morgap and Strange, 1969). The general

formula applicable fFor all these cases is the Eollowihg:

where -for CE Cand SR1) 7 = exchange lifetime, for SR2 + =
T;'; for CE-§ = 8v, For SR2 52 = S(S+1)(ETJ)*/3 Wi is the
strangth of By in rad/s and P, is the fraction of magneti-
zation at each site in the cass of CE. Usa of this formula
millvba il}ustrateq in Chapter 5. F‘Lthar aspects aof the
accuracy of T}; maaguraments will he discussed in the
Exparimuﬁtal Sectioa.
'Tn,cohﬁlaté this reviah of rotating Framm

axparimanﬁs,'ha shnuld finally mention tha pionesring

wark cf’annig apﬁ Limbach (1873) who maré the First to
applg Tsio measuramants in ths slow axchangs ragion and have
since iﬁvantad a new method. also applicable to slow sxchange
which comhinss the T,,. meathod with the Forsen and Hoffman
CISEB 196& HofEman and Forsen, 13966) magnetization
transfer technique (Hennig and Limbach, 1882). Bleich and
¢w1;da CI?B&J have since converted this technique into a
tmo-dima;sional (20) experiment thus complemanting the
well knomﬁ Eﬁfﬂﬁé method for slow chemical axchanga (Jeenar
Aet al, isng. \6ls§}ll more recent extension of the T,.

technique has bsen made by Jordan and cﬁ-warkurs (Chopra st

-
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al, 1984) who have used it to analyze the paramagnetic

relaxation of sclvent molaecules by pacamsgnetic ions.
SN

Jardan hgs shown that, undar the appropriate conditions, the

-number of molecules in the golvation shell can hbe datarmiﬁed

as well as the paramagnetic chemical shift and the exchangs

lifetima. -

—

1.9 Myltinuclear NMR

I:. measursments have hean carrisd out almost
exclusively on common nuclei such as H-1, C-13, and P-31.
This thesis reports the First example of Co-59 T;,
measurements. This sxtension of Trn work into the so-called
multinuclear Fimld is typical of racent davelopmants in NMR
to establish Facilities which vastly broaden the scopes of
NMR ressarch into multinuclear NMR, soliq;stata and gas

phase work, and any NMR experiment more complicated than a

simpia.cne—pulse acquisition (Turner, 18984). A briaf

description of solid-state NMR devalopmants will be given

shortly but now it would he appropriates to briefly review

advances in multinuclear applications. Several monographs

have recantly appearsd which specifically address this topic

. Y
. (Harris and Mann, 1978; Bravard and Granger, 1981; Laszlo,

1883). The title of ocna of these monographs expresses very
well the aim of this type of NﬂR application. The title is
"NMR and the Periadic Table”, affectionately known as “NﬁR

and the P.T.”, and tha'aim then is to be able to do
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efFficient and useful NMR research observing any nucleus in
the periodic table. And in fact this is theoretically
possible since all elements in the periodic table have at
léast one naturally occurring nuclide that is NMR active.

A garietg of difficulties may arise making the
prgctical use of some of these nuclides impossible in all
but special cases. For instance, the natural abundance of
the nuclide may be smjégw (e.g. .037% for 0-17) that the
signals for all yut very concentrated samplaes will be very
weak. IFf not pruhib;tivalg expensive, isotopic-an:ichment
can-be vary profitable here. Anather difficulﬁg might bs
that the gyromagnetic ratio of the nucleus cuuld'be sc small
that the magnatization of ‘Bven a concentrated sample will
be very small. In this casé increasing the applied
magnetic Flﬂld by the use nf suparconducting magnsts has
been an important development since the magnetic momant of a
sample is directly proportional to the Field. A third tgpe
of difficulty lies in the relaxation properties of the
nucleus under observation. To give two extreme axéhples, if
the Tz is too short (<1lus) or the T, too long (>lhri the
signél will be difficult to observe; - in the former case the
line will be tog broadkfu ﬁe'ﬁaan particularly on higﬁ
resplution instruments designed to-observe narrcow lines; in
the latter case the total observation time will be too long
if more ;han a Few dozen scans are required to'see the

signal. Because of these difficulties and others, multi-
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nuclear NMR is not a panacea designed to cure all problems
but rather a useful tool to be exploited in a growing
number of situations.

In this thesis, Four ‘hateronuCigi"haJé heen

observed, namely C-13, N-1%, 0-17 apd Co-59.° OF these the

. First can be considered cammon enough thqt little needs to

‘bp said about it except to refer to standard texts on the
/ 3

subject such as those edited by Levy (1874-) and sevaral-

other books with valuable compilations of chemical shifts

and coupling constants (Stothers, 1972; wehrli and wirthlin
1976). The subject of N-1% or its companidn N 15 NNR has
also been well reviewed (Witanowski et al, 1581) and tﬁe
monographs of Witanocwski and Webb (1873), Levy and Lichter
£1979) and Martin et al (1981) in particular can be
mentioned. 0-17 NMR has also baen‘r5viawea recently:
(Kintzinger, 1981) and in any case has' not been used
extensively here. On the other hand, Co-53, by virtue of
the combuunds in which it is éaund, is much more a
specialist’'s nucleus and requires a more thorough intro-
duction. In this case, - there are two good reviews of this
subJacq namely one in the chaptar on transition metal NHR by
Kidd and Goodfellow (1S78) in "NMR and the P.T.” and a
raceant qﬁarviewubg P. Laszlo in Uol. 2 of "NMR of Newly
Accessibld Nuclei” (1583b). :

As mentioned at the beginning of this chapter, Co-59

is actuallu an old timer in the NMR Field being First

/7 \

~———
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observed by Proctar and Yy in 1950. The Fact that CnfSé was
one of the.First nuclei for which the chemical shift effect
was observad is quftalapprnprigte since it has the largesat
chamica} shift range of al} nuclei, about 18,000 ppm. This
nuclide also boasts the largast chemical 5hiEt temparatura
dapandanca as well as anormous snlvant dependsnces and for
that matter even huger subatituant effects to use tha
parlance of the H-1/C-13 chemist. Ironicallg all thess
affects may be attributld to only ona cantrlbutinn to the
chemical shift namely the paramagnetic shift arisihg From
the low-lying Tig ligand-Fimeld stgte cnrraspnndindrtﬁ thae
excitation of one electron from a tzo orbital to an s,
(Frasman, Murray ané Richards, 19575. hs such, the
discussion of Co-59 Chemical. shifts is much simplsr than Faor
most nuclei For which a numbar of axcited statas contribute
and whers, if thme paramagnatic contributian is fairly small,
the diamagnetic one cannot ba 1gnurad either. Thm
-davalopmant oE~Co—SS shlalding'thanrg has seen a slow but
steady evaoluticn since the days of Proctor and Yu whu wers
the First tf . 8uggest the source of the Cobalt shiEt as due
tn temperatur \ndependent paramagnetism of the samm type
-Van Ulack (1838) used to explain the residual magnetic
suscaptibilitu of some spin-paired camplexas

The 8quation relewant to magnetic shielding was

. ]
first proposad by N.F. Ramsey (1850; 1851) and is given harm

as presented by Griffith et al C&SS?J who were the First to
. . X

4]
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discuss the importance of Rhmsag'é equation fFor Co-59 shifts:

- @t <0|L=|0> <r—3
o(para) S T €1.11

ently shialded 2 i3 the charge and m is the mass of the
Blectron, c is the Speed of light, E is the enargy gap,
<r==> refers ton tha distance oE @ 3d electron from the
Cobalt nuclaus the bra and ket represent the ground
alectranic state and L is the angular momentum operataor.
erEf'ith and Drgel Pointed out that in the strang Fisld
approximatian and in On symmetry thae only axcited state that
can mix in with tha ground state is the T., state although
this negLects the Possibility zfﬁmltal ligand charga—

_ transfsrfstatss which we will Propose in Ch. 4 tgo a8lso give
a minor‘cantributiun to the shift. vVarious other modifi-
cations tg thi;.baaic aquation have besn 2] n includ*&g tha ‘
generalization to lowsr symmetry (Juranic/iibal 1979a), the
1ncofparatioﬁ of an orbital-reduction factor Ck’) to account
for Covalency in the matal- -ligand band (FuJinra et al,

15969; Bettaridga and Golding, 1955) and the incurpuratlon of
a8 point-charge maodel predictiun of E in tha casa of
mixed-ligand species (nu—Yeung and Eaton, 139833, The
correlation aof k- with the nephelauxstic paramster, B3n, has

been emphadized severa] times bg Juranic (1381, 1883, 1384)

and more recantlu bg Bramleg at al (1985)
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One practical application of Eg. 1.1 is the accurate
determination of the magnetic moment of Co-S8. .This
-
raquires, among others, an’accurate astimate of tha .

diamagnetic contribution to the chamical shift which has
heen done in a Hartree-Fock calculation by Dickinsan '€1950b)

-
who obtained o(d) as .00214. Then an'accurate value of

~

E must be measured from the ealactronic spectrum of tha

moleculs and k” and <r—> must be calculatsd theoretically.
Since the latter calculation is at pfasant ratha; ‘
formidable, recourss must he taken to maasuring\th:
temperature dependence of the chemical shift which when
plotted against the gariation of the alactroﬁi;Lmavalangth
affords ﬁhq product (k”)t . <r=3> from the slopekand the.
resonating fraquency of a bara~chalt nucleus (after
c?rracting For ¢€(d)) fFrom the intarcgptf ﬁlfé;%ativelg, one
may choosa s series of cumpouﬁds for which that~product may
bsxassuméd to be squal and a similar plot may bs made with
tha_adva;taga that the extrapoclatian e:rcr‘will not bé_a;
large since ralative errors in both chamical shift and
wavalength mill‘be much smaller if a larger rﬁrga for

both can be found. Thé outcog? of such‘p stu;u depends very
much on'which mathéd and which compounds are Qfed. Thus
three of the most recent ﬁﬁpers by Juranic (1581), by
Bramley et al (18985), and by Au-Yeung and Eaton 51383)

(yaing FuJimara;s (1969) data) all repdrt slightly diffarent

results. The error introduced bﬁ_ghasa discrepancies is
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quite small considering that 200 ppm on the Co-53 chemical

shift scale is essentially negligible. The inclugaon by 2
Au-Yeung and Eaton of a predictive capability usfpg the

point-charge model to simulate mixed+ligand copplexes while

baing quite useful leads to anufhar source of error namely

the negect of inter-ligand forces. In this thesis, we

discuss one type of cnmpaunﬁ where.this modql aféaﬁ’méfks

very poerly namsly compuunds.yifh more than two nitrite

ligands. In particular, we study haxanitrncobaltaté(!!l)

as well as some compounds Formed From it bd ligand

exchange. : ' ~

In this work, Co-59 is the most important nucle;s
since'the coordination shifts are iarga, but NMR on the
ligating atoms has alsﬁ prcvsdruséful. In tha'latter casa,
one is typically content to simply observe a shift of
ragsnnaﬁls magnitude upon coordination. The actuaf-
magnitude and sign of that shift is rarely easily
predictable although some effort has been put into their
‘prediction. Most theoretical studies hava_invnlvsdrﬂ—l
shifts in hydrides (Buckingham and Stephans, 1964) or .
Cobalt(III) ammines (Nakashima et alL¢;S75; anada and \h—‘ﬁ—\ "
Nakashima, 1874) but Juranic haslqhuwgrthe impdrtands of the
Corn;all-Santrg affect For N-1Y4% cc;rd;ﬁatiun shifts (Juranic
and Lichter, 1883). Finally, Just tao mantion‘soma other

important work on the theory of chemical shifts, Figgis et

al (1362) have shown that the wavelength of the First
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mlectronic transition in simple oxy—anions corralatas
qualitatively at least ‘with the 0-17 shift which shows a
rangs of over 1,000 ppm. These ﬁﬁthnrs also discuss the
importance of the p#ramngnatic shift For Co-S9. Indemsd, as
pcintad"gut by Ebraheem and Wehb (1977) in an important
article an hataronuclaar sahifts, tﬁe paramagnetic shift is
by far tha most important since the diamagnetic component
usually remains relatively coné%ant. Ab initio calculations
hdqptﬁﬁen carried out primarily oﬁ small molecules with
varying success, Ue will mention only one seriss of
arficlsﬁ o? this subjact sinca it represents the onlu'
attempt made on transition metals, The authors have shouwn
intaer al;a that for éampla;es of Ag, Cd, Cu, and 2Zn in which
the d shell is a;séntiallg Filled the major caontribution to
the shift comes From either b&ck—dunétipn-cf elactron
densitg'td the ligand. producing holes in the d shell or fram
Aﬁnnation of ligand elactroné‘sp,tha ampty metal valence
p-orbital (Nakatsuji et al, 18384).' On the other hand, for
Mn cnqplaxas d-d excitations are Eg far tha most imﬁnrtant
Aas found EorlCa CKandg et al, iSB&). Thus For the Former

L) .
set, one could say that charge-transfer transitions are

A

important, a‘point we will resturn to later in Chapter 4.

1.5 Solid-stats NMR
As mentioned previously, the area of solid-state NMR

is really quite an old one but most of the work -hers has
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been carried out by solid-state physicists. Only rééentlg
with the advent of high-resolution solid-state NMR has the
chamist been making substantial use of this important part

of NMR (FyFe, 1883). It is unfaortunate in some ways but

understandable. that one of tha.aims of high-resclution
solgd—stata NMR has bsen to prbduce specha that approach
those abserved iﬁ the sQlution state with only iSOFFDFiC
shifts and spin—spin.cuupling observable. In Fact with some
eEEnrq 8 great deal more informatign iﬁ available From a
detailed solid-state NMR study. Good reviews on this
subject have been written by wasgl%shen énd Fyfe CISEQBSEDF
chemists and Spiess (1978) has included é somewhat mors
.r&gornus.intruductinn in his article on relaxation theery.
Two ‘recent monngfaphs by NBHring €1976) and‘Haaberlen (1876)
cover the subject from the sclid-state physicist's point of
view. A more detailed introduction to this subject is given
in Chapter S which deals with the Co—és NMR of

polycrystalline sodium cobaltinitrite. -

1.6 A Brief Summary of Coordination Chemistry

» The transition metal complexas studied in this
thesis can be divided into two groups: inner-sphere and
outer-sphere. The first cetegory ban be Further subdivided
into inert or slowly exchanging and labile or rapidly
exchanging. Furthermore, outer-sphere camplexes can also be

classified as labile complexes. Terms such as these
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1 E&J
originate from the early days of transition metal chémistrg
when A. Wernsr (1833; Morral, 1967) and his contemporarias
were trying to rationalize tha'behavinur of certain cam-
pounds. The distinction between inner- and outesr-sphere
Iigands was purﬁicularlg'impnrtant for inert complexes since
it was found that the inner-sphere ligands were slow tc.
axchange-and thus prqsumedﬁtg be directly bonded to the
matal while outer-sphere ligands being Further From the
metal wers mqgh hnre easily removed. The reason For
lability of the innarfsphqra of some, indeed mos;, metals
hé% not-as obvious although measurements of resasonably lérga
anthalﬁies of farmation énd very small enthalpies of
activation for axchange showed that lability or inartness
was primarily a kinet;c effect. A good cationale for the
differences batween the two types of complex was provided hy
crgstal-fiald tpanrg (G}iffith, 1961) which showed that com-
pounds with the largest crystal-field stabilization energies

had the largest activation energies For exchange.

-'If we limit our discussbeéto CoClIl) complexes, it can ba

shown that the impositipn df a Field of six ligating

.atoms in.an ncfahadral dispositicn causes thras (tz4) 3d

crbitals to be lowered in energy and two (eg) to ba-raisea.

'Since CoCIII) has six d-electrons, these can nicelg'Eill the

bottom three orbitals gnd provide a large stabilization
energy. Ligands which produce a large d-orbital splitting

are said to exert a strong ligand-field and these Form the

-
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muét stable complexes. The strsngth of the ligand-field can
be measursd From the elactécnic spactrum arising From
axcitation of tag slectrons to ®mg orbitals (Lever, 18B84).
One of these axcitations, labelled A, o-T.y, is the effective
one in producing the Co-53 paramuﬁnatic shift. Thae exchqnga
lifetimmes of atable molecules with relatively strong iigand
fialds such as hexaamminacobalt(3+) (Llewellyn et al, 13643},
trisathglansdiaminbcnbalt(3¢J and hsxacganncnbalfgtaCj-) |
(N.I::Diarmid and Hall, 1954) range From a Feuw days- to'sd long
as to be unapsbrvable.-jExchanga_timas for other complexas
particularly thﬁsa with weaker Fiald ligands 54ch as
D-bnndad species or halogens exchange scmewhat faster but
usually in the range of several to many hours (Basolo and
Pearson, 1967; Wilkins, 13974). -Thetaxcaptions to this rulse - N
aré“EB@ and usually 1nvclvé complexes cantaining plana;
w—-conjugated molscules such as salen (Tauzher st al, 19832,

cobalamin (Thﬁsfas, 1971) and other macrbcgtlas (Poon,

1973). Ses Table 1.1 for examples of rapid exchanga rates

"and 8 comparison to Eo(lII) hexaaguo.

In light of the above the behaviour of CcCIII? '
camplexes containing NOz— as ligand is especially peculiar.
whereas_molacuieé such as pantéammiqenitrcénbaltata(iIIJT .
tetraamminedinitroccbaltate(Ili) and bis(ethglanediamineﬁ-

dinitrocobaltateClll) are aitramalg'insrt‘evén in strong

' acid in the latter only (Wilkins, 137%), hexanitro-

- - r, .
cobaltate(lIl) exchanges with free NOx— in a matter aof -
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Iable 1.1

Exchenge rates for CoCIl) and CoClIl) complexes (a)

-

comp;ax ‘ \*“\,‘ k(ex), g—1 o ST,
Co(HaD) .2+ ' 1.10 x10+ 2s
trans—Cn(NH;).SD;(H=U)* ‘ 1.34 x10* 25
Co(HP) (Hz0),=~ . 1.70 x103 25
'ECnCsalan)nﬂz(Hznjlz 2.00 x10-3 EQ
—CD(CN)u(HzﬂJR_ . 1.00 x10-3" 7 yg
Co(NHs Y (HL 013+ » 6.00 x10-e 85

—— s - —— —— -—— — e —— —— ———— s S o —

(ad datq_Erqﬁ-ﬂu—Yeung and Eaton (1884) and raferences

thérein
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minutes (Matsko, 1967) and molaculés with more than tpraa
NOz's are apparently ‘quite unstable since Few have hesn
observed. Furthermare analgsié of the spectra of the abova
malsculas with' ona or two nitro ligands as wall as other

) hex&nitrn matallcomplexas show nitfits to be a strong-field
ligand second oglu to cyanide (Caulton and Fensks, 1967) -
whereas the liganﬁ—?iald strength of nitrites in hexanitro-
cobaltata(lli), Qﬁila admittaedly in disputa, is csrtainlu
gquite a bit weaker. This was one of the factors prompting
our study of this compound. See Chapter 4 fFor a mora
thorough discussion.

Surveying the entire Fimld of coordination -
chemistry, we find relatively few examples of- nan-additive
ligand Eiaids or to put it différantlg such a large
interligand interaction. Most of these cases rafer to
kinetic cis- and traq;—sffects which have besn best

documented for Pt(II) and PACID) (Quagliano and Schubert,

1952; 2umdahl and Orago, 1968). Similar ef facts in CoCIII)

are much more dubious in nature (Pearson and Basolo, 1956;
Miyoshi et al, 1983). Scmefinterasting references to
non-additivity may be found in tha litsrature including
discussions of various kinds (Orago, 1368; Glerup et al,
13976). Nevérthaless Jcrgeﬁsen's rule of ﬁdditivitg (1862,
1963) remains an important pradictiva.tucl in mixed-ligand
coordination chamistru._ ‘

In the case of outer-sphers compleges, the

1



*a

e

a4

~
.

interactions are very much weaker but signiEicant'Bnough to
affect rates of reactions and the rate of molecular tumbling
which is of importance in NMR and dielectric relaxaticm1
Important reviews in this Efsld include that of J. Bjerrum
(1867) arnd that of M.T. Béck (1858) who discussed the

importance of second-sphere complaxes for reaction

"mechanisms. A treatment of outer-sphere interactions with

neutral metal complaxes has appearsg racantlg-(Naripalnv and
Zamarev, 1885). Important advances have also been made in
the treatment of solvation by Gutmann (1378) .who has definad
dnnér-acceptur numbers which allow ona - to determine the
average numher of solvent molecules attaﬁhad to a solute
molécule. Since hgdrogen—bnnding is often involved here,
one should mention the important monngraph 66 Pimentml and
Mclellan (1860) who tremat the subject in great detail. NMR
relaxation studies relevant to this general area have heen
disgussed by Haftz‘(1857).mhn likes to refer tc-tﬁa
microdynamic structure of liquids, by R.G. Bryant (1978) on
solute-solvent interactions and by P. Laszlo as mentionad

praviously.
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) The primary instrumental techniquae used in this
Ehesis was Ndclaar Magnetic Resanance Spactrnsgnpg. ‘This
.sactinn will outline some practical.datails cf the NMR
experiments carried out in this work. All the rssults‘
raportédhhéfé Wwere obtaired using Fourier Transform NMR
spectrometers. Sevsréi gocd'monagraphs are availahle
digcussing various practical aspects of FT NMR. Before ue
meﬁtiaﬁ these, we should recognize the contribution of Ernst
and Anderson (158?) who introduced the FT techniqd} to
magnetic resconance. A few years later, Farrar and Becker
(1S71) outlined the rudiments of FT NMR in a book that still
of Fers an excellent introduction to the senior undergraduate

or beginnimg graduate stufient. More recently Martin,

- A

Delpeuch and Martin (1980) have:mrittan a rather
ccmprahhnsiva and wall organized book on the practical l
aspects of NMR dealing with both FT and continuous wave
methods. Also Bravﬁrd‘and Granger (13Bl1) give valuable
advice an multinuclﬁér methods ahd a bmck on the ‘nuts éné
bolts’ of NMR (Fukushima and Roeder, 1SB1)i“treats cna to a

varied menu of technical information.

——

. - 25
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In a FT NMR experiment, a strong, short
radiofrequency pulse is applied to the sample at a Eréqu;ncg

closs to the resonance fregquencies of the nuclei. Then the

raceiver is opened and the resulting free induction decay

(FID) is callected. If multiple scans ace required, a

-

waiting'period of 5xT, isrrsquirad if a 90-degree pulse
width has basen used and accurate intensities are réquirad.
The total acquisition time is also determined by the suwmep
width and tﬁe rasplution required (Hz/pt). |
Measurement of T, can be duﬁe‘;n va;icus'wags,_thg_
simplest anﬁ most popular of which is tha inversion-recovery
mmthod (Levy and Peat, 1975; Martin, Delpsuch and Martin,
19807. In this method; which is the only.one used in this
thesis, a 180 ABgrse pui%u is applied to invart the
aquilibrium z-axis magnatization$ Then a variable delay
time, 7, i=s inﬁ:oduced after which th? magnetizati?n ig
samplad wsually with a 90 degree pulse. An analysis of the -
intensity vs. time data yields a value of T, either by a
three-parameter Fit where thé'threa paramaters ares T;, Mo

,
the magnetization at =0, and Mo or b; ﬁ straight-line Fit
where M. is First estimated. In the latter stages of this
work, T.’s were calculated directly after data acquisition
using the Bfuker f; calculation routine. Tz measuresments

were made using eithar the unmodified ﬁahn spin—echo method

(Hahn, 1950) or the method of half-widths. In the latter
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+

case instruhantal inhomogeneity, if appreciable, was
estimated from otharphaaks in the spectrum. As suggested by
Rabenstein and Nakashima (1373), éha Hahn spin-echo method
. was alsno used in Chapter 6 as a Tz-sorting multiple-pulss
technique (5EFT) to clearly distinguish the N-15 satellites
of thiogrea f;om the much more intense and muéh braadegf
ﬁ—l%—coupled peak.

Error estimates for T, were calculated fram the
lepast-squares covariance matrix (Leipert and Marquardt,
11976) . In those cases where more than one T, Was measured
on the same sapple, the error was taken to be the larger of
“the least-squares error and the deviation bestween the twa
measurements. The errors in T, only affect the*tonclusions
of Ch. 3 where a very large uncertainty in T. values would
nbvinuslg maks any cohclusinns meaningless. The errors in
the T, values of Ch. 5 have only a minor effect on the
.rasulting4Calculations baéad on the T,, results since most
1/T, valumss were much smaller than 1/T.,.. Generally
speaking, unless stated otherwise, the errors in T. and i:-
are estimated to be 10%. It should be noted here that
errors due to incorrect pulse lengths or B, inhumcgsneitg 
which result in the c;eatinn of some x-y magnetization after
the 180 degrae pu}sa can. be eliminatad mi;h a simple 1B80°
phase shi;; in B: on alternate scans (Pagg‘at al, 1976).

