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ABSTRÀCÎ

tho temperature depondence of the rate of nltrogen nuclear

quadrupole relexetlon ln methyl nitrate has been studled ln

two solvents between 3Oo and gOoC uslng the steady - state

proton magnetlc resonanee technique. ttt" quadrupolar relaxation

tirnes vtere obtalned by rr',atching theoretlcal and. experinental

spectra both visually and numerlcally. the theory of quadrupolar

lnteractions 1s discussed and a l!-ne shape exlpression developed

for the resonanee of a proton spin - spin coupled to a quadnrpoÌar

nucleus (followng the original treatment by Pople)' Actlvatlon

parameters for the reorlentation of methyl nitrate in two solvents

were deterrnlned¡

Ea = 2.38 : 0.06 kcal. noLe-$ 
^H# 

= I.?3 t O'O? kcal.

(for Dl'{F solution)

E^ = L.36 t 0.05 kcal. nole-rl 
^Hl 

= 0'?o t a.o6 kcal-

(for C$H12 solution)

The current state of theoretical calculatlons of moleeular conela-

tlon tlmes 1s critlcally revlewed-, and examined by'the results

obtalned for the 14N r.tra*atlon rate of methyl nltrate in eleven

dlfferent solvents. Serlous lnadequaeles are revealed, espècially

ln the more polar solvents where solute - solvent ËassociationÚ

ls strongly lndlcated. .. i

nol-e -

mole-1



ÎABLE OF CONTENTS

PAGEsEctloN

Acknowledgernent,s
Abstract
Teblc of Contents
Il.st of lables
ILst o f Figures

tA] lNrRoDUcTroN ¡.......o ..." I

l-nl THEoRETTcAL ÀsPacrs oF s0l4g M¡\GNETICL-) 
nËsó¡¡tñõn ÞHsNoME¡ß

(i) tntroduction . . . . . o I i " " o' 4

(ii) Î}re Magnetic Resonance of Quadrupolar
' Nuclgi-t t'' o tc " t' "'o' 5

(i*)*;::::u:1":':':':"::'.n:":":n:':.. I
(tv) tire Line Shape of a Spin-å lüucleus

CoupÍed tc a fuadrupolar Nuciêr'ls o''' 12

[c] NUcLEAR MAcìíItrrc RESoNANcÐ rN THE

SÎUDT OF LIAUIDS

(t) tntroduction . . . . . . .'''''' 20

(i:.) nstimatlcn of Activation Parameters for
Ì'Tolecu1ar Reorientation by NÞlR i{ethods

aSeopeandlå¡nitations. ð... o. ' 23

! ñu"i,rtt and Interpretation . . .'' 24

(iii) Estirnation of Ì{oleeular Correlation Tfunes

frorn Physlcal Propertles of the lìystem

a Outline of the Theorles. . . . . . . 30
6 À""ut"tent of the Three l'lethods. . . 34

llltu"t"tive Treatments ' o . . . . . 38

to] NATuRE0FTHEPiì0BLEM........ ' ' ' ' 42



æ:rra:*i+3:4'#;r:,tiã:1s!x,r':îsssi|:ü!@å*ffJ¡=:+æee\rt t:e*8v;gJ7.ruyxe5rw1,øysîËlÍ,.1ry,...{,¡1.

In]

Ir]

Ic]

E)GÐRIMENTAL PROCEDURE

(i) SuUstrates and Samples . o . . . . . . . .

(tf) Viseosity l4easurenents. . o . r . . . . o

(iil) PlfR lieasurements. . . . . . . . .

(iv) Analysis of the Resonance
Line Shape., . . . . . . o . . . . . . .

RESULTS

(i) Viseosit¡¡ Measurements, . . . . . . . . .

(ii ) Pi'in -Þíeasurements

Ttre Deterrnination of J(14tg-U), r o . .
The Determination of T2 . . . . . o .
Tenperature Studies. . . . . . . . . .
Solvent Studi-es. . r . . . . . o .

DISCUSSION OF RESUTTS

(1) Treatment of lÞta

Deterrnination of Relaxation Rates. . .
Determi-nation of Activation Parametêrs¡ ¡
Eval-uat,ion of the Fittlng
Proeedure and Error Esti-rnate . . . . .
Dependenee" of Relaxation Rate
on Viscosity . o . o . . . . . . . . .

