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This thesis 1s concermed with investigations of the effects of
molecular encounters on nuclear magnetic resonance spin-lattice
relaxation times, with particular reference to mesitylene iIn mixtures
with cyclohexane and TMS. The purpose of the work was to estatclish
the best theorstical description of T; and assess whether a recently
identified mechanism (buffeting), that influences n.m.r. chemical
shifts, governs T; also.

A set of experimental conditions are presented that allow reliable
measurements of T] and the N.0O.E. for 1M and 13C using both C.W. and
F.T. n.m.r. spectroscopy.

Literature data for benzene, cyclohexane and chlorobenzene diluted
by CCls and CSp are used to show that the Hill theory affords the best
estimation of their correlation times but appears to be mass
dependent. Evaluation of the T of the mesityleme protons indicates
that a combined Hill-Bloembtergen-Purcell-Pound model gives an accurate
estimation of T1; subsequently this was shown to be dus to
cancellation of errors in the calculated intra and intermolecular
components.,

Three experimental methods for the separation of the intra and
intermolecular relaxation times are described.

The relaxation times of the 13C proton satellite of neat bezéhe,‘
1,4 dioxane and mesitylene were measured. Theoretical analyses of the
data allow the calculation of Ty intra. S '

Studies of intermolecular NOE's were found to afford a general -

method of separating observed Tj's into their intra and 1ntermolecular'
components. '

The aryl lH and corresponding 13 T1 values and the NOE for the;
ring carbon of mesitylene in CCly and CgH1p-TMS have been used 1n

combination to determine Tiintra and Tiinter. The Hill and B.P.P.

models are shown to predict similarly inaccurate values for Tiinter.
A buffeting contribution to Tjyinter 1s proposed which when applled te .
the 8PP model and to the Gutowsky-Woessner expression for Tpinter

gives an inmaccuracy of 12% and 6% respectively with respect to the’”_ ]

experimentally based Tyinter.
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Abbreviations

Within this thesis the following abbreviations have

been used in place of their longer equivélents.

NMR Nuclear Magnetic Resonance
ARPS Adiabatic Rapid Passage with Sampling
NOE Nuclear Overhauser Effect
R.F Radio Freguency

IF Intermediate Freguency

AF audio Freguency

AC Alternating Current

DC Direct Current

TMS Tetra Methyl Silane

Me Mesitylene

Cy Cyclohexane

inter Intermolecular

intra Intramolecular

BPP Bloembergen-Purcell-Pound
FID Free Induction Decay

F.T Fourier Transform

i.r Inversion Recovery

P.53 Progressive Saturation

ii




A NOTE ON UNITS

Although it is appreciated that SI:unité‘ShduId be
used whenever possible, most of the units used in this
thesis are c.g.s. su units. The reason for this is-to 
facilitate comparison with the past literature dealing

with NMR relaxation times.

Some useful equivalences are indicated below.

Physical quantity Name (SI) cgs unit Conversion
factor
length metre cm, A 10-2, 10-10
density Kgm=3 g cm™3 103
viscosity Ns. m™2 Poise 10-1
energy Joule erg. 10-7
electric field mKg s—3 a~l  emu 106
magnetic induction  Tesla (T) gauss 104

Further information can be found in the following .

references:

W.J. Duffin "electricity and magnetism", 2nd ed.
MCGraw Hill {1973)
P. Vigoureux "units and standards of electromagnetism“

Wykeham (1971)

M.N. Hughes, A.M. James and N.R. Silvester. "SI units and

conversion tables"™ The machinery publishing Co. {1970)
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Resonance- Spectroscopy - -

1.1 Introduction

In 1924 W. Pauli (1) ascribed to nuclei a magnetic
dipole moment and associated angular momentum in order to.
account for the hyperfine structure of atomic spectra..
Stern and Gerlach (2) then demonstrated . .that ; the

measurable values of the magnetic moment are discrete i

nature and, when an atom 1s placed in -a .magnetic. field,

this corresponds to a space quantizat;oh,oﬁmthgléppﬁagwiﬁjf"
their experiment, an atom with magnetic moment giﬁmggggﬂ
along a direction 0X in an inhomogeneous field. By which, .

as well as its gradient 7?Bg/?z,. is perpendiCULa;.tgﬂﬂﬁgg'

The atom experiences a force #z I?Bo/ﬁzj_thatQ@EfQQCté

may have two values f 4, and the atoms after ¢
lnhomogeneous field produce two symmetri

they impinge on a screen perpendicular to. OX

distance between the sppts, # can . bg" -

£

[

€ld gradient and the time spent by -ﬁhe _aﬁbm§;r3’
inhomogeneous field are known, In -

of this experiment (3) the atoms cross



gradients DBO/ dz sépéfate&gﬁyxﬁ_%,g

field. The constfuction"OEthHéhﬁaﬁp,
atoms or molecules emerging from
converge after crossing the thféé‘regidhé-i}

image D, where a particle detectar can ba

Although the trajectories of patﬁicies _witﬁ¥;
orientations of their magnetic moments 'éré:'diffgigét
inside the heam, they all convéﬁgé ’Qntd.ED;mff:‘ﬁQ
reorientation of these moments Oécub o tﬁe waﬁ; “§ gﬁi1i

r.f. field placed in the region C of homogenscus Fisls

By, will, if it has the correct frequency

b3

transitions betwsen the different magnetic states
particle, causing it to c¢hange its tréjéét@fg?ﬁai‘
second inhomogensous region B and fﬁ:miga.ﬁkf
A measurable change in the flukj6f\pafgiéie§ ét£ik;n§ ﬁ:'ﬁ"

detector determines the freguency étbwhiCh*théfrééQﬁanﬁé ﬁ

occurs., The resonant exchange of enerqgy is not

restricted to molecular beams and it is detedﬁﬁﬁleé.-..”

forms of matter, Gortér (4)(53'suggested théﬁiiﬁ_; 
be possible to detect the passage through re

observing a rise in the temperature _Qﬁ_‘ﬁh;

3

following a sudden increase  at resﬁﬁﬁné”“’

absorption of electromagnetic energy. by
spins. This method failed

unfavourable materials emplayed.

]



In 1945 two .groups  of

independently, Purcell, Toffez .QD@;:PGQQQfogV:ia L
University and Bloch, Hansen and Packard f?i'ﬁt*Sﬁaﬁfarﬁﬁ
University first succeeded in observing the phEHQmé_ﬁn'

nuclear magnetic resonance in solids and liguids, At the

beginning of the 1950's, the phenomenon was called upan - -

for the first time in the solution of a chemical prablam

(87, Since that time its importance has steadlly
increased and almost countless papers concerning nuclsar
magnetic resonance or jts applications in all branches of

chemistry have been published.

It 18 convenient When discussing the = thasry
nuclear magnetic rescnance spectroscopy to first oo

an 1isolated nucleus in a maqnet;cgrfieldh;ih'

deduce equations for the resonant conditionh,énd'ﬁheﬁaﬁp S

consider the properties of bulk samples to elug}dgtgzsgéh

important aspects as  the nuclea;_

distribution, relaxation, saturation and

cnemical shift and spin-spin coupling.

1.2 Magnetic Propgrt;eswotnﬂuclei,"2

All nuclei with g@d_maggrngmb%r.yf’

of spin; the angular momentumT vé¢FQf’
Plank's constant divided by 2”' ;"1“l
I is a nmultiple of /2. Nucled with. e‘m
may be either, without spin if khe =ﬁﬁ§iﬁji

aven, or possess an integral spin I with valy



The chemist is :mésg

nuclei havingr‘spih'41%2};#&@&15

Hydrogen and Carbon - 13 are very important:

The possession of both, spin and charge confers Oﬁi "
the nucleus a magnetic moment u which is proportienali o -

the magnitude of the spin, that is,

4 =y h I ""Vflelj
y 1s called the magnetogyric ratio and is. ‘measured -in

radians. sec =1, Tesla -1,

Quantum theory demands that the allowable- nug

spins states are quantized:; the component my is gall

the nuclear spin guantum number. -Fork%hezéfOtbﬁTW$£h5*r
I = 1/2, m; may only take ‘the valueS'k”ifiﬁéﬁ*}\
This means that the magnetic moment foﬁIj”“Cén “haﬁé

orientations with respect to some selected directibm

st
)

Nuclei in a Magnetic Field

If

there



magnetic field is in the z-:direct

Hz -y +h Bo Iz

Where Iz, the allowed component of the nuclear spin
in the z direction, has the value + 1/2 or - /2. - These
possibilities are summarized in terms of the enefgy‘level
diagram shown in Pig. (L.1). The lower level with
mr = + 1/2 corresponds to the situation in which the
magnetic field B and the nuclear moment are paﬁaliéli in
the upper level they are antiparallel. We ahall ﬁéﬁéﬁﬁ
the state for which mr = + 1/2 by the symbol iﬁ}"and

that with my = - 1/2 by | >

In order to induce transitions beﬁweenlythe"tﬁd'

nuclear spin levels, an oscillating electromagnetic field.

is now applied to the system. The frequehfy'g[f6f tEE%df'

radiation associated with absorption must 'beﬁ’céicﬁihhéﬂ'
from E=hwv and thus a given nucleus has

characteristic resonant fregquency in a

field (9)
b=y BD/Z.’T
1.4 conditions for Nuclear Magnatic Readnan

1.4A  The Classical bescription of Nudle

When a magnetic field § is applied to 5

B will produce & torque on the magnetic moment Fa

LA



amount % ﬁ'.&fBecause“of 1ts angu_a,

i.e. d] . o x B

b

Since % = y J, we may eliminate J, getting

di _ 4 % (yB) | | (1.6)
dt

This equation, which holds regardless of whether or not B
is  time dependent, tells us that at any iﬁstanﬁ the
changes in [ are perpendicular to both T and B. -Iﬁ

(12) the angle # between 7 and B does not chaﬁge;'.
is independent of time, the vector follows theréuﬁ

of a cone.

In order to understand the pulse technique, and some’

theoretical analysis we introduce a rotating c¢oordinate

system (9). Thus, we can rewrite eguation (1.6) in terms

of a coordinate system rotating with an as yet arbitrﬁﬁy. 

angular velocity £ about B

In the equatlcn (1. 7) *wgﬁﬁw fﬁ@t@@ﬁﬁbﬁsf@h%h_
derivative of #in the roratihq @Oﬁfdiﬁdb@ uyat@m ﬁﬁd
Jx  is an additional barm, %m Lmi@ jﬁum m&m@uﬁv

rotation of the 5Yﬁt@m with Lﬁ@paﬁL LO thw Jaﬁ@r @Ky“g

6



System. Rearranging equation (1.7}, we have

,_S;n!; — M X (y]é: + 0 ) - - (1.8)
5t '

This equation tells us that the motion of £ in the
rotating coordinate system obeys the same equation as in
the laboratory system, provided we replace the actual

magnetic field B by an effective field Beff

(1.9)

If B is a static field, TB=Kk Bos it is possible to

make Beff=0 if & = - ¥ Bo k. Since in this reference
frame ii = O, u remains fixed with respect to the
rotating frame. In other words, rotates at an angular .
velocity = - Bo k with respect to the _lébdtatéty;

The angular frequency ¥ Bo is called the 1 WLarmor?f'

frequency"

When & small magnetic field By (t) = Byo cCOS w't”iSf;

applied at right angles to the main field BO, the!effecf'x
will be a change in the angle # between Z and: B Ex
be understood by resOlv}ng By (%) ;ntoﬂjtwgb
components, each of émpiitude B], one rdﬁggiﬁgii
in a plane perpenaicuiar A'to: _ﬁff éﬁahfP£ﬁé%  otﬁgmw
counterclockwise '(sge,:FiQ (3)), thu5'~théig f;equengi

are tw , If wz is used to represent both fcequencles th

rotatlng magnetlc flelds BR, BL can be wrltten

B] = B) [Tcos wzt + jsinwzt]




L 1

© B, field 8

hi

Figure 1.1 Proton spin levels in a magnetic field

Figure 1.3 Decomposition of a linear Dscillatihggfield,int§:tﬂb

rotating elements : Co L R e




which will give us either sense of rotaff@n;*dependfng Qn

the sign of wgz

The equation of motion of a spin including © the
effects both of By (t) and of the static field

84 = T X IK (wg + p Bg) + 1y By (1.11)
5t

We can write eq (1.11) as

Si _ @ Xy Berr (1.12)
54
Wwhere
geff = Rh(Bo-—m“f—-) + By 1 (1.13)
Y
when
ey - —w

Physically, eg (1.12) states that 1in the rotating-

frame, the moment acts as though it experienced

effectively a static magnetic field Beff. The‘-mOménE, ﬁff

therefore, precesses in a cone of fixed angle about the - ~

direction of Beff, at angular frequency vy Beff.:

In standard continuous wave NMR experiments, the:elig;

a coil which produces the By {t) field at the Larmor




frequency; it means acecording - ko eq_f{l.li)'ltﬁat”Vﬁhe

effective field at "resonance® - is iﬁéff#B{;'hgi;:AS  a
result, the magnetic moment i , will roktate around‘§1'byf
§=7¥VByt, where At is the time in which BX is on.
This change can be detected by using another c¢oil in the
y axis, In pulse experiments, it is sometimes convenient
to use a 90° pulse or 180° pulse, which means that By (t)
is applied for a time Jt=—%— (yB1)-1 or z (p Bl)"l.
As a result, 7 will lie on the xy plane or in the -z

direction, respectively. But for t> At, the orientation

of @(t) will tend to the equilibrium value.

1.4 B Quantum Mechanical Description of Nuclear Magnetic

Resonance,

When a nucleus of total spin I i§ ‘placed = ‘in ‘&
magnetic field By acting along the =z direction, - the
stationary - state wave functions may be labelled by~ﬁﬁ;“
the component of I in the 2z direction. If, in addition, -

we have an oscillating magnetic field in the x”dirébﬁfﬁﬁ:‘

with amplitude By, = 2 B] and frequency w =27 }""'t'*h“:e*rzf‘é']f;f

will be an extra term in the Hamiltonian

' = 24 x B} cos 27 t T O O 5

Using the relation between ‘the. nuclear’ wagne

moment 4 and its spin I, this may alsc be ‘written

X' =2 pnB] Iy cos 27 st

10




By the usual transition probability:théeryﬂilﬂl,“this

may give rise to a transition between two states .m and m’
corresponding to absorption or emission of radiation.

The probability for such a transition is

Pom' = 2 B12 | (m'] Iy Im) |2 5 (vmm' -») (1.16)

where § 1is the Dirac function, (m'] Iy Im ) 1is the

quantum-mechanical matrix element of Ix between states m

and m', and vmm' is the frequency corresponding to the

energy gap between these states

il.e, hevmmn'. [m - m'i uBg (1.17)
I
It is well known ({(8) that the imatrix€jéIeméht
(m']Ixim) vanishes unless m'=m+l, so thaﬁ'we immédiately

derive the selection rule that only transitfons in-which -

the quantum number m is changed by + 1 can occur’ije.

homn'=+h p Bo. It 1is noted that eq‘.uatiéﬁ-'i{‘.-»-(-.1_;-21;.-;6:)f”_"'f-f
predicts absorption only if the frequency_.EEEXé¢§ljf

coincides with the natural fregquency vmm'.

The complete quantum ™ - mechaniCalf‘Eheéty‘
motion of a magnetic momentwin,a-vﬁﬁiﬁﬁiéémagnét
Wwas considered by Schwinger(n?anaﬂﬂapigl){»'-"-Fi
dependent Schrodinger eguation. Wbé@%éﬁﬁﬁall’ﬁf mégng*:
field 1is applied to the Sprh ~Systém?l§);?aiﬁg

seen

11



that the expectation'vélge_b<i&z ££};Sﬁb§h§V'.s

classic case

Fz (1)) = "z (0) ) cos p Bt

1.5 The Population of Spin States

The absorption coefficients obtained in optical
spectroscopy are independent of the intensity of the
radiation source, Normally, a rapid return is made from
the excited to the ground State, the liberated energy

being dissipated as heat,

In nuclear magnetic resonance spectfoscgpg L

intensity of irradiation (By) may_»weaken_~Ehé; §b$5F?ﬁiQ@%%‘
signals - or «cause them to disappear gntirglyyiﬁgmﬁé
situation is a consequence of the non-equilibrium §£gf&”
nucleus with its surrounding lattice. In the casé-of § v'
liquid, the nucleus may remain in a Stété”f*ér'
non-equilibrium for periods of a few seconds., o

Wwhilst for most of the electromagnetigfbgggéﬁg
probability of stimulated emission induced by.irpa

1s negligible, for nuclear mEQDEtiC-¥§§?ﬁ§n9§31£ j

(14}  and in comparison the prababi;iﬁg'?qﬁﬂﬁgjL¥; fﬂ

emission  is  negligible (15, ;Bﬁ#ﬁuia,.naf_{ﬁf“

irradiation with an intense radiafzeﬁgaﬂsyu,fi&;ﬂq¢b

rapidly equalise the population of the enﬁzggﬂ;ﬁgﬁgﬁgi




NeVe:theless,'.theré:ﬂig‘Labgjefyhf-”

resonance experiments are alwéys carrled outlét ‘as.; hlgh
value of By as possible. When radiation of frequency
falls on a specimen containing hydrogen atoms it isﬂ;ﬁat
only possible for the radiation to be absorbed and excite

a proton from the lower energy level to the higher

0
o
T

but 1t can also stimulate a proton which is alrcady in

o=

the higher level to fall down to the lower level and, in
so doing, to emit an additional quantum of the =ams

frequency.

Einstein showed quite early in radiation theo

the coefficients for absorption and stimulated'

were, in fact equal and if theﬁé Were cquai

protons in the lower and upper levels there would be jusbf:;q”

as many moving up, under the lnfluence of the lncomlngﬁ? 

radiation, as there were comlng down, and hence

B b e

would be no net effect whatsoever

The only reason why there is 'any 'net ébééf:

radiation during resonance is that, dt equ111bzlum

are more protons in the ground state than ln

level and hence, there will be a sllghtly

being excited uP from the ]ower IEVEJ,

on  the d)ff&rﬁncp in
levels, and fcr maﬁt

absclute teﬂgarauure r



vopulation is

Ng —  exp (M AE -
Ne KT

wkere AE = 2 4B, then

N‘/z ~ ’l - 2 u B (1.20)
Ny KT

Thus, hydrogen nuclei in a field of one Tesla have an

2XCesSs population in the lower state of Ng /N, == 7.10-%,

The observation of nuclear magnetic resonance

upon the net absorptiscn of energy by .thisi émalif‘
population. Under certain circumstandes:NMR-siéﬁ@iéiﬁaji
disappear as the excess number of nuélei nin  thfijggé£j{9u
state tends to zero, this phenémehqn b;ihézlkhoghf,éf
saturation. It is apparent that inkordér téﬂﬁ%iataiﬁfgﬁ
excess of nuclei in the lower éhergy “étéﬁéﬁ}

mechanism must exist whereby nuclei can

return from

higher to the lower energy after resgnénce?‘

1.6 Magnetic Relaxation

we perturb & physical system from i

1y

I

condition and then renove. the perturbing influe
system  will  return  to  iks

condition. It does not rstucn

but takes a finite time to readjust to tha-u

14



system, we have already -mentibnéﬁ ;tﬁé fféiéiéﬁioﬂ:f"
T1, T2, where T; is the spin'latbice'félaxaﬁibﬁ%timéfﬁﬁﬁ;? ﬁ*
represents the exchange of energy betWéen«the“SpﬁﬁwéysEem
and the lattice, T, 1s the spin-spin: relaxation ™t time
which is related to the lifetime of an excited state:

These two processes will now be outlined briefly,

1.6 A Spin Lattice Relaxation

This process 1is based upon an interaction “between

spins and their surroundings, commonly referred to' as ‘the

lattice., If transitions are induced by application of-ia

radiofrequency field at resonance, the. equilibrium- .-
populations are perturbed in that a net numbér of sping

are promoted to the higher energy level, In-other‘wo;dsf_:“:

the net energy of the spin system has increased} _Inf;jﬁ‘é

order to return to thermal equilibrium the excess»ené;gf;'
has to be dissipated. This' is brought about byﬁaﬁjeﬁég
exchange between the spin system and’ the*ﬂlﬁkﬁiy
excited ("hot™) spins are cooled by theﬂtﬁéﬁmqiiﬁaV

are immersed in i.e., the lattice."

small and consequently the time cbhsﬁéﬁ;?fgﬁ__jffi‘*

leading to a restoration of equilibrium is+leng

Another way of looking' at “this process ihvoly

macroscopic spin magnetization; i.e,; thé vedtal sum




oriented spins. . In the absence .of 'an..extefnél ;fieid

there 1is no net magnetization'_bécause. the.fgpipg-kapéﬂng“
randomly oriented. only if placed'in,é stétiéVfiéld'Wiliyﬁ‘
séins eventually 1line up, some péfaliel to the'ffieid;‘i-
some antiparallel, with a slight predominance of ;thé 
former. The vector sum of individual magﬁetié mémeﬁts is

the magnetization which consequently points along the
field axis. However, this polarization does not take
place 1instantaneously when the sample 1is placed in the
field but with a certain time Constant. In most cases

the magnetization builds up exponentially with a time
constant equal to the longitudinal relaxation time Ty, as
illustrated in Figqg, (l.4a). Likewise, if the spin systém

has been subjected to a strong saturating r;f. field, ther
return towards thermal equilibfium takes place with .a

’

time constant Tjy.

l1.6.B. Spin-Spin Relaxation

This form of relaxation results from intagaﬁtigﬁEVT
among the spins themselves, In the absence .-
field, the spins precess about the external fleld

with their phases at random. There ig, consequen

net magnetization  perpendicular to  the !:méing““*

(transverse magnetization). Let us. suppose a r.f, fia

l

is applied at resonance with the precessing spins
the time of application of the field is long encugh,
individual magnetic moments  are pmlariéeﬁfﬁaxﬁﬁg-_ghgi'

of this rotation field and a nst transverse magnetizsat
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Fiqure 1.4
a) Recovery of the. longitudinal pagnatizatiop
thermal equilibriun value M DRI

b} Decay of an initisl transverse magneilza ¢@ﬁ;ﬁp@igd£
equilibrium value zsro Lo




Mxy is denerated, “This:_*ﬁrahﬁwetsé.:%haéhét&gaﬁioﬁqﬁfu

however, does not 'persist.‘in&éfinitély;-f;wﬂ_‘

field is removegd ; 1t decays to zero be:c_.;a-u's‘.e. i of :Erans Vf.e:'rr‘s:e,ﬁ' B L

or spin-spin relaxation. ' Even in. an ideallyﬁhgmégenéﬁﬁs
magnetic field, there is a spread - of -Larmor ' frequencies
across the sample. AS a consequence of this, the~spin$
dephase with a time constant given. by - Tp. 3. The
exponential decay of an initial transverse magnetization
MXy as a function of time is illustrated in Fig. (1l.4b)..

In a perfectly homogeneous field, the slow passage
width of a resonance 1line 1is inversely proportionql‘«to

Tz; i.e. A v 1/9=l/( 7 15}, However, the magnetic field

1s never perfectly homogeneous, 1i.e. there afei.alﬁayﬁifﬁ
transverse gradients across the sample, which  means 'that
the transverse magnetization decays faster than ﬁrediCted
by Tz. For the effective transverse relaxation time To*,

the 1inequality T2* { T, holds. The full equilibgium 

magnetization along the magnetic field axis can On1y :‘;LH

build up after Mxy has decayed to zero., Frdmx;bhisw-i§'

P

follows furtherathat Ty, £ T). In genefalf:TszAQ

in which phase coherence between spins in-the}xyﬁplaﬁg={

lost,

1.7 Saturation and Relaxation Effects

The interaction between the nudlear 3system:,aqdf:th'

lattice 1is responsible for maintaining an 'absdfpﬁi

signal. If no such interaction occurred, the numbérfpf

18



nuclei in the upper level would rapidly become ‘equal to

that in the lower level as absorptiona Qf  Ehe' incomihg:'
radiation raised their energy. If-usuch eqUaiity“Were
produced no further absorption would take place. Aiso;
if the power of the incoming radiation is high, it 'méy
drive nuclei up to the higher level at a faster rate than
the spin lattice relaxation interaction can restore
thermal equilibrium, and again in this case the

absorption will gradually decrease and the line will

become broadened,

Fig. (1.5) shows the case of protons 1in- an applied
magnetic field and with two energy levels la> , 18> . 1If
n is the difference in population, when 'the
radiofrequency resonance radiation is applied we can

write the rate of change of n as
dn/dt = (dn/dt),e + (dD/4t) gy (1.21)

where (dn/dt),f represents the rate of change due to a
r.f. perturbation. If P is the stimulated transition
probability P = Pag = Ppa , then the rate of change of . .

population of the lay state due to the radiation. is

aN o = N,B Ppa -~ HNg Pa'f} : (‘1.22)
dt

therefore ‘ |
dNg = P(Ng - Na ) (1.23) "

dt
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Figure 1.5 Saturation of resonance conditien. The effocts Gf tht
electromagnetic radiation and the spin lattice Lnuerdctxan
indicated schematically in the diagram.
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whera

N o= N~ NB

The term (dn/dt)gy, in eq (1.21) originates inﬂ thér
lattice. The fundamental point is that the lattice 1=
thermal equilibrium, this means that the pPropabilities of
spontaneous spin transitions up and down are n@t' eqgual,

as they were for r,f. induced transitions. S

We  denote the upward and downwaipd relaxati
1

probabilities by Waﬁ and Wpa , then (la)
dNg = NB Wﬁa’ - Na WLI"B N (1v25)

dt

At thermal equilibrium d¥Na / dt = 0 and this implies
that Ng / N3 = Wag / Wga which follows the Boltzmann

law, Then, the population difference n is

jo
pa
it

- {(n - noj
gt T : : IR i

Tl"l = Waﬁ + “Wija

T1 is the :Wspin lattice ‘r@laxa§;§g;;§%m@ﬁ’;t:if
measure of the time it takes for anﬁrgy»ﬁmfh@bﬁaﬁgj
to other degrees of freedom., Thae ﬁqua&iﬁﬁ {1@§iif?'

revwritten as



dn = =72 pn -
at

(- no ) T as
- IERE L

and at egquilibrium eq (1.28) becomes

n = no (1.29)
1+ 2 PT,
For protons, the probability »p is(B)
P =1 y2B12 g (v) (1.30)
4
where g{ » )} is the line shape function
A second relaxation time Tp, is defined as
Ty = 1/2 g {v) max (1-31).
The ratio n/no is known as saturation factor 2. When

g{v } is a maximum 2 is mipnimum, i.e.,
20 = [1 + y2 By2 Ty Ty]-1 (1.32)

The saturation effects produced by large-valueé“

and By, will not only reduce the actual power absorpflon,

but also alter the line shape, ShOWlng its effect.;nithef

centre before the wings, and thus 1ncrea51ng the apparent’

width. This explalns why it is so 1mportant te apply a
low r.f., field By in order to avozd saturatlon as much as

possible.



1.8 The Bloch Equations

In 1946 Felix Bloch (17) proposed for the deSCfiption
of the magnetic properties of ensembles of  nuclei . in
external magnetic fields a set of very simple equations
derived from phenomenological arguments, that have proved
for liquid samples at least, to be a correct quantitative

description.

If Ne spins and Ng spins are in the statesa and 3
after the application of a magnetic field By, the =z

component of the bulk magnetic moment M is
Mz =y R (Na - Npg ) (1.33)

or

Mz

i}

¥y B n | (1.34)
at equilibrium Mz will be

Mo = p h ng = Xg Bo (1.35). .
where X, 1s the magnetic susceptibility

Xg = NV 210271 (I+1) o (1.36)
3 KT

According to egq.(l.2%8) the relaxatiop_of Mz now cheys.

the equatign.
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dMz_ = ~ (M, -M,) | B Cls3?f'.

The transversal magnetization Mx, My will :'decay.
exponentially to zero after some period of time measured

in terms of T3, such that

d Mx = - Mx (1.38)
dt T
4 My = ~ My - {1.39)
dt Ty

In addition to the decay parameters, we have to
consider the motion of the spins around the homogeneous
field Bgy; thus, according to the «clasical eguation of

motion, eg. (l1.6) we have,

aM_ =y (Mx Bg) - ' (1.40)
at

which c¢an be written as,

dMx =wo My

at

d My =-“0 MX

at

d Mz = 0 | : o (lﬁ41)f
dt

Then, we must combine the effects of relaxation and
Larmor precession into a new set of equations for M.

These are called the Bloch equations:
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]

d Mx wo My - Mx

dt T';_

~S MYy =-¢o Mx - My (1.42)
dt T2 ’ .
d Mz = - (Mz — Mo)

B

The spins perform a damped precession in which the
rotating transverse components of X decay to zerc with a
characteristic time T,, while Mz relaxes towards its

equilibrium value M, with a decay time T .

When an r.f. field is applied, the total field is
B=By, K+By(t), where Bx can be expressed 1in the rotating

frame x', y', 2z' as in the egqg. (1.10). 1If we take only

the circularly polarized r.f. field Bj, which rotates

within the xy plane in the same sense as the Larmor
" precession

—

By = B] (1 coswt - jstnwt) (1.43)

The Bloch eguations now become

— = —

aM =y (ﬁxgo) + y (M X B1) - 1 Mx +7§ My - E(M;fﬂo)
dt . T STy

(1.44)

where i, 3, k, are the unit vectors in the laboratory ‘-
frame. If we analysed the motien in .a new .coordinate: -

system, rotating with the field Bj, at the frequency @ =

we have, as Fig. (l1.6) shows,
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B1' = i B1 (1.45)

where 1i', J', k' are the unit vectors 1in the rotating

frame,

To change M into M' in the Bloch equation we need

M = sM' o+ o0 % # (1.46)
dt gt

The Bloch equation in the rotating frame is now given

by _
SM' =y R ox (Bo' + Gy ) 4+ oy (%81 )~(Iru 430wy -
5t To
k' (Mz-M)
-~
(1.47)

After separation of the three components of M' we

obtain
du = (wo -w) v - u_
at T2
dv = - (Wo —w ]} u + y Bl Mz - v _ .(,1-478')
at Ty
d Mz = - p B] v - (Mz ~ Mo)
dt T

In the steady state the stationary solutions of eq.
(1.48) are




Figure 1.6 The rotating coordinate system
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U = Mo _¥ By Ty? (wo-w) _ .
|+ T22 (wo— w )24 p2 812 T1 T2
v o= Mo y Bl Ty ~ o (1.49)
|+ 122 (wo-w)2 + 32 812 77 1, R
Mz = Mo 1 + To2 (wo —w)2

|+ T2 (wo-w )2+ 32 Bllel.TE
The v mode (absorption) signal has a Lorentzian line
shape (17)(18)(19), ywhen w=wo the signal is at maximum
and proportional to yB1 Ty . The wo- mode
(dispersion) signal is mainly used, in high resolution
spectroscopy to provide a lock signal in order to

maximise the field homogeneity.

1.9 Factors Affecting Line Sbape

The line shape 1is relatéd to the abSorpEioﬁ'”of
energy, i.e. to the transition probability Pdﬁ . Siﬁéé
it 1s proportional to the Dirac delta function, we have
to think in another way to represent the phenomenon. For
that reason (8) a shape function gq(v ) is ”iﬁﬁroéﬁééa}
which can be Lorentzian {liquids) or Gaussian {solids}.
The line width in a Lorentz line is 2/T2 wheré Ty is ﬁhe_'
spin relaxation time which 1is ihcluded in the absorgtidn
function v obtained from the Bloch. eguations, . In-
addition, a number of physical phenomena %éyj{cdntfibﬁﬁé 

&

to the width of the resonance line. The pafgmetéf‘{TQ

itself has many sources of interactions but can ‘be .-

eXpressed by
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1 o= 1 4 3 U (1.s0)

T3 Ty 2Ty

where Ty' comes from enerqgy fluctuatiéns, CﬁnseqhéntlyL
any mechanism affectiﬁg Ti will affeﬁt To énéfof éourse o
Tz < Tz' and Ty < 2T]. Because an inhomogeﬁeoué maghe£ic
field can also affect the line width, the effective fi ié

expressed as{20),

1 = 1 4+ 1 (1.51)
Tzeff T2 Tz*
where
Tz* = ]
¥ 6 Bg

and 6By 1s the field inhomogeneity. In standard :-NMR
experiments it is important therefore, to have very. good
field homogeneity and to keep the r.f: fielgd lowlto aveid
broadening effects, Spinning of the sample 1is ‘very

helpful in obtaining good resolutions.

There are also other contributions to line width:,

which will now be discussed.

1.9.2 Dipolar-Dipolar Interactions

The magnetic field at a distance r. from. .a ‘dipole
whose magnetic moment is . # depends - on . % /r3.
Consequently, the total field acting on. one dipole .at :-a

distance r from another, is
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B =Byt _# 1/2 ¢ 3 cos2 g _—1-)} o (1.s2) .
3 | -
r

where y is the angle between the r direction. and Bo.

Equation (1.52) will result in two lines, so the overall
line shape has two maximums (21), This effect extended to
a crystal can be expressed -as a sum of terms like
equation (1.52) in order to analyse the 1line shape

through the wuse of second moments (22). 1p liquids,
because of the random motion of the molecules the

trigonometric term in equation (1.52) is averaged to zero.

1.9.B Spin-Spin and Spin-Lattice Relaxation

Because of the processes of spin-lattice relaxation
which govern the decay of Mz, ﬁuclear sgin‘states haye q
finite lifetime, For a line whose width at half heigbt
is 4v1l/2, it follows, because a nucleus remains . in a
given energy level no longer than T1 on the average, from

the Heinsenberg uncertainty principle that
(havl/ey 72 % (1.53)

T 1s related to the exchange between two _huclear‘

dipoles, in which one dipole loses magnetic energy to

another, which gains energy. Because this Proaess'Piéces~»;ﬁ'.

an uncertainty on the lifetime of a nucleus inoa e

particular state, a similar equation to eq.'(l,53);can_be

applied,
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1.9.C The Effect of Paramagnetic Impurities - _w'.

The presence  of oxXygen or ‘other  paramagnetic
impurities, which produce strong local magnetic  fields,
will reduce the value of T1. This results in a large
broadening of the absorption line which may, in some
cases, cause the peak to remain undetected, This implies
that it is important to seal the NMR tubes under vacuum
to avoid broadening of the lines due to oxygen, in

particular, when high resolution Spectra are reqguired.

1.9.D Quadrupole Effects

Some muclei with I > l/2 have an electric quadrupole
moment e which occurs because the distribution of
electric charge density p(r) 1inside the nucleus 1is
ellipsoidal rather than spherical. Such a quadrupble
moment can interact with environmental electric field
gradients to create a very efficient mechanisﬁ' for
spin-lattice relaxation. For reasons given éarlier;this,

gives rise to significant line broadening.

1.10 Chemical Shifts

Because of the rapid molecular motions, ‘in liquid and - -

gases, dipole-dipole interactions are usually averaged “to s

zero and sharp NMR lines are observed. It is found that .. =

the exact frequency of the absorption line of a

31




particular nucleus depends on the“héﬁﬁfe'af'ﬁﬁé ﬁélécule'
containing the nucleus. The, f:e@ﬂeﬁﬁf« differeﬁbEE”fére"
referred to as chemical shifts.‘ They  arise bécéuse the
magnetic field B actually experienced'by_the nucleus 1is
not equal to the applied field By, but that modified by
the fields produced by the field induced motion of the
surrounding electrons in the molecule, In order to

account for this effect, it is usual to write
B=By (- o) . (1.54)

where o is the "magnetic shielding® factor or screening
constant. The chemical shift between two nuclei i and 3

is strictly defined as
%13 = oy - o5 - . (1l.55a)

however, because it is impractical to meaéure .difectiy}
chemical shifts are generally measured in térms_ bf
differences between the resonant fields or frequenéie%ibf
the relevant absorptions. Usually, some compound with
suitable properties is chosen as an arbitrary“refe:égce;

Tetramethylsilane is often chosen as reference f£6r both

'H and 13C spectra but dioxane, carbon disulfide are also . .

used in the case of 13c spectra, in praétibe, any’
compound suited to the Problem 'in hand can ‘be used ‘as
reference material. Chemical shifts are dimensioniess":

p.p.m. units
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§= 106 x [ "sample ~ vstandard j

(1.53b)

¥ standard

where ¢standard is the frequency at which the reference

nuclei undergo resonance,

The chemical shift range of 13¢c (250 ppm) is very
much greater than that of protons (10 ppm) and 13C
resonances for a given molecule may be well resolvedrwith
the corresponding_proton resonance overlap. The greatéf
the number of resolved resonances, of course, the gréaterk
is the amount of information that can be extracted from'
the spectrum. Because the chemical shifts.'OIiginate in’
molecular environment it is evident that they are an'
extremely powerful tool for the elucidation'of molecular
structure. The use of the chemical"shift"fbij this’
purpose probably still dominates the applications of nmr
in chemistry, although the use of relaxation times, with
which this thesis 1is concerned, is finding incréased

popularity.

1.10.A The Origins and Contributions to the_Chemiéal Shift

According to the general theo}y of Buckingham and

Pople (24), any suitably chosen equilibrium property of a
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gas may be written as an inverse power series in the

molar volume Vm, Thus for the magnetic screening

constant ¢ , we have

o= Ug + 0] + a2 o, (1.56)

Vm Vm2

where ¢, is the screening constant of the isolated
molecule and 91, U5, are parameters which depend on
temperature but which are density independent. They
refer to the screenings caused by binary, tertiary and
higher order molecular interactions. Although .it has
been found that the terms higher than 9}/vVm can usually
be neglected the chemical shiftrrespect to some reference
is nevertheless composed of discrete intramolecular and
intermolecular contributions. For a nucleus 2, the totalr

screening is:

sA = sAintra + ¢Ainter S (L.57)

. 25)(26)
The two contributions can be subdivided C ( >='

A A Ad Ah AB A ,
. = = i o rdeloe. |
“intra = %o = “dla + @“para + 3, % - +odeloc
©(1.58) .
A .
o, - U a o a .
inter = b+ a + w+YE ¥ 0s (1.3%) -

These terms will now be discussed in a general form.
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1.10.B Intramolecular Contributions

A A
1.10B] _“455 The diamagnetic screehing constant

When there 1is spherically symmetric circulatipn__of
electrons around the nucleus this leads to diamagnetic
shielding, which reducestkefield at the nucleus (25},
Consequently, more field must be applied to satisfy the
resonance condition, and signals move to higher applied
field or to the right, on c¢onventionally produced
Spectra. An increase 1in the electron density in the
hydrogen ls orbital causes an increased shielding.

AA
1.10B> Upana The paramagnetic screening constant

The paramagnetic contribution depends on the excited
electronic states of the atom containing the;;pesonant
nucleus. The static field, By, tends to indqce 'the
mixing between the ground and excited electronic states
which gives rise to electronic circulations that:pfgduce
secondary paramagnetic fields, 1i.e., opposite to thdse

AA
responsible for 7 3ia- The nuclei are thus . deshielded.-

AA

The value of Upara.is difficult to evaluate_accq:ate%gL_ 7 “3

requiring a knowledge of Dboth the energy and .QaVEZf“:Fﬁ

function of the ground and excited electronic ‘StateéLQQﬁ_ Q

the molecule (13)
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1.10B;3 gh(rInteratomic.shielding

The diamagnetic shielding of a proton by..ité 1s
electron density is relatively small cbmparedl with the
shielding of nuclei of heavier atoms that have filled
inner shells. Therefore, additional effects such as the
influence of magnetic dipoles at neighbouring atoms or
groups, that can alter the local magnetic field
responsible for the resonance frequency are much more
significant in determining the shift of the proton

resonance than that of heavier nuclei.

In the case of a diatomic molecule AB through the
external field By a magnetic moment up 1s induced at A,
which 1is proportional to the magnetic susceptibility, Xa
of A, _if A is magnetically anisotropic, i.e., ﬁb' an
extent it can, - according to 1ts orientation lCause a
paramagnetic or a diamagnetic shift of the resénanée
frequency of the nucleus B. By means of the relation.

the anisotropy of a group with an axis of '8ymmetryf'is
defined as the difference between the:Su$ceptibfli£1es
parallel and perpendicular‘to the axis of Syhmetrj."fhe?
magnetic contribution to the chemical shift'of”fndiViduali-
protons can then be determined by the Mc Connell equéfi&ﬁkﬂ'

(27),
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o

AB = 4 X (1 -3cos20 )/ 33 . - (1.61)

where f# 1s the angle between the direction of ~pa and the
A-B bond axis and R the distance between the centre of i

and the nucleus of B,

A
1.10 By “deloc-The Delocalised Electron Screening

Constant

The 7 electrons in the benzene ring represent the
best example of long range shielding arising from current
circulating within a molecule, Due to the dependence of
the current upon the orientation of the molecule to the
field, these weffects do not average out with random
tumbling but make the aromatic ring appear to be
surrounded by a magnetic field. The field opposes _thé
applied field within the ring and reinforces it “in ;the
plane of the ring outside the ring, as it is indicated iﬁ

Figure (1.7)

1.10 ¢ Intermolecular Effects

R ,
The screening term 9 jtor arises from various effects

due to the presence of a solvent surrounding the.solute:
here the terms solute and sclvent are not used - in a
strict thermodynamic sense but soluterlréfers, to .theﬂ :?:?
material containing the resonant nuclei and soiven;

refers to all other material present,
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Figure 1.7 Free electrons ring currents in benzene
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In a sense the term solute essentially IefefSLtQﬂjﬂSEuthef<

one molecule containing the resonant nucleus,

1.10 Cl The Bulk Susceptibility Screening Term

Following the classical electromagnetic equations the
magnetic flux density B in a substance exposed to - an

eXternal magnetic field consists of two terms
B = u, (H + M) (1.61)

where H is the field strength of the applied field,. M ois
the magnetization induced in the substances and “o the

permeability. M can be written as,
B = Xvi (1.62)

where Xv is a dimensionless constanﬁ, the ‘ﬁolume.
susceptibility, thaf 1s characteristic of the material.
In the case of NMR measurements the field _;treng}h_,thqp:
exists within the nmr &tube is influencea.by the méqnggi9. 
susceptibility of the solvent. For this _Leason %ﬂ 
internal standard 1is employed. That is, “the N;egerégae

substance and the sample are contained in _ﬁhe -same,

solution so that both are exposed to the same magnetic . -

environment and correction of the experimental results is ° ;g

not necessary. On the other hand, with an external
standard, when the reference substance 1is ;gonpgiﬂggg;,

usually, in a coaxial capillary separated,f:om_thgﬁvakume;:fi"'
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that contains ‘the Sample,-the'fiel&:StIeﬂgtHS7£hat-EXiSﬁ

in the capillary and the sample: solution ‘are’ different;
pbecause of the different volume susceptibilities and-
geometric configurations. The chemical - shifts ‘tecofded

must then be corrected (28). For an ex¥ternal reference"

contained in a sphere vessel the value of b is 9b = 0,
but for a cylinder ¢b = 2737 Xy, The correction for a
cylindrical n.m.r. tube and cylindrical reference

capillary, both of them with their axes perpendicular to

the magnetic field is :
corr - aexP + 2 { X yr - Ayg ) {1.63)
S5-R 5-R 3

where the subscripts § and .R refer to sample and

reference, respectively. -

1.10 Cz2 “a Anisotropy in the molecular sﬁsceptibilitg

of the solvent

Aromatic solvents tend to cause high field shift to
solute resonances (293(30)(31), This has  been
interpreted by Bothner - By and Glick (30) in terms of
the "disk" shape of these molecules combined with their
large diamagnetic anisotropies. Benzene rings have.lafgé.‘
induced magnetic moments only when the ring is.ét rfgh£,

angles to the field; also their disk-like shape e‘n-a_;b-le.g‘'4‘;:-"""t

them to lie closer to the solute when its plane facés:théf
solute molecule than when the edge faces the s¢1g£é;"{

Since the secondary magnetic field due to this indUcedAr:'i_f;
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magnetic moment is proportional: tO-”the‘fiwvérSé ﬁtﬁifd

power of the separation, the first effectiﬁayﬁbe e¥pected
to dominate, 1leading to a mean distribgtidn :Of. tﬁe
external field at the solute nucleus and a resulting
shift to high fielqd. Similarly, it 1is to be expected
that rod-shaped solvent molecules, like carbon disulfide
or acetylene, whose largest diamagnetic susceptibility is
along the axis of the rod, would lead to low field

shifts, The solvent cage model have been used by Homer
and Redhead (32) to calculate the magnetic anisotropy
Screening constants of non~polar solutes in benzene and
in carbon disulphide with good agreement with

e¥perimental values.

1.10 ¢3 "E The Electric Field Screening Constant

An electric field E acting along the axis of a bond
£o a resonant nucleus, for example, an X-H bond, tends to
draw electrons away from the nucleus, thus causing a
shift to 1low field (33}, An approximate calculatioér
shows that the screening arising .from, such electri;;

fields is given by:

2
0p = -2 x 10712 E; - 10718 & . O (1.64)

where E, 1is the component of the total field'E along -the

X-H bond. Buckingham (33) has developed a theory §£”f 

polar solvent effects using the Onsager model, A"
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dissolved polar molecule polarizes the'$urr0ﬂnding meaium
giving rise to an electrie fieiq, thg_reactionfffei&;ai

at the solute.
In equation (1.64) E is, then

E=_2 (e -1 ) (n12 -1) 1 cos g  (1.65)
3 (2 e + n12) x

Where ¢, is the dielectric constant of the medium, nj the
~refractive index of the solute as a-liquid, #71 the dipole
moment of the solute in gas phase, %1 the polarizability
of the solute and 4 is the angle between thé directions
of the solute electric moment and the X-H bond. For this
theory of the reaction field, the solute molecule._is
represented as a polarizable dipole at the. centre of a
spherical cavity in the solvent. More complex madels for
the reaction field calculation have been develoPéd_ by
scholte (34) and pekker (33). P piehl and R Freeman (36)
have «concluded that the shape of the molecule_fis;_an

important factor in determining the magnitude of the

reaction field and the consegquent chemical shift.

1.10 C4 98 The Specific Screening Constant .

The term "specific molecular interactiamgf‘is_rglatéd"
transfer, dipole~dipole, dipolefinduced l_-ﬁhpple'
interactions, etc. In some mixtures, e.g., CHC13 ,in ¥

Z(C}b)CO/CGle there is evidence for the formation of GO%liS}Qp‘;T"
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- _complexes that explains the Observed shifts(33){ Iﬁ

. general, solvent effectsg on polar solutes have EQ be

- considered from the point of view of continuum theories

'; and collision complex effects (40)(41). It is probably

worth noticing that og ;g usually used to accommodate any
A

contribution to Y inter that is not properly explained by

theories appropriate to the other screening contributions

Lo equation (1.59)

a
1.10 ¢5 W. The Van der Waals Screening Constant

Interactions occur between molecules of any type
which perturb their electronic structures, with the result
that the distortion leads to ‘a solvent~dependent nuclear
'screening constant. For non-polar isotropic solvents the
only contribution to observed shifts, after correction

A »
for Ub{42), are Y intra ang Tw, By measuring

gas-to-liquid shifts “intra can be eliminated and - 7w

obtained explicitly.

In general, intermolecular forces are attributed to -

long range interactions between permarent  dipoles,

between permanent and 1induced dipoles and . interactions..

arising from the mutual polarization of the gleetfon.
clouds of neighbouring atoms or molecules- (dispersion
effect}. In the absence of permanent dipoles the last is

the sole contributor to the total . attractive  force, -

stephen (43), and also Marshall and pople (44), havg',f'-

shown that the shift due to the dispersion effect should,ﬁifffj
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be proportional to. the mean square field, i.e;*' -

o= - g g2 ‘{l;66)

In their analysis of gas to solution shifp Howard eﬁ
al (45) have found in common with other workers that
after making bulk susceptibility <correction, the plot
of § vs E? does not pass through the origin, as expected;
this criterion has been used to test several models used
to characterize 9w. Rummens (%06) argues that one of the
reasons for the failure of the continuum model used by
Howard et al (45), and other workers, 1is that they
considered that the first solvent shell has 1identical
properties as the bulk solvent. Subsequently, De
Montgolfier (47)(48) modified the continuum approach, by

assuming that the reaction field 1is not homogeneous over

‘the solute and proposed that
7= -k B {(RZ) | L {1.67)

where R is the reaction field and K is a site constant,’f
Most molecular interaction theories and models use
the centre of mass of the molecule to calculatg; the
interaction potential governing the observed property.
In NMR the measurements are made on the peripheral nuclei

(1g,19F) and this fact has to be taken into account.,

Accordingly, RUMmENs - (49)(50) considered it necessary tq__;fﬂ

introduce a site factor to account for the off-centre




position of the resonant nuclgds :iﬁ 'tgé :ééiuﬁé ?ﬁqlégulé
and obtained goog fit ‘of expefimengai_ ééﬁa fé@ﬂ hiS‘
theorem. It should be notﬂmd,howevér, that a'sigelﬁéctﬁf
has no place in normal continuﬁm\ theo:y fof _whicﬁ fthék_,
solute is considered a point dipole at.the centre of aﬁ

Onsager cavity.

Homer and percival (31) have developed a modification
of conventional reaction field theory and argue that the
solute molecule feels two reaction fields, one originated

in the solute 1itself and the other generated by the

solvent molecules (considered in the first solvation
shelly, This extra perturbation 1is a good help in
explaining the gas to solution chemical shifts. However,

the test mentioned above respecting equation (1.66) was
still not found to be fulfiled. Consequently, they
recognized that the use of the Onsager cavity (52) as g
spherical exclusion zone for the solvent molecules has'ﬁq
be reconsidered. Consequently, they considered that the
local environment of the solute nuclei should influence
the nature of the solute-solvent collisions: and 'havg
shown that, when these encounters are forced-rby_zsﬁg;ig
constraints to be anisotropic, an - additiongl _équatgl

field generated by the solvent at the Sng;e lnuClQusv':
occurs. The Van der Waals screening constant is then -

represented by

w = -B { (R1? )+ <R22>) - B (E?) (1.68)

45




where Rj] and R are the reactioﬁgfields geﬁéﬂated,ﬁy Eﬁé
solute molecule and the solvent vmoLeguLes,;(oh,,th@;:fiﬁsﬁ
shell) and <E%> 1s- the average electric field d@é.tO thq
pairwise close encounter of solute-solvent molecules.
This term is called the "buffeting® term which we will -
detail at the end of this chapter. The theoretical model
which leads to equation (1.68) predicts 9w values well
within the required order of magnitude and provides a
consistent method of analysing experimental

gas~to-solution chemical shifts.

£y

1.11 Spin - Spin - Coupling

It has been found (353)(54) that chemically: shifted
peaks may themselves be coﬁposed of several .fine
structure 1lines. Gutowsky and Mc Call M(54) ﬂaﬁe .shown’
that fine structure may arise in any molecﬁle éontaiqing
two or more nuclei which resonate at different field

strengths.