Errors in T,, valuss were not usually calcuiatad but most of

fﬂa H-1 experiments gave almost perfect exponential dscays
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as could be ohsarved using thm Bruker T. routine. The
results for Co-S9 T,.'s werse much poorer and- the arcror may
be estimated as at least 10%. Tha ecvariance error
estimates were calculatad'ﬁsing one of two BASIC programs
implemanted on an Osbornm microcomputar. The coda for these
pragram;. GRAPTECH and RLENKT1, is reproduced in Appendix
1. The First w;a written by the Quthor and is based on a
msﬁhod of Draper and Smith 61881) The author is gratefyj
to R. Lenkinaki For giving purmission to use the second
program wﬁzgﬁ iterates Erom initial estimates and is hased
on_ a routine darived by J.C. MacDeonald (1580).
| The NMR spectrometers Call Bruksr manufactured)
used in this work are tahulated balcg alofg with the nucled
run, the type of sxperiment for each chlaus, the magnstic
Eialﬁ, and the ambient temperature. All except the First
two spectromaters have superconducting magnets sc tha 0-2
lock was nat used except for variable temperaturs cu.Tf.)
work. An advanﬁgqe of this was that deuterated sc{yents
ware not required. Q.T. work was carried out only on the
WM-250. Errors in temperaturass are not expacted to exceed
+ 1K. ’

Chemical shift refersnces used ware THS“QH 15,
aquecus 1M potassium cobalticganide (Cn:SS) tha/nitrata ;“

.f

resonance in saturated aqueous ammonium nitrate (N-14) aﬁd

distilled"” matar at neutral pH (0-17). “'In all cases, thu

currently approved sign cunvantiun in which high Eraquencu
‘- s
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Iable C.1
RBascriptign of NMR spectrometers

*

Ambient
Spectrometer Nuclei Expariment Field Temp.
/ (Tesla) (K -
T T,
WP-B80 H-1,C-13 T " 1.879 303
WH-90 Ca-59 liquid <w» 3}415 300
CXP-200 N-14 ‘ liquid, T. Y4 .598 293
Co-53 liquid, T.,
solid, T:.
WHM-250 H-1 - Teo 5,874 234
N-14%, 0-17 -liquid .
Co-58 liquid, s=solid
AM-300 Co-59 solid 7.047 294
WM-400 Co-53 liquid, =olid- 9.396 294
0-17 =« " liquid « :
AM-500 Co-59 solid 11.744 294

‘®) rafers to routine spectra run in the liquid state

-
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is positive is used (IUPAC, 1976). Excapt where intsrnal
secondary referenées were'availabla (e.g. acetone—-d= E“ﬂ
H-1) external refsrences were always used. Except for H-1,

' tha errors in chemical shift due to field drift, diamagnetic
5Uscaptibilitg.affscts or tsmpecature variatinp ara
virtually negligible considering the large chemical shift
fangas ancoutered hersa. 'Iﬁ particular, relative chemical
shifts in a given spesctrum can be cnqsidersd accurata to 1-2
ppm evan:for brnad lines with a maximum error oE 10% of

the line-width. ‘It shnuld be noted that for CD;SS
particularly, care must be tﬁkan to use the correct Sﬁactral
frequency (SF) yhen calculating chemical ShiF%s. Ihis can
be a ﬁrob;gm when SY {p‘changad on instruments such as gha
WM-250 or the WH-400 since SF will change alsc to an
incorrect value. A simple‘corractinn is to changa tha

original SR valum (Hz) to the new valuam, SR’, appropriate to

the new SY’ (MHz) by the use of the formula:

)

SR* = SR + A x (SY' - SY) x 104

- whera A=2 (WM-250) or 4 cwn—%ooa.'_ -

The use nf high-resolution instfﬁmants to do
broad-line NMR createss saveral problems which limit the
ussfulness of multinuclear NMR on sucg'insfruments. Ora of
.tha problems is that the 390 degras pulse widths particularld'
For low-gamma nuclei such as N-1% and. 0-17 can be as long as

100 us or more with the result ‘that very broad lines with

LT g
d .

-
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Tz < 200 us are virtually unobservable due to relaxation
during the pulsa. Tao make mattsbq,dﬁrsa, acoustic ringing
can take away another 100 us or so From the FID"causzng

fFurther intensitu loss. Another problem with leng pulses is.

that the effective excitation width decreases with

increasing pulse width which may hacessitata scanning

- 8spectral areas as small as 30 kKz at a time to sven ses the

L ~ .
signals and also obtain accurate intansities. This latter

prﬁblam especially hurts because it reﬁllg inhibits the use
uf pulse seqyencaé requiring 150 dagraee pulses (Patt, 1982)
designed to reduce acoustic ringing. Acoustic ringing

and pulse breakthrough combine to produce irregularly
rolling baselines which render broad lines difficult

to observe and espeéiallg create havoc mitﬁ linawidth
mea;urements. EQchiallu when saveral lines overlap,
phasing of the spectrum becomes very difficult (Canet et al,
1976) snd line-Fitting requires some inspired guesswork as
to which way the baseline curves bensath the signals. 0On
top of that, one usually has to cope with a distartion of
the signal which worsens as the linewidth increases. This
+ distortion, which results in spectra such as that shown in
Figure 2.1, is caused by the response of the Butterworth
filters to the actual signal itself as shown by Hoult et al
(1383). Unfortunately this effect is quite difficult to

aiiminate,and can only be done at the cost of S/N. -
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In this thesis attempts to improve aon the quality
of some spectra to allow a more quantitative analysis have
baen sacrificed in fFavar oé making use of instrumant ﬁime ta
run as many spectra as possible. In any case, we have
bypassed the worst situations by taking advantage of
isotopic enrichment to obtain excellent 0-17 spectra with
very high S/N (729 for B scans an the original 1B% enriched
Kz0 sample) allowing easy observation of cmnrdinafsd water
Cabout 0.1M). For the N-14 measuremants on cobaltinitrite
samples, use of the CXP-200 spectrometer was a definite

: . B
asset bacause aof thé greatly reduced rolling baseline
problems and much shorter pulse widths (5 - 10 us even for
N—-1%). Alsc sweap widths of up to 200 kHz could be used
which was a definite boon for Co-59 spectra with signals
cnvérinq a.Esm thousand ppm since a pulse width of S us Jjust
about covers that range and the prpblam of signals folding
in from outside the sweep range is also reduced. With such
large éwgep wigths very rﬁpid scanning is also poséibls if
qﬁantitatgvefinfarmation on relatively narrow lines is not
important and.zernﬁfilling helps to reduce errﬁrs in
éhamical shifts and_liﬁamidths. dhantitativa measuremants
og narrow lines are alsg improved considerably by
exponential multiplication of the orpar~o€ tha linswidth

which not only improves the S/N but also improves spectral
”»

definition.
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2.2 gSoms Details gn the T,. Expeciment
Since the T,. experiment is not routineiy run on

commercial instruments, we will now give some details on its

opsration. The CXP-200 instrument is hast equipped for this -

typme af éxpariment sincem the broad—hgnd trapsmitttar power
is directly attenuable from the conﬁole. This means that
T;,'é can be run on any nucleus pbservahle on this
instrument. For H-1 the h}gh—pcwar decoupler was used to
provide the variable strangth spin-locking field. Since the
attentuation available directly on the décaﬁplar unit was
limited.tfo about 10dB, additional attentuation was attainsed
by manually inserting into_the decoupler line a variablae
attentuator with settings ranging from 3dB to 100dB.
Excessive sample heating was not Found to be a problem if
-spin-locking times were kept below 2 s and if 30 s éuoling
time wa@ aliowsd butwéen expariments. 0On the WM-250 cooling
air was also passed over the sample. 0On this instrument the
spin-locking field was applied through the dacéhplar}éhannel
Qith'the aecuupler aﬁd receiver leads on the computsr
connected together to snsure a constant phase relationship
betwesn the two. Except éar a few Co-59 runs, all
maaéuraments on both in:trumanté were taken yith one

scan to'reduca instrument time. ‘The decoupler power Qas
measured by finding the 180 degrae null or averaging the
results obtained from a 180 degre= null mitﬁ'that from a

360 degres null. QOther methods of calibrating the
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spin-locking field were naot ugad axtansivslg s8ince they
required aubstantially mdra time and affort. Setting wp the
Tre uxpérimsnt on the CXP-200 is Fairly straightfaorward
;::;ﬁ the pulse program required i; described in the

instrument manual. T..'s on the WM-250 were run with the

Edllcmingamicroprugram:

Z2E

1. ' ; erase msmofg
N 2. D1 oo - i walt SxT1l, turn decoupler on
3. P1:D B1 ~; 90° pulse from decoupler along +x
4. De ; delay time 1-2 ms for phas
switching '
5. UD HG BO - i 90°* phase shift, turn on dacoupler
) for variable time,
6. GO=- 2-A0 ; Open raceiver and cycle back tao 2.
. NS timmes
7. WR #1 ' ; stors data
8. IF #1

9, IN= 1- i CyYcle back to 1. NE timms

Tra's were either calculated with a log(l) vs. time plot ar

mostly using the Bruker Tz calculation routine on the

-
instrument.

2.3 mﬂm}m

| Other instruménts used in this thesis play a role
cnly in Chapter 4. Hersz some Fairly important UU-vis
results could be. obtained én a Tracor-Northern 60S0
instrument mhich,‘thanks to a diocde detector array, allouws
Full spectral scanning as fast as once per second. The

spectra of Figurms 4.1 were gbtained on this instrument.

-y
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N

IR spmctra ware run on KBr discs using a Perkin-Elmar 2B3
instrument calibrated with polystyrene. Raman spectra were
obtained using a Spex ;&018 spectrometer equipped with a
He~Ne laser and thea calibrant was CCl.. pH measuramsnts
ware made using a Radiommeter PHMBZ pH mater and are
uncorrected for ionic strength.

The phenols used in Chapter 3 were of analytical

T

"L

purity and werm used without further purification. Tha
solubility OF'K3CQ(CN)¢ (BOH) in DOMSO was enhanced by the
addition af cgclaﬁuxgl—la-crown—ﬁ ethar (Parish). Deuterated
DHSD{(SS.SZ D) was used as purchased from Stohler in 5 gram
quantities. Dissclution of cobalticyanide in OMSO -
containing crown sther was qﬁite slow and. reguirsd several
hours stirring in a small fFlask covered mitﬁ paraffin.
Molecular sieves (Fisher, 8 - 12 ﬁash) were added to tha
solutions if they ccntainpd an appreciablse amount of water,
Deuterated acetone (Stohler, 99.7% D) used in Ch. S was
purchased in 'l gram sealed ampoules. Tha amount of water in
thé sealed ampoulsmss is very small indseed and by thnrﬁughlg
drying all materials before usage the amount of water in
most samples could be kept to a minimum. Since most of tha
T,'s and T,,’'s measured were lass than.ds, no attémpt was
‘made to remove Oz from the solutions. :Since ths |
contribution to relaxation by the pa;émagnatic Oz is

guite small this should not result in signifiqantlg larﬁa

arrars.
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NasCo(NO2). was used as purchased From Fishsr
(remagent grade). All studies in aqueous solution wers

carried out in distilled Hz0. The use of buffars to control

the pH of solutions was not attempted since most simple
buffers have thu'capacitg to coordinate to CobaltCIII),
Excapt whara.indicatad the pH Df.aqueaus solutions was
qpadjustad s0 that_snlutiuns of cobaltinitrite with excess
cyanide orlathglandiamina ware strongly basic. 0On the othar
hand, aqueous solutions of cobaltinitrite tupicallg_raachad
pH values of 4.3 <'4.5 within half an hour. The sunthatic
procedurs for trans-Co(NHs).(ND2); was taken from Inorganic
Synthesis (Kauffman et al, 1978) and the mothar liquor used
to obtain the Co-S3 NMR spasctrum in Figure 4.7 waa used
savaral.d;us after the synthesis without adjusting the pH.
1 gram of watir enriched fo 18.2% in 0-17 was purchassd from
MsD Isotopes. Thioursa (Baker Hnalgiad Raagenﬁ) was used

unpurifiesd whiles the 2n complexes ware 3unthasiied in a

previous study in this lab (Eaton, Majid and Tbng, 19821.



with n niline ng bpnzoig acids

The interaction of potassium cubalticgénide with
molaecules capable aof hydrogen-bonding has bsen tha- suhject
of* several racaﬁt studies in this laboratory (Eatan, a
Rogerson and Sandarcock, 1362; Eaton and Sandercock, 1382;
Eaton, Buist and Rogerson, 1983). The primary probe used
was Co~538 “NMHR which in a very sensitive manner shows
avidence of intqyactiaﬁ through easily measured chemical
shift and linewidth changes. Similar studies have been
carried out by Laszlo and co-workers (Laszlo and Stockis,
1960; Delville st al, 1881; Laszlo, 198313 . Analysis. of
chemical shift and linewidth data can lead to valuable
information on the tharmodynamics and kinetics oF{@accnd-
sphere coordination. Furtharmure ONMR-11 measurements of
the type described in Chapter 1 have besn used to confirm
hypotheses about the lifetime of p-NU,’-phenui in the secand’
. coordination sphare. The importance of the secand
coordinatiaon “sphere in transition metal complaxes has

v

been reviewsd in Ch. 1.
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The work daescribed in this chapter Qas carried out
in DMSO since this épratic molecule should have only very
weak interactions with the H-bond-accepting cobalticyanida
ion. In Fact, the pptassiﬁm salt is sparingly soluble in
DMSO as one might expact. However, concentrations of 0.0SH
in Co(CNJe™~ could be attained hy addition of at least 0.15SHM
of .18-cyclohexyl-crown-6 ether which binds strongly to the
K* ion in a 1:1 complex which is moderately soluble in DMSD
(Pedersen, 186%). "In a previous study, Eaton, Rogerson and

s :
Sandercock (1883) have shown that the Co-59 shift of
cdbalticuahidaiis unaffected by the presences of tha crown
;tﬁar. Tha obJact.oE the pfasant work, then, was to study
the behaviour of wauk'fh.modarata strength H;dnqprs which
were solublg esnaugh in DHSU.to allow the preparation
af solutipns with a large BXCBS§?DE fucond-sphers ligand.
The molecules usad were a series of substituted fhanols,
anilinas and banzoic acids. The complate ;g; qgqugp
of Co-58 chemical shifts and linewidths measured Eo? a;

S

re
A}

saeries of concentrations is given in Appendix 2.

3.2 Resulits and Discussion
3.a.1 ﬁ.tusliﬂ:_nf_nmm_:mmﬂﬂm el

To begin with, the rasults.nbtaiﬁéd For the phenols
witﬁ the use of Co-59 NMR will be discussed. In all, tsﬁ
substituted phenols have beesn examined with substituasnts

ranging from the.alectrnn-withdraming:pitra group to tha

-

T

. .
Sy
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electron-donating amino and methoxy groups. In all cases
shifts to high field are ohserved with values at the highest
phenol concentrations as high as 120-130 ppm. As Eaton,
Rogerson and Sandercock (1982) have pointed out in their
discussion of the effect of hydrogen banding on the Co-59
chemical shift of cobalticyanide, the direction of these
shifts is consistent with the formation of a hydrogen bond
between the phenolic proton and tha.cuanide nitrogen.
Dramatic increases in’ linewidth of up to more than 1 kHz, are
also ubsarQsd. A likely origin for this effect will be
l discussadllater. The limiting CD—SS.chamical shifts and
linawidths are showg in Table 3.1 along q;th the calculated
apparent equilibrigm consta:ts for .second-aphers
complexation. The calculation of equilibrium constants and
the limiting shifts is based on the simplast possibls model
of a 1:1 complex between the phenol and the cobalticyanide.
It can be shown that the concanftatinn of fres phenol (P)
and the obsacvad chemical shift (8v) are relatad by the
equation:

P .1 ] P

—m—t m e +  mme—— ‘ €3.12

bv K8« §va ‘
where K is the assuciatiﬁn constant and &§v. is the chemical
shift of the hydrogen-bondad adducti Computerized Fittiag
of ths daﬁa to this equation by an iterative mgthpd was

carrisd out on an Osbornﬁ micrncbmputer with the résult that
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: Sva Correlation Linewidth
Subsatituant Kavs Cppm) Comfficient CHz)
p~NO= 2.786 . 184  0.3990 2408
H  0.5BY4 188 0.9 2453
m~NDo 1.252 159 0.993 2331
p~NHz 0.231 228 0.382 3327
m-NHz .. 1.208 126  o.ss9 1841
p=F 0.970 167 0.93g a4l
p-CN 2.176 163 0.993 2385
p-0CHs 0.8  1m1 .93 2648
P~CaHs . 1.014 155 0.994 2273
p-COOH . 1.628 145 9/550 2129
___________ - —_ - —_——d——— - —_—— _————
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. e 4P
. axcailant Fits wera oﬁtaiﬁéd yielding correlation
. coeffFicients in the range 0.962 - 0.333. The dagrae of
association of ﬁpa cobalticyanide fur'u givég concentratian
!of phenol is readily obtained as §v/8v., élats of this
function versus the obsarved linewidth are also
satisfactorily linear as shown in Figure 3.1 and yield the
linswidth values in Table 3.1.

The above analysis neglects, of cotirsa, the
possibility of complexes being fFormed with stoichiometrias ~
) higher than 1:1. Although nna.might axpec; the H-bonds of
successiva ligands to become weaker as theialactrun—
acceptability of the cobalticyanide decreasgs dus to
increasing charge-transfer, one cannot exciqda the
possibility of 2:1 or 3:1 complexes with successive
asspciation constants approximately equal or slightly less
than the First. Kitaigorodski et al (1973) have derived L‘
suitable expressions which allow for these othec’
equilibria. We havg carried out calculations in the casa

whers two molecules are complexed. If tha equilibrium

constants fFor successiva degress of association are similar

-

than one cannot distinguish with our data between a 1:1 R

complex and a.E:l'cnmplex. This agrees with the findings of*
" Kitaigorodski st al. Neverthelmsss, even if this is true one ‘ .
. \ .t

might expect such behaviour toc be similar for all the

members of this particular series and thus the calculated

effactives K’s provide a reasonably accurats measurs of the —~
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relative stability . of thd sucond—sphare complexes. In fact,
Kitaigoroﬁskii et al‘have-shomn, in the same paper, that the
values of K;4+ obtained by neglecting caomplexes of higher
stoichiometry are only slightly less than the values

of the true aquilib:;um constant. Thus tha absolute ecrors
in tha calculated limitinﬁ linewidtha and chemical shifts
due toc this assumption should also be small. ,

It is intaréﬁtjng to note that, with the exception
bf the two amino phengls, the chemical shift and linewidth
are almost indepesndant of substituent althcugh'the Kaee's
varg by over a factor of Five. The amino phanols'can H—bnnd
aither th;uugh tha hudroxﬁi or the aminc group and this is
the most likely explanation for their ancmalous bshaviour.
The apparent eduilibrium constants of tha others correlats
wall with electron-withdrawing ability as~muasu;ed by pKa
and by Hammett and other substituent pmrahétars. Fig. 3.2
shows a plot of logCKees) vs. H-1 hydroxyl chamical ahifts.
{his plot is reasonably linear as might be gxpected from the
work of Eyman and Drago (1966) wha have related the proton
shifts to hydrogen bond strangths.” Fujio et al (1975) have
used these shifts to derive substituent paramstsrs and hava#
discussed their rslationship to the elsctronic structure of
the phenols.

Although the magnitude né the sﬁifts and linawidths

shows thers is a definite interaction, the small size of the

squilibrium constants has to make ona uwary about concluding
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- whare P. rafers to the Fraction complexed and P, to the
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that a true complex as defined in Chapter 1 is being formed
here. To confirm that, C-13 and H-1 T, measurements wers

carried out on one of the phenols (p-nitro) and analyzed by

" the method of Anderson and Fryer (1969) for the case of

dipolar relaxation in the extreme narrowing conditiaon.

These authors have shown that 1f the two'interacting .

‘molaculas ares rotating as a unit then, when rapid exchanga

with fres phenol is also taking place such that only aone

peak is obsgrved, the T. of that peak is obtained by taking
the weighted aversge of the relaxation rates as per Equat;cn

3.2:

1 PI: P-f .
—_—— - ———— +  ——— £3.21
T, Tia Tae-

o

fraction fres. On the other hand, if the lifetime of the
complex is shorter than the largest rotationai carrslation

time, then a similar equation [3.3] is obtained axcept that’

the relaxation times are averaged:

Tl - P'Fo.rl" + Pq.'rj.u. E3c3j

For intermesdiate cases a complex squatlon is necessary.
Tables 3.2 and 3.3lsﬁom the T. results obtained for H-1 and
for C-13 taspactivalg.' It is apparant that the T.'s are not

only depmndent on tha prasenca of cobalticyanide but also
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Iablg 3.2
Eroton soin-lattice relaxation times of p-nitrophenol.

PNOzphenol Crown ethsr KC1 KaCo(CNY, Ti(s) | .
b ) M) P! 4P ——————— e

_____-.........___.____........_____.........._..._...____.__....__.____..________.....___.___..___

0.04%Y4 -- - - 3.37 2.53
0.538 - - - 2.71 1.58
1.37 - I - 2.0e 1.13.
- 2.00 - - - 1.79 1.07
0.050 0.2e88 0.15 - 2.83 2.15
0.462 0.16% 0.15 - 3.e26 2vel
1.32 0.145 0.13 - 1.15 0.63
2.23 0.168 0.00 - 1.43 0.74
0.047 0.187 - 0.060 1.36 1.00
0.470 0.163 - 0.050 2 .42 1.57
1.27 0.124 - Q.041 1.684 i.as
2.13 0.165 - 0.050 0.57 .38
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Crown ethar KC1 KsCo(CN)e PNO=2 hangol Tl(s)
o (M) M 3 R Afmtant e L
. 129ppm 119ppm
- -- - 2.s5 1.01 1.11 Jom
+.08 * .05
-
0.166 - 0.035 * 0.40 -_ 1.04 1.0
: ' t. .02
0.123 - - 2.20
' +.11
0.130 . - - 1.09
> +.02
! P
0.126 0.135 —_— 0.450 1.93 1.94
. - .02 +.04
_____________________ ———— - _— e
4
w0
w3
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change with p-nitrophenol caoncentration and with the

addition of the potassium complex of the crown esther

-presumably due to H-bonding of pP-nitrophenal to itself

(Tgunn et al, 1972; Fujio et al, 1975) or to the crown ethesr

(Virtanen En'lci'\U;Ltr:eJt.l 187Bi. Comparisons ba;maan
measurements with and without cobalticganida were theresform
made at constant p—nitrophenol and crown ether cnnésn—
tration. The machanism of ralaxation of C-13 and probablg
of H-1 may bhe assumed to be purelg intramnlecular dipolar.
This/waa_confirmad for C-13 by an NOE measuramanﬁ of 1.83

+ 0:20 comparable to the thporetical maxi&um of 2.0. Thus
ang changas in relaxation tilme mag be directly linkad to
changea in correlation time hnd the analysis of Anderson and
- 5

Fryer holdag

V4 Using the éffective'dQUilibrium constant from Table

S .