(ff) fnterpretation of Data

therrnodynarnic Pararneters . . o . . . .
Factors Determi.ning Relaxation Rate. .
ChemlcalshiftVariations.. o ..

50

45

46

47

48

64
BO

89

93

Lo5
712
719

t??

730

134

lt6

.119

141

52
52
55
6o

e
b

d

a

E
g

d

e

E
c

[H]

[r]

[¡]

SUMI"ÍARY AND CONCLUSIONS. . . . .

SUGGESÎÏONS FOR FUTURE RESEARCH.

APPENDICES

aaaaaaa

aaaaaaa

I Contributions to the Spln-
I¿ttice Relaxatlon of 14N . . . . . .

Shape Ex.oression. . . . . . .:. . .
IIf Estimation of the fuadrupolar

Coupllng Constant . . . . . . . . .

BIBIJOGFAPHI . . . ¡ r . . . . . . . . . . . . . . . .



I,ÏST OF TABLES

lABIE PAGE

1 sorne rllustrative ¡l.ctivatlon Energy Results for l{olecular
Reori.entationinpureliqulds. ..... o.. i o...... 25

2 Cornparison of Experinontal and Calculated RotationaÌ
correratlonTirnes. o.. o... r..... r r.. r. r o.. t 3?

3 Results of vlseosity Measurements. . . . . r . . . . . o . . . . . 5r

4 Spectral Paraneters of the Proton Resonance of l{ethyl
NitratelnDlffsolutlon.. r... o. c, r...... r o.. , 57

5 Spectral Paraneters of the Proton Resonance of Methyl
lüitrateincyclohexanesoÌution. ! o.,. o....... o.. . 58

6 Spectral Parameters of the Proton Resonanee of Methy1
Nitrate in Several Solvents at Ambient Temperature., . . . r . ¡ . 6?
¿ l,

? l*N ReÌaxation Tines for l.lethyl Nltrate in Cyclohexane
Soluti,onrwith..T2=,,2.0 sec.,. ..: . : . . . . . . . . r . . . . . . ?3

B 14i¡ R"In*atic,n limes for Ì'lethyl illtrate in Cyclohex-ane
Solutionrwíth T2 = 1.68 sêco r . . . .'¡ . . . . .. . . . . . . ?4''',, 

';'

9 Arrhenlus Pararneters for the data shown 1n ?ab1es f and 8. o . . . ?5

10 14N R"I"*"tion Îi¡nes for l4ethyl Nitrate in DI1F
Solutionrwith f2 = 2.0 see. . . . . .. o . . . ... o o . . . . : . . 76

11 lþN R"I"*"tlon Tines for Methyl Nitrate in DMF
Solution, Ïrith T2 = !.0 sec. . . . . . . o t . . . . . o . . . . . ??

tZ 14N R"l"otion llmes for l,Íethy1 Nitrate in DMF
Solution, with T2 = 0.?1 sgc. . . o . . . . . o . . . . . . r . . . ?8

t3 Amhenius Parameters for the data shom.ln
Tables 10, LL and !2. . . . o, . . . . r . . . ., r o . . . . r . ?9

74 Results of a least squares analysis of the
data in.Tables 7 - t3. . . .. . . r o o . . . . ... . . . . ... 87

t5 Activation Parameters for the Reorientation of l.lethyl
Nitrate in Cyelohexane and DMF solutlons. . . .,. . . . . . o 88

1,6 The Variatlon of Vlseosity with Ternperature for 15 ¡nole É
solutions of Meth¡r1 Nitrale in Cyclãhexane and DMF. r . . . . . . . gu

I i-11.,



'úiq-¿4*;jgr;ç:l;é::d!ê:æru*::ffi 
Ìig;;¿ü{4:ç:;i}:':¿:.tr: : :.:,-.:ii.:Þ-:-;;:; j.l*l

7? 14N R"l"*ation Rates and Viscosities of 15 mo].ø S
l"íethyl Nitrate 1n DÌ"ÌF and cyclohexane solutions' es a
FunctionofTernperaturet ' ' ' ' ' ' ' ' ' ' ' o ' ' o