In addition to the magnetic fields that  Causg'
chemical shifts a nucleus i may also eﬁpériencéﬁ thé
fields associated with the presence of:neiéhbouriqé
spins. Theoretically, two mechanisms of‘ iﬁ£efactioh
between the nuclear magnetic dipoles. can operaté,'fviz a
direct  through épace interaction deéending: M5HJ"£he;'
internuclear disténces, and an ihdirectly frénsmitted;dﬁé 

through the bonding electrons,
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The direct coupling arises from 7tﬁe lOCal;*md@aétic 

field, generated by a nucleus j with ﬁﬁ@détfcﬁmbméﬁﬁ7?’j;
and spin 1/2, on the nucleus i situated at a:disténce fr,
from J. If # 1is the angle between T and EB,~aﬂ&'thefi
sign refers to the spin state of J, the local field 1is

given by (55)

Bloc = & o H7 ( 3 cos? 6 -1) (1.69)
4 m 3

The numerous dipolar couplings which exist in a solid
explain the very broad band observed, However, in the
liquid state the molecular motions are fast, and &
fluctuates 1isotropically, so that the average value of
BLoc tends to zero. The fine structure observed in the
spectra of liquids actually results from through~bond or
indirect coupling, which cannot be .dveragedw 6ﬁt: toj 2éfo
by molecular motion. such coupling involves _éeverél
types of electron-nucleus interactions and is a somewhat
complicated function of electronic distribution 1in ‘the”
intermediate bonds. These interactions lead té' the
spectral fine structure which is characterized by the
spin-spin coupling constant J. Two  basic Eypéé'iof

spectra may be observed, namely, first order spectra ahd;g

second order spectra that arise when the respective .

conditions dax (Hz)» Jax(Hz) and & pp(Hz) '%,J'JQE;" (HZ)

are obeyed. When the former condition holds. the nuclei fig

are identified by letters at the ‘extreme of the alphabét,
e.g., AX but when the Ilatter condition ~ holds leftérsgja

similarly placed in the alphabet are used, e.g., AR, &
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Consequently, . sonme impo:téntu__ghaﬁacterisﬁibsywydéu o

spin-spin coupling are:

(a) coupling  is  not  observed betweéen  groups . of. .. .
magnetically equivalent nuclei. - Nuglei. are i

magnetically eguivalent if in addition to . being .
chemically equivalent they individually .. couple-
identically to each other nucleus in a molecule,

(b) The coupling constant is independent of the strength
of the applied magnetic field (56).

(c) The magnitude of the coupling constant between two
nuclei generally increases with the atomic number of

both nuclei. In hydrogen resonance, typical: values

of the coupling constants (Jyg') are of the order bf mft“*”
10 EHz. For 13¢ spectra, however, J l3‘f(;“H_._can:‘j::\..ﬁj.{;‘.

about 200 Hz., In general, for isotppichéubStipgtiqﬂ;y

the two coupling constants -are related through ‘the. .

magnetogyric ratios

JNEK = ¥k
JNL L

{d) The magnitude of the coupling constahtd¢1AXif
decreases as the number of bonds separating
increases,

(e} The coupling COHSEanE”13rindépénaenﬁ?df,

Consistent with these “characteriﬁti¢S Q;L*
suggested(38) that the coupling mechanism

related to the bonding electruns, - The spin of & hut

A interacts with the electrons in several ways,; -
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which tends to align' the

spins of the electrons ©f A

antiparallel to the nuclear spin; As the’ airégtibnéﬁkéf
the electron spins in different parts of ﬁhe'mbléédféﬁéfe
coupled wvia the chemical bonds, the electron s#in
polarization at A is accompanied by a slight excess of «

or S electrons near the other nucleus B which orients its

spin antiparallel or parallel to that of A,

The simple coupling mechanism is described by the

coupling Hamiltonian

.
H= 5.15.15 (1.71) . &

where J is the coupling constant, and Ij, I, the spins

involved in the coupling. When the coupliné is bgﬁﬁﬁéﬁ;ilf

equivalent spins ~&s-- in CH3-CHO, where dttakes:hdfpéfe

in the coupling, the quantum mechanic analysig éff'tﬁklif

system(lG)shows that there are énly “two} lihéé'"féf;;

methyl protons at frequencies
v= vo (1- ocg3) T Y2 J

which reflect the orientations of t%é“”“f

The aldehyde proton makes transitions at the frequency

p= Vo (lI-0g ) + J Mcu3
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where Mey3 = my + my .+ :my, and mlf.fméngﬂ ire
numbers., There are four possible .liné5~g¢du36d 3by :

arrangement of the methyl proton SPiﬂSm_fagiigt' fg:f"

below,

@ o @ Mo, 3

2

o A Nodcd Mey, - 1
pa, aaf 1 BAK Hyz L.

2

(1.74)

ﬁﬁO{Jdﬁp}ﬁaﬁ MCH:;:-— l
2
pPF MeH, = = 3_

In general, for first ofder spectra (Séthd  Qf&et =“
Spectra being neyond the scope of this thesis) afisiﬁg ffqﬁ-
nuclei with spin Ip and ny nuclei of spin Iy the'.A:\
resonance has 2n,( Iy + l)lines while the % resOnanéeihg;;V
2np (Iz + 1) lines. The relative intemsities Qfﬁ,liges*ai*w-“
each band, say A, depend on the number of -
valye of m occurs for the other nucleus. Thusﬁfgfu
T o= 1/2 nuclei, ny equivalent nucleif~willi§§auée’

lines to be seen in the A,IGSODEDCQ¢ﬁQQF@h35

(n-1) , - n (n=1) (n=2) - is%..
24 T '

Evidently, these rules coupled with the fact that th

magnitude of J is governed by intramolecular electreon ﬂF
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distribution results - in Spihfgpfﬁfﬁééhﬁjihéi gié i

wealth of information about mQLEbularfstfu’“

ules .

The analysis of spectra by means of thef$iﬁ§l?ﬂf

given above applies only to systems which have a.éﬁémiéélfi
shift large compared with the coupling constant (;5_» 5).«, ‘
When two groups of nuclei are separated by a chemical
shift which is of same order of magnitude as the coupling
constant ( 2= J), then the spectrum does not obey the
rules for multiplicity and relative intensity given
above. A more complex, second order pattern is_pbtainedi
which requires a more detailed, quantum meqhag;qgigl f
analysis and perhaps the use of a suitable a;oﬁggté‘

programe,

1.12 The Buffeting InteractionaTe;m'f

In section 1.10 (5. atteh;iph'éwasi_ffw

recently proposed contribution to ‘Vani”def;fWaalé_;f;
petween molecules, and its effect on. chemical :shifts;

The present section attempts to presehtr_thé;fthé@léti-a;

interaction influences spin-lattice
well as chemical shifts. In
buffeting term was generated by ‘an average elactric

which arises from the electronic cscillations
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constituting the solvent dipoie&59)§53);;*Wheija;s@iyéngf'

molecule collides with a solute moleciile, . the co;&isionf

cgn occur in  several directions respect to the. bond
containing the resonant nucleus in the solute mQLecdleq
1f the bond is equally symetrical as for C-H it. is
convenient when calculating the effective squate field

EZ required for equation (1.75)

UBI = - B <E2> (L.75)

“

to consider (51) an octant of space centred at the solute

resonant hydrogen nucleus. Onatime average the moment m

on an 1incoming peripheral atom of the solvent, can he

considered to be along an axis at an angle of 54° 44' to

each of the three coordinate axes of any chosen cartesian I

system.

The electric field E, produced at the solute aﬁomgi§¥f

given by

where r is the distance from the spontanéq@ﬁjdipqlf;

the solute hydrogen nucleus.

If it is assumed (21) that: . o,
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where E} is the field generated on H when the dipohéiﬁ;ig
approaching H from the z directiod. The averaqe;eledt:i@

field in one octant over all time is

Eay = (28-2a ) (2 Tg' < Byl ~ Wy’
6r3 |
Finally, the total field can be written (-)'as

E X o=a (20 - dy' -mg') 73 L
(1.77)

EY = & (2 ﬁ{y' "ﬁrﬁx! c— ﬁ]’.zl) E‘_"3

Ey =53 (2 mg' - fy' - My ') r-3

The average position of the solvent atom - méy'ube*
considered to reside successiveiy- for egual éimes. dﬁ
each solute axis. o
Each of the moments my', my', W', from the solvent
are effective at the same time on each solute axis
for 1/5 of time in one octant.

In an anisotropic situation, when the solute atom is
approached along directions parallel or perpendicular
to the C-H bond, the corresponding electric fields
generated by the solvent atom are moduléted by
factors B and a respectively (0£ 8 €1 and 0< a =£1),
Then, by using equation (l1.76) on each axis x,y,z, of

figure (1.8), it follows that
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E oy

Ey)r,: ‘zﬁy'/ya

Figure 1.8 Time average electric field with respect to encounters
parallel and perpendicular to the axis of the C-H bond.

Figure 1.9 Two dimensional representation of a methane molecule
encountered by an isotropic molecule 5 -
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with

where K = 1,377 x 10-34 o s5.u. (for H-H interactions) is -
a constant depending on the electron displacements about
the peripheral solvent atoms. It follows that the

screening due to this square electric field is

o

BT = - _B. K (23 - ¢ )2 (1.80)
r6

The parameters 3 , o are defined (51) as it is shown

in Figure (1.9) for methane. In general 1if there is no

restriction on the solvent contacting all the

hemispherical surface of the hydrogen atompg = 1 and a = 1

but in the present example there 1is an angleuﬂg defining

a regilon of no contact and implicitly indicates some

anisotropy in the collisional process, In this case
Se =1 and o= (Hh0c) g 50 el
45\:: - o .

for g, >45° the definition is . “*f;i;ij_ ;l
ac =0 B = (90°— be ; 6, >45° “ ’“'(i;g;yi;“’iig

A5° o S ;_'}‘fffé

puring collision the solvent can appfoagh tﬁe:solqteﬂ
atom and make contact with aiméét ;aiiu.éf' ;hé thd£Og¢Dl.‘
surface, but at the contact angle g, it étéfts o geélf
out of contact. It 1s. then necesééry-\to ‘cﬁﬁgiaer}:éhﬁ~

average distance modulation defined as
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R AV STc _ T ] dT . (-'].',.-,.8.43.' )
" dx
Te .

where rc 1is the contact distance and r' is the distance

over which the 1influence of T operates during &the no

contact portions of a or B . The total modulation

parameters are

-&
Br = pc+ (- Be) Ray / r6 (1.84)
A .
‘ bp o= do + (2= ¢y Ray / r6
where
bp = 2 ap

These are the parameters to enter in equation (1.80) in
order to evaluate the screening effect. -The caleculation-
of & and ¢ is conveniently effected using models of the

molecules involved.

The buffeting interaction has proved to bé aﬁr
invaluable <contribution ﬁo the understandihé_.af:'tﬁé 
van der Waals screening term and it has .beén‘ suggégﬁedf
(51) that it may well be appliéable to bthér Prpﬁiéﬁ§ ;ﬁf'

Chemistry.

1.13 Investigation To Be Performed In _This Thesis:
Although a common opinion  may be _”that_ 'ﬁbé,v
contemporary level of understanding of spinulatti¢ef

relaxation times is adequate, it has to be acknowledged*?
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that inadequacies in existing ‘theories do exist. The -

intention in this thesis is to evaluate éxistihg,theoriés
for relaxation times and identify'fanngreasxgﬂ?,weakﬁess
with a view to strengthening them. Conseguently, having
now introduced most of the basic principles of N.M.R.,
some of the experimental and theoretical tools necessary
to the work described 1later will be detailed in the
immediately following chapters in order to help us
understand the relaxation processes at the centre of
these studies, sample preparation and the evaluation of
experimental data will he the subject of special
attention since they are fundamental to the reliability
of tests applied to the existing theories for NMR
relaxation times. The intermolecular and intramolecular
contributions to relaxation times will be analysed with
particular attention being paid to experimental methods
of separating these contributions, - The - buffeting
interaction, which has been identified. as an important
mechanism in the analysis of the gas-to-solution chemical
shifts (51) will be <considered in the analysis ©of
relaxation times in solutions, in order to see whethenfﬁr
not it can improve existing representations -of molecular.
interactions and their effects'on-spin—lattice:felaxatioﬁ

times,
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Chaﬁter_qur

NMR INSTROMENTATION: C.W. and F.T SPECTROMETERS.. .

2.1 Introduction.

Spectrometers are used to detect and measure the
characteristics of electromagnetic radiation associated
with transitions - between staticnary -energy states of
matter, In N.M.R. these energy levels are creatéd within
.the spectrometer by means of a permanent intense magnetic
field Bg. This 1is derived from a suitable magnet which
together with associated electronic circuitry contained
in a console comprise the essential components of one

Spectrometer.

Two main electronic circuits are necessary to detect
the resonant signal: = an r.f. . transmitter and a
coresponding receiver; both are tuned to the Larmor
frequency of the nuclei under investigatien. The
transmitter which delivers an r.f. oscillating magnetic
field at the sample consists of an r.f. oscillatorqs_an
amplifier and a terminal coil whose axis .-y.  .lies

perpendicular to the  direction of Bg.

The receiver contains the c¢ircuitry necessary 'to

process the weak signal arising from the rotating f»*

transverse nuclear magnetization Mxy. This magnetization

induces a small e.m.f. in a receiving coil which is also
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positioned co-axially with a transverse axis x. fhe wéak‘
induced potential is then amplified and phase,déteCted in
order to extract a d.c. absorptien signal, .which . is
finally displayed or collected in a recording device.’
This signal is proportional teo the out of phase: component

v of nuclear magnetization.

The transmitter and the receiver coils are placed
around the sample tube within a compact device called the
probe. This is a detachable unit which may pe positioned
between the magnetic poles and connected to the

appropriate plugs of the console.

Two types of spectrometers are used for N.M.R.
experiments viz continucus wave (c.w) and Fourier
transform (F.T) spectrometers, Although . _basically
similar, they differ in the power and time depedence of

the r.f. wave and in the mcde of signal acquisiticn.

2.2 Basic compcnents of C.W. spectrometers

For continucus wave spectroscopy either the.frequency
can be maintained constant and the magnetic.field varied
continuously or viceversa. For simplicity the . former, -

mode cf operation will be referred to..
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2.2A The Magnet

The magnetic field s, prodUEéd'Hfohéﬁmggn .

intense, time independent aﬁdlv?'ﬁéhddéﬁéoﬁéilﬁf?'”
continuously and linearly variable;ﬁagﬁétic fiéldzig'éiéﬁf ”
superimposed on By in order to éreate'a field sweepfﬁBé
and thus stimulate sequentially the whole set ‘5f
resonances for a given nucleus observed in the c.w méde
at constant frequency Vg It is important to.usé hiéh
dmagnetic fields in order to improve-signal discrimination
through the dependence of chemical shift on B, and also
to increase the signal to noise ratio 'becauge
theoretically the signal intensity is proportioﬁalniﬁo
Bo?. The permanent or electromagnets cOmmonlfufuseé 'Th : “;;“
NMR studies, produce field strengths between l.&iahdj§§i _L;Aﬂ
tesla. For studies at higher fields édﬁérédﬁdﬁﬁﬁi@éﬁfﬁ

solenoids are used.

Electromagnets generally consist of a ‘highiyryétébié
one piece yoke terminated by two polé”pieces;‘dfhé:
cap material must be metallurgically unifbfh} éﬁ
optically flat, The magnetic field éfiSeE 
intensity electricél' current running Ehréggh;
field coils wound neat the “poléu.piedéé;’}_qii

quantity of heat is ”éonséqﬁéﬁtfykkﬁfééfﬁgﬁé

dispersed through a heat eKChanggﬁﬁﬂ"’

such magnets is therefore, “accompanied. “by

consumptiocn of elactrical powver.



Permanent  magnets a:§ basically. stabilized ‘ by
maintaining then at constant temperatdre ubin'f a -
thermostatted enclosure; it is advantageous alsé for the
operating room to be thermostatically controiled and the
samples to be preheated before introduction to the
magnet. Permanent magnets can achieve a degree of field
stability’far beyond the reach of unlocked electromagnets
at much lower running costs, Consequently, they are
often used in preference to electromagnets for routine

work based on the lower field instruments.

For either type of magnet, the probe should fit
tightly between the pole faces, which are often only 3 ¢m
apart and have a diameter about ten times larger than the
air gap in order to produce an uniform magnetié field

over a volume of the sample in the range 0.5 - 1.0 cm3.

Because of the stringent requirements of - high
resolution n.m.r. spectroscopy, the magnetic field must-
be both stable and homogeneous. The maximum amplitudefof;“
the wvariation of magnetic field intensity witﬁin the 

sample 1is reduced from an intensity value of apout 107

to 10-8 by means of pairs of "shim" coils situated oh'_.'.

either side of the probe. These rectangular or Cirgg;@gm.'
coils produce  weak additional magnetic  fields . Ofi'
carefully controlled strength and geometry to. Compenséte -
for the inhomogeneities of the _main field. The line  ;#
broadening arising from the residualinhomogeneitiés iS:j;;

decreased by a rapid rotation of the sample about‘its
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vertical axis y. Fielg gradlents along the X,z ax1s and

the second order correctlon Xy 'and yz ’are“ therefore
averaged out by spinning the sample abeut Ctne__y' axis:
The same is not true for the field gradient along the Y
axis. For this reason, the ¥ dradient cbrrection is
particularly critical. The often observed 1loss of
resolution with time arises mainly from a progressive

degradation of the yhomogeneity control,

Fleld stabilization wusually depends on a flux
stabilizer designed to compensate for rapid fluctuations
in the magnetic flux. Over the 1long term, field
variations are compensated by a correction signal derived
from an n.m.r. resonance lqck circuit by monitoring
changes in the dispersion mode resonance_conditfonsIOf agf
suitable signal. Thus, any accidental fluctuation 4 Bg.
brings the 1lock <c¢ircuit out of resonance. An output -
voltage proportional to 4By is then produced, amplified
and fed back to an appropriate coil which deliverev inf.‘ﬁ

turn an opposed magnetic field - 4B,

2.2.B The magnet field sweep

In order to observe the n.m.r. spectrmn °f a glvent-‘
sample, the magnetic field or the frequency used has toe&

be scanned. In the first case the frequency is flxed andif

the magnetic field is swept at a constant rate. ThlS can,d

be done by using a saw tooth generator whlch feeds ‘Qf

small Helmholtz coils mounted on the probe and haV1ng
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their axes in the. samé- diréctiéh :oﬁ the main"ﬁaénetic
field. The purpose of the recurrent -sweeb is th alléw.
oscillographic presentation of the siéﬁali The fédioﬁ?ﬁﬁ
be scanned can be selected by adjusting the Hmagneti;.
field or by changing the intensity of the sweep field.
In order to produce a permanent record of a spectrum thel
sweep of the magnetic field (or 'ffequency) is ofteﬁ
controlled by a potentiometer 1linked directly to the‘

drive of a chart recorder.

Care has to be taken over selecting the correct sweeb
rate because when this greatly exceeds the relaxation
time of the nucleus under examination, ﬁhe absorﬁtion
line shows a ringing after the signal whereas a véry sion

sWweep rate produces saturation (61),

2.2C The R.F. Transmitter

Any spectrometer should ideélly be provided with at
least three r.f. channels: one for measuring 5peqffé; one
for lock and one for decoupling. These channels-are.fea‘
by high pre;ision guartz oscillator frequencfi.sourcééfr
These are mounted 1in a thermostatically regulated high
stability oven so as to obtain a short term stability of
about 10-10 per second and a long4térm stabilifyioffébé;t'
10-% per day. Their output 1is émplified_to thé.deéirédh
power ievel which is controlled finally by"mééﬁsl éf. 5n'

attenuator, generally calibrated in steps of" 1db. The -

r.f. frequencies are derived from a master oscillator by

division and multiplication procedures,
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2.2D The probe.and;detectidn System .

The probe consists of a large number of individual
parts which have to be contained betweén the pole faces.

These are:

a) A vertical cylindrical cavity which receives the
sample tube. This is usually created by a cylindrical
glass former that often carries the various

irradiation/receiver coils., This former is often mounted
in a double walled glass Dewar -container to permit
variable temperature studies:; the whole 1is called the
insert.

b) Two inlets and outlets for compressed gas, 0Qne of
which provides a means for the rotation of the sample.
while the other is used for temperature control,

c) A system for centering and fixing the probe _ih -the:7
magnet.

d) Coils for the r.f. transmitter and -receiver,;.. for
modulation, field sweep and decoupling.

e) Shim coils, which can also be mounted ia the magheu
£) An r.f. preamplifier.

g) Regulatory devices for the paddles . in- crgssgd7

models.

The n.m.r. signal at :the termiﬁﬁﬁ-*inathg;-i
coil is estimated typically_at-@pfe@fﬁeﬂgfinméy'“
a sample of water (62). There are newertheleéé' ﬁ?h§iH'
factors which contribute to the difficﬂlty_ oﬁ_;

satisfactorily detecting the signal, one of them beihg.”&
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the supression of the  induction signal coming'lfiomi-tﬁe

transmitter coil. . In order to owvercome -this problem}'the
detection system has to be carefully dESigne&.with a's its

basis =2ither the single or double coiil system.

The cross c¢oil probe was first employed by -Bloch,
Hansen and Packard (03),  For this, the reduction of
leakage between the transmitter and receiver coils is
achieved by placing the receiver coil orthogonal to the
transmitter c¢oil. 1In this way the induced voltage can be
reduced by a factor of 104. However, some leakage . is
usually desirable in order to select the absorption or
dispersion signal c¢oming from nuclear resonance. ‘The
control of the leakage flux 1is made by adjustment of a
semicircular sheet of metal or "paddle” placed at the .end
of the transmitter coil,

With the single coil probe (&) a bridge circuit.;%g:;-f
used to balance out the transmitter signal and‘alidéuﬁhgk
small absorption or dispersion n.m.r.-,signalgw.‘iiib 5

as an out of balance electromotive. forge -

bridge. In high resoclution work,  a

the facility to - discriminate .between.
signals. The absorption: mode-is selected: by
a leakage of the transmitter  signal out-of:phas

dispersion signal.
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A schematic diagram of a c.w nLm.r spectrometer is

presented in fig {2.1). The general purpose is to detect

the n.m.r signal which is composed of two components u, N
Wlth phases differing 90°., Each component may be obtained
independently of the other by means of an r.f. phase -

sensitive detector. After detection, the d.c. signal can

be written as
Ve {d.c.) %= Vsin¢ + Wcos ¢ {2.1)

where ¢ is the ©phase angle of the 1r.f. detector.
Therefore, by adjusting the angle ¢ it is poseible to
obtain the absorption signal or the dispersion _signaI}
Because the n.m.r. signal is very small,ﬁ‘e rﬂf:f':;
preamplifier is used, before the n.m.r. signal Vy andéthe= 

transmitter induced signal Vi are balanced. \‘At .tﬁjéflﬁr
stage, the n.m.r. signal 1is still wery small and anyﬁ
fluctuation of V¢ will mask 1it, A classical meané iqfﬁ

eliminating this problem is to audio-modulate the main- -

magnetic field. This audiofrequency modulatienhwgﬁ:eﬁiff‘
affects the resonant nuclei, and not the,'. . ~
output. Therefore the r.f. ©phase sen51t1ve
vyields a d.c. component £for the Vi rluctgat oﬁ”

oscillating A.F. component for V, at a_frequenc

d.c component 1is rejected and the_FQspillatingf@cemgéﬂe t
is retained using a second A.F. phasehgens”'“

referenced to wp- 2 d.c potential. pr:0port1,0nal tO

nuclear resonance 1is flnally Obtdlned and prov1de

representatlve plot of the absorptlon c1gnql v ag’
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function of the frequehgy

recording device.

In the presence of A.F. modulétidn;'r;f,déted;ﬁ,

the signal yields not only a d.c component,.bdtha13§ a;.u
series of oscillating waves of frequencies nwp. The dncﬂl
component is not utilized for thé observation of the
signal since it carries the undesired fluctughions in the
r.f. carrier wave which affect basellne shabiiity. _;fhe
signal of interest is complex' amg is composedlpf a

central band at the freguency Yo of the R.F, carrler wavc

and of side bands at frequencies Yo + n 1’m, where n = l;-‘

250 Each of these bands 1itself represents an entlre :

gspectrum, The intensities of the succe551ve SPELtra,ﬁ

however, decrease progressively from the _central hbanaghf
This explains why the central band (n=o) and the first

upper side band (n=1) are the ones normally used.

It should be noticed that the intensities of ;he“‘
resulting signals (v or u) are not identically restored-;“"

through A.F. modulation but are multlplled by factorsﬁlg;

depending on the modulation index ﬁ through BeSSeLiET

functions, Also, by adjustlng the phase angles

the R.F. and A.F. detectors the centralbamﬂoan

=

completely suppressed. When %= 90°_§hﬁ;_gj'

band signal is eliminated, but_ as the :efféative"

field 1is a function of the modulation‘ 1ndex,=
necessary to lncrease the r.f. power to obtaln a USa:;

sideband signal.
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In this work we used the ‘sideband mode.to measure ‘ti

relaxation times with the A.R.P.S. technique and  the -

centreband mode when measuring T; by  the,:pfogEe§§ivéQfQ

saturation technique.

2.3 The Varian HAlQOD Spectrometer

This 1instrument 1is based on -an electromaéneﬁ thaﬁ‘
provides optimum field homogeneity at 2.349 Tesié (64§
and allows hydrogen resonance spectra to be obtainedﬁ ag
100 MHz. It has two modes of operation viz the unioéked
HR mode or the field/frequency locked HA mode;- Alﬁhoﬁgh
nominally operating at 100 MHz, audiofreguency 2.5 and
2.5~3.5 KHz variable modulations of this are used to

facilitate spectral stabilization - by phase déteChidn 1’

techniques.

The magnet has a closed yoke design which provid€§'a

good magnetic circuit and good mechanical stability. - The

main iow impedance c¢oils are cooled with therm§ééékxalt
water, resulting in a steady temperature-Qitﬁén ‘ie
pieces; this 1is usually eétablished ét .aﬁéﬁli33j
whole magnet assembl; is contaiqed;in éﬂ ihgﬁiét
to minimise the effects Qflampieggf;éﬁéerét
the field intenéiﬁy and samplé‘ gémpéfétufg}ﬁ;i'
current can be finely _adjué;gd _50 _955515
resonance conditioﬁs. Any vér%étién‘;bﬁbf:h:_.-'i

within + 10% is compensated by a regulator.
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The probe"contaims_coixé.ﬁdrfSwéé@iﬁQ[ﬁ e

magnetic field Bgor a_trangmitgeng@@i fﬁdﬁ

By rotating field, a receiver cdiiﬂfﬁéc;hﬁe'
small n.m.r. signal and two sets of paédleéffdbiifﬁaf:F
the 1leakage between the transmitter and ‘receiver;?bdils;,u

The detection system is of the cross coil type.:

In the probe design, materials have been carefully
chosen to reduce background n.m.r. signals arising. from
nuclei resonating in the probe itself. The probe body is
fabricated from aluminium. Also a Faraday shield;

located between the two coils, reduces the electrostatic -

coupling to a minimum.

Leakage from the transmitter coil to the receivaﬁ1 f

coil is adjusted by orientating the  receiver- ‘coil =
orthogonal to the transmitter coil. Even with the coils
so positioned a small amount - of coupling betweepn +the .7

transmitter and receiver coil still exists.

This leakage can effectively be cancelled._byiggf

paddles, which are eguivalent to inductors, _cdgpi,'”‘
both the transmitter and the receiver. &  conte

leakage introduced in phase with the absarption sigh

Field sweep colls are
sides of the probe, at

transmitter and receiver colls, with thedr magnsti

1

para

L]

i1lel ¢o ths transverse axis of the grﬁh%

[
fraar]




The linear sweep unit of “the . HALGOD

provides the linear sweep ‘signal. which is

d.c. sweep coils in the probe. Aj@hgntasgfgn;ﬁﬁgl

generates a sawtooth voltage which is.éppliéﬂvﬁhﬁédefbﬁ;:

the  push-pull amplifiers to modulate .the.- 50 KHu

signal applied separately from a 50 KHsz oscillator. The
50 KHz component in the output of the push-pull amplifier
is 180° out of phase with the reference signal and when

these two outputs are mixed a stable sweep waveform is

allow oscillographic presentation of the n.m.r. signal by

feeding the output of the sweep amplifier te the x-pl

of the oscilloscope.

As mentioned earlier, the Véfiaﬁ‘ HAiOOD -épéctféﬁéféﬁa'
can be used in two modes: the HA Inode; which_ Qse%f ﬁhe ﬁ
field/frequency lock system, and the HR ﬁode,.wﬁiC?:éﬁiy%‘;
has a field sweep facility. Some of the relaxation gih§$ :-

determination in this thesis have utilized the HRfmaﬁeagif

operation,

2.4 The HE Mode

det

wm

ction circuil

na

g and field modulation which =



detailed operation of the.fﬁ{.ﬁodéfWrSJ,sqéwh:

form in figure(2.2).

The r.f. unit consists of a =
oscillator which supplies a fixed
and a high gain superheterodyne

being isolated from subsequent ci

amplifier which prevents freguency variation with

impendance changes., The r.f. poWer

automatic gain «control «circuit to 0.5 watt and i3

attenuated by means of a comprehensive array of push-

button switches. A 2.5 Kdz signal

amplitude derived from the integrator decoupler unit is
applied to the a.c modulation <coils in the probe Qf{'

modulate the 100 MHz signal. ~ Resonance is thereforegx;

detected as an amplitude moduleted

100.0025 MHz with components being observed at 100MH?”'

also.

The field sweep 1is nominally

sweep unit which drives the flux

practise may be supplied just as easily fEc

sweep unit which drives the d.e cailse
although fine adijustment o¢f the seeep"
possible by this method. The n,m.r, Siqn§ﬁ ”ﬂét;;1e

the receiver is returned via the detector prea pl.

the probe to the r.f. unit, wheze i

stages, the gain adjustment being pro

table, crystal drlven
frequency transmltter
recelver;r the latterd

rcuitry by' a buffer

is stabilized by an

of varlable ph ee.eﬁﬁ

51gnal at 99, 9975 onfﬁ

applied from

=

L is amplifie

vided by hias

Zi’ H

i



variation rather than5.directgfiﬁ§éﬁan
potentiometer. The r.f,.signal is reduced
5MHz + 2.5 KHz ‘intermediat@ﬁ“ﬁ;équenCyﬁngQLmix-

i

local woscillator output  of 95 . MHZH aﬂd;fiﬁ“

amplification, is mixed withia”éﬁﬁéﬁéiéﬁéffﬁg%}xééiEEQ@T
the control I.F. amplifier of.=the‘ unit. The isubseqbenéu
n.m.r. signal appears as an "éqdiofrequen¢§: $£gﬁél% af
2.5KHz, This is subsequently detected in fan A;F:

detector., The resulting d.c voltage correSpondiﬁg to' the

n.m.r, signal 1s applied to the y axis of an oscilloscope

or recorder, or may be integrated: beforé
fina presentation, High frequency noise componants ié

the signal may be filtared out by & switchable nggigcqig_

before being displayed.

o3

The effect of the modulation technique -emplbyea-pihf

the HR mode is to discrimirate against changes in the-ﬁ”'

r.f. levels due to variation in probe balance,-andft.f;'

leakage since all variations -ate effeétively.fca

b

and not deteckted.

Because the HA mode of operation waS'th-emple
the studies reported herein no discussion of ‘thig &

presented, o o e
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2.5 Fouriey Transform Spectroscopy.

2.54 Basic Principles

If a radiofrequency field By is appliqd'ﬁd-a'nuéiééf  T
system for a short time period fﬁé} the nuél&éf'

magnetization vector is rotated through # rads according

to
6=7 8) tp o (2.2).-

suppose a 30° pulse is applied along the x'axis in a .
rotating frame at the resonant frequency. Following the-
pulse, the magnetization M lies entirely along the y?

axis, as indicated in figure (2.3a}.

Because the detection coil is normally fixed alothhéff" Q
yaxis, the magnitude and time dependent variation of fof,} 
determines the strength of the observed signal as3 ”

indicated in Figure (2.3 b,d) This signal is called-the

"freely”™ without perturation of the rif?fiﬁil
perfectly homogeheous field the ma9n€tilﬁtighiéé§é§$ 
a time constant Tj. R

constant 1z modified to TE* because Of; thgﬁi:;ﬁ3
field inhomogenéity; TEiQu§é_Légjd)lﬁhowé'ihé;gg_ﬁ
decay (FID) that results from a t;ffﬁkﬁﬁige
exactly at the résonance fréquéﬁé?hkktséwgiugié

nucleus. The detector has a reference 1n  phase wifi

:

r.f signal and 1if the r.f. is slightly different fram

"-_*
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the Larmor frequency of the nuclei, &k

interference between 'Ehe;‘Mkyz-signai';am&J
Measurement of 'the FID ‘ié.wthéf bagiCi Q§yf;iﬁﬂ
magnitude and other characteristics ﬁfu“ﬁhéimﬁéhétiéﬁﬁi§ﬁ¥'~'
are determined. The FID following a-.3&9 .9qise“=$pq‘§
segquence of ng pulses provides the -basic spectral

information needed in Fourier transform n.m.r.

It 1is known that an exponential in the time domain
and a Lorentzian 1in the frequency domain are Fourier

transforms of each other 1i.e,

(==

To - S exp (=%/Ty) cos(w -~ wgoltdt . (2.3)
14T52 (@ = wy)2 0 o
which refers to a single absorption'linea,‘Whengsevefﬁl 
lines are present, the modulation freguencies _interfé:é
with each other to produce an interferogram which is a
regular beat pattern. The Fourier transform of thi$ :-9

gives the n.,m.r. spectrum,

The mathematical process of Fourier ttn% 
usually requires the assistance = of .a

Consequently, prior to <transformation the 1E;rg”

stored on the computer and digitization
signal 1is thus necessary. This is aphie;gdppy ﬁe¢ns~o

analogue - digital converter




transformed into- N—_péinté }ofglﬁhe,ﬁﬁfgq

The acquisition .rate‘,oﬁ7?q§taﬁggéi}aé'
sampling theorem ipé, ;in  Qﬁdéf@ tg% Qg
given sine wave has. to be Charac@éfigéqug;a
points within a single period- (2F po ln t‘r_s..;;: per : sa: cand,
where F 15 the frequency), As & wconsequeﬁce~-®f;théif
sampling theorem, acquisition of a. frequency spectrum-.

A vy HZ in width requires a minimum sampling rate of

2 A vy points per second. If the selected computer memory
size 1is N, the free induction decay “has to be .acquired :in

a time Ap which fulfils the condition

2 A vg Ap = N L (24400

the longer the acquisition time the better . definsd iﬁh%j__; 
spectrum and the higher the'resoluti@n,,whibhviS'ﬁefihgﬂg*f

by L PR

An increase in computer size N or a decrease

frequency range 4¢, enhances the resolutiqng

Superficially, C.W. and F.T. n.m.r

quite similar; however, the requirements’

same. The reason f£or this is “the Unigue e

of the F,T, spectrometers tc acquire spectral’ i

~3
o



in such a short time;e_-ln

spectrometer transmitter ‘must generate
produce a Bj in the range'of lD 400 Gauss -at

and stimulate the whole resonance spectra 'and £l

corresponding magnetrzatron before any transversal -decay _
occurs. The pulsed n.m.r. receiver must consequently bef
able to handle larger voltages and recover verj qulckly .

to detect the nuclear signal W1thout 1nterferences

When a strong pulse is applied to the‘sprn systen“for
a short period tP many nuclei with Larmor frequencyrﬁt-
within a certain range Ar can be excited 51mu1taneouslv;
The reason for this is that the rf pulse envelope can bej’*
described as a square wave and 1t can be represented for
many Fourier components coverlng the approx1mate range

v+ 1/t where v is the applied radlo freguenC'

short rf pulse 1is equlvalent to 51multaneous appllcatl n

of a wide range of radlo frequencres to the spln SYo ém,
which 1is equivalent to haV1ng a multlchannel spectrome
with numerous transmitters distributed over che

range of interest.

Despite the requirements referred
transform spectrometers have esentiaiiQL
units to those-on C;wa-sﬁeotrometers;i;f‘
difference that the transmtterand
adapted for pulsed operation.
suplementary U”Et??;a poleemp

acquiring and processing the data,



the basic scheme of the F,T. spectrometers,

2.5.B1 The pulse progtamﬁer'

The pulse programmer controls whéﬂ; fqr*ﬁéﬁ?I&A§ﬁéﬁéi
for which channel the gate will be opeﬁ} The:;ﬁtéut'df
the r.f transmitter 1is interrupted by a sequence of
pulses. If it is a periodic single pulse of width tp, it
can be compared to the sweep field in order to detect the
absorption signal in C.W. n.m.r. operations. More

"complex sequences of two or more pulses are used ¢to

measure relaxation times (20) (65),

2.5.B2 The RF Gate Unit

In order to produce pulse sequences,“theinrf;,outpuﬁﬁ
channel is eguipped with a gate which can be éwi;dhé§:¢n,f
or off by means of a pulse generatecr whose timing _isi;,‘
determined by digital programming, The r.f gate islugégi
to drive the transmitter which contains a very fé@gglei
(Quartz Crystal) r.f oscillater and an r.f gwitpﬁ; ﬁié

is "on" in the presence of a d.c, pulse sign,

pulse programmer and off otherwise (66),

25,83 The R.F, Power Amplifier

The powef reguired for pulse spectroscopy -is’

than needed for C.W. n.m.f.,

with 1 watt for & c.Ww. instrument.  After.ths pu

50
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than 10-9 of the output.{bowerf_isrﬁ ?JL
interferogram can be cbtained by Ehéﬁ;

perturbations (67)

The value of the rf magnetic. field By “which ié&ﬂSéé”;
in F.T. spectrometers has to be high irn order “to: ensupe &
sufficiently wuniform distribution of r.f, power acress
the spectrum. The effective field that a nucleus i
experiences in the rotating frame is

5 _ , Yz o
Beffr = _1 [{yB1)* + (¢j-w)<] (2.6)

v

where « 18 the angular freguency of the rotating frame .as .

was shown in chapter one, If By is chosen. to.he large .

enough for L tfaﬁlf:,f*

(RS

where 4 (in Hertz) is the entire range .of hghg

shifts measured with respect, to the radio ; frequencsy

then for any w; within the spectrum, the ;erm%gﬁiggy

neglected and

Beff = B1- .- s

That 1is,the magnetization. p:ecessggﬁjab‘uﬁ'-aif

along the x' axis, for all nuclei with .Larmor frequens

in the ranged, For. a %0%.pulse we znow .that ... ..

Y By tp w SR



Then, from equati@ﬂ:ﬁE??)ﬂﬁQEdefé@

o K MeSs

and we therefore need a short, -intenéé- p@lseT\fbf ;éi&s.,
N.M.R.. These considerations are very important whén théf;'
relaxation times for several lines in a- spectrum are -to
be measured. In this case, the R.F.  carrier has to ~be

placed in the middle of the spectrum.

2.5.B4 The Receiver

During the free precession period following a pulsemhz.

the signal enters the receiver (r.f. detector)fas,@qbagif 
of radio frequencies near the bas;c<:~transmittg;;f9Af
frequency. Passing through the phase:deﬁectarfreéulﬁsbiﬁ:+ 

a series of audiofrequencies:which are -filtered 5? béihg_ﬂi
fed through a low pass filter with a ban@-widthusuéiiij
just equal to the chosen spectral width. Since:gsiﬁgi§7; 5

prhase detection does not allow rdiStinCthon:fbetW&Q@;"

positive and negative freguencies, the r.f,f‘cafrier;;hé'
to be placed sc that the audiofrequencies pi-vo - all have
the same sign,. Lf the rf carrier is plgcedf@tLthéerG;QE:

the spectrum and the set spectral width_.is_ﬁbiggerU”;hgQ ﬁ

the chemical shift  range 4 , the £requencies:.can e

digitized unambiguosly. But.if the .spectral. widthii

to a wvalue smalleng;thanL_é‘; '50mepe0ﬁ'ﬁb?e

corresponding to lines: at the other end?féféﬂthe-gﬁgeéﬁ

can be fclded. This}effect.iS?aVOidEGﬂbY?ﬂgiﬂgﬁgf
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experimental technique;aéaliéd;"éaaafé£* 

which  differentiates between high.

frequencies by means of‘ﬁwO ?haSefs§ﬁs
2.5.B5 The Probe

The requirements of the sample -probe-vareV-rathéf'AV
stringent, In general it must be able to ‘handle thei
large r.f. voltages present while the pulse is ony “it
must recover rapidly from such & powerful ©pulse and
quickly receive and process the weak nuclear signals

following the pulse,

In addition there are usually the decoupling sYStemgﬁ”

spinning system, temperature detector -and several thninqt'

controls. The «coil system <¢an be -of the ~singiéﬁfpf:f
crosscoil type (63), - gingle coil. = probes . are.

characterised by generating larger rf £fields. fCrstfﬁ¢
type, on the other hand benefit = from- the superiﬁx
homogeneity of the rf field which is impgrtéﬁﬁf

multiple pulse experiments, {70}

é

2.5.86 The Apnalogue to Digital Converter -

This device - samples the fﬁea}f
regular time  intervals ™ and ooy
measured to a tﬂngtyhnumbef‘th5£@¢§{
corresponding memory  location ﬂfftﬁé@

at which a spectrum of width A4F must b o

fox]
.



A.D.C. is twice the spectfél width 2“&_E,-ééﬁéisﬁéﬁt éitﬁk;“
the sampling theorem. Ideally, iﬁ ord@r' to. a§oid:fLiﬁeﬂ:if
shape distortions, the F.I.D,'Should.bezéaﬁpléd¢Unti; iféf
amplitude has fallen off to =zero. If Ehe' signai -fsf
sampled over a period of T seconds, this défines a ﬁotal

of 2 A FT sampling points. Since each point islétored, a:A T
memory of N words is needed i.e. N=2 A FT. The time T is
called the acquisition time and is related to the digiEaI
resolution of the instrument e.g. when 4K data points are
availaple for the spectral range of 5KHz, the resoclution

is R=T~1=1,22 Hz for the frequency spectrum, no matter

now good the actual resolution due to magnet homogeneity

may be.

The dynamic range of the signals that  are: ‘to be
digitized 1is a critical parameter when weak'sighdlsfhaVe"“

to be detected in the presence of strong sgignals, as.fpr ¥

example in the case of 13C satellites in proton speqtfa;f%
For an A.D.C. of 12 Dbytes, the voltage |is nbrmﬁliy3  
measured in steps of _ 10,000 =2.44mV, if the voltag -
range 1is + 10 volts, Thii ﬁgéns that all siéhé$é ‘

correspond to a potential lower than 2,44&?{@7

read by the converter. When  the

minicomputer represents the . maximum.s pea

amplitude by a number close to 212*;"Eh?nﬁ

signal detected has the intensity Hg, the. small

{71)(72)



_Bg _ 212 2.3y

By

This ratio is called the dynamic rénge of the spectrﬁm,.

2.5.8B7 The Computer

A computer basically consists of input andl output
units, control, storage and arithmetic units, To uée_it
a program is read into the storage unit. It contfols the
transmitter and the receiver, étores and processes the
F.I.D data and transfers the results to display units
such as the oscilloscope or the recorder; The .
minicomputer is characterized by two important parameters
that define its storage capacity, the number of memory
location and the word length. Memory locations are

counted in multiples of K, which stands for 210=1024.

In general, computers with a memory of .lZK can be
regarded as the minimum requirement for an F.T
spectrometer. The word length determines the amount of
data or their magnitude that can be stored in eééh meméﬁyg
location. The information 1is stored in binary fotm.;g;;n 
general, for n bytes the largest possibig dééim#ihhpﬁﬁe;
that can be represented is 20-1, so_ittis V§?yj}ﬁgq?gaé?::

to have large values of n e.g. n=12, in order to detect-

small signals, as indicated in equati?ﬁﬂ..ﬁ:?-"'l‘.,lﬁ'.>=_i'-!_ al

In a typical 13C F.T NM.R experiment, 1000 puigééiaré

normally reguired in order to give reasonable siqnai”
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noise ratio. This nﬂ_e':a'_ns that each é"c_f'ah ..h*a s to - be ' ‘}w;i th
the  same characteristics. Any .changé'ﬁ in fiéiaf
homogeneity will cause observed péék shéﬁéé ﬁd:éﬁénéé”ggT
different passes, damaging the finai' épéctfﬁm.v.lThié
problem can be overcome by the comﬁutér. - In one
approach, the height of an absorption peak of é.referéﬁcé
compound (Lock signal) is monitored. With field
homogeneity optimized, the peaks show a maximum height.
Any change from the optimal condition 1is detected. .The'
error signal is then used to contrdl the shim current aﬁaA

return the field to the optimum value.

2.6 The Jeol FX900 F.T N.M,R Spectrometer

The Jeol FX%0Q is a F.T. HNMR spectrométerk.éysééﬁh
which has a proton resonance fregquency of 89.60 MHé ghd a
carbon-13 resonance of 22.55 MHEZ. The System, which can;
be supplied to a variety of specifications, includeslnew.
facilities such as: digital quadrature detection (D.Q;b},
iight pen control system (L.P.C.S} and’ autoété@ﬂ@gli

software.

studies features a probe system, which

many nuclei in five different ranges . of.
(73), The computer memory is 24 X words wher

.

are used for the program and 16 K words fﬁﬁ 

g7



2.6 A The magnet‘SyStémiﬂl.,; “

A voltage and curresnt regﬂlé%ed.

supplies a stable excitation“curfeﬁ£4ﬁé*

the electromagnet

which produces a magnetic field “of {illlf?régia.Li T_‘
magnet is housed in a compact censole in order: to avoid

sudden changes in temperature.

The magnetic field homogeneity can be impfo;éd‘:by
using several controls on the spectrometer table which |
adjust the current in the shim coils placed on the‘p:obef
between the ©pole faces. The 5pecificatién-‘fdf ;thg:
resolution of the 13C line is less than D,sﬁ?; :§O$§§ef{~
as the magnetic field stability 1is 0,1 Hz;ht;“f e
broadening of the signals could. ap@éaf‘ %ng Loéé  1
experiments. The latter can be overcome. py:'ﬁsfﬂgiﬁ7w
autoshim unit which corrects for smalli"dzift }of-

magnetic field homogeneity.

2.6.b Transmitter, Receiver and Data Systems

The transmitter system hasg
abservation, irradiation and lock oazcill

have a reference fregquency of 44 HHz provide
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clock unit, The ‘QBS :QSC’ﬂﬁﬁiﬁTiﬁaéf‘&ff'
which is used to generate ﬁﬁe dfﬁgE“
OQS RF output. The gaﬁé df {héfdé¢11i£€§f 2
the PG20  pulse programﬁer, genégaﬁiﬁéTltmézﬁx~af‘-; £
pulse segquence. Two I,F,-reference:sigﬁéis égwﬁad;ﬁazggffgf
out of phase are taken to the OBSIF. amplifiégf unié?“{hv" 
order to be used in the D.Q.D. éysﬁem;‘ The fréqhénﬁy
signal is then adjusted to the éeiéctéd nucleué .at tﬁe
wide Dband local oscillator unit. The héxt stage is Eﬂe
amplification of the r.f. output which 1is done in the
R.F. power amplifier unit, When the rf signal reaches
the probe, the sample absorbs mosk of the. éﬁéfgy.

generated at the transmitter coil, The 'F;I@be;

[
e
[t

generated after the r.f. pulse, is det@ctedebtifb
receiver coil and then is amplified in thef Qiéeﬁéﬁﬁ<
preamplifier unit, where a referende siénal iffomf;éﬁé
wideband local oscillator unit is used Eb 'Eedﬁcéfjtﬁe
signal level when they are mixed. An additionai sﬁégéféﬁ;”7
amplification and frequency reduction 1is reached at;“ﬁﬁéix
o8BS 1.F. anmplifier where a further 0° and 90?  :¢£§;éhié'
signals from the OBS 0SC unit are used td éépf%2“?'

frequencies at 0° and 90° out of phase. Atk

it can be seen that the detection SYStGﬁf‘ﬁQE“Mf;
sensitive detectors (P.5.D.) 1instead .fo°
required in the digital gquadrature - detect

technigue.

The advantage of the D.Q.D. system

N.M.R. measurements can be carried Qut with the



excitation pulse placedlinﬁtﬁe_cépﬁé;_

width. This allows thé ‘§béer§§£ion
reduced to only‘ nalf that rrééuiteﬁ;‘
detection (S5.P.D.) resulting in é#&fiﬁoié'iﬁﬁréﬁéﬁan:og
the signal to noise ratio. Since.tge.R;F.kpﬁlgé:iénééveaf
at the centre of the spectrum, the efficiencfﬁofﬁﬁhe ﬁ;E;_
power 1s enhanced 4 times when comparea_withks,?;D; I£

also helps to obtain more accura£e relaxation times when

several signals are considered.

The AD-DA unit recgeives filtered signals which iare
converted to digital form. Then they are transferred via
C.P.U. (controller) to the computer where the igformat%gQ 
is stored. When it 1is regquired, the F,I,D. tfapgfocméﬁi
to get the spectrum signal in digital form.l_‘The Vﬁ:A;
unit changes the 1information to analogue signais which
can be recorded or displayed in the oscilloscope screen.

In the FX90Q spectrometer, the conversation :Détééen_fﬁf:
the operator and the computer 1is done by using:;hé | '
pen unit. After pointing to a particular;;qugp;ﬂ»
command on the screen, this order is traﬁgféﬁié@f:

C.P.U. unit which establishes a link between the comput

and the spectrometer units controiling its
in this way, the pulse myde, ';ﬁ;adiat

freguencies, etc., can be selected.

In the FX900 spectrometer the lock signal 1z obt

it

a8 in any continyous wave gpecLriomaEter, Thariéakw

‘Lr:i
—



unit produces “the = r.f. " ‘sighal at

resonance frequency’ and"this.disﬂpamﬁ_
power amplifier. The Fieldfvéontxb

sawtooth signal ~which  modulates ~thé maghétic Field " a

allows the observation of the”re@dnanée-éiénalfﬁﬁiéﬁ’
phase sensitive detected at the LOCK'f.F;'amplifiGE;uﬁiﬁ; 
which receives a reference sighal from = the 'LOCK'”GQC
unit. In addition to being used for lock the signal can
also be used for rapid monitoring of the adiustments to
the resolution of the magnet., The “rf oscillator for- the
lock signal can be used with two nuclei 2p/Ld , normally

we used 2D in the present sxperiments,

The R,F, irradiation oscillator units can be selected
according to the experiment: noise ‘irradiation and single-
R.F. output. In both cases the irradiation poWef,haS7tQT?

be amplified, but at different levels that are contralled‘"

R.F. power amplifier, The noise irraglation moﬁﬁiéE o
width can be selected to be O0.5KHzZ, 1, 2;5_'3ﬁﬁ
Normally we used 1KHz to irradiate'protons“whé
13¢ '

In this case the R,F. power is-
instrument but in the - cases of
irradiation or homonuclear ‘irradiatid

power can be adjusted - to the*'r

OFFSET of the R,F, irradiation £i&1d can'ips-

fine range of + SHz.