B.1, it is masy to calculats the fraction of p-nitrophesncl
free and complexed given<th; initial'cancantratiuhs’of
phenol and cdbalticganiQa. Siﬁce the relaxation time of tha
free phenol was measured saparatqlg'unﬁer equivalaent
conditiors to that in w@ich thé cobalticyanide was prasent,
the only unknown femaining in Equations 3.2 and 3.3, namaly
Tia could be calculated. Calculations based on both 'Fast
exchangs’ Efq. 3.2) and ‘slow eéchanga’ (Eq." 3.3) For thream
sets of H-1 measursments are - shown in Table 3.4. In all

.

casas, the T,'s calculatad for the cass of Fast axchange are

laas than.zaro showing that this hupnthasis is clesarly
\!
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invalid. Thus we have shown unequivocally by H-1 T.’s and
confirmad by C-13 measurements that the p-nitrophenol-
cobalticyanide complex rotates as a unit and does not

constitute m mare collision complex. Tha results far T,.
obtained in the H-1 case for p—nit?ophanol concentration of
2.19M are considerably lower than thoass obtained from lﬁwer
concantrations. This suggests that the fraction complexed
calculatemd on the basis of a 1:1 complex is probably too low
and that substantial amounts of higher complexes hava basn
formed. I£ should alsc be kept in mind that relatively
small errors in tha T, valuas will produce quite large

»

changes in thea calculations so the ccnclusions should ba
regarded as qualitétiva in nature. ‘

Tha C-13‘T1's can be used toc calculate a rotational
‘ corralatibn time since the NOE measursmeant conficms

exclusive intramolecular dipolar rmlaxatiori. The asguation

is (Martin, Delpeuch and Martin, 1980):
v : ‘

1 - }lo" _yHa y:‘ h‘ I(I+1) Te

I
|
|
!
i
i
|
I
|
1
I
|
I
i
|
|
[
|
|
|
i
1
i
i
1
I
I
i
m
il
b»
d

For 0.40M p-nitrophenol, we measure 0.16 and O.l'is as t—13
T.'s for the aromatic carbons of complexad p-nitrophenol.
Using an average valuas of 0.15s laadﬁ to a rotational
correlation time of 2.8 x 10-2°s, Ths corruspnndiﬁg value
for Frem phenol is 2.2 x 10-**s and, as reportad bg Ader and

Loswenstmin (1971), 1.8 x 10~'s For cobalticyanida. Tha
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correlation time is proportional to the cube of the
molecular radius which is 3.8 A for Co(CN).>-. The increase
in correlation time for cobalt:cganide is remarkably
consistent with a model for the complexed molecule in which
the C;N ... H-0 bond is linear and all other bond distances
and bond angles assume normal values. In this modal the
distance betwsen the Co atom and the average postion of tha
oxggen atoms of the nitro group is 9.8 A which is very close
to the value of 3.75 .A which is abtained as the product of
3.9 A with the cube root of the ratio of the correlation
times far complexed and frem. This indicates that tha
proposition of a hydrogen-bonded adduct betwamsen
p-nitrpphennl and cobalticyanide is quitm reascnabls. %}

The analysis of Co-58 linewidths is not clear-cut
since thé relaxation_mechanism is not unambigucusly known.
Although quadrupolar relaxstion usually dominates in
asymmetrical complexes at low fislds, contributions from
shimlding anisotropy (SA) cannot be neglected. Since
fimld-dapandent mesasurements weres not carried out, ons can
only assuma that SA effects are small here. In tﬁat ca;e,
the combination of the linswidth aof 2408 Hz and the abova
correlation time yislds a quadrupoles coupling conatant using
Equation 3.5:

o 3 eig@* nOr 21+3
-—— = === (m==m) (Q4mmm) mmmmmeee Tc £3.5]
T, Y0 h 3 It (2I-1>

of 8.3 MHz qpxch is similar to that obhtained from
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solid-state measurements on octahaedral complexes where small
sacond-sphere electric field gradients are created by
proximate counter-iocoms as alsoc observed in the following

~

chapter in the case of sodium cobaltinitrite where a value

of B.1 MHz is obtained. It should be kept in mind that this
.
value is only correct if the usaumption of a 1:1 cpmplex
holds, IF éthar complexes ars alsc present the calculated
quadrupole coupling constant would he oyarestimntéd by as
much as a factor of two. Another assumption is th;t thegs

asymmetry parameter is zero. This would probably be true

for a 1:1 complex since axial symmetry would be preserved,

3.2.2 Complexing with anilines and benzeic acids

Analysis of the data obtained for'thu'six anilines
and eidht benzoic acids is much 'more limited than, that
oﬁtpined For the phencls. 1In the case 'of the anilines the
aquilihrium constants are too small to allow a calculation
of both K and §v.. Instead, oﬁlu the product of K x 8Sva
can be obtained. This product is easimsst to cobtain from the
slope of a plot of &¢v versus fFree aniiine concentration,

CAnl. The appropriate formula rearcangad from Eq. 3.1 is:

5‘9- D e —— 5?'- R [3;6:]
1 + K[An3]

whare the denominator simplifies to 1 whan K[AN] << 1.

Table 3.5 givas K x 8v. valuss For ths snilines and, Far

e
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Kiv- values for anilines. benzoic acids and ghengls

Substitusnt Behzoic acid

" Phanol

——-_.____—_.-.--.—_—_-_-._-._-_‘..—-.—__—_—_—————-—.—————_—.-———__—_.————-._._

H 69
m—NO B
p-NOz 135
p-C1 a1
p-F 98
m—Nﬁz S0
p-NH: 43
p-0OH ' 208
o-Cl 108
ﬁ-CN
p-0CHS
P~CaHa AN
p-Br

139

147

162
152

53

355
108

157

Aniline rie:
‘g 0.9321
21 0.8975
36 0.39382
14 0.8892 -
9 0.2978
16 0.984p

—————.—__—————-——————-—_—_—._—————-._.—.————-.———-—_.—————-—_—_—_—————
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comparison, also those obtained for the benzoic acids and
phenols, These data show that the interaction,of the
anilines with cabalticyanide 1s a lot weaker than that

obsarved with the phenols. The linawidfh increases for the

anilines are alsoc much smaller.

As shown in Table 3.5, the benzoic acids shouw
considerably stronger interactions than the anilines but
agmewhat wsaker than the phenols esven though the phenols are
wemaker acids. The analysis of. the benzoic acid data i=
anuln.nnt u; simple as that for thuyphanols. As shown in
Figure 3.3 for the para-nitro and prtho—chluro banzofé
ucids; the plots of Eq. 3.1 are not strictly linear but shbu
a sligﬁt upward curvature. Tha raason‘for this deviation is
most likely iha fnrmatiPn of benzoic acid dimers. N
Unfortunately the FPrmation consatant for such a dimer is not
known for IHSU although values havs been obtained in many
solvents (MHuller and Ross, 1865; Mullecr and Hughes, 1S66;
Yoon et al; 1976{. Although, in principle, analysis of
the data could ba modified to include the dimer uﬁuilibrium,
in practice the limited accuracy and numbar of measursments
precludéﬁ such an analysis. Houwsver, at low concentrations
of benzaic ncid‘dimar formation is negligible, so that the
intgrcapt may be cunsidaéad tc bes reliable in terms of an

analysis based on Eq. 3.1. From the. intsrcepts values of

K x 8ve can be calculated and thess have bessn included in

Table 3.5. -
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P
4.2.3 Eucther compgcison of the data for anilines, benzoic

acids and ohengls

The K x §v. values of Table 3-5 show somse
interesting trends. Tha substitumnt affect is at lmast
qunlitativalu similar for all thres sets of data. 1n all
cases the larger effects are ohserved For mslectren
withdrawing substituesnts and thes smaller effscts For
alactron donating. UWe have clearly shown fFor t;u phenola
éﬁqt the variation with substituent is almost entirely due
to changes in the X valuass. Similnrlurfha Ca—SS-Ehamical
shifts obsecved relative to OMSC for a w{da ranges of )
H-bonding solvents ara-ramarkablg constant. Thay range from
about 350 ppm in formic ;cid, to 280 ppm in watesr and 200
pPpm in mathanol. IF we assume then that the chemical shifts
for the aniline aqd benzoic acid complaxas_ara tha samme as
that Far the phenols within a Factor of two, then it is
tlear that the uqﬁilihrium.constants for the anilinas are at
lmast an order of magnitudes smalier than those for the '

s
phenols while the banzoic acid K's are pecrhaps a factor of

two or thres amaller than.thusa for the phenols.

Finally, we should_ccmpara'tha lifetimes of the
complexes of cabﬁlticganida with sach of the threms typass of
complexing mcleculs. Ws have alrsady shown by tha uss of

H-1 and C-13 relaxation times that thas axchange lifetima of

p—nitrophenol is longer than the rotational corrslation

/
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time. An upper limit an the exchange lifetime can be
inferred from the apparant lack of axchange broadening
observed in similar situations (Eaton, ngerson and
Sandercock, 19682). Since the chamical shift difference
batwesn Free and complexed cobalticyanide is 150 ppm (3200
Hz at the fField of the present experiments), the lifetime
must then be greater than 10-« s, The lattsr limit applies
also to the anilines and benzoic acids. Howsver, for thases
molecules the absolute equilibrium constant cannot be
ocbtained and tharefors no quantitative analysis of the
liﬁytimas can be made in the Qama way as for the phenols.

e .

Navertheless, the Co-59 linauidth changes may bm -

used to mnkalénma tentative conclusions about the lifetimas
of the'aniline and benzoic acid complexss. As explainad
earlier, pha relaxation mechanism for Co-59 is not sasily
detarminad. Howavu?,g; reasonable proposition is that the
pradominant mechanisam Eor.tha complexad molscules is pursly
quadrupolar. Assuming this, the effectivenass of this
mechanism will ba pr{Tarilu dgbendent on thas size of the
quadrupole coupling éénstunt or, in other words, the
strangth of the H-bonding intmeraction creating the slectric
fimld gradient. As well, the ralativ; magnitudes of the
exchanga lifatime and t;a rotational correlation time m;ll
be crucial since ifF Ehe ﬁntter is larger than thes Purmar

then the relaxation times will be averaged rathar than the

rates as is the casamfob p-nitrophenol. As a simplae

> \

- «\\
-t
|
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calculation based aon Eq. 3.4a will show, averaging
relaxation times fFavora the longer rglaxation time 3o that,
in this case, For approximately equal concentrations Sf
complexed and frams cobalticyanide, a very small change in
the relaxation rate will occur/. On the othar hand,
averaging relaxation ratss under similar conditions will
produce a much larger change. Furthermore, the linewidth
might be anticipated to be proportional to thas concantration
of the complexed molecule with the short relaxatign r;ta.
As has been jillustrated already in Fig. 3.1 su;h a ﬁlot is
indeed linear fFor p-nitrophencl.

Sinces the degres of assocation is proportional to
the obsacrved chemical shifﬁ,'a qualitative examination of
the aniling and benzoic acid behaviour can also ba’ mads
hsimg this criterion. In Table 3.Euwa show the slopes of
the plots of linawiﬁth versus chemical shift obtaineg For
all the moleculas studied in this section. The correlation
coefficients For tha phenol and benzoic acid plots are a{l
greater than 0.98 and most ara greater than 0.9S5 indicating
that ths rates ars averagesd. The anilines behave quitse
differantly. First of all, tha increasas in linewidths are
much smaller. Furthermora, the corrslation with chamical
shift is fairly poor primarily due to the relatively larga-
errors involved dum to chanﬁﬁa i inhoaoganeitg from sample
to sampla. The small giza‘f?zzgi linewidth effects far the

—&ﬁilinas is quite possibly due to the fact that the



B0

Iable 3.8
" Dependence of linewidths on chemical shifts ‘»
‘Substituent Aniline Phenol Benzoic acid
H C.B 6.0 16.1
m-NO= 0.2 11.5
p-NO= 2.0 9.3 25.4
p-Cl 1.6 ) 24.5
p-F : 5.9 18.8
m=NHz - 7.4 16.5
. p=NHz , 9.9 14.3
" p-0H ‘ 4.6
o-Cl o . " 18.5 )
p-CN ‘ . ! 8.9
p—-0CH5 1.2 7.5
p—CeHo 11.4
p-Br 1.1
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lifetimes of the aniline complexes are less than the
rotational correlation times. Alternatively, nﬁa mightl
suppose that the strength of the H-bands is.cnnsl&arablg
weaker due to the varg.wauk acidity of thase molecules., Tha
largem errors involved make it impossible to make any
definite conclusions. Turning tec a comparison of the
phaﬁ;ls with the benzoic gcids, it is interesting tc naote
thaﬁ the benzoic acids have consistently larger linswidth
changes. . This supports the notion that an important \ﬂﬁ\a
component of the rationalization of the magnitude of tha-\v
linewidth effects muat he the size of tha quadrupoia
coupling constaﬁt which would be expected to be proportional
to the acidity of the complexing protic group. A simii&rw//
sf fect has been observed by Eaton, Rogerson and Sandercock
(1982) with the addition of a very strong acid,’
trifluoroacetic acid, to cobalticyanide mﬁich prcduE;Eq
linmeawidth changes of 3&50F§:~}QF a mole fraction of anly
0.0e2es5. $Thus, although the aquiiiptium constants ng
benzoic acid complexation ara apparantly smailar than tho;a
of phenols, the Co-58 linewidth data shows thaé tha
alactronic changes induced by benzoic acid'éomplaxaticn are

larger. 0On tha other hand, the interaction of anilines i;\\

considerably weaksr. -

~

i !



More than 150 ymars ago, ths formation of the

cobaltinitrite ion in the reactinh.SF cobaltous ion with
nitrous acid was reported tFchhar, 1830). Soon aftsrward -‘\\
the relative in;ﬁﬂagilitu of the potassium salt was realizaed
and. the much more ‘goluble trisodium salt soon hecame a
popular precipitation agent ﬁé; potassium ions. This '
analytical technique:'is still extant today. Neverthelsss
éartain.proparties of this compcund are anomqlous as notad’
in Chapter 1. Thess properties have beag discussed by a.
number oE.groups but are as yet incompletely axplained. .. In
particular what seams to be lacking is s comprehensive 7
discussi?n in which all the svidence, spectroscopic and
chamical, is considered. In this chaptar we first undertake -

a Fairly axtansive'I*taratura raview on cobalfinitrite and

other niErn-containing compounds and then describe some new

svidence gathered in this lab primarily From.NMR
’A . -

axperiments, Sote dE_the'outstandinﬁ:questions we attempt’
to answer cancern the lidanq-Field strgnqph of the nitro

ligend in.Co1I1) ‘complekes, ' the typs of coordinatign of

~

&e

)
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nitrite in sol

id and dissolved cobalti

B3

nitrite, and the rate

and nature of the dsccmpositian prccassés affecting

" eobaltinitrite

particularlg in aqueous
——

our T earch prasantudlin this chapter

aplution. Most of

has been publishad

ﬁébantlg (ﬁuist,'ﬁu—Yaund and Eaton, 1985) .
‘ ~3
4.2 Literature Review 3
‘ *-2-1_M )
The decnmposition oE.ccbaltinitr;ta {n squeous | .

a&utions has bean noted bd many au ors. An sarly repork

(Bﬁ/gwat and Dhar 1931) claims the fo

for e dacompositian rmsction:

1lowing 5toichiomatru

EECD(ND;).]" + HaO = 6NaNO= + 2Co(NOada + KNOz + O

I'4

This mgquation

is clearly incorract sin

is missing fFrom the right hand sidm.

HNOs is B udal

1ittle know

presumably aquated species play a role.

ly thhpd/;s nutad by Br

ce a molacule'of HNO=
1t sesms 1ikely that

aunr (1952) Very

n about the intermadiates 1nvolved although

compounds ccntaining up to thras aqua

Soma of thaese

ligands have been.

~

identiflad by carunchio and Garardi (1967) who saparatad

chem chromntngraphicallg from @& prepar

ccbaltinittita

The p:sparativ

rhoroughly as

from Co**, nitrous acid

e raaction in which the

redox couple is used, has alsc not baan

the qorfesponding proparc

1}

and Bxce33 nitrita.
tupical kﬂ(—ll 3/CoC11D)
analuzad nearly 8s

ations of

-
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hexaamminecobalt(l11), hexacyanocobaltata(III) or others.
what has been eatablished is that the oxidizing agent is
HNO2 which acts both as an oxidizing and reducing agant_and
normally decomposes itself Quite rapidly as a result bthhe

fFollowing reactiom (Bailar et al, 1973): 8
3HNOa2 = Ha0+* + NOx— + 2NOD

which combines the fFollowing half-reactions:

-~

HNOz + HaO = NOs~ + 3H*_+ 2a— Ee = —.84y

2HNO> + 2H* + 2a— = 2NO + 2Hz0 E® = (0.99V

The reverse reaction, the reduction of cobaltinitrita to
Co=2* has been studied polarngraphiculfg but the analysis of
tha resulting polarograph is complicated by accompanying

reduction of ths ligand as ans might' expect (Willis =t al,

lS&SJ.. As a result, little is known about tha raduction

potentidl for the coupls CD(II)tNP:)./Cq(III)(ND=)~ Aor has

a formation constant for cobaltinit: ita been determined. In

]

fact mven lmas seems to b;’knomn about the solution
chemistry of cobalt(II) nitrite complexas.

In any case the fe*ntive instability of
cobaltinitrite particularlg in acidlc conditions has besan

utilized in_masr synthetic prepaqptians particularlu those

leading to dinjtro- or tatrqpitro— spacies (Charalambous et

al, 1982; Muto st al, 1982). In one case tha kinetics of

i

the substjtution of nitro groups by amino-acids has bean

o

3 _— e
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astudied and fFound to be quit;(hqeid (Celap et al, 1973).
Tha iifetimes for these reactions are quite similar to the

rate of isotopic sxchange hetwesn N-15 labelled nitrite and
-

. Cobaltinitrite. The lattar reaction, studied by Matsko at

al (1867), was found to have a half-life of 1S min at 25°C,

cobaltinitrite concentration of 0.3 and frea nitrite .

concentration of offén. The decrease in rate with added

nitrite and incraasing cobaltinitrite concentration led the

“authors to propose a dissociative machanism invalving

CD(NU:)Q(H:D)""" 8s intermediate. One other rate study
studuing tha catalutic aeffect of charcoal aon the

decumpositiop of cobaltinitrite reported rate eanhancements
of about a Factor of 5 (Tomita and Tamai, 1871) but

unfortunately they Followed tha reabtion by measuring the

disappearance of the 480nm absorption band which we have now

‘shown ta be dues not to cobaltinitrite itself but to a

secdndary decomposition product.

4.2.2

The spactroscopy of cobaltinitrite has baandétudiad
much more thoroughly than tha chemistry but the
interpretationslfﬁ not alwaus agree. Ue will raview hare
the results of NMR spectroscopy involving the Co-53 and N-14
nuclei, thtfggfg}s spectrum and IR and Raman rasults. To

L]

Hfgin with the Co-53 results, the First report of the

chemical shift of cobhltinitrita was given in thes histaric

%
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paper of Proctor and Yu (1951) which was the First to note
the presence of an additional weak sigrnal a few hundred ppm
downfield. Interastiﬁglu this was the First report of two

resonances in an NMR spectrum. Many subsuquant reports alsc

nnta the puzzling presancea of two peaks in the Co-59
spectrum =sven Erom highly purified samples (Kidd and
Goodfellow,; 1878). The chemical shifts reported for theae
peaks varies over a healthy rangs but average to about

§ 7450 ppm For the strongast and § B80S0 ppm for the other.
For a discussinn of how theses shifts cnrrslnta with tha
observead UU-vis maxima vide infra. Although tha linewidths
reportead Enr these peaks are ﬁot too accurate it has
generally been recognized that tha § 7450 ppm pauk was quite
narrow and tharefora probably corraspundad to a s ?ciea of
high sgmmafru in agresmant with the gmnerally apfepted
structure of égbaltiniﬁrita. Several authors report that
tha‘intensitg of both peaks decrease with time but no
kinetic analugis was attempted. Gasser and Richards (¢1960)
wera the first to suggest that the peak at 5 B80SO ppm
actually consisted of tuwo ovarlapping paaks arlaing From an
2quatad specias and a spacies mith ane nitrc graup bondad
through O instead of N. They concluded this From

measuramants aﬁ the tampuratura and nitrite ion

cuncantratian dependencs of the relative intensities of the

3
two peaks, Rucnnt T, and~ Tz measurements have shown that T,

is substantialluﬂlongar than Tz and assigning this

- .

)

e
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differsnce entirely to scalar relaxation of the second kind
Rose and Bryant (1973b) have calculated J(Co-59 - N=1%) as
S4 Hz., However as we will discuss shortly, the N-1% T, thay
uUse is incorrect. Yamasaki and Nakamura (159789 and Doddrell
et al (15739b) also point out the diffacenca in-T, and T4 and
ansign it to scalar relaxation of the asecond kind. The
mechanism-of spin-lattice relaxation for 0O, or psaudo-0,
cobalt cumplaxas is still in disputa (Laszlo, 1S83b).
Reports aof NMR spectroscopy on the other two
nuclei in the cobaltinitrite ion are sparsa. 0-15 NMR on
caobaltinitrite itself has not been rapogSné at all prior to
this work and the only data reportad on related compounds
has been that of Jackson et al (1982) who studied the
nitrc—nitrito;cnnvarsion in Col(NHs)sONO. They obtained
chemical shiﬁts of 8§ 670 ppm for N-bonded nitro and & 640
and 5 470 ppm for Co(NH3)m>7ONO and *UN"D'raﬁpuctivﬁlg;
0-17 chemical shifts for coordinatad watar have been
reported recently for savaeral diamagqetic complbxes and are
listed in Table 4.4 in the Results and Discussion. Nitrogen
NMR of nitrite coordinated to cobalt has not bean. .
particularly Fruitful either. Bramley ;t al C1S67> réportad‘
three ccocordinated nitro rescnances all with exactfy the same
shift asa nitrate. One of thase compocunds was, of courss,
cobaltinitrite which probably. had decomposad extansivelg
during”the course of anziggffha NMR s;actrum yimlding =a

largs, narrow nitrats rescnance as obsarved. also by Rosa and

[N _
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Bryant (1978b). The latter authors were also unsuccesful
since they ohserved a larqf Frem ﬁitrite signal arowund

8 230 ppm. This aignaf shifted with aging which they

attr-ﬁ ted correctly to the productidn of paramagnetic

Co®*. However they were forced to propose rapid exchange
betwesen free and coordinated nitrite tg explain why thay
only observed one paak which shifted downfield with.the
addition of Co®** and back upfield with the additian of
sodium nitrite, This is quite unlikely in viesw of the above
quoted results by H;tskn regarding isotopic‘axchanga. The
only other N-14% NMR work prifpr to tﬁis thesis was carried
out by Hartmann and Siliescu (1864) who report tuwo peiké at
E &80 ahd & 200 ppm but made no definitive assignmenﬁs.

These authors did qg; report a nitro signal in penfaammina—
nitrncqbalt(lll) but did obsarve a signal ;t 8 120 ppm

(700 * 1S5S0 Hz) for trans-diamminstetranitrocobaltatecII]).
To our knowledge the only example of an N-15 signal due'to -
coordinated NOz has besen reported recentl by Bell et al
(1983} who obsarved N-15 signals in the r::E;‘;EHE«HB -4B Rfm
For a series of square-pyramidal Rh compOUhds with the

formula [Rh(Cl(ND)(NDyJ(FR;),]. Cansidgring the

"ngigination shift’ for nitromethans, 230 ppm to high field

of NOx~, this shift is much mors reasonabla than that
obsarved by Rose and Bryant. . The haunituda of the
coordination shift for N-bended ﬁitru can bs raticnalized on

-

- . -
the basis of thes fact that the large paramagnetic shift fFor
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NOz~ arisas primarily fFrom léw—anargu lons pair aﬁcitntions
(Jallali-Heravi and Webb, 13978) and this cnntribut&on i=s
greatly reduced when the lone pair intaracts with tha matal
to form a coordinate borid. A similaf)Effaqtrprnsumab;u?
opacrates to creatm the largm upfimld coordination shift_
n;tad above in the 0-17 NHR of the nitrite oxygen bound to
cobalt. A nitrogen NNR aignal has uet to be chserved From
O-bonded nitrite but tha canrdination shift would likely ba
substnntiallu smaller and might avunﬂba in the oppogitu‘
direction as obsarved in the 0-17 NMR of N~bonded ﬁitrita
and in the N-14 NMR of S-bonded thia;usnatas (Howarth st al,
19643 . ' |

The intarpratation of tﬁs UU-vis spactrum aof
cubaltinitrita’has provoked cunaiderusla controversy - )
particularly as to the assignment and authenticity. of the
purportud shoulder at 4“E0-480 nm. This controversy seems to [\t
have escaped the notica of Co-59 NMR spectroscopists who
have considered this shoulder to bas the H;,-T,, transition
Far ;nbaltinitrita As the calculations of Dharmatti and
Kanskar (1953) 1ndicata this wavelength domss not gorrelate
pacticularly well with the Co~59 shift at § 7450 ppm but | >
rather with ths peak at & 8050 ppm. For ths rest this
anomaly has pruvdkdd little cnﬁmant excapt that by Jorgensen
(1963) who suggests ﬁhat the cabalt NMR result shows that
the ligand-fielg strength of Hit;ita in cobeltinitrite is

stronger than appears from ths piactrcnic spectrum. Other



authors suggest that the 480 nm shoulder is a charge- ..
transfer band (Cauwlton and Fenske, 1967) or do not cgns4d$r

it to be genuine at all. . Cartainly the peak does not show

clearly in the sclid—statﬁ'rafluctanch spectrum although ﬁhp i

-

quality of such spectra is asmldom as good as those obtained

. .

on clear solutions. Garnisr (1370) doas not smse this band,
i
sven in aged solutions and instead claims to have located

thes much sought-after ﬂ‘?rT;q transition at 384 nm under-
. Y

neath the intense 355 nm charge—transfer band but gives

no details as to the statistical validity of this & ™
calculation which, cnqgidaring that the intensity nﬁ»@hg
ligand-field transition is likely to bms almost two orders of

magnitude smallec than that of the charge-transfer band, has
@,

o

to bhe gquite low. - -

3

As pointed out by Caulton and Fenske, "the suggestion
that tha UU-vis spectrum is anomalous becauss of nitro-
nitrito';anvarﬁion is disproved by thnm solid-state IR

‘spmsctrum which lacks any psaks ih the region expected for

v

nitrito specias 1000 - 1200 cm=* L Hitchman and‘\Rowbottom,
1S82). ' Thare is Of courss the possibility that the ©

isomacization occurs onlﬁ in solution but Garnier has run

.,

the IR of aqueous cobaltinitrite and observes naothing in

that region in aqueous splutions although paaks ‘at 1350,

"

1240 and 1185 cm~* appear upon aging. Raman studiss on

=t -

fresh solutions and the solid-stats alsa do ot give

.avidance for nitrito Formation (Krasser, ISES;“Kanamori et

-t
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al, 1980). It should be noted hera as wall that the X-ray
structure parfnrmsq recently (Ohba et al, 1978) on the
mohdsndium dipotassium salt shows unambiguously that the

solid-state structure has all 8ix ligands N-bonded.