18 14N R"l"*rtlon Rates for Methyl l,lltrate in varlous
solvpnts, at anbient ternperature, toget'her r'l-ith

somephyslcalpropertiesofthesolvents' ' ' ' ' ' ' '

t9 Reduced l,lasses and rr }lolecular nadiitr of tbe solvents
listed Ín Table 18 together wiÈh the pararneters used

!.n Figures 16 and 17. . . . t o ' ' o ' ' o ' ' ' o t '

20 Activation E.:ergies for Roorientation and Viscous Flow

ta

, 
of l,lethyl Nitrate ln DMF and Cyclohexane Solutions' ' ' ' ' o

21, Aetivation Energies for I'iolecular Reorientation
illustratingthãdependenceonsolvent' ' ' ' ' ' o t ' ' '

?2 Sorne Physical- Properties of the So1vents. . . . . . . . . .

?3 Proton Che¡nical Shift of }íethyl Nitrate as a
Function of Solvent Dlel-ectrlc Constant. . . . . . r o r .

24 Proton,,Chgmicalr,Shift .of,,,Methy1 Nitrate as_a_ function
of the'Dieleetrie Constant of the Solvent DI'ÍF at
severaldifferenttemperatures..... r... ' ' ' ' ' '

96

99

101

106

109
tr

717

122

t?t+



LTST OF FTGURES

FTGURE PAGE

The Resonance Line Shape of a Proton spin-spin coupled
to a nucleus of spin I =1 whic-h is undergoing varying
ratesofquadrupolarrelaxatlon.... o. '. o. ' " ' ' ' t 77

2 The 1H Spectrun at high power shotring the splitting
due to 15¡¡-tt eoupllng. . . . . . . . o .'''''' o'''''

The PMR Spect.ra of the solvents at 100 ì{Hz . . . . . . o . . . .

The Pl4R Spectra of Methyi Nitrate under vari-ous condlti-ons. . t

Diagran to show the Speetral Parameters llsted
inTableJ.. ! o . . I t t. .. o'' " "'' o t' I o'

The PMR of l{ethy1 Nitrate in various solvents' at
anbienttemperature. o....... ' ' ' ' ' ' ' t ' ' ' ' ' '

the Experinental Spectra for Methyl Nitrate in DMF at
3B.SoC and 69.5oC with the Co*esponding Calculated Spectra. . .

Tho Experinental lpectra' for liethyl Nitate in
Cyckhãaane,,a,t,,,4JoC and JSoC with,the Corresponding
CalculatedSpectra... o...... ' ' t ' t " ' ' ' ' t '

Arrhanius Plot for the Reorientation of M9!hy1
Nitrate in Cycl-ohexane Solutlon. T2= !.68 sec. . o . . . . .

Amhenius Plot for the Reorientation of i{ethyÌ
Nitrate in DMF Solution. T2 = Q.ft see. . ' ' o ' ' ' '

Eyring Plot for the Reorientation-of lfethyl- Nitrate
inCyãfoirexeneSolution. T2=1.68sec.. o ' ' ' o o ' ' '

Eyring Plot for the Reorientation of i:íethy1 Nltrate
lnDllFSolution. T2= 0.71 :see.:. o o " ' o .. ' Ò .. '
The Ternperature Dependence of the Viseosity of L5 no1. fi
llát¡yf Ñitrate in (a) Dl'lF and (b) Cyclohexane solutions. . . .

14N R.l"*ation Rate as a Function of Viscosity divided by
Temperature (a) in Dl,lF and (b) in Cyclohexane so1utions. .. . .

14N R"l"*.tion Rate as a F\rnetion of Viseoslty
in several solvents at anbient temperature. o . . . . . . . . .
,t Lt

""NR"1.x"tionRate,asa.F\¡nct1onofViscositydivided
bythenolecularradlusofthe solvent....... ' r r. .

3

4

5

6

?