5
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Several modes of irradiat J. Dn ar e EW@ -1- y S
them are gated in order tO va£mit-;Sel§§Eé@§?E :
It is alse possible ta cﬁm@ing" thémr‘bﬁf ﬁh 
extension facilities which iden@iﬁ?fthe'ﬁede"éfQgggéﬁﬁ@ﬁfﬁ
with a binary code. The most comﬁon ifrédiatidn' ﬁéﬁéé,f
are: COM (complete decgupling or noisel, _SELw;(hgﬁegg}?
selective decoupling used in l3C—{lH}.systems), HOHL&HOﬁd |
decoupling used in protons and is ‘c¢haracterized for: -a
time share between the. irradiation system and  receiver

system). In chapter four some of the characteristics of

these irradiation modes will ke detailed.

2.6.C The Prabe

i,

The probe is placed between the poles of
and has several modules:
al the permabody which is fixed. It  bhohses -

replaceable modules (0BS, Irr -and insert),
housad in a double walled dewar for
work. On it, irradiatien coils .and a bh%ﬁmég'l'
mounted, The spinner mechanism with 3‘3  :
detecting the sample spinning,ratE*is;plaQed
On both sides of the permabody, cg;:e@g:*°
attached. Air -and watser -are use@ﬁ@§é§§§;
the sample .tube and Lo ‘heﬁ?zmthé{f;:i¥

permabody c¢onstank..

L]
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b) The r,f. tunable mgduié; 7whi¢ﬁg?¢$; we . £oL.

selection of nuclei, has five ranges of frequel

five independentﬂkimpedahég matﬁhiﬂ@

tuning which maintains optimum SEnsitigixygtf?7~

¢) the irradiation module which enableSfﬁhafEuningﬁsim*
the irradiation circuit so that most of ‘the -energy is
used in the irradiation coil to produce a wmaximum ‘Eield:

This 1s indicated by a minimum $.W.R. meter defleéction”

d) the sample insert, This is exchangesable for

different sample tubs sizes and holds the sample-eoil-gnd-

LOCK coil wound around the glass tube,’ At: the ‘bettom s

the 1insert there is & plug that

cannection of the coils to the spectrometern.

2.6.D AUTOSTACKING Program

The computer JEC - 9808 has a memory of 24K  WOrdg.
The program is stored in the initial BK“word-mem“;

remaining memory 16K words are -used -as tue 'éﬁtite-

memory. ‘The different operations that caq*ggw: i'g

by the computer are conktained in the autoatackin

it

The autcstacking - program consister ¢

three programss a)iﬂormgl-p;QQramfbyl,

¢) Analysis program. .o 0 s

o




a) Normal Program.

This program is used for routlne meas

several command patterns Wnlch Gan. be Called

light pen. The basic operatlons..tEqulre; the.léeﬁJing
pulse width, ©pulse mode, pulse fepetitionT mEﬁa@g§d§£"
range, observation frequency, irradiatiﬁﬂ7".méﬂé;
irradiation fregquency and the OBSET which.  has. tO‘:bé

placed in the middle of the spectrum. . The number of

i,__l
i

scang is selected according to the nuclei and sampl

concentration.

When the acocumulation ends the FID is adjusted -wﬁthf'

mathematical parameters which modify the fiﬁﬁl'ﬁ?é@ﬁré-iﬁl

terms of S/y; resolutian, line ghape, atc, Alse, -

measurements capn be done on the screen via the light

e.q. line width, chemical shift, etc. . -Finally, = the

data can be printed and recorded on a conventjonal chart, .

n) Stacking Program

This permits automatic measurements caccording fotog

pre-set orders and stores the resulting dat@'

cassette tape or similar unit (I.C. memory - Raq&ﬁﬁ“'

Because the program can  be - used .

spectrometar gonditiang, it .-prmvidﬁs-h"ﬁ@r @mntiﬁumT
measurements under different ﬁum@upLing ‘
Consequently, relaxation times can -he m@aﬁurﬁd“

appropriate pulee seguUancs.
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The stacking program containg thr:eeru
tables. Each table can have a -cdm@let&lgfidiﬁﬁéfgﬁﬁigi
of acquisition parameters, decoupling medésfg@naf ﬂé%ag;
storage modes, With this facility Qe, ﬁﬁh, pﬁrﬁﬁfmsf
different experiments which. will - be -carﬁied«a Gﬁti 
automatically by the spectrometer, For example we ean
feed instructions to the computer in run # 1 to measure
the nuclear Overhauser enhancement for 13C nuclei by
setting the parameter IRR MODE (1 or 4) which correspond
to C.0O.M, or NNE respectivélye Then for run #
speétrometer conditions c¢an be c¢hanged to measure
relaxation time in the same sample, eg using progressive
saturation method with the parameter PR**7, Fiﬁal&j E?E“
run $3 it is possible to make another experiment,
measure the relaxation time in the same sample by the
inversion recovery method with the parameter Pp***. _-3t_
the end of the Ehree runs, all the data sets are stored
on the cassette tape and at the appropriate time tha

information can be processed. In the case of relaxatjom

times this has to be done using the analysis pnogramq,jf-“‘

.

€Y Analysis Program

Wwith this program, NMR data that were  ¢®@&$&@¢$$?»}

measured by means of the stacking program ;ﬁmg;qyg@g@ggggﬁj

continuously under the =et ccnditign&»and'ﬁbéjgaﬁﬁgl@ﬁi@ﬁu
of the Ty value is executed. Ths value Qﬁwﬁhé fﬁ1a$ﬁEi@ﬂ
time is calculated using the methed of ~leest squared

This program enablss the user to indicate the ealiul

value of Ty for each kine of the specitlum &ﬁ@VE@:Qiﬁﬁﬁ

g6



observation points, yhich define a straight I

measured Ty and the error (variance) are also’

flya

on the oscilloscope screen. In the .course of th

all these programs have heen used, 1in ?articular" tﬁ?“,
stacking program and analysis program, in tha_calgulatié@f
of nuclear Overhauser  enhancements and relaxatien:
times. The "Menu" experiment represented by the thﬁgg
runs has been used mainly overnight and over weskend,

Some other detalls relevant to the present work using the-

Jeol FXS50Q spectrometer can be found in ¢hapter four,
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Relaxation Processées /.
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3.1 Introduction

=
m
6
i
i

Most of the investigations vreported. in this Ef
depend on spin lattice relaxation times which ape related
to the motion of molecules and their interactions
_Consequently, in order to assist in "the interpretation ‘of
experimental relaxation times, thearies releavant -ta thesa

will bhe reviewed.

First, & general treatment _f@f g
spins where all the spins ghould have the saame rélﬁﬁéti§54
time will be considered. second, the case . of ‘tW?:l
non-equivalent spins I, S will be dealt with'andgtbenftha‘
nuclear Overhauser effect will be introcduced throﬂ@ﬁﬁbhé::f
solomon’® eguations. As we will see, NOE eﬁhancem?ﬁﬁéft‘
depend on the geometry of the sping systen andﬂﬁl%ﬁg- |
which nubcleus has been saturated by“«an”.EJﬁ;‘ .

Finally, a general review  of the applicﬁtiéﬁ?“

The ploch eguations bhave ‘taught U - Ehat
relaxation times play quits “distlnet  rFoles

spin~lattice relaxation time T determines the Jdegie:

R
:E:“.-i




Both kinds of relaxation '@¥é “¢ii§e§*w

magnetic, or 91eCtIiC“fiéid$, 3gx£&a;ﬂ=

nuclear spin of 1/2, for 'examplé}f mayvﬁexpéft'
magnetic fields from the spins of qother  nuc1ei%@mav{n§~i
past it, from unpaired electrons, or frdm'spinfrbtatiﬂﬁ§T m§f
interactions in which the molecular rotation: itself
generates magnetic fields at the nuclens. There may. alse

be c¢hanges in the c¢hemical shielding of the nucleus as 4

molecule rotates; and these modulate the total effegvive

field which acts on the spin., Nuclei with--elech

quadrupole moments are further affected by changes in E
local electrostatic field gradient when @the moleeul

.
(e

rotates or vibhratag.

In general, two conditions are necessary for ;:f
successful relaxation mechanism, Firstly, there musg"ﬁQJff'
some interaction which acgts ~ directly on---the gpiﬂ;:
secondly, it must be time. depandent, ¢ -Thus,.:" &

interaction which causes transitions between th@" :

spin states and fluctuates ‘strongly ~@t_$;haj{?
frequency, produces powerful - spin-lattice

and line broadening; for 1iquids,<~mmsﬁ,,g  el

arise From random Brownian motion'ef . the i

they rotate and diffuse through thﬁ&figi@xuhh




3.1.B  Frequency Dist;i@pﬁions@ffM@1é¢ﬁ ﬁr

o Fan - .
IR BT

| The frequencies of the-motions:offtﬁé:ﬁqiééuléng¥
liquid sample cover a wide vange., If ;ﬁ§f§$ﬁﬁﬁei ﬁﬂ§@5;@ s
molecule on average remains in one ‘state bf jndﬁi@hj.ﬁéf :i
about 106-12  sec, then, after this time unaefQBEs‘:a
collision which changes its state of motion, this can b&?
compared to a sine wave pulse oscillator which is tuﬁneé
on for a short time, T zec; we obtain not only &
frequency component at the frequemcy of the oascillator
fc, but also components at freguencies over the rFangs

{(fe + t"1)H;., As the wolecules move about in spaca they

carry the nuclear sgpins with them and ithe motions af the

[
.

nuclear magnetic moments generate fluctuabing magnatis

fields, which we can denote by B, and hehave like £hg ~

field generated by an NMR transmitter.

The interaction of the fluctuating field . B witb~,é ;ﬁ

macroscopic magnetization ™, which is precessing in -the
laboratory frame at the fregquency - w,= ) By @b@ﬂﬁ,théfﬁ?@

R - el
axes, is a mechaniem for Ty relaxation {f &

components perpendicular to the Stati@nary:maGﬁ%@i§ 
By, and can produce a torque on Mg. - As in ﬁh@ @aﬁ@j@f=
transmitter B, sf field the . components ‘Qg,hﬁVEﬁ.ﬁﬁfﬁQ@@@%'

at the frequency weg; Lo be effective, Wﬁil@@"fhigk

frequency procesges Gan affect Ti%f*‘?ﬁ@ﬁ@ij

contributions to Ty from motional freguencled et Eui

the resonance frequengy, 1.&., &y (Tdyy i e
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In order to discuyss 1in af'mbﬁéfﬁid"

the relaxation time Ty iﬁ.Igiagea-t6 ﬁQle

need to introduce some new parameters.

by T the “average" time betge$Q JmQLééﬁlaﬁﬁiégi;yl
for a molecule in some state of mdti@n5  If'the‘§é§@§ :; 
. 1s such that we have large Fourier coméﬁnehts @EJ:ﬁhg'%
molecular motion at the resonance frequency, wg, then we

expect relaxation to be most efficient; consequently, we

would expect the relaxation times to be minimized. It

however, T 18 too long or too short, we egpect much

smaller Fourier components at wey and much longer
for T;. These deductions were made by Bloembsrgen
(74), whose results are shown in Figure (3.1).

sample of glycerine they plotted the dependance of
on the molecular correlation_ time 75 = /g, ﬁhéféﬁﬁf'ﬂ¥
the viscosity of the sample and T the tempe:afqme i”:QKf:{
at two different resonance frequencies, In the hiéh;ﬂ
temperature region, to the left of the Ty minimg, T; }§f
found to be frequency independent and it decreases ‘ﬁ#§hy
decreasing temperature., This behaviour is tyQiqaliéﬁ;”‘ﬂ
molecule which is characterized by sma1} :' H
where wg Tg << 1, as for small moleculeﬁ;;ﬁ‘i
state, At the resonance fregquency whéxéf;
goes through a minimum and f@ruJQ‘Tgﬁy-ifl

dependent,

Por a quantitative analysis of By, -

necessary to introduce tWo more. paﬁamE§@§$ f :'
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Figure 3.1 Variation of Ty with che correlation tlme at
and 4.8 MHz for a sampleofglycerine (74)
4
J (e

din

Figure 3.2 Plot of gle ppectral
frequency @ o <7 D




function K(t ) and its Fourier transfofm partner, &

spectral density function J(w). These are related by

The correlation function‘ K{T) 1s related to a phase
memory time or correlation time far the molecular.
motions. If K(7) decays to zero in a short time this
tells us that our sample 1s characterized by a short
correlation time and that the malecular motions are“ﬁéfy‘h

fast.

1f F(t) 1s the function which fluctuates With"gh@'f;)

nolecular motion the correlation function is defined as
Ko(m) = (F(E) F¥ (£ 47)) (3.2)

where the symbol < > indicates an average over the

ensemble of nuclei, It can be shown (7%) that K(r7) Gan

be represented by

*

K (1) = K (o) exp {=[7l/7¢)

and the spectral density iunctian is

T ol ( 34" i) ER T;:,z) "%:l': o i

.

g wy = (F () ¥ (’t)>

Figure (3.2) indicates how khe functlon J(m) varies W

frequency for several valuas of Tap LeBor (wg
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( wg Tem1) éase b and‘t
case c¢f liquids Tqg 1is shert (’;g§ u.
molecular moticns are distrihuted.‘ﬁvéf  & @afyﬁfwm
frequency range and all motional fréquéﬁcia@fiﬁ;fhé2ﬁﬁ.-éﬂj:ﬁ
(0 =~ 7ol Hz) have a small but equalrérﬁbabiliﬁ?‘ﬁfﬁbéiﬁéf”.‘

found for any given molecyle,

3.2 Spin-Lattice Interactions

Ty depends not only on the value of J(uwgy) but also an
the strength of the coupling betwsen the spin system and_” 
the lattice., & number of different physical intﬁfaatigmﬁif:
have been found to be important in coupling the nu@iai ﬁ&iw
the lattice and hence providinq & Link ﬁhfoqéﬁ‘iﬁﬁi&ﬁséw
anerdy between these two syatems can be @ﬁﬁh&ﬁg@d@' i

These interactions are: | | |
1. magnetic dipole-dipole
2. spin rotation
3, electric guadrupole
4, chemical shift anisotropy

5. scalar-coupling

In  general, any mechanism which gives rise . to
fluctuating magnetic fields at a nucleus I8 .a p@@akblﬁ-”
celaxation mechanism. Congeguently, we can write

0 i . ’ .
71l = ¥ Ri o= Beg £ o)

o B

whera Bny reprasents the stﬁ@ﬁgﬁh'ﬁﬁiEﬁﬁfpﬁﬁﬁiﬁuiﬁ?¥ﬁg




relaxation  interaction .and  r, is . khe

correlation time,

The interactions mentioned above . will now  be o
discussed with particular emphasis being placed on thoze

important to the work described hecein,

i.2.A Dipole-Dipole Relaxation

The classical interaction energy E between

L3 i - 3
magnetic moments M3 and H; is

g A1 Fy =3 (. E) (i, T )
r3 rd (3.6)

where T 1s Lthe radius vector from /7 to ﬁgy . Fox th$ 
guantum mechanical Hamiltonian, ﬁl and ﬁg are treated as
operators. 1f we express Iyx and I1y in terms of the’
raising and lowering operators I3t and Iy regpectively" s
and express the rectangular coordinates ¥, y, %, in Eetms:
of spherical «coordinates r, 8 , % (Figure 3.3) ;‘jThﬁ‘iiu

Hamiltonian can be written from equation (3.6) aa_(lal"ﬁ‘

}( ri ¥ 3‘;12 (A+B+C+D+E+F ) '. <3w,?é‘)
a3 B LT

Wwhere N ‘
A= R Py, B= B Fo, Cx € By, De DRy, Be B Py, 0w ¥ By
are operators related to the paising &0

operators It, I,
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Figure 3.3 Axes eyslen
coupling of two spins




This Hamiltonian 3(&_-0%&‘ béiiiﬁéaﬁéd?;asliéif mall
perturbation, where the térms.g; » j@im?ggégaa@§£ ?ﬁé;€¥¥23
vhiGh Giffer by fuwo. E and b conneet stales that Aiffer
by 2h wo and A,B flip a pair of sﬁiﬁs'wiﬁhamﬁ chan%?;iﬂ ffL
energy. Each pair of operators has the same funeti@ﬁgiﬁ' z i

form, from which we can define three positional Funetions:

Fo related to A, B
F1 related to C, D

Fo related to E, F

where
Fog = (1-3 cos? 8 ) r=3
1 = sin o cosd e tl® p=3 (8.7 .B)
By = sinZp egelf p-d . .

If we substitute equation (3.7.h) in equation (3.4), we
obtain three spectral density functiong Jg, J) and Jop
which are related to the transition probabilities of the

spin system from a state a to a state b by

Wae 1 1 <aiXda by 123 (wpg)

-—

12

]

The analysis of spin populationa in chaptér

that the relaxation time 791 is

Tyl = 2 W

involves changas in ehergy feg and 21 Gg, &5 §@%@i?ff

a7




the operators C,D and -E;F' in:,
Hamiltonian )(d, Thus, by uﬁiﬁg'.equ&ﬁidﬁff ‘lﬁflfJ

equation (3.9) it has been found (74} that

Tyl 30 p4 2 oro(Iel) (37 (vg) 4 L T2 (2 weod]
) 2 {3, 3U)

This eguation can be written as well using the fact that
Ji1; Jp govern the intensity of the lacal field (16)., 7hs

result is

Tl_l — ];2 [ E“X?' + E}Z ] Th
1+ f.u[:) Tcz

(3.31)

whare by,by are Lhe COmpOnentsa of the local fleld, in the - -

rotating frame at the frequency “g =7 B

3.2.A.1 Intramolecular and___ Intermolecular __dipolar

contributions to relaxabion processes

The term intramolecular interaction, refers to -thoge

coming from magnetic fields generated DY nuelei in rh@

same molecule and

intermolecular thosa trmm difﬁ@r@nt

molecules.

In the case ©Of 1nt$amolﬁauldﬁ cmnuribuLimﬁﬁr*ﬂJ

molecule isg 0nsmderad apyrHX4mate3y Liqiﬁ,

di tance ¢ ﬁﬁ i constant {rwm) aﬁﬁ ﬁh

internuclear
function fram eguation (3.7) hes ; mniv tm mg;.@ua

aver orlentationg (6, ® Y.
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The original calculationg:

faf Tlntra by
et al (74) wee corrected sllghtly by Kubo ahd Tmmi"'
{(76), The result ig

1
ba ¢ (3,12)
for non-riidentical spins and
1 2 e . . _ .
Tyintra — 3 ¥ '
1 = I T (3.13)

2 b6

for identical spins., This result was also obtained by
soloman (77), who also gave a more complete derivation

for non identical nuclei which we will coensider later.

The correlakion time rvg, la considered (74) ‘ﬁhﬁﬁmgh;f""
an extension of the Debye theory (78)  of diélecﬁrié‘t“
dispersion, i.e., Te¢ NMR =Xl Tp. This 1is based an _a:'F 

3 e

model of a sphere turning in a viscous fluid and gives

e _ 47y a’d | | (-'3.,‘314-).
3K . ‘ R SRR

where n is the viscosity and a the radius of the spheré. =

Intermolecular contributions toe Tq, yEEﬂ ;@&leﬁlét?ﬂ'“
by B8loembergen et al (74)] for WaLer, c@n&iﬂarinq x@Lﬁg;f
whose distances from the central m@leQTG 13@ QQLW@%ﬂ -
and r + dr, By using eguation _gﬁ,}%j At iﬁ p@agimﬁw
evaluate the contribution to Ty fﬁ@mVﬁ%@ﬁ ﬁaif @f QUHgﬁ
after averaging aver all directions) e ELE @%Ei“J

the tima that a molecule takes ko diffuss ﬁur@ﬁaiﬁgq
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relative distance r, This:'is; rZ/LZD Where p

diffusion coefficient, The total cantr;butmons is thanf;:
obtained by multiplyiasi by the number of nuclei per un;ﬁ??
of volume 2N, (in water) and xn&egratxngr_@vez -alil‘ﬁha3; f5
space outside the gphere r=2a, qanresﬁonding tm-:ﬁw@'

spheres in contact. This gives

A %
Tiinter - 2N, g 3/5 B2 4 2 dnré dr (3.15)

6 12D
1a

H_:_/TN() '?12 ?4
2Dha

The diffusion coefficient D wmay be related to tha
viscosity by the Stokes - Hingteln relation D%KT/ﬁﬂW&w;i;f
giving the final tesult |

.1 '
Tlinter - _3 7274 a2 N, . (3.16)

KT

When applied to the case of water in the:  Bloembergen {74y
experiment equation (3.16) gave Tilintra = 0.26 sec*“l‘awd{

1 g )
Tiinter = 0.4 sec~l or Ty = 2.5 sec, in good aQﬁ@em@nLrlﬁ

with the experimental value of Ty = 2,3+ 0.5 seg,

These  basic  approaches  for the  intra . and
intermolecular contributions ta Ty -waga*‘axt&n@ﬁﬁjﬂﬁy 
Gutowsky and Woessnar (79) ., Tbay' lh&W@ﬁ ?haﬁﬁ.hﬁé'

relagation time for the ith nucleus nay. hﬁ wsiLt&&*




(Tli‘l) intra ftiﬁ“ﬁ)fé;

i

n? yy? (%Pi?- e

(Tlidl) inter = 7% h2 Y{% 4N a/R0[374? ﬁj (i%ﬁis)l%;

in which the symbol f refers to non-identical nuclel and
r® is the distance of closest approach of nuclei in
different molecules which can be approximated to AT

where a is calculated from the molar volums.

Hubbard (80)  made the point that  Gubowsky aﬂﬂ—- :.
Wwoessner have assumed that identical nuclei within .a
molecule are distinguishable and thatythey have neéiéctéd:
interference effects, Conseguently, he. inéludéd;
interference terms, to calculate the term dependence éﬁ ;;3'
the z component of magnetization for systems of thraéia&ﬁff?i
four equidistant identical spin /4 particles appfﬂéﬁhkﬁgg;;,
equilibrium in a field Bg. For three egpins 1t isifggﬁﬂ";

that

.

My (t) -Mg = [Mz(0)=Hyl (ae = “%/Ty + b e ”ﬁﬁfwirfxitgnlﬁi:f

Abragam (62) has ‘conclyded that makiﬁgfeaw@phgﬁﬁﬂﬁﬂglﬁ,

equatien (3.18) is an’” axcellant . approximatian £6- 1

exact formula. The same g@n@lu@i@nawhav%fﬁ%aﬁﬁrgaﬁhéd"
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Mitchell and Eisﬁér ,féi.‘ | th 7 .ga1culé£éd . ghe ;‘“
intramolecular relaxation for three and.four splng, Q&thfif:;
Hubbard's model, as Tyiprra = 0/3 016 and Tantr : @iifﬁ
To/4.458 where Tq = rb/p4 m2 v, rThey then applmed the
formula of Gutowsky and Woessner ta these two systems and
found Tiintra = To/3 and Tiiptra = To/4.5 tespécﬁivély.::
Moreover, Kattawar and Eisner (82) yged the Redfiald 
equation to calculate numerically the relazation time for
a three-spin asymmetyic molecule in a liquid; They have
found that the plot of 1n (Mg~Mg) Vs & can bg
approximated by a =single straight line for t € 1,5 Ty,
aAlso, the term constant for this atraight line dlffers
less than 1% from Gthe average relaxation time calaulatéa

from the Formulae of Gutowsky and Woessner,

7. powles et al (83) nave used a similar equation to
that of Gutowsky - Woessner for n identicalnuclei in the
same molecule, Their egquation is

-1 - SR
Tlintra = _deﬁz v . K éﬁdl' § )TC 93**?fpv;;-ﬁu

2 n ol

Intermoleculér contributions GG Ti; hﬁve_sbégﬁ'&iéé€:f.f 
studied by  several workers .(52)(84)(35)".éﬁd.f@ﬁ&'h
potentially 1intera2sting result, Lis that mbtdiﬁad ‘bg ﬂ;
Hubbard (B8), He has considered that the t;mw'd@ﬁmnd&
of the relative paaitiaﬁ of .hw9  ﬁﬁq?%i mm %Lfiﬁi@ﬁh
molecules depends on  the ut:ngiabmuuaﬂ mgtimm ;ﬁf'"'”
melecules 1f mhe mclam are nﬁt at_ hﬂ ﬂmn?r& =t:xf

molasuies whan the Glf;&&hL ﬁi&?ﬁlﬁ@&ﬁ bﬂ?‘\&fﬁfl’l ”’Ha




(nteracting muclei is not longer romzs.’ His reselt.for
Tlinter 18 '

1 o

Tlinter . _nz p4 n2 {l +¥u,233(m9 x;i“
| Q.

T )2+ G 5 15 WQ-W.)A'FW ;'-v- ]

where b 1is the distance of each nucieuﬁ from £he centte’
of the molecule in which it is containsd, n'is ﬁhé nuﬁﬁ@ﬂ
of spins per unit volume and a is the molecular radius,
In equation (3.20) for the typical case (b/a)ﬁi%g; the

second and third terms are 6.8% éf the first term,

Most workers recognise (B87) that there are crude
approximations in the gguations for inteﬁmalaéﬁi&ﬁ-”‘
contribution to Ty, particulaﬁly.' in EE@ .Vaiuﬁ kﬂf i '“.
effective distance of cldsest épproach re, inl@@«.et_ ai.f‘
(88) in their studies on miitﬁres of CHQ éH' id'ﬂséQé}ai? '
solvents, have concluded Ehat the "hard sphete* modéi is
deficient in several respects; it .does not dlstlngulsh
between the intermoleculaﬁ interactions of t@o. m@thyl
groups and the markedly dlfferent rtfpe OEI 1nt@rd@ imn-  f
between hydroxyl groups in a hjdrogen b@ﬂdlmg Eyﬁt&mjk;}; 

So, they adjust the ° value to r "m2a far metnyﬂm@fhyﬁ

,,»_r.,' R

interaction r°=1,2a fot hydxoxylwhydr@xyl znterambion ahd

°=43 for hydroxyl-methyl 3nLeractiaﬁg

fntramolecular  relaxakbion- &8 © WEll “ hﬁﬁ2j'

difficulties in its mjyau-h | ILF tzh@.% mnmum im

spherical, there ara qwnwrally ahra@ Labmrm@ﬁaf*

coefficiente about the th?@& u@L@Guiﬂw axu% 393 “ﬁ '
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three time constants describiné the.tearlentacien @f.uﬁez;{?f:
molecules about the three =axes.: ks -a- reault, theffgw

experimental correlation time T, is only “an mavanagﬁﬁfﬁﬁ*;“
the ones which represent the rotation af the ‘malecule? -
There 1s also another complication which is of intereat,'
namely when the spin-spin vector performs an internal
rotation in addition to the molecular vrotation as it
happens in CH3 groups. This problem was considered by
Wwoessner (90), who showed that the effect of the internal

motion is to reduge the effective correlation Lime.

tn addition o these prohlems, . the Debye equatimﬁ“‘
used by Bloembergen et al (74) in the evaluation of
has been questioned (8L)(213(22) . pherefore, e
important to select a suitable model to eﬁplain
experimental results. according to the B.P.P. theory (74)
( 7 1)) should be a linear function of the congentration
of solute in a mixture of ligquids. This MaS'.beaﬁ
confirmed by Giulotto, Lanzi and Toscéa (83) by plotting
("M / Tl)*l vs mole fraction of CgHgCl in Cal4w; Th@yﬁifi”;
have also found an abnormal hehavigur of CgHgOH in CCJQE#L“f:
and have concluded that it wag hecause of the @lﬁﬁﬁﬁ@ﬁ mﬁgil

molecular assocciationg. Homer and Caﬂpland (94> ﬁV9§ffi"

found that for benzene and ocyclohexane. (.7 Tlle s ﬁgf% 

linear function of ‘N, the number of Pfﬂhﬁﬂﬁ PRE o GK @Vﬂﬁ-°

most of the range wWhen: the compound 4 ﬂiiukm& w{'

CClg. Mitchell~EBisner (81} have ﬁﬁﬁ@ftﬁﬂ !f'»‘mrj Iﬁﬁf@ﬂfnk”

far | Wlewl vg V, whare V 1 the ymium@ fra ihn mf L‘ﬁ

same compounds in CClg, bub for Chy as & gaiVﬁﬁk Lh@¥ﬁ &

1ié




no linearity . This was idéﬂﬁifié&~é$.ﬁ ??Eliféiiﬂﬁé?@f5 
the B.P.P. tneory, and they advbéated'tﬁ%'u$§ §fvﬁhafﬁiil f:,”
(93 model  for  describing :coarelé&igﬁ. ftime$fq.é§§;ff
self-diffusion coefficient; with .this baéis}l béﬁ£aﬁ*L:

agreement between experiment and theory,waa‘obtainedw -

Another consequence of the B.P.P. theouy is that the
plot of nT1/T vs temperature should not depend on
temperature., However, Powles and Neale (38) have found
from their experiments with several organic liquids that

nT1/T is not constant and concluded that for non=sphericad
molecules their motions are complex and the dependence of

T1 on viscosity has to be regonsidered.

3.2.3  Other Nuclear Relaxabion Mechanisms

3.2.B.1 The Spin-Rotation Interaction

nelaxation can also arise from .  the local fields
produced by the spin-rotatioen (8.R.) interacti@qp;w-5 -
molecular system possessing angular velogity s@@ﬂﬁmﬁbutgégg
a rotating charge system and thus cﬁn give rise tq  ﬁf'"5
magnetic field at the resonant nucleus, Flucﬁqa;%@ﬁ%;ihf
this field result from modulation of Doth, the magmituﬁﬁiﬁ
and direction of the angular momentun vector :aaémﬁiéué&.]f 
with the rotating molecule, Let _u&;_Jcmnsiﬁgﬁfgg§ :§
particular electron and & given_nuglaus, ‘AE mﬁ@;m¢;ﬁg{'
rotates, the algction  Will ‘_ﬂhﬁnga'ilitﬁtE ﬁ@?%mﬁﬂ__

accordingly, The moleculaw rabaui@mai.ftaqmaﬁmy'iéwff” 7




Yrot = hi/2 ~1I

where the molecule is in the Lth potatinal staté and I
is the moment of inertia of the m@leeuia; _Théféf§re;-ﬁhé“}“ 
electric current generated is iﬁe/g uKGQ ahd the ﬁﬁgnétiﬁ.
moment associated with this circulating curﬁént ig B

“L = i R2 =iy L O (3.22)

~where My is the nuclear magnaﬁon* and R the distance
between the electron and the nucleus, Tﬁis magnétia
moment generated by the motion of the e&lectron pr@duae% &_~1 
local magnetic field at the resonant nucleus of the mtdér’”"
of “n L/®3.  Por the hydrogen moleculs thig fiela iﬁ.k
(97) 27 gauss and for RCL it i 9.7 gauss, Eines bhig o
effect 1is proportional to the rotational Veloéity :aﬂd'L
inversely proportional to the moment of inertia of thai'
molecule, we can predict that, in general, the ‘&mallér'
the molecule the more important the spinwﬁctatiﬁn
interaction will bhe. For a Spherical ;mm¥aeule;“ﬁgﬁa_55

spin-rotation contribution to Ty is given Dby (38)

1.2 _IKT (22 ter 3.23)
T1 s,r. 3 n? PR

where I, is the moment of ipertia. C and Oy ,.aﬁﬁ :§§@7

Az

diagonal components of the &Rl ranaﬁi@n::iﬁ@ﬁkaﬁtig“

tensor ¢ and TE‘;RZJ'& the E%piﬂ ratabtion. Q@Dﬁf@lﬁ%ﬁi&#ﬁtim@&




3.2.B.2 QuadrUEOlé_Relaxatigﬁ

For nuclei with spin I>%EEMS déu#éfi;ﬁ; ;3séi;f?éjéifiﬂ;ﬁ;'j
14N, there are guadrupelar moments, bécauéé' the ‘chafge7 f‘;?:
distribution in the nucleus c¢an be imaginéd* La - be.f_"
cigar-shaped. In the case of hydrogen ot lic, with‘épiﬂ
1/2, there are no guadrupolar moments. In hast holemule%
the charges of the surrounding valence aglectrons abt okher
nuclei produce a large non-uniform  electric  Field
gradient at each nucleus (99) and this can interact with

a gquadrupolar moment.

Classically, the interaction enerdgy & of a ahar%&,
distribution of density p with a potenitial V dus to

external scurces is

E . Sp(r) V(r) dr (3,24)

the potential V{r) can be expanded in a Taylor's seziéaﬁ
about the mass centre of the nucleus. The . thinﬂ*'teﬁm;f 1?*
after the expansion of V(r) in eguation (3,24) is é&Qléﬁf?f?f

3

electric quadrupole term

Ew “*-T-‘““JC:" er/}Vgﬂ Qafﬁ

whare o R
Qug §(3 Koo %p = Bag) P AT
and ‘
-
Vi sl LN )
P E LIRS ) pa




It is convenient =to'teWni£e5e@uéEgdﬁ7j
different expression - for Ehe',H§Milt®ﬁiéﬂf“-b¥ {U&iﬁé'fgﬁgjgﬁ,”
commuters for the operators of the total angular mementum. -

(Ix, Yg) = 1i 2y, etc

aAfter long mathematical work (13)}£Q has been found ko be

given by , .
WQ - €0 [v22(3152-12) 4 (VER~Vyy) (IxA-1y2) ]
41(21~1) (3,28

Tt is useful to define the terms eq and 7 as Lfollows

eq = V2z

T o= MW.&:XXL
Vea

These parameteys are called the field kdfadieht' and  the

asymmetry parameter.

Abragam (62) has considered the interaction 'b&t%@éﬁl

tne nuclear gquadrupole moment and the 'iocai'"éléﬁﬁﬁic dpl

field gradient as
Ho=10 ()1 | o Tmas

where Q(t) is a certaln tenscr with algments pr@pm dﬁﬂﬁl

to the gquadrupole moment 0 and the field qaaﬁ*amfﬁ ‘Va%g,f

vyy, Vxx, etc, A8 the mmlﬁaule s@arj@ﬁtﬁ, ih@ wmﬁw@n@ 1

of the guadrupele ﬁmupxiﬁq taﬁsmﬁ mﬁram@ ran@mm Funaﬁ

af time and'prmvidﬁ*a E&Jaxahlqn maahanaaﬁ i@f
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quadrupolar nuclel, Then, ‘the quadrupolar ¢

of Ty is (62) far o T g & 1 -

nls 2 2o (w02 feles e

40 T4(21~1) 3 E R

The term (e2Qg/f) is the quadrupole coupling constant,
For nuclei with 131/, the quadrupelar interaction is
usually the dominant relaxation mechanism, but thia
interaction may be weak if the molecule & symmetrig
. (100) pecause there is then no elesctric field gradient,
for 118 in symmetric molecules, such as *lBHy , whare
e20gq/m=0, Ty (LB)=10 sec, but in three-coordinate Boxon
compounds, where (e?Qq/h) == 3 MHz, T (1lp)y values aﬁﬁ ;'3
typically about 10 msac, | B
Indirect quadrupole effects can be evident in lH "Q‘K"‘
13¢c gpectra when these nuclei are spin~-spin coupled withi~
say 14N. For example, the proton resonance of 4N Hg 15“y ﬁ
broadened because of the averaging of the couplingf“ﬁihh: = :
14y which is being relaxed rapidly by qdadrgp@laﬁf;
effects, 1i.e., the i 1ine is hroadenad by"&véfaéiﬁﬁ”f_fl
between the fully coupled and decoupled inueﬁaﬁﬁiéﬁs_wiﬁh ;¢'f?
l4y to an extent governed by tne ﬁﬁfLCianwyf Qitﬁ“f@hﬂﬁﬁ:Qi.if

the quadrupole relaxation decouples the L4y,

3,2.8.3 Chemical Shift antsotropy -

The local fiald Bypg Whiah g astiAg oh’ & mw

after applying 2 magnetie flold Bg im given §$ij?f%
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Bloc = Bo - aBg = By (Lrio)

where ¢ 15 called thg Shi&idim@, déﬂStﬁﬁgfa{f'Thﬂﬁfi?p
interaction is represented'by the H&milﬁéﬂién ” R
Wes = - VB B.o.l., where o is the chemical suifﬁrtangg@;f'
thus the magnitude of the shielding at a nucleus i%‘_
dependent upon the orientation of the molecule in the

magnetic field. Rapid molecular motiens in the liguid

state average the o valye to
o 1L (oxx + oyy + 922) : (3.32)

Although the nucleus on the average sges a chemical aghifit i
value represented Dby o , on a short time scale i &%@%
fluctuations in Bype because  “X¥, dyy, @iz &K@45ﬁﬁﬁ‘
equal., This random effect greates a -_ralaxation'

mechanism. It may be shown (62) that in liguids

-1 : R
Ticsa = 2 v? Bot (- )4 Te (3.33) .+
5 o

where s, and o, refer to the shielding along and - -
perpendicular to the symmetric axis in the m@l@culﬁw.f?ﬁ L
the case of the absence of axial aymmetry uh@5~aqgg@¢@ﬂ;«fg

becomes more complicated (62),

For protong Ae= 0y = 0y L8 tygi@ally:*leﬁﬂf-ﬁﬁﬁn;.1@@§m[f

for covalently bmunﬁ-hydr@g&ﬁ&J(lgliaﬁﬁd th@%;ﬁﬁlﬁ&ﬁ%ﬁ@ﬁ

mechanism is negligible for .pra@wﬁ&.”aV@ﬂs,%hﬁﬁj;%ﬁﬁ;'ﬁu‘




the dependance of the effect on ﬁ@zﬁ“”'ﬁﬁrff'
contribution to 13¢ T .'byvusi'n’g Aaa: ;LBE’] ppm "wa;, f@un"

(102} 7ycea = 3000 sec at 25 MHz, Tn benzene andfffg

Cyclohexane (103)' the Value Of lBC Tl st CQnﬁtaﬂt ﬂt‘

15.1 MHz, 25.1 MHz and 62.5 MHZ.

3,.2.B.4 Scalar Relagation

The multiplet structure observed in high%resaluﬁimn
S nLm.t. is a second order effect originated in'coupling of
nuclei through electrons. This epin-spin coupling Lo
observed for magnetically non-equivalent nuclei éxi&miﬁg

in the same molecule provided (62) that,

a) there exists no rapid Lime-dependent pnmaaa@@a‘-th&ﬁ'
average the spin coupling const'ant (Am?.n J) to li‘erQ.' b.r-ﬁ,"
b) the inverse of A is much less than the T; value Qf
either coupled nucleus. Rapid chemical exchange would
lead to a violation of condition a) if- the -ft‘EQué'nQy of
exchange is much greater than the freguency of ‘thﬁﬁi;
induced coupling. The exchange process thus givau xi -
to a fluctuating 1leocal field at the sitse  mf Lhw1f§f
non-exchanging nucleus. &uch a relazation m@éh&ﬂism“jiéyb
denoted by Abragam (62) as "soalar-relazdtian cf;fmhé;;%'
first xina", violation of criterion 'b}-_may mriéﬁ if“
nucleus j is relaxed hy a fast quadfﬁpa;aﬁ?ﬁrga@ﬁ& hhg;Ji
collapses the spin soupling with nuglauﬁ‘m@-\xﬁ“ﬁﬁﬁ<lﬁﬁ§m
magnetic field thus prodiesd at 1 lw F?umfumtjﬁg (ﬂu@ tg

flipping of spin J) at a Erequency. u@n@@rabl@ v ?h@




Larmor frequenay of i, relaxation can be indu

process is termed scalar relaxation af. the -second kind -

The perturbing Hamiltonian Mgc is givéﬁ,ﬁy'(gzi.'
Hae =4 A TS | (3
In scalar relaxation of the first kind the Gmﬂ?iiﬁg

constant A (= 2 7J) carries the time dependence, while

for scalar relaxation of the gecond kind the time

dependence originates with the coupled spin 8. Th@_..

formula for TyS¢ is the same in both cases. Tha result
is (62)

L. 2 _A% s(8+l) Teg (3.35)
Tlsc 3 j_+(u)I...a)s'}2 TQ.SC ' o

where the correlation time for scalar coupling  Tge 18

the chemical exchange time 75 in one cage ( Tge= Vo) and .

the guadrupolar relaxation time for the second cags

(Tse = T1R).

As an example of scalar relaxation of the fir@b-kiﬁﬁw177f3i

we can mention the case of pure methamol at 3%, wheys -

L3

have been estimated (88) [T)(CH3)|ge = 0,004 Bee~l and

-1 : o
[T1(0H)]gg = 0.012 seevd,. This contribution is about 8%

of the total exparimental relaxation vats. for rﬁhﬁwK;V

hydroxyl proton spd 3%, of the exparimental  yelexstion:

rate for the methyl protons, . As methancel ia-ﬁilﬁﬁﬁﬁQFQE




correlation time: for proton exehanygs - 7

scalar mechanism becomES'less;fmpgftﬁﬂtgwﬁﬁg5;;ﬂpgj

Quadrupole nuclei having I?31,'~i;ég};¥hud1éi*?%ﬂé§€¢;""
charge distribution is not spherically aymmeuticél, nei£§I 
so  fast, for instance, that they aecaieﬁameif‘tbéf
relaxation of neighbouring nuclei. The contribution af"
the S.C. mechanism, which can be recognized from &°
freguency and temperature dependence of Ty e
~particularly large when the coupling nuclel precess with
similar Larmor frequancies, This applies to Y3C and the
quadrupole 798y, As a consequance 3¢ nuelel mguﬁﬂ_bg‘@£

relax relatively fast (104},

3.2.C geparation of Relagakion Contributions

In general, the interactions that determine _@h@
spin-lattice relaxation time Tj, may be divided into ﬁwq
types. a) interactions within the same molegu;e.:l$gg.f
dipole-dipole, quadrupelar, spin rotation ar ch¢m$¢am;:-
shift  anisotropy, the most  important b&inq:yjﬁgéif"
dipolar~dipolar and the spin rotation imtegagt;;qnm*j\a_;'-hg;;i_'.:'
the spins are l/z and the magnetic Ei@ld,chr&&?ma@ajﬁ@ aj5"
1y resonance Frequency betwesen 60 MHz and.&@ﬁifﬁﬁgf\x'@gfif

interactions between different molecules.

In the case of a) the intramﬁléﬁulaﬁgihh@ﬁ@mgigﬁg,mi
sensitive to the reorlentatianal m@ﬁi@ﬁf.@f;7nha;ﬁﬁ@§f

i

while in b) the intermolecular interaction i@‘aﬁﬁ@&téﬂZ@!'
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both translational ahd reorienﬁaﬁi&naib;mgt_my )
molecules. It isg, therefarer xeaﬁonabla that th‘ fﬁ?@g}t
sets of interactions conttibuta 1nde9endenLly ﬁaﬂ nhei:;

total transition probability, Cﬂnsequentlyﬁ Tl may bef_ggh

given by
11 ] (3,360
T Tlintra Tlinter

Since Ty inter and Tyiapra depend differently on the two_ 
types of motion, an important experimental aim is the
separation of the two contributions to Ty, This is not
so straightforward as may appear at firat sight, Far -
example in the «case of protons the intramolecular .
contribution to Tl”l can be measured by extrapalaﬁiﬁ§ ﬁﬁ$-
relaxation times of rthe protons, in the cmmpmﬁnd 'béiWQ" '
investigated, to infinite dilutian in a Eﬁl&‘lhﬂi*‘%%
solvent, The dilution 1is c¢arried out either, in Ehé
deuterated analogue of the compound under study or in 'a:
solvent such as CS,; or CClg. Thé former procedure ig
clearly the best, since it will yield an eSsentially‘ﬁﬁué@‘i§f{
value for the intramolecular contribution to Tyy hgway@gkl-j.-“
the intermolecular D-H dipole-dipole coupling at'imﬁinﬂﬁ@;fﬁf'
dilution must still be cal¢ulated and substiacted frmmi;f;
the extrapolated ll“l Lo yield the L;ua f}‘f}i hfﬁ}.
Extrapolations in CCly or CSy as&ume that thmﬁw'mmmpmuﬁﬁgﬁf
have intermolecular interactions simi;ar h@ th@&@ @x“'ﬁhﬁ_f,
deuterated compound heing inVaatigatedw  Thig ﬂ%aumptmﬁﬁw“
is often reasonable but need not b Lruw anﬂ amvm@ui-‘“

dilution with this type of eolvent h@ﬁd n@h ¥1@1ﬁ bl

true value of Tliﬁtfa*




Assuming that  a vV@IQE'ff@i:?Tifhtfanf'~
the intramolecular T is‘then'calﬁulatedﬁﬁféﬁ f;fff‘

-1 -1 o N
T inter = ¥l (neat) - T1 intxa - (3

Tc 1illustrate the point made ahove same; typxcaﬁ.'
proton relaxation times are listed in tables (3.1) and
(3.2) for a number of small molecules; In gome of thﬁ-
examples Lthe solvent is the deuterated analmg@a, af - the

solute, "

The relaxation times are gften not canrecnadrf@ﬁ mha”*?ﬁ
residual D-H intermelecular relaxation in @xpaﬁmm@ﬂﬁé L
where extrapolations are carried out in ﬁ@@m@ﬁahéﬁ‘-
solvents, Powles et al (109) gorrected the r@laxat&ﬁﬁ.f'
time for a fraction X of protonated benzene molesule

using equation {3,38)

...1 ..1 "‘1 t-l
Ty = Tlintra * X Tlinter C6 He + (i=%) Tlinter €6 D6

the interaction of one CgHg molecule entiralywsurr@un@ﬁ@f:';

by CgDg molecule and

1 ) - ".i ;' AR
Tiinrer CAHA 3 -( Pm:)d [Iﬂﬁfﬂﬁl)l_t’ZQQ'@évﬁgll ﬁ

Tlinter Cebs 2 Fp/  [Ipliptl)]
Henae | -} o T TRk
Ty = Tlintra * b (L+238) Tyinter Colg, (5,409
128




Table (3.1) Relaxation Mifes.  GE REoREELE bt

Selected Molecules,

Molecule T]_neat Tlintga Tliﬁﬂt@l’.’ SDlV@ﬂt Rf:-‘far.:@ﬂce

benzene 22 100 29 8y 62
benzene 19 110 23 deut. | (105){105);
pyridine 12 100 14 deut (105)(106)
toluene({ring) 186 56 23 C8a - (62)
p-xylene(ring) 14 45 21 C82 {109) (106)
m~%ylene(ring) 12 56 16 Céy (105){106)
chlorobenzene 18 BO 23 €89 (81)
bromobenzene 14 67 18 C8s (81)
mesitylene 10 40 13 083 {105)(1lng)

Table (3.2) Relaxation times of Methyl Protons in
Selected Molecules. ‘

Molecule Tlneat Tlintra Tlinter Solvent ReferenC@-

CH3 Br 5 5 - csy (108) .
CHy T 14 20 45 css  (108) oo
acetane 16 29 34 deut (165) o

toluene 19 15 - csy o (62)

p~xilene 7.4 10,5 30 C8a (&2

r-xilene 6.7 12 - C8y ‘;(ﬁz):. y
(CH3),S0(DMSO) 2.9 6.6 6.1 deut  (108)
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They found that T1x "vs X was linear in th

to X = 0. They deduced in this way that Plintra®l03 sew
and Tllnter = 26 gec at 259(:! WhiCh means. Tln‘eab;zo “’? 5@@ :
If the solvent is (Cly, the result of Equatigg'(333gj_‘“

is 30 assuming p(33cly= p(37¢1l),

The spin-rotation interactlion increases with 'th&-
temperature as it was shown by Powles (27) in experimente
performed on toluene and fluwbehzanav " In bthe  toluene
case, the ring proton shows an increase in- Ty Wi bl
temperature but Ty for methyl reaches a maximun én abguﬁ
120°C, In fluombenzene the Tj of the ¥ing -pnmtéﬁ'
increases steadily with temperature while the Elugrihajml
reaches a maximum at about 20°C. ’rhiﬁ'pahavi@ﬁr\ éﬁ ﬁﬁ%gfif
CH3 protons and the fluorine i5  explained in te.r;:ins:‘ o
the existence of a 6&pin rotation interaction, In ‘some
conditions, this can control the ‘ihtramolecﬁiar

interaction despite a dipolar contzibution.

al -1 -1 o
T] intra = T1 intra dipelar + T1 g, Rot

For a spherical molecule the apin rotatien '@dﬁﬂfibutiéﬁf,;~”t
to Ty is given by equation (3.23), It can h@-ﬁhqwm‘ghgm'if

are ralated (#8) hy

for spherical molecules Ty and "gn

Tg Tgr = lo/6 KT



By using equations-(&wzéy in_eqﬁﬁtig_j; ”_

we have
-1 -1 s wla
TL sr X T1 intra gip=.k_ N% ¥ To(pri) Jeacrcf)=c o
(Eﬂ‘iB)

where C is a constant independent of hemperature for a

given molecule.

Equations (3.41) and (3.43) enable us to separate the
two contributions Tijintra ¢ and Tigp Erom . Tlingras AN
particular, at  the maximam  of  Tiinkra WO have
Tisr®Tlintrad= 2T1intra from which C is ohtained, imlkh%';
case of benzene, Powles (106) found the maximum at 170“@¢;¢£:
but at room temperature f% Gr&Ty " inpra 9. Parker and o
Jonas (110) have isolated the intramolecular contributiopﬂ-'-‘
for toluene and they have reported that at 25°C Ty gp 18
comparable to T1 {intra-dipolar- Théy found Tq =5D“25n5,

sec and T) gr=33 secC at 25°C.

Evidently, it is diffieult to interpret Ty fer methyl
groups when obtained at a single temperature b@ﬂﬁqgg:mﬁﬁhJ”C }L
dipolar ang gpin-rotation interaction . Gﬂmtﬁihuﬁﬁﬁiifﬁ

simultaneously to nelaxation.

3.3 Relaxation In A Two-Spin System - . .
In the case ofasystem of two l@@%ﬁlyiﬁﬁﬁwl%ﬁngﬁiﬁﬁ'
[o-dand §e-%, there ara four slgenstakes of Bhe B

2 2!
The enecrgy Jevels for this system ars indieabed i g

TEE




(3.4), where o r efers to a Spil‘i :

parallel to the magnetic field BQ and ﬁ 1méleat@52y»
opposite spin direction. . The trans;tlon prebabnlmﬁiaafli
per unit of time Wil ang wy¥ refer ko the tﬁanaitl@n @ﬁ?piﬁ
the spin I and § respectively, while Wy and Wo dengt& ﬁj
transition probabilities for a double and zero guantum

jump respectively,

In chapter one, we have mentioned that the changes in
spin population depend on the transition probabilities,
We will now extend this to the case of two aping, hy
using the same technigue. Thus £ Ngg ¢ Nggo s Ngﬁ and
Npg refer to the population of the enerqy levels, khejr

variation with time is:

I S5 T § T
dN,, /dt= —{Wi+W1+Wp)Nyy tW1 Nﬂa+WlNaﬁ+W2 Nﬁﬁ+constan§

kcy

dNaﬁ/dt“ WlNaa+WoN&1 wo+wl+wl Naﬁ+W1Nﬁﬁ+gonstant
(3.44)

I s 1 § RV
ANy /dE= wlNaa~(W1+W1+W0)Nﬁﬂ+WON@3*WlNﬁﬁ+con§tantjr”

5 = G I - : o " '_
Npg /dt= WzNaa+W1Nﬁa+W1Nw3W(W1+W1+W2)w% +cmﬂ$ﬁmﬁ}

The constants are obtained by oons 1ﬁﬁniﬁq Lh@ ay%r@fJ
at temperature squilibeium by iﬁﬁﬁﬁﬂxng ‘V@hg, prﬁpar
Boltumann'e faokor, - and.  aue ﬁnim@@kﬁﬁﬁgﬂl'iﬁ{*f@ﬁ
computation of the relazation times (770, | AR,
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The experlmentaﬁy @bservable =}§ua

by their different Larmor £requencieb and - pqu@rtx@ngl hngﬁ

the difference between lower and upper spin p@pulat;@ﬂs~w

i

(NoatNyg ) = (Npa+Nas )

R (T
(3.45)

K (Sz> "4 ?