Although the symmetry about Co in this pnrticulaf sﬁlt is
Tn, which is essantially ths highaest poussihle, the.summatru
in the trisodiuﬁ salt is substantially lower as shown by

tha splitﬁing of the NOx asymmetric stratching band at

1435 cm=*. The gbsarvation of Five bands (Caulton and
Fanske, 1967) theras suggests that the summetry has bewmn
lowared to D5 presumably by rotations af the NOa's aither to
maximize ionic intecactions with thes sadiums or ;onvarselu
to create larger holas For them to occupy. This observation
of sgmmatru lowaring helps.alsc to axplain the obsarvation
of a modestly largs quadrupale coupling constant (8 MHz) in
the Co-59 solid-state NMR of sodium cobaltinitrite as

1
reported by Saraswati and Uijayaraghavan (1S67) &nd :in this
LY .

thesis, . >

.3 Reaults and Discussion

The first aim of this research was to shaow as
daciﬁivelg 88 possible that the primary spmcias in Frash,
aquesous solutions of cobaltinitrits truly eontained six

N-bonded nitrites and had naot undargonq rapid conversicn to

?
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a partially O-bonded species. As wall we wished tao confirm
that the Co-59 chemical shift of tha fully N-bonded spacies
was, in fact, § 7450 ppm. Certainly tha X-ray étructpru
confirmed the First point but the possibility remained thnf
tha N-bonded spucias crystallizmd out preferantially From a
solution containing primarily other spacies; A comparison
of IR and Raman data for the two phases indicatas that apart
from slight solvation Ffrequency shifts and the axpectad
absanca in solution of low-frequency solid-state pands, the
‘v:hrational data are consistent only with a fully N-baonded
species both in the sclid-stats as well as in solution,
" Table 4.1 gists tha frequencies observed in this lab in the
‘LR and Raman spactra of solid cobaltinit;;ta and the Raman
of aqueous cobaltinitrite along with some data from the
literatﬁra. Apart from one sxtra peak at 1050 cm—* in our
Raman spectra of both phasgg the data we obtain agrees wall
with the literature and a comparison of spectra from béﬁh'
phases shows that no isomerization has apparently occurced.
fn particular, the suggustinn'cf savearal authors in th; past
.of isomerization to a nitrito species saam; to be 1
unfounded. OF course,.tha disadvantaga of such vibrational
spactra is that species in low a?rhdanca can msasily go
undatectesd.

Although solid-state Co-53 NMR also would not
readily show the prps;hca of impurities, the Fact that

Snrapmati ot al (1967) had observed a peak from

4
PO

— : -

. e
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< Raman bands (cm—1) IR bands (cm-1)
so0lid agueous(1M) solid aquecus ()
1470w 1470sh
. ™ 1u40s
1410w 1420a 1402
1325= 1316s 1330s 1315
994w 982m |
858m 843s 837a 833
837s B27s 820w
B0Bm
H$47m .
. 3J65s
304m 252 )
271w 2708h c6em
248m '
213w a .
174m
133%!:
(®*) data from ‘Garnier 1970) ’ : .
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polycrystalline sadium cobaltinitrita-suggastad to us that

at least spacies of pseudo-cctqhedral symmetry would be

agsilg observed. Further, since Saraswéti had not reported ///
an accurate chemical sh;Et-(the shift they show is
apparantly From aqueous solution) wa—thnunht that perhaps
the shift woJid turn out to be substantially Ao lowsr Field
than the aqueocus valus which uwas have detecx{ned to ba

5§ 7470 + 5 ppm. In fact, the value uwme determined &sae Ch. §
for a more thorough discussion) was § 7601 = S ppm
indicating that H-bonding of the nitritas ligands to the
solvent actually incraasaﬁ the ligand-fiaeld strength of the
nitra group in the same mannar as noted in Chﬁbtar 3 for
cubalticganida: A detailed analysis of the Eiald depandence
of the quadrupole splitting oF the central 'line led us to a
valus of B.1 + .3 MHz For the quadrupcle coupling constant

-

which is consistent with a smil] second-?gpefgﬁgz;turbation

of an athprwisa highly symmetcical First ébnrdinétinn

sphere. The appurent‘lsck of . an appreciable shialding
anisotrgpy also confirms that tha parturbation does not

arisa From an asymmetric ligand field .as might result from ot
isomarizat}on of the N-bonded spacies sinca, as Spiess et al
(1969) haJe shown, snlalding anisotropy of about 300 ppm
accompanias a quadrupnle coupling constant of such magnitude
in the case of an asymmetric ligand fimld, although .

admittedly tha correlation of Spiess is based aon Just a Fem

compounds .
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The large solvent effect cbsarved_For the chemical

75

shift of aqueous coh%lt;nitrits prompted an attempt to
obtain Co-53 sppctra-in othér non-hydrogen bonding'
soclvents. Unfortunately, these efforts were not toa -
successaful sinca_tha solubility in thess solvents was
predictably far too low to allow any signals to be
Obsarved. Thﬁ technique of using crown ether to aid
dissolution in OMSO failed s{nde, during the avernight
stircing required to dissolve the equivalent of 0.0SM
cobaltinitrite, the compound decompaosed to proci)dce & species
wifh‘ona or more DMSO ligands and a dark-brown sclution was
obtained Wwith a chemicdl shift of 8685 ppm Chalf-width =
2600 Hz)., As an-élternativa approach, mixtures of several
solvents with water could be used to produce modestly
concantrated solutions'and since the linswidth typically

stayed less than 200 Hz the spectra could be dbtained quita

tapidlu before isomesrization or decomposition occorred. In

A
<

some of these samples wera Found to persist quite long

aqueous sclutions. For the

acetcnitrifﬁ and mathanclu/

d
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ek BT L Ly L PP e ——————

Nonaguecus solvent , w/w ratio 5 Cppmd
nonaqueaous/agqueous

methanol _ 1/1 ' 7546
acetonitrile 2.571 75883
dimethyl sulFoxide .1s1.5 7584

conditions of weak H-bonding and that H-bonding actually
strengthens the nitrite ligand Field.. While the behaviour
ofF solvent mixturas is a subjact in itself and cannot be
discussed in detail here, ane interasting aspect of these
experiments éhould be noted. The result For CHsCN shown in
the table was in fact aobtained EFrom a so;dtinn of 0.05M
cobaltinjitrite in a 2/1 (v/v) mixture of CHaCN and H=0 which
disproportionated into two phasgs, one rich in Hz0 and
',cuﬁaltinitrite (8 7518 ppm) and the cther rich in CHsCN
as shumnlgg ﬁ—l NMR quantitative amalysis. This phencomanan
has baan aobsarved previously in snluéinns of simple iaonic
salts in mixtures of otheruwise Eﬁllg miscible liguids

(Schneider, 13973).
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So Far the avidence points quite strongly tqmard
the conclusion that the primary species in aqueous solution
is fully N;bondaa and its true Co-53 chemical shift is esven
further downfield than expected. Further confirmation for
the former conclusion comas From measuramgnts of Co-53 T,
and Tz, The linswidth nf‘aquenﬁg cobaltinitrite is about
S5 Hz which corresponds to a T= of 5.6 ms. However, the T,
is much longer at 37.5 ms according ta}nur measurements,
This is one of thg longest Co-53 T,:'s reported at ambiart

.Ltamparatpre and can only be explained by invaking sﬁharical
sgmmgtrg about cobalt. This is also strong evidence for
complete N-bonding. The difference between T, and T is
primarily dus to scalar relaxation of the sacond kind caused
by the six nitrogens. This matter will be discussed more
Fully in Ch:LS. As mentioned previausly, the coordination
shifts observed for N-1% and 0-17 NMR spectroscopiaes can
alsoc give information about the mode of coordination of the

L]
nitrite ion. These spectra will be more fully discussad’

\ .
shortly but suffice it to say now that the large shift
ubsarvéd for N-1% and tha small shifFt observed for 0-17 also

confirm coordination through nitrogen. All this evidence

leaves little doubt about the nature of coordination but'cE

3 -
.

course raises serious questions about the ligand-Field
strangth of the nitrite ligand as well as the wunusual

instability of cobaltinitrite in aqueous solution.

o
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4.3.2 gStudies gn the mechanism of decomposition gf
cobaltinitrite

A careful studg of the time-dependence of tha

alectronic spactra of 8queous cobaltinitrite salutions haa

provided us with inFarmatiaon ralevant to both those

problams. This experiment was prompted by the absarvation
that the & 7470 ppm signal in the Co-59 spactrum of O.1M
cobgltintrite solutions decaysd rapidly immediately aftar
dimssolution, This had not baen observad previously. The
ability to obtain entira-electronic,spacﬁra in one second
allowed us to easily follow changes in tha spectrum df

2.7 mH cobaltinitrita as shouwrt {in Figure 4.1. At this
concentration the band at 355 nm is off- scale\in the First
Spectrum taken after 2 min. 80 that only its tajil-end can he
observed stretching into the visible region. aAs reported
alrgadg by Garnier (1870) the shoulder at 480 nm is absant

\ .
and only appears clearly 6 min. after dissplution, b

Concurrently, the peak at 355 nm decreasas in intansitg.

\

This suggests, then, that a - 'dissociative process such as
agquation occurs axténsivelg-at'tha-low concentrations
necessary Fér-nhserving the intense peaks present in the-
spactrum. Thus we ﬁave shnma é;hclusivelg that the peak at

&80 nm daes not arise from Cc(Nﬂzj.s— but from a

decompcsitiun praoduct. Similar expariments carried out at

+

~much lower concentrations suggest that the wavelengths -

usually quoted for the intense charge-transfer bands in the
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UV region (Caulton and Fenske, 1367) are somewhat in error.
The first CT band is located at 365 nm immediately after
solution and decreases in intensitg‘éumsmhat while shifting
to 355 nm. The second intense ;Q;k aisc shifts slightly
with time. @On the othar band, addition of 1.0 M saodium
nitrite to 2 mM solutions prevents the formation of the 480
nm.band canfirming that it belaongs kn an aqua species.
Similar results are obtained in the Co-59 spactrum
of cobaltinitrite. While the & 7470 ppm peak predominates
in conceﬁtrétsd solutions (> 1M) and decreases only slowly
with tima,‘qu}te a different picture emerges at lower
concentrations. Figure 4.2 shows a plot of Co-59 intansigg
vs., tima for a 0.1 ﬂ solution and hesre is clearly indisated’
that the § 7470 pﬁm peak undergoes rapid decay with a
half=1life of about 1B0O s wh;la the intensity of the paak
at & BOSE ppm jrcms in at approximately ths same rcats.
Furthermore we have shomn‘ihat at lé;st saven other pmaks
can be observed before the solutions are more than a few
hours cld. The entire spectrum of cobaltinitrits and its
decomposition products is shown in Figure 4.3 and Table &.3-
lists the chemical shifts and iinamidths. Not all thessa
peaks are visibia at a given time and concentration and the
relative concentrations of these species vary in a rather
ccmplgh.manner with tima, concantration and pH. Hc;aver, as

shown in Table &.3, we have detarmined that the ratfb of the

5§ 7470 peak to that at & B80S0 ppm creases with decreasing

©
[ 4

- -~
"
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Observed & Linewidth Assignment Calc.
(ppm) (Hz) Cppm)
C7as 1es0 | cotNomsmcommaen T 7573
7470 55 Co(NO:) .3~ 7511
7970 3300 c—CofND:J.(DND)=3-“ 78186
t—CD(Nﬂz).CDND)zf— 7811
8052 1550 "Co(NOz)u (Ho0)=— B1CB
BOBS 220 or Col(NOzdg(OHI=- 032
8074 300 ' )
8315 175 c-Col(NO=) 4 CHL0) cOND Y =~ 8331
BB33 (*) h
8670 *) c—Ca(ND:J.(Hzo)zz— k 8846
8730 EiOO

N A - - N e e - T SN A I D e S M I S ey A N G g Y o
. - :

L Co(NOz)_ > 3

[ qub)

Q.8

000
a1

™)

C NU:'- J
T CH)

broad, overlapping lines

JIntensity Ratio
§8052

§7470

0.389
0.4118
3.13

0.323

it
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concentration approximately as expected fFor the dissociative
squilibrium:

ColNOz) >~ + H20 - Co(NOz)a(H=0)=2— + NO=—

.
with an equilibrium dissociation constant of about 0.1 M.
Addition of excass NO>~ drives the equilibrium back towards
Co(NO2).%- as expected. The assignment of the other lines °
in the Co-58 spacfrdm will be discussed later.

The observation that Efee nitrite suppresséas thad
dacomposition of cobaltinitrite soluEicns prompted an N-14
NMR study since praviau;'N—lﬂ work was not too suchssful
Appé;entlg due to instrumental limitations. Although we
could obtain N-14% spectra reaéilg on the WM-400, the. quality
of the spectra 1?Et something to be desired due ta the large
linewidth offthe'ccordinatad nitrite signal which was
nevertheless detected for the first time at 5 95 ppm. A
signal dus to free nitrite was readily apparent appmaring at
& 240 ppm in a'fresh solution. In samples agsd for a few
days, an intense nitrate éignal was the only signal' )
observed. Much battar~spsétra could be oﬁtainad iﬁ‘a ) s

shorter time on the high-power CXP—EOO as shown in Fig. 4.4

- . t ,‘ - -
and thay confirmad that in Fresh solutions the relative
concentration of free nitrite increasas with deﬁraasing
ccncantrntinn:aguin as expected from a dissociative g

- ) "

process. - The amount of free nitrite increases with time as

does the concentration of nitrate ion. Both these signals
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1.1 M

t =28

Figure 4.4 N—1&.NHR'5psctra of cobaltinitrite obtained at
4.7 T. Conceritrations shown at right are initial conc’'ns.
Times shown are average times aof aging.

{
: 1)

days
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shift downfield and broadan with time due to the prasence af
““pgsamagnetic Co®*, The nitrate signal shifts only 65 ppm in
highly decomposed samples whereas a shift differenge of 200
ppm is observed for free nitrite in a month-old solution of
M ccb;ltinitrita (Fig. 4.40), 1In a saﬁérata expariment,
Ijitinn of 0.01M CoZ" £a 1.0 M NOa~ caused a shift of
12 me and the nitrite licg broadened fFrom 170 ﬁ%“fﬁ 250 H=z
while approximately twice as large an effect-was observed
for 0.02M Co=~., We have also observed that the intengitg of
the nitrate peak could be greatly reduced by addition of
free nitrite indicating that dissociation is aﬁ assantial
intermediate atep in tha eventual reduction to CoCII)'which
présumablg accurs through nxidgﬁion oF‘nitrita to nitrate
perhaps with the involvement of nitrous acid. As noted

-

barli?r the magnitude of the conrdination shift shouws P
N-bonding beyond a doubt. Thera is houwsever no indication
that more than ons cobalt species is praesent as onfly ona
peak for- coordinated nitrité is observed. FPresumably the
chemical shifts and linewidths of all thm differant types of
coordinated nitrite thera must ha aspecially in dilute
snlﬁtinns are ail very similar. There is aléu na sign of a
signal from nitrito species althnugh‘fhis is not surprising
considering that the concentration of such speciaes is

prubébig quite low and fhis peak would sevarely cverlap with

the other signals.

Natural abundance (.Oﬁ?k) 0-17 spectra were
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difficult to obtain but we did chserve a weak signal at
§ 690 ppm which we attributed to coordinataed NOz~ based on
the cbaervation of Jackson et al (1982). What wa could

observe readily was the solvent signal which shifted
dounfield and broadened with time as might be axpecped in a
solution producing Cu?* ions. Also é surprisinglg str;ng
signal was cbhserved at 8§ 1BB ppm (250 Hz) tha origin of
which still. remains a hjﬁtsru.' Prasumably this species is
not derived from cobaltinitrite since it is not chserved in
an enriched sample prepared by dissolving 0.9 N
cnba;tinitrita in watar‘la.az anriched in 0-17. In this
sampls, exchange with th; sn;vant occurrad raadilg allowing
confirmatian of the coordinated nitro shift at §.680 ppm and
an accurata measurement of the linswidth (1550 Hz). The
intensity of the & 630 ppm signal is plotted varsus tima in
Figu;a 4.5 and apme of tﬁé speﬁtra shown in Figure 4.6. The
initial spectrum in which the coordinated nitrite is
obsafvsd shows a definite shoulder which is probably dus tc‘
free nitrits. A mechanism For exchange which therefora’
suggests itself cﬁnsists of~mitial enrichﬁent aof free
nitrite which then is incorpnrats& into the complex. As can
bé 5aan'in the plot of Fig. 4.5 therse is first an initiation
period which is primarily due £u tha dreop in pH to a value
of 4.3 durﬁng that period as observed separately in another
sample of the same concentratiaqn. The subsequent rate of

exchange 'at that pH corresponds quite well with that

r
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Figure 4.6 0-17 NMR (8.7 T) spectra of ‘cobaltinitrits.
Times shown are times after dissolution of 0.9 M
cobaltinitrite in 1B.2% 0-17 enriched water. 4,000 scans.
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complex 0~17 shift C(ppm) Ref.
Co(NHa) g(H0)=~ : -127 Jones et
~ al (1983)
Co(NHz )s (OHI=~ ~214 " "
CD(B”J: CHZDJPU..H"' -122 i ”» »
Colen)z(H0) =+ -126 ‘ Aygen et
- .al (1985)
Pt(Hz0) 2+ -124.3 Helm et-
al (13885)
PdCHz0) =~ -131.8 ” "
" RuCH=03,.3~ ' -198 Bernhard
at al (13855

CQ(NDzJu(HﬁPJZ— -70 this work

L
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calculated on the basis of a rate law for nitrite/water
O-exchange proposed by Bunton et al (1959). It should be
noted here that the draop in pH is most likely due to the
partial deprotonation of thamaqua ligand. A small signal
for coordinated water was also aobserved in these spectra at
§ -70 ppm (300 Hz). This shift adds to a growing number of
0-17 signals for coordinated water as listed in Table 4.4.
Thus Fairly strong svidence has besn accumulated
in this thesis that the initial stap in the decompaositicn of
aqueous caobaltinitrite involves raplacsmant of one nitrite
by water with a rate considerably Faster than normally
observed qu cabalt(III) ligand gxchange processes. The
rates and naturé of subsequent reactions aré not nearly as
easily to determine. However, the drop in pH noted garlier
certainly helps to catalyze decomposition since the nitrous
acid which must be praducad'eventuallg decomposas to nitrate
and nitrogen oxide and also acts to readuce any cobalt
specias which has lost enough nitrite to render itsalf
easily reducible. The deccmpusitlon‘cf Nnitrous acid is
supported by the chservation of a strongly acidic 1;qu1d
which condanses above closed containers of concentrated
€obaltinitrite solutions. This is presumably due to the
Formation of nitric acid fFrom the reaction oF‘ND with Oz to
-produce NO-= which combines with water vapour to form the
acidic liquid. Nitrate has been shown to be present in this

liquid by UV-vis spectroscopy (300 nm). Another possiblity
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is the direct production of NOZ by the reaction:

’
Cottrzx> (NDz2 ), >~ = CCI”I’(Nﬂz):,S" + NO%

which forms an important step in one of the mechanisms to be
discussad in the nqxt paragraphé. It should be notsd hers
that the Five-coordinate Co(II) nitro spacies has been
reported by Duyer in a private communication to Gillespie
and Nyholm' (1957). !

At least two mechanisms may be pastulated for. the
rapid aquation of cobaltinitrite. The simplest would be ta”
invoke as intermediate a nitrito species which would
presumahbly aquéta quite readily. This seems faicly unlikely

considering that all known -equilibrium constants For

equilibria of the type:

Co(X)aND2 = Co(X)eOND

are quite small. Howaver the case may be quite different
fFor a complex with a high degres of electron donation From
" the libands to the metal which maulchange the character of
the metal sufficiently that it no longer prefers ligation
through7N (Gp. V) ovar d, S (Gp. VI). A goocd example of
this is the Co(CN)eSCN molecule which has besn found with
the thiocyanate S-bonded although it is nth;rwisa typically
N-bonded (Gutterman and Grag; 1869). 1In this case the =
back-bonding of the Five cyanides evidently changas‘tha

charactsr of the metal significantly. Although -
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interactions may ﬁot be important in cohaltinitrite,
evidence for extensive delocalization in cobaltinitrite has
been Ubtaiﬁed from careful electron density maps measured by
Ohba et al (f378) who Found that the cobalt atom had
essentially zero charge. Other esvidence For this mechanism
may be derived from peaks in the Co-59 spectrum which we
. have plausibly assigned to nitrito spacias,

Another mechanism we have proposed invalves a
'rate determining step-of electron transfer fram NO=— tg
cobalt, followed by rapid ligand exchanga of the resulting
labile Cop=2~ complex, with the reaction being completed by
rapid reverse electron transfer From Co=< to NOz. The

ré;ulting sequence of steps is shown below:

LCo=NQ5— = LCo®* + NO4 (1) slow
LCo=+ + L = L'Co=* + o (2 fast
E%Coé* + NDz = L'Co®*NO,- (3> Ffast

NOz + NOz + Ha0 = NOs~ + NOz— + 24+ (4> slow

,‘.

A very similar mechanisﬁ’ﬁas been recently proposed hy
Sasaki st al (1982) For ligand substitution reactions of

caobalt(III) aoxygen complexes in which alectron tranafer Fraom

s
h

the peraxidé'ligand to the metal is’ suggested to occur.

Such an electron transfer step can only take place with an

'
oxidizable ligand such as peroxide or nitrite and thus

cannot occur with most of the typical Co(llI) ligands such
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8s Hz0, NH; and other amines, CN- and SCN-. Further this
type of reaction seems tg require an overall negative charge
on the complex in the case of NOa- since only complexas
containing more than Four nitrites are excaationallg

e d
labila.

4.3.3 -Jhe varijable ligand-Field strangth of nitrite

Having shed some new light an the decomposition

of cobaltinitrite it is_now time to reflect on ths.
ligand-Fiald stréngth of the nitrite liggnd in
cnbaltinitrité. Unfortunately the usual process of )
extracting a, 0q parameter from tha UVU-vis spectrum is nsw
rendered impossible in view of the Fact that we have shown
quite convincingly that the 480 nm band probably helongs to
an aquated'ﬁpeciss and not £B cobaltinitrite. However, we
can be quite suraagcm‘nf the Co-58 chemical shift and using
this we can get a reasonable estimate of the ligand~field
strength. Before doing so we should consider the possibilty
that. the usuai corrslatieﬁ (Laszlao, 1983h) between chsmlcal
shlft and the lowest d-d ex01tat10n enacrgy obtained Far

N- bcndsd ligands may nut/nacassarilg held for species
cantaining more than twe or three nitrites. In other mofds
the orbital reduction Factor and/er <r—=> fgr nitrite may
differ significantly from values for ligands such as

ammonia, alkyl amines and cthers. A simple solutign to
: )

~
A

this_isgto base the correlation on the sarias
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Co(NH3)A(NOz)u_.. As shown in Fig. 3 of the paper af

Juranic et al (1979b), a good correlation exists For this
series with the only obvious exceptiaon being CU(ND=).=—_

If we use & 7470 ppm as tha chemical shift we obtain an
excitation wavelength of 450 nm. This corresponds to a Oq
value of about 2600 cm—*! which is significantly lower than
the value of 3150 cm~*® obtained For NO=— in Co(NH3)a(NOg)=~,
One way to reduce the magni?ude of this anomaly
would be to invoke a modest contributicn to tha.paramagnatic
shift due to a charge-transfer excitation. This type of
cantribution has not been considered previously for qPCEII)
: 3

complexes since the d-d transition dominates but clearly

the Ramsey formula (1?50, 1851) applies to any type of

transition as laong as it involves the excitation of only ond

-

electron from the ground stats to an axc¥tsd state of the .
correct symmetry. The symmetry requirement is established
by the symmetry propsrtiés of the angular momentum operator
which in On transforms as T.,. As Gray (1963) has shuwﬁ for
hexacyano complexes, iF there exist in the ligand w*
arbitals at the correct anergy then stataes of various T-typse
symmetries result including T.g and intense charge-transfeaer
transitians can be cbsérvsd albeit only to T.. statas since
that is how the dipole-dipaole transition cperator
t;ansfarms: The symmetry of cobaltinmitrite disregardinﬁ

rotations Gf the nitrites is T,.. The energy level diagram

for this symmetry is given in Fig. B of the paper of

-

Ly
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Caulton and %enske (1367). One-electron excitations From
the %tg-orbital which is a pure metal arbital toc either Stg
or S{e orbitals arising from sgmmstrg—adapted linear
combinations of nitrite " orbitals each give rise fo a Tg
state which is the symmetry of the angular momentum aperator
in Tn. Transitions to these stat@s—are Laportb-forbidden so
they will unfortunately not be observed. Also tha integrals
in the Ramsey equation cannot be easily estimated without
detailed calculations on the electronic structure of
cobaltinitrite. Thus quantita;ive ca{:ulation of the-
chemical shift cnhtrihution Eroﬁ these excitatians is heyand
the scope of this thesis.