:

(1

53

54

56

59

7t

72

83

84

95

97

T3

t4

t5

6t

10

tt

!2

85

86

100

t6
t02



t:'j;Ì]¡Ë?:l'jïi aï l': ì l.:ê:; ; :\: "34 ? ì:i:,:l!:lr¿:i!ì;:,i:.1 ;'.+.r:?: ::: :r. Ê51+Ya\1' lt .: :

1? 14N R"I.""tion Rate es a F\nctlon of Viscoslty divldecì
by the Reduced Mass of the Solute-Solvent System. r . . o . . t03

18 t4t'I Relaxation Rate as a F\rnetion of Vlscoslty dlvlded
by Dleleciric Constant, at amblent temperature
1n several solvents. . . . . . . . . . . r o . . . . . . . . . 10þ

rL

t9 r*N Relaxation Ratq at amÏ:ient temperature in r,i:i: i:.
several- solvents, plotted against ihe Heat of ' ""' "
Vaporisati-on(H6) ãf tit"solvent... r.. r...... '. 1'1B

i

20 Chemlcal Shlft of the Methyl Protons ln MethyÌ' Nitrate as a functlon of the 'tReaction Flel-Crt of
thesolvgnt... r r.. o.... r.....'o. t. o '. . !23 , ...,

l..i,,i,-l2t Chenical Shift, of the l4ethyl Protons ln Methyl i:.-,r.rri

Nltrate as a function of the ttReaction Fieldir at 
,

dlfferent ternperatures in Ði'iF solution. . . . . . . . . . . . 125 
lj;..i.-.'.i'. ".. r .'

22 Hypothetical Curves showing the dependence of í
11 on the fract,íon of cornplexed solute molecules. . . . . . . I3Z



r ì:: '.:

sEcrlcB.¡ {

TNTRODUCTICN TO TTTE THESÏS

;,.rrr'..:. i



:-:r'ffi$24":?:1_;"Èl4ffiti!9,9-q¡iJ!æ?g';*Tl:3:i¡ffi*i.r"ffii¿Él_i4;:'-. Ì:ll;fìi2;4ãiäiã;tii.l: 
i

1

crln- "'

directly to nltrogen (lalo) shows a varleÈy of spectral.line shapes. single

sharp lines are obtained with amines and arnrnonla where proton exchange

is rapid(1). Broad lines are observed for many amides and py.rol.(2),

while sharp triplet absorption has been observed for gaseous and cornplete- 
,,.,,,,,;t,,_: ,i

ly anhydrous arnmon r^('), ammonlum ions in acid soluttor,(3) synÌmetrically

subsEltuted quaternary ammonlu* s"lts(4'5'6), and certain isocyar,id""(7)
(8'9). 

The LatÈer t,ype of absorption (i.e. a 1:1:1 triplec) i:,;..:-;::;::and nitramines

1s that, predicted from consideration of the spin-spin inÈeracËion beÈween

Lhe protorr" 
"rrd 

14N (r:1).

The broad lines associated wiÈh N-H absorption of amides and pyrrole

could be due to interrnedi.ate raÈes of proÈon 
"*"h"ng"(10). 

Indeedr''

slgníficant sharpening of N-H lines by exchange may be achieved by adding

small amounts of:'sodium toìpyrrole and concentrated anlània to formarni<teË

Q)--' . However, the broad lines in the pure liquids are noÈ Èhe resutÈ of

inÈermediate exchange rates because the linewidÈhs in a given molecule

are found Èo increase wiÈh Íncreasing temperaÈure - sometimes showlng
( 11' 12' 13¡

triplet sÈructure at the more elevated temperaÈuresj ' ' '. Thts
(3) - r::i:,.::::.i.

behaviour is opposite to that e:<pected for any exchange process having ..:':,i:i,:ì-.rj::

a posltive temperature coefficient. A change ln Èhe solvenÈ aÈ consËant

temperaeure may also modify the proton line shape, 'increasing viscoslty

a sharp-

ening of the resonance (See Fig, 6, Èhis thesis). 
i¡:i;,iliil:r.::

The variaÈlon of line shape from one compound to another lras systen- iiìi"'*'Ì'l'.'

( rz)
atically lnvesÈlgated by Lehn and Neum¿¡¡1 . For a series of the type

(cttratr), tl+ {cttr)r, tt+'{cHrcttr), zrr-

(where î: 2¡314)516) they obtained the -CH3 proton resonance signal.