(Na +Nga ) = (Nag +Npgg )

#

Taking the derivative of <Iz> in eguation (3.45), it

results,

K _Adln o dNaw  + _dNgg - dNao, - dNgg (3,46 )
dt at gt de . de |

Then, by substituting eguations (3.44) in equation (3,467}
we obtain, 3 D

s p ' T
K dSIéZ = = (2W1+2W2)NO’{]{"!‘(2W1+2W0)Nﬁa”(zwl‘i"zwo_)l‘lqﬁ
dt (3.,47)

T
+(2Wp+2Wy ) Npp + constant
equation (3.47) can be gxpressged as
K d {1, = a¥ {1z) + bK (8gy+ constant (%.48)
dt S
Then, by comparison of equation (3,47) with equatian
(3.48) we get S

T
a:u(w0+2‘wl+?;2)

h = -~ (W2 - WQ)

Therefore, we can write equatiuﬁ {(3.,47) aa-

dllz). =

d< (w0+3wl4wé <337 w;wwm <s£74umnataﬂv'iagaajf5
at e

and similarly




ey e
dt ' : : PR

in equilibrium, _d(Iz> =0 and wﬁﬁﬁﬁlmxwés‘ThEﬁéfa@egf ~
A dt -dt : . .

equations (3.49) and (3.50) can be writkten as

A8 o - P -Ig)- wrg({Sg) ~5p) (3.51)
dt
and
L8 = = A {Sgp=Sp)= ¥51 ((Tg)~Tg) (3.52)
dt )
where
1 2
Pr = 2Wy + Wo + W3 (3,54
g = ZWi t Wo + W2 | (3.54)
0'rg = Wy = Wy = g1 (3.33)

In equations (3.51) and (3.52) the rotation used is ;ha;,
(62)

2 “ | ]
of Solomon(77) Abragam  has found the sSame equation by -

)

using a different procedure and different notation, ira,fwf"'»‘ 

P1 = Lympll 0rg = l/TlIS
Pg = 1/q 58 gy = L/mpSl

™he ¢ terms are often  referred ba &8 VVEﬁ%“ﬂ

cross-relaxation terms. In order for this tsum B e
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nonzero, a relaxaEioﬁu mécﬁanism“ffgichr,aﬁﬁpl‘“: T
must be present:; there are three 5uch mechanlsﬁé; B

a) dipole-dipole relaxation batween I and : _

b}y I to S scalar (J) coupling mmdulated by ahemlﬁﬁlt;f;ﬁ

exchange or internal motion {J is tima dependemt§ |

¢y I to S scalar (J) coupling modu;ated. by rapid=

relaxation of 5.

only (a) and (b} will be significant for aystems

‘ which are likely to Qe atudied by Lthe NOE technigque,
Other relaxation mechanisms, like spin-rotation, chemical
shift anisotropy and quadrupole interaction, wilk.c&us@ T .

and 5 to relax independently and ecquationg ({(3,51) 'aﬁﬂ

(3.52) will degenerate tg the standard Bloeh ;gqg@pimﬁ~ .?
with 1/mple Pr=2wyY or Ps=2Wy®.  In other wards, Ghess

mechanisms do not contribute to Wy or Wyp.

3 3.a  Tntramolecular Dipole-Dipole Interaction _im _ &

Two-Spin System.

In the general treatment of the &¢ ﬂallad Sml@ mnrg
equations (3.51) and (3.52) the raelaxation rame t@r mP
and o use the same transition pr@baaijttiéa Vfuﬁ@&imﬂ”
(equation (3.8)), For .tWO 1/3 splne L and. 8 ﬂ@pmfdt&ﬁ by
2 distance 1, the dipole-dipole  (d=d) ﬁﬁhuu;@m'

contributes the following (11dy,
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Wi = 3 TT Ts MR Te L E.56)
! 6 e g

Woldd) = 1 /3 b m2mo o qmEn

10 I:‘E! : 14 ( g)iw, e )2 _TCR

W2(dd) = 3 V1 bg omd o e U (3458)
5 z6 l+LwI+w5)3 ng. |

In most cases, extreme narrowing prevails and the
frequency terms in the denominator can be neglected., In
this 1limit the relaxation rate parameters in the

golomons's equations (3.51) and (3.52) are:

T(da) = L1 vg B2 T/ o (3,89)

therefore,

Catop {3 {'51')
2 |

3.3.5 Relaxation Time For Two Identical &pina,gtha “3yﬁ"¥;;

effect,

It the spins I and § are identical, only Gyt (Eey

can be observed,

Therefore, from eguations. (ﬁ;ﬁii?f_§§5flj

(3.52) we obtain.

N

e e

3 (ANt ED you(pt o) LTy 4 (a) )= {BatBo) ] . (3063] "
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where the relaxation time OE*EHE'ﬂbséﬁ@e&ﬁaﬁéﬁa
lyry =p+ @ o e  ;”#15 ?"($sﬁ3Y€;i

Since, for dipole-dipole relaxation between Iiénd'gsmgflﬁ“.
: T

we see that for dipole-~dipole coupling of identical apins

Ty is

VAT {3.64)

*

while for non-identical spins (311} d/py=7 . mhis is the
origin of the so-called "3/, effect”, which we will use

in chapter eight.

3.4 The Nuglear Overhauset Bffect . SR,

3.4.A Introduction

The term “Overhauser effect" referred originally £to

the dynamic polarization of nuclei 1In- metals (112) when!

the spin resonance of the electrans was Saturated.‘~'¢hﬁz
first application of this effect in aystems contaiﬁiﬁéif;i
only nuclear spins was mwpade by Solomgn and'vﬁioémﬁgrgéﬁ5

(113} in their study of chemical exghang@. inf!hyﬂﬁ@§éﬁf 
fluoride. The nuclear QVerhauser effeqt (N@E):néﬁt]ﬁbuﬁéf"”‘
application in the asslgnment of . complex NMR ﬁp@@t?éii7Q
(114) {n the study of chemical e#ahang@"'9¥iﬁj,‘ nu@l@aﬁJ‘
relazation (316) and in signal te n@i&@"im@xﬁﬁﬁmﬁﬁ&~fiﬂ
NMR  spectra (ll7),  mhe potential of  the ﬂﬁﬁ-ﬂﬁﬁﬁ
providing informaticn on the conformation and RN

13

o]




configuration of moieeuleé ‘ inﬁ-isaﬁlrz o £

gemonstrated by Anet and mourn (L1k8) éﬁﬁfé@h@élﬁhﬁtfﬁiﬁe'
applications in this area have grown tépidly{, Béli @@ﬁfjf;

saunders (119} have reported direct 'cpfreiatidﬁ-fbetw%an%

NOE enhancements and internuclear distances and §ehirmer .

et al (120) have demonstrated that relative internuclear =~

distances can be determined quantitatively Efrom - NOB

measurements on systems containing three or more spins.

3.4.8 PRACTIONAL ENHANCEMENTS {(HNOE)

The nuclear Overhauser effect (NOE) 1is & change in
the integratead nuclear magnetic rREONANGE T NMR)
ahsorption intensity of a nuclear gpiny, when the NMR.
absorption sigpnal of another spin 1§ ﬁatuf&t@de\: ThE;f
spins involved may be either heteronuclear or chemiéally:

shifted homonuclear spins.

NOE experiments essentially require that;
a) a strong r.ft. field iz appliea at the Lﬁﬁmaﬁ.

frequency of spins 3, 80 that (SZ)moﬁ Vl‘k
b) (Ip) 1is measured hy a weak r.f. field wﬁhh7 é 

frequency near the Larmol frequen@y.qﬁ spin iw _Tﬁﬁ

fractional enhancement of the integrated intensiiy mﬁ

1({I;>) when & 18 saturated, compared ta  Lha .

squilibrium intensity of I(Ip) 18 defined as

£y (8) = (ariok.
To
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When a steady state is-reachedrf'd“ ‘and eguation

de
(3.51) gives. B
{Ig) = Ig + Crs _Sn Lo figﬁéf'QJZ
! | (3,66
I
or
f1(8) = @18 _Sa_ | (3.67)
P 1o
but
oo T(T41) ¥ 1; S ==§(8+1) Vg
giving
f1(8)= Vg o7g 8(8+1) (3.68)

Py Ar T(T+1)

If spin I relaxes only by dipmla@dipml@ soupling wikh &
then (62) ' . -

Trg o _I{I+1) ' (3.69)

P 25(5+1)

and then, by using equation (3.68) in equation (3,69) we
have IR

(3,7&)“
2 Yy B
which represents the "maximum” NOE observable in'ahy @%ﬁ@e;."Lr
equation (3.68) becomes '

When I = 5 mwim
2

£y s Wa S e

20y Wiy

1f relaxation proceeses i addimiwn_ﬁ@_ﬁig@l@@digﬁ;é""ki'

present, they will Qﬁnﬁfibuue.t@.wlif ?hiﬂh,@ﬁﬁﬁmﬁﬂi




W1 total = Wil + wWp®
and therefore,
fr (80 fr (8) max =T - (3,73)

py referring to this condition, it is poassible to know

how effective the "other® relaxation processes &re,

3.4.C Relaxation in Mulbispin Systems

The colomon’s eguations (3.51) and (3.82) aan pe

.

genecalized by congidering a multiepin system &g & aum.éﬁ
pairwise interactions and summing the relaxatien affechs
of each pair of spins. For a spin 1 coupled to & group:

of spins j, we have

4 Izi>m~Ri(<Izi>-Ioi>“_ﬁfij(ﬁlzj>~loj) (3.74)
at

where
Ry = ‘S-Pij +Pi’fr

av

where the symbols have the wsual m@dniﬁgu‘ﬁﬁd_g-i

direct relaxation of epin 1 dug Lo "other®  relas
paths, i.e, spin rotation relaxation, - An
chemical shift, paramagnetic relaxation and so on.

dipg;g@dipbla ﬁelaxatxan ﬁ%E§ﬁ§ﬁ‘

Pij is Lhe direct




i

i] vi2 ij-ﬁg fi¢(iﬁyfﬁfi,'_i 57

and

Pig =204 | . ('.1_3,“7~;6')-”-.l'

3.4.C.1 The NOE In Multi-Spin Systems

The fractional enhancement of the total integrated
intensity of the resonance of the detacted &pin Iy when

spins Iy are saturated is defined as
fa (8) = [{Iza)~10a)/Tod (3.77)

Bquation {(3.74) vcan ke solved for ﬁd(s) by setbting
(I,5y=0 for all of the saturated spins and using the

steady-state assumption for spin 4

_a_ <Izd>=o

dt

This gives

£als) _ seas Ios/Rd loa~Rg™! fodn  Iap CedTon] .
et 5 . 8] I@d Iﬂﬁ  (39?§l]?ng.;
where n labels the sapins ﬁoﬁ satdratea. ﬁﬁt' iﬁ@iudiﬁg'-a;'l
But ((Ip)=Iop)/Ign i8 £nlf), the enhancement. of .»"il;‘?fl;-'*".."_?‘.§.~l;:,
when s ias saturated. Likewiss S e

Igy === 1} (i * 1) Py



and, for dipole-dipole relaxation. =~
Tijes= (Pi3/2) 1Ty 4 1)/I5(15 4 1)

This gives (111)

£q(s) = $7s Pgs/2Ya Ra- Iynlan £n(%)/2va Rg (3,80}

The sum over s includes all saturated spinsy the sum over
n includes all spins except d and s. By implication 4 i8
a single spin; if 4 is one of a group of eguivalent sping
the enhancement of each member of the group 1s the same.

some examples are (111),

a) Case an X3

In this case by using equation{3.78) we have

fa(X) = 3 f)ax(}’x/2?a)/(3/2 P aa t 3 Pax'i'f}a*)' (3:-51)
£,08) = 2 pyalpaloypx)/(I0rKI2P yat Pe¥) (3.82)7

b} Three spins a,b,c, linear

£4(P) = Pap/2Ra = Pap £ofRI/2 Ra . :fﬁt3;a3>‘“‘
or | . |

£atP) = Pap/2Ra  neglscting the gepond ﬁenm% j$f;wfh‘.
end spin is observed while the ather end epin BeLursted

We have
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fc(a)23“fc(b}fbtﬁ}-'
IQ the case of multiple SapugétiQnQé;ﬁa;
fplate) = fpla) 4 £plc)
The effect of multiple resoﬁance NQEis'aPpr@ximaﬁ%li.bﬁ??.-
sum of the enhancements when one &pin is Satuiatéd aﬁ éi

time,

Many more examples can hbe found in refersnce (111

where the measurements of NOE enhancements are used In

determining relative internuclear distances in . spimj.'f_

systems with more than three spinsg..

Numerous applications of NCE- measuxement$  Hin
structural organic chemistry have been described
(121)(122)(118), 1n particular the work of Bell and

saunders (123) on ochotensimine have shown positive and

negative enhancementsa when selected protons .wﬂ£%5‘~P7

irradiated and those were correlated with the. m@i@cu$éﬁ]a'

structure, They have found (119) 4 lin@aﬁ_;raL@ﬁi@ﬂgﬁip_ﬁ.
between the intramolecular nucleat QV@EEQQE@ﬁ 
enhancements (NOE}) and the gixeh pmweg , Qf ‘ Ehéﬂ
intermolecular distance for. protons iﬁ—_aﬂm@act«1mxgaﬁ¢g
molecules in. deuterochlaroform SﬂlUti@m&'Jfﬁni@-wh@p@énéff:
because the intramolecular relaxation 1@ womp@tjmg wgrhi"”

an essentially constant iitarmﬁlﬁaular mms% ibuLimﬁ T?mmi

the solvent. The enhanceneant i8
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-1 L
fd(s) = 2+ Aréds

where the constant A depends on. t’,he iﬁfaﬁiﬁi@: bet;we
intermolecular and intramolecular éontﬁibﬁtion;;"}&ﬁgf,éf  ;'
non-rigid molecule (dimethil formamide) ﬁﬁey haVe  fmQﬁﬂ§I?®J7.
that irradiation of the high fleld CHy signal caused 3%
enhancement of the formyl proton signal at 31°C whereas
it caused 24% enhapcement at 70°C, i.e., mwore rapid

axchange at higher temperature transfers saturation fram

the methyl group site cis to the formyl proton.

3.4.C,2 Intermolecular NOE

PR

In addition to the intramolecular WOR there can b@*ﬁm
intermolecular contribution, that is effectiva when high j
concentrations of nuclei (e.g. 1 or IJF) are present.
It is very inceonvenient as far as NOE structural studies:
are concerned since the intramglecular NOE enhaheemeﬁtﬁ-
tend to decrease because of it, Kalser fl25);"‘Wﬁ®:J
observed an intermolecular NOE Dbetween the pr&tanﬁ*;éﬁ,i, 
cyclohexane and chloroform,  suggested tﬁéﬁfja?éﬁ@@¥:i{_:
experiments should be of interest in the study of ligufaéi;;ﬁi

and intermolecular forces,

According to Hertz (B7) the relaration rate of spin 1

due to intermolecular dipole-dipole (%ﬁ)‘"ﬁﬁtﬁﬁ%ﬁhié

with a spin 8§ ig approximately
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where Ng 1is the concentration ~of
distance of closest approaéh;betgeéﬁ‘a, ¢ ERG
brs is the mutual (translational) ‘self-diffusion esnstér

of the molecules containing 1 and S‘and-ﬂsfqivén byV
Drs—

where D and Dg are the self-diffusion constant of I and’
respectively. The value of P;S can he expressed ag.big,
well by using the results of other authors (79)(86) |
it is always difficult to test the outeons ﬂHE"th:ﬁhé5 :
poorly defined quantity a . and- the - evaluation _Qfﬁ';hél\l

self-diffusion canstant,

protons in solvent molecules can ephance the signals of
protons in solute molecules. Mackos . .and Maclean (126
have used a collision ceomplex A-B.model to analyse th@} *
intermolecular interactions, where the ftﬁ@ﬁﬁipﬁm.-
probabilities are defined apalogously ¢to _Ehaée;ziﬁf §hﬁ};h9
intramolecular casa, The analysis of Bell ;&adafﬁﬁﬁm@ééf.
(119) for getting ctha;‘Lelatian&hiphgbatwéﬁnﬁﬁeﬁﬁ@ﬁéémg"@
and internuclear .,diﬁg@ng&s,‘.vuaaﬁ'ﬂ”thedf.mgﬁgliﬁﬂghu
dipole-dipole interaction  betwaen. the. -~ protens - g

molecule under study.and other Eﬁﬂt@nﬁﬁyﬂwifﬁf

‘%‘ (Dy + Dg) . o (3.88)

It has been shown (125) that the saturation of

around this noleculg, - Other workere (A27)(128) have
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intermolecular lnt@ractlens and tj;

(3.80) which 1is. applled to 1ntram@1@e:

can be extended to - the .case 5£§fj'
interactions in order to correlate ’tﬁe, @ﬂhandémént};
obtained after saturation of the SDlvent _.gitb';§théﬁi,

characteristic intramolecular . and. intermolecular.

relaxation times.

3.5 13c Relaxation Processes

Relaxation data relate closely to goverall and 1g¢alpﬁj
molecular geometry, bonded and non-bonded intaractiﬁné;}

and other factors controlling malecular wetions.

The 13¢ nucleus is particularly Euit@&’fon»reiaﬁat§f7 "
studies for several reasons: . R
1) Since carbon is usually not found”at,the*periphe;yf;»-

molecules, the interpretation  of itss-mgalaggki;

behaviour is generally = mot - complieataﬂ?' |
intermolecular relagation  processes, .uﬂi;k&

situation for +H and 19F nuclei. s
2y l3¢c  spectra are primarilyfwobaarvad.'f

decoupled conditions, whera.z'aa@h.i‘éﬁ

molecule 18 gensrally - rapr@a&nﬁad Tl

spectral line wWhose gpins= 1arti@@ (le

(T5) relaxation times: are g@vermedii”ﬂ
(128 g

&

exponential btime gonstants



3) The rather large chémid&i-'éhiféizﬁin@".?'
nucleus makes it p@ssiplg;péWregbi é
carbons, even in complex ﬁﬁplae@leé}? ,Tﬁu§;a;ff}fh
sites are often availabla;-gg_ﬂwﬁigﬁ';gbkgégﬁ;i

molecule’s motional features, 1}_*

Carbon-13 spin~lattice relagation . - studies
therefore, give the c¢hemist an - additional . set:
parameters that may be used . to . -eharacterize -.organis.

molacules, s

spins and the lattice arise as-'explaineﬁ _earligggiﬁ?9ﬁ5.fg
dipole-dipole interactions, spin-rotation .interactﬁqﬁs;ﬁ~
chemical shift anisotropy .and scalar .intefactions;‘ {Ali;{
of these mechanisms c¢an be operative. to Variouﬁ,eﬁﬁﬁﬁ“QKJ

for

only the first two are commanly ohserved.

The general treatment of relazatian. mechani amg

been covered in seckion 3,2, Conceptual degerdptions:

13¢  relaxation  mechanigms . are . pravided .-

(130)(131)(102). - o s .fff_}~§g?
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significant anisotropy in she shieldig
can give rise to flucuuating'?Maqﬁéﬁidfiﬁié;qu
molecules tumble in fluids {KElative*?t§3 £h€;5£i%§§__
laboratory magnetic £ield)., The Cgsﬁkgfgan:baﬁlaﬁg@ffhﬁt_x
carbon e.g., for carbon nuclei such as those involved 4n
double bonds, in carbonyl groups and aromatic SYStﬁmSy

when the anisotropy of the chemical shift, 40, s
typically of the order of 1530-200 p.p.m, (F32) (1333,
Nevertheless, C.8.,A, felaxation ig almost navaﬁ- "
significant for 3¢ nuclei at normal spectrometar Eiﬁlﬁ§  C
of, say, less than 2 Teala. Howaver, because Eﬁ§ 
efficiency of C.S.A., relaxation follows tLhe square of mheﬂﬁ*-
magnetic field, this mechanism may. play a_ﬁ¢reuimpdrbaﬁgif
role in experiments performed at very .bigh fields.ﬂ;Evén
sq, at 5.9 Tesla (63 Mig), c,5.A, relaxation does .nmﬁni

dominate relaxation for the non-protonated carbon ‘1ﬂ_fi

toluene (131), The first example - where th@. ¢¢&‘ﬂ
relaxation mechanism could be deanstrated'in‘giqg$@$ ﬁﬁ “P
for 13¢ selaxation in Csy (1341, The importance of ‘the
C.5.A. relaxation contribution in r@latian-E@;tﬁﬁfﬂiﬁﬁlﬁﬁﬁfﬂ
contribucion (135) is influsnced by the velus Of 3 £0%
adjacent nuclei., FoOr thig reaaan the G’B'ééfﬂmﬁtfihwﬁiﬁﬁ:]
for the carhonyl carbon of deuterated ava&mng ig 'ﬁigg@ng

than the dipolar contribution.



A 13¢ nucleus'ﬁhat“is'Sﬁinwséihwﬁé§";Q__ﬁé
quadrupolar  nucleéus X  that © i8 _  ;-kﬁ:ﬁéeeﬁgéi;ﬁ-ﬁ;éi,
spin~lattice relaxationm may, ih PI-'-LTICIE):LQ; beralaxadby lE
the rapid modulation of the sgpin-spin ~¢Q&plihg ,ééﬁgtﬁﬁéng;-F
Jo=%. However, scalar 3¢ spinwlaEEiQE'-relaka€i5ﬁ=?i$fff7"
very rare and has ‘been observed thﬁar‘fdrgﬁﬂﬂnﬂy- fbﬁ%
carbons attached to bromine atoms - because _Gf“'th%if
similar values of v(131}, as a consequence; +3C nuclei

LER

hound to Br relax relatively guickly e.g: (GHCljé-Tlsﬁg“.ﬁ"

sec),{CHBry: T1=1.65 sec)

3.5.A.3 gpin-Rotakion (8 R) Relawation

"

Small molecules and freely rotating CH3~gfoups-eaﬁ bQ_
effectively relaxed Dby @ mechanism - invelving rlogal
magnetic fields produced Dy the rotational motion oﬁ th@ ~
molecule or group itself, In these casgses &R relaxatiaﬁ
often competes with D.D. relaxation-  for pr@téﬂaﬁaﬁéx.vl
carbons, while the S8R interaction d@mﬁmﬁté%‘*lﬁﬁég';ﬁ
relaxation  of  non-protonated canbcna««‘ff3$ﬁﬁ' iﬁRQﬁfi
temperatures and low viscosities 115% wecomes shorter a8
a result of increased molecular m@timﬂﬁ”‘f@bﬁ@ﬁ?éﬁf"%ﬁiﬁ:
relagation times in small molecules ave hypié@lk@ﬂiggggf:i

see (130)(131)



spin: generates - l@cf

Each nuclear

If two magnetlb'nuclel such as 13 and lHFér7"
bond, then each of the nuclei Wil TEeel® mor ‘only the
extarnal field By, but also the 10ca1ff£éj@5“§f ghéj§£h@f |
nuclear spins (intramolecular dipolewdi901§'ihteréétiéﬁ}gfil

In liquids molecular motion is very ra@idland.th@“SPﬁtiaijsf

rotakbion of C-H honds are correspondingly fﬁSﬁwiinf
dissolved organic molecules, consequently, the -
orientation of 1R and 13C relative to By "will b&-,'ki
constantly changing. AS a result; the magnarmc .f:
reorientations of the Lwo puclear ERIN8 .. g8 n&réLéi;
fluctuating local fields which  centribute  EO 7E§§}f;
celaxation of the nuclei. Mesg of the 13C nucled .'_:'i.r{"’
organic molecules, especially those. llnked to. hg@f@gé.
(CH, CHp, CH3) are relaxe_d,pre_ddm,t,-natly' by ;gf.i_;;tr:-amqlét:,u,l,.:éi.rr'-j .

dipole-dipole interaction.

Intermolecular. contributions are usually rsm&l;f
for example, the intermolecular ‘contribuﬁidnﬁggp
carbon-13 relaxation of formlc ac1d ;s neqlig

Kuhlmann and Grant. (137) . have corcluded

mesitvlene and oﬁxylenﬁ:y:hg,h;ntggmggacu;:“
is approximately 4% and 7%' @ﬁ : Lhe
contribution, which i8 t@ally quiﬁ mallw,

}

carbons withbut neazby pzmtons th% intelmml&u_

can be significaut ﬁ' mlmilar_ji

reported fﬁt“behﬁeﬁE"&ﬁd é?¢l@h@K5%ef
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an intermolecular nuclear Overhauser ﬁffeff

CClg and CSy in alkanes (135) has been fouﬁd'

varies between 8% and 50% of the maxlmum depand;ng'ﬂ

solvent characteristics,

The Solomon's equation (3,%)) for l3C%H'is‘

dlz_ (13C)zupc ((15(330) ~To(23C) )~ bu ) “To(bRYy) =
dt _ S S 4389
where
Po == Wy + 2Wig + Wy = ) (3.90)
Tic
OJEWZ “WD = wl ' (3&9‘1)
T)cH

Because of the coupling C=H the recovary of 15(13c)1w$l1jvfgi

be non-exponential and regquires -agnalysis of ‘data inm teﬁmﬁaff

two relaxation times _1 and X (l39){-”Fbrtuﬂat@iY:?wafﬁ"

o

Pe o
values of +3C can usually be measured with proton nois@

decoupling and then (I (B))=0 in .equatxon 63s89)17f‘$hﬁ§

effect of this is to simplify mitters so thabt

(Iz(l3c)>~ _ 1+ o lﬂj - 14 mg;iﬁlan_¥f‘t3“"
1o (13c) Py (13C) P Ve

The nuclear Overhauser enhancement (NQEZ f§?ﬁ@§!?l%$f‘”'
defined by

PR PRI 1041 ke DS A ' 0 L

which has a maximum value whan the only interscti

dipolar~dipolac, of



g 1 Yy o _ 1,988
2z YC o

In the extreme narrawing limit, the Valu&'bfjﬁegfié;iéﬁff,i

1 :-ﬁ .\1) H2 Yf‘z T c 7 . ' A (3‘35) ' ]

Tlc I.‘6

which applies to the relaxatiaon of a .carbon nhﬂlénsjbgﬁded
to a single proton. Equation (3.95) <can be medified to
tzke into account interaction from other protons -dlrectly .
sttached to the carhon or attached to other -atoms in the

solecule. For this case the 13¢ relaxation time due to.

the C-H dipolar interaction, T1BP=T)c, 1is given hy

u N s eff I
1 :_”_‘E VH H_Jf?(: iﬁé Tc’ ’ [395'}}
w. DD P 6
iy LC,H.i
eff . i , L _
where 7. is the effective 1sotropic correlation time.

In most instances of a carbon directly ponded to hydrogen -

«he relaxation interactions £rom non~bonded prot@né';¢an_fﬁ]-’

be ignored, due to the shortness of the C-# bond rglativ@fwi

| o
to non-bonded C-H distances. The expression ﬁ@ﬁ«_TlPD

then reduces to (140)

-

s an
Tiop KEH

where ny is the number of protons

the carbon of intaz&%t?



3.5.8 Relationship of "Tiﬁﬁa

Enhancement FaCtdfn_farf

It is important to hOtice that

mechanisms compete in the 13¢ SDln lattlce }ptocess,

recovery of M, from a perturbatidn.-iapfexpdhehtiai?
provided that T; 1s determined under proton decoupled.
conditions. This result is apparent from the fact that
only the C-H dipolar mechanism glves rise to W3 and wo
transitions, because all the other mechanisms affect only
Wwie (129),  consequently, if Wic represents a non-dipolar

relaxation mechanism,Ty¢ is given by

b

1 _ Wo + 2Wie f 2 Wic + W 0 (3.98)
Tic ' o

11 + 1 | S (3.99)
Ty PP T1°

where T1° represents other, or non=-dipolar interactiOna.

By using equation (3.68) the NOE factor # is

- YH @ Y H W ;‘D'Wn .
Ye Pa Yo Wo + 2Wjc + 2W1° +W2

. IH Wy -~ Wg
Ve o (T1PP)TEHITL?)

-1

but in the motionally narpqwed;reg;on WZ*Wo?;%mﬁ$iﬂp;ve~

Typp = Tic _1.988
where Tyc is the experimenial relaxation tim&:ﬁetﬁrmiheﬁp;
under noise decouplingeondi_tiﬁn= : '




Equation {3110%Y{héﬁiéﬁfiﬁﬁermb X
the case of CSp and CC14 iﬁlalkiﬁegﬁ'

of eguation (3.102) is -

Tlinter‘z Tic 1.988

ninter

where Tipter and "inter represent the intermoleculaﬁ
relaxation time andg intermolecular NOE factor

respectively.

3.5.C separation of Relaxation Contrihutions

A combination of variable field and variable
temperature T1. and NOE experiments can distinguish DD,

-1
SR and CSA relaxation processes. Since T) is given by

1 1 + 1 + 1 + 1 (3,104)

Ty T1DD Tisr Ticsa  Tisc

a typical approach to the separation cf the mechanisms 1is

to determine T; and the 13¢C IlH} NOE. Use of equation

LD
(3.104) then enables T3 and T1° to be readily

separated. Often it is assumed that €SA and - sC

contribute negligibly, so that T1° = ©1SR., If chemical

shift anisotropy 15 operative, then constant temperature

variable field experiments enable T,CSA to be extracted

from T1;° via the square £ield dependence of TlCSA(l3$,

Tables (3.3) and (3.4) give an idea of the magnitudes

of several individual contributions to 13¢ relaxation.
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Table 3.3 1Individual COﬁtEi

serveral compounds.

Compound Carbon

benzene{102)

degassed all

undegassed all

Toluene(102)

degassed 1
2,3,4

undegassed 1
2,3,4

cyclohexane(103)

mesitylene(137) rting
CH
CHsy

Ty

29.3

23.0

89
22

58

1%.5

17.5

41

11

NOE(7)

1.6

1.3

0.43

Tipp:  Tisg

37 146

35

297 130

26 147

270 -

27

18 100

85 78

7 80
25

23

butions to 13¢ Relaxation times for

Tio, T1CSA -
107
23.000
23,000
155
135

Table (3.4) Carbon-13 spin-lattice relaxation times and NOE for

several compounds.

Molecule

C1

1 li,
3

n

0.8

Ca

15.2

0.5

10.7

14.5

C3

13.

0.5

5

Solvent

CDC13

neat,

neat

T(°K) Ref
303 141
303 142
313 143




3.6 Molecular Dynamics -

Introduction

The nuclear spin relaxation rates in nuclear magnetic
resonance for two like nuclei of spin 1/5 having a
constant separation distance are proportional to Jh{w},
the Fourier intensities of the <correlation functions
{(Fh(t)Fh*(t+7 )), which relate the orientation of the
vector Joining the two nuclei. Bloembergen (74)  has
calculated the relaxation times attending the tumbling of
the internuclear vector by assuming 1t 1is attached to a
sphere undergoing isotropic rotational diffusion 1in a
continuous medium just as in the Debye (78) theory of

dielectric relaxation.

If a molecule acts like an ellispsoid rather than a
sphere undergoing anisotropic rotational diffusion in a

caontinuous dielectric medium, the rotational -motions

about the different axes of the ellipsoid occur at:

different rates. vperrin (144)(143) has calculated the-

dielectric relaxation for this model by extending the
Debye theory for spheres to ellipsoids  with the

correlation times related to molecular axes - a,b,c.

Wwoessner (89) nas calculated the nuclear spin relaxation

time Ty, T, for two identical nuclei of spin I1-1/, fixed

in an ellipsoid undergoing rotational Brownian motion,.

He found five nuclear correlation times; for non+viscous

liguids T1=Tp, when the rotation probabilities about two
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axes are egual,

one correlation time was obtained,.

Relaxation measurements on protons have provided
insight into the dynamic behaviour of many relatively
simple molecules (87), but in this case <contributions.

from inter and intramolecular dipole-dipole interactions

must be separated through appropriate dilution studies.

-

3.6.n Investigation Of Molecular Motion By 13C spin

Relaxation

The study of molecular motion by using 13¢ relaxation
seems a desirable alternative to lH studies because the
13c-y  intramolecular dipole-dipole interaction is the
dominant mechanism for the spin-lattice relaxation of 13¢
in all except the very smallest molecules (146) ., The
intermolecular 13¢c-lg dipole-dipole interaction does not
contribute significantly to 13C relaxation in. most
organic molecules. For example, for toluene (102} the
intermolecular dipole-dipole relaxation for - the
protonated and non-protonated carbons corresponds to
T1PDinter 2 1.500 sec Wwhich is a very small contribution
to Tj. Because the 13c relaxation ~rate arises mainly
from intramolecular coupling and TiDPPintra can = be
extracted using the NOE .factor, it is evident that this

facilitates a detailed study of molecular reorientation. -

155




The effect of anisotropic ‘overall dfqiﬁﬁefﬂaiﬂhbﬁfdn“‘

on Ti's for the different carbons in*a-mblégulé dﬁpeﬁas'~-

on the angular relationships between eeeh-éarbbh and the
proton relaxing it relative to the preferred ~mede"Of
rotation. For example (102)  in monosubstituted benzene,
rotation around the C, molecule symmetry axis (coincident

with the substituent ring-bond) 1is favoured. If the

substitute 1is large and heavy or highly polar, then

rotation around the C, axis may be 3-20 times faster than
rotation around the remaining perpendicular axis;
rotation around the C, symmetry axis does not lead to any
modulation of the T1DD of the para 13C and its directly
attached protons. However, such a rotation for the ortho
and meta carbons because the C-H bonds in these instances

make angles (p) of 60° and 120° with the C; axis and move

relative to this a%is.

Differing Ty values for CH3, CHp and CH carbon nuclei
within a molecule can arise not only by methyl rotation

or anisotropic molecular motion but also from the

segmental wmobility of partial structures. For example,

in decane (147) the molecular periphery is found to be

more flexible that the centre.

Campbell et al (148) pave used pyridine as & motional

anisotropy probe, assuming that the formation of a

complex between EWO species slows down the tumbling rate

about axes perpendicular to the direction of the newly

formed bond. This change in the rotational diffusion
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tensor can be followed byw-mgaéugiﬁg?-l;

relaxation times,

Kuhlmann and Grant (137) have sﬁudredl the 13¢
relaxation times for O-xylene and mesitylene. They ~have
concluded that in mesitylene the internal methyl rOtatidn
is very rapid with respect to overall molecular diffusien
while in O-xylene it is not as rapid as in the case of

mesitylene.

-

3.6.B Other Methods For Analysis of Molecular Motion

Tn addition to the use of ly Ty and 13¢ 71 for the
study of molecular motion, investigations of this have
also been based on Z2H quadrupoiar relaxation times, the
chemical shift anisotropy interaction  and . light:
scattering experiments, in order to provide _additibnal

information about the molecular movement,

3.6.B.1 Quadrupolar Relaxation Times

For covalently bonded quadrupolar ,nucleip _.theﬂ
clectric field gradient at the nucleus 1is often gquite
large, and the guadrupolar interaction; can become two Or
three orders of magnitude larger than that of any otbe;
interaction, which can then be ignored,. This means that
the only source of relaxation 1is of intramelecular
origin. Therefore, the relaxation time for nuclei sugh

as 2H, 35¢1, etc!providesthe rotational correlation time

directly.
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149) ‘has. r T T RANTEIE SITC) rneT S
Huntress (149) has related T o to thé compenents Of

the rotational diffusion tensor for

rotational diffusion. = For symmetric top molecules. sach &

as Deutero - chleroform, =zyor 1s a function -of the

rotational diffusion constants Dy and Dy . - He deduced

the deuteron relaxation time (130) to be:

-1
1p — _(e? 0 q)%p (3.105)
16 D,

because there 1is no . field gradient £luctuation when the
molecule rotates about the symmetry axis along C-D.
Since the chlorines are at f#=110° to the symmetry axis
along the C=-D bond, the expression for Tiq is a
complicated function of Dy , Dy and 6 ., ~If the
guadrupole coupling conétants for 2 and 3°Q1 in
deuterochloroform are known, it Wwill be’ prsibleu to
calculate D, and then D, which determine the motion of

the molecule.

Gillen et al (151) explored the relaxation of several

nuclei in methyl 1iodide and found agreement between -

rotational parameters obtained from =~ spin-lattice

relaxation measurements on 13C, g and 2p but they @&id
not use the nuclear Overhauser enhancement to'measuﬁé'the

dipolar contribution to the relaxation of 13¢,

shoup et al (152) have measured the 13¢ relaxation

rates for 13CHC13'Which'is given by
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1 1 v

Ripp = Yc .VH -hz TcL(FCH)’ﬁ“
After correcting Ry by using the (NOE). . factor .y the
correlation time 1is Tc, :G(Dl)“l which agreed with the
values obtained by Huntress (130), gpiess et al- (153)

nave found that 1in toluene, the effective correlation

rimes for 13C and 2p reflect the same average over the

anisotropic motion of the molecule., A similar result 1is

reported by Jacobsen (134) . The above examples serve to
illustrate the 1importance of studies of gquadrupolar

nuclei,

3.6.B.2 Light Scattering

pecora and co-workers (155)(158) nhave made extensive
measurements probing the reorientation of anisotropic

molecules, They combined 13¢ spin-lattice relaxation

times with those obtained from depolarized Raleigh .

spectra.

The simplest molecules studied by these authors'weré
benzene and mesitylene (158),  Both of these molecules
are symmetric tops and hence have only two ;elaxation
times for reorientation. One of these reorienta;iong_is
about the symmetry axis perpendicular to_the plane of the

ring (called Ty ) . ‘There 1s no chrange 1n optical

anisotropy associated with the reorient@tion about this

axis and hence it does not affect the 1light 'sqgﬁte:ing

spectrum, Reorientation about an axis in the plane of
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the ring (perpendicular t6 “£5e?aS;ﬁﬁe££¥-_
however, affect the 1light Scattering_ $§eét?um;  &Thelf
single molecule reorientational cérrél&tiéﬁifuhétidn_Ehat
cdnt:ibutes to the depolarized light scattefing spéctrum4
in the rotational diffusion appfoximation, has a

relaxation time

1 - 66, (3.107)
TL
The carbon-13 spin—lattice~‘ relaxation time

measurements are related to the reorientation time of a
c-g bond axis. For mesitylene the C-H bond axis bbserved
was that for the ring carbons. For symmetric tbp
molecules such as benzene and mesitylene the 7yMp is

related to both 71, and 7. by (149

TNMR - Y 7, o+ 8 T, T | (3.108)
4 4 T42 T

Consequently, & measurement of 7= Trg from light

scattering, and Tyuyg can be used to determine T, .

secora et ai (156) hayve performed depolarized Raleigh.
scattering and 13c spin-lattice relaxation time
measurements on solutions of benzene and mesitylene as a
function of solvent viscosity. The solvents. used were
isopentane, cyclooctane, cyclohexanol, caqun
tetrachloride and mixtures of these compounds., TheSé
authors found that the light-scattering reorientation

times varied linearly with solvent viscosity (Figure 2.5}
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The resultant T,, TLVaff_iinéafiyiﬁifﬁﬁ:; -  
The experimental slopes and interéépts aré giwenrin tab1e 
(3.5). wWhilst T, for benzene has essentially S
slope, 1, for mesitylene does have a élope' guf only
slightly «greater than zero, The other reofientation
time T, is strongly viscosity dependent in both cases.
For a molecule of spherical shape, we can expect that the
particle does not have to displace or to push any fluid
out of its path in order to rotate. There will,
therefore, not be any viscosity dependence for T, in
benzene but as the molecule becomes less spherical_ﬁas in
mesitylene) there should be a dependence of T, on the
solution viscosity. From similar considerations, the

reorientation described by T, should be more strongly

viscosity dependent, as illustrated in Figure (3.5)

pecora and co-workers (158) nave -suggested that the
rotational reorientation time about a given molecular

axis is

~
kt
(@]
[

o+ Tg | (3.109)

where T4 1s a constant whose value correlates well with

the classical "free rotor reorientation”™ time.

Tpr - 27 [ 1\ Y2 (3.110)
9 KT

in which I is the moment of inertia about the axis under

consideration.
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T p.Sec

[e) T

1 2 M(C.P)
a) b)

Figure 3.5 Correlation time Vs solution viscosity for

a) benzene solutions
b) mesitylene soluticns
the dot (o} refersto neat compounds

Table (3.3) Viscosity dependence of T:and T, for benzane

and mesitylene (156),

benzene T
slope C Psec/c.p. 3.5+ 0.1
7, (P.sec) | 0.8 + 0.5
Teer (Pesec) 0.45
mesitylene

slope C P.sec/c.p 10,6 + 0.8
To (P.sec) 3.2 + 1.0
Te.r (P.sec) 0.8
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3.6.B.3 Chemical Shift Anis@trééy___.]__[ff‘

In ‘ligquid benzene, it is known from combination -of
13¢ nmr and light scattering data (138) that at .room
temperature the rotation about .the sixfold axis ‘is about
3.5 times as fast as the rotation about axes in the
plane; thus T =3.5 T, . For a planar molecule like
pyridine the molecular motion is anisotropic, having in
principle three different correlation times, but the tWO

in-plane rotation axes are nearly equivalent as shown Dby

high-resolution 13¢ studies and a relaxation study on

selectively  deuterated pyridines (1577, Relaxation
through the anisotropy in chemical shifts can provide
information about Ty, T.. ToO analyse this, we have to
«now the tensor of the chemical shift for 15§ in
pyridine; this is obtained from the 151 powder spectrum
of solid pyridine (158), The correlation for relaxation
is Tog= T,. In order to determine whether or not the
motion is anisotropic, it is necessary to determine Ty
and therefore 15N data and 13C relaxation rates must be
combined. The relaxation rate for pyridine is (158)

T/ T =1.4. A similar experiment has been done - for
deuterated toluene (153}, there, /Ty =3.5. The uSé of
the anisotropic chemical shift in compination with 13C
relaxation time yields valuable information for studying

anisotropic motions of molecules in liguids.
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3.6.C  Quantitative Analysis of Molecular Notions

The basic theory for the evaluation bf the. anisotropy 
in molecular motion by measuring SPinflattiﬁe felagétioﬁ
rimes has been given by Woessner (89).-.Eo:-protons; the
relaxation 1is a complicated process, influenced by both
intra and 1intermolecular motions. As was mentioned
pefore, the relaxation of 13C and 24 in liguid molecules
is usually a relatively simple process, the dynamic of
which is controlled by the rotativnal motion of fixed
molecular vectors. For 13¢, because T3PP can be obtained
casily by using T observed and the NOE factor (129), tnhe
reorientational <correlation time 1is of great utilitf.
Evaluation of Tgge f£rom T1PD data via equation (3.97)
provides a measure of the time required_ for a given C-H
vector to reorient by approximately 1lrad, Teff can e
considered as quantitative only in the case of isotropic
reorientation of a molecule with  T8ff=l/g D where D is
the diffusion constant. The simplest case of . an
anisotropic system is that of a symmetric top moléculé.
Woessner and Snowden (13%) and Huntress (160) -have;
developed expressions for 7100 where Tceff is expresSéd
in terms of Dy and Dy . The Woessner expression

: . . 161
{(modified for 13c relaxation) is given by (1e1)

1 ___nH'hz-ng ¥ o2 [A + B + c}
T1PD ré, L 6D, 5DL+Dy 2-D1+%13>.“7111

where A,B,C are geometrical constants and are functions

of the direction cosines of the angle between the C-H
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vectors and the symmetry axis, -Thus-“

TCeff = D71 (*A_,+ B + ¢ : ‘cx;ilzy
6 54 @ 2440 B
where o=Dy /D, . in order to evaluate both diffusion

constants, an independent source of information .must. be
available for one of the parameters, e.g. dipolar
relaxation times, L-scattering, quadrupolar, CSA, .etC.
For asymmetric top molecules, all threé principal vaiues
of the rotational diffusion tensor are regquired to
characterize the molecular dynamics, There, three
different 7DD values of non-equivalent geometrical
configuration are required to sclve the three independent
simultaneous equations necessary to evaluate the
diffusion constants. again, Woessner (®¥) has given an

expression for T1PD, which is for 13C nuclei (141)

1 _ nyn?vylv2 [ ct+b+ + c-b- + ciby 4+
T,DD r®, bt +w2 b= +w2 by +w2
cy by + c3 by ] (3.113)
b22+w2 b13+w2 '

The five b variables are linear combinations of the

rotational diffusion constants

by = 4rR1 + Rz + R3 | '(3.114)
by = R} + 4Ry + .R3 | - - (3,115)
b3 = R} + Rp + %Rj - - B (3&1}5):
R MY L & . - ‘,(3111?) :;:ff}.




with
R = 1 (R1 + Ry +'R3) C s 43,118 -
; .
L2 = _1  (R]Ry + RpR3 + R3R1) , o (3.119}
3 N B

According to Woessner, the Cq, Co and C3 coefficients are
a function only of the directional cosines, while the Cj

and C_ terms depend on both directional cosines and the

Ri variables. - -

The first application of the theory of aniéotropic
motion to 13C relaxation times was given by Grant and
coworkers (162), when they studied. molecules containing
three Ty's with three rotational ‘diffusion constants. 2
computer program has been written to <calculate the
rotation diffusion tensor for anisotropic motion from 13¢
relaxation data (141){163),

The treatment of internal rotation impossed on .an
isotropic overall motion has been undertaken for a methyl

group (164) for which T1PP is given by

1 _ ny¥ptve?2n? [a+8 + C (3.120)

N
7DD EGCH 6D 6D 6D+4R{nt

In the case of a methyl group undergoing free rotation
(Rine ) D), I/T1PP reduces to l/g of the value for a
rigidly attached <CH3z (i.e. for methyl group gdeometry

A=0.111 in equation (3.120), so that 1/T1DPe= 0.111/6D
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for fast motion but 1/mPD a=lygp. for no 1r1ternal f_ﬁ‘dti"@:ﬁ:.:
(A+B+C=1 ). For mesitylene, it hés been foundufl37?:th§t.
T1PD for the methyl group is 23 sec while the ring carbdn 
values are 7.8 sec. While, the .effectiveﬂeS$' (relaéive
to the ring} of each C-H interaction is reduced by a
factor of 9, there are 3 times as many interactions for
the methyl carbon vs the methine, thus l/71DD  for the

methyl is 1/3 that of the methine carbon.

Calculation of dipolar nuclear magnetic relaxation
times in molecules with multiple internal rotations has
been carried out for isotropic motion (163), alsoc for
anisotropic motion (166}, More recently, there have
appeared several applications of 13¢ T calculation that

enable the analyses of internal motion in molecules

(167)(168)
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CHAPTER FOUR .~ = -

EXPERIMENTAL PROCEDURES -

4.1 Introduction

This chapter refers to the preparation of samples and
the techniques used in this work for the determination of

spin-lattice relaxation times, T; and the N.O.E. factor.

The measurements of Tj's for mesitylene protons that
are reported in chapter six were carried out using a
Varian HAlQ0D spectrometer. The measurements of 13¢ T1's

were performed using the Jeol FX30Q spectrometer. Each

instrument has different characteristics, which implies a
special approach to the measurement of the relazation
times. Therefore, in order to understand the methods: of
analysis, the techniques used in each c¢ase, have +to be

explained in detail.

4.2 sample Preparation

The value of the nuclear spin lattice relaxation
time, Tj, 1is very dependent on sample purity. It 1is
important therefore to use yncortaminated compounds. and
to prepare solutions in clean containers. The presenée_
of dust for example, can spoil the homogeneity -of the
magnetic field. consequently, it is important t0<7ensure f,77
that sample preparation is _performed under optim§1 

experimental conditions.




When preparing samples of.'liQﬁid;”ﬁigﬁﬁggg ?tﬁ@;1fi£5f-.
step was to weigh each of the ic-o_rﬁ'p:éne nts,  fn their
desired proportions, into a flask fitted - with -‘a
"subaseal™ to avoid evaporation when 'Using7'$01atile
liguids. It was noticed that the  “"subaseal" abSorbéd
some of the vapor in the flask. The samples werée not
therefore Xept for a 1long time in that condition and
changes 1in the composition avoided. A syringe was used
to transfer the compound from its initial contalner to
the solution £lask. In the case of TMS, which has a
boiling point of 27°C, it was necessary to cool the

syringe to facilitate the procedure.

The presence of dissolved oOXygen or other
paramagnetic impurities in the sample can significantly
affect the value of relakation times Ti. ~This 1s
particularly true for protons, which are located at the
periphery of the molecules, and eXperience
dipolar-dipolar interactions with the paramagnetic
sources, that become the most important ‘relaxation
mechanism , e.9. in the case of neat  benzené the
relaxation time is Ti=4.8sec, id normal air saturated
samples, but after degassing by chemical procedures (163)

it was measured as Ti=24.8sec at 303°K.

Until recently two methods have normally been used to

remove oxygen from the samples: the freeze—pump ‘thaw and

the inert gas bubbling procedure. "In the first method,

the sample is placed in & suitable container, on a-‘vacuum’™ -
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line. After freezing the sémple,'the 5ﬁm@1€*¢¢ﬁﬂ@im§g-isﬁ
evacuated. The sample is then isolated from the:vacuum

system and warmed to melt it. As the sample melts the

oxygen 1s released. The sample is then're—ffazen and the

container re—-evacuated. This process is repeate& 4 or 5

times. The second method involves allowing a chemically
inert and diamagnetic gas to diffuse through the 1liquid
sample and flush out the oxygen. Nitrogem, helium and
argon have all been wused 1in this procedure. It 1is

considered that the bubbling method 1is less efficient

than the freeze-pump-thaw method (1069), Recently a third
method (chemical degassingf has been demostrated to be
far better than the bubbling or freeze-pump-thaw methods
(169), For this reason, this chemical method was
employed for the deoxygenation of samples - prepared in

this work.