It ramains to be seen in view of these complications

whether a model can still’'bhe developad to accuratalg:pradict

‘the Co-59 chemical shift of nitro—ccntaining camplexas.

Since the model recently developed in this 1abnrat6rg hg
Au-Yeung and Eaton (1983) was successful for such a large
numbhar of cases, msxdecided ta investigate whether an
empirical modification of tha model could bd made. to solve
the difficulties presented by the nitro compounds.  An
impartant clue tao the source of the deviations'cuuld be
deduced from the fact that quite consistently the usual
ordering for cis-~trans isomers was reversed in severgl
cases. This suggastad an empirical variation in the ligand
chemical—-shift parameter, 5., fFor nitro such that its valus

is a Function of the number of cis or trans nitré groups
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present in the complex. Since the Ca(NH3), . (CNYa—,. series
produced soma of tha largest errors in the ﬁL—Yeung/Eatun
model we decided to attempt to impruya the Fit For this
series as mell; - Bafore we examine this mare fully, uwe
should briefly review the Au-Yeung/Eaton model ., '

The basis of the model is the crgstel—Eiela
hypathesis that the crystal-field along each axis in an
pséudn—cctahadral'complsx is a function of the sum of the
charges pfﬁduced by the ligands on that axis. Thus thae
éxﬁression For the ;aramagnetic chemical shift in the case
of a completely asymmetric crystal-field can be written in
terms of the excitation energies alang each axis as-

A 1 i 1

olpara) = -——= ( ——= 4 ——— 4 ——= ) €4.13
' 3 E"" EVV E--

where A incorporates the usual sat of constants including

‘the orbhital reduction factor which is assumed to be canstant

alang each axis. Substituting C. + C,, fok esach E and
definifhg S, to be C./A, ue obtain, after including the
diamagnetic shift relative to cobalticyanide, tha chemiéal
shift ﬁFlative to Ca(CN).>- as Fallouws:

1 1 1 . 1

5Cppm) = - +
3 (5,+5.) (Ss+5.) (S5e+5,2

where S_ is the chemical shift parameter far agspecific

ligand some of which can be abtained from complexes with

M
O ) - 11,000 .23’

]
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only that ligand and the cthers from mixed complexes in
which the parameters of all bﬁt one ligand ars,rnown.
Although this model has bean -used tp successfully
calculate the chemical shifts of ??,cnmplaxés mitﬁ a
standard deviation of 108 PPpm (Au-Yeung and Eaton, 1383),
the gquality of fit Far the nitroammine and cgannammina
sarieg is significantly poorer. Ta illustrate this we shaw
in Table 4.5 the calculated S(NO2) parameters For the "
nitroammine seriag using a value of S(NHs) = 2 .60BE-5 ppm—*
as calculataed fFrom tha chemical shift of Co(NHx ) =+
The chemical shifts pf the last Five membecs of the
nitroammine serises are takan_Ernm.Fig. 4.7 which shows tha
épactrum of the mothar liquor taken From the sgnthesis of
trans-Ca(NHs) 4 (NOg )=~ Thess chemical shifts agree well
with those reported in the lltaratura by various authors
The other chemical shifts are taken Fraom the literatura.
Simiia:lg SCEN) values fFor tha cyancammine series are shdun
in Table 4.5. The calculated values of S(NOz) and S¢CN)
shaow a definite trend down tha two seriaes, with ScCN)
incr9331ng and S(ND3) decreasing with increasing n., In both
casas the &ffect of introducing a cis li%Fnd is
substantiallg different from the afFect of introducing a
trans ligand. Thus a new set of empirical formulas for the
chamical ﬁhift parameters must be developed to obtain the
best possiblse Fit For the ubsérved chemical shifta, Thess

formulae are the fFollauwing:
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Iable 3.2

: \ 1t-55 NMR chemicel Shif
' for the nitrpammine secles

{ Co(NH3) ~(NBz) aen
Calculated &(ppm)

n Observed §  Calculated S Method  Method

B Cppm> (10~ ®ppm) 1 c
o ~ 7470 2.711 5150 7511
1 2_ SE10 /,7182
cis EL‘ 6880 2.893 6071 7061
tr E//) EElﬁ 2.3918 . 6157 6335
mer 3 SSé (BéO) *) 2.969 6618 7024
fac 3 7221((150).. 2.880 - 6532 -712a
cis 4 7279(415) 3.001 7078 * 72782
tr 4. 7208(440) 3.072 7165 - 7204
5 76339(185) 3.082 7685 |, 7BES

S L :

Method 1: using Eg. 4:2 and SCNOz) = 3.096x10-°
Method 2: using Eq. 4.2 and S(NO.) given by Eq. 4.3a

(") §'sm qufl}ﬁawidths for this and the next 4 isomers
takan om Fig. 4.7.
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- Iable 4.6
o
Calculated Cohalt-59 NHMR chemjcal shifts
h ngammin

Co(NHs) ,(CNYo_,

. Calculated &(ppm)

n Cbserved 5 Calculated S Method
(ppm) (10~=ppm) 1 = 3
__________________________ - __,c..._____._-..____.___._____—_-.____.._.._
0 . 0 H.§§S 284 -82 —B\-
1 1168 4.469 1258 1141 la2ea
cis 2 c4s57 1.330 2232 2370 2452
tr 2 2744 4.533 2913 2726 2720
mer 3 (*) 3991 4,364 . 3es7 3940 - 3950
fac 3 Ja14 't.378 3207 3586 >3888
cis 4 5132 4.236 862 5150 . 5180
tr 4 5458 4 .48 ' 5543 S481 5447
S 6675 $.203 6517 6675 8677
___________________________?__ - T

Tethod 1: Eq. 4.2, S(CN) = 4.431x10-% for all
Method 2: Eq. 4.2, S¢CN) given by Eq. 4.3b
Method 3: Eq. %.4, S(NH3) = 1,382x10-5,S(CN) = 1.583x10-+

(*> Bramley et al (1985) assign this tg the Fac isomer
but the largs linewidth reported by Au-Yeung and -
Eaton (1983) (4540+S00Hz) as compared to only 618 Hz
for the other isomerymakes this unlikely
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SING2) - (3.086 - 0.093Nciw - 0.023Ncrama) x 10-° {4.3a]

SCEN) = (4,203 + 0.0280Ncim + 0.301N¢cr arna) x 10-9 {4.3b3]
where nNeia i8 tha number of NOz or CN ligands cis to the
NO: or CN ligand For which the shift parameter is required

& qld'ntf-ﬂ- is the corresponding number of trans ligands.
Yﬁs shown in Table 4.5 and Table 4.6 in the columns For

fethod 2, the shifts calculated with the above Formulaa
agree reasonably well with the experimental shifts and the
absaﬁ@éd anomalies of cis-trans and mer-fac pairs arse
reprcﬁuced. These fFormulae should be regarded as puralg
empirical and need riot necessarily apply equally well to all
nitro and cyanc cantaining 1igapds-since therse may be
similar inter-ligand intergctiaﬁE’bstmeen unlike ligands
(e.g. between nitro and cyana). However in lieu’cf anything
better we have applied these Formulae to the aséignmant of
peaks abserved in solutions produced by some reactions of

cobaltinitrita%

These assignments will he discussed shartly but
first we should consider the origin of the cis and trans |
effects. In the case of cyanide the aﬁparent_trans—sEEéct
can ba veary well simulated by the inclusion in the formula
of a Eaétnr.mhich takés_into account the different orbital
reduction factors for the two ligands. As Fujiwara et al
(1863) have painted out, tﬁe orbital reduction factaor may be

different alang each axis so that a modified Formula

ingluding a variable arbital reduction Eactnr'squarsd (k2
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would have the form:

§(ppm) = ——— (—————- + o + e J - 11,000 C4.43]
3 (51+52) (53+54) (SS5+56)

where the k’s would be some Function of k(NHs) amd kCON). A
r?asonéble model for the calculation of the k's would be
that the k on each axis is the average of the k's For the
ligands on that axis, i.s. k. - 0.SCki+ka), atc. Us;ng
Juranic's (13681) values For k, k(NHs) = .53 and k(CN) = .37,
we have recalculated the chemical shifts of the cyanoammine
series as shown in the column labelled Method 3 of Tahle &.E.
using bnlg ona value for S(CN) showing tﬁat the apparent ‘
tranas-effect can be 5imulatsd ;erg wall in Fhis way. It
should be noted that both models have similar difficulties -
in pradicting_the fac chemicaloshift. Hore to the point the
: cﬁamical thft difFference batwsik mer and fac is poorly
prsdictedvélfﬂoqgh what is'repraduced is the trend ubservéd
For the other two pairs of gaometrlcal isomers that the
shift diEEaranca between’' cis and trans is larger than
pradicted bg e.g. a model in which the S(CN> parameter is
constant as shown in the column labelled Method 1 in
Table 4.6. The latter model actually pradicts the shift
difference between mer and Fac verg weil.

In the case of the nitroammine series the case is

‘quite different. As shown in the third column of Table 4.5,

the calCUlated shift parametar SCNOz) decraases quite
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regularly with decreasing p (column 1) but in this case, for
each pair of geometrical isomers, the isomer with the larger
number of trans nitro's (trans and mar) has the largest

S(ND;J. This means that the normal chemical shift
difference batwesn the pairs of isomers will be smaller than
usual. Actually examination of the observed chemical shifés
shows clearly that the normal order within each pair is
reversed. This can be simulated reascnably wall by
introducing Eg.- 4.3b shown above. This formula does naot
represent a ‘best-fit’ model®but is meant to illustrate that
the cis-effact is larger than the trans-effect. The origin
of the cis-sffect is not clear but may in part result Erom
steric interactions between cis nitro's although there is no
strong évidshca For this from the crystal structures
pubiished an membars of this series, Psrhaﬁs the most
important point t;»note is not how well or how poarly tha
déta is reproduced by £ha model bu£ rathsr that the
annmalugg behaviour df'tha niﬁrite rasults in bunghing,pf
peaks within a small chemigal shift raﬁge making assiﬁnﬁants
based pﬁ;elg on chemical shifts speculative. The linewidth
torrelation as described by Au-Yeung and Eaton (1883) helps
;~with thaumer/fac asgsignment for the nitrcammine saries since
thF fac line is quité sharp indaed as pLedicted from its
-pseudo—sphericéi summetrg. However the predicted linswidth .

ratio of 4:3:1:1 for trans:mer:cis:(al)a(NOz) does not agree

too wall with the observed ratio of 2.3:4.6:2.%:1. The
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major factor causiﬁg this discrepancy is probably
differences in rotational correlation time between the
complexes. This would affect the quadrupolar relaxation
which is directly proportional to the correlation time.
Also the scalar relaxation contribution to the linewidth
would vargrdue to the variaticn in the N-14% T, which governs
the magnitude of this interaction.

Keeping in mind the empirical nature of the formulae
Just developed, we now discuss the application of these
Formglae to the assignmanﬁ of Co-58 spaectra from three
different sources. The First and most important is the
spsctrﬁm‘Ercm aged solutions introduced previously in
Table 4.3 and Figure 4.3. The assignments for thesalpaaks
are also givén %n Table 4.3. We have assumed For the ¢
purpose aof thesa calcﬁlations that only nitro, nitrito, équa
and hydroxo ligands are present in thase,compounds. The
chemical shift parameters for the aqua, hydroxo (Au-Yeung
and Eaton, 1383) and nité;tc (Au-Yeung, 13B83) liggan are
taken from previous work.. The assignments sho;‘that species
with less than four nitrite ligands are not observed
probably because they are readilg?taduced to Co2*. The
assignment of the line at § B0S2 ppm to the peétanitrcaqua
or -hydroxo species is as expected an the basis of the
argumanfs presented previously. The other two lines most
likely arise from conformational isomers of.ﬁhs aqua/hydroxo

species since none of the remaining calculated éﬁifts Falls
‘ 3
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claose except Faor the dinitri omers which are bettar

Essigned to the ling at & 7870 ppmf In t context,
conformational isdmers would be isaomers whichhare identical
in every way except for the relative angular ariantation of
the ligands. Although the idea of confarmational isaomerism
has, as far as we are awarse, nutlﬁeen suggested For
complexes containing monodentate species we are almost
forced to suggest it not anly For this set of peaks hut alsa
for the set of peaks at 5 B700 ppm in this spactrum and for
one set of peaks in two of the other spectra about to be
discussed.

The source of comfurmatiunal\iscmsrism is most
likely solvant intsraétions since one ;culd expect an
unperturbed molscule ta have ths conformation in which all
cis nitro's are perpendicular as abserved in the crgétal
structure cf cnbéltinitrita (Ohba et al, 1378). Deviations
from this‘gaomégrg are howsver nbssryed inﬂﬁha crystal
étructuigs of mer- (Laing et al, 1971) and fac— (Nuber et
al, 1973 CD(NUzJaCNﬂFQS in which the NDz'gFUUhS are tuwisted

as much as 20-30 degrees From the planes defined by the axes

of the cctahedran. The differences in line-width among the

)
1

three peaks arises presumably Fraom diFEérances in alacﬁric'
field gradient griin cﬁr:alation tﬂée due to diffarences in
solvation. Although Dnéﬁmighteaxpect’a rather short
lifstime for exchange betwasn these spécies it thu;d be

noted that these spectra were obtained cn the WM-400 leading

.
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to éairlg large chamical shift diferences. At lower fields
these lines are much }ags rssélvsd suggesting that chemical
exchange is taking pla:a\with a iifetime of about 2x10-+ g,
Since this does seem ra@éer long for solvant rearrangemant
processes, it sasms l?kﬁlg that rotation of the nitritas
ligand is'required to interchange the isomers. The barrier
to rutaéf;n for such a process is unknown but might bhe
expected to bha reasonably high since there is a definite
steric interaction when twg Cis nitro's ara coplanar.

Ta test the validity of these models we decided to
try to synthesize some new nitrd-cnntaining compounds and tao
assign their structure in solution without First attempting
the difficult task of 1salat1ng pure compounds from complex

mixtures. Indeed tFRis is one of the benefits of solution-

\
state NMR. In our first Bxample of tha ccbaltinitrite

solution we have identifiad at least thres praviocusly

‘unknnmn'nitrito speciaq and assigned Co-59 chemical shifts

i

to the previously reported agua and diaqgua species. Uue
have, in addition, reacted cobaltinitrits with
ethylensdiamine, cganide and azide and obtained in each casa
a complex mixture of compounds as shown by Co-59 NMR. Some
of thess éumpcunas have bheen observed previously while ue
have made plausible assignments For a number of new
caompounds, ’

Figuré &hB shnms the spactrum obtained fFrom a seven

day old solutlon crlglnallg containing 0 1N cobaltinitrite
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Obs. & Linewidth - Rel. Assignmant Lit. & Calc. &
Cppm) C(Hz) Int. (ppml(*) (ppm)
9356 cB0 ge c—Colen)=z(H=0), 9150. 9310

\ c-Colend=(OH)= 3300
9342 150 " 12 tr-Colem)=CHz0)= 9100 9780
tr-Colenl)=(0OH), 9280
8510 1350 2 c-Calen)z(Hz0) (OND) 8781
7785 B40 100  mer-CoCNOz)sanH.O 7607
7530 150 (**) Fac-Co(NOz)sanH=0 7663
7483 . 3ss 40 . Co(NO=). 7470 7510
7123 115 24 CaoCen)y 7145 7148
7035 . 1000 11  Colend(NOz)a . B7ss 6737
6539 1477 36 c-Colen)z(NOz). 6551 6627
6337 1453 103 t-CoCen)=(NOz)- 6323 6522

(*) Kidd and Goodfellow (1573), Au-Yeung (1383)

(**) phserved only in fresh solutions

™~
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and 0.4%1M ethylanediamine (en). Table 4.7 shows the
chemical shifts, linewidths, assignments and relative
intensities of these peaks as well as one other paak
observed in the fresh mixture. All members of the

CoCen). (NDz)q_=,. sa;;as-are observed with the chemical
shifts agresing reasonably well with those repaorted in the
literaturse. fhe linewidth of the cobaltinitrita line is
substantially higher than that ohserved at neutral pH (this
sclution is strongly basic) which is’ presumably due to
extensive hydrogen-bonding betuween Free enm and tha nitro
groups. In Fact the presence of en in the second-
coordination sphere must stéhilize the cobaltinitrite
considerably since adding base ﬁnrmallg results in the
precipitation of cébaltic hydroxide. An alternative
‘explanation is that a different species altogether has
Formed but its identity is not obvious.

The assigmment of tha tuwo sxtraés low Field line;
is perhaps somewhag controversial since wa'ars again
suggesting that these two lines belong to conformational
isomers of cis-Co(endz(0OH)=. Itrsﬁnul be noted that the’
literature rapurt'cYaJima,é; al, 18742 in which the
assignment of these £moblinés to cis/trans isomers is made
indicates that thesa lines were observed in decnmpcsad
samples and tha assignment was mads puraly on the basis>of

the expectation uthmolisumars. Howevar the calculateé

chemical shifts in column 6 of Table 4.7 show clearly that a

-

/7 \
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much larger chemical shifFt difference is to be expacted for
the geometrical isomers and the calculated value For the cis
iscomer is the cnly one which is close to the observed
shifts. The assignment of the line at &§ BS10 is really
dependant on the_assignment of the line at § 77BS which
‘could either be due to CiS_EU(Bn)z(HzD)(NUZ) or to
mer-Co(NOz)sanHz0. The Farmer assignment would JjustiFy the
assignment of the § B510 line to tha nitrito species since
then the expected equilibrium constant for %;tritc to nitro
conversion, about S0, would be observed. In view of the
previously observed rate constants far nitrito tp nitro
convarsion (Miyoshi et al, 1983) it would be guites unlikely
that any of the nitrito spaéias would be observad if there
was not a much larger amount of the nitro isomer present.
Some other commenés can be made 1nciud1ng the
- cbservation that, although a’'slight excess of en was used,
trissthylenediaminecobalt(III} is not the major species
fFormed prasumablg dua to the extreme lack of reaétivitg of
compounds with one or two nitro ligands. 1t should also be

1
ha cis-isomer although this type of raaction—is typically

n

(\:jifd that trans-CoCen)z(NOz)z is farmed in prafs?enéa to

used to prepacre the cis-iscmer. A number of reports of the
Co-59 shifég of these isomers have been published but the
range of valués rgporEFd for butﬁ iéomars is rather largs
(Kidd and Goodfellcw, 1978).) Although we have followed our

calculations in thg assignment in the sense that the
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relative ordering is tha.sama as the experimantal, the
agresment between the actual values is rather poor.
However, the results of Au-Yeung (1983) in this lab indicate
thag\éhis assignmantﬂis correct. |

The reactionﬁof cobaltinitrite with cyanide has
been carried out with three different mole ratiaos,,
CN~/Co(ND=z) 5 = é}l(ﬂ), 1:1CB) and 1:5(C), to try to cbtain
as many members of the cyanonitro(nitrito) series as .
pasgibla. Table 4.8 lists the peaks observed in these
reagtions and two of the spebtré, (A) and (C), are shouwn in
Ffégﬁi.s. The third spectrum, (B), was take% at 2.1 T. The
results show a prédaminance of n;tritn;containing species
which illustrateéi‘ ain the point that the nitro/nitrito\
equilibrium can be altered in complexes with a high degree
oEfechtrnn donation to the metal (vide supral). The
pentacyanonitrito species is ot necessardly more stable
than the corresponding nitro isomer since the latter has
been chserved previously (Au-Yeung and EatPn, 1983) at & BO3J
ppm (calculated & 821 ppm) and Q“tarcnnvars;cn batween the
two species may nqt‘be rapid. The prévious rapnft of a
chemical shift of 3 1%00 ppm for pentacyanonitro (Yamasaki
et al, 196B8) is close enough to our value (& 1372 ﬁpm; to
lead us to believe that they had obtained the same cnmpuund'
as.ws Jid. Since there is no definitive struttural |
assignment in their report; we can anly assume that they

have mistaken the nitrito species for the nitro species.

h Y

v



lable 4.8

Cobalt-59 NMR gpectrum Erom the reactign of |
sodium cobaltipitrite and sodium cuanjide

---—-u------——-----—-----—--------—----—--------—----—-—_u-—

Observed & (ppm)

___________________ Assignment Calculatad 8.
A B c Cppm>
0 Co(CNI.=~ ~92
1340 CoC(CNIuCOND)S- 1372
2550 ' c~CoCCNJ.COND) g%~ 2835
3621 tr—CaCCN)..COND) o5~ 3601
6477 c~Co(NO=)4(CNIHog=~ 6558

6614 m—CD(NU=)3(CN)UNDEHzD)=‘ - 6625

) 7266 Co(NOz)o(OND) -, 7573
7470 7470 Co(NDz ), 5— 7511
7689 l '
7711 7708 g
7715 - PP )
© 7785 7785 \
' 7733 7733
B0S2  BOS2 COCNDz o CH=0 ), - | 8108

e e e e e e e e e - ———

Ecobaltinitrite]/Ecganids]
0.2M/s/1.0mM
1.0M /7 1.0
0.5 M/ 0.1

~S

nwo

M
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Figure 4.3. Co-538 NMR spactra of rsacticn mixtures of
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sodium cobaltinitrite and sodium cyanide. Spikes ars marked

with crosses. Ses Table 4.8 For maorm datails.
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The only dubicus assignment would have to he that of the
group of at least five narrow lines around § 7700 ppm which
are prasumably conformational isomers of cyano conpaining
species since these peaks are not observed in cobaltinitrite
solutions. The small linemidtﬁ observed For all Five peaks
leads one to believe that the species involved is a fac
isomer Co(AsBs) but none of the possibilitiss fits anyuwhere
close toc the observed shift. The other hig;-field peaks
observed in the spectrum of solution C are the sama as
observed in other cobaltinitrite sclutions as expected since
cobaltinitrite is in excass.

A final example to he ccnsidsced.is the spectrgm
obtained From a reaction mixture of 0.1M sodium
cobaltinitrite and 1.0M sad;um azide. The spectrdm is shouwn
in Figure 4.10 and the absa;budfuﬁg/calculatad chemical
shifts and tﬁs assignments basgd on these shifts are listed
in f&ble “4.3. 0Only the six maJor;paaks haye been included

in this Table and it is Ehtérssting tec note that a%l six of

. the possible cnmpuundé'cuntaining three or more azides are

formed. The small, sharp ﬁeak at tha\extrsms high=<field
sida aof tﬁe spectrum (Obhs.§ 8362, Calc.$ 85389) mag very well
be the tfans—diﬁzidPtetranitro isomer. IF so, tﬁeﬁ we have
observed, all in one solution, six new members of the

qiidchitrc series. As nbserved‘mith the nitroammine series,
the linewidth ratios are of little help with the

assignchff: 'Thus the expected ratio of 4:3:1:1 Far
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Iable 4.9
ggpé;;—gs NMR spectrum Erom the reaction of
11 juim ini n L am

Obzsercved § | Linewidth .Ral. Assignment Calc. §
(ppm) (Hz) Int. °* Cppm)
8937 . 290 19 £-ColND2)s(Nads  BEB1
3009 877 43 m—Co(NOz )5 (N3 )y 8966
g780 730 127 C-Co(NO=z)2(Nsd L 9844
9960 974 22 t-Col(NDO=)=-(N5J ., 10110
10978 1072 33 ColNOzJ (N3 ) 11071
12558 . | 310 S CalNz), 12530
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trans:mec:cis:mononitro is far From the observed ratios of
4:3.6:3.0:4%.4. Howsver, the linswidth For the Facial
isomer (280Hz) is considerahly less than that of the others

keaping in mind that scalar relaxation may contribute as
much as 200 Hz to the linewidth. This gbservatian is
important as it confirms once again the reversal of the
order of chemical shifts for the mer/Fac and cis/trans pairs
as predicted by our Farmulae,

It should ha noted here that only a small number
of all the possible isomers of complexes containing any
number of azido, cyano, nitre, nitrito and aqua have hean
obsarved in these éolutions but one should be careful about
drawing conclusions’ about the relative stability of thqse
isomers. A detailed study of the cnncantfatian ana timeg
dependence of the peaks observed hera mould have to bs
undertaken to yiseld thlS Lnfnrmatlcn and to gain an
undérstanding of the mschanism§ cr, more propsrlg[
mechanistic network of these ;éactiﬁné. It seems clear,
however, that solution work will be essantial since such
complex mixtures, ara gbtained. Fram a synthetic point GF
view these reactlons are not very useful ar efficient but
this should not stop ;he physical inorganic chemist from ‘
attempting to prnbg the quilihria invnlva? and aspecially

to elucidate ;ha inter—ligand interactions aobserved hers.
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4.3.4 Addenduym
Just before tﬁe writing of this thesis, we becams
™ aware of a recent ﬁublication by Tarasov et al (13984) in
\k\\which soma important experiments similar to ours on
cobaltinitrite are creported. Without commenting an all the
data in their paper, we would like to draw the attantion of
'tha readsr to saQaral serious aerraors in interpretation which
are made. At the same time we wish to acknowledge that they
have concurrently made some of the new discoveries which we
rapnrtJ First of all, they report Co-53 NMR chemical shiFts
and linem;ﬁthé on aquegus caobaltinitrite. As chserved bg
ourselveas and many previous authors, they obtain peaks at
& 7465 ppm and & BOB7 ppm. They also report a ‘new’ peak at
8 EEéE ppm analogously to one of our ‘new’ peaks but do not
observe any of the other four ‘new’ peaks we have observed.
The linewidth of the & 7465 ppm is reportsd as 143 Hz which
'yé']tcnsidarablg larger than the more accurate value of 55
Hz we obtain on high resolution insfrumsnts. As we also
%epurt, thag have cbsarﬁed intensity ratio. changes with
dilution and addition of sodium nitrite cmnsisteﬁt with
aquation processes. However, thay aésign the § 7465 ppm
pa;k to the dinitritotetranitrocobaltata(IlIl) species
without giving a clear explanation. Apparently they base
this assignmaﬁt on the cbservation of a Co-59 NMR chemical

shift of about § 6000 ppm For polycrystalline sodium

cobaltinitrite and, as they state ét the beginning of their

.
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article, the expectation of a chemical shift bhetween nitrao
and nitrito isaomers of about 1200 ppm. This rationalization
is weak far savsrﬁl reasans. The worst error they have

clearly made in their calculation of the chemical shift of

the solid canound. It semems quite likaly that the chemical
shift they quote is that of the high-Field maximum rather
than the raqui?ad paint 3/85 of the splitting to low-field
of that point which is about § 7500 ppm. The authors alsao
quote some N-1% spectra which are of considerably lower
quality thén ours. However their interpretatiaon of these

spectra is basically sound and they confirm the large

upfield coordination shift For nitrite.