For n : 2 ot 3 Èhe resonance lndicated coupllng only to the CHt protons;

increaslng n broadened the signals until for n)5 each cqnPonent' spi'it

into a trlpleÈ i.e. demonstraÈing 
tO* 

-- atr3 coupllng. Clearly then,

the proÈon resonance shows a sensiÈivity to the electronic environment at

th" 14tl 
nucleus (since lncreaslng n from 2 to 6 merely increases Lhe

symmetry of the electric fields about Èhe nitrogen nucleus) in additlon

to the trexternaltr condiÈions aS manifested by its Èemperature and solvenÈ

dependence,

IÈ is the purpose of this thesis to lnvestigaÈe the effect of

¡texternalrr condítlons on the resonance line shape for Èhe met'hyl proEons

ln methyl nltrate. A theoreEical treaÈment of the líne shape is given in

Section B, followed by a conslderation of the physical processes invol'ved.

(Sectíon C) The results are discussed and fnterpreÈed (SectÍon G) on the

basis of established models for molecular motion. Serious deviatfons

fronr the e:pecÈed behaviour are reported.

,1ì-:i1: ,

rt::l: ¡ì:r:



SECÎION B

T]TEoRETLCAL éLPECTS OF S OTLIÍAGNETIC

RESCÈ{ANCE PHENO}T¡NA



l+

(1) Introduction

The variations in proÈon line shape ouÈllned in the InLroduction

are the result of spin-spin coupling wÍÈh the nitrogen nucleus. The

possession of a quadrupole momenL by Èhe latter gives rise to a relaxation

process acEing on ÈhaE nucleus, Èhe effect of which is transmitted to Lhe

proton reÊonance. Internal electric fleld gradients, sample temperaÈure

and nature of the solvenÈ all influence the rate of 14N 

"pir, 
relaxation

and hence the proËon stgnal, Before a theoretical ÈreaÈmenÈ of such

resonance lÍne shapes is attempted thà prfnciples of relaxation of quad-

rupolar nucleí Èhemselves:must be undersËood. This is the content of

Part (li). The mathemaÈical formulatlon of this, Part (iii), ls extended

in Part (iv) to derive a llne shape e:pression which successfully re-

produces Èhe proton resonance for varyíng raEes of 14tq relaxatlon.
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(ff) The Magnetlc Resonance of QuadrupolAr Nucl,ei
(r¿)

It ls obsen¡ed and to some exÈenÈ theoretically Justified thaÈ

nirclel with spln I )l have a charge dísÈrlbutlon wiËhin the nucleus which

1s noÈ spherically synrnetrical. This gives rlse Èo ari electrfc çadrupole

o@enÈ, -which tras an assoclated positive or negative sign. This lmplies

that the shape of the charge dlsÈribuÈion abouË the spln axis is respee-

tively thaÈ of prolate and oblate spherofd. Nuclel do noÈ have elecÈric

dipole mornents.and so the energy of any nucteus is lndependent of lts

orienÈation in a uniform electric fleld. However, r¡hen an electric field

gradient exisÈs there is an elecÈrostatic energy of interaction whích

gives rise to a series of quantised energy levels, even 1n the absence

of a magnetic field. TransiÈtons between Èhese stat,es are observed in

the nuclear guadrupole spectroscopy of solids.

In Ëhe liquld ,sta,Èe rapid molecular rgorientation cau,ges a statistical
:

..

fluctuation of the eleeÈrlc fielcl gradient at the nuelear såte, thereby
...,::''''i]..,:,,,

coupllng the quadrupolar nucleus to the molecular motion. 'Pure quad-

rupole transitions are no longer seen, buÈ a highly efficlent ttgpin

relaxatíont¡ mechanism nol¡r arises. In the presence of a magnetic field

there are Èrùo opposing lnfluences on a nucleus wiÈh a quadrupole moment.

The nuclear magnetic dipole moment tends to lceep a constant orlenÈaÈíon

relative to Èhe external field (as the molecule tumbles). O¡r the other

hand, the quadrupole momenÈ follows changes in the êlêctric field gradient,

whfch has a fixed dlrection wíthin the molecule i.ê. iÈ tends to keep a

constant orientaÈlon relative to the molecr¿þ during Èumbling. (tt ts

lmportant to realize that translaËional motion does not affect. Èhe

orlentation or magnitude of the molecular electrÍc field gradlent, and

thus has no effect on quadrupolar phenomena' ) In the conflict beÈween

an orientation dependence on laboratory or molecule, for üN Lhe magnetic
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field lnfluence do*in"tes*l. The nuclear Zeeman statês are preserved,