The main chemical degassing compound “is
Col(biPy)3 (Cl0O4)2 which is used 1in the pfesence of
NaBH,. The cobalt compound is golden brown in colour.
when solid. .When it is dissolved with sodium borohydride

in a suitable solvent it removes oxygen 'in a reversible,

colour indicating reaction =and when -all dissolved oxygen

has been removed the solution turns deep blue:

A special piece of glassware has - been deSigﬂed?(lGQ?.f
(see Figure (4.1), 1in order to- permit the most versatile
use of the degassing compound viz either dissolved ‘in- the

solution to be degassed or, if they are insoluble in
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this, dissolved in '".a"n. f ‘intermediate : sol vent t ha £ 1s
stirred heterogeneously with the main samﬁié‘in order.té
effect degassing. The latter approach Waé used here.
After weighing the solvent and the soluté'cOmponents, the
deoxygenating compounds were dissolved in water,‘ All the
parts of the apparatus were evacuated, eXcept the flask
containing the intermediate solvent (water) which was
frozen with 1liguid nitrogen. The sample material was
then added to the flask and thus frozen as well. The
volumes of solvent and samples were selected to be such
that the capillary ¢tube by which the transfer of the
sample was made had its end well away from the unwanted
layer in order to prevent the introduction of superfluous
material. The flask was evacuated until a vacuum of 10-3
torr was reached, and then isolated from the rest of the
system and allowed to warm up, Once the éontenté of the’

flask had melted they were stirred for 10 minutes-usingfaz

magnetic follower. This gave adequate time: for the
deoxygenating complex to  work. The procedure fwas
repeated. The liguid was allowed to settle "into &two

layers and part of the sample layer was transferred to a
reservoir close to the m.m.r. tube by cooling the end of
the capillary tube, near the rotaflow tap. Finally, the
three way tap was set to all isolated positidn and very
slowly, the pertinent rotaflow tap was openea to allow
sample liquid to pass into the n.m.r. tﬁ?e;_ this was
assumed to be free of absorbed oxygen .molécgies on its
wall because it was heated using a pencil ‘ﬁlamg_ ap .an
early stage of the experiment. Once the samplefhad.béeh'

!
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Figure 4.1 The Syvhoning Apparatus.
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collected the rotaflow taP-Was clo£éé §ﬁi'££e h@mtif'£ﬁ£é ;"j
cooled and sealed under wvacuum. All. £hg-‘saﬁples were
prepared by using this method. It Qas 'foqné} thaﬁ_ in 
order to get the deep blue colour indicating the complete
removal of oxygen it was necessary to use about 3 mgr of

cobalt complex and 30 mgr of Na BHj4.

4.3 Continuous Wave Experiments: Measurement Of The

Relaxation Time T,

A  number of methods have been used to measure

relaxation times (65)(74), Employing c¢.w. spectrometers

an experimentally simple technigue involves observing the

magnetization under the influence of a segquence of sweeps

through resonance. The classic adiabatic rapid passage
(BRP) technique (170) and other variants (171)(272)

require that +the sweep rate and the B3 field strength

satisfy the following conditions:

Ao A 8a] (4.1)
To Bl dt ‘ .

which means,
a) the sweep should pass through resonance in a- time’
shorter than 'T2r so that no decay of‘ transvérse
magnetization should occur during the passage.

b) the magnetization must nutate -many revolutions during

the passage.
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These conditions may always be .ObtdiﬁEﬁ; 5y' m&k;,ﬁﬁjﬁhé{h‘

sweep rate and B sufficlently large.

Technique.

In the ARPS method (173) an initial sweep through

resonance is made under ARP <condition, inverting the

nuclear magnetization. On subsequent sweeps the Bj field
is reduced to a level low enough to monitor the signal

recovery without significant subseguent perturbation of

the system. The initial sweep is ideally arrahged to

provide a 180° inversion of the egquilibrium

magnetizatioq. In order to achieve the ARPS condition
with the wvarian HA1l00D, the Asignal of interest is_
monitored in the sideband mode where the R.F., level is a
function of the modulation 1index and has 1low pover.

Then, by switching from sideband to centre band, the R.F.

power is increased by approximately  404db, causing

inversion of the magnetization vector. The return of Hgz
to equilibrium is observed in the side band mode with low

B] field. 1In the present wWork the signals were recorded

using a S.E. Laboratories 3006 ultravicolet Galvanometer
recorder. This recorder proved to have a linear response
to increasing signal output. A typical chart-output of
My vs time 1is shown in Figure {4.2); At is the time
between signals, and can be selected ~using the sweep

frequency control consistent with the ARP conditions and

5

other experimental parameters.

174



qusutiadxs gguy ue Jo aTdweXs OTIPUBUDS ¥ 7 oanbTg

175

It
Il_,#q_*lll
I |

| . _ B

:_i_“ a




After the applicatioﬁ ef a ‘Stf¢ﬁ§. flfL;:fiélH; .ﬁﬁé ”fﬁ

magnetization Mz=My is changed by a factor am-l at’ t=0. .
The instantaneous values of M,(t) Which'afejsubseéuently,*'
detected by using a low r.f, field, folidw an exponential

decay from aMg to My according to equation (4.2)
In (Mg-Mz)= -E/T1+ln (Mg-aMy) : (4.2)

from this it can be seen that a need not actually be -1
or indeed known at all. The value-of T; is obtained by
calculating the slope of the semilog plot of this
egquation as shown in figure (4.3). Most of the feported
Ty values were calculated by using the linear regressién
program of the Texas Instrument T.I programmable 58/59
where the correlation coefficient r gives an indication
of the dispersion of the data. In figure (4.3)  which
represents the decay of the magnetization . of the ring:
proton of mesitylene 1in solution, it can be seen that for

times longer than Tj, the dispersion of the experimental

points is most significant.

The ARP conditions have been studied by Parker and .
Jonas(lTﬁusing a computer to plot the- vélues. of Mg ﬁé
time. They have introduced in ;he _Bloch eéuatipns the
parameters Ri=(dBg/dt)/(B1/T1) and RzﬂﬂfBlz/QdBo/at) and
have found that R must be larger than 100 and R3>15 in-
order to get accurate relaxation times. In practice, Qa
found difficulty in measuring the r.f. field By and the

best conditions for the experiment —on  the HA100D.

instrument were fixed by empirical methods.
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Figure 4.3 The variation of the magnetization M, for the ring
proton of mesitylens in CCly (X'Me"—'O.45.) using the ARPS method
(T1=16.5 sec). At =0.84 sec.




4.3.A.1 Correlatipn'cOefficients

As Just mentioned, the value of ”Tl'”fszobtéinea:_ﬁfgm
the slope of a line in the semilog. plét of 1n{MOgMz) vs
time and as indicated in figure (4.3) when t is.longer
than T3 there is a considerable fluctuation in the
experimental data. This means that the inclusion of these
experimental points in the evaluation of the data, will
adversely affect ‘the value of T1 obtained. One. of the
reasons for this effect is that.wheﬂ M, tends to My the
value. of 1n{Mg-Mz) 1i.e. ~ 1ln{o) becomes uncertain. In
order to estimate the effect of this, we can maké use of
the correlation coefficient for the regression €.9. in a
sample of mesitylene-cyclohexane-TMS, the value . for the
ring proton was calculated és T1=19.4 sec with a
correlation coefficient r=0.,997, after 24 sec of decay.
1f we include 10 more experimental points, the. passage of
time for the magnetization is 34 sec. anad the relaxation
time obtained from the extended data is Tj=17.6 sec. with
a correlation coefficient of 0.914. This single example
shows that a) the data considered in the calculatiqn of
Ty have to take into account only values of Mgz up to.t&T]
or slightly higher b) the correlation .coefficient gives a
good indication as to the quality of the data provided wue
always use the same conditions, it 1s possible to use
as a criteriuom to select the best values

this coefficient

of Ty.
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4.3.A.2 Instrumental Conditions

The choice of the optimum iHStEUmentalﬁ'paf&métefs¢.

that yield reliable relaxation times, had to be done 1in

the earliest stage of the research. According to

Coupland (174)  the signal height which is taken as a

measure of My, 1s influenced by several parameters, Viz
depth of sweep field, éweep field scan speed, position of
the peak on the sweep, the direction of the sweep,  the
r.f. attenuation, the phase {line shape) and field
homogeneity. He concluded that the percentage of
nutation 1i,e. (h/H)XIOO, where h 1s the maximum in the
fluctuation of the peak height and H is the minimum peak

height is minimised by adopting the following conditions:

R.F. field strength corresponding to 10db - of
attenuation, sweep field depth 1x21/;, sweep duration 3x2
(1.05s5ec), field homogeneity (non-spinning), peak

position at the right hand side of the oscilloscope.

In view of the fact that these experiments. were

carried out on steady state signals, it was considered

that a review of the analysis of the variation of T3 with'
respect to the above parameters could help identify the

best conditions for the experiments,

Jt is expected that the optimum conditions will give.
the maximum relaxation time with the highest correlation.

coefficient for the relevant regression.
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For the preliminary investigations a sample with a mole
fraction of 0.07 of mesitylene diaéblveﬂ. ih qycloheXéne .
and TMS was used, the ring proton relaxati@n_tiﬁe.being*

studied.

The variation of relaxation time of the ring proton
of mesitylene with R.F. power can be seen in table (4.1);
when the attenuation is zero, the r.f. transmitter power
is maximum, This condition produces partial saturation
of the spins with the result thét the relaxation time is
reduced. The relaxation time reaches a maximum at 18db
of attenuation and this was considered the optimum
value. Above 24db, the r.f. field can not completeiy
invert the magnetization on the initial sweep -and the
signal to noise ratio of the subsequent spectra is poor.
The latter fact, 1s reflected in the lower correlation

coefficient,

Table (4.2) shows the variation of T3 with other
parameters and it is clear that the conditions with 18db
of attenuation, sweep frequency 3xl and sweep field 1x2.5
produce the best Tp value. In addition to -these
experiments the probe tuning was misadjusted £from the
optimum position and it was found that, T; was reduced by
twvo seconds from the optimum value 22.7 sec. the
homogeneity was also altered, resulting in : a 50%
reduction  of the  eguilibrium magnetization  signal
height. This caused a decrease of T3 by 1.4 sec. from

the optimum value. The reproducibility of the relaxatioh
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Table (4.1)

The Varilation of the Relaxation Time of the riﬁg prqton'

of mesitylene with the r.f. attenuation in a Me-Cy-TMS

sample with XTMS$G'62’ XME=D.O7

r.f. attenuation Ty corr. coeff.
{db) (sec)
0 7.5 0.996
6 11.5 0.995
13 17.6 0.993
14 19.8 0.998
15 21.04 0,995
16 20.05 0,997
18 22.7 0.994
20 19.4 0.997
24 21.3 0.987
26 18.2 0.949
28 27.2 0.582
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Table (4.2)
The Variation of the Relaxation Time when the instrumeatal .
conditions are changed. The same sample as table (4.1) was used.
condition sweep frequency Ty(sec) corr. coeff.
18 db 2 x6 20.6 0.9959
1x2.5 sweep fiéld 3 x1 22.7 0.9947
3x2 21.4 0.9957
3x3 20.2 0.985
3 x4 21.4 0.989
18 db sweep field
3 x 1 sweep fx 0.1 x 10 21.06 0.9969
L x 2.5 22.7 0.9947
1=x3 22.5 0.9969
double irradiatioen at 1 x3 21.37 0.998
18 db, 3xl sweep fr 1x?2 22.1 0.998
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times obtained with the 'épkimum:-éﬁh&iii&ﬁgf
measurements wWas very good, - with a 'd=e-;:;'ia;t‘+-.-i'o.ni from the
average of + 0.1 sec. Double irradiétiohﬂlexpérimentS'ﬁ
were performed, to see whether or not the -créss
relaxation between the methyl and the ring proton is
important. According to the results on table (4.2) it

seems that they are negligible or perhaps masked by some

saturation of the observed signal.

Cne possible application of relaxation time studies
in the HAlQ00D spectrometer is to c¢heck the r.f, pover
after the probe has been changed from the proton
frequency to fluorine freguency and  viceversa. This
procedure involves tuning of the r.f. transmitter and
receiver according to the drive crystal freguency. Table
{4.3) shows the results of the analysis of Tj for the
standard sample before and after changing the _tuning of

the r.f, transmitter.

Table {(4.3) variation of relaxation time after and befofe

the r.f. transmitter is retuned,

T1(sec) Mg(cm) r.f. attenuation{db) -
before 22.7 5:5 18
after 18.5 4.5 18
after 22.9 5.1 - 16

From the results on table (4.3) it can be copcluded
that the procedure of retuning the r.f. transmitter has
produced a decrease 1n the 3By r.f. fie;d due to

mismatching in the unit. So, in order to return to the
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previous experimental condition an attenuatjon of 16db
should be used instead of ladbfor.aiEefnétiﬁéif.EEé.élf;'

transmitter should be retuned.

4.3.B The Progressive Saturation Method

The ARPS technique is best suited to the measurement
of relaxation times for resonances with good signal to
noise ratios. However, for weak signals or signals
corresponding to long relaxatioh times, the signal to
noise ratio may render the ARPS method unsatisfactory,
because of the necessity in this of maintaining a-low non
perturbing By fileld level which vyields a weak signal.
The effect of using higher r.f. fields By 1is to shorten
the effective relaxation time. AThis effeFt can be put to
good use in the case of the progressive saturation method
(175), where a saturating r.f. field is applied. Figure
{4.4) shows the effect of the saturating field on
repeated spectral scanning. At t=0, the magnetization'atn
equilibrium 1is (Mgz=Mg). Fach subsegquent passage through
resonance changes the magnitude and orientation of the
nuclear magnetization vector to an extent determined by
the sweep rate and the Bl field strength. If My and M;
are the longitudinal components of M, before and after

resonance, the effect of any SWeep is
My = a My , 1 4£a £1 (4.3)
if a is close to +1, the sweep effectively samples Mz, if
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a=0, then saturation' occufs, .if é“
swWweep (175),

The magnetization just before the nth fésonaﬂcé isnw

*

My (n) =My (n-l)exp(-T/Ty)+Mg(l-exp(-7/T1)) (4.4)

By using the recurrence relationship

Mg (n)=ax My (n-1)+My(1l-x) (4.5)

we find in the 1limit of large n that Mz{n) reaches

constant eguilibrium value

(4.6)

By repeateduse of eguation (4.5) and with the help

equation (4.6) it 1is found that

M7 (n)-z(es)=(ax) L { Mz(1)- Mz(1ox) ] (4.7)
l-ax
Whence
d [1n ! M;(n)-Mg(bo)l} = 1n (lalx)=_T _ (4.8)
an T1*
and
- l
1 _ 1 1n ( 13 )
T1* T1
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is the effective relaxation timé.-
rrom the semilog. plot of M;(n}—météév)'we‘”caﬂ'-fiﬁa
1n{lalx); then by using equation.4.6 wé get” |

x={ax-1)_Mlee) +1 | (4.9)
ML)

Finally T1=(1lnx)~l(-7), where r is the sweep time.

The change of Mz(n)-Mz(e==) with time, for the ring
.protons of mesitylene in C(CCly ié shown in Figure (4.5).
It can be seen that when the time of decay is nr=Tj, the
ﬁluctuation of Mz-Mz(e=) 1is highest. This squésts that
we have to take into account only smaller values of ﬁ.
Heat¥y has recommended (173) for maximum accuracy in
determining Tj, the choice of a and 7 such that there 1is
a significant decrease in signal intensity with n, 1n
order that the difference M;(n)—Mgfoo ) .bé accurately
measurable, with sufficient number  of peaks recorded

during the decay process.

A simple method of measuring relaxation times by
using the progressive saturation technique is to set the’
sweep field to very low intensity and éwéy' from the
resonant signal under " study (ring proton) as shown in
Figure(4.6). after the magnetizatidn reaches
equilibrium, the intensity of the sweep field is
increased, so the signal of the ring protoh'Will appear
on the scope and will follow a decay pattern aé_shown in

Figure 4.4.
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Figqure 4.5 The variation of the magnetization Mz for the ring
proton of mesitylene in CCly ( Xye=0.199) using the progressive
saturation method.
T1=20.2 sec, T=1.2 gsec

188



i Y
LY 1

modulation

zone

Figure (4.6) Schematic representation of the procedure used in the

progressive saturationm technique

Table 4.4
Comparison of Ty values of ring and CHj protons of mesitylene in
CCl, at different concentratioms using ARPS and progressive

saturation techniques.

Sample T1(sec) - corr.zcoeff.
ARPS P.gat. ' . ARPS - P.sat.
a 26.33 27.15 0.995 0.997
b 23.7 23.82 0.998 0.999
ring c 20.37 20,23 0,998 0,999
protons d 15.19 15.26 0.999 0.990
e 15.04 16.5 0.999 . 6.999
a  6.66 8.07 ‘ 0.997 . 0.998.
b 6.5 6.53 0.999 3.985-
CHa c 6.4 5.98. ' ©0.999% 0.994
protons d 5.63 - 6.33 ' 0.999 0.998 -

e 5.99 6.19 - 0.993% 0.998-
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The Progressive'_saturatigh_ mé@hbéfﬂﬁész;the :g&?aﬁﬁ&§é7 ;ff
over the ARPS of the possib;lity c§  Aé;éég;%gﬁ'@égkﬁ:v
s?gnals in the center band mode_bega@éé:_qflfgfoégagfé
signal to noise ratio. The disaaﬁant§§e2.6f “thié .ﬁe£ﬁod
however 1s the low effective relaxatioﬁ tiﬁe.(Tl*} whigh .
reduces the number of experimental points that can be
obtained. As a result, the correlation coefficient 1is

very sensitive to the number of points considered. in

the case of methyl protons with short T3, it 1is

‘ recommended that data with a correlation coefficient of
no less than 0.999 are accepted. Table (4.4) shows a
comparison of the T; values obtained by using ARPS and

progressive saturation techniques on the same samples.

It shows that the results from both methods are similar
and, that the progresSive saturatiop results are
reliable, provided that the correlation coefficient for
the appropriate regression of the data are close to 1
i.e. 0.998. A further pomparison of bdth'methdds'can~be;

seen in the data presentedin chapter six.

4.3.C Effects of Sample Length and Resolution Spoiling

on Tj

In order to get optimum values of T, it 1s necessary
to ensure that all the sample is well inside thé
transmitter coil (109).  This avoids any complications
due to nuclei, which have not been subjected to A.E”B,,
diffusing, or 1in any way moving into the recelver Coil,.

Arother important factor is the spoiling of the reSolgtion;T
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which according to Van Geet Hume (ngf-fé{ﬁééESQé£y  £6

avoid transverse relaxation effE‘C.ts ) i The method . used T

nere to fulfil this condition was the'usahé"dgéd' by7'

coupland (174)i.e. the non spinning of the sample.

The receiver coil in the varian HALOOD is about lcm

in length and the transmitter coil is about 1l.5cm long.

according to this,the sample length should be between leoa

to 1.5cm. 1In practice it was found difficult to fake all
the samples of the same length and those samples of
length between lcm and l.5cm showed bad signal to noise
ratio which made it difficult to measure the relaxation

times for low concentrated samples.

Table (4.5) The.  effect of sample length on T1's for

mesitylene ring protons and cyclohexane at 303°K

A. Mesitylene in CgHy-TMS (XMe=0.0?,XCy=O.72,Xqu=O.21)

length{cm) 2.2 2.5 4.5
Ty{sec) 16.27 16.99 15.%63

correlation coefficient 0.986 0.994 0.996

B. Cyclohexane

length 1 1.7 2 4

T1{sec)CgH1y neat 6.6 6.4 6.3 5.9
| 13.5

Ty(sec)10% V/yCgH1p in CClg 14.1 - 14.2 ;
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The effects of sample length .on Tlls were ‘a.na.l'.y“ls,e'di J_I'l
three different sets of samples. Table (54:.5;A_)a'.',.s.hows.-t::jhe"‘"
T1's £for the ring proton of rnes_it_ylenxe in CﬁH‘l_z—.TM-S”
solutions, degassed by <chemical methods.  The' mole
fraction of  mesitylene is Xy,=0.07, )}"Cﬁﬂlzzo,‘fz‘ and
¥rms=0.21. The second and third sets studied were: neat
cyclohexane and 10% V/,; cyclohexane dissolved in CCly.
In this case the samples were degassed by three

freeze-pump—-thaw cycles. .

From the results in Table (4.5.A) it can be seen that
the relaxation time decreases about 1.5 sec. when the
length 1is increased from 2.5cm to 4.6cm in measurements with
about the same correlation coefficient eind about 1 'sec.'
from the datum with lower correlation coefficient, wh-ichr
means that at least a 5% in variation of Ty is due to the
length effect. Table (4.5.B) shows a 10% variation of
T1 in neat cyclohexane when the sample length varies from
lem to 4cm and 6% of Ty variation when the sample length
varies from 2cm to 4cm., In the case of 10% cylohexane in
cCly, the variation of Tp 1is 4% when the sample lendth
varies from 1 to 4cm. rrom these results, it can be
concluded that there is a diffusion effect present and

that this effect 1s more important when the compound 18

neat,
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4.4 FOURIZR TRANSFORM EXPERIMENTS

4,4A Introduction

Fourier transform spectroscopy 1is a

very powerful

technique that 1is capable of producing the frequency

spectra of many nuclei (l#, 13¢c, F etc). When a compound

is very dilute in a solvent or the sensitivity of the
nuclei under observation is 1low, it 1s possible to
accumulate many FID in order to improve the signal to
noise (5/yg) ratio of the spectrum. The S/y after n
pulses increases with respect to the S/y for one pulse

according to (177) equation (4.10).

(S/qip = (S/y)1 Y (4.10)

This relation establishes the importance of using

nigh n values.

Superficially, it might -appear that only an increase
in the number of scans will produce the requipgd
spectrum. The fact, however, is that several parameters
have to be taken into account and optimized €.qg. ‘pulse
width (PW) and repetition time (PR}, because of their
dependence on nuclear relaxation times. E;nst -ahd_
Anderson (178) have found the optimum valpe of the -fl;?'
angle gopt. in order to maximise the S/N.'afte; ggyéralﬂ_'

scans i.e.
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# opt = e FPR/7,
where

§ opt =V By PW

According to this equation, when PR=Tj, #6fopt=70°, if
pr= 0.1 T3, Hopt=20°, The general situation 1is that
researchers 1initially do not know the relaxation times
for the compound under study, so practical values for PW
and PR have to be selected on the basis of experience.
One common choice 1is §=10° and PRZ 1 sec. witﬁout any
doubt, it 1is important to assess suitable wvalues for
these using a rough idea of the relaxation times -expected

for the compound studied.

Other parameters that Thave .to be selected when
determining the spectrometer condition and which affect
the characteristics of the spectra obtained are: r.f.
carrier, spectral width (179) and number of data points
(1807 These have to be selected according to the
particular sample and objectives of the experiments.
Finally, the FID can be modified mathematically 'before
the Fourier transformation (179)(180) py multiplying it
by an exponential function with the objective of
improving the spectral resolution; the exponential factp{
is selected 1in such a way that  the b:oa@eningf of -ther
lines is very small. In the case of Tl-measurements,,the'

instrumental conditionshave to -be chosen Very-carefullz»
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4.4.B rRelaxation time-deteﬂmiﬂatiqﬁ

There are several pulse technigues to determine spim
lattice relaxation times T3, but, only three of them will
ne considered here; these permit saturafion recovery
(S.C.) inversion recovery (1.r.) and progressive
saturation (p.s.) measurements of Tjy. Each technigue has
its advantages and disadvantages (70). For example, the
progressive saturation technigque requires a precise 50°
pulse and any mis-setingof this can cause false values of
T, to be determined . Nevertheless in practical terms it
is the fastest technique available for obtaining T1's
with the FX90Q configuration used. Edwin Becker et al
(181) nave found that the i.r. technique 1is always
quicker +than saturation recovery in obtaining a  fixed
precision in the estimate of Ti- In the present work 1t
was found that the 1i.r., technigue required very long
instrumental times which were not always available.

Nevertheless all three approaches will now be outlined.

4.4,.B1 Inversion Recovery method

This method is illustrated in Figure (4.7)., First a
180° pulse inverts the magnetization along the z° axis in
the rotating frame {182), rLongitudinal relaxation  now
occurs, causing Mg to start returning f£orm the value -Mg
through zero to its'equilibriumnvaluenmo,._If at - a time T ;
after the 180° pulse a 90° pulse is applied (sae-ﬁigugg

4.7p) along the x' axis, Mz' is rotated to .the y'axis.
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A free induction signal results,_'pfééefﬁiéﬁal-:ﬁ§ h£he;
value of Mz' at the time 7 , Tf thé.{systém is now
sllowed to return to equilibrium by 'waitiné -a. ﬁime 
£ > 5T, and the 180°, v, 90° seguence reéeated fgr a
different wvalue of 7, the decay rate of My ~cén- be
established, as indicated in Figure (4.7d4). The decay of
M, follows equation (4.12) which 1is obtained from the
Bloch egquations with the initial condition M;-M, at t=o

1.¢€
Mz(t) = My (1-2 exp-%/g1) (4.12)

In most cases it 1s necessary ‘to apply several pulse

sequences to get reasonable signal to noise ratio for
each experimental point 1in Figure (4.7d), so the complete
sequence 1is

(71'_.1..

j—?i ~Ag-D)p with Ap+D223T]

as shown in Figure (4.7¢C) where Ay 1s the acguisition
time or sampling time and D is the delay. The use of
homospoil pulse 1is recommended to avoid phase distortion

in the signal (700,

In the Jeol FX90Q spectrometer the parameter T is
PI***  andg AL+D=PR. The Dbasic settings include the
estimation of the 90° pulse Dy settlngitmaﬁWOX1mately 1@k the )
pulée width correspondlng to- 180° estlmated from the" |

appearance of the FID ‘that must pe a minimum for 180°°

pulse,
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Figure 4.7 Determination of T} by
a) M, is inverted by 180° pulse at t=0
b) after a time T M, is rotated T/
c} the 180°-7T-90° segquence :

d) wariation of M, with T after a 180° pulse
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The parameter T Or PI*** has to be C"ho-‘s;ehf.aat.7ie"a:s,=£* up to

1.5 Ty, (70)(183),

For the stacking progtam (sée chapter.
TWO) seven.sets of data are typically required aﬂd-tHe3ef
include n scans per set, so the total timé necessary to
acquire each data set is n(PI***+PR). However a waiting
time 1is needed between one set of data and the next one.
This is provided by the parameter Dummy 1 which ensures
that the sampling of the FID is only performed after the
second pulse seguence. This of course makes the total
experimental time longer. The T.R method is 1less
dependent on the mis-setting of the 90° pulse than p.
saturation (70), and has a dynamic range twice as large
as the P. saturation method because of the
proportionality with 2Mg in equation (4.12). This method
is recommended in the case of short relaxation times 1.e.
T, € 3 sec. when the p. saturation method is not
applicable because of difficulties with the sampling of

the FID.

4.4B2 Saturation Recovery Method

In this method the magnetization recovery frem o to

+M, is followed by means of the sequence (184)

(£ ~(HSP)-7 —:%_—At—(HSP-)}

at the end of <the first %% pulée, which rotates the
magnetization vectof into the XY plane as. shown in Figure

(4.8a), the 1ongitﬁdinal magnetization is reduced to zero.
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By apply ing a field spoiling ¢ hornospo 1 l) Pulse 1n 5 :
axis (figure 4.8b) the transverse magnetization is- then
destroyed. The spin system is next all owed to. re lax from

gero for a time T (figure 4.8c) when the n@gndﬁzatioanELﬂ

is sampled after a second = pulse (figure 4,84d). The
relation between the double 1r.f.-% - 3% pulse and the
homospoiling pulse <an be seen in figure (4.8e). The
process 1is repeated for several delay times, T (PI***),
The resulting values of the magnetization MZ(T) follow

the eguation (4.13). -
Mg(t) = Mo(l-exp-t/T1) (4.13)

which is illustrated in figure (4.8f).

The advantage of this method 1is that . the repetitien -
time PR can be set just after the end of the sampling of
the FID and the H.S.P. pulse without dependence on the
relaxation times i.e. there is no need to wait for Mgz to
recover to M, as in the 1.r. method. This method is
faster than the I.R. method and can be used in: the

measurement of short relagation times (70),

4,4B3 Progressive saturation method

If the spin system ~is subjected to repétitive5-9ﬂ°
pulses, a dynamic equilibrium will eventually - be-

established in which the effect of saturation caused by
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the r.f. pulses and that of feléxaﬁion} “§é1§ﬁ¢ei ééch'
other. Freeman and ¥ill ({(185) have Galculdted;'thaé-=thé'

steady state condition is nearly reéched. aﬁﬁer three ér'f
four 90° pulses. The seguence can be ‘writtén in the

£ollowing way

(Z-Ag-D)-(Z-Ag-D)
2 3-4 2 T

not sampled

Fiqure (4.9a) illustrates the effect of the three 90°
pulse applied to the spin system. In this case a
homospoiling pulse (188) (figure 4.9b), is introduced
after each pulse, to avoid any constructive Mx,y
formation or "echo" (186)(187) tThis ensures that My y=0
before the 90° pulse is repeated. The sampling 90° pulse
is repeated n times 1in order to increase the S/N:Eatio.
If several wvalues of T (PR***) are selected, the plot Qf
the signal versus time will foilow the exponential
equation (4.13). The value of Ac+D is expressed in the
stacking program as T =PR*¥* ¥, The so-called dummy
parameter is used in the Jeol FX90¢ spectrometer to start
the sampling after a particular conditioning pulse e.g.
if dummy is set to gzero this means that after the first
pulse, the FID will Dbe sampled; if gummy is set to 3,
this means that ~after'.the fourth pulse the FID,uwill bef
sampled; this last condition was enployed in the present

Work,
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Figure 4.9 Determination of Ty by using tﬁe progressive
saturation method a,b,c magnetization behaviour

d) p.sat. sequence with homospoil pulsi

e) variation of M, with * after the 90° pulse

202




The advantage Of the D, saturabion method is that

long relaxation times can be measured in a short time.
when the relaxation time is short, the use  §£ o.
saturation becomes limited, because the 7 .values (PR¥**)
cannot be shorter than the acguisition time as .shown in
figure (4.94). e.qg. If Ty=3 secs, we have to set seven
values of PR*** from say 0.2 sec to 4 sec. But usually

Ap & 1 sec, which 1implies that some reduction in the

sample points have to be done, in order to reduce Ag.

4.4B4 gelection of Pulse Seguences

The choice of a specific pulse sequence (I.R, S.R,
P.s) depends on several factors. The S.R and P.5 are
faster and somewhat more convenient than the I.R method.
However, the pulsing requirements in the P.5 method are
more exigent. The effect on determined T1's of misset
pulse lengths and variable spectral offsets were studied
by Levy and peat (70), who showed that the P.S method
gives 5-10% more systematic error than I.R and S.R in the
determination of relaxation times. dowever, because the
p. saturation technique 1is very. fast and instrument. time
was limited, most of the "T1's were determined: by this
method in the early exploratory stage of this work.
Therefore, it was decided to continue the use .of this
technigque in order to get results by a consistent

approach.
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4.4C Selection of Opt imum 'Pafameﬁefs,; Eorfﬂ

Measurements.

gnce a pulse sequence has been selected for the
measurement of relaxation times, a number of practical
proklems remain to be solved regardless of the nature of
the seguence, These problems can arise from the
following factors (70).
a) quantity of sample,
b) sample state (solvent, paramagnetic impurities, etc),
c) temperature control problems,
d) instrument resolution and sensitivity stability}
e) effective pulse flip angles,
f) computer limitation,
g) data processing, ]

h) non-exponential relagation behaviour, some o©of these

problems have been ascsessed in this work.

The size of the sample can affect the value of the T
(142)(179) pecause the By field is not homogeneous inside
the transmitter coil; this fact is more notorious in the
case of single coil probes. 1f the . sample occuples a
larger volume than the coil the value of B] at a point
away from the centre of the coil can Dbe very ‘different
from that at the centre. This means that these remote
nuclei can affect the value of the true -relaxation time
if they diffuse into the central region of the coil. It

was established (70) that for 13¢c Ty's €50 sec and for
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samples = 30mm in length the  effect Sﬁ*_;iﬁfﬁgién  13
negligipble. The same sort of considerapiqn}mﬁst.befgivén_
to volatile solutions because the Ty's obtained for ghqse
molecules may appear anomalously short because of liguid
vapour molecular 1interchange and rapid spin rotation
relaxation in the gas phase (188), The solution of the
implicit problems seems to Dbe the use of a microcell (or
samples with the size of the c¢oil) or specially

constructed tubes for volatile samples,

Good temperature control is very important to the
accurate measurement of Tj. The identification of
temperature problems 1is relatively easy because all of
the observed Tj's either 1increase or decrease according
to the change 1in temperature and the type of relaxation
mechanism of the nuclei ’'under study. - However, Wwe Know
that there are samples that when they are noise
irradiated (e.g. in 13c experiments) Dbecome hotter
because of dissipation of the decoupling signal power.
With the Jeol FX90Q this effect ig difficult to detect
because the reference stabilization thermocouple 1s mnot
actually in contact with the sample but someway below. the
sample. simon and Vold (189) nave reported -an. increase
in temperature of 6°C in SORe compunds when noise
decoupled. The effect has Dbeen nentioned additionally by
several authors of whom Led and’ peterson (190)° have
analysed extensively the heating effects on agueous

solutions caused by proton noise decoupling.
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other important points to be borne: $n ming are the
systematic errors resulting from off;resgnahgé éfﬁécts
and maladjustment of pulse angles. The effectivé. ﬂiéld
ag a nucleus is Begg=( 4 B2+Blzfﬁ, in the rotatiﬁg-fraﬁe;
where By is the r.f. field in gauss and the magnetizétibn
component is offset 4B gauss from resonance. The
parameter 8B/ A B] has been used to assess the accuracy of
sequences used for determining Tj. Freeman et al (191)
have found that if 4B/B] is smaller than /3 and the
error in the flip angle is 5%, the -error in Ty, obtained
by using the ©progressive saturation method 1s not
significant. It is possible to say, therefore, that for
the study of a single line the carrier freguency should
he set such that AB=0 1in order to give reasonable
confidence in the progressive saturation method, provided

the 90° pulse is determined with reasonable accuracy.

The handling of acquired data is an important factor
in determining the accuracy of measured Tp's. .If for
example the spectral resolution changes slightly during
the course of an experiment the analysis of Tj using peak
heights alone is dubious and only signal areas should be
used. However, it 1is possible to imposse a small
exponential weighing factor to the FID which broadens the
signals and masks resolution instabilities; -sO° that

heights can be used to represent My with-some confidence.
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4.4Cl petermination of the 9°°,PMISe.WrI>?

An approximate idea of the condition for:a 90 ﬁulsé
can be obtained indirectly by looking for the minimun
P.7.D. by varying the pulsewidth (PWf* ). This can be
done rapidly by using the LINE facilities in the normal
program. This enables the repetitive acguisition and
displaying of the F.I.D. The resultant pulse Widtn
corresponds to a 180° pulse. From an analysis of this

type it was established that for 14 the 90° pulse 1is

about 45 usec and for 13C it is about 22 msec.

The use of the LINE command produces the FIDp for the
pulse selected with the light pen every PR seconds, where
PR is the repetition time of the pulse, which usually is
21  sec. The FID that results from this . procedure .
corresponds to the stationary magnetizationv"in' the Xy
plane (Myy) after several pulses, but it should be
pointed out that this does not necessarily. represent the
180° pulse, because PRX21 sec 1is a Very short  waiting

time for samples with T} in the order of 20 sec.

There are other methods which can =~ be used to
determine the 90° pulse, e.2. @ pulse of about 270° can
be applied which should produce a negative signal with
good shape (no shoulders) and when ~ ‘this has ‘been
optimized, the pulse width obtained is simply divided by
3 to get the 9%0° pulse. In the ptesent~work,-howéyer,ait,

was considered preferable-to observe .the variation of*
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which will produce a maximum signél whgﬁ°'f3wl**

corresponds to a 90° pulse and smaller signals f@f éther
Pwl** values. In this procedure it is necessary to.wait.
a time t =5T) between measurements to guarantee that the
sapmple is at equilibrium (Mz=M,). This method consists
in changing PW{*’ in steps of 1 usec for several values
around the suspected 90° value. This process can be done

aqutomatically by using the stacking program with PWy**

as variable parameter. The dJdata are transferred to the

analysis program where after data reduction on data Nol,
the following signals will have the same phése and
normalized gain. For example, a sample of neat
cyclohexane was selected to analyse the 13¢ 90p° pulse.
Two different sets of PWFf* were selected, one in the
region of the 90° pulse and the other close to the 180°
pulse. In order to éensure that the signals correspond to
the equilibrium magnetization Mo @ double pulse seguence
i was used, 1i.e. {l i sec-PI—Pwi** } , where the 1 usec
pulse Jjust perturbs the spin system; PI <2 5T guarantees
; that each set of data is sampled when the spin system is
at equilibrium and PWi** is varied in steps of 1 wsec.
Figure (4.10) shows the signal’ for six values of PW1**

close to the 180° pulse from which 1t was estimated that
the 90° pulse is 21.5 “Sec for a sample of neat
cylohexane. Figure (4.11) Shows the results- for PWip**

close to the 90° pulse in the same sample, from which it
was deduced that 22zsec is the 90° pulse. This procedure

can give an error of + 1 usec, i.e. 5¢. Different 90°
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Figure 4.10 Determination of the %0°

Pulse width (PWy s us) close to the 180°
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23 us
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26 us

20 us-

: i ° “using variable
Figure 4.11 Determination of the 20° pulse by using

pulse width (PW, » ws) close to the 20° pulse.
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pulses can arise when changing thelSamPlQQ.&&ﬁé.fésuLt}§ﬁ ;

slight modification in the iImpedance Qf-@hé'réeeiﬁer,ééih
(192), Also the size of the sample can. affect the 90°

pulse value,

The analysis of the B90° pulse for a cyclohexane
sample with different lengths of the sample tube filled
showed an increment with the 1length, as indicated 1in
table (4.6.). However the fesolution problems for small

samples could explain some of this behavior.

rable (4.6) 90° pulses in samples of neat cyclohexane
15 :

with different lengths—sample (3) has 10% V/y of CgHyp 1in

. cCly.
X Size (cm) 0.4 1 4 1{a)
90° pulse (wusec) 21 22 23 23

It is evident that care had to be raken to determine

the conditions giving a 90° pulse for each sample studied.

4.,4C2 Effects of sample length, concentration and 99 on

13¢ T1's

The choice of the sample length (i.e length of nmr
sample tube occupied by the sample) depends on several
factors which as mentioned before, are the rf field B)

inhomogeneity and the diffusion of molecules into the coil
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excitation volume (142) 1t would _§§§§afi;fﬁhéﬁéfofe;
convenient to use small samples. H Léqu éﬁa :éé%£J £j0)
recommend the identification of a sampié:tsi;e .5;§$hd
wﬁich the sanmple size becomes a sougce of e;ror, Iﬁ éur
case it was found that the spectral resolution of the
instrument is affected by samples shorter than 3cm and
from table (4.6), that the 90° pulse width appears to
vary with the sample size. In order to study these
effects on Tl,' several samples of <c¢yclohexane were
analysed at 30°C using the progressive saturation
method. The average values of the measurements are shown
in table {4.7). In general, it can be seen that Tl tends
to decrease when the sample length is increased, but this
effect is less important in dilute sanples. The -presence

of 0, and the concentration of cyclohexane have little

effect on the 13c T values.

Table (4.7) 13c Tq's values of cyclohexane at 303°R

(2) in 5 mm 0.D n.m.r. tubes

(B) obtained at 309°K

Length (a) (cm)
Condition 0.4 12 4 -
neat non-degassed 21.77 19.9 19 17.2 —
neat degassed -——— 20.6 20.2 15.9 R
108 in cCly, degassed | —=- o6 19.9 19  -——
neat degassed (146) e - ——  __'_ 19f6(5)
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It does appear that for neat samples i£ is imﬁdrtaﬁﬁ'
to have similar sample lengths in order to aVOid.erfdra
in the determination of the relaxation time; .but for'

dilute samples this 1s less important,

4. 4.C.3 Effects of Resolution Instabilities on 13¢c 7y

The progressive saturation method regquires the use of
a homospoil pulse applied on the z axis after each 90°
pulse. This sudden change in homogenelty can interrupt
the lock signal and cause the loss of homogeneity'(l93).
As a result, errors as great as 30% in the experimental
values of Ty can be found. The use of an "auto shim”
anit (193)can improve the situation as is shown in Figure

(4.12) .

In the course of our experiments, the Jeol FX90Q
spectrometer had a sudden period of resolution
instability. 1t was noticed that the line-width became
broader in few mwinutes 1in a totally irreproducible way.
As a result, the meter indicating the lock level would
reduce its value corresponding to loss of resoluticn and
broader signals. As the progressive saturation method in
the analysis program Uuses the heights rather than
intensities of the. peaks to find the Tp from equation
(4.13), the resulting T will De far from the true

value, For example, in one of the experiments, where

loss of resolution occurred,a Ti of 33.8 sec was obtained

in comparison with the expected TIUE yalue for Ty of '11.3
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Figure 4.12 Effect of the autoshim on cbserved intensities (193)
a) autoshim OX

p) without autoshim
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EEEEEE_i;LE Variation of M, for the aromatic 13¢ of mesitylene in
Me/cele/TMS mixtures Xyg=0.07, Xpug=0+62. Expected T 11.3 sec

a4) Peak hejight T,=33.8 sec.

L)  Peak areas T1=16.2 sec.
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sec, In order to overcome these diifiéﬁ£ﬁié§f&ﬁa.tb‘ﬁﬁéf
proadening process, the relative area  of tﬁé;;peéks--wére:-
estimated by weighing "cut-outs" of the Spéctré chaft&
rigure (4.13) shows the change of the  'mormalized
intensity Mg/Mo. The T3 value obtained by - the area
weighing method was 16.2 sec and still away from the
expected value, but gives an idea of the problems caused
py resolution instability. Therefore, the use of the
autoshim unit is recommended to avoid this sort of

problem as far as possible.

4.4D Measurement of Nuclear ogverhauser. Effects

In chapter three the nuclear Overhausey effect was
discussed and it was shown theoretically that the maximum
enhancements for 13c and 1 nuclei are 2 and 0.5
respectively, after the coupled nuclei are irradiated
with a saturating rf £field Bz. The NOE's. are normally
calculated practically by dividing the integrated’
intensity of a peak in the decoupled spectrum by the sum
of intensities of multiplets corresponding to that peak
in the coupled spectrum;  the ratio is 1+ 1 .-
Unfortunately, the reduced sensitivity and complexity of
many coupled spectra can make such a determination
difficult, e.g. in the case of 13¢ proton satellites, the
enhancements are extremely difficult to meaéure using

this technique.
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in 13C experiments, maﬂipu’lation of E‘h‘eﬁ levelof the
carbon magnetization is possible using puise"mgdgléteé
decoupling techniques which allowé one to'supfess Lhe NOE
effect in proton decoupled spectra, 1i.e, decoupled but
non-enhanced signals can be detected. This can be done
hecause the saturation of proton resonances nas an
essentially instantaneous effect on scalar spin-spin
coupling, while the 13¢C polarization resulting from the
same irradiation develops with the time constant of the
spin-lattice relaxation. The gated decoupler method
(194) of measuring the decoupled 13C spectrum without NOE
exploits the separate time scales for scalar deéoupling
and the development of magnetization. The seguence of
events in the experiment consists of
a) turning on the proton irradiation simultaneously with

a 90° rf pulse at the 13¢ freguency.
b} collecting the free induction decay immediatély'after

the pulse, with proton decoupling still oh, and
¢) turning off the decoupler for a relatively long delay

pericd T.

This process 1s illustrated 1in Figure - (4.1l4a) and
corresponds to the NNE irradiation mode of the Jeol FX90Q
instrument when no nuclear Overﬁausaﬂ enhancement 1is
obtained. In Figure {4.14b)- the -comple;e_ decoupling
irradiation mode (COM) allows the signal tb be obtained
with enhancement. From these two neasurements, the NOE

1s given by
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;lgure 4.14 Schematic representation of the gated decoupling -
echnique used for the measuring of the NOE
a)  the NNE mode
5)  the COM mode
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Icom. - 1 . (44
INNE :

The length of time T=PR during which the deéoupler
nust be turned off in order to obtain é spectrum without'
enhancement (NNE) for a given acquisition time was
estimated theoretically and experimentally (195) as 8Ty.
In the case of complete decoupling (COM) the length of
rime needed was estimated as 5T; as 1illustrated in Figure
(4.15). Harris and Newman (196) have obtained a similar
result. They measured the NOE by using a seguence of
measurements with Overhauser and without Overhauser
enhancement corresponding £o (COM,NNE) - _This improves
the accuracy of the NOE determination because the
spectrometer performance 1s then identical for both
experiments. Their recommeﬁdation is. to use  the
condition PR=6T; for COM irradiationand PRZ 9T] for NNE

irradiation. This method requires special facilities in
the pulse programmer and the computer, toO produce the
(COM,NNE); sSeguence and store each data set. in separate
blocks. Another advantage is that the temperature 1is
the same for_both irradiations, 1.e.. there 1is iﬁadequate
time to get preferential heating of the sample under COM
with respect to  NNE conditions. The Jeol  FX30Q
spectrometer has no facilities to perform such a sequence
and the method detailed in Figure (4.14) had to o€ used
with allowance being made for temperature differences

produced by the COM and NNE irradiation modes.
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There are several methods availabre5&ozﬁéaéuiéiﬂéﬁ}bir 
using the Jeol FX90Q spectrometer: | |
a) The method used to measure most of the NOE repotted
iﬁ this work consisted of producing the two spectra ({COM,
NNE) under the same conditions (temperature, flip angle,
acquisition time, number of data point and so on}; the
peak to Dbe compared under the two conditions was defined
by more than four data points. The integration facility
Was used with the integral parameter fixgd to a
normalized value of 1IV=l for the <COM peak. Using the
same condition the NNE peak was integrated, without
changing the pre-set IV value. A relative valuer(IV)NNE
was thus obtained. If NG) was the normalized gain in the
CcOM spectrum and NGz the normalized gain in -the NNE
spectrum; NG = NG because of‘ the enhancement in the

magnetization in the COM experiment.

The meaning of the NG parameter in ACPAR pattefn is
that the signal displayed on the - scope screen “is

proportional to 2oNG ., The NDE value in our experiment 1is

NGy - 1 (4.15)

INNE {IVINNEX

which, because we fix (IV)cou=1l: becomes

-1
1= (1V)gyg 2861 T Fe2- 1 | (4--.;6)
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b) The same procedure as aj can be followedbuttheoeak
heights can be used instead of the i'n‘-t,.é'gr:aagl- valueof the
signals. In general, the two approaches give the same
result but if the resolution of ther instrument ig not
stable enough during the experiment, important errors are

found.

c¢) The changes in normalized gain can be avoided when
the automatic recorder, IC memory Or CMT cassette
facilities 1n the stacking program are used. In these
cases, a double pulse sequence 5°-PI-90° has to be used;
PI> 6T) or PI=9T) is the interval between the two pulses
according to the mode COM or NNE respectively. The
repetition time PR can be selected to be as small as 3
seconds. The double pulse 1is required because the
stacking program does not have 1initial wait facilities
between data. The setting procedure for the stacking
program uses the paramneters: {rMOD1 for COM and IRMOD4
for NNE or alternatively, those can be changed by using
the extension parameter BEXTNS 163 for COM and EXTHNS 175

for NNE as will be detailed later.

When wusing the automatic recorder;, the signals are
plotted on papers after the acquisition of the COM or NNE

data and the peak intensitles are compared to get the NOE,
The IC memory mode of operation relies on-thE-usevqf'

four blocks in &the computer memory which requires that

the number of data point is set O 4196, 1In this case
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the block distribution is: bleck 1 for sampling sata;

plock 2 for NNE data; block 3 for COM data -and block 4
empty; this approach necessitates NG Cdfﬁédﬁiomsf'toribe

made.

The CMT mode of operation has the advantage that the
information is stored on a magnetic cassette data tape.
The parameters for COM and NNE are set as above and the
analysis program is used to plot the peaks on the paper

with the same normalized gain; this information is used

to get the NOE value,

These different methods were used to obtain the
intermolecular NOE for cyclohexane (80%) 1in a solution
with mesitylene and THMS, The results are presented in

tahle (4.8).

Table 4.8

NOE For Cyclohexane Determined by geveral Methods

NOE METHOD

1.9 a

2.26 b

2.5 clautomatic recorder)

2 c(1.C. MemOrY)

2.2 o @(CUMLT. analysis program)

2(1); 1.9(3) Literature,i(103)3(146)neat CgH1a
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according tc the results in tabi§  (4.7) aﬁd “in

thought of further experience with the Eechni@ﬁe,¢it.w§g
concluded that method (a) gives the mosE réiiébie

information.

4.4.E Irradiation Modes in the Jx900

mhe irradiation modes referred to above are set by
using the 1light pen in the constant pattern. In this
wark, we use COM, NNE, SEBEL, HOM, EXTSN, where COM and NNE

have been described previously.

The COM or noise decoupling mode is normally operated
over 1KHz and at 54.5 KHz OFFSET and is centered close to
the benzene signal offset 54.68 KHz. However, for each
particular sample it 18 recommended that the irradiation
offset parameter is Set in the middle of the proton
spectra to ensure full saturation. SEL is the

heteronuclear selective decoupling which can be used to

irradiate a particular proton frequency while L3¢ is

observed. The SEL or selective irradiation allows us to

perform coalescence observations on 13¢ signals when the

irradiation offset freguency 1is changed or the decoupling

poWwer reduced, In the first case We can use ?he BlOCh*

Siegert egquation to evaluate the irradiation power 41B2.

HOM is the continuous irradiation mode for the proton

spectra but 1is time shared, which means that. the r;f.

oscillator generates  power for a short time and the

receiver is on for short time, SO both devices are on and
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off 1n sedquence. The extension wmode, EXTSN, can be used
to combine several irradiation functions, The exténsian

node of irradiation was used in order to apply
jrradiation power at the protons equivalent to the NNE
when 13C is observed. We defined this mode as HOM(NNE)

and this was used to get the enhancement of 13C proton

satellites signals, as indicated in table (4.9).

The Jeol instruction manual provides a conversion
table between binary codes and decimal numbers and these
are related to the following irradiation functions,

a) Homo or hetero irradiation,
b) rf attenuator control

c) hetero-power level,

d) time‘sharing,

e} gate mode I, II,

£) gated or not,

g) noise modulation on, off,
'h) irradiation power.

The statds of each function is presented 1in table-
(4.9) according to the decimal number COnversion. Thg
extension mode is represented by a number, which 1is the
sum of the function numbers. When a function is off the
corresponding decimal number is  zero, e.qg. the
irradiation mode COM 1is used in heteronuclear‘ systems
(l3c“{H} y (128); it does not use r.f. attenuation (0},
the rf power is high (32), there {s no sharing facilities

{(0), no gate (o). Conseguently, the gate mode is (0),
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the noilse modulation is on (2) and tﬁé}iggadiatiﬁﬁquwég
is on (1). The sum of these numbers .is 163, ﬁhiqh*ﬁe&ﬁg
that the extension parameter: EXTNS 163 iSAéQuiVélént to
CdM. The extension parameter ©permits to éet new
irradiation modes like HOM(NNE). Also, 1t was noticed
that EXTNS 225 1s the same irradiation mode as SEL, but

with high power (32) which produces a more effective

decoupling.

4,4 .F Temperature Calibrations -

Due to the variation of relaxation timés with
temperature, 1t 1is necessary to measure the temperatufe
within the sample. This 1is done by observing the
chemical shift between the meth?lene and_hydroxyl proton

in ethyl glycol.