Chapter O

Field dependence of the Co-S3 NMR gf

in L inj it

5.1 In;[gdgggign‘gng Theory

The three principal interactions in the solid state
are the dipoalar, the guadrupolar aﬂg chemical shielding.
The First arises From the fact that each nucleus acts as a
magnetic dipole and thus exerts a magnetic Force on all
nuclei clese to it. This interaction, as are the cthers, is
angle depandant and thus in a single crystal causes the
resgnant line to shift as the sample is rgprientad with
respect to the magnetic Field. The ﬁuadrupclar effect only
arises with nuclei having nuclear spin of I>1/2 and requires
a non-zero alq;tri: Fimld gradient arising from an
asymmetrical électrcn daensity distribution. The net result
of this interaction is to split the resonance line of the
quedrupolar nucleus into 2I+1 lines in First order. UWhen
the qua&rupolar intsraction beccmes comparable to the Zeeman
interaction then for halE—intsgrai spins the central line
also shiﬁts. In a powdered sample with random arientation
of all the nuclei tﬁe spectrum cansists in first order of
2I+1 lines with anm intensity distribution as calculated by

Cohen and Reif (1357). To second-order the satellites

121
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disappear and the central line appears as shouwn in

Figure 5.1A. The splitting in thig‘lins is given by

Eq. 5.1:

£S [ICI+1)-(3/4)1
16 C21¢(21-1)1] vo

where A is the quadrupolar coupling constant and axial

symmetry is assumed. The third interaction, the shielding

effect, arises from the presence of alectron density around

the nucleus. Ip a spherical atom, the nat result is to

shift the resonance line from tﬁat of the bare ataom. In

less than spherical ggm%etrg the line position is again

angle dependent and the fFamiliar powder pattern as obsarvead

already by Bloembergen and Rowland (13853) results. This

type of spectrum” caonsists of a strong peak at the position

of the sscond—largast‘principal {(diagonal) value of the

shielding tensor, o6=z=z, .and shoulders or steps at the other

two values, Cia and 6as.
T Thdﬁannlgsis afréingia—érgstai data even if all
thrae interactioﬁs are present is tedious but possible if
accurate data can be obtained. However, the effort to
obtain suitable sing;a crystals and to set up and do the
actual sxperiments is’difficqlt enough to limit this
tachniqu; to specialists only. Therefore the possibility of
doing NMR on polycrystalline materials clearly has its‘
‘attractions. The analyeis Df\pnlgcrgstallina NMR spectra is
in itself hot always simple unless one is satisfied to Jugt

N



123

recover the isotropic chemical shift and eliminate all
broadening interactions by ‘magic angle’ sample spinning
(MASS) or multi-pulse techniques. .If one is determined to
recover information about dipolar interactions, qguadrupole
coupling constant and asymmetry parameter and values Far
the principal values of the shielding tensor, a lot of work
must be done. Fortunately the theory for the most
complicated case likely to be encountered has been warked
out by Baugher et al (13963). They give formulae for the
positions of the shoulders and singularities in the powder
pattern Forythe central transition in the case of completely
usgumetric iuadrupolar and shielding eéfects. For iqstance,
the locstion of the low-Field peak (vo) tgp;callg observed
at low fFields when quadrupblar dominates hut shielding
enisotropy (%ﬁ) is not negligible (which is the same peak
which remains at very high fields when Sﬁidominates) is

given by the following equatian:

YL = ¢vo + R(3-M)2/14%ve — Goauve
where R = vaf[I1CI+13-3/4], va = 3A/2IC2I-1) and " is the
asymmetry parameter for the quadrupolar effect and expressas
the deviation from axial symmetry. Also more extensive
treatéenta of simpler cases have been worked out by Jones et
- 8l (1963) who treat thg case of axialig symmetric
quadrupclar and shielding anisotropy and by Narita mt al
(1966) who treats completely aspymmetric quadrupolar. Apart

fFrom the difficultg of the analysis itself other compli-
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cating factors include crystalleographic isomorphisam (e.qg.
KsCo(CNYW) (Lourans and Reynhardt, 1872), crystallographic
inequivalence (Co(NH3).C1l5) and the presence of molecular
rotation (Reynhardt, 1377). 1In this thesis, the Field
dependence of the polycrystalline sclid-state NMR cof
trisodium cobaltinitrite is discussed.

At present the scope of Co-59 NMR an polycrystalline
sclids appears to be quite limited, vTha reason fFor this is
that both the quadrupolar interaction (A > 10 MHz) and the
-shieldiﬁg anisotropy (o,, : C=z > 500 ppm) are very large in
d11 but octahedral complexes. This typically results ina
spectrum in which even the central line has been broadaﬁed
beyond racognition.' Although the dipolar linewidth is ‘
usually quite smail (a few kHz) and can bs.raducad by MASS,
the relstively small spinning ratelof % kHz currently
attainable on MASS probes deoes little to narrow peaks S50 kHz
wide. It should be pointed out also that while shielding
anisotropy effects, if Qmall, theoretically average tq zefo
under ﬁRSS, quadrupolar second-ordar spiitting_c;n at.bast
be reduced by a Factor of about‘B.S. Slightly better
results can be obtained by spinning at angles diffarsnt from
the ‘magic angle’, S54.7°. The optimum angle depends on
the asymmetry parameter but if that is zaroc then rapid
apinning:ut 3E° or 75° can reduce the central linas splitting

by an order of magnitude (Ganapathy et al, 1982; Samoson et

e . '
al, 1882). O0Oldfimld has coined the names UASS (variable
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angle sample spinning) for this. new technique which has bean
recently applied to D-17 solid-state NMR (Schramm at Bal,
19B3). nAs Far as uwe know, the 'Co-59 MASS axpariment
reported aon in this thesis is the fFirst to be attsmpted
Before we leave the subject of Co-~59 aglid- —state NMR, uwe
should note that when poluFrustalline NFMR is not Feasihile
for the mentioned reasans hoth single-crystal work as
elegantly performed by Spi=s§’et al (1869) and nuclear
quadrupﬁie resonance (NQR) (Das and Hahn, 18958) rémain as

.alternatives (Watanabe and Yamagata, 19657).

5.2 Begsults and Discussign

We decided to investigate ;he field dependence of
the quadrupolar splitting in sodium cobaltinitrite after our
Eirst measurement at 5.9 T gisldsd a value for the
quadrupole coupling constant/yhich was considerablu iomer‘
than that fepurtsd earlisrc b;-Saraswati st al CISE7)
Spectra uers taken at six different fields and thé results
are summarized in Table 5.1, Five of the spmctra are shown
'in Figure 5.1 along with a MASS sSpectrum obtained at 4.7 T.
Qualitativelg the expected trend of decreasing second—order
quadrupole splitting is observed but,fhe calculated
" Quadrupole coupling constants shcwn in column 3 of Table 5.1
vary with field whfch shows that something is amiss. In.

fFact, at the tuwo highast Eialds the quadrupole sFfect: is

barely noticeable as a slight asymmetry in the lines and the
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Iable 5.1
n - [}
njit
Splitting A Chamical S5hift

¥o, MHz kH=z MHz §, ppm (bh)

2l1.52 35 7.5 7601

%7 .85 12.3 6.6 7604
. 53.80 8.0 6.0, 7603

71.75 5.2 5.3 7598

95.66 1.9 (c> 3.7 758?

119.57 0.5 (e) 3.7 755&

Ca) for cobaltinitrite

(h) estimated error 5 ppm

(c) estimated upper limit (only one

maximum ubéerved)
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Figure 5.2 Plot of s¢ vg “o™*, . Upper solid line calculated
with{ﬁ = 8.1 MHz. Lower line obtained from total lineshapa
caIEﬁlatiun with ¢ = 2 kHz.
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§v's are probably Dverestlmated: In Figure 5.2 8¢ im
plotted against wvg—? shawing that the greatest deviation
occurs at the highest Field since a line Lassing through the
exparimental points does not pass through the crigin. The
upper solid line in the diagram is calculated with
A = B.1 MHz which we estimate on the basis of the
considerations belaw, g

There are two plausible contributions to this
obsarved deviatioﬁ. One is the affaét'DE shielding
anisotropy (SA) which, for C£o-59, has been shown by Spiess
a8t al (15963) to be present whenever én appreéiahla
quadrupolar effect is obsarved. The absence of shoulders on
the iow*Field spectra show that the electric field gradient
possesses close to axial symmetry and it is reasonable to
aséuma that any SA would also be axially symmatric. In
this case the theory of Jones et al (1963) cunrba appliad to
determine the magnitude of the SA. The efFect of SA
depends on the sign. IF the anisotropy ié negative the plot
of 8¢ vs. vo~! actually curves upward at high fields whereas
for positive anisotropy it curves downwards as ws have
obsarved. However, in both cases, aone also expects an
appreciable shift of ths spectrum away fraom the isctropic
shift. In the asbsence of 5A this is found at a point 3/25
of 6v to high Field of the smaller maximum. 'Chémidal shifts

calculated in this way are shown in Tahle S.i1 and while

there is =& progreséive decrease in chemical shift with
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increasing field the magnitude is far too small to add
appreciably tfo the downward curvature of the plot in
Figure 5.2. Also if the SA was quite large, say -60 ppm,
ong might expect the develaopment aof a prominent shoulder to
low Field of the high-field spectra which is not observed in
the case of the 3.5 T and 11.8 T spectra. Homever; a small
shoulder is observed on the low-fField edge of both the 5.9 T
and 7.1 T spectra. This may be an artifact. Thus we
conclude the shielding anisbtropg is less than -10 ppm as a
estimated from the' Field dependence of the chemical shift
and in view of that we may estimate the isotropic chemical
shift to be & 7601 xls ppm. For a compaéison of this wvalue
to that obtained in solution, see the previous chapter. It
should be noted here that the lack of axial asymmetry for the
shielding anisotropy would hava no effect on the conclusions
Just reached. For instance the lack of Eialﬁ dapsndan?a of
the chamical shift could be the result. of a totally ™
//fgsgmmetric (eta = 1) anisotfopg but again thehlack of
| shoulders in the high-field spectra shows that the magnitude
of thé an%gctropg must be small. 1//
The only other pbvious source of deviation Erdm the
normal field depgndance of the second-order quadrupolar
splitting is the dipolar linewidth which as Casabella (1364)
and others have noted eauses the quadrupolar splitting to be
smaller than expected. 0Only in the limit of zero linewidth

s

is the true quadrupolar splitting observed since the
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convolution of the powder pattern with a dipolar linswidth

i
causes the intensity distribution on the high Field side of
- the low Field singularity to increase more rapidly ﬁhan that
on the other side since the pouwder pattern intensity is zaero
on the low field side and vice ‘'varsa faor the high Field
singularity. While the effect of a dipolar linewidth, o, is
Basily calculated for spectra in the dispersion mods whare
the peak sébaratian increases hy 20, the effect on the
absorption spectrum is not as simple to calcula&a. In this
case, a complete simulation of the linesheape is necessary
using the method outlined by Casabella (1364), which we h&be
impleme;ted using a FORTRAN program which uses a
sophisticated IMSL integration routine, DCQDRé. Tha'
results of these calculations using a linewidth of 2 kHz are
shown in Figure 5.2 as the lower solid lire. It ends at the
high field limit at the pnint where anly one maximum can be

distinguished. This explains why only one maximum is ,

ol

observed in the two high Field apectra. Although the Fit to
the experimental line is 5ignificantlg improved by the
inclusion of the dipolar effect, the Fit is not perfect. ’Aq
increase of the dipolar linewidth is not possible since then
the_calculated half;widths would be far too large For the

two single line spectra. As it is, the calculated linewidth

is already twice too large For these peaks using the

above-mentioned parameters. Also the valuéd of 2 kHz agregs’ ~.

well with that estimeted From the two-peak spectra from the
»
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distance from e.g. the low field peak to the point to

low Fiel8 where the height is one-half that of the maximum.
An exact theoretical calculation of the dipolar linewidth 1s
not possible since the detailed crystallographic structure
,0f our molecule is not known. A calculation including the
six neighbour njtrogens, six sodiums at a distance of 5.5 A
and twelve sodiums at a distance of 7.0 A, as Found in the
crystal structure of the dipotassiumsodium salt, yields a
minimum’dipolar linewidth of 1.5 kHz. This calculation was
carried out using the formula of Kambe and Ollom (1956) for
the. dipolar second meoment for unlike particles and Uan
Uleck’s (134B) formula relating the half-width to the sacond
moment.

There is then clearly a small but reasonably well
established discrepancy bstmeén the experimental results
regarding thé‘Eield dependence of the Co-539 solid-state NMR
of sodium cobaltinitrite and the theoretical calculations.
Considering that the theory itself is not likely to be
;ncorrect although some new phenémena may not have been .
taken‘inta account, the only reasonable explanation Eorvthis
behaviour is that some degree of motional narrowing is
taking place. This would qualitatively be expected to havsu//r
more effect the higher the field where the éplittings
are smaller which axﬁlains why the largést relative
reductions are obserQed'at the highest fields. The n;ture

of the motion requirsd to do the averaging depends of course
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on the origin of the electric fFimld gradient. As suggested
in the discussion in the p?av;mus chapter, this is probably
related to the same effect which causes the splitting in the
IR spectrum. Whatever this effect is, it must surely have

a second sSphere origin sin¢e the symmetry of an isolated

cobaltinitrite ion can reasanably be expected to be T, if

S

the nitro greoups are not rotating and effectively O~ if they
are. The deviaticns from this symmatry could be avaraged
either by rapid rutat;cn of the nitro groups or by motion of
the cations with respect to the anion. Motional narrowing
has been detected in solid Co(NHs).Cl, (Reynhardt, 1377) and
K=Co(CN). (Lourens and Regnhandg, 1372) by observing the
temperature dependence of the ED;SS, proton and deuteron (in
the perdeuteratad compound) NMR paramétsrs of these
molecules. We have not attamﬁtéd such studies because of
the instability of our molecule at elevated temperatures.
The origin of the electric field gradient in the
sécond coordination sphere rather than in the first sphere
is not too surprising considering the results and discussion
of the previous chapter. ﬁs‘msntinnéd bafare, Spiess et al
have shown with several examples that the quadrupole
coupling constant is roughly propogpional to the size aof the
shielding aﬁisotrapg when the ébigin of both effects arisgP
primarily from an asymmetric ligand field. Althaugh only
ene other simultaneous determination of quadrupole coupling

constant and shielding anisotropy on a spharically
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symmetrical molecule has been made, it is interesting to
nota that the same daviation from this correlation we ohtain
for cobaltinitrite is not observed in this cther casae. ”In
KsCa(CN)., where the effects must also arise fFrom the second
sphere, the observed gquadrupclar coupling constant of 5.8B
MHz (eta = 0.8) is accompanied by a reasaonably large SA

(011 - d33) of 180 ppm (Lourens and Reynhardt, 1372)

whereas the molecule trans—-Co(en)z(NDz)- with a relatively
amall coupling constant, lé.E MHz (eta = 0.7272), hes a (g,.
- G=s3) af 400 ppm (Spiess et al, 1969).

Finally, the effect of MASS on the Co-59 NMR of
polycrystalline sodium cobaltinitrite is illustrated in
Figure 5.1B which shows the result of an experiment carried
out at a fField of 4.7 T and a samplé spinning rate of 3.85
kHz. This represents the first attempt at Co-59 MASS that
we know of and one of few experiments carried out to datgzcn
'qﬁadrupolar nuclei; The observed decrease in the apparent
_linewldth is due, of course, to th; reduction of the dipolar,
linewidth. The reduction in the secondrorder quadrupolar
splitting by about a Factor of 3.5 is roughly as.expected
From the theoretical work of Samoson et al (1SB3) and
Ganapathy et al (1982). As noted gprliar; better results

could be obtained by UASS at 75°,
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In this chapter we describe the application of the
T,, method to some problems involving scalar relaxation of
the second kind (SR2). A fairly extensive literaturs raylsm
of the applications of T,, in the liguid stats, including.
the study of chemical exchange, has heen given in Ch. 1.
Some details of the experimental aspects of these
éxperiments have heen given iﬁ Ch. 2. Before analyzing our

own results, we will briefly review some relevant literature

[
work.

The first seat of experiments involves determining
the contributicn of SR2 to the Co-59 QHR linewidth aof
aymmetrical CuCII;) complexes. Several studies of this
problem have been made using various tachniqu;s but, to our
knnwiegga, we have carried out ﬁhe first study Qsing Co-58
Tro. Tgpicallg what previous authors had done was to
measure the Co-59 T, and T= and the X~-nucleus T, (nr T=z) and
then to calcuiate thé Co-X coupling constant uéing Eq. 7.1:

1 1 (2aJ3? T1® ng S(S5+1) :
—_—— - e - e _ £7.11
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where T.* refers to Co and Ne is the number of X-nucle:.
This formula is anly valid when (w:? - wa?)(T,=)7 >> 1
which is usually the case. Alsc othar cantributicns to Tz*
must be negligible. The latter criteriocn may fail when the
instrumantal inhomogeneity is large ocr when chamical
axchange broadening is relatively large. In the case aof
léss gymmetrical molecules which nevertheless have a fFairly
long T, Ce.g. trans—-Col(en)a(NDz)z in CHsCN; T,5= = 2.1 ms
(Au-Yeung, Buist and ﬁthn, 1883)) but inequivalent X-nuclei
this formula cannot be used directly unless all but one of
the coupling cﬁnstants have been determined separately.
fApplications of this formula have been made hy Rose and
Bryant (18793, 19785) tq sevaral complexes. Since they

' obtained the Nitrogen-1% T.’s by measuring the N-14

-

linewidths and assuming that T, = Tz, thaip calculated J
q B

values have to be considered somewhat lnaccuraté since, ag
ﬂu—Yaunﬁ et al (1983) have recently shown, TzM is u;Jallg
less than Ti™ due to SR2 by Co. Furthermore, as we have
already mentioned, their resulfé For cobaltinitrite are

, e
incorrect since they mistook a free nitrite signal for
coordinated nitrite.

Another method of detsrmining ths :ontribgticntfrnm
scalar ralaxation of the second kind if other mecganisms are
thought to be present is to decouple the X-nucleus. This
has been carried out by Doddrell et al (1973b) whn‘showed

that decoupling both N-14 and H-1 reduced the linewidth of
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hexaamminecobalt. These authors also made use of isaotopic
substitution of the X-nucleus and subsequent X-nucleus
detaction. They determined J to be 47 t 3 Hz which compares
favourably with the rasuits of similar work by Yamasaki st
al (19739) who obtained J = 45.5 Hz. The latter authors also
detarmined J for trisethylenediaminecobalt(lII) by the same
mathod. Other determinations of coupling to Co have bsen
From tﬁa X-nucleus spectrum where X is spin 1/2 or much more
raraly from the Co-53 spectrum in cases when the Co T, is
long as it is in cobalticyanide which allows J(Co-59 - C-13)
(126Hz) to be determined readily (Chacko anq Bryant, 18B4).
Tha coupling constant can also be very large which means
that the Co-59 T, would have to be quite short to presvent
obsarvation of the céupling. A good example is that of
Co(PFa)a for which a J(Cp-59 - P-313} of 1222 Hz has been
measured in the Co-59 spectrum (Lucken et al, 1867).

Anothar method which may have some potential is the
spin-echa method which has been applied in ssveral cases‘nf
SRe, the‘first example being reported in 1852 (Hahn and
Maxwall),

The second set of T,, experiments invglvad the study
of SR in thiourea protons in the free moleculs and in two
zinc complexes. Studgtof the free thiourea was carrisd out
primarily as a check to ansure the method gAve correct
results. thhduuh no previous stbdu of SR2 in thiocursa has

been madma, the chemical sxchange process which exchanges
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‘inner’ and ‘outer’ protons has been studied by several
workers beginning with the work of Eataon and Zaw in 1876.
None of thess studies mention the poasibility of SR2 since
at the low temperatures required to Freeze ocut the exchange
the contribution From SR2 is quite small. Neverthelaess,
since the activation energy is small, it is clear that

an accurate determination of the contribution of SR2 is
necessary if an accurate analysis of chemical exchange is to
be carried out. " In the case of thiourea, the SRz’
contribution can be easily calculated given tha known

coupling constant determined from the N-15 enriched

—
-

compound. Howaver the N~14 T, must also be measured at séch/
temparﬁture required for the chamical exchange

measurements. Sp far, theAtémpsratura dependmence of the

N-14% spin-lattice relaxation time has not been determined.

A similar difficulty exists in the case of the zinc
thiourea complexas studied in this thesis. Previous work on
chemical exchange processes in these complexes has baen-
carrimd out by E&ton and qu (1875{,9 In acetone solutions
of Zn(tu)aCla containing mxcess tﬁj a. single peak is
obtainad at room tempuratura‘indicgzing that both axchange
batueen free and complexed tu and rotation about ths C-N
bond are fast. Both exchange processes can howesver be
frozen out lsading to the obsarvation that four peaks are
obtained at very low temperatures. Curiouslu anough only a

single peak could be observed for 2n(tu)4(ClLO.): sven down
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toc -BO *C. Since this work was done at a modest field
strength we decided to repedat the variable temperaturse
studies and'to determina a suitable temperature For studying

SR2 in these complexes. Although the satudies in the thasis

were carried out primarily out of interast For tha
spectroscopic properties, it should be noted that these and
other tu complaxés of 2n, Co and Ni are important catalysts
Ec; various reactions such as that between parbﬁhul
Coampounds and anil ines (Eaton, Majid and Tong, 19B82) and
isomerization of anils (Eaton and Tong, 13980Q). ,Dther
important refersnces in this area include the work of Boate
and Eaton (1976, 1977). S;nca the catalytic activity may
depand on the rates of ligand axchange, it is important ta

be able to obtain estimates of these .rate constants .,

5.2.1 (Cg-53 T,, gxperiments

ﬁs mentioned in the Experimental Section, th;
high-power CXP-200 instrument isg particularly wall su1tad
For T:» Bxparimants allom;ng multinueclear T,, axpsriments
in’ particular, to be carried out with ease. This led us
to the idea of.perférming 8 Co~-59 T,,. expariment to confirm
in some way tha N-14 results we obtained far cobaltinitrite,
By measuring the N-14 T, using the T, hethnd and comparing
it to the directly measured value of 150 ps we could

confirm, in admittedly a rather indirect fashion,-~that thse
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N-14% signal we observed was in Fact due to cohaltinitritae.
More impartantly an accurats value For the coupling constant
could be determined.