but the quadrupole inÈeracüion causes relaxaEion between Èhem. Conseçently,

nuclear resonance can norrnally be observed (See Reference 15 for example)

buÈ Èhe llnes are much broader Èhan for spin - å nuclel. The breadth

reflects the rate of relaxaEion, whích in turn is a measure of the

electric fleld gradient. For other nuclei, such as Èhe halogens, the

quadrupole lnÈeractlon is larger, eiÈher because their quadrupole mqnents

are larger (see Footnote) and/or because they conrnonly occur in a posiÈion

of hígher field gradlenÈ.The speetral lines (of 35Cf etc.) are too broad tobe
detected.

As v¡ith oÈher relaxation mechanísms, it is Èhe spectral inEensiÈy

of the interaction energy at the magneÈic resonance frequency which

determines Èhe rate of relaxatÍon. Measurement of the relaxation Ëime
. . .1, , 

.

can thus provide'information about reoríentation. In rn*lecules '¡here
'. r.. . ',

internal rotation is,pôssible there ís,lan'additfonal means of reorienting

Ehe field gradient axes, and in principle of affecÈing the relaxaÈion

Èíme(16). Sfnce these rotationaL processes cornpete wÍth one anothêr in

reoríentlng the bond direcÈion Êhe interna,l rotatÍon rate must be at

least cornparable to that of molecular rotation íf lts effect on the

relaxaÈion tfme is to be significant, For Èhe sysÈem studied. in thÍs.

@ moÍien. of 14H i.s soall; eq: 2 x 10-26"t2. values
for Èhe halogens are:

35'cl = -7.g7 x'10-26cr2

81 - --'2s 2Bt : 2.8 X 10 --cn-



srork, methyl niÈrate, overalt molecular rotation is the only notlon

influencing Èhe quadrupole relaxaÈion rate* . Furthermore, iÈ rnay be

shown (Appendíx I) that all other relaxaÈion mechanisms are lnsignificanÈ

Ín comparison to relaxation by the quadrupole inÈeraction i.e. T1 of

Èhe nucleus is in fact equat Ëo TOrthe quadrupole relaxatlon time. The

complication of including several mechanlsms for relaxation and accounting

for relaÈive translation in an expression for Èhe relaxaËfon tlme can

rvoided bv the use of cuadrupola: xt. secÈlonËhus be neaÈly avoided by the use of quadrupolarnuclei, The ne

outlines Èhe derivaÈion of an expression for TO ln tetms of nuclear and

molecular properties.

* The ene¡gy.bErrier Èo internal roÈation of the Clta group is only
2.3 kcal.mole-r rr/J and is therefore comparable Lo the õverall rotation'
ÌIowever, gg^pointed out by Wallach for inÈernal rotaËion fn dfmethyl.-
formamide(lör, Èhe orientaÈions of the methyl groups should have only
a very small êffect on Èhe orientatlon of Èhe field g:adlent axes at Èhe
14N nucleus. Hence the efiect of melhyl spinning on Ëhe relaxaÈion Èimes
will be neelected.

Thð bamlet"!q rotatLon about thc O-N bond is considerably greatcr,
(9.1 kcal.mo1e-l) (L7); llfernal rotatlon of the -¡¡g2 group 1s therefore
lneffectlve in promotlng r+[l relaxa^r,1on.

i r.: ..'. ' ..
- -ì1 

''
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(iff) Theoretlcal Treatment of Quadtupole Interactfons

The lnÈeractlon energy of a nuclear quadrupole momenÈ with a flucÈ-.

uating electric fleld gradient may be wrltten fn the form

+)
F : õ .v-E = \å t-rlpõ < ñt ..... .........o..(l)

'¿--'PP
p='2

(19) = :
The notaÈion is that of Pound where Q and VE are second rank tensors

representing the quadrupole moment and field gradienÈ respecÈively. The

e4pansion in terms of second order spherlcal harmonics permíÈs Èhe comp-

onents of I and ffi ao be wrltten dov¡n. For a fuller discussÍon of this

aspecË the reader is referred to Poundrs origínal p.p".(t') or Èo Èhe

revíew artfcle by Das 
"rrd 