The 100 MHz instrument VARIAN HA 100D was operated at
room temperature and variations -throughout the year were
compensated by using the magnet coolant control system,
Figure (4.16) shows the calibration curve = for the
chemical shift of ethyl glycol. ‘This was used with - a
measured chemical shift, €.9. 5§ =156.3 Hz to reveal the
sample temperature (30.5°C). After that the temperature
of the magnet c¢oolant Was checked and found to - be
30.7°C. - The temperature measured with —a = mercury
thermometer was 33°C when in . contact with the probe and
30°C when not in contact. HOWEVEL, {f the magnet 'was:

switched off for a long.-time; variations in-temperature
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were found, e.g. the water coolant £eﬁPeﬁé£wféfﬁas~2?;é 
put a thermometer inside the probe meésﬁred 33#C'éﬁd.the 
chemical shift between the peaks in ethfl Jlycol vas , o
5 -155.3 Hz which corresponds to 31.5°C. Tt is evident

that adequate time had to be allowed for this magnet

system to achieve thermal equilibrium.

The Jeol FX90Q spectrometer uses a variable
temperature controller type HNM-VTS2 (V.T. controller) the
jesired temperature can Dbe obtained by transmitting
controlled hot or cold air to the sample area. The range
of operation varies between -110°C and +180°C. In the
high temperature range (30°~ 180°C) air from a compressor
is heated and the temperature is automatically
controlled. The medium range (+33-50°C) proved difficult
to operate when set at 30°C pbecause of instabilities in

the gas flow.

The use of the different irradiation modes can cause
different sample temperature.- (190)(197) and the
temperature calibration 1is a function of the decoupling
power. It was noticed in the medium range that the
chemical shift of ethylene glycol 1in the non-decoupling
condition {NON) differs from that in the complete
decoupling (COM) mode DY apout 10 Hz when the set
temperature was 10° or 20°C. This means that the -
approximate difference 1in temperature betwggnr the two
irradiation modés r.was about 'iUQC. ﬁo#eﬁei, . this

variation seems to be related to the difficulty of
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Figure 4.16  Terperature calibration curve for the varian HAL0OD

using ethylglycol

228



Table (4.10)

EFFECT of the Irradiation Modes on Sample Temperature

st

irradiation mode (Chemlcal shift)Hz Temperature °C
NON 147.7 27.5
V.T. OFF SEL 147 .4 28
COM 146.7 29
NON 145.2 30
V.T. ON SEL 144.7 30.6
Set at 30°C COM 143.5 32
§ o
{Hz.)
150
}f 140
130
120 1}
10 20 30 40 50 80 T°C-
Figqure (4.17) Temperature calibration curve for the Jeol FX30Q
spectrometer using ethylglycol
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operation in this range.

In the high temperature rangé Qf_fopé;atfoh,'a_igetber 
pehaviour was found whén using the different m&ées. of
ifradiation. This control range was therefore used to
adjust the temperature within the range of values between
2gec and 32°C 1in accordance with the type of experiment
in progress. The calibration curve in the mode NON 1is
shown in Figure (4.17). When the V.T. is off the change
in temperature for COM irradiation 1is approximately 2°C
~as shown by table (4.10). The variation was about the

same with the V.T. on.

The results in table (4.10) indicate that it is possible
to set the «correct temperature for the sample when
operating in the COM mode by setting it 2°C lower than

the desired value.

4.5 CONCLUSIONS

In this chapter the preparation oOf samples and
various methods for Ti measurements using CW OI T
techniques have been considered. It has been shown that
the ARPS method gives similar results to the progressive
saturation technigue. In both cases it is shown that the
Ty should only be evaluated from data with the -highest
correlation coefficient, consistent with an adeguate.
number of expe:imental data. The . settings of the‘
Spectrometers used were established DY the analysis of Tj

variation with several relevant parameters.
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whilst the  ARPS  method 'waé”_.emﬁi@yed;; f&f...cﬁ°;
measurements, the progressive saturation technque- was"
selected for wuse in the determination of T3 by, F;T;'
experiments because it proves to be both accurate and the
fFastest 1n this case. However, this 1attér technigue 1is
sensitive to sudden change in resolution, which makes it
jJesirable to use an Tautoshim” control. The T7 value of
13¢c and 14 were shown to depend slightly on the sample
size {length) for neat samples but for dilute samples the
variations were found to be less important. It was shown
that NOE measurements for 13C should be done using peak
integration under COM, and NRE irradiation facilities but
as the temperature of the sample is higher by about 2°C
when using COM, it 1is important to try to compensate for

this increment,
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CHAPTER FIVE

Nuclear Spin Relaxation In Solutions

5.1 Introduction

The nuclear spin-lattice relaxation time depends on
two kinds of interaction, the intramolecular and the
intermolecular interactions. If dilution using
Jeuterated analogues to separate both contributioﬁ is not
used, it will Dbe necessary to use some theoreticél
alternative. At first sight, it = seems that the
intramolecular contribution can be easily evaluated,
using the Gutowsky-Woessner (79) equation to get Tp. For
this all that is needed essentially, "is the molecular
geometry and the correlation time. - In fact, there are

problems with the evaluation of the correlation time.

The obvious model to use 1S that of Debye but this-is
incomplete (144)(145) and produces considerable error
(81}, Also internal motion in the molecule may
complicate matters and modify the eaffective correlation
time (90), as the Debye model describes the correlation
time as being proportional to the wiscosity and “the
volume of the molecule, it is possible that manipulatién_

0f these factors may improve matters.. -
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i (144) ' RN R -
perrin introduced the Shape_of'the'mOiqcuLe_as
an important factor in ellipsoidal molequles.fimding sorie "
improvement in Tp. Gierrer and Wirtz (198)(i99} -

expression

Ty 7 n vm fr / KT (5.1)

where fr is the microviscosity factor
fr-1 = 6 rg/ro + 1/(l+rg/ro)3 (5.2)

assuming a spherical solute molecule (radius ro and
volume Vm) surrounded by spherical solvent molecules
(radius rg) in a medium oOf viscosity 7 . This model is

sufficiently accurate for most purposes.

Steele et al (92)(200)(201) pave reported that the
magnitude of the rotational correlation time is one order
different from the experimental value in some nganié
compounds. They developed a theory where the frictional
constant of a spherical molecule 1is proportional to the
second order angulatr derivative of the intermolecular
potential V. AS a result, no torgues can act on -a
rotating molecule if the intermpleculax patential
function is independent of _the angles of Horign;ation of
the molecule. In this case, the hydro@gﬁamiq_ boundary
condition is called 'Slip' and,,the_\correlation; timg‘ cah 

be approximated (22) to that of the "free rotor’

233




f.r. = (,__11_) 2 €D
- .

where I is the moment  of inertia of the molecule. The

calculations of T; in several non-polar, spheroidal
nolecules, were in quantitative agreement with the
experimental data (92) if the intramolecular contribution
was evaluated by using the 7T, ¢ correlation time and
the translational contribution calculated from the B.P.P.

theory.

In the case of polar spherical molecules, the
Stokes-Einstein equation still gives a considerable error
in the calculation of the correlation time. One
important difference of the Steele model from the Debye
model is that the lattér uses the Tstick"™ Dboundary
condition, following the stokes-Einstein apprdach. Fér
the latter the rotating molecule is much larger than the
solvent molecules and the solvent holecules, at the
surface of the rotating solute molecule, rotate with he
solute molecule. The implication of this 1is that the

Debye equation predicts too much friction.

McClung and Kivelson (91) nave found that dielectric
relaxation and magnetic resonance data iﬁdicate that 7Ty
is proportional to 7/T, pbut that the radius a is almost
always smaller than the measured oOr calculated mean
radius r, of the molecule. Consequently, they introduced

a correction factor k, © <k 41 as an empirical parameter

to compensate for the difference through,
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(5. 4,:)},' o

a value of k may be deduced from the line Width‘.of a- -

signal 1in E.S.R. (91}, but in NMR, k can bhe dete:mined_by
dividing the observed T, by the Debye expression
(202)(203) in the analysis of quadrupole spin-lattice
relaxation time for very dilute samples . in a deuterated
solvent so there are no intermolecular contributions.
kivelson and his collaborators (91)(204) pave found that
in solutions k is independent of temperature and pressure
for a given solute-solvent pair. On the other hand,
several high ©pressure NMR studies (202){205) have
indicated that in neat 1ligquids k increases moderately
with temperature and decreases, sometimes very sharply,
with density. A theoretical interpretation of k 1s given
by Kivelson et al (206) in - terms of . anisotropic
intermolecular potential energy. The parameter k gives
the ratio of the intermolecular torques on the solute
molecule to the intermolecular - forces on the solvent
molecules. The intermolecular potential enerdy determines
both the torque and forces but only its anisotropic part
gives rise to the torgques. ror relatively symmetric
molecules, weak intermolecular torques result in small
values of %k, which seems to De in agreement with tbe
steele (92} conclusions, 1i.e. ~free rotation of the

molecules can be associated with small values of k in the

Kivelson expression of Tr

T, = 4ma3n k/3KT (5.5)
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Therefore, the effective viscosity, Tk, is reduced
(k& 1), which can be interpreted as a weak coupling

between the molecule and its environment.

Hu and Zwanzig (207) have calculated the rotational
friction coefficient for ellipsoids with "slip" Dboundary
conditions and "stick" boundary conditions. Bauer et al
(208) (see chapter three) have found a linear relation
between &the correlation time and the viscosity as shown

by equation (5.6) -
r=cn + 74 (5.96)

To 1s the intercept at zero viscosity and is found to be
the "free rotor” reorientatién time _and C 1is the
viscosity dependence (slope), which represents the degree
of translation-rotation coupling. They have found that
the slope C is less than that predicted by the
Stokes-Einstein equation that is derived from
hydrodynamics using T"stick" Dboundary conditions, i.e.,
§§4/3”a3/KT using a factor given by Hu and ZIwanzig (207)
to predict the coupling for the hydrodynamic slip
limits. The results for carbon tetrachloride solutions
with solute of similar molecule size, were that the

experimental slope C and the predicted Cgyjp were within

50% for nearly all the solutions studied.
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Recently, Jonas et al (202) havye fdund.foﬁ Studiés Qf,*
SFg using Raman techniques that at low densities .the
reorientational correlation time deviates strongly- from
linearity with (7 /Ty, According to ~them, the
extrapolation of T to zero viscosity as Tp .= 7o 15 no

longer valid.

The theory of Hill (393) takes a different approach
towards the evaluation of the correlation time. This 1is
based on the same model of a liquid as Andrade's theory
of viscosity (210), For this the molecules of one layer
in their vibrations are considered to come into contact
with those of an adjacent layer. During this contact
they will, in general, enter into a temporary union which
lasts long enough for the molecules to acquire a common
velocity of translation but because the duration of the
union is shorter than a period of vibration there is no
possibility of association. The Hill theory (33) has
shown that good agreement with dielectric relaxation
times could be predicted through the use of the so-called
mutual viscosity between the sovent and solute. The_"
mutual viscosity Mag 1s deduced from the solution

viscosity, which is supossed to be given by

Mm=(£42 My 0 p/ op)+(£2 g 98/ op)+2fafp “an/ oM 1ap
(5.7) -
for a binary mixture. Here f, and fp are the mole
fractions of A and B, respectively. o and 0¢p are thé‘

average distances between molecules in the ligquids & and
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B, and oag 1s the average distance beﬁwéen:moiecmlesfin”
the mixture. Using a model Dbased on mutual wviscosity,
Hill deduced that tHe rotational correlation time of
mdlecules of type B in solution with molecules of type A,

may be represented by
= (1 z ' 2
= B - .
(+/2KT) {6fA TaAB AR Kapt3fr(3-V2) 7 95 Kp (5.8)

where

-

2
Kap = {(Iap IB)/{IaptIp)] [(mptmp)/mp mp] (5.9)

and I, and Ip are moments of inertia of A and B about
their mass centres; Ipp is the moment of inertia of A
about the centre of B during collision, and Kp 1is the
radius of gyration of a B-type molecule. The expression
for T, in nmr terms for dilute solutions is

T
Trgill = Kap %ap "ap / KT (5.10)

In equation (5.7) the intermolecular distances YIRS

are calculated (211)(212) ysing
N oox = Va = Mi/ Pa (5.11)

where V, 1is the molar volume, M the molecular weight

and p the density.
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In a Gifferent version of the Hill theory, Kivelson
aJ_(zls)

et

have used a similar expression for the solutiocn
viscosity. They have calculated the correlatién time in
the limit of 1low solute concentration for molecules of
similar sizes with the result that Ty (solute) depends
linearly on T with a slope that 1is independent of
concentration and with a concentration-dependent
intercept at n=0. This agrees qualitatively with the
results of Bauer et al (1353) expressed in equation
(5.6). Kivelson's eguations include the constant Kk

instead of mutual viscosities pp.

Mitchell and Eisner (8l) have calculated the
correlation time of several molecules in CClg and CS)
using three different theories. They found that the Hill
theory gave the Dbest agreement with the e¥perimental
values. The behaviour of the proton relaxation time T3
as a function of the concentration was also investigated

and interpreted using the Hill diffusion constant

D= KT/¢ ( nap oap £a + 78 98 fg) (5.12) .
in the equation (5.13)

l/ry = AT, + BV/D (5.13)
where V is the volume fraction of solute and A,B are
constants. This approach gave a good explanation of the 

exXperimental data.
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It can be <concluded that .the Hill approach has
advantages over other models 1in the evaluatioﬁ‘ of the
rotational correlation time. In particular, it has
advantages over the Kivelson method, because the
evaluation of this k constant requires the use of
different (non-nmr) techniques, and this makes the

experimental approach more complex.

In the remainder of this chapter, the applicability
of the Hill theory to the <calculation of correlation
times and the relaxation time T; 1in general, will be

examined.

5.2 Evaluation of the Mutual Viscosity Term . and the

Diffusion Coefficient.

The correlation time and the diffusion coefficient
are related to the mutual viscosity term through
egquations, (5.7), (5.12}) and (5.10). The data recorded
by cCoupland (174) will be wused to calculate .these
parameters for benzene-CCl, amd cyclohexane-CCly
solutions in order to illustrate the ©procedure and
provide some comparison  with  Mitchell-Eisner (81)
calculations for the same compounds (Table 5,9%). From
equation (5.11) we obtained ¢ for the components and °n
from the combination of mole contributions of  tne

components YA, 9p, le.




Tables (5.1} and (5.2} show that the mutualrviscosity'"
is nearly a <c¢onstant. Consequently, . the avenage':value
can be 1identified as a molecular characteristic of the -
encounter of the molecule A with B. The average value
of nap oap in benzene-CCly is 3.5 C.PA which is close to
the Mitchell-Eisner value (81) 3.8 C.PA. For
cyclohexane-CCly we obtain the average 4.1 C.PR which 1is

close to 4,4 C,.PA deduced from Mitchell-Eisner.

The diffusion coefficients <c¢an be estimated from
tables (5.1) and (5.2). The comparison of the Hill and
the Stokes-Binstein diffusion coefficient in tables (5.3}
and (5.4) is based for benzene on a peing equal to 2.45 3

and for cyclohexane equal to 3.51 3 in equation (5.15)
= KT / 6711 a (5.15)

It is clear from these results that the Hill values are
about twice as large as the Stokes-Einstein values,
Obviously, this could have a significant effect on the

evaluation of relaxation times.

Mitchell and Eisner (81) have calculated the
relaxation times in benzene- CCly and cyclohexane- CCly
systems by assuming A and B as constant in equation
(5.13) and showed that the Hill theory ‘is adeguate.
Their data have been used here to check the results from
Ty of CgHg at a volume fraction of 0.2‘ of benzene 1in
CCly. The values of A and B were calculated from
equation (5.13) at v=0 and
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Table (5.1)

The variation of mutual viscosity with mole fraction for

CgHg in CCly

P(g/cm3) X¢ Y (c.p.) Gm(a) NAB ¢AB(CP§)
: 1.572 0 0.810 5.457 —
ﬁ 1.501 0.1 0.778 5,445 3,483
1 1.431 0.2 0.749 5.439 3.527
| 1.360 0.3 0.720 5.429 3.529
? 1.289 0.4 0.693 5.418 3.541
= 1.219 0.5 0.660 5.405  3.476
f 1.148 0.6 0.640 5.391 3.542
| 1.077 0.7 0.614 5.375 3.532
: 1.006 0.8 0.589 5.357 3.515
{ 0.936 0.9 0.564 5.335 3.438
3 0.868 1 0.546 5.304 -
|

Table {(5.2)
The variation of mutual viscosity with mole fraction for
CgH12 1n CClyg
P9/ em Xey M(C.P.)  Im(&) MAB OAB(CPA)
1.572 0 0.810 5.457 ———
1.461 0.1 0.790 5.506 4.200
1.362 0.2 0.777 5.546 4.066
1.269 0.3 0.765 5.583 4.053
1.181 0.4 0.763 5.617 4.090
1.100 0.5 0.761 5,643 4.123
t 1.022 0.6 0.761 5.668 4.115
i 0.951 0.7 0.765 5.683 4,099
1 0.885 0.8 0.771 5.690 4.079
. 0.823 0.9 0.779 5.688 3,980
i 0.768 1 0.790 5.667 ——

242




v=1. It emerged that the calculated vaiﬁe of T1 is 41;44
sec, Which 1is similar to the experimental wvalue of 38.6
sec. For the same system, but using the Coupland data
(174) and tables (5.1} (5.3} we have calculated Tigill:
for v=0.178 as 34,17 sec 1in agreement with Tlexp=35.65
sec. These results indicate that the Hill theory is well
founded. Nevertheless, it 1is considered necessary to
evaluate ab 1initio the intramolecular contribution to T3p
separately, because this 1is believed to be the key point
in the understanding of relaxation processes, In
particular, if a good intramolecular value «can ©Dbe
predicted, it could be used to separate the intra and
intermolecular contributions embodied in the experimental

T1 value,

5.3 Comparison of Hill and B.,P.P. Theory on the

Calculation of 7.

Correlation time <can Dbe evaluated using several
theories. However, two of them have been selected for
present purposes, viz the Hill theory and the BﬂP’E'
theory which use the Debye approach in the calculation
of T,.
Mitchelland Eisner (81) have compared experimental and
theoretical values of 1, for benzene, c¢yclohexane and
chlorobenzene diluted with CCly and CSz. The data are
presented 1in Table (5.5). The calculation of 7, from

equation (5.10) reguires a knowledge of the moment of
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Table (5.3)

comparison of the diffusion constant of CgHg in CClyg at
several concentrations using the Hill equation (5.12) and

the StokesEinstein equation (5.15)

X¢ Dyill X 10%cm2sec™! Dg. g x 105cm2sec!
0.1 2.05 1.175

0.2 2.07 1.22

0.3 2.107 1.27

0.4 2.14 1.32

Table (5.4)

Comparison of the diffusion constant of CgHjp in CCly at
several concentrations using the Hill equation (5.12) and

the Stokes-Einstein equation {5.15)

Lcy _ Dgill X 105cm2sec—1 D.S.E x 10°cm?sec™!
0.1 1.66 0.807

0.2 1.69 0.82

0.3 1.68 0-83

0.4 1.66 0.835
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inertia of the molecules to evaluate the term iEB....We
nave used atomic models to calculate the components of
the moment of inertia about the symmetry axis and other
perpendicular axes. The interatomic distances and angles

‘ (218
were taken from the Handbook of Chemistry and Physics.

The moment of inertia are given in table (5.6) which also
contains the average moment of inertia used by
Mitchell-Eisner, estimated from their approximate Hill

equation {5.16) and the values of 7 given in Table (5.5%)
Tapprox = 217 a/ uKT ' (5.16)
where a represents the molecular radii.

The results in table (5.5) show that the Hill theory
gives better predictions of the correlation time than the
other theories. However, we will test these theories by
using them to compare both extremes X-y in figure (5.1)
where X,y are the relaxation times for the solute at
infinite dilution in solvents that can provide no

intermolecular contribution to the relaxation processes..

From eqguation (5.13) at V=0 and eguation (5.10) we

obtain For two different solvents A and Al

y= X _iap Namp “pm Ha'm (5.17)

iptg 7a'B “a'B MAB

where ipp = IAB IB and # is the reduced mass.

IAB+IB
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Table 3.5

Comparison of experimental correlation times with theoretical walues

calculated‘from different models.

substance/solvent Texp x 1012 gi11 Debye  Micro Hill
(sec) viscosity approx

CSo 1.1 1.3 6.8 2.8 1.5 45.4
CpH12

CCl, 1.5 2.4 17 t 2.9 2.9 61.7

CSo 1.5 1.1 4.1 1.4 1.2 10.98
Celip

cC1, 2.3 1.9 10 0.82 2.3 16.6

CSo 2.2 2.6 5 2.1 2.5 12.5
CeH5C1

CCly 3.8 3.3 13 2.1 4.5 21.2
Table (5.6)

Calculated momentsof inertia of the compounds studied.

1040g ca? Ix Iy 1z Tav I u.z.
Cellg 147.6 147.6 295.3 196.8 . 206
€S 626.2 626.2 0 417.5 -
CCl, 487.6 487 .6 487.6 487.6 -
CeHy2 198.4 198.4 314 236.9 215
Co HsCl 525 146.8 716 462.6 407
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The same comparison can be made using the B.P.P. theory

and the Debye expression Tr=4/3?fn a3/KT. From equation

(5.13) we obtain at V=0

y= x 2 (5.18)
N ‘
A
Table (5.7} gives the calculated wvalues Ypoar from
egquations {(5.17) and (5.18) and the experimental
relaxation times at V=0. The values of Ygyp are taken

from table (5.5).

Analysis of table (5.7) indicates that it is possible
to predict the infinite dilution values of T3 y in Figure
(5.1) if we know the corresponding value of x by using
the Hill theory. However, it 1is important to point out
that the approach only leads to limited success because
of a residual error in the preditions that increases with
the mass of the solute. The predictions of the B.P.P.
theory are far less satisfactory and are far away from
the expected wvalues. This indicates that correlation
time calculations are best done using the Hill theory with
some as yet unidentified modification to correct for the
effect of the mass of the solute. One suggestion to
cvercome this problem is to use a suitable average for 7,
in such a way that a weighing of the mass distribution in
the molecule is achieved. Also, it may be possible to
introduce some correction to account for electric forces

which censtrain the molecule to rotate about certain axes.
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Figure 5.1 Representation of the variation of Tq with the volume

fraction eg. benzene diluted in CCly or CS»

H
Figure 5.2  Representation of the benzene molecule.
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5.4 Use of the Hill Theory in the calculation of Ty, .

The data analysed here are from Mitchell-Eisner (81}
experiments which were carried out at 301°K, The
relaxation times have been calculated using eguation
(5.13) with A and B assumed to be constant. The basic
characteristics of the substances are presented 1n tables
(5.6) and (5.8). The B value can be calculated by using
v=1 1in eguation {5.13). Tables {(5.9) and (5.103) give the
parameters used to evaluate Tl‘l through  eguation
(5,13, There, the sub-index (r} means rotational and
(£) translational; ({(a) reférs to Mitchell-Eisner values
and {(b) to the results in this work. In general, the
results of kind (a) are very similar to those of the kind
{b) and this indicates tﬁat the details of . the
Mitchell-Eisner approach have been correctly
implemented. Thé differences between the results of type
(a) and (b) are due to the different molecular parameters
used 1in the calculation which often happens when there
are independent sources of information. It 1is believed
that the procedures used 1n these calculations will lead
to a reasonable representation of the relaxation times iﬂ

solutions.

Because the molecule motions are unlikely to be€
isotropic, it was decided to reflect the anisotropic
motion in a suitable weight when obtaining the _avérage
correlation time. Making the assumpﬁionﬁhat the,f

intermolecular forces could influence this and that these
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are related to molecular polarizability, the.‘latter was

used to weigh on the effective moment of inertia thrbugh
T = 1 Iy ay (5.19)

This value I was introduced in REB to get the effective
correlation time. The influence of this type of
correction 1s very small for benzene and cyclohexane, but
it is about 10% for chlorobenzene which seems to indicate
.a real contribution to the description of moleculay
motion. The term K;B Wwas averaged With respect ot the
three moments of inertia by using the expression

-2
Kag = _ 1

3

Iapg T Bj put the comparison of this

|I‘1‘f} (e

Bl ragtIB;

2
value with Kpp gives a difference of less than 3%.

5.5 Study cf the Theoretical Vglue of A, its

Calculation and the convenience of Averaging rtr

The vwvalue of A can be obtained from Woessner's

equation (79) (5.20)

3 n2 yid 5 opisTb ap {5.20)

3

A_ 3 pifn? g opy578 (5.21)
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A, can therefore bé calculated using equation (5.21).
This has been done for benzene, cyclohexane andg
chlorobenzene. In the case of cyclohexane, the distances
Tij between its 12 protons used in the calculations were
obtained from atomic models, assuming the "chair?®
configuration, Because 15 known that the axial protons
are eguivalent and the eguatorial protons are themselves
also eguivalent this can be used as an useful assumption

when estimating rjq.

For benzene and chlorobenzene the calculation 1is

simpler, e.g. in benzene according to figure (5.2) the A

value 1is
a= 3 pi% n2 (2RS4 (2R)7O+2( VI R)7E] (5.22}
7

thus A=7.57x10% sec™2 when R is taken in A Table (5.11)
shows that the Mitchell-Eisner values A(a) are lower.thah
those caliculated by the procedure described above A(b).
This Vis because their value of A represents an
approximation because they only took into accdunt the
nearest neighbour protons (ortho). Present calculatiéns
with the same base almost coincide with M.E. values {see

A' in table 5,11).

The experimental correlation time Teyp and the
@Xperimental A value Aeyp in Table ({5.12) are calculated

from the theoretical A and the calculated Ty

respectively.
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Thus,

rexp * Tlfl / Acal (5.23)

and

Aexp = Tlfl / Trcal (5.24)

where T1;1 is taken from table (5.9).

It can be seen that our results (b) for benzene 1in

. table (5.,12) are reasonably consistent, For c¢yclohexane
and chlorobenzene the calculated correlation times Tr(a)

are in general <c¢loser to their experimentali values

Trexpla) than those wvalues 1in Tp(b), Trexp(b). This
should be, because of the different values of the moment

of inertia and the averaging procedure used in each case.

The value of Aeyp (b) for benzene indicated in table
©5.12 is in good agreement with the theoretical
prediction Ap), which gives some confidence in the method
used. However, for «cyclchexane and chlorobenzene the
Agyp Vvalues are smaller than the calculated 2. This
differences may be due to the calculated correlation
time 7, calc. or the method used to evaluate A(b), which

means that some other approach has to be used.

A further analysis for cyclohexane shows that, if "we
assumed that the molecular motion is restricted to be
around the x axis, where Ix=198x10-40 g. cm? (see table

5.6), the correlation time 7, decreases from l.64 to
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Table (5.11)

A value in CgHg, CgHsCl and CgHjyop

Ax10™9sec™2 CgHeg CoHsC1 CgH1o
A (b) 7.57 6.06 45.68
A () 7.22 5.60 41.13
A 7.23 5.79 43.60

{a) refers to Mitchell-Eisner results
(b) refers to our calculation

A' is an approximate value for closest protons.

Table (5.12)

Comparison of correlation times and A values from Mitchell~Eisner

data with those obtained in this work.

'réxp(a)'réxp(b) Tr(a) Tr(d) Aexp{a) Aexp(b) Alb)

x10125ec x1012sec 210" 95ec~2
CgHg €52 1.5 1.35 1.1 1.27 9.3 8.37 7.57
CgHg CCLl, 2.3 2.04 1.9 2.05
CgHyg CSo 1.1 .99 1.3 1.64 30.3 25.2 45,7
CgH1CCl, 1.5 1.35 2.4 2.7
CgHs5C1CSy 2.2 1.5 2.6 3.47 5.61 4.6 6.06
CgH5ClCCl, 3.8 3.3 3.3 4.26

(a) refer to Mitchell-Eisner results

(b) refer to our calculation
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1.37 psec in CS9 and from 2.7 to 2.25 pseC;i'in:-CCl&;
Therefore, the average of BReygp is 30.25%10°% sec™2 which
is «c¢loser to the theoretical value A(b). ~Also, the
géometrical distribution of the protons and the internal
molecular motion 1in cyclohexane seems to be important
e.g. 1if we consider only the two closest protons, we
obtain from eguation (5.21) A=29.68x109 sec™2 which is
higher Ehan the average of the reported values BAgyp {a),
Peyp (b) in table 5.12 which suggests that the A value is
.sensitive £0 the 1internal movement *in the molecule. It
is suggested therefore, that the correlation time has to
be expressed as a combination of terms similar Eo those
calculated by Woessner {(90), who has found reduced values
for 7, due to 1internal molecular motion, Consequently,
it 1is concluded that the rotational (intramolecular)

relaxation time has to be expressed as a combination of

1 o 1
terms e.9. T] pot=A Tr Or T1 rot=

T

=lAi T:, where 1 refers

to the symmetry axes of the molecule.

-

5.6 CONCLUSIONS

The Hill theory adapted by Mitchell and Eisner for
the study of relaxation times, has been used to analyze
the intramolecular relaxation time of protons in CgHg,
CgH1p and CgHgCl at infinite dilution in €Sy and CCly.
It has been shown that the Hill theory produces a Dbetter
agreement with +the -experimental values than the B.P.P.
theory. However, there is some indication of a -

dependence of the calculated correlation time on the mass
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of the solute. In the case of the Hill .ﬁreabmeﬁt éf
benzene the accuracy of the prediction is 12% but for
cyclohexane and chlorobenzene it 1is about 30% and sc well
outside experimental error, In order to improve matters
it appears that the correlation time can profitably be
based on an average which inveolves the moment o¢f inertia
and the polarizability of the molecule, These factors
which anisotropically weigh molecular motion seem to

play an important role 1in the description of molecular

rotation,
-1

The use of the equation T =A 7 +B V/p assuming A and
B to be constants seems to be anuseful representation of
the relaxation times. The constant A and the correlation
time 7, for cyclohexane appear sensitive to the internal
motion of the molecule and this suggests the necessity of
expressing the intramolecular relarxation time as a

combination of average values of A and Tr.
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CHAPTER SIX

Proton Spin Lattice Relaxation Studies of Mesitylene

in Cyclohexane -~ TMS Mixtures
6.1 Introduction

In a recent study of the gas to solution chemical

shift Homer and Percival (51) have indentified a new

contribution to the Van der Waals screening constant %w,
which 1s called the "Buffeting” interaction; This
interaction arises from anisotropic intermolecular
collisions between solvent and solute molecules;. some of
the aspects of the relevant the@ry, were’detailed at the
end of chapter one. Essentially these workers have shown
that when continuum approaches to the description of “w
are used, it is necessary to add the buffeting
contribution to the classical reaction field component ‘in
order to fully characterize Yw: in some cases these Ltwo
contributions have the same magnitude (21}, The
introduction of the buffeting effect makes it possible to
obtain a good representation of certain molecular
non-n.m.r. properties, for example the Van der Waals a
values and heats of vapourization. It would not -appear
Unreasonable therefore for it to have some influence‘ on

T1 also.
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The contribution of the ,“bufféting”---effect - to
intermolecular forces can be considered to arise'ﬁh:ough
a square electric field Egz just as is the case when only
the reaction field 1is taken into account (214}, The
magnitude of this field for the interaction between two
kinds o©f molecules (solute-solvent) 1is governed by two
parameters £ ,¢ that characterize the anisotropy of
molecular collisions enforced by local steric constants.
One purpose of the present work is to investigate whether
the buffeting interaction mechanism can provide a
contribution to spin-lattice relaxation times. It would
be imagined that if there is such an effect it would be
most marked for the peripheral atoms of a solute at low
concentration in some suitable solvent. Consequently,
mesitylene with two sterically different proton sites,
has been selected for study in cyclohexane/TMS ;nixtﬁres,
Because it cannot be predicted whether buffeting will
operate via modulation of the intra- or intermolecular
relaxation contribution it will be desirable to analyse
the observed relaxation time in terms of these two

components.

The relaxation time T; is usually described according
to the BSloembergen - Purcell - Pound theory (B.P.P.), for

which the Debye rotational correlation time ( Tp) and the

Stokes -~ Einstein translational correlation time ( v g g,)
are employed to describe the intramolecular and
intermolecular contribution to Tj. The viability of this

approach has been guestioned in chapter 5.
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The fact that so many authors disagreé over the most
suitable model to explain relaxétion times éuggests_ in
‘reality that as yet there 1is no absclutely gatisfactory
approach. This may be due ¢to inadequacies in the
established approaches or to a general failure, so far,
to recognize some effect, such as buffeting, that must be
incorporated into whatever basic description of Tp is
employed. From chapter 5 it 1is evident that even for
relatively simple systems the discrepancy  between
.theoretical and practical values v©f T; <c¢an be Qquite
large, When more complex than tertiary mixtures are
considered, it 1s 1likely that the discrepancieé could
become worse, Consequently, despite preferences fdr
particular basic approcaches it would appear reascnable to
place initial reliance only on eguations (6.1) and (6.2)

in which T] is expressed as

Tl”l = Tl‘l intra + Tl“l inter (6.1)
yhich can be approximated to

T171 = A1, + L N 1 (6.2)
where Tr, t¢ are the rotational and translational

correlations times: A, L are considered constants (81)

and N is the proton density.
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Consequently when characterizing a binary or tertiary
liguid system, it 1is important to know, the mole fraction
of its components, the proton density {N) ana the
correlation times Ty, 1t which as indicated in chapter
5 are related to some sort of mutual viscosity or

molecular interaction.

As 1indicated above, it 1is necessary to separate the
intramolecular term (A <,) and the intermolecular term
(LN t¢) from the experimental Tj. This can be done
through the use of appropiately deuterated compounds.
However practical this method may be, because of the
small variation of physical constants (viscosity,
density) for deuterated and ©protonated analogues it 1is
very costly and in the case of some molecules, it Qould
be necessary to work out a method to deuterate them. For
.the present studies of mesitylene in solution with
cyclohexane and TMS, we will use the relaxation time T3
of mesitylene protons at infinite dilution in CCly as the
intramolecular relaxation time, which after adequdte

correction will represent the intramolecular contributiomn

to Ty in the mixture.

6,2 Experimental Methods and Results

The spin-lattice relaxation time of the aromatic or
aryl {ring) protons and the methyl protons of.mesitylene
diluted with CClyg and cyclohexane - TMS mixtures have

been measured. These samples were prepared using the




techniques described in chapter 4, the samples were
deoxygenated and then were sealed in n.m.r. tﬁﬁes uﬁder a .

vacuum of 10-3 torr.

The relaxation times T; were measured at 303°K with a
varian HAl00D spectrometer operating at 100MHz. Both
adiabatic rapid passage with sampling (ARPS) and
progressive saturation (p.s.) techniques were used,
These methods were described in chapter 4.

Table {(6.1) shows the composition of the
mesitylene/CCl,y samples studied; the mole fraction of
mesitylene varies from Xp ~0.05 to Xpn~=0.6. The same
table (6.1} gives the relaxation times measured by the
A.R.P.5 method together with the correlation coefficient
for each set of experimental measurements. These.
coefficients are all above 0.99 which indicates how good
the linearity is in the appropriate semilog. plot of the

change of magnetization versus time.

In table (6.2) the values of the relaxation times T,
measured by the method of progressive saturation are
shown, It can be seen that there is a general agreement
of these results with the A.R.P.S. results in table
(6.1}, However, it should be noticed that the
progressive saturation values have lower correlation

coefficients.

262




Table 6.1 . . :
The spin lattice relaxation times of the'ring and methyl

protons of mesitylene in CCly using the ARPS technique.

Xp Correlation Coefficient T] sec
ring methyl ring methyl
0.052 0.995 0.997 26.33 6.66
0.057 0.998 0.999 23.7 6.5
0.129 0.998 0.999 22.4 6.3
0.199 0.997 0.999 21.4 6.4
0.246 0.997 0.999 19.3 6.2
0.368 0.997 0.999 16.8 6.1
0.397 0.997 0.999 17.2 5.9
0.451 0.999 0.999 16.5 6.1
0.505 0.999 0.999 15.2 5.6
0.545 0.999 0.999 15.3 5.9
0.608 0.999 0.999 15.0 6.0

Table 6.2
The spin lattice relaxation times of the ring and methyl
protons of mesitylene in CClyg using the progressive

saturation technique.

Xp Correlation Coefficient T1 sec
ring methyl ring methyl

0.052 0.997 0.988 27.15 8.07
0.057 0.999 0.985 23.82 6.53
c.129 0.998 0.991 26.3 7.2
0.199 0.999 0.994 20.2 6.0
0.246 0.999 0.999 20.4 6.4
0.397 0.999 0.997 18.1 6.5
0.451  0.992 0.997 14.6 7.5
0.505 0.990 0.998 15.3 6.3
0.545 0.999 0.986 16.4 8.5
0.608 0.999 0.998 16.5 6.2

3
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The dependence of the relaxation times T1 on the mole
fraction Xp 1s presented in figure (6.1} and figure (6.2)
for the A.R.P.S. method and p.s. method repeétively. The
scéttering of the experimental points around thé straight
line in the ©p. saturation method 1is due to the
fluctuating values of the correlation coefficients.
However, when only the highest correlation coefficients

are considered the Tl—l plots define a straight line.

From figure (6.1) it can -~be seen that the
extrapolation of Tl“l to Xp=1 gives the relaxation time
in pure mesitylene, which 1is similar to the literature
values reported in table (6.3). This overall agreement

validates our experimental results.

Table (6.3)

spin-lattice relaxation times for neat mesitylene.

Tiring (sec) T1(CH3) sec reference
10 5 171
i3.1 6.1 169
11.36 5.24 this work

The variation of the spin lattice relaxation time of
CH3 with X as shown 1in figure (6.1), 1indicates that the
intramolecular interaction in CHgq is very efficient
because of the proximity of several protons. It
dominates the relaxation mechanisms of T3, making the

effect of the intermolecular interaction less obvious.

264




P—

ring

10

5.- O\J\J

) 1 a2 .3 4 W5 L6 L7 .8 .9 1 Xy,
-
Tlx1025_1

1

20

15

10

5

1 w20 W3 .4 .5 w6 W7 B W9 L Xy
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In the case of the aromatic proton,. the intermolecular
interaction causes a variation of 60% in T3y, from the
infinite dilute condition to the neat liguid condition.

This makes the ring proton a good probe to analyse the

effect of proﬁonated solvents on Tj.

Because We are interested in the effect of solvents

on Ty, a set of samples was prepared where the

concentration of mesitylene was kept at a low constant
mole fraction Xp=0,07, This has the advantage that the
relaxation time will reflect the maximum effect of the
solvent, that 1is particularly important in the case of
the aromatic protons. The solvents used in this
eXperiment were cyclohexane and TMS because they have the
same numper of protons, providing similar proton density
around the aromatic proton o©of mesitylene but with
different molecular size and shape that might influence
and ¢ in a buffeting effect on Tj. After the samples
were prepared, the compositions were roughly checked using
n.m.r. integration; this showed only slight discrepancies
of about A X~ + 0.01 so0 no major failures in the
preparative technique were evident. It is believed that
the smallness of some samples, that were only double the
length of the receiver coil affected the resolution of
the instrument so that the integrals were sufficiently
ill-defined to account for AX. on the other hand, it
has to be acknowledged that 1in the ‘'sample  preparation
some of the material could have been pumped away and

that AX is real.
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Table 6.4 shows the relaxation times T3 (A.R.P.S,) éf
the ring protons and CHjy p;otﬁns bf_ mesityiene in.
solutions of <c¢yclohexane- TMS,. In ali the samples
XA=D.D7, The mole fraction of TMS (Xg) and cyclohexane
{Xc) can be expressed as Xc=1-Xp-0.07. The r.f.
attenuation used was 18 decibels, in accordance with the
optimum conditions described in chapter 4. The
correlation coefficients were lower than those in table
(6.1), because of the low concentration of mesitylene
which reduces the signal to noise ratio and increases the
overall Ti's errors, However, figure (6.3) shows that
the experimental points with higher corfelation

coefficients produce a well defined straight line.

The progressive saturatioﬁ method gives similar
results (table 6&.5) to those in table (6.4). The
relaxation times 1in table 6.4 with higher correlation
coefficients represent the best choice of experimental
values. The progressive saturation results in figure 6.4
can be compared to those of the A.R.P.S. in figure 6.3
which coupled with the correlation coefficients recorded
in tables 6.4 and 6.5 suggests that the A.R.P.S. data are
more reliable than those obtained from progressive

Ssaturation, because of the smaller scatter of the data.

In spite of having the same number of protons, the
effects of cyclohexane and TMS on the relaxation times of
the aromatic protons of mesitylene can be seen to be

quite different from figure 6.3. Some of the factors
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Table 6.4 ‘
The variation of Ty for mesitylene with XTMS in the
mixture mesitylene - CgH1p-TMS, where Xx=0.07 {ARPS

i method) .

{ Xpmg Xc correlation coefficient T1 (sec)

i ring methyl ring methyl

f 0.091  0.839 0.987 0.998 14.97 5.37

£

! 0.106 0.824 0.993 0.999 15.6  5.93
0.180 D0.750 0.982 0.940 14.7  5.48
0.205 0.725  0.986 0.998 16.27 6.6 :
0.207 0.723  0.996 0.997 15.6 6.7 :
0.329 0.601 0.985 0.987 16.67 6.2 :
0.448 0.482 0.988 0.991 18.4 6.6 :
0.493  0.437  0.991 0.999 17.99 6.5 ;
0.621  0.309  0.997 0.999 19.7 7.2 .
0.798 0.132  0.996 0.988 20.7 7.8 4
Table 6.5

The variation of T; for mesitylene with Xpyg in the
mixture mesitylene~CgHy-TMS, where X,=0.07, (Progressive
saturation method).

XTMg Xc correlation coefficient Ty (sec)
ring methyl ring methyl

0.091 0.839 0.989 0.983 15.4 6.2
0.106 0.524 0.994 0.998 18.3 6.7
0.180 0.750 0.994 0.992 15.7

0.205 0.725 0,998 0.990 16.96 5.
0.207 0.723 0.997 0.995 18.7

0.329 0.601  0.993 0.986 20.2

0.448 0.482 0.993 0.997 22.4

0.493  0.437  0.996 0.994 20.8

0.621 0.309 0.990 0.978 22.3

0.798 0.132 0.999 0.998 : 25.5 .
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that may cause this difference\a}e: solvent viscbéity aﬁﬁ
proton density and from the analysis of these results
within the frame of existing theories it is hoped to find
out whether some other hitherto unrecognized
contributions to T; in these systems are operative. For
this to be possible the viscosities of the mixtures had

to be measured.

6.3 Determination of the Viscosities of Mesitylene

Cyclohexane-~ TMS Mixtures. :

The viscosity measurements reported in table (6.6)
were obtained with an Ostwald viscosimeter contained in a
constant temperature bath. . The viscosimeter was
calibrated with water and checked against the viscosities
of the substances which were used in the solution. The

viscosity was calculated (213) from equation (6.3)

Tg = _Px £X THR0 (6.3)

szO tH-50

where x refers to the substances of unknown viscosity,pis"
the density and t is the time needed for a liguid to pass

through the marks on the viscosimeter.,

It was found that the logarithm of the viscosity rof.
TMS reported in table 6.6 plotted againét the inverse of .
temperature was a straight line which agreed with <the
equation (216) 7=a exp P/p. This result is presented in

figure (6.5). The viscosity of TMS at 30°C was obtained
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3.2 3.3 3.4 3.5 1.6 3.7 T-1x103 °x-1

Figure 6.5 The variation of viscosity for TMS with temperature.

- -1 .
Ty 14 T !
|
¥ |
|
|
!
4
a !
!
£ S
(a) KA C6H12 {(b) XB
TMS
E_i_g_ll_l;gui.ﬁ Representation of the parameters a,x,ﬁr used in the

test of relaxation models

a) ™"l of mesitylene in CCl,

b) Tl g mesitylene in TMS and CgHip with Xp=0.07
T) is measured by the ARPS method.
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from the extrapolation of the line on figuré (6.5)1. The

density of TMS was obtained by using the relation (217,
P=0.6634-0,002042T at several temperatures (T). The

densities of water were taken from the Handbook of

Chemistry and Physics (218)

The viscosity of mesitylene (A) in TMS (B} where

X3=0.07 and Xp=0.93 1is represented in table 6.6 as 7n".

The viscosity of mesitylene (A) in cyclohexane (C) where
X2=0.07 and Xc=0.93 1is represented as 7', The viscosity
of mesitylene in TMS at  30°C was calculated from
M=Xpa "at4g 7 g. In table {6.6b) the result of 1 "exp. at
20°C differs from the calculated value " by 37%. The
densities of the mixtures were calculated by pU=Va Pa+Vy PR,

where V is the volume fraction and p'=VpPa+Ve Pe.

6.4 Test of Relaxation Models.

The variation of the relaxation times with
composition of mixtures shown in figure (6.3) will be
Qsed to test three relaxation models: I) the Bloembergen
- Purcell - Pound (B.P.P.) model, II) the Hill model and
I1I) a combination of I with II. A schematic
bPresentation of the basic ©parameters used in this
analysis 1is shown in fiqure (6.6) where a represents the
intramolecular contribution T; l=a=3.9%x10"2 sec-l for
mesitylene at infinite dilution in CCly. X and Y are

intercepts for Xp=0 and Xc=0 respectively in the plots

for the mixture of mesitylene in cyclohexane and TMS,
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at constant concentration of mesitylene (XA:O.U?), wheré
1=0.07+Xg+Xc. Other 1important parameters -used in the
test are the viscosity of CCly, Tg= TCCly=D.843(C.P.)
(218) and the proton density in the mixture of mesitylene
with cyclohexane or TMS i.e. N' or N" respectively with

N'=0,6474x1023 protonscm=3 and N"=0.4951x1023 protons cm~3

I The B.P.P. Model.

The B.P.P. model uses the Debye rotational
correlation time <t and the Stokes-Einstein translational
correlation time Ty both of which are proporticnal to
viscosity. Therefore, we can rewrite the equation {6.2)
for the mixtures of mesitylene — TMS {extreme Y) and

mesitylene. cyclohexane (extreme XJ) on figure (6.6.b) as

Yy =17l = pogm o4 oQun oy (6.4)

and

X = Ty-1

Il

P ' + QnN' ! (6.5)

where P, O are assumed to be constants (8l), as A and B
Were 1in chapter 5. These equations should be valid lfor
both the ring and CHz protons of mesitylene. Undoubtely,
eguations (5.13), (6.2) and (6.4) represent the same
basic phenomenon but the constants are accomodated . to

Suit a particular model.




The procedure to test modelVI consists of taking;the
value of P obtained from studies using CCly as ~solvent
i.e. P=2/ 5, where o= Tecl,» and substituting P in
equation 6.5 to get © from the mixture of nmesitylene -
cyclohexane.  Consequently, the extreme Y on figure
(6.6.b) can be obtained from the intramolecular
contribution to T} of mesitylene in CCly after viscosity
correction i.e. P .= an"/y, . Therefore, the

intermolecular contributions to ¥ and X

i

Yinter = (¥-a 7"/ 7n4) QN™ 7" (6.6)

and

Xinter = (¥=a 7'/ 14} QN' 7! (6.7)

If the equations (6.6) and (6.7) are a representation of
the relaxation mechanism, we can predict the observed T
value in the extreme Y by using the intermolecular
contribution in X. 1i.e. from eguation (6.7) and the

intramolecular part of ¥Y; it gives

¥ = Y intra + X inter N" " {6.8)
N' !
°r Y =a 7"/ ng+ (X - an'/ ng) N" 7" (6.9)
Nl 7;,\!

similarly

X =a M/ 55+ (Y -an"/1s) N 7 (6.10)
NI‘I -nﬂ
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The analysis ﬁf these équations is madé"using the
A.R.P.S. data in figure (6.3), since the progressive
saturation data appear to be slightly less reliable. In
table (6.8) the results for the extreme Y and X are

shown. The magnitude of the difference between the

i e g o

calculated wvalues of X or Y and the corresponding
experimental values is more than 45%. This is similar to
the results of the analysis discussed in chapter 5 and

again indicates the inadequacy of the B.P.P. model.

II. The Hill Model

This model can be tested using a similar procedure to
that for the B.P.P. model.  Instead of using equation
(5.13}) we have to change the constant B in that to C, in
order td express the 1intermolecular term as a fraction of

the proton density. Thus

79"l = A 1y + C N (6.11)

From the analysis of the Hill theory in chapter 5, we can
Use the eguations (5.10) and (5.12):
2 o

Ka AB 7 ap /KT (5.10)

o
Il

KT/6 { r"AB AR fA + TJ'B UB fB) (5.12)

Lo get the extremes X and Y as we did for the model I.




The equivalent equation to (6.9) in the Hill model,

with Kp2 approximated to Ia/u is

Y = Ty 1=a u,q Nap ap  t N"D'  (X-A') (6.12)
Ta0 a0 Han DTN

where A' 1s the intramolecular part of X i.e.

A' = a _ Hyn Tac _Oac (6.13)
Ta0 “A0 2 Yo

D' and D" are obtained from equation (5.12}, Hao 1s the
reduced mass of mesitylene - CClg: 7ap opap and  Map vap
are the mutual viscosities in the systems mesitylene -

CCly and mesitylene - TMS.

In order to check the extreme X in the same way
implicit in equation (6.10) we can write an equivalent

Hill expression:

X = a a0 T?AC TaC + N' D" (Y-Aa") (6.14)
A0 YA0 Mac D' N"

where A" is the intramolecular part of Y i.e.

A% = a Han AR %am (6.15)

Ta0 “a0 “aB

The evaluation of equations (6.12) and (6.14) 1is possible
only after all the parameters in equation (5.7) have been
calculated, by using equations (5.11) and (5.14). Some
of the relevant parameters are included in table _(6.7)‘_:

Also the average distances between molecules 1in neat

liguids are needed and estimated from equation (5.11),
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o ) o )
It was deduced that ox=6.153 A&, 98=6,24A , - 9C=5.67A
and o4=5.45 A , respectively for mesitylene TMS,
cyclohexane and CCly, The diffusion ratio was: obtained

from equation (5.12) as D'/D"=(0.659,

Table {(6.7).

Basic parameters used in the test of the Hill theory.

System “12(9) M1,2712(C.P.3) om(A) D(cmésec—1x105)
Mesitylene~CCly 68.26 4.265 5.52 -
Mesitylene-CgHio 49.5 4,171 5.70 1.696
Mesitylene-TMS 50.88 2.493 6.23 2.572

where 1,2 refer to the mixture and fm refer to eg. (5.7)

The results of using the Hill model for the
correlation of the extremes X and Y in egquations (6.12)
and (6.14) are included 1in table (6.8). It shows -a
difference of about 20-50% between the experimental and
célculated values of X or Y. Despite the improvements in
accuracy over the B.P.P. model, it seems necessary to

Search for a better model,.

IIT Combined Hill and B.P.P. model.