The test case faor the Co-58 T.,. method was chasen to
be trisathglanediaminecobalt(IIIJ. The results aobtained Ffor
this compound were quite satisfactory with reasonably
axpansntial decays being observed at the Spin-locking powers
used. Using the measured T, of 9.5 mé, which agrees
reascnably well with previous reports, the following
analysis was passible, Since the measured value of T,, at
any spin-locking power contains a contributicn fram T,
processes as wsll as T. processes, the -contribution From T,
processes must First be subtracted. In the extrama
narrowing limit, it is'sufficient_to subtract the
spin-lattice relaxation rate fram the rotating frame
relaxation rats to obtain tha combinsd contributions of
SR2 and CE. In the case of trisathglenedlaq}nucobalt(III),
we can assume that contributions from SR1 a&ﬁ.CE are

negligible if present and thus wse aobtain Equation 7.2:

1 1 BCwJJt T,~
s S ——— £7.21
T:e ’ T, 301 + w,? TNz

If we invert both sides of Eq. 7.2, as suggested by Morgan
and Strange (1969), we can then plot the L.H.S of the
sresulting equation Versus w.? and obtain a straight line

with slope 3Ti™/8CwJ)® and inteccept 3/8CwJI2T ™, with.tmc
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indapendent expressions cbntaining Ta™ and J, it is seasy to

'see that both thesms quantities can bhe obtainadi The data

for the trisethylenediamine complex has bhaen analyzed in the
above manner and the plot is shown in Figure 6.1. The
criginal data 1s listed in Table 6.1. The values For the
slope, intarcept, T.™ and J are shown in Table E.Ef

The agreement with the literature values, which are
also shown in Table 6.2, is quite good allowing For an error
of 5-10%. This error is considerably larger than the
statistical error obtained From the least-squares analysis.
Howevar,'one can never be cautious enough about_the absolute
errors involved in relaxation time measurements. A good way
to test the results of an axperimant}such as this is to ‘
repeat several times preferably on diFferent days, on
different solpticns and, best éf all, on a different
instrument, iF pnésibla. With this set of data in
particular one has to bs somewshat cauticus since we are
pushing. the limits of the given equation for SR2 at both
limits of spin-locking power strength. As has been pointed
out previously, this mquation jis strictly valid énlg for
certain values of the spin-locking Field strength. At the
low power limit, the spin locking field strength must be
asubstantially larger than the observed linewidth. Howsver

the exact point at which the error dus to ancroaching on

this limit becomes larger than say 10% is not known.
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2 2 7
B1 (rad,g) .x10

Figure 6.1 Plot of Co-53 T,. data on
trisethylenediaminecobalt(IlIJ

L
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Iable §.1
Le-09 T,~- data gn
trisethulenediaminecobalt(Ii]) and cobaltinitrita
T = 294 K

CoCenls  Co(NOz) .
______ e e e
B: (rad/s) Tio Cal) B.: Cradrs) Tro (1)
7660 00796 12300 0203
5150 00733 10600 0188
4030 .00B653 9130 0171 °©
3g7o .00611 " 7480 .0156
3140 .00580 6283 ©.0133 ™~
2530 .00557 S067 .0121
2090 .00495 4080 .0111
1750 .00481 |
1050 .00410
P
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T, {(Co-53) :
' (ms)

Tz(Co-59):
(ms)

slope:
(s=/rad=)

intercept:
(s/rad=)

J(Co-53 - N-14): -

- e

d)

CHZz)

TiC(N-14):
(ms)

measured directly

iable 6.2

— ~_data

e et L e —

CoCenl s

2.8 ()
(3.652

1.10 x 10—~

5.94 x 10—=

45.8 )
(Lit. 45.5) (&)
0.431
(Lit. 0.445) (d)
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Co(NOad,

4.1 Ca)d

5.3 (M

€9.41)
2.56 x 10-1°
1730 x 10-=

58.9

0.140
(0.150) cal

in this work by inversiocn-redovery

obtained From the measured linewidth; B inhomogensity
unknouwn (value in parenthesis calculated from tha

intercept and T;)

From analysis of N-15 spectrum (Yamasaki st al, 1979

direct measurement by Au-Yeung et al ¢1983)
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The raesults for cgpaltinltrrye are shown 1n Flg; 6.2
and Tables 6.1 and E.E.'ﬂThe quality of data 13 somewhat
better here perhaps because of the higher S/N. HKowever,
there is a marked difference between the T, back—;alculatad
from ‘the observed intercept and the meésursd linewidth., In
retroquct, a simiéfr effect, though much smaller §;h
explainable in terms of the above arror discussion, {s
also observed for the trisethylenediamine compleax. The
possibility arises that anaother mechanism is contributing to:
T=- although part of the discrepancy can he assigned, of
course to Bs inhomogeneity. It is ancouraginzgga n;te
that the T.™ gbtained in this way agrees very well with that
measured diractlgr The c?upling céhéiant.is somewhat

o~
maller than one would calculate using the observed

‘lingwidth but this discrepancy is significantly less than

the 'difference betuween,our results and that calculated by
Rose and Bryant (1573h),

The Fact tﬁét the cobaltfﬁitrite value is
substantially larger than that measured Far bath the

trisethylenediamine and the hexaamminecobalt compleaxes can

be qualitatively explained on the basis of changes in

4
hybridization (Frei and Bernstein, 19583). IF the Co-N band

.

was 100% covalent, then the coupling constant=bauld be
apprcximateig propartional to the amount of s-charactler in

the N orbital (sp= hbrid for NOa; sp® for NRs) fFerming the

bond. This leads to the quatitat

redicticw nE'a larger
7 .Y
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Figure 6.2 Plot of Co-53 T, data on cobaltinitrite
bz
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J For cobaltinitrite. Other effects such as changes in the
spin-dipolar and arbital terms may also play a rale
(Wasylishan, 1977). Unfartunately a detailed discussian aof
the magnitude of spin-apin coupling constants is difficult
engugh even with a detailed knowledge of the electronic
structure of a molecule and since the latter is hardly

well known for Co complexes such a discussion will clearly

have to await additional theoretical insight.

B.2.2 H-1 I.. experiments

The H-1 T,.'s on thiocureas were carried ﬁut on both
the CXP-200 and WM-25C. Fairly extensive measurements were
made on free thiourea (tu) on both instruments to compare
the results obtained. ‘%he two instruments gave comparable
numbers at low to intermediate Fields but at the highest
Fields the CXP-200 gave the maore accurate results. Tha:
- reéults plotted in Fig. 6.3 and listed in Table 6.3 uere all
obtained on the CXP-200. Beforse discussing the calculated
results tabulated in Table 6.4, we should mention that all
tha informaticn obtainable by the T,,. method is actually
obtainable in thé spactrum itself given the possibkilty aof
some simple spectral manipulation.

THE interesting question to be asked here is
‘What are the relative contributions of scalar relaxéticn of
the second kind and chemical exchange?' The simple sclutian

to this problem is to abserve the N-15 satellites if
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Figure 6.3 Plot of H-1 T,, data on thiourea ~——"
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Iable 6.3
Proton T,. data gn thigures ang ZnitulaCloa
T = 284 K
thiourea ZnltulaCl0.
) B, (rad/s) Tin () B: (radss? Tsp (8]
6040 0.235
HESO‘ - 0.130 3430 G.058
33830 0.111 3Joso 0.o4B
3490 0.0886 £830 0.044
3270 0.078 2630 0.041
2560 0.056 i 2310 0.037
2140 0.045 18C0 0.032
1530 0.029 1500 0.0273
532 0.0138
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lable §.4 -
Analusis of protan Tg,_gg;i

thigurea ZnltulaClo,
Ti{H~-1): 2.2 0.815
(s) -
TaCH-1): 0.011 & 0.0e23
(s)
slope: 65.860 x 10-~- 3.249 x 10";
(83 /rad=)
intercept: 0.0118 c.o212
(s/rad=y
JCH-1 - N-14); B4.9 B7.7
CHz)
T.CN-14): ' 0.761 0.396
(ms)
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possible. The usual difficulty here is that the N-15
satellites are so weak (nat. abund. 0.365%) that thay are
typically lost in the noise especially if they are broadened

by chemical exchangs. Although this is the case at lowmr
temperaturms, the N-14 line is much broader at high
temperatures since, as the width of the N-15 satellites
shows, the chemical exchange broadening is less than 2 Hz
whereas the scalar relaxation broadening is about 30 Hz.
Thus in a spectrum of tu with high S/N (requiring SQ scans
at R.T. on a 0.51 solution at 250 MHz) ofe can Just barely
make out the satellitms as little shoulders on the main
paak .

To confirm this assignment by . accurately measuring
the relative areas and to obtain a more accurate measures of
the linewidth, we decided to carry out a SEFT experiment
(Rabenstein and Nakashima, 19739) which magnifias amall,
sharp peaks with long Ta at the expense of largas, broad
peaks ;ith short Tz. The spectrum obtained in this way with
a v value of 0.05 s (total delay time, 2v = 0.1 =) allowed
an accurate ;ansura of the linswidth (1.9 Hz) and thme
intensity, after correcting Enr.a decay dus to Tz of about
5%, corresponded very well to that expactad for natural
abundance N-15.

Having obtained this linswidth which contains
contributions From both chemical axchange aﬁd instrumental

inhomogeneity (estimated From the solvent resonance as 0.3
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Hz) we can clearly establish the cortribution dus to SRZ as
28.0 Hz. Also the coupling const;nt to N-15 of 390.8 Hz can
be used tc calculate that Far N-14 (assumiﬁg isotopic
effects are small) by multiplying by the appropriate ratioc

of gyromaegnetic ratios for the two nuclei. A valus aof

"J = B4.7 Hz is obtained. As shown in Table 6.4 which

summarizes the analysis of the data in Figure 6.3, this is
in very good agreement with the T,, result and since in
thig case tﬁe Tz (w=0) intercept agrees well! with the
observed lineswidth, the T,™ pbtained From both mathods also
agress quite waell,

Encouraged by these results we decided to evaluate

[N

the contribution of SR2 to H-1 resonanogs from coordinated

tu's, ﬁt the same time we wished to reinvestigate the
axchangé processes important for these molecules at least
qualitatively since the previous results wers obtained at
low field (S% MHz). The spectra obtained far 2nctudzCl.
were as expectad taking into account the higher fiald of
these axpariments Thus the coalescence tamperatura was
Eound to be 300 K which is substantially higher than that

' a

found in fFree tu. Howsver rather than pursus the T,. methcd

‘on this system, we decided to attempt measurements on the

2n(tu)«(Cl04)z compound which Eaton snd Zaw (1976) had found

to exhibit rather unusual beshavicur.
The anomaly with this compaund was that evan when

taken down to a temparature of -390 *C, a solution of this
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compaound in acetone revealed no splitting due either to
hindered rotation or stopping exchange between free and
camplexed tu if the complex actually dissociated. Wa have

confirmed the conclusion of Eaton and Zaw that the reason

For this anomaly is that the chemical shift differenca
between inner and outer protons is much smdallar than that
observed for any of the other similar systems studied.
Taking advantage of the Sx larger field available at our
disposal (on the WHM-250), we were able to Freeze out the
exchange and Found a chemical shift diFfFerence of aonly
S:S Hz, at least a factor af 10 smaller than earliasr
obsarved for Zn(tuw)=Cl,, The coalascence temperature uwas
found to be -60°*C. We thought it would be interesting to
;nvastigata SR2 aE room temperature and ﬁatarmins iF
chemical exchanga of .some sort was still taking place. This
might have been axpacted iF one were to suppase that the
chemical shift differance in this molecule was straongly
temparature dependent and increased with increasing
tamperature to a valua‘mdra\EUmparabla to that of other tu
moleculas,

The results for the T,, experiment ars shown in
Fig. 5.4 and Table=s 6.3 and E.4. A good set aof data was
obtained and the values show na obvious anomalias indicating
that chemical exchange contr;butinns to thq linaﬁidth ares
negligible. As might be axﬁectad, the N-H coupling constant

for coordinated tu is within experimantal error agual to

'
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Figure 6.4 Plot of H-1 T,. data on tatraki-ﬂtu)zinc(ll)
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‘that obaarved in fFree tu. Since the nitrogen atom is two
bonds removed from the coordinating sulphur, this is quite
reasaonable. QOur data is naot accurate anough to pick up
small changes of the order of 2-5% which might nevertheless
be of soma theoretical intarastﬁ The measured T,™ isg
substantially lower than that for free tu as expected since
the vc¢ For the larger molecule would be expected to be
somewhat longer. The change in the H-1 T, is of the same
magnitude and reflects the same affect.

Lx
6.2.3 Evaluation gf the method

\ We have demonstrated that the T., method can be

profitably hpplied to study scalar relaxation of the seéon;
kind. Ls; us now consider some Ef the advantages and
disadvantdyes. The major aduant;gas cf the T., method are
that Tz", the cantribution to the linswidth EFrom ?o inhamo-—
geneity, does not WRve totbs determined and both of the
ramaining signifii;nt variablesrare determined in ans set of
exparimants on the same sample ét the same t;mperatura. It
is not necessary to obtain data in the region of slow
exchange nar to measure the;X—nuclaus T,. 1In the Farmer
case, physical canstraintshcn the system such as the
freezing point of the solution or solubility EE the compcund
may prevent the attainment of a8 low encugh temperature.
Furthermore, if the chemical shift difference is known to be
tamparatuéa &ap&ndant (Orakenburg et al, 19703, than tha

AN

. ‘ : ®
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temperature must be lowered still Further adding to the
possibility that problems will arise, In this case the
arrors due to extrapolation of the chemicﬂl shift difference
can be easily avoided by using the T,,. method. UWhen used to
study SR2, the T.,./ technique can prove exceptionally
powarful when the X-nucleus T, is simply too short to be
measured by direct methods. Another advantage of this
method is the ability to separate the congrihutions tc Tz
From two different processes occurring siﬁultanenuslg

at thes same temperature. An example would be the mel%—known
casa of restricted raotation about an amide C-N bond if H-1 @

NMR on the amide protons is used. Since these protons are

axperiencing SR2 due to the adjecent nitrogen, the linewidth

\\?E the pesaks will be somewhat temperature dmpandent and this

o

must be taken_.into account. IF the exchange lifetime 13 at
least an ordaer of magnitude difFferant from the nitrogen T,,
then the T,, method should, in principle, be able to
separate out the two cantributions. This would be
particularly useful in the region of fast sxchange whan the
exchange broadening becomes a relatively small fraction of
the tctal linsewidth,

Some disadvaﬁtages of the technique shoculd also bs
mentiaoned hare. One obvious difficulty is thét'such a large
number of exper;ments neea to carried ocut to obtain anly

two pieces oE’T;E;rmatlnn. Thus any study of cuncantration

or temparature depsndence uould regquire a good daal af
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tnagtrument time. fn ogur experience the results obtained by
the T.. method are usually accurate to 5-10%. This could be
improvad but again a conaiderabls investment of instrument
time would be reguired. In particular, a highly accurate
determination aof the apin-locking field strength would be
timm-consuming. Unfortunately this needs to be redetermined
for every new sample and preferably at each different

tamperature to be safe.

v
In spite of the afore-mentjoned difficulties, the

patentia}ifcr the T,. technique still remains largely
untapped. As NMR spectromatérs become more and more
sophisticated it is hoped that the NMR spectroscopist will
"make use of the instrumentation available to perform .

experiments a couple steps beyond the routipe acquisition of

5pa¢tra. -



Chapter 7°

‘summary and Suggestions for Future Work

7.1 mm n nglusion
Dynamic, multinuclear NMR spectroscopy has been
carried out on First and second coordination sphere

- 4 -
complexes of Cobalt(III) and Zinc(II). The formaticn of .

second cnufdination sphere complexes batwsgen’ tha

hexacyanocobaltate(III) anion and a number of'phencls,: \\\
anilines and henzoic acids has been studied tising Co-53 B '
’ »

chemical shifFts and linewidths. The lardés; and most
readily interpretable effects uwere 6bsarvad with the L

phenols. For these molecules, the Co-5S3 shifts were used to
- <
calculate effective equilibrium caonstants and chemical

shifts EorrEpg\;ydrngan-bcndsd/éﬁmplexes. Supplementary

experiments hava. heen carried out on the para-mitrophenol

~

complex tg @stablish limits on the lifetime ‘'of this
e

\ . ~
complex. This involved measuring H-1 and C-13 spin—-lattics

relaxation times (T.) and showed that the lifstime is 1cn§'
compared to the rotational correlation time Use of the .
C-13 T,’'s allowed an estimation of the cnrr;tsfion time for
the caomplax and the calculation of a Co-53 quadrupalse

coupling constant of B8.3.MHz. The data for the anilines and

-

benzcoic acids could not be analyzed as thoroughly Es the ’

. N
158 N
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phenol data and onld he proQgct-nE'tha aguilibrium constant

. 77 .
and the limiting £6-59 khamical shift could be obtained.

i

' . The saccndlcbje t of study in this thesis was the
haxanitrocobaltat;(}IIJ nnién: In contrast to the hexacyano
complex which is kinst‘callg ihe;t undecr mild conditians,
hexanitrocobaltate [) seems to be inherently unstable in
aqueous sclution. In gfew of this anumalou% behaviour and
the reports by sevefdl groups of apparently anomalous
spectroscopic behaviour, = thoraough studg has heen carried
DJ}\M&th the intention of explaining samg\of these anomalies,
?irsé'of all, a detailed cogparigon of tha\solid—state and
solution spectroacopfes shDQsd ﬁﬁat the hexanitro species is‘
Fullu-N;bnnded in its most stable Form. Secqndly, we have
shown using Co-59, 0-17 and N-1i4 NMR and UU-vis gpectroscopg
tﬁat the first step in the decomposition of ‘this compound is
the aquation of at least one nitro group with a reacticn
lifetime of approximately three minutes. Thirdly, the Co-58
chemical shift predictor model of Au-Yeung énd Eaton has
been mngified soma@hut to imp;pva the calculation gE shifts
for nféro—contuining molecules by effactive{g allowing for a
nitro-nitro cis-affect. Also the calculation of shiéts Euf

molecqlés with ligands.exhihiting‘d;fFerant orbital reductiaon
. . A

factors has been imprpvad. As an Bxampls, the shifts for the
cyanoammine sg:ibs have been recalculated. Using these tuwc

e chanbes, n;signhents have besen made for the Co-53 spuctrauoﬁ

- -
LT

mixtures obtaine% by reacting cobaltinitrite with c& 'dn;‘
. ) ' L

f



[

160

L)

cobaltinitrite with cyanidse, athylenadiamine and azide as
wgll as the specias observed in cobaltinitrite itsalf.

A study of the fField dependence of the CdTSS NHFR
polycrystalline sodium cbbaltinitrlta has been carried cut
at six different Fiamlds. A quédfuﬁole coupling caonstant of
8.1 MHz-is estimated (assuming eta=0) and the shielding

,6? ‘ anisotropy is shown from the Field dependence of the
:k : ;hamical shift EE be less than -10 ppm. ﬂsing these
parameters and a dipolar l;%emidth af 2 kHz, the field

depandence of the second-order quadrupolar splitting of the

central transition has been calculated and shown to deviate

slightly but CQHSi:;iiBAH from the observed splitting %7 low

‘< fields and from the observed linewidth at high Fields. ” The
i: reason for this discrepancy is postulated to be some type of
. R ‘\ . 1 0 B
A motional narrowing. We have also reported the First Co-53
- Moy 2

MASS spectrum and the results are shown to agree pell with
/ thecry.

Another 'First’ tc be repcrteﬁ here is the first set
. : of Co-59 T, axperimeﬁts which we Hive carried out on
trisethylenediaminecobalt(III) and cobaltinitritg. — 0
Dispersion of the cﬁntrihution of scalar rslé;ation of thek
second kind From the coordinaglng nitrogan‘s’;?acwsd‘the
meaéqumant of the Co-S9 - N-14 scalar codpling constant and
the' N-14 T,. The rssulté For the tEisethglenadiamine-
complex agrfead wall with thossa obtainks Eg nthgr mathods.,

The N-14 T, For cobaltinitritse was in good agreement with

1. —

wd

T

\‘;, PR i i" ' .:‘." .‘.
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that directly measured while the calculated coupling
constant was cobtairmed as 59 Hz. Studies by T,. aof scalar
relaxation in fFree and coordinated thioureas were also
carried out along with the measurement of vériabla

temperature spectra fFor several 2inc thiourea complexes.

7.¢ Suggestiogng for Future Work
Some additional work could be proposed for each aof
the three areas stuqiéd\én this thesis. The problem of
dimerization of beéiélc éci@a which affected the analysis of
the cobalticyanide Co-53 NMR chemical shifﬁs could perhaps
be overcome by an independent measurement of the
dimerization constant For the series of benzoic acids used
here. This could be carried out by an analysis of the
concentration dependence of the proten chemical shifts. \
Further work is required to'astaglxsh a‘dsfinitiva
aésignment Fdr the p;gk nbsérvad at 5 16B ppm in the nétural
abundance 0-17, NMR spegtrum af cbba;tlnitrlta. Some clue to
its identity ;ag be found by preparing cdbaltinftrite From
Co®+ ard nitrite enriched in'U—17 and following the ralativ;
tima dependeﬁéa of the intensities of the § }BB ppm peak and
the coordinated mitro peak. Such an experiment could be an“

iné}resting complemant fo researcﬁ which needs to ba’duna
R .
on the cobalt(Il)-nitro system For which no solution! work

has been published although solid salts of the hexanitfb-_

cobaltate(II} anion havs.begn prepared. N=-14 NMR could
: poid R L

——

Ay
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prove useful here as well as E.S.R. The intermediates
involved ({n the oxidation af these speciaes tojthe CaClIll)
species would alsc be an area af interest. ‘Preliminary
Co-59 NMR results in this lab indicate that peroxida
axidations may ipvolva a peroxy intermediata. The validity
of the new empirical models for Co-59 NMR chemical shift
calculgilon for nitro- and cyanc-containing complexes needs
ﬁc be more thaoroughly tested by applicatiaon ta a larger
number of molecules.

As T,, experiments become more readily accessible to
the non-specialist, scme thecretical work will have to be
carried out on systems where hoth T.* and T,® are lass than
the inverse of the coupling caonstant. In cases suchigg/r.
these the scalar relaxation contribution has been shown to
be incorrectly calculated using the usual formula (ﬂu—Yeuﬁg,
Buist and Eatbq, 1883). This ig especially impaortant as
heteronuclear T,,'s become more popular since more cases of
acalar regpxatinn involving tuwo quadrupalar nuclei will
natqrallglafiss. Also the theory of T,,. needs to ba

further developed for more ccmplicatadﬁggnamic

t

rearrangements such as thaosa inveolving more than Une"’k

A

exchange process.
— A

—

- - | | .

1

3
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A
- Ldsting of BASIC T.-calculation grograms

cx)) 'GRAPTECH'
10 PRINT “NONLINEAR REGRESSION BY GRAFHICAL TECHNIQUES"
20 PRINT

30 DIM X(35),Y(39),LY(35)
T 40 K=

S0 REM -

40 REM — INFUT DATA

70 INPUT “ENTER DATA FROM TERMINAL *T° OR DISK ‘D*";ZZ%
80 IF ZZ$="T' GOTO 180

90 IF ZZ$="D" GOTO 110

100 GOTO 70 ’

110 INPUT “DISKDRIVE:FILENAME":Z%

120 OFEN “I",%1,Z%

130 INPUT “NO. QF POINTS"N

140 FOR I=1 TO N

150 INPUT #1,X(I),Y(I)

160 NEXT I

170 COTO 340

180 INPUT “WOULD YOU LIKE TO STORE DATA (Y/N "3 ZZ%

190 IF ZZs="N" GOTO 290

200 INPUT "DISHDRIVE:FILENAME™;Z$

210 OPEN “0",91,Z%

220 INPUT “NO.OF FOINTS";N

230 FOR I=1 TO N

240 PRINT “X,Y OF FOINT ",I

250 INFUT X(I),Y(I) i

2460 PRINT #1,%X(I),Y(I)

270 NEXT I -

280 GOTO 370

290 PRINY "NUMEER OF KNOWN POINTS":

300 INPUT N '

310 FOR I=1 TO N

3¢ PRINT “X,¥ OF POINT ":T

330 INPUT X{(I),Y(I)

3490 NEXT I =
350 REM - . ;
360 REM - EXAMINE DATA AND MAKE ANY CHANGES AS NECESSARY
370 FOR I=1 TO N :

380 PRINT “X,Y OF FOINT ";I,"ARE";X(I),Y(I)

390 NEXT T

400 PRINT “IF SATISFIED TYPE ‘1"

410 INPUT M :

<0 IF M=1 THEN 830 —~—

iin PRINT "XIF YOU WISH TO CHANGE A FOINT TYFE 1*

440 PRINT. "DTHERWISE TYFE 2"; '
450 INFUT KIL -

460 IF KIL=1"THEN GOTO 470 ELSE GOTO 560

470 PRINT "NO. OF POINT TO EE CHANGED Is"; _
480 INFPUT LIK .
490 IF LIK>N THEN 470

500 PRINT "“X,Y OF PDINT“;LIH:LIS”F'
510 INFUT XC(LIKEY,YC(LIK) * .

’f ) . \ .