In view of the failure of the previous models 1in
correlating the extremes X and Y of the figure (6.6b), we

will use a similar approach to that of Steele (92),
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This combines the intramolecularr interaction, expressed
in our case by the Hill equation, which has proved to be
reasonably accurate; with the B,P.P. intermolecular term,
which has been found (22) to offer a good representation

of this term.
The correlation between X and Y can be expressed now
as a combination of equation {6.9) and (6.12) for Y and

equations (&.10) and (6.14) for X. Thus,

Y=2a UAD UAP} UAB + (X“'A') )7"Nn (6.16)

a0 920 ;) 7'N"

where A' is given by equation (6.13)
and

i=a Han MTae Tz + (¥Y-A") %'N' (6.17)
AC 7" Nll‘

Ta0 7 A0 #

where A" is given by equation (&.15)

Table (6.8) shows the results of wusing equations
(6.16) and (6.17). Without doubt, model III is the most
accurate, although, it 1is observed that there are still
important differences between the calculated and
experimental data for the aromatic protons of
mesitylene, In particular, the first term of the model
equations called Pintra in table (6.8) is always bigger
than the corresponding Pfinter in the case of the extreme
Y in TMS. For the extreme X in cyclohexane the opposite
effect 1s evident,. Perhaps this is related to expected
errors when the intra-molecular contribution to T, 1is

calculated, as we showed in table ({5.7) chapter five.
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Table 6.8

Extreme values X and Y of figure 6.6 calculated from three different

relaxation models.

term in each model's eguations.

282

Model BPP (I) HILL (1II)
.(X,Y)xlozsec“l ring methyl rlng me thyl
Yexp 4 13.7 4 13.7
Pintra 1.12 4,31 3.05 11.74
pinter 0.98  1.05 2.7 4.75
Ycalce 2.1 5.36 5.75 16.5
MYV onp * 47.5  60.8 43.7  20.4
Xexp 7.1 16.1 7.1 16.1
fintra 3.3 12.73 1.7 6.7
Pinter 11.2  34.3 1.9 2.9
Xcale 14.4 47.0 3.6 9.6
Akfxexp % 100 194 49 40.5

Pintra and Pinter represent the first and second

HILL-BPP(III)

ring

24

.05

.39

Ja4

methyl

13.7

11.

14.

16.

12.

23,

74
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Our interest now is to see whether it is'possible to
improve the Hill-B.P.P. model III by introducing a term

due to the buffeting interaction.

6.5 Buffeting Correction

In the analysis of relaxzation times, especial
attention has been dedicated to the distance of closest
approach between molecules (87)(88), gypbargd (86) pas
considered that in liquids containing polyatomic
molecules, the distance of c¢losest approach of nuclei 1in
different molecules is actually less than the diameter of
one molecule, which means that if proper account is taken
of this a greater contribution to the relaxation time
will be predicted than if a molecular diameter is used.
Hertz (87) has pointed out that the effective distapnce of
closest approach of two molecules, will 1lie somewhere
between the real distance and the molecular diameter,
Inlow et al (88) have adjusted the effective distance in

accordance with the type of interacting molecules.

Table (3.1) in chapter 3 presents the values of the
intramolecular and intermolecular c¢ontributions to the
relaxations times of aromatic and methyl protons of
Several compounds. We can see that even a- few protons
close to the nucleus of interest can make an important
contribution to T3 from intramolecular effects. In the
case of methyl protons, the intramolecular contribution

is bigger than the intermolecular one. Therefore,
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the effect of N(proton density) in  the interﬁaleéular
expression for T; -equation 6.2, basically weighs the
efficiency with which protons from neighbour molecules
cah approach the protons that are being studied.
Consequently, it  would be imagined that the main
contribution to T)ljpnter comes from the first shell around
the molecule under study and in particular those at the

closest distance of approach.

The time dependence of the relative position of two
nuclei in different molecules depends on the
translational and rotational motion of the moiecules.
Whilst this affects the effectiveness of the

dipolar-dipolar interaction, this is affected in real

molecules by the ability of other molecules to actually

come into contact with the protons studied. In the case
0f mesitylene in solution with the protonated solvents
cyclohexane and TMS, the aromatic proton is somewhat
hidden within the molecule. This leads us to consider a
contact surface as shown in figure (6.7) wWwhere the lines
L and L' pass through the points p and p' for two
symmetrical collisions in the plane of the ring.
Evidently, steric restrictions can be placed on the
collisions between the solvent and ring proton.
Therefore, it 1is possible to define for the proton a

contact surface for possible collisions.
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Figure 6.7 Schematic representation of the collision of
mesitylene with solvent molecules.
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The buffeting interaction described at the énd .of
chapter one, provides a way to consider this contact
surface. There, the anisotropy of the collisions 1is
rebresented by two empirical constants £, § ; related to
a contact angle 6, made with respect to an axially
symmetric bond. As a result of this theory, it 1is
predicted that a resultant electric field generates a

buffeting contribution to the Van Der Waals screening

term indicated by eguation (1.75)
9w = —-B (Eb)? (1.75)
where <Ep> = K(28-%)2/r-6

These statements have been confirmed (51) and also, that
the buffeting effect c¢an be used to evaluate the Van Der
Waals a constant and the heat of vapourization.

Therefore, it might be anticipated that the buffeting

effect can contribute also to the relaxation time T1.

From the equation (3.11) 1in chapter three, it is
possible to establish that the inverse of the relaxation
time 1is proportional to the square of the magnetic Jlocal
field 1i.e. Tl‘ld=:<BLoq>2. By analogy with egquation

{1.75), it seems that the relaxation mechanism between

solute protons and solvent protons can be modulated as .

well by (23 - £)2. In order to assess this, we will
calculate g2 and { for mesitylene in cyclohexane and T™MS,
and apply the buffeting correction in a new test to

models II and III for Tj.
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The parameters 5 and /[ have been aefined at the end
of chapter one. With this basis, we will consider the
ring hydrogen of mesitylene in figure (6.7), where 4.
represents the contact angle, The hydrogen atom 1is
divided 1in four octants in a laboratory model of the
molecule. In addition a disc represents the solvent
molecule (5). For each octant the c¢ontact angle can be
different and is measured from the arc length (1) between
the point P and Q on figure (6.7), therefore e = l/r
{radian), where r 1is the hydrogen radius in the model.
It gives 9c°=360 x 6.rad/2nx . The scale used in the model
is lA=1.666cm. When the angle of contact is smaller than
45°, 1i.e. 0.<45°, the contact is type « as indicated by
equation (1.81), otherwise it 1is type B8 according to

equation (1.82).

Table (6.9) shows the parameters which allow the
calculation of S and ¢ , that is, arc length (1) contact
angle 6., and the distance d, in which the modulation of
the effect type @ or p is lost. Then, after the use of-
equation (1.81) and {(l1.82) we obtain {e and je. The%
value of RAV‘6 is obtained from egquation (1.83), where &
is the integration 1limit «r'. Finally fSo and (o are -

calculated from eguation (1.84).

The same procedure was followed to <calculate £ and{
for the ring and methyl hydrogens -of mesitylene in
cyclohexane and TMS. The results are shown 1in table-;

{(6.10).

287




[E6°0
OQm.o
A F~07)

1L 30w

*SIUBATOS SE 3UBXIYOTILD

1L T T 19%0
O BG9°0 ¥9Z°0

1L T 1 19%°0
0 £E8y 0 18¢°0

Ls L.of HH, sAVy

@l..

LSEEBO 8580 €16°0 (590 sgi'0 0 Iy

159%°0 LE8B°G 91670 90/°0 %6970 . SHL
7 o 5 .
. i
H(F-40) | i
Suta 14ya2u : wpwk ulwbﬂom

o

pue SWI YaT# sdnoif vaToipky suarliysaw jo [ pue m%.mo SonTep

(01°9) @1q%lL

XA A t°1 (2070 T 9°4¢ T AT
7%9°0 8 C 0 9¢5°0 B°G9Q £t c I11
XA £ 1 £CL°0 I 98¢ T 11
$89°0 9*7 0 18270 € Ll [°¢C I
EU#OAxb<m (ua)p 25 a¢f 29 (uwd)g juvapend

*JUDATOS SE SUBXIYOTIAD YT

«

auardarsaw jo uaoipdy dFipwoaw 9yl a0 7/ puvy JO UOTILUTWIAISP D] UF POEN BADIOUBIBJ

(6°9) s1qel

o]
o0
o™~




We will wuse the Gutowsky~Woessner exXpression for

Tlinter (/2) to identify the constant Q 1in equation

(6.4). Thus,

-1
Tlinter = 372 12 y4 5 N a 1 (6.18)

KT re

where r° 1is the closest distance between nuclei in
different molecules, normally taken as 2a, where a is the
molecular radii.

The buffeting correction can be assumed to reduce
equation (6.18) to

-1
Tlinter = 3 72 h2 34, N a3 (28 - ¢ )2 (6.19)

KT re

The results on table {6.11) for mesitylene in TMS give
some confidence in equation (6.19) as a representation of
the intermolecular interaction. However, when the
solvent 1is cyclohexane, the results are very different
from those expected from table (6.8) which indicates that
not only is the buffeting correction necessary, but 1in
addition some correction to the closest approach distance
r® and perhaps to the local proton density at the
Observed nucleus, In addition to that, it has to be
remembered that the viscosity 7 can be a good parameter
to represent the diffusion of the molecules, but not
their rotational motion. This implies that the
intermolecular interaction as described by equation
{6.19) does not take into account the real modulatiodn
effect due to internal or rotational motion of the

So0lvent molecules.
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Table (6.11)

A
The values of Tjinter for Mesitylene calculated from equations (6.18)

and (6.19) at 30°C,

fiinter x 102(sec™1)
(a) (b) (c)
" solvent ring methyl ring methylﬁ ring methyl
TMS 1.39 2.44 2.41 2.41 1.12 2.38
CgH1o 3.7 5.6 9.3 9.3 7.75 8.7

(a) refers to experimental data in table (6.8) model III

(b) correspond to equation (6.18)

(c) correspond to equation (6.19)
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The implication of the foreqoing analysis, is that a
simple model of the intermelecular interaction is
difficult to obtain and the best way to describe it, is
through information about the intramolecular contribution
to T;, obtained from theoretical models or experimental
data.

The buffeting correction applied to the relaxation
model III, only modifies the intermolécular contributions

to ¥ and X in eguations (6.16) and (6.17). Thus,

y=-2_H20 AR oap  t {(X-a') np" K" (28-4)ym2

o ‘1m0 “AB ntoNt (2P -2
(6.20)
y—_a Mao Mag oac 4+ (Y=R") _w' K' _(2p-§)"2
10" AC “ac Nt (2B - g )72
| (6.21)

where (2 - {)"2 and (2 f- {)'2 refer to the mixture of
mesitylene with TMS and cyclohexane respectively, Table
{6.12) shows the values of Y and X obtained from the
model III after buffeting correction. ‘The  same
correction 1is applied to the relaxation model II on the
intermolecular term N"D'/D-N? in equations {(6.12) and
(6.14). The results are shown in table 6.12.. According
to this, model III gives the best values after buffeting

correction.

Despite the accurate results obtained from model III
in table (6.12), it is important to point out that the

buffeting contributions to the Van Der Waals screening
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Table (6.12)

Buffeting

models IT and III in table 6.8.

Hill
X, ¥ x 102 sec~1 ring
Yexp 4
pintra 3.05
Pinter 1.5
Ycal 4.55
AYYexp 13.7%
Xexp 7.1
pintra 1.7
Pinter 3.40
Xcal 5.1
A%/ %exp 28.17%

Table (6.13)
Buffeting

(IT1)

methyl

13.
T4
5.
.76
.3%
16.

6.

2.

9.
41,

11

16
22

7

02

1
7
714
44
3%

Hill-B.P.P.
ring methyl
4 13.7
3.05 11.74
0.78 2.58
3.83 13,22
4.2% 3.5%
7.1 16.1
1.7 6.7
6.63 5.3

B.33 12
17.3% 25.6%

‘relaxation models II and III in table 6.8

' Hill (II)
X, Y x 102 sec—1 ring methyl
Yexp 4 13.7
pintra 3,05 11.74
pinter 4.84 4.49
Yeal 7.89 16.23
Y/ Yayp 97.2%  18.46%
Xexp 7.1 16.1
intra 1.7 6.7
inter 1.06 3,086
Xeal 2.76 9.76
2 X/ Xexp 61 39.4%
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Hill-B.P.P.
ring methyl
4 13.7
3.05 11.74
2.49 2,31
5.54 14.05
38.5% 2.5%
7.1 16.1
1.7 6.7
2.06 5.9
3.76 12.6
47 21.7%

correction (23 -¢ )~2 applied to the

correction (2 8- )2 applied to the relaxation

e




factor 9w in equation (1.80) represents deviation 'from
isotropic effect i.e, this contribution should be zero in

isotropic interactions.

For Tl'l the isotropic effect represents the maximum
interaction. Under these circumstances it might be
necessary to postulate that the buffeting correction
applies only to anisotropic situations. Cn the other
hand, it 1is possible to use different empirical factors
like (24 -¢ )72, 1-(23-¢)2, or (2(1-8 )=(1- £ )12, etc.
From the evaluation of these factors, it was concluded
that only (2 8 - ¢ )=2 gives adequate results as table
(6.13) shows for the case of ring protons, The use of
factors different from (28 - ¢ )2 may be related to the
effective distance of closest approach r° in equation
(6.18), which has been reported to be between 1.2a and

4a, where a is the molecular radius (88).

6.6 CONCLUSICNS,

The ARPS and progressive saturation techniques, have
been wused to study the relaxation times of mesitylene
protons in cyclohexane- TMS mixtures at a mole fraction
of mesitylene Xp=0.07. Despite the low concentration of
the solute, we were able to obtain reliable information
on T3 at several concentrations of TMS and cyclohexane.
Both techniques gave similar information which was
Selected according to the correlation coefficient of the

relaxation time measured. The ARPS technique was used to
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analyze the relaxation times of mesitylene, because the

data were more accurate.

It has been shown that the B.P.P. model of relaxation
can not be used to explain the values of the relaxation
times of mesitylene in the mixture used. This provides
further support to the conclusion of chapter five. The
Hill model gives better results, in particular for the
methyl proton where the 1intramolecular interaction is
.higher. A combination of the two models has shown to be
quite accurate in the calculation of Tj;. But it can be
due to compensation of errors from the intramélecular
contribution, which suggests that a more accurate
estimation of the intramolecular contribution  to Ty

should be attempted.

The buffeting correction has been used to improve the
Gutowsky-Woessner expression for Tiinter, Also this
correction was applied to the relaxation model III with

better results.
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CHAPTER SEVEN

13c NMR Relaxation studies of mesitylene in solutions and

their use in the calculation of the intramclecular

contribution to Ty of ring protons.

7.1 Introduction

The 1implications of the work described in chapter 6
are that a combined BPP-Hill approach may be used to
satisfactorily rationalize proton spin-lattice relaxation
times. It should however, be noticed that it is only the
overall self-consistency of the investigative approach
that 1is apparently satisfactory. It could of course be
that the approach is in fact invalid but that this is
camouflaged by opposing and self-cancelling inadequacies
in the treatment of + the intra and 1intermolecular
components of Tj. The 1intention now is to attempt to
Separate the 1intra and intermolecular c¢ontributions to
the T; of mesitylene and separately test the adequacy of

the theoretical descriptions of both terms.

The separation of the intramolecular and
intermolecular contributions from 18 relaxation times 1is
often facilitated by dilution studies involviﬁg the
perdeuterated analogue A(2H) of the molecule A(lH) under
study (109)(219),  Another method which has been used is
to dilute the compound A(lH) in suitable compounds. such

as CCly or ¢sp (8l) that produce ineffective dipolar
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contributions to the " Ty. Both methods ‘have
disadvantages. The former 1is exXpensive. and the latter
gives the intramolecular relaxation timé of the <compound
iﬁ CCly or CS; and this can not be used to represent the
intramolecular relaxation time when the solvent is
changed even if the viscosity correction described
earlier (chapter 5) 1is employed. The failure of the
viscosity correction is accepted to derive from
inadequacies in the Debye expression for the rotational
~correlation time (81)(92)(91) ang -although some other
models have Dbeen used to <calculate the rotational

correlation time, these are still imprecise.

The 13C NMR spin-lattice relaxation time Ty, can be
related to the reorientational correlation time TNMR
which depends on the rotational diffusion coefficients

ﬁt';gL' parallel and perpendicular to the symmetry axis
of the molecule (143) (156), pecora et al {(156) pave
found a different behaviour of the corresponding
correlation coefficients q! ' tL with changes in the
solution viscosity as indicated in Figure 3.5 (these
parameters have to be determined by light scattering and
N.M.R. techniques). The use of viscosity as an
appropriate parameter for characterizing the averaged
rotational correlation time of a molecule has therefore

to be reconsidered.

A further approach to the separation of intra and

intermolecular contribution to Ty of selected systems is
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possible using the approach of Vold et al (lggixitinéY
have found that the intramolecular proton - cdrrelatidn
time determined from relaxation studies of mixtures of
benzene and perdeuterobenzene has the same value as the
one calculated from the 13¢ spin lattice relaxation time
of neat Dbenzene. This 1is to be expected because the

benzene molecule is a planar symmetric rotor, and T c-H

and Tyy are necessarily equal (1B%), The extension of

this approach to other aromatic molecules like mesitylene
seems well founded, in particular, for the ring proton.
The approach will be to use the measured intramolecular
relaxation time from 13C experiments to evaluate the
corresponding intramolecular 18 term and then Separate
the intermolecular contribution from the observed
relaxation times. The results can then be examined by a
similar test to that used for the relaxation model III in
chapter 6. In this way, it might be possible to asses
how best to correlate the intermolecular relaxation

contributions in two different solvents.

The intramolecular or rotational contribution to Tjpp

has been demonstrated by Mitchell and Eisner (8l) to be

adequately represented by the Gutowsky and Woessner

equation (73} (7.1).

Y. Vi2( 3 %2 rry6e_d Vf'z(-1f+1)1flg*riffﬁ}-wot

J

2 3

Tl(rot)i

{7.1)
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where y , I and r refer respectively to the gyromagnetic
ratios, nuclear spins and separations between the
different dipoles; £ is over nuclei of the ‘same type as

the ith and £ is over all others in the same molecule.

For all practical purposes equation (7.1) may be

rewritten as

rIll—lintra = A Taff (7.2)

If two nuclei, such as 3¢ and 14, in a particular
molecule, have precisely the same motional
characteristics it is evident that

-1 H A

Tlintra = _AH_ T1Cintra i (7.3)

Ac

consequently, if the intramolecular dipolar contribution
to the 13C relaxation can be isolated and the ratio ayg/ac
determined, the intramolecular contribution to the 1 T
can be determined from the 13C value even if the 1g Ty 1is

influenced by an intermolecular mechanism.

It is frequently found that the 13¢ relaxation times
are not influenced by intermolecular effects because the
operative interdipole distances are large. This being
the case the intramoclecular dipole-dipole contribution. to
the 13c T; can be deduced from nuclear Overhauser
studies. ly Gouble irradiation yields the n.o.e. ¢n)

for 13¢ which can be inserted in equation (7.4) to obtain
1 c
Tlintra

298




1 C 1¢ _
Tlintra = Tilobs _ - S {7,4)
1.988

By conducting lH and 13C measurements on a molecule
at  infinite dilution in a solvent such as CCly the
molecular conétant Ag/Ac can be determined using egquation
{7.3) and then used to evaluate fﬁinira from ln ana 13c
T1's measured in any other solvent system whether or not

this is dipolar in nature,

7.2 Experimental

The samples of mesitylene-CCly and mesitylene-
cyclohexane~-TMS were prepared using the method described
in chapter 4. all the experiments were carried out on a
Jeol FX90Q spectrometer. The 13C T; relaxation tinmes
were measured using the prdgressive saturation technique
in order to get the most results in the shortest possible
time. It was found that these results agreed reasonably
with those obtained by the inversion recovery method.
The 90° pulse for 13C was 24 » sec. and 30—-40 scans were
normally required +to measure T1's for the CHjy carbons;
for the ring carbons (CH) 20-25 scans were reguired. The
sample temperature was 30°C+1°C. And this was .set using
the Jeol temperature control which was checked with a

calibration curve (chapter 4) for a probe sample of

(ethylglycol) and monitored for a periocd of time similar

Eo the duration of the Tj's experiments. The NOE factor
was obtained from the integral (I) of the peaks, using

the Harris-Newman technique (196), waiting 5T1 between
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pulses with the noise decoupler Qh {COM), aﬁd' 10T,
between pulses with the decoupler gated (NNE). The NOE

was calculated using equation (7.5)

n— I coMm 1 (7.5)
I NNE
7.3 Results and Discussion

The 13C spin-lattice relaxation times for several
-concentrations of mesitylene in cc1§ are given 1in table
(7.1). Both the ring (CH) and CH3 carbons relaxation
times are presented in table (7.1) and 1illustrated
graphically in Figure (7.1). Comparing the values of T
in table (7.1) or Fiqure (7.1) with those in table (7.3),
it can be seen that for neat mesitylene -there is a good
agreement between the values of the relaxation times
found experimentally and those from the literature. It
can also be seen from figure (7.1) that the 13¢ Ty is
higher for CH3y than for the ring (CH) 13¢ T) despite the
presence of three protons. The reason for this is the
averaging due to the internal rotation of the CH3 group
(137), In figure (7.2) the 13¢ T1 ©¢f the ring (CH) and
CH3 carbons of mesitylene in the mixture Me-CgHj7~TMS are
represented. There, the concentration of mesitylene 1is
kept constant at Xwe=0.07. Table (7.2) contains the Tj's
values for each case. When the mole fraction of TMS is
increaseqd, Ty for the ring 13C, (CH) grows steadily.
This means that the molecular motion of mesitylene has

Undergone some sort of change. This effect is also seen
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Table (7.1)

Relaxation times and NOE for 13¢ and lg nuclei of

mesitylene in mixtures with CCly

(a)

XMa T1o/sec Ti1cp3/sec Tyg/sec '7(13C—{1H})
13cH 13cg3 ring 13cH

0.05 7.3 11.8 23.7 1.89

0.129 7.1 11.7 22.45

0.199 7.2 12.2 21.4 1.99

0.368 6.8 11.9 16.8

0.451 6.9 11.4 16.46 1.8

0.545 6.7 12 15.33

0.608 7.13 11.4 15.04 1.96

(a) hydrogen data taken from table 6.1 and Figure 6.1b

Table (7.2)

Relaxation times and NOE for 13¢ and lH nuclei of

mesitylene (Xye=0.07) in mixtures of CgHjo/TMS

(a)

XTMS Tic/sec Tycp3/sec T1g/sec '7(13C~{1H})
13CH 13CH3 ring 13cH

0.09 10.65 12.8 14.97 1.88

0.18 10.3 12.6 14.7

0.207 11.0 13.2 15.63 1.94

0.345 10.9 12.7 16.67

0.44 10.9 13.3 17.99 2.1

0.62 11.3 13.2 19.7 |

0.79 11.35 12.9 20.7 1.8

(a) hydrogen data taken from table 6.3 and Figure 6.3b
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Figure 7.1 The variation of 13c Ty's of mesitylene in CCly with
the mole fraction of mesitylene. (0,0} literature values.

Tl(s} 4

15 ¢

14

13

12

11

10

XTMg

Figure 7.2 The variation of 13c¢ T1's of mesitylene in TMS
cyclohexane mixtures, with the mole fraction of TMS
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Fiqure 7.3 The variation of L3¢ Tl_l of mesitylene in CCl, with
the mole fraction of mesitylene
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Fiqure 7.4 The variation of 13C Tl—l of mesitylene in TMS
cyclohexane mixtures, with the mole fraction of THMS
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when mesitylene 1is at low cdhcentrétions in Me-CCly
mixtures as shown in figure (7.1). However, the
behaviour of 13C T of the CH3 group does not seen very
sensitive to the influence of those changes in
concentration, - perhaps because of the averaging due to

internal motion which dominate the T1.

The NOE factor for the ring carbons (CH) in
mesitylene~CCly and Me-CgH)12-TMS mixtures are reported in
tables (7.1),{7.2) which are illustrated graphically in
'Figure (7.5) (7.6). These values of U dgreed with those

reported from the Literature in table (7.3).

Table (7.3)

Literature values of 1l3¢ T1's and NOE for mesitylene

T] sec NOE(7} condition T°C reference

CH{ring) CHj CH{ring) CH3

undegassed

7.8 11.9 2 1 neat 40 (137)
degassed

5.7 2 neat 23+2  (156)

9.3 2 50% V/y in 2342 (156)
1-CsH]2

It can be seen that there is no: systematic variation
in 7 in either series and it may be reasonably assumed
that Tla, contains little or no intermolecular
contributions. However, the averaged values of 1.91 and
1.93 for the NOE in Me-CCl4 and Me-Cy-TMS respectively

are marginally less than the theoretical maximum of 1.988.
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Figure 7.5 The variation of %(NOE) for 13C-H nuclei of mesitylene
in CCly with the mole fraction of mesitylene.
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Fiqure 7.6 The variation of ¥ (NOE) for 13CH nuclei of mesitylene
in TMS-cyclohexane mixtures, with the mole fraction of TMS
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contribution from spin-rotation or chemical shift
anisotropy. The C.S5.A <contribution was found to be
negligible for the 13C-H nuclei of mesitylene in CCly
(XMe=0.545), where it was obtained T1=6.6 sec. at 270 MHz
and T1=6.7 sec. at 90 MHzZ. The dipolar-dipolar

contribution to Ty will be calculated using'q average 1in

equation 7.4.

Tables (7.4) and (7.5) contains the | dipolar
.components of the 13C relaxation rates fli;ira deduced
from the observed rates Tigps and <T)> Using équation
(7.4}, The observed proton relaxation rates given in

tables (7.4)(7.5) have been devolved into the intra, and

intermolecular - contributions using equation (7.3) with

the wvalue of Ay/Ac=39.0/131.6 for both solvent systems.
This has been possible Wwithout recour se to the
theoretical estimation of any terms such as A or Teff-
With the information of the intramolecular and
intermolecular proton relaxation rates it is now possible
to use these together with the corresponding 13¢C rates to
obtain reliable correlation times, Taff. Equation (7.1)
contains a definition of the molecular constant A and
this was used to calculate the aryl hydrogen and methyl
hydrogen contributions to Ac and Ay 9given 1in Table

(7.6). Because the methyl group is a free rotator the

effect of this group was deduced by considering it to be.

Lepresented by 3 hydrogen atoms located at the centre of
the base of the cone defined by the motion of the C-H

bonds. Using the values of Ac and Az given in table
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1c 1 H |
(7.6) With Tlintra and Tlintra (Tables_ 7:-4 and 7.5)

values for <Tgff were calculated via equation (7.2).
These are given in tables (7.7) and (7.8). Whilst it can
be seen that the two values of Toff deduced for any one
sample are similar, they are not identical. The reason
for this is probably due to the <crugdity of the
representation of the methyl group. By 1increasing the
separation of the H3 centre from the molecular centre,
along the CH3 three-fold axis, by 0.1258 ; (from 2.299 ;)
almost 1identical values for “T.ff are obtained from the
13¢ and 1H data in any one sample. The corrected values

for Toff are given in tables (7.7) and (7.8).

Knowing Tgoff 1t 1is now possible to deduce the
individual contributions to Tii:tra- This 1is composed of
terms Pyy and pHCH3 that are caused respectively by the
dipolar interactions of the aryl and methyl hydrogens
according to equation (7.6)

-1 H
Tlintra = FHH + PHCH; (7.6)

Using the values of Apgy and AHCH3 given 1in table (7.6)
with the appropriate values of Taff permits the
calculation of Pgy and pHCH3 . Values for these are
given in tables (7.9) and (7.10). As 1is to be expected,
the relaxation rate caused by the methyl groups is far
higher than that caused by the aryl hydrogens because the
former <contain more dipoles that are closer to the
resonant nuclei than the other aryl hydrogen.
{
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Returning to the values of Yeff p:esénted in tables
(7.7) and (7.8) it can be seen in the case of mesitylene/
CCly that Teff 1increases with the mole fraction of
mesitylene. Because the viscosity of mesitylene is less
than that of ‘CC14 the above observation is contrary to
the prediction of the Debye equation %, =474 a3/3KT. This
could be due to the existence of "slip boundary™
conditions at high concentration of ¢€Cly which would have
the effect of reducing the effective viscosity and hence

Yeff. In  the case of the (CgH12/TMS system Y erff
decreases with increasing mole fraction of TMS. This
variation is consistent with viscosity considerations but
might also be enhanced by the existence of "slip

boundary" conditions at high concentrations of TMS.

According to Gutowsky and Woessner the intermolecular
proton relaxation rates given in tables (7.4) and (7.5)

should be capable of explanation through egquation (7.7)

1 - T2 viN (632 £1/p {5 16 ye2 (1g+1)
T1(inter)i a’ 3

* o
If 2 l/fif]’rtrans- (7.7)

where l/r;j is the mean value of l/rij for two molecules
in contact, N is the number of nuclei per unit volume and
the summations are over nuclei of neighbouring molecules
Ttrans 1in equation (7.7) may be represented by the
Stokes-Einstein relation Tiygapng=77a3/yxp from which it
1H

can be seen that the values of Ti;,ter 9given in tables

(7.4) and (7.5) should, like their intramolecular
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Table {7.4)

Relaxation rates x 103sgec-1l for the aromatic carbons and

hydrogen of mesitylene in mixtures with CCly

Ele 1 C Q1 H a3 H 1 M
AMe Tlobs Tlintra Tlobs Tlintra Tlinter
(a) '
0 137.0 131.46 39.0 38.99 0.01
0.05 137.0 121.6 42.2 38.99 3.21
0.129 141 135.5 44,54 40,16 4.38
0.199 138.8 133.4 46,73 39.53 - 7.2
0.368 147 141.2 59,52 41,84 17.68
0.451 144.9 139.2 60.75 _ 41.25 19.5
0.545 149 143.2 65.23 42 .44 22.79
0,608 140.2 134.7 66.49 39.92 26.57
1.0(a) 154 148.0 88.03 43.86 44.17

(a) Extrapolated data

Table (7.5)

Relaxation rates x 103 sec~l for the aromatic carbons and

hydrogens of mesitylene in mixtures with CgHj; and TMS

1 c 1 e -1 H 1 H -2 H
ATMS Tlobs Tlintra Tlobs Tlintra Tlinter
pla) 95 92.2 71.0 27.32 43.68
0.09 93,8 91.1 66.8 27.0 39.80
0.18 97 94.2 68.03 27.92 40,11
0.207 90.9 88.2 64.00 26.14 37.86
0.345 91.6 88.9 59.98 26.35 33.63
0.44 91. 4 88.7 55.58 26.29 29.29
0.62 88.5 85.9 50.76 25,46 25.30
0.79 88.1 85.5 48.31 25,34 22.97
0.93(a) 84.0 81.6 40.0 24.18 15.82

(a) Extrapolated data
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Table (7.6)

Data relevant to the calculation of Ac and Ay

rpo P3-H
ICS P2-H
resp2-csp?
rcsp2-csp’
FlH
yl3c

A x 10710 geg2

AlBCH

Al3CCH3
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.15228

.03980

.19208
.02700
.714459

.77159

x 104

x 104

4

rad s—lgauss -

rad s-1 gauss
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Table 7.7
Rotational correlation times ( Teff x lUlzsec) for

mesitylene in mixtures with CCly

XMe Tegf ¥ 1012 g Rationalized Yeff x 10l2s
13c 1y 13 1g
0 6.003 5.053 6.026 5.984
0.05 6.003 5.053 6.026 5.984
0.129  6.181 5.205 6.204 6.164
0.199 6.086 5.123 6.108 6.067
0.368 6.441 5,422 6.465 6.422
0.451  6.350 5.346 6.374 _ 6.331
% 0.545 6.533 5.500 6.557 6.514
0.608 6.145 5.174 6.168 6.127
1.0 6.752 5.684 6.777 6.732
Table (7.8)
Rotational correlation times Yg¢f, for mesitylene in
§ mixtures with CgHjip and TMS (Xye=0.07)
1 XMS Teff x 1012 s Rationalized Tgaege x 1012g
| 13¢c 1y 13¢ 1y
| 0 4.206 3.541 4.222 4.193
f 0.09 4.156 3.499 4,171 4.144
0.18 4.297 3.618 4.313 4.285
0.207 4.024 3.388 4.039 4.012 ¢
0.345  4.056 3.415 4.071 4,044 5
0.44 4.046 3.407 4,061 4.034 i
% 0.62 3,919 3,300 3.933 3.908 i
0.79 3.900 3.284 3.915 3.889 !
0.93 3.723 3.134 3.736 3.711
|
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Table 7.9

Contribution to the intramolecular aryl proton relaxation

rate of mesitylene in mixtures with CClg

XMe

.05

.129
.199
.368
.451
.545
.608

= O O o o o o o O
.

Table 7.10

Contribution to the intramolecular aryl proton relaxation

rate of mesitylene in mixtures with CgHjz and TMS

XTM3

.09
.18
. 207
. 345
44
.62
.79
0.93

o o OO0 o oo o o o©

e N e i T S S

I = R S S Y S S S

.616
.616
664
.638
.734
.710
.759
. 654
.818

PHHx 10351

132
.119
. 157
.083
.092
.089
.055
.050
.002

PHE x 103s-1
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PHCHy x 10351

37.
37.
38.

37
40

40

PaCH, x 103s5-1

26
26
25

25

24

374
374
499

.892
.109
39,
.684
38.
42,

541

267
045

.188
5.

882

L7612
~057
. 257
25.
.408
24,
23.

195

289
177




counterpart, vary linearly with -viscoéity.‘ However, it
is evident from equation (7.7) that fiigter can depend on
small changes in internuclear distances and more
importantly on dipolar nuclear density. The data 1in
table (7.4) suggest that N plays the dominant role in
governing the variation fiigter. In the other system
covered by table (7.5) both solvents have the same number

of protons per molecule (the basis of their choice),

However, because the macroscopic density of TMS is less

than that of CgHj; (0.6021 g cm™3)- and (0.7693 g cm—3)

respectively it is evident once again that N dominates
-1 H
the variation of Tjjnter with the composition of the

mixture studied.

It can be pointed out here that the variations of Taff
in tables (7.7) and (7.8) with 7 vield values of drnad/ g
from the Debye equation that are a factor of ~4[ larger

than the theoretical estimate.

The 13C method used in the calculation of the
ihtramolecular contributions to Tj] of the ring protons in
mesitylene Seems to be quite reliable. With this basis,
the 1intra and intermolecular contribution to Tp will be

calculated by several theories to assess their validity.
7.3.A Analysis of the intramolecular contribution to Tj

a) Prediction 0f Tilintra Uusing the Gutowsky-Woessner

equation (7.1) with the BPP and Hill theories.
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The G.W. egquation (7.1) for the rinq_.protoﬁ of

mesitylene is

-1
Tlintra = 2 'r (7.8)

where Ag 1s given in table (7.6}. It emerges that

-1
lintra = 0.0077159 x 1012 ¥ sec~l (7.9)

-1 . .
In order to predict Tljipntras 1t 1s necessary to use a
suitable model for Y. eg. B.P.P. or the Hill theories as

indicated in equations (7.10) and (7.11)

Y ppp= e 737 1 (7.10)
KT

= Ka2 7ap Yan 7.11

“ui1r 2 (e
KT

where KA2=iAB/11, with iap = Iap Ip

' IagtIA
The values of a were estimated using the closest
packing equation 4/3 7 Noa3=0.74 vm. These parameters
are presented in table (7.11). The values of Ty-1
deduced using eqguation (7.8) are presented 1in table
(7.12%. Thesge results show that the Hill based
correlation time 1s the more accurate. Its wvalue for
mesitylene in TMS is very close to the one determined by
the 13C method. The most probable reason for the
discrepancy 1in CgH12 1s that the Hill egquation is still

too imprecise.
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D) Variations in Tjipiry  based on the BPP and Hill

models,

The experimental results shown 1in table (7.5) can
serve as true values of fi,rrs to test the ability of
the Hill and BPP theory to correct them from TMS to CgH12
and viceversa. Thus, as 1indicated 1in chapter 5, the

value of Pinyra y and  Pipntra x for the extremes x,y, in

table (7.5) are:

Pintra y calc = Pintra x exp fy BPP (7.12)

with
f1 BPP = 7"/n = 0.3384

where ., n" are the viscosities of mixtures of

mesitylene in CgHyp, TMS indicated on table (7.11) and

Pintra vy cale = Pintra x exp f£1 Hill (7.13)
where
f1 Hill = H3m Tap  9ap = 0.5817
“aB TaC  9AC

The £1Hill factor is calculated from table (7.11%. When
the values of Ffintra x cz]c are required, the correction
factor must be inverted. Table (7.13) shows the results

o0f this test, which again indicate that the Hill theory
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Table 7.11

Parameters used in the evaluation of T1intra through equatioh {(7.8)

compound It Ky TAB UAB "
g x1017g cn? C.P.A. C.P.
TMS 50.88 60.2 2.493 0.242
CgHy2 49,5 61.34 4,171 0.715
Me - - - —

I
x1040g cp?
143

236.9

548

a Vm
; cm=
3.5 146.5
3.17 109.4

3.45 140

where ﬂ’KA:.7ABGABI_7’ refer to mesitylene (Xye=0.07) in TS and CgHypp(CY)

Table (7.12)

Intramolecular contribution to Ty of the ring proton of mesitylene

calculated for several model with equation (7.8)

BPP
solvent CY THS
T (psec) 29.4  9.95
Tlintra x103 sec=l  226.8 76.8
T1intra sec 4.4 13.0
ATy % (@) 88 69

7

Cy

6.12
47.2
21.2
42

Hill
™S
3.59
27.7
36.1
12.6

13¢ method (b)

<Y TMS
4.22 3.74

27.3 24.2
36.6 . 41.3

(a) this %2 is evaluated respect data in (b), which are taken from table

(7.8) and (7.5)

Table 7.13

Intramolecular relaxation times calculated using the Hill and BPP

theories on extremes x,y in table (7.5)

(X,Y) x 102 BPP

Pintra y exp 2.42

Pintra y cale 0.91
% 62

FPintra x exp 2.73

Pintra x calc 7.15
pA 165
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Hill
2.42
1.57

36
2.73
4.16
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gives good approximation to the true values of Tlintra-

However, neither the BPP nor the Hill theories are

satisfactory

7.3.B  Analysis of the intermolecular contribution to Tp

The intermolecular contribution to T; for the ring
proton of mesitylene can be estimated from the values of
Pintra indicated in table (7.5) and are considered to be
~the true values of Pinter. Using these results, the
Gutowsky-Woessner equation (7.7), the Hill and BPP models

can be tested,

2) The Gutowsky-Woessner equation
The ¢¢.W. equation (7.7) can be tested using the
Stokes-Einstein relation Yyyahs = 77a3/,xp resulting in

-1
Tlinter— 3 72h2 y4pN a 1 (7.14)

KT 1,

From this equation for rgy=2a the values of pinter for
the ring proton of mesitylene (Xpe=0.07) in mixtures of
CgH12 and TMS as solvent can be calculated. The results
are shown in table (7.14) which includes also the results
of using the buffetihg" correction factors (24 - g)z and.

(2p-¢)~2. It can be seen in this table that for TMS the
G.W. value is close to the "true™ value. But there 1s no
indication of improvement after wusing the empirical

buffeting‘ factors from table (6.10)
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b) Test on the BPP and Hill models.,

A test similar to the one applied to the
intramolecular model II (Hill) and III (BPP), can be used
on the values of Pfinter reported in table (7.5). Thus 1in
equation (7.15) the extreme of the table (7.5) Pinter «

is used to calculate the other extreme Pinter y Dby using

a correction factor f, i.e.

Pinter y cale. = Pinter 4 f, BPP (7.15)

with
f2 BPP. N" %" _0.259
N! ‘r?l

where N", N', nt, 7" are data reported in chapter &6,

similarly

pinter yeaje = Pinter , £, Hill (7.16)
with
f2 Bill = N© D' =0.50428
D" N

where D', D" are the diffusion coefficients reported 1in

table (6.7).

Table (7.15) shows the results of equations (7.15)
and {7.16) applied to the extremes X,y of table (7.5).
It is difficult to decide which model is better because
both have the same degree of inaccuracy. The combination
of
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Table 7.14
Intermolecular contribution to T1 of the ring protons of mésitylene

calculated from the Gutowsky-Woessner equation (7.14)

(b) (b)
solvent Pinter (a) Pinter (b) Pinter(Zﬁug)z Pinter(Zﬁ—é)Q
x 102 gec™l x 102 gec-l x 102 gec~l x 102 gec~l
TMS 1.58 2.41 1.12 5.18
CgHy o 4.37 9.3 7.75 11.15

a) refer to the pinter values on the extremes x,y of table (7.5)

"b) refer to the values calculated from equation (7.14)

Table (7.15)

Intermolecular contribution to T1 of the ring protons of mesitylene
calculated using the Hill and BPF models on the extremes X,y of

table (7.5)

(X,Y)x10250c-1 BPP Hill BPP Hill BPP Hill
buffeting factor(a) (Zg-—g)2 (Zﬁug)'z
Pinter y exp 1.58 | '
Pinter y calc 1.13 2.2 0.64 1.24 2.04  3.97
% 28% 40% 60% 227 297 151%
Pinter x exp 4.37
Pinter x calc 6.1 3.1 11 5.6 3.4 1.7
% 39% 29% 148% 27% 22% 60%

(a) the buffeting correction is applied as in equation (6.20)
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Pintra exp + pinter calc. for lboth models give- similar
accuracy when compared with Tl“l Observed. Also, 1t 1is
noticed that Pintra calc Hill + Pinter calc Hill agrees
better with T;~l observed than the combined fintra calc
Hill + Finter calc. BPP value. From this point of view,
the Hill model gives a good result, but as suspected,
this appears to be due to Opposing errors in the intra and
intermolecular terms, In conclusion the evidence
presented in table (7.1%) does not vet permit the
decision about whether the intermolecular contribution

can be represented by the BPP or the Hill model

7.3.C pBuffeting correction 1- 2 (2p-y)2

The G.W. equation depends on the closest distance of
approach of molecules and if this varies so may Tiinter-
Normally the evaluation of such distances would not take
intp account constraints of collisicnal Processes.
However, such constraints are implicit in the buffeting
approach to %w. It would appear desirable therefore, to
iﬁvestigate whether terms of the type (2ﬁ—§)2 can. be used
to improve the characterization of intermolecular
relaxation rates. In consegquence we will review some of

the basic principles to obtain a better approach.

The buffeting contribution to the Van der wWaals

screening term <w, is calculated from eguation (7.17).
Cw = ~B ( EP - (7.17)
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- (7.18)
ro r3
it was shown by Percival (51) that
(E¥ = (2ﬁ—§}2 constant (7.19)
rd
so equation (7.17) becomes
a1 = - _B.X (2p‘§}2 (7.20)

In this approach, the buffeting <contribution to the
screening should be zero for isotropic systems i.e.

( =1 and {¢=2).

The magnetic field generated by a magnetic dipole

at a distance T is given by (55)

B_3 (7.B) T _ & (7.21)
r> r3
which 1is similar to equation (7.18}%. The expression of

T1~! in terms of the local magnetic fieldg is (16},

Tl—-l e };2 [ _sz + Eyz ] TC (722)
From this equation, we can establish an analogy -with . the
case of %w in equation (7.17). For T3l the magnetic
field interaction only includes Bx, By because the field

Bz does not affect Ty, so the overall contribution from
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the local magnetic field assumihg isotropic systems is

2
2/3 Broc

The buffeting contribution to T3~ ! would be expected
to depend on (23-;)2 but notice has to be taken of the
fact that for isotropic <collisions 9w is a minimum
whereas the analogous contribution to 717! must be a
maximum. Consequently, one possible expression for the
buffeting contribution to T;~1 could depend on l—(2ﬁ*§)2.
However, we have to consider that the overall
contribution from the magnetic field is 2 BEOC S0 that
the buffeting factor would then be 1- 2 (2ﬁig)2.

3

This proposed buffeting correction will now be

applied to the Gutowsky-Woessner equation (7.14), the BPP

and the Hill models for intermolecular contribution to T).

The values of 1-2 (25 -¢)2=fz for mesitylene in TMS
and CgHy, are: ’

in CgHjyop fB = 0.4443

in TMsS fp = 0.68995
Table (7.16) shows the values of Pinter calculated using
the Hill and BPP models that were presentéd in table
(7.15) and the Gutowsky-Woessner (G.W.) wvalues -in table
(7.14). But with these values multiplied by the
buffeting factor fg or hp; hy for TMS is fR(TMS)/fr{CgH12)
and the inverse of hp is used for CgHjp. The results

obtained for the BPP model and the (G.W.) eguation are

quite good. In addtion to that, table (7.17) shows the
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Table 7.16

Comparative results of Pinter calculated in tables (7.14) and (7.15)

after buffeting correction by 1*2‘(2ﬁ~§)2

3

px 102 gecl solvent T™S CeHyo. 7 TMs(c) #CgH1o (e)
Pinter (a) 1.58 4,37 — —
Pinter calc (Hill) 2.2 3,13 40% 297

Pinter calc (BPP) 1.13 6.1 28 39

Pinter (G.W.) 2.41 9 53 112

Pinter cale (Hill)xhg(P) 3,42 2.0 117 54

Pinter cale (BPP)xhg(h) 1.75 3.9 12 10.5
Pinter (G.W.) fg 1.66 4.13 .5 6

a) refer to the intermolecular values of the extremes X,y in table
(7.5

bj hg is the ratio fp (TMS)/fB CgH1> when applied in TMS solvent and
the inverse when applied to CgH1p solvent.

c) refer to the relation 4P/p (a)

Table 7.17

Comparison of pintra + pinter evaluated from two methods with the

observed T171(x10? sec™1)

solvent Tl_lobserved Pintrat+ Pinter{(a) ¢ Pintra+‘ﬁnter(b) %
™S 4 4,1 2.5 4.2 5
CGHIZ 7.1 6.8 4 6.6 7

a) Pintra is taken from table (7.5), Pinter{3) refers to the (G.W.)
values on table (7.14) .
b) Pinter(b) refers to the BPP value in table (7.15)

324




calculation of the complete T171 i.e Pintra + Pinter

with Pintra taken from the values in table (7.5) for the

eXxtremes X,y and Pinter (a) refers to the (G;W.) equation

after buffeting correction, Pinter (b) refers to Pinter

calc, {BPP) after puffeting correction. Both methods

produce very good values for T1~l which indicates that

the buffeting correction factor 1-2{(2p ¢ )2 can also be
3

used in other systems.

7.4 Cconclusions

Studies of the relaxation times and the nuclear
Overhauser effect for the ring 13C of mesitylene 1in
solutions of CCly andg CgH12-TMS have been used in the
evaluation of the intramolecular relaxation times for the
ring protons of mesitylene. From these results the
effective molecular correlation times for the rotation of

mesitylene have been evaluated.

This approach to separate intra and intermolecular
relaxation contributions has the advantage of its lack of

dependence on any theoretical calculation.

The correlation times =, calculated from the Hill and
BPP models were used with the Gutowsky-Woessner equation
to evaluate the intramolecular contribution. It was
found that the Hill theory gives better agreeﬁent with

the true value.
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The intermolecular contribution to T1 was analgﬁed
using the G.W. equation@h&ﬂéﬁﬁ?mﬁ Hill models but it was
not possible to determine which model provides the best

description of Pinter,

A buffeting contribution to T1 was invoked by analogy
with the work done on buffeting contribution to the
Van der Waals Screening term. An equation was proposed

which takes into consideration the Characteristics of

molecular encounters and the properties of the relaxation

times. The application of a buffeting correction to the
G.W. equation for Pinter gave good agreement with that
evaluated by the 13¢ method, Also good results weré
achieved by using the BPP mnodel that 1incorporated a
buffeting correction. The overali result of calculating

pintra + pinter based on the eXxperimental value of Pintra -
deduced from 13C methods and Pinter evaluated from G.W.
equations or B.P.P. equations is to give close agreement
with the observed 7171 value within 7 and 2.%% for the
BEP or G.W. bases respectively, The unfortunate
cdnsequence of this 1is that the value of the widely

favoured Hill theory is thrown into doubt.
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CHAPTER EIGHT

Novel Methods for separating intra and

intermolecular contributions to proton

spin-lattice relaxation times

8.1 Introduction

In chapter seven the vwvalue of being able to
Uunampiguously Separate the intra and intermolecular
contributions to proton spin-lattice relaxation times was
illustrated. Because the procedure described therein
depends on dilution studies it was considered desirable
to search for alternative procedures that avoid dilution
studies and facilitate the analysis of the Ty in single
samples. In the present chapter two procedures are
described that fulfil the required objectives. The first
method makes wuse of relaxation studies of 13C proton
satellite spectra and the second depends on

intermolecular nuclear Overhauser studies.

8.2 Proton (13C) Satellite Studies

The low natural abundance of 13¢ (1.1%) assures that
the resonances of hydrogen attached to 13¢ cofrgspond‘to
those obtained from 12C bound hydrogen in molecules at
very low concentration in an appropriate solvent.
Moreover, the satellite spectra uniquely identify

hydrogen nuclei that may in 12C molecules be part of a
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set of equivalent spins. Evidently, studieé: of 13¢. ind
12¢  bona hydrogen can provide different relaxation
information. The present intention is to investigate
whéther the two sets of relaxation data can be used to
yield intra and intermolecular contributions to proton

spin-lattice relaxation times.

Because of the high concentration of hydrogen the
proton satellite T; must contain both intra and
'intermolecular contributions. Nevertheless, in certain
circumstances the unigue identity afforded by hydrogen
attached to 13¢C can result in it having a different
relaxation rate from that of the corresponding hydrogen

bond to 12¢, This difference can be used to ‘identify

Tlintra and Tljinter-

In order to simplify matters the relaxation rates for
hydrogen in a pure compound will be considered.
Considering one magnetically unigue hydrogen, i, an

extension of the Solomon approach yields the rate equation

_dly — Rj (Izj-TIei) - izjgij(Izj“Ioj)‘ soix(Izx=Tox)
x
dat (8.1)

where I is proportional to the integrated intensities of
the resonance of the appropriate spin, Ri the total-

direct relaxation rate of spin i is given by

(8.2)
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where Pij 1s the direct dipolar relaxation between épins
i and j, and Pi* is the direct relaxation of i due to
other mechanisms not included in jiipij and for present
purposes will be considered to arise from intermolecular
dipolar interactions. The cross-relaxation terms, * ,

are assumed to arise only from dipole-dipole interactions

so that

Pij = 2 a3 {8.3)

If i in equation {8.1) refers to one magnetically unique
proton in a 12¢ molecule the change in 1its magnetic
identity when attached to 13C cannot alter the form of
equation (8.1}, although Ry contains an additional
contribution, Pj13¢, due to the interaction with the 13¢

dipole.

In order for 12¢ and 13c bond protons to have
substantially different relaxation rates it is necessary
for the hydrogen 'considered to be one of a set of N

equivalent spins,

In the first 1instance one nucleus, s, out of Ng
equivalent spins will be considered the subject of the
measurements so that Wg-1 nuclei, labelled D, will be

detected simultaneously but not the subject,
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The other molecules in the. bulk sample will be.
considered to contain solvent nuclei, X. The rate

equation for the subject 12¢ bound nucleus is

dlg ~ -Rg(Izs-Ios)- r ogp(Izp-Iop)- » ogx(Izg~TIoy)
Na-1 X
dt S (8.4)

Because Izp=Izg and Iop=Iog equation (8.4) reduces to

dis — -{Rg* & 93p)(Izg-Iog)- r ogx(Izgx-Tox) (8.5)
dt Ns-—]_ X

There are, of course, Ng equations of the type (8.5) but

because each acts independently at the nuclear level only
one need be considered, Nevertheless, because the
individuals values of I are proportional to the total
integrated signal intensities, .the latter may be used

wWwith equation (8.5).

For inversion recovery, or progressive saturation
exXperiments for systems having bi-exponential recovery
rates 1t has been shown that semi-logarithm plots of
(Iz-Io)vs t for the initial recovery data yield accurate
values of the relaxation rate (220), ©The experimental
relaxation rate Rgg may thus be determined and evaluated

through equation (8.6)
Rgss = Rg + = ogp = 3 Pintra + Pinter (8.6)
5 o .

If the same nucleus S is considered attached to 13¢
this is now located in a systen with (Ng-1) non egquivalent
spins (N). Consequently, the analogue of equatibﬁ (8.4)
is
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dlg ~-Rg' (Izg-Igs)~ = C’SN(IiN“ION‘}-’% EOgx{Izx-Tox)"
dt Ng-1 X o
(8.7

By applying a saturating rf field at the position of
the 12¢ bound proton resonance not only are the satellite

spectra reduced to single resonances but Izny=Izyx=0.

Consequently, equation (8.7) reduces to

dlg =-Rg’ (Izs-Iog)+ T ogN.Ion + rogx Iox (8.8)
dt Ng-1 X
and RS' can be obtained precisely from a conventional

semi-logarithm plot of the appropriate data. However RSt

is now given by
Rg' = Pintra' + Pinter (8.9)
where
Pintra' = Pintra + Pge (8.10)

Provided FPyc can be determined, equations (8.6) and

(8.9) can be used to obtain Pintra and Pinter.

It is possible to estimate Pyc from 13C-{.;H] nOe

. . . C
studies, because the observed 13¢ relaxatien Lime Tigbs
is related to its dipole-dipole component and the noe,7)

r

by equation (8.11),

C c
v Fen™l = Tipp = Tiobs _1.988 (8.11)
i i
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Implicit in this is the usual assumption that solvent
contribution to 13C relaxation times and nQe's are
negligible. It should be noted that equation (8.,11)

yields % Pce™l and not the required fcy. However, the
NS
percentage of I pop~l attributable to PcH can be estimated
N s ’

using the classical equation (8.12)

-1 C
Tipp = H2 V13g }»'lé s reptt ve (8.12)
Ng¢

for which, in the pPresenc context,  only values for the

hydrogen-carbon distances rcy are reguired,

Although the above approach appears attractive
because of its simplicity it does have limitations that
limit 1its applicability. In order to illustrate this the
subject nucleus will again be considereg Bne of a set of-
Ns equivalent spins in the 12C molecule so that equations
(8.5) and (8.6) again apply. If, however, the vpresence

of 13C results in s being one of a set of Ng equivalent

spins, E, the appropriate rate equation is

dIs = -Rg"(Izs - Ios)- £ “SE (I,g-1Iop)
dt E#S
- 2 YsN (Izn~IoN)-Z 9sx (Izx-Iox) (8.13)
Ng=-Ng X

which when the 12¢ bound broton resonance is saturated

reduces to
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dIs = =(Rg" + = gpl(Izg-Ieg) + & sy Ton -

dt Ng-1 Ng—Ng
+ ¥ TSK Iy (8.14)
X
for which the measured rate constant Rgs is
R5s= Rg"+ Y Ogp= fsc+fintra + 1 5 pumtfinter (8.15)

Np-1 2 E#S

Wwhere igPHH is the total of the direct dipole-dipole
E

effects on S of the remainder of the set of spins E. It

follows that the intra and intermolecular effects can

only be separated. if EEHDHH as well as /OHC can be

estimated.

In order to test the above proposals benzene

1,4 dioxane and mesitylene have been studied,

8.2.2 The IH spectra of bpenzene, 1,4 dioxane and

general considerations of satellite spectra

The proton maénetic resonance spectré of benzene and
1,4 dioxane are characterized by a central liné and tﬁé
appearance of small multiplet satellites signals on both
sides of the main signal. Studies of the 13C proton
satellites 1lines are difficult due to ﬁhe low 1.1%
abundance of the 13c isotope and thus tbé attached
hydrogen. However, such studies can proﬁide importanﬁ
information about the structure of ther moleéule. fh

particular, the "inner 13C satellites®, located within a
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few Hertz of the resonance of protons boyid to 12¢ atoms
(221) can be detected by using a second rf field By to
modulate the 13¢ signal; changes caused by tnis will be
tfansmitted to the coupled protons, whose signals are
detected after substracting the modified spectrum from
the normal proton signal by using a computer. In this

way the "satellite spectra"” are obtained free of

interference from the main 12¢C proton signal.

The external or outer satellite signals have been
detected by wusing a special pulse technique (222) tphat
has been demonstrated to give good S/N after 64

transients using non 13C enriched acetaldehyde.

Some work on the relaxatiﬁn of 13c satellites in
proton spectra has previously been reported. For
instance Briguet et al (223)(224) paye measured the
‘proton relaxation time of 13C1HC13 in natural abundance.
Fujiwara and coworkers (225) have analysed the T, of the satellites .
in a sample of 40% 13C enriched formic acid. London et
a1 (2265) have measured the proton relaxation times in 90%

13C enriched aminosugars.

In the present work it is shown that the value of the
13¢ proton satellite relaxation time «can Dbe used to
obtain the values of the intramolecular and
intermolecular contribution to the proton relaxation

times of the molecules studied.
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8.2.B Analysis of Ty for 13¢ proton satellites

In a system with two spins I, S the relaxation time
of the spin I, can be measured after saturation of the
spin S, The rate of recovery of the magnetization of I
after a 180° pulse is:

Ry (I,8)- 1 4 1 (8.16)

Ty1 T1p

where T represents a 180° pulse, § represents the

saturated spin and Tyy is a non dipolar interaction.

Freeman et al (221)(227) have shown that the initial
recovery will have the same value as eguation (8.16)
R;(T)ERI(T,§) even without irradiation of the spins s, if
the interval of time (t) considered in the measurement is o
small 1i.e. E&2T1h; in reality the recovery 1is governed
by a double exponential eqguation. When the interval of

time considered is longer, the situation will differ, eg.

51 ° .
if t=Rj with Ty3¢®» Ti1p and Tlp = 2Tx1, the value of Ry will

differ by 5% from Ry due to the effect of "cross

relaxation® (220), If we use short values of t i.e. only
the initial points in the semilog. plot of Mz wvs t, we
can be sure of making only small .errors in the

determination of Ty,

In the case of 13C proton satellites, it is possible
o reduce the multiplet satellite spectra to the type AB

(13C~1H) by irradiation of the central signal with a
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second rf field B2, and use ‘the above arguments ‘to

calculate T} from the experimental data.

8.2.C Experimental procedures

The experiments were carried out on benzene, 1,4
dioxane and mesitylene which were deoxygenated using the

method described in chapter 4.

The relaxation times of the L3¢ proton satellites
were measured using inversion recovery and progressive
saturation techniques; the 90° pulse was 45 u sec. The
double irradiation field B, was placed at the main signal
12c_4 with a power Jjust enough to decouple the proton (8)
attached to the 13¢C isotope from the other intramoleculap
protons. As a result, a single 1line was detected for

each satellite.

The 13C relaxation times were measured by ‘using the
progressive saturation technique. In this case the 90°
pﬁlse was 24 usec. The l3c N.0.E. factors 7 for samples
studied were measured by using the Gated irradiation
technique (196) waiting 5T; between pulses when' using

continuous irradiation and 10 T; between gated pulses.

3.2.C1 Methods of detection

The 13¢ proton satellite signals are very small- For

example in the case of neat chloroform each satellite is
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about 0.55% of the size of the main signal and therefore

smaller than the spinning sideband signals that should be

about 1-2% of the main peak. When the satellite# signals
are multiplets as in the case of benzene or 1,4 dioxane
the signals are spread over a significant spectral
width. In benzene the multiplet covers around 20HzZ and
is composed of 45 lines (228), a5 a result, the signal

level is cut to 0.012% of the main peak.,

The theoretical spectrum of 1,3,5-Trichlorobenzene
(221) plotted in terms of increasing frequency in figure
(8.1) gives a general 1idea of the location of the

satellites with respect to the central signal.,

Because of the difficulty of observing satellite
spectra the experiments were done first using the RI12

Perkin Elmer n.m.r. instrument. And the results were

‘compared with those obtained from the 13¢ spectra

obtained using the FX90Q spectrometer. Table (8.l1) shows
that the coupling constant J(13C~H) for benzene,
mesitylene and 1,4 dioxane can be measured from the
proton spectra or the 13¢ spectra; the 13¢ spectra were

obtained in the irradiation mode NON(no r.f. irradiation).

The 1l3¢ proton satellites of benzene, because of the

spectral multiplicity and the dynami¢ range of the FX90Q
are very difficult to observe. However, the detection is

greatly improved by using an r.f. irradiation fielg Bo

337

o e e e




| n
- e - 3 (13cen)
.
- J(13cH) ~— - N
a)
p o J(13cen) A ‘
« 3(13cu) —
b)
i
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applied at the main signal as shown in figure (8.2b).
The effect of this is to produce single line spectra of

improved S/N

8.2.C2 Effect of B,

When a second r.f. field By 1s applied at the
position of the normal central proton peak of benzene,

the satellites become sharp singlets if the irradiation

frequency 1is at the right place and of the appropriate

power, From a 13¢ spectrum of benzene it was observed
that the secondary proton (o,m,p}) coupling results 1in
multiplets covering 20Hz. If we compare this with figqure

(8.1), the conclusion is that the "inner spectra® at the

main signal of benzene may be spread over 20Hz; this is

more or less consistent with the satellite spectra of
figure (8.2) wherei the irradiation field 1is applied at
54.675 + 0,005 KHz of irradiation offset. However,
because the B; r.f. power does have a finite bandwidth,

it can be expected that some irradiation still occurs

outside this frequency range.

The working conditions for B, in the studies of
benzene were irradiation level highx5.5 and at 54.675 KHz

of irradiation offset. For 1,4 dioxane the corresponding

conditions were high 5.5 and 54.390 KHz (high 5.5 refers

Lo an irradiation level of 55 decibels according to
figure (8.3) from the Jeol instruction manual). Figure

{84b) shows how the line width of the satellite envelopes
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changes with the irradiation level,. The optimuh value of
the line width in this experiment 1is Awz2Hz and this was
obtained with By set at high 5.5 angd irradiation offset
frequency 54,675 KHz. For slight changes in the
frequency setting (£ 1Hz) changes could be detected in
the appearance of the residual satellite lines which
sometimes split into two signals. This occurs because of
the differing extents to which the irradiation field.
saturates the different 1lines in the inner satellite
spectra. When the r.f. field By 1s increased from high
5, as indicated in figure {8.4a) the separation between
the satellites changes, i.e. the coupling constant
J(13C—H) has become a residual coupling Jr; as happens
with standard 13C spectra (229). From this variation it

is possible to calculate the homodecoupling r.f. power.

One advantageous effect of the irradiation field By
is- to saturate the main signal and allow the detection of
the satellites signal with more dynamic range. The
signals detected by the receiver are: Signal= @;?Eﬁgl +
B2signal +* side band + satellites + noise when the
detection is vperformed with homodecoupling irradiation
mode which uses time sharing between the acquisition of
the data and 1irradiation, the amount of perturbation
arising from By is at about the noise level, As has been
shown in figure (8.2), the identification of the
satellites signals is then possible and their variation
with pulse sequence can be used to obtain the appropriate

relaxation time.
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Table 8.1

Measurements of J(IBC—H) coupling constant in benzene, mesitylene

and 1,4 dioxane from 1H spectra and 13¢C spectra

Compound

benzene

benzene
mesitylene {ring)
mesitylene (ring)
mesitylene (CHj)
mesitylene (CHy)
1,4 dioxane

1,4 dioxane

Table 8.2

J(13¢c~g) 1,

155.7

156

153.3

154.3

126.6

125.9

141.6

142

Spectra

1y
13¢
1y
13¢
1y
13¢
1y

13¢

Spectrometer
R12

FX90Q

R12

FX90Q

R12

FX90Q

R12

FX90Q

Variation of the 13¢ proton satellite line width (AW) and

residual coupling constant Jr of benzene with the decoupling power

AW (H,)
15
15

15

10

Jr(H,)

156

160

161

161.1

161.8

167

172

187

203.8

IRR. Level x 10~1 gp(a)

0

3

7

7.

5

a) the switch is in the High position, according to figure (8.3)
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8.2.C3 Measurement of 13¢ proton saktellite relaxaﬁion

times

After using the irradiation procedure described
above, we are able to see singlet satellite signals. In
practice it proved easiest to select only one of the
satellite signals for investigation. This was the left or
low field satellite because the right satellite signal
was close to a side band of the water peak from the D30

Lock signal.

In order to apply the Freeman approximation (220) the
inversion recovery method should really be used to

measure Tj, However, the progressive saturation method

gives similar results.

The setting of the conditions for the measurements of
satellite relaxation times Was optimized during
experience gained over guite a period of time, From the
earliest measurements, the average relaxation time for
benzéne was 14.97 sec + 1.2 sec. From later experiments
summarized in figures {8.5) to (8.10) an average for Ty of
14.8 + 0.24 sec was obtained which is taken to be the
true value. In order to get reliable spectra, the: By
power was found to have a reguired setting of betﬁeen
high 5.5 and high 6 and an irradiation frequency ofngt
of about 54.680KHz. The temperature of the sample was
28°C, T0 get the reguired spectra it was necessary to

use at least 20 scans. The 90° pulse was 45 usec.
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Figure 8.12 The variation of M -M, with t.
{B.11}). 7Ty=5.04 sec. '
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The semilogarithm plot of Mz-Mg Vs time ‘in ‘figures

(8.6), (8.10) shows the last peint away from the ‘best

linear correlation but this does not affect the initial

rate of recovery of the magnetization.

In obtaining the 13¢ T1 values, <the ©progressive
saturation technique was used with a value of 24 M sec for
the 90° pulse. The results of the relaxation studies are

presented in table {8.3),

Table 8.3

Relaxation times and NOE's for benzene, 1,4 dioxane and mesitylene.

Sample 18 sat. T1(s) 14 main T1(s) 13¢ T(s) 13¢ "
benzene 14.8 + 0.5 21 4+ 0.5 329 +1 1.6 + 10%
1,4 dioxane 5.4 + 0.5 6.6 + 0.5 11.8 + 0.5 1.8 + 10%
mesitylene(ring) 5.1 + 0.5 15.0 + 0.5 7.1+ 0.5 1.96 + 5%
8.2.D Results and discusion

The 15 and 13¢ relaxation times together with the

13¢c- {1HB no0e's for benzene, 1,4 dioxane and mesitylene

are recorded in table (8.,3)

In the case of benzene the data given in table (8.3}
were used with egquation (8.11) to yield a value of'40{TS
sec. for T1§D- If the distances from the 13¢ proton
satellite toc the ortho, meta and para protons is a,b,c

respectively and a',b',c' the distances from the 13¢ to
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the same protons, then from the standard benzene'gedmetry

indicated in figure (5.2) values d@=— 2a8A=; b=

c=49 A were obtained - This® implies that a'=2.126A, b'=3.34A
and c'=3.81A. Therefore the 13¢ dipolar-dipolar

relaxation time is

. -y -
T1-1 c=h2 y2 Y2 (227420 4c " 2 oey -]

DD 13¢ 13¢cH sat

(8.17)

H

as the distance 13C-Hsat is 1.09£, the equation (8.17)

becomes

T1-1 c=h2 Yz V 2 [0.023426 + 0.596]T.sec~1
1 "o 13¢ H ¢
(8.18)

N e
thus, it implies that Pcyg =0.96 Tipp. This, together

with the other parameters in table (8.3) was used with
equations (8.6), (8.9) and (8.10) to obtain T1ipntra=22.6s
and Tlipter=27.2s. zeidler (103) and also powles (109)
have  deduced from studies of CegHg 1n  CgDg tﬁat
Tlintra=llls and Tijnter=23s; Tiintra=87s and Tlinter=25s
respectively. It can be seen that these values are

consistent with those reported herein.

In the case of 1,4 dioxane PCH=2T%5% so that the
apropriate data in table (8.3) yielgd via equation (8l11)f
fféc=26.065. Although the value of E;éfjﬁﬁ requi;ed
for equation (8.15) is not available experimentally, .it
was estimated using the appropriate form of the Gutowsky-

Woessner equation (8.19)
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for adjacent protons; a value of ?C being deduced

according to the Mitchell-Eisner approximation

Yo 1 27M a (8.20)
U KT

where T (200.7x10-40g cm2) is the average moment of

inertia of 1,4 dioxane, # (44.06g) its reduced mass,

-

a(2.67h) its average radius and 7 (1.087 c.poisse) its

viscosity. In this way £ fyp=l was estimated to be
E#5
9.49s. Using the values of 3 PHH and  Pyc referred to
E#S

above, together with the other relevant data in table
(8.3) with equation (8.6) and (8.15) enabled the values
of 8.33 s. and 31.64s to be deduced for Tilintra and:

Tlinter respectively.

In the case of mesitylene, it was measﬁred the ring
13¢ proton satellite Tl in a mixture of mesitylene in
CCly. The data obtained 1is presented in. table (8.3)f
The experimental method used to get T was inVefSioh

recovery.

The intramolecular contribution to T1 arise from
the PH-34 interaction and PHCH3. From equations (8,6}
and (8.15) it is possible to obtain Pyg. In order to do -
that, it was used fiC—H from table (7.4) with a small"

correction due to the A values on table (7.6) which 1let .

Us estimate the contribution to Tj from the ring proton
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in 98.2%. Therefore the value 0.1347 sec-l far  Tpp

change to 0.1323. Consequently 3/2 P for the ring proton
is 7.5x1073, which is higher than the value 1.65x10-3
reported for this interaction in table (7.9}, This 1is
due to the reduced $/y and the fact that changes in T)
smaller than 0.5 sec produce significant variation in the

calculated Pyy.

8.2.E CONCLUSIONS

It would appear that, for selected molecules,
relaxation studies of 13¢ ang l2c¢ bounded hydrogen, coupled
with 130—{-1H } NOE measurements can be used to isolate
the intra and intermolecular contributionsto the proton
spin-lattice relaxation time, In order to minimize the
dependence of the approach on the thecoretical estimation
of necessary parameters it is necessary to confine the
approach to situations where the presence of 13¢
differentiates one proton from an otherwise equivalent
set of spins. It is 1likely, therefore, that the approach
will only prove of significant value in the analysis of
the relaxation times for protons such as those of the
aryl hydrogens in symmetrically substituted aromatic

compounds.
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8.3 The use of intermolecular NOE's in the analys;g'

0of proton relaxation times in binary liquigd.

mixtures

8§.3.4A Introduction

One of the mechanisms causing magnetic relaxation of
hydrogen nuclei in liguids is the dipole-dipole
interaction between protons in different molecules. When
a molecule A is surrounded by -other molecules of
different kind B, the saturation of the proton signals of
B, will enhance the resonance signals of the mblecule
A{l25) | whis can be explained by invoking a collision
complex model (128)(230) in which there is a coupling

between protons in A and B.

In order to find the intermolecular contribution to
the ‘relaxation time of the protons in the molecule A, it
1s possible Lo employ dilution studies involving thg
deuterated B molecule (109)(219); this is normally costly;
Another pessibility, is to extend and adapt the. Solomon
equations (231) to describe the spin-lattice relaxation
of systems of this nature in order to obtain. eguations
that can be used with the NOE enhancement of the signal
of the A molecule after saturation of the B signal to
provide guantitative information about the interaction
between molecules (127)(128)(189) Some such general

equations will now be discussed.
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In order to 1illustrate the. present prOposalg -a
molecule, the solute, containing solute nucleus, s, out
of Ns such nuclei is considered to be the subject of the
investigations. When setting up the rate equation of
this nucleus the effects of the remaining (Ng-71)
equivalent nuclei, D, that are detected simultaneously
but are not the subject have to be considered, as do the
effect of the other set of Ng nuclei of type E in the
solute and also those of the solvent nuclei. Such a
general situation would be applicable to mesitylene in
CgH12 or TMS as has been the subject of earlier

discussions in this thesis.

Following Solomon's approach the relevant rate

equation is given by equation (8.21)

O../
dizs = - Rg {Izg - Igg) - D ~sp (Izp - Iop)
at
-2 Tgp (Igg - Ipgl- £ st (Izx - Ipy) (8.21}
E X

where‘ Ii 1s proportional to the integrated intensity of
the resonance of i, Izi and I,y are respectively the
values of Ii at some time t angd at equilibrium., Rs is
the total direct relaxation rate of 5, given by equation

(8.22)
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due to the effect of j(D and E). If Pg* is the sum of
Pinter (the intermolecular dipole~dipole rate, Z/QSX)
X
and ﬂ”, the rate contribution due to mechanisms other

than dipole-dipole equations (B.22) may be written as

Rs =I§ FSD + EFSE + )}E-JOSX + foo (B8.23a)

Pintra + Pinter + Po (8.23b)

U

Rs

In equation (8.21), the terms Wsj(jzb,E and X)),

represent cross-relaxation between j and s.

Although eqguation {8.21) describes the relaxation of
the single spin S it has to be remembered that Is cannot
in fact be measured, Only the total integrated intensity
corresponding to that for S and Ng_] nuclei of the same
type that have been artificially 1labelled bD. The
immediate reaction is to sum Ng equations of the type
(8.21) in order to obtain an equation containing
measurable intensities i.e. Ng I,. However, the result
of sd doing would be to multiply the 1last two terms by
Ng. This would be quite incorrect because equations such
as (8.21) refer to the nuclear and not the macroscopic
level. In other words the relaxation of one subiject
nucleus, whether it be labelled § or D can, for example
only be influenced by é Tsg(Izg~Ipg) and not Ng times
this, Consequently, observed bond intensities must be

considered equivalent to single spin intensities.

362




If experiments are conducted 1in which the .solvent
resonance is saturated and slow passage conditions prevail

dIl,g/dt=I,,=0. By use of the general equations

(8;24a)(8.24b)

Tsd =~ _Is (Ig541) (8.24a)
sy 213 (Ij41)
Iojo::Ij(Ij + 1) Y3 (8.24b)

and defining the NOE. factors, £, by equation (8.25)

IC)S = fsx = fs(x) (8.25)

I2n. - Inpn = fpx = fpiX) (8.26)
Iop

Equation (8.21) can be rearranged to give equation {8.27)
2Rs fsx = - 4 fsp fpx o - ZRg fgx 'E (8.27)
y 4

5
+ .5 Pex _bx
y

S

s

However fgy=fpy and equation (8.27) becones equation

(8.28)

fsx (2Rs+ I Pop yp ) =- 1 FPgg foy VE + > fax % (8.28)
D E .7 b .
s "s s
Although eguation (8.21) corresponds to a

triexponential rate eguation it has been shown (220) that
initial relaxation rates for a system that is dbrredtly
described by suchanequation can be evaluated as thbugh
they obey a single exponential recovery without
significant error being introduced into the relaxation

rate so deduced. Under these conditions it is evident
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that a value may be obtained for Rgg that is: deéfined “in

equation (8.29)

Rgs = Rg + Psp/2 (8.29)

X
D

-é This permits equation (8.28) to be rewritten as

equation (8.30) considering Yp= Ys

z Psx Y% - 2Rgg fgy + 3 Pse fex 'k (8.30)
X % E VS

Information 1is now required for F%E and this can be
obtained from NOE experiments conducted by saturating the
signal of E. By following the approach leading to
equations (8.30), but additionally assuming that Exp=0
because of the low concentration of E in X 1t emerges

that equation (8.31) now applies

pSE _JE = 2Rgs fsg (8.31)

s

substituting; eéquation (8.31) into (8.30) gives equation

(8.32)

D,
fgx = {inter = 2 _l%_ Rgg {fSX + fSE fEX) (8.32)
Yy

i
B
A
8
=1
i

combining equation (8.23) and (8.29) permits Rgg to

be expressed as in equation {(8.33)

Rsso_3_ pintra + Pinter_ 1 % FSE + P° ‘ (8.33)
2
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which combined with equations (8.31) and (8.30) .gives

equation (8.34)

(Uintra: 2 [Rgg(l=2 Ys (fgx+tfsefrx) + Yg fgp)- Fo}

3 - Vx VE
- (8.34)

For practical purposes equations (8.32) and (8.34)
can often be simplified. For example, when only

homonuclear interactions contribute to the relaxation

mechanisms ?S= ?E:'VX and equations (8.35) and (8.36) are

‘obtained

fointer = 2Rgg (fgx + fgF frx) (8.39)

fintra=_2 [Rgg (1-2fgy - 2fgpfEx+ISE)- Pol  (8.36)
3

It must be Stressed, however, that when making
simplifications of this type, confusion may arise if
refefence 1s not made to the full rate equation such as
(8.27). ror example, if the general system described
above is simplified only in that S now becomes a unique
nucleus, i.e. not one of an equivalent set of nuclei, the

equations for P‘inter and F'intra are (8.37) and (8.38)

("inter = 2 Y5 Rgg (fsx + fgpx fsp) (8.37)
Yx ‘
P‘intra = Rgs (1-_2¥g (fsx+fgy fgg) )- P° (8.38)
"‘fx ; .

If the molecule is further simplified by making Ng=0
with the molecule containing only one unique spin s the

relevant equations are
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P''inter = 2 Y5 Rgg fgx . (8.39)
Yx |
Q"intra =0 (8.40)
whnich means that there are no - dipolar-dipolar

intramolecular contributions.
There are several molecules that are used for
fundamental studies of relaxation times which <contain

only one set of equivalent spins. The relevant equations

in this case are

0'"'inter . TS 2Rgg fgy (8.41)
Yx

p'"'intra - 2 {Rgg(1-2.¥S fgx)- feo1 (§.42)
3 ¥x

The equations (8.32),(8.34)and (8.42) can only be used
to isolate both intra and intermolecular relaxation rates
if €° is known. In the majority of systems having s,E
and X as protons only,it is often safe to assume that

€°= . However, for heteronuclear studies the situation
is not so simple. For example, +3C relaxation mechanisms
may involve finite contributions to pe. Natural
abundance  13C  studies actually correspond to  the
circumstances surrounding equations (8.37) and (8.38).
Selective { 1H } ~13¢ irradiation experiments yield data
appropriate to these eguations but €° is unknown.
However, whilst considerations of noise decoupling
( { 1y } -13C) experiments of X and E do not result in
separate equations for the intra and intermolecular rates,

they do provide the useful eguation (8.43)
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(2fg(EX)=- Yy )(F'intra+ g'inter)='~2fS(Ex)p° (8.43)
Vs
Because the measured relaxation rate is given by eguation

(B8.44)
Rg = Rgg = fP'intra + f'inter + p° (8.44)

and Yx/2VYs may be equated to the maximum NO&, £,, the

familiar equation (8.45) holds

P'intra + P'inter = Rg fg(EX) (8.45)
fo '

More importantly, for present purposes, equation (8.46)
applies

Po = Rg (1 - Ec(EX) ). ' (8.46)

and SO all contributions (equation (8.44)) to the
measured relaxation rate can be isolated without the need
Lo establish whether or not Tisgr and Ticgp are finite by
relaxation studies at various temperatures and resonant

frequencies respectively.

The approach underlying the various equations
presented above can be tested initially by reference to
literature data available for systems that correspond to
equations (8.,41) and (8.42) with Yg= Vx . The data for
these, together with one set corresponding to equations
(8.39) and (8.40), are given in table (8.4). For

comparison purposes values of Tlintra and Tilinter
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obtained for the various solutes from_,dilution ‘studies

are presented in table (8,5).

Pilution studies of molecules such as benzene,
cyclohexane and acetone necessarily vyield 3 Eintra
(2T1intrg) and Pinter assuming £° is zero. Evin having
ailowed for the factor of 2/3 a direct equivalence of the
values of Tljntra obtained from dilution studies and from
nQe measurements is not expected because the two
approaches employed involve different solvents that
cause Trot %o differ because of their viscosities.
Similarly Tljinter ©Obtained by the two approaches would be

expécted to be different because of the two different

viscosities necessary for an equation such as
Ttrans = T7a3/2KT (8.47)

Additionally, in the case of Tlinter different solvents
will involve different values for N and the
intermolecular distances specified in equation (7.7) .
Neverfheless, the values for Tyjhtry and Tlinter deduced

here are similar to those deduced from dilution studies.

It should be noted that in the case of chloroform
referred to in table (8.4) the value associated with
Tlintra must be attributed to Ti1gg and not TlDﬁ.
Similarly, in the case of acetone some part of the wvalue
of 39.77S attributed to

Tlintra may be due to a

spin-rotation contribution
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Table 8.4

Tlintra @nd T1inter evaluated from observed relaxatien times, Tlobs(ng),

and intermolecular nOe's, fgy, for various solutes at infinite dilution in

protic solvents; the equations used are given in parentheses.

Solute
benzene
benzene

cyclohexane

chloroform

acetone

Table 8.5

Solvent
cyclohexane
acetone
Benzene
cyclohexane

benzene

ref.  Tiobs/s fsx
174 17.0 0.37
127 32.5 0.26
174 13.76 0.2
127 19.5 0.34
127  17.5 0.17

Tlintra/s
98.1 (42)
101.6 (42)
34.4 (42)
61.7 (40}
39.77(42)

Tlinter/s

23.0(41)
62.5(41)
34.4(41)
28.7(39)

51.5(41)

Values of Tyjpiryy and T1inter deduced for various compounds from dilution

studies

Solute

benzene

cyclohexane

acetone

Solvent

benzene-d6
benzene~d6

CSs»p

CCl,
cyclohexane
acetone

CSy

CCl,
benzene
acetone—dé

benzene

Tlintra/S

111
87
91
60

22
16.2

29

a} deduced for pure material

b) calculated

c) from table 8.4
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Tlinter/s

23ta)
25(a)
33({b)

27(b)

34(a)

Ref.

105
1086
81
81
c 65.4
c 67.7
81
81

105

1Ty intra/s
3

23.0
62.5

34.4

5l1.5

Tlinter/s




8.3.8 Experimental methods, results and discussiog

A general description of the method for measuring NOE

is given in chapter four. In this section we will refer

to specific applications of some techniques illustrated

in table 4.9,

In the measurement of 13C NOE's the irradiation modes
COM, NNE were used. For selective 1irradiation the
e Xtension mode EXT 237 described in table 4.9 as SEL(NNE)
was used, therefore the combinations SEL, EXT 237 or EXT
225, EXT 237 can be used to obtain the NOE value. In
irradiation modes, complete or selective, the eguations

(8.48) and {8.49) are used

_r}%ICOM N (8.48)
~ INNE
IsEL 1 (8.49)

7 TYEXT 237

where I refers to the integrated area of the signal under

study.

Because of the normalization facility on the JX90Q
spectrometer, the integral value has to be corrected
according to the NG value indicated in the ACPAR pattern

as shown in equation (4.15).
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The evaluation of the proton MNOE's requires “special
irradiation technigues, because of the prox'imity between
the 1irradiated signal and the observed signal. This
pfoblem is overcome by -the irradiation mode HOM, whiqh is
time shared, i.e., it has short alternate pericds of
irradiation and detection. The NOE can be calculated

from equations (8.50) and (8.51)

_ lxom _1 (8.50)
IEXT 93 .

TExT 81 _3 (8.51)
IEXT 93 '

where EXT 93 1is described in table 4.9 and is a gated
irradiation mode similar to the NNE mode. The eéxtension
irradiation mode EXT 81 is similar to HOM but they seem
to have slightly different r.f. power distributions The
method indicated by egquations (8.50) (8.51) 1is very
convenient in the case of multiplet signals, where the
applied rf field B, reduces the signal to a single peak
with higher S/N. This is the best method available to
detefmine the NOE for 13C proton satellites in section

8.4,

The homogated irradiation mode HMG can be used in
combination with the HNON irradiation mode to obtain the
NOE. For HMG the irradiation occurs after the sampling
has been finished, so that there 1is enhancement withou#t

decoupling of the spectra. The resultant NOE is
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_ Tame 3 _ ' (8.52)
INON

This method has shown good performance but care has

to be exercised with the r.f. power level which is guite

high. As an example, in table (8.6) the NOE values for
several rf power settings of the HMG mode for a sample of
mesitylene in CCly where Xpg=0.05 are presented. 1In this
experiment the ring proton is observed and the group CH3
1s irradiated. As T] for the ring protons is 26sec, they
are easily saturated, It was observed that the optimum

rf power setting for HMG is low x 5.

The NOE in binary mixtures described in section 8.3.B
can be 1illustrated with the results presented in table
8.9, For that purpose, the NOE values were calculated
using the methods described above, which are indicated
with the equation number in parentheses in tables (8.7)

and (8.8).

In table (8.9) it can be observed that the calculated.
contribution Pinter for 13c 7] in benzene is 11% of the
total dipolar dipolar interaction. This should be
related to the high proton density of the sample. The
results of Finter and Fintra for benzene in cyclohexane
confirm the results calculated from the literature 1in
tables (8.4) and (8.5). In the <c¢ase of mesitylene in
TMS5-CgH1p the calculated values for fintra and Pinter are

similar to those shown in table 7.5 for the same mixture.
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Table 8.6

The variation of the NOE for ring protons of mesitylene

(¥pMe=0.05) in CCl 4 with the r.f. power using the eguation (8.52)

T{NOE) Irradiation level x10~1 db
0.27 Low x 1
0 .345 Low x 3
0.508 Low x5
0 .309 Highx 1
0.20 High x 2
0.124 _ High x 3 .
0.135 High x 4
- 0,075 High x 5
-0.11 High x &
Table 8.7

Relaxation time Ty and NOE for benzene {X£=~0.1) diluted in
cyclohexane. The equations used to evaluate the NOE are give n

in parentheses.

Irradiation 1y Ty J-3(2'1’]_ 7 13¢ nly

{(sec) {sec)
17

{cou) 33 1.5 (48)

{1 1.4 (49)

{cy} ~0.15(49)

{CY } 0.37 (51)

{CY} 0.37 (52)
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Table 8.8

N Relaxation time Ty and NOE f or mesitylene in the mixture
' Me—TMS-Cy with Xy, =0.07 Xmyg=0.8. The equations used to

evaluate the NOE are given in parentheses

irradiation ly Ty (sec) T}lHring "TJ-HCH3
20.7
| TMs) 0.162 (52) 0.1 (52)
|CH3 | 0.27 (52)
lcY } 0 (52)
Table 8.9

Values for lintrar Pinter and FO for various compounds
evaluated from Tiohg @nd NOE's. The equations used are given

in parentheses.

-1

‘ 8 -1
Nuclei Fintra(sec) f)inter(SEC) 2 Tintralsec) . (,D»o(sec)
‘ ‘ 3
13¢ venzene in CgHyyp 570 (44)  A9B3 (37) 134.7(46)
1H benzene in CgHyo 98.1 (42) 23 (41) 65.3 {42)
14 ring mesitylene 34.7 (36) 55.6 (35)
in M™S-Cy

374




In conclusion the method described in this section to
calculate the intra and intermolecular contribution to Ty

seems to produce good results.,

8.4 Studies of the NOE for the 13¢ proton satellites

in benzene and 1,4 dioxane,

Earlier in this chapter it was demonstrated that
relaxation studies of-the 13¢C proton at the corresponding
'lzc-proton spectra of benzene and dioxane could help
separate the intra and intermolecular contribution to T,
for the pure samples. However, the method broposed
depended on the theoretical estimation of C-H dipolar
relaxation rates. In view of the initial succéess of the
use of NOE's to achieve the same end that has just been
described, it 1s proposed to adapt this for the analysis

of 13¢ proton satellite relaxation times.

The 1intention is to establish if it is possible to
get the intramolecular relaxation component of the 13C
proton  satellite by selective irradiation of  the
ortho-meta~para protons in the same molecule, As was
shown earlier in this chapter the 13C proton satellite in
the proton spectrum can be detected as a single 1line
after appropriate double irradiation. In order to
evaluate the HNOE of the satellite proton it- will be
assumed that the ortho, meta,;andpara proton signals,
denoted by E, can be saturated with a weak irradiation

power,
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If it 1is assumed that irradiation at the 12¢ bend

hydrogen resonance saturates a fraction of the spins, it -

is reasonable to subdivide the intermolecular

contribution as shown below,

= Tox RA(Izx-Iox)- Tgx (1- o) (Igx-Igx) (8.53)

so that the intermolecular components may be defined as
Tsx < = fPgx %/2 = anter/z = oL Finter/Z (8.54)
and
Tsx{l=2)= Pgx(l-«) /2= Pinter/2=(1-+4) Pinter/2 (8.55)

Consequently, from equation {(8.27) it is obtained

(8.56)

2Rs £5(E,X)=f5pt Pinter— Pinter £x(8)-Y13c P13cg fl3c(m)
" Vlg
where S refers to the 13¢ preton satellite, E to the
ortho, meta ad para hydrogen atoms in the benzene molecule
and X to the hydrogen atoms in benzene molecules .without a
13c isotope. The value of the eguation (8.56) will now

be assessed.

8.4.A Experimental methods, results and discussion -

The experiments were carried out in degassed samples

of benzene and 1,4 dioxane. The method employed to .
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determine the NOE of the 13¢ proton'satellite_.consisted
in the application of the r.f. irradiation field Bo on
the main signal, using the irradiation modes EXT 81, EOM,
Exf 93 and equations (8.50) and (8.51). As usual a 5T
period of time was allowed between pulses for EXT 81 and

HOM, and a 10T when using EXT 93.

The integrated areas of the resultant decoupled
signal were cut out and weighed to determine the NOE's.
Some of the NOE's results calculated- for benzene and 1,4
dioxane are presented in table (8.11), where the equation

used is indicated in parentheses.

From measuremetsof the integrated area of the TMS

signal in the sample of Me-TMS-Cy usSed in section 8.3 it

was noticed that the irradiation mode EXT 81 has about
50% more power than HOM, This explains why in several
experiments the NOE calculated from equation (8.51) was
negative, 1i.e, EXT 81 produced partial saturation of the
observed signal. For a similar reason, t he NOE
calculated from equation (8.50) gives, 1in some cases,
values higher than 0.5; this is due to partial saturation
of the signal detected in EXT 93 Vmode during the

acquisition time,

These observations were used in the analysis of 3¢
proton satellites. For example, 1in benzene, the inner
satellite spectrum should spread for about 20 Bz, so in

order to decouple the spins it is needed HOM power of the
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order irradiation level high' x %. In these conditions,

as indicated in table (8.10) and figqure (8.153), the

saturation coefficient « , which is defined by equation
(8.57) from the ratio of the inteqrated area of the
saturated signal divided by the inteqrated area of the

non saturated signal has an approximate value of 0.95,

o]l — Iv (8.57)
Iv®

The expected value of the 13¢ proton satellite NOE
can be calculated from eguation {(8.56), For benzene the

contribution of the first term is

Pse . 2 111-1  _ 0.0045 (8.58)
2 Rg 3 2.15-1

where 111 sec 1is the intramolecular value of T,(105),
The 2/3 factor is introduced to eliminate the 3/, factor
for identical spins which is irrelevant now and 151 is

the approximate value of Rg.

The negative contribution in equation (8.56) due to

the 13C isotope is

_ Yl3c (Ol?’CS

E) (8.59)
71y 2

(
F 1?>C
where

Y13c ~ 0.2514 and rgg y° = 2.485 &

Yu

° o
rl3C~HS = 1.0%A and ry13._p°= 2.126 B
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Then, if we approximate FHSHE2:2€H5~H°where'H“refeEs

to the ortho hydrogen, it results in

F 2 2 -6 5 ;f
13che  _ 12 ¥y V13, Ic-g, T 1 (V13¢ [CHg )"6
- 2 1 b - { -
(HgHE 202 Yy vy fHg-H® U 2 ¥Ym  THgH® .
B
(8.60) &
Equation (8.60) can be written as
€l3C—H5':::4.4 P HgHg (8.61)

The enhancement £13: (E) must be small. From chapter

three we have

F13¢ (B) =~ f13¢ (28°) = f130(H°) + f130 (H°)  (8.62)

where

f13c (r°) _ P13c.40 Vs~ 0.009 (8.63)
2R13c _}913C

Then wusing egquations (8.61) and {8.62) we obtain the
negative contributions of the 13C term in egquation (8.56)
that is -0.005 PHgHg. It is negligible respect to FHSHE.

Therefore, equation (8.56) becomes

fg(E,X) =0.045 + f]'DtEE [mi—(l-—o()fx(E)] (8.,64)
2RS

T he effect of saturating the main  signal was

estimated by integration of the remainder of the: signal.
The results are presented in table (8.10) and figure
{8.15). In these experimental c¢onditiens the values of
l-o{ are very small, i.e, 1-«K=0.05, which means that

negative contributions arising from non-saturated protons
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in the benzene molecule can be neglected. With this 1in
mind, the expected result of the enhancement for the

s atellite is

£5 (EsX) = 0.045 + Pinrar o {8.65)
2Rg

If it is assumed that at the irradiation level high x5
is «£=0.95 and with Pipter=23"1sec1(105) ang rg=15-1 sec-l

equation (8.65) gives
fg (E,X)=0.356 (8.66)

In the case of 1,4 dioxane a similar analysis of equation

(8.56) gives equation {(8.67)

fg (E,X) = 0.05 + Pipter o (8.67)
2Rg

where &« is taken to be 0.95, Pinter 31.671 sec~l (section

8.3) and RS=5.4‘1 sec—1 (table 8.3). Then fg(E,X) becomes
fg(E,X)a0.131 (8.68)

In table (8.11) the expected values for the NOE are
compared with the experimental values obtained from
equations (8.50) and (8.51). When the irradiation method
related to equation (8.51) is used the rf power has to be
adjusted carefully as well as the irradiation site around
the main signal to obtain a reliable NOE: otherwise,

negative values can be obtained, which means that some
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Table 8.10

Variation of the integrated signal of benzene with the r.f.

irradiaticon power.

irradiation irradiation Iv®/Iv oL

level " fregquency {KHz) T
5 54.673 28 0.964
5.5 54.673 20 0.950
6 54.673" 17 0.941
6.5 '54.673 57 0.98 2
7 54,673 164 0.994
5.5 54.683 18.5 0.946
5.5 54.680 37.5 0.973
5.5 54,680 42 .7 0.976
5.5 54.677 6l.5 0.984

Table 8.11
NOE values and T1inter for the 13¢ proton satellites of benzene and
1,4 dioxane. The ewuaticn used to evaluate the NOE and Tlinter 2T €

given in parentheses.

benzene 1,4 dioxane
Expected NOE 0.355 (65) 0.131 (67)
a 0.215 (51) 0.157 (51)
Measured b 0.46 (50) 0.155 (51)
NOE's c 0.068 (51} -0.15 (51)
d -0.016 {51} 0.256 (50)
e 0.09 (51) 0.30 (50)
Expected Ty4inter 25 1 31.6 1
calculated Ty{ ior 24 {65) ] 24,2 (67) 1-

(i} determined in section 8.3

{j) calculated with the average values of the NOE a,k in this table.
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Figure 8.15 Relation between the integrated area I,° of the
signal of neat benzene and the integrated area of the saturated
signal I, at several irradiaticn setting (HOM. high level)
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saturation 1is present, When using eguatien 'éBgSD}-uthe
obtained NOE values can be higher than expected due to
saturation with the irradiation mode EXT 93 during the
acguisition time, Then, it 1is convenient to reduce the

r.f,. levgl for EXT 93 in order to obtain better results.

In table (8.11) the average value of the NOE results
a,b for benzene 1is 0.34 which is very close to the
eXpected result. For 1,4 dioxane the NOE results a,b and
.d are close to the expected valuey; the average a,b 1is
0D.156. This 1indicates that despite the difficulty in
reaching the appropriate experimental conditionl it is
possible to obtain a reliable value for the NOE at the
irradiation level high x5.

Table (8.11) shows the intermolecular contribution to
T1 for benzene and 1,4 dioxane calculated by the use of
equations (8.65) and (8.67) and the average of the
experimental NOE values a,b and «=0.95. The calculated

values Tiinter are in agreement with the expected Tiinter

values.

The intramolecular contribution to T; can Dbe
calculated experimentally for ®«=0, which means that
adequate irradiation facilities have to be designed to
modulate a large frequency spread (20 Hz) with low
irradiation power in order to ensure saturation of the

inner satellite spectrumbut weak saturation of the main
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signal. Otherwise, the saturation of the main signal
will contribute considerably to the enhancement of the

satellite signal.

8.5 Conclusions

The relaxation times of the 13¢C proton satellite
signal in benzene, 1,4 dioxane and mesitylene have been
measured. These values were used to obtain the
intramolecular and intermolecular «contributions to T

which agree with results in the literature.

The Solomon equation for several multispin systems
have been derived and used to analyse the NOE's produced
by solvents. The expressions obtained were applied to
several solute-solvent systems in order to separate the
intra and intermolecular contribution to T1 -

Satisfactory results were obtained.

Finally, the NOE for 13C proton satellites were also
evaluated. The best results were used to calculate the

intermolecular contribution to Tj, which agrees with the

e ¥xpected results.
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Chapter Hine

General Conclusions

9.1 General Conclusions

Detailed analyses of experimentally determined
spin-lattice relaxation times indicate that they are
i nadequately explained by existing theories. The
principal reason for this is attributed to gross error s
in the classical equations for the intermolecular
contributions, Tjipterr to the relaxation time.. It 1is
d emonstrated that this situation can be rectified by the
inclusion of a factor arising from the <constraints
i mposed on the relative orientations of molecules during
collisions; a similar effect, known as "buffeting"™ has

been shown by Homer and Percival to contribute to the Van

der Waals contribution to nuclear screening.

The 13C method for the evaluation of Tlintra &nd the
Gutowsky-Woessner equation modified by a buffeting factqr
for Tlinter appears, for the system studied here, to
account precisely (+ 4%) for the magnitude of observe g

spin-lattice relaxation times.
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B ecause of the necessity of improving the
contemporary level of understanding of the individual
intra and intermolecular contributions to Tj;, methods
have been devised for their 1isoclation from the total
o bserved values. ‘These new methods have been shown to

work satisfactorily.
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APPENDIX

Some examples of 7y calculations

The study of the relaxation times, normally involves the
calculation of Tp in neat compounds or mixtures. In this appendix
the 1H and 13C relaxation times for the benzene molecule are

calculated using standard methods referred to in this thesis.

a) The intramolecular contribution to T] in benzene can be written

from the Gutowsky Woessmer equation (3.17) as

Tl intra = 3 P4 H2 £ 1136 o | (A.1)
5 iz .

which according to figure (5.2) can be rewritten as

Ti-lintra = 3 A2 p4 [2R~64(2R)-6+2( V3R)-6]Tr (A.2)
2

where h=1.05443 x 10-27 erg sec. y=2.6753 x 10%4 rad/sec gauss
and R=2.485 A = 2.485 10-8 cnm
equation (A.2) reduces to

T1-lintra=85.36 x 8.8738 x 10-3 x 10-5% x 1016 x 1048 vr (A.3)
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Qr

T1-1 intra = 7.57 x 109 v} sec-l (A.4)

where the rotational correlation time ¥, can be calculated from the
models described in chapter five or measured using the method given

in chapter seven.

In the case of a mixture of benzene at infinite dilution in

CCly, the Hill equation (AS) can be used to evaluate Yr,

Yr = Kog?  7ag oap/KT (A5)
where
Kag? = 1 _Ipg In (A.6)
# Iag+lpg
and
Ipg = Ig + MdZ (A.7)

In equation (A.7) Ig is the moment of inertia of benmzene (table 5.8)
M the mass of CCl, and d the distance between the centers of the
molecules of benzere and CCl,. The radii of these molecules -are

2.45A and 3.374 respectively. Then, equation (A.6) becomes

Kap?. _192.66 x 6.02 x 1023 x 10-40 on2 (A.8)
51.75

where 51.75g is the reduced mass . .
Therefore the value of Kpg? is 22.4.10-17cm2. From table (5.9)

1AB opg is 3.8A c.p. Substituting these values in eguation (A5)

at 27°c, 7 gives
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oo 22.4 x 10717 x 3.8 x 10-8 x 102 _2.05 x 10-12séc.  (A.9)
1.38 x 10-16 x 300

The use of this value in equation (A4) produces an intramolecular

contribution to Ty of 64.4 sec.

b} For neat benzene, the intramolecular contribution to T1 can be
calculated in a similar form. The values of UB=5.304ﬁ,
78=0.546 c.p. reported in table 5.1 and Ip=196.84 x 10-40g cm?2

(table 5.6) can be used in equation (A5) and (A6) to give

Kap2 = _185.78 x 6.02 x 1023 x 10-40 = 28.67 x 10-17cm2 = (A.10)
39 '
and

Tr = _28.67 x 10717 x 5.304 x 10-8 x 0.546 x 10-2 _1.96 x 10-12sec
1.38 x 10~16 x 306 (A.11)

by

sucstituting the value of < in equation (A4) 1 gives an

intramolecular contribution to Ty, Tyintra = 67.4 sec. at 33°C

c) The Intermolecular contribution to T; in neat benzere, can be
calculated from the Gutowsky-Woessmer equation 3.17, which can

be written as

T1linter = 37202 ¥4nN a1 (A.12)

KT 15

The distance of closest approach is taken to be 2a; 1=0.546 c;p.,
P=0.868 g/c.c and N=4.0155 x 1022 protons/c.c at 33°C (174),

Therefore the value of Tl"linter is
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Ti-linter = 372 1,11x10-5% 51.22 x 1016 x 0.546 x 10-2 x 0.4015%1023
2 x 1,38 x 10-16 x 306

which gives T]inter=22.88 sec.

d) Ffor 13C nuclei in neat benzene, the Gutowsky Woessmer equation

3.17 is

T1-log = 2 P2 A2 To 16 (A.13)

where only the Iinteraction of 13C with the closest hydrogen at a

distance r is considered. In this case we obtain

T17lgp- 7.157 x 0.4526 x 10-16 x 1.11 x 10-54 x Yo (A.14)
(1.09)6 (10-8)6

which becomes
T1-1pp = 2.1438 x 1010 (A.15)

For neat benzere, if we use the value of e 1.96 p.sec obtained
in b) it gives  Tipp=23.8 sec. this result is not adequate because
we have measured for 13C, T7=32.9 sec (table 8.3). Therefore T10D
must have a higher value.

The use of Zeidler's result (105) for benzene in Cghg that is
Tlintra=lllsec, in equation (A.4) gives Tp= Te=l1.19 ps. Using this
value in (Al5), it gives Tipp=39.2 sec., which agrees with the
values reported in table {(8.3) and the oné obtained from eguation

A.lé (T1pp=40.9sec)

TipD = TlObS 1.988 (A.18)
n
where M= 1.6
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