320
530
540

=

=20
59460
S70
580
590
4040
410
420
&30
&40
650
660
470
480
&90
700
710
720
730
740
750
740
770
780
790
go0a
810
B20
830
640
850
840
874
880
890
200
?10

?20
?30

?50
?40
970
?80
?90
1000
1010
1020
1030
1040
1150
1040
079
080
1090
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FRINT “MUKE POLNTS TQ BE CHANCED? TYFE 1"

INFUT AA

IF AA=1 THEN 470

PRINT

PRINT “IF YOU WISH TO DELETE A POINT "

FRINT “TYPE THE NUMEER OF THE POINT TQ BE DEL-"
PRINT "ETED, OTHERWISE TYPE 0%; “
INFUT BE

IF EB<=C OR EE>N THEN 710

IF B=N THEN N=N-1 .

FOR ILL=EE TO N

XCILL)=X(ILL+1)

YOILL ) =Y{ILL+1)

NEXT ILL

N=N-1

PRINT

FPRINT "YOU NOW HAVE “N;"FOINTS"

PRINT

GOTO S&0

PRINT "IF YOU WISH TO ADD MORE FOINTS, TYFE 1v
PRINT “OTHERWISE TYFE A 3";

INFUT CC

IF CC=1 THEN GOTC 750 ELSE GOTO 830

PRINT “X,Y OF POINT"}N+1;“IS5";

INFUT X(N+1),Y(N+1)

N=N+1

GOTO 710 . '
REM -

REM - CALCULATE M(0) USING THE TWO DERIVED EQUATIONS .
REM —~ AND A SELECTED RANGE OF T1 VALUES

PRINT "ESTIMATE T1 EY NULL FOINT HETHOD"

PRINT “CHOOSE T1MAX TO EE AT LEAST TWICE THAT"
PRINT "MAX. T1 VALUE IS “}

INFUT T1MAX :

FRINT “HIN. T1 VALUE IS “;

INPUT T1MIN

T1S=(TIMAX-TIMIN) /10

PRINT " THE IDEA IS TO FIND T1 FOR WHICH MOCL)=MO(2)
FRINT " T1 HO(1) Mo(2y . MO(1)-MO(2)
FOR T1=TiMIN TO T1MAX STEF T1S

RESTORE : . ‘ )

READ A%,E%,C%,0%,E%,F+,5¢,H%,0¢ . . o
pATA 0,0,0,0,0,0,0,0%,0% (

REM - CALCULATE SUMS

FOR I=1 TO N

A=AS+Y (TIXEXP(-X(I)/T1)

B#=B#+EXP(-X(I)/T1)

C#=C#+Y(I) . .

D#=D#+EXP (-2xX(I)/T1)

E#=E#+X(I)/T1A2%EXF (-X(I)/T1)

FE=F#+X(I)/T1AZREXF{-2xX(1)/T1)

CH#=CH+X(I)/T1A2xY(IIXEXF(-X(I)/T1Y)

H¥=H#+X(IIAZXEXP (-2%X(I)/T1).

D#=08+(1-EXF (-X(I)/T1))A2

NEXT I ‘

HO1=(A#XBE-NXA$—C+xD$+CHXE$) / (E$A2~NxD$) -
HO2=(CHXE$~CHXF$+E$XCH-NXGE) / (BEXE$~NXF$)



P

1160
1110
1120
1130
1140
1150
1164
1170
1180
11%0
1200
1210
1220
1230
1240
1250
12460
1270
1280
1290
1300
1310
1320
1330
1340
1350
1360
1370
1380
1390
1400

1410

1420
1430
1449
1450
1460
1470
1480
1490
1500
1510
1520
1330
1540
1550
1560
15790
1380
1590
1400
14610

1420
- 1430

1440
1430
1460
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IF L=] THCN 12320
FRINT T1,M01,M402,M01-H02
NEXT T1
FRINT "MO VALUES SHOULD EBE CLOSE TO LSTIMATE"
FRINT "IF NOT, TRY DIFFERENT RANGE OF YALUES"
FRINT "IF THEY ARE, NARKROW RANGE OF CALCULATION"
FRINT "II SATISFIED TYFE ‘iv";
INFUT L
IF L=1 THEN 1270
FRINT “IF YOU WOULD LIKE TO RE-EXAMINE DATA"
PRINT "TYFE A “1°";
INFUT LL : -
IF LL=1 THEN 370
REM -
REM —~ IF SATISFIED, CHOOSE EEST T1 AND CALCULATE
REM -~ M(D) AND HM(DQ)
G0TO 850
FRINT "BEST VALUE OF T1 IS":
INPUT T1E
TIMIN=TI1E
T1MAX=T1B+1
GOTO 920
HO=(MD1+MO2) /2
HOO1=(MOXES-CH)/ (E4-N)
Hunz:(—n04§t+cc)/(EQ_Ft> N
PRINT “ESTEZMATES OF M(0) ARE “:MOL,MOZ
FRINT "ESTIMATES OF M(00) ARE ';M0OO1,4002
FRINT "AVE, M(0D) IS "} (MOO1+MO02)/2
MOO=(MOO1 +M0O0Z) /2
FRINT "AVE, M(0) IS5 ";MO
{EINT "ESTIMATE OF T1 IS ";TiE
M- ‘
PRINT "IF YOU WOULD LIKE CALCULATION OF Yx VALUES “
PRINT "AND EST. OF STAND., ERRORS, TYPE A ‘17" -
INPUT CAL
IF CAL<>1 THEN 1730
EE=E4XT14A2x (MDO-MO) \ *
FF=F$xT1~2x(MO0-MO} .
HH=H#x (MOO-MO)> A2 /ﬁ>
PE=E$-D#
SE=FF$/T1~2
Q#=EE$/T1A2-S% ‘;_‘/,f’“" :
T#=HH/T174 \S
ZZ=03¥xX(DEXTH-S4A2)-F#X(P#xTE-SEx04) +OQx (FExSE-Q4xD$)
Z=Nx(D$XHH-FFA2)-B#X (E$xHH- EExFF)+EE!(E#XFF ~EExXD#)
PPMOO=(D#XHH-FFA2)/Z
FFMO=(0#xT$#-Q%~2)/ZZ .
FPT1=(NXD#-E$A2) /2
RSS=0 ) - .
PRINT "* X(I) . YD) CALCULATED Y DIFF *
FOR JI=1 TO N _ ‘ - .
'Y T=MOO+(MO~MO0) XEXF (-X(JI}/T1)
RSS=RSS+(YT-Y(JI))A2
PRINT X(JI) Y(JIJ,YT YT-Y(JI) .
NEXT JI
PRINT "“RESIDUAL SUM OF SQUARES IS ",RSS
SMOO=SAR(RSS/(N-3)XFPHOD) ' . ~
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1670 SHO=SOR(RSS/ (N-3)xfFHD)

1680 ST1=S5QR(RSS/(N-J)®XFFT1)

1490 FRINT "STANDARD ERROR IN M(00) IS ";SHOO0 !
1700 PRINT "STAND. ERROR IN M(0) IS ";SMO

1710 FRINT "STAND. ERROR IN T1 IS ";STIxT1~2

1720 REM -

1730 PRINT "IF SATISFIED HWITH NON-LIN. ESTIMATION TYFE ‘1°";
1740 INFUT NOL

1750 IF NOL=1 THEN 17990

1760 L=0

1770 GOTO 370

1780 REM - .

1790 FRINT "IF YOU WISH TO CALCULATE T1 EBY LINEAR KREGRESSION *
1800 FRINT "OF LN(Y-M(0O0)) VS TIME, TYFE "1°';

1810 INFUT D

1820 IF D<1 THEN 2230

1830 REM -~ .

1840 FRINT "IF YOU WISH TO' USE M(INFINITY) FROM J-FARAMETER"
1850 FRINT "FIT, TYFE A "1", OTHERWISE TYFE RETURN"

1860 INPUT MINF

1870 IF MINF=1 GOTD 1900

1880 PRINT"ENTER A REASONABLE M(INFIN) VALUE"

1890 INPUT MDO ’

1700 A=0

-

0

]

=1
moom
oo
oo oo

,

1950 FPRINT "HERE IS LINEARIZED DATA"

1960 PRINT " I X(I) Y(I)*
1970 FOR I=1 TO N

1980 IF Y(I)>=MOO THEN 2040 -

1990 LY(I)=LOG(MOO-Y(I))

2000 PRINT I,X(I),LY(I) . :

2010 A=A+LY(I) - ~
2020 B=B+X(I) : [ﬂ
2030 C=C+X(I)A2 : '
2040 D=D+X(I)XLY(I) - ,f’j
2050 E=E+LY(I)A2 E :

Xr 1

=(AXE/N~D)/((BA2)/N-C)

BEE=A/N-MXB/N .
RSS=E-EEXA-MXD .
'RINT "“RSS":RSS

2110 DM=SQR(NXRSS/(N-2)/(NXC-EA2)) .

2120 DB=SQR (DMA2XC/N) o~
2130 DT1=0M/MA2 ¥ \ ‘\’::>
2140 TI=—-1/M :

2150 PRINT "CALCULATED T1 IS ":TT

2160 PRINT "CALCULATED M(00)-HM(D) IS"iEXF(EE)

2170 PRINT "STANDARD EST, OF ERROR IN Ti IS":DT1

2180 PRINT "STANDARD €ST. OF ERROR IN LN(M(DD)-M(0)) IS":DE
2190 REM - .

2200 PRINT "IF SATISFIED WITH LINEAR REGRESSION TYFE ’1-"}
2210 INPUT T -

2220 IF T<>1 THEN 1730 .
2230 END '

R
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(i1J "RLENKTL’

10
20
30
40
a0
&0
70
80
70
104
110
120
130
140
141
150
140
170
180
190
200
210
220
230
240
250
260
270
275
280
290
300
310
32
330
340
35
360
370
380
390
400
410
42
430
440
430
160
470
480
. 498
S00
S10
520

530

540

FOR L=1 TO 32:FRINTINEXT I

FRINT “TQO FIT THREE CONSTANTS TO A FUNCTION®

KEM - THE METHOD IS GENERAL, THE FARTICULAR FUNCTION IS FOR
RKEH - T1 DETERHINATION IN NMR, AND LOCATED IN STATEMENT S80
REM -

DIM X(50),Y(50),R¢S50)

INPUT "ENTER DATA FROM TERMINAL ‘T’ ORK FROM DISK ‘D’‘;AS%
IF AS$="T" THEN 180

IF AS$="D" THEN 110

COTO 70

INFUT “DISK DRIVE:FILENAME';ZZ$

OFEN “I",#1,2Z8

INPUT “NO. OF FOINTS";N

FOR I=1 TO N :

IF X(I)=-1 GOTO 170

INFUT #1,XTI),Y(D)

NEXT I

CLOSE:GOTO 370

INFUT "DO YOU WISH TO STORE DATA ON DISK (Y/N)"}ZZ$

IF ZZ$="N" GOTO 300

INFUT "DISKDRIVE:FILENAME";Z$

OFEN “0",#1,Z%

INFUT “NO. OF POINTS“;N

FOR I=1 TO N

FPRINT “X,Y OF POINT *,I

INFUT X(I),Y(I)

PRINT #1,X(I),Y(I)

NEXT I

PRINT #1,-1,-1

CLOSE

GOTO 370 ~ ‘
PRINT"INFUT X (TIME), Y(INTENSITY), NEGATIVE X &Y TO END LIST"
FOR G=1 TO 50 »

INPUT X(G),Y(G) _

IF X(G)Z0 GOTO 370 '

N=G ‘ -,
NEXT G : _
CLOSE . ,

PRINT"INFUT INITIAL ESTIMATES OF A,B,C"

INPUT A1,E1,C1 a , _
PRINT "INPUT T, 0=CALCULATE, 1=FINAL TAELE, 2Z=DELETE 1 POINT," :
PRINT"3=ADD 1 POINT, 4=ABSOLUTE END, S=DIFFERENT A,5,C"
INFUT T - . .

IF T=0 THEN 480

IF T=1 THEN 1070

IF T=2 THEN 1240

IF T=3 THEN 1500

IF T=4 THEN 1540

IF T=5 THEN 370

H=1 ‘ ) .
IF H=64 GATO 990

H1=0:M2=03M3=0:M4=0:M5=0:H6=0 tH7=0

HEB=0$M9=0:S1=0

FOR G=1 TO N

IF (H=1).AND (G=1) THEN 580

coTo S70

R ¢
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550 REM -

260 REM - Ti=F‘p, T2=F’E, TA3=F'C, Ta4=R=Y-(F(A,E,C))

570 REM - SECTION FOR SFECIFIC FUNCTION FOLLOWS, NOTE JUMF INTO IT
580 PRINT“FARTICULAR FUNCTION IS5 Y=A-A EXP'(-X/E)-AC EXF(~X/E)"
_S90 TS=EXP(-X{(G)/El)

600 T1=1-T5-C1xT5 - -

610 To=A1XX(GIXTS/ (£:1%E1)

620 TI2=-T4&-C1xTé

630 TI=-A1%TS 8-
640 T4=Y(G)-(A1-A1xTS-A1xXC1xTS)
638 REM-

660 REM .— COMPLETE SECTION SFECIFIC FOR FUNGCTION
670 R(G)=T4 :

480 REM - CALCULATION OF SUMS

690 H1=M1+T1xT1

700 M2=MZ+T1xT2

710 H3=M3I+T1xT3

720 MA=MA+T2xT2

730 MS=MS+T2ZXT3

740 M&=M&+T3xT3

750 M7=M7+T1xT4

760 MB=MB+T2xT4

770 M9=MP+T3xT4

780 S1=S51+T4xT4

790 NEXT &

800 REM -

B10 REM - CALCULATIONS USING SUMS -- CRAMER'S RULE
820 REM - ALS0 CALCULATION OF AFFROFRIATE VARTIANCE-
B30 REM - COVARIANCE MATRIX ELEMENTS AND DETERMINANT . -

B40 S3=2xMZXMIXMS-HIXMIXMA~M1XMEXMS +M1XMAXME-HI XM XM S

850 S3=1/53

860 SA=MAXME-MSXNS

870 A2=53% (MIXMSXHE~MIXMAXHP+M2XMSKMI—MZXMEXHB+M7 XS4 )

8680 03=53x%54

890 SS5=H1xM&—M3IxMI .

900 B2=53x(M2XMIXMP+MEXSS+MIXMSAM7—H1 XMGXHT~H2 XHEXM7 )

?10 Q4=53x55 - .

920 S&=M1xMA-M2xMZ

930 C2=S3X(M2XMSEN7 -HIXMIRMT7 +MZEMIXMB—M1 XMSXMB+MIRSS )

940 05=53x56 ,
950 Al=AT¥IR s
940 B1=P1+B2 .

970 C1=C1+C2

980 H=H+1:6OTO 450

990 S2=SGR(S1/(N-3))

1000 PRINT"STOD DEV OF Y = "S2;"FOR S REFBATS" L4
1010 PRINT"NEW A = "}AL13"NEH B = “i{E1}"NEW £ = ";C1
1020 PRINT }
1030 GOTO 390 . ‘

040 REM - '

50 REM - FINAL TAELE OF CALCULATED Y VALUES AND
1060 REM - STANDARD ERRORS .

1070 PRINT " X Y YCALC Y-ycaLc
1080 FOR G=1 TO N. P . »

1090 PRINT X(G),Y(G),Y{(G)-R(C),R(G) -
1100 NEXT G

. K



1110
1120
1130
1140
1150
1140
1170
1180
1190
1200
1210
122

1230
1240
1250
1240
1270
1280
1290
1300
1310
1320
1330
1340
1350
1340
1370
1380
1390
1400
1410
1420
1430
1440
1450
1460
1470
1480
1490
1500
1510
1520
1530
1540
1550
1560
1570
1580
1590
1600
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FRINT "TO CONTINUE TYFE .RETURN"

INPUT K

A$=""1GCOSUEB 1570

AS="A= "+5TR$(AL1)+" STD ERROR= "+STR${(SI2xSQR(Q3))
GOSUE 1570

AS="EB= "+GTR$(EL)+" STD ERROR= "+STR$(S2x5QK(Q4) ) -
COsSuB 1570

A$=""C= "+STR$(C1)+" 5TD ERROR= "+STR%(S2xSOR(GS))

COSUB 1570

A$="NUMEER OF FOINTS= "+STR${(N)+" STD ERROR OF Y= "+STR$(S52)

GOSUB 1570
A$=""1G0SUB 1570:COSUE 1570

GOTD 390

REM - T

REM ~ SORT DATA SET AND DELETE WRONG X AND Y
FPRINT"INPUT WRONG X AND Y™

INPUT T4,TS

FOR G=1 TO N

IF X<(G)<>T4 OR Y(G)<>TS THEN 1310

X(G)=9999 . '

NEXT © .
FOR H=1 TO0O N v
Cc=0 ’

FOR G=1 TO N-1

IF X(B)<X(G+1)> THEN 1430

T4=X(G) .

TS=Y(G) -
X(G)=X{(G+1)

Y(G)=Y(G+1)

X(G+1)=T4

Y(G+1)=TS

c=1 o

NEXT G

IF C=0 THEN 1470

NEXT H

IF X(N)<>9999 THEN 390

N=N-1 . i ] _
GOTO 390 ' ,
REM -

PRINT"INPUT ADDITIONAL X & Y“ J

INPUT X(N+1),Y(N+1) / !

N=N+1"~

GOTO 3910

END

REM -

REM - SUEROUTINE FOR OUTFUT

AS=AS+CHR$(10)+CHR$(13)

FRINT As
A‘:llll R - N
RETURN '
)
Pad
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Appendix &
Cg-59 NMR Che?ical Shifts and Linewidths
’ I'd
Ebenplg
Substituent Concentration Chemical Shift Linewidth
’ ) Cppm) (Hz)
H 0.000 0.0 52
0.084 -15,3 152 ¢
0.269 - -31.0 256
0.433 -53'3 360
0.632 -74.8 ) 520
0.918 -83.3 560
1.103 -92.1 _ 600
P~ CaHp 0.000 0.0 45
0.107 ~14%.3 cle
0.183 -23.2 . 292
0:230 -34.9 396
T 0.474 =-50.9 568
~~0.6593 -80.8 725
0.819 ' -58.5 852
p-F 0.000 - . 0.0 35
0.0e2 -B.7 108
\ 0.172 -23.7 194
0.323 - =38.9 285
0.530 -56.0 342
0.776 =-70.0 438
1.010 =B81.Q 570
1.336 =-83.5 Se2
p-CN 0.000 " 0.0 3o
0.108 . -29.7 46
0.233 ) -52.6 451
0.438 . =-75.8 700
! . 90.883 -97.7 312
. 0.884 -105.1 910
, m-NO> 0.000 ' c.0 - sS4
0.149 -~ - —a34%.1 . 300
0.355 @M Turly 440
0.734 - i =74 .6 300
0.9384 -87.4 *1050, -
o D\
. A 1]
™~
- N X
LR e
- V\




Substituent

p-NHz

p‘DCH:

P—NO=

p-CO0OH

Bhengls (cont'd)

Concaentration
[dub!

0.000
0 .066
0.333
0.562
0.792
1.018
1.2489

0.00

0.148
0.270
0.397
0.561
0.775
1.020

0.000
0.033
0.433
0.632
0.918
l1.103

0.000
0.021
0.085
0.147

.204
gﬁsg
0.30%
0. 350\

0.000
0.150
0.3392
0.661
0.916
1.145

Chamical Shift

-16.

-34.
—-43.
-50.

0.
~-14,
-25,
-33.
e & ¥
-56.
-67.

ENWOorF~O

-66.
-85.
-103.
-108.
-128.

-3
-1z,
- =27,
-34.
41
-45,
-52.

-18.
-33,
-S4,
-B6.
=71.

~qo-qmtnb mlu;Jm-qﬂ:cb w=pu~Nwoe

M
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Linewidth
(Hz)

B4
1320
186
288
348
412
608

‘4
148
258
324
384
144
568

48
558
710
g70

1050
1233

200
416
S30
600
748
|12

34
ig0 |
28s -
392
470 .
610

"

g

i {z]
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Anilines '
Substituent Concentration Chemical S5hift Linewidth
o “Cppm) (Hz)
H - 0.0000 0.00 40
0.0218 «~0.96 45
0.0438 -1.17 45 -
0.0767 -1.38 43
0.1095 -2.07 - ¢ 33
n 0.1643 -2.69 46
N 0.2190 -3.30 40 .
0.2957 -3.79 Yy
0.3724 -4.41 45
0.4600 -5.23% 49
0.5476 _ -5.85 50
0.6571 -6.95 47
0,7667 -8.08 . 45
0.8762 -8.81 ) 47
1.0952 -9.92 sS4
p—NO= 0.0000 *5.00 52
0.0785 ~ 1-3 44 49
0.1419 -6.13 . 55
0.2715 oo -12.05 . 68
~ 0.4347 -18.59 ¢ ’ 81
0.58660 ~26.98 g
0.9379 -35.45 112
1.2191 -43.08 136
p-Cl ©.0000 0.00 . 41
0.c388 0.00 : 43
0.1211 . -1.03 49
0.2151 -2.55 w7
0.33B56 -4 .61 47
0.5253 Yo_7.37 50
. 2 0.6889 -9.36 E6
® 0.8656 ~12.05 _ 65
1.0549 -14.80 63
p-0CHx 0. 0.0 §y
s 7T~ 0. -0.1 4gq
. W QT' /a. -0.4 53
| - 7 o. -1.3 52
;i/ﬁ_o: -1.3 53
0. -2.7 sS4
“ N : -2.9 53
a. -3.9 5S4
0. 4.8 53
] 0. -4.9 SB6
0. -5.7
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Anjlines (cont'd)

- Substitueft Concentration Chemical Shift . Linewidth

QD] Cppm) (Hz)
m-0OCHs 0.000 0.0 4s
0.083 -0.4 43
0.116 -1.0 . 41
0.161 -1.4 Y41
0.214 -2.1 %43
0.286 -3.2 i
0.375 -3.8 47
0.509 -4.4 50
0.643 -5.9 4g
0.777 -7.8 -51
0.911 -8.1 55
1.09 -9.5 57
AN
p-Br 0.000 “ 0.6 465
0.055 -0.7 47
0.079 -1.2 Yy
0.105 -2.0 43
0.150 -2.7 Y4y
0.1885 -3.4 45
0.225 -3.8 4g
0.271 -4.9 51
. 0.329 -5.7 ug
0.384 -6.8 48
0.447 -7.5 52
0.508 -8.2 =
0.560 . -8.7 58
0.634 : -9.86 55
m=ND= 0.000 0.0 4z
0.038 -0.5 Y2
0.059 -0.7 47
0.083 ~1.2 - 49
0.117 -1.5 49
0.222 ‘ -4,1 52
0.297 . =5.3 Sy4
0.361 ~7.4 57
0.4u42 ’ -9.2 60
0.543 -11.0 66
0.643 - -12.7 72
., N,N~dimethyl 0.000 0.0 38
' _c.o20 -0,1- 38
0.0583 ~0.1 38
0.138 - - -0.1 3z
0.335 -0.5 41
0.650 -0.5 38
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Benzoic Agids
Substituant Concantration Chemical Shift Linewidth
' (M) (ppm) (Hz)
H o.oogﬁ 0.0 41
0.033 - 3.4 100
0.107 , -10.8 210
0.180C -17.9 297
0.285 -25.6 432
0.380 ©  -33.9 575
0.451 -3B8.7 660
0.553 -42.8 720
. 0.659 -50.5 B26
0.752 ) . -54.7 99
p-0OH 0.000 0.0 .48
_ 0.021 - 3.4 110
“~ 0.065 -12.7 200
0.147 o =77 416
0.204 -34.56 530
0.257 -41.7 600
0.304 -45.3 749 |
0.3B60 i -52.2 812
p-F 0.000 X 0.0 49
0.042 T - 3.2 113
0.0392 - 7.9 194
t 0.153 ~13.4 282
0.245 -21.3 336
0.354 -27.7 4Bee
0.530 -37.3 714
0.712 -4y .5 945
- !
p—NO= 0.000 0.0 41
0.062 - B.3 234
0.134 -17.4 345
0.223 -28.2 625
0.332 '-35.9 876
0.456 -4y .y 1050
0.632 -54.3 1470
p-Cl 0.000 " 0.0 120
0.104 - B.B 290
0.289 ' ~21.3 432
0.448 -30.7 640
0.586 -38.5 1050
0,744 -4y 5

1250



Substituent

m—NHz

p_NHz

Benzolic Acids (cont'd)

Concentration

0

b

.Q0C
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" 0.0190

0
o

doooo

POOOOODCDOOOODO

L0474
.0B0g
.1243
.1827
.2461
.3187
.3733

.0ca

.0453
.03801
.1429
.2363
.2Bs2
.3752
.4EB3
.5680
.RH07
.8014
.9368
.0573

Chemical Shift - Linewidth

Cppm) (Hz)
0.0 ‘38
- 2.07 B2
- 3.B6 30
- 6.33 1lc4
- 38.08 152
-12.81 ceB
-16.53 285
-22.17 3aze
-25.20 458
0.0 46
- 1.24 7e

- 3.81 1600 .
- 6.33 130
-11.29 . -lBe
~i4%.12 ~ 220
-17.70 265
* -21.87 322
. -g5.8R ., dJe8
-30,50 Mooo4Yg
-35.18 532
-39.3e 580
-44 .55 738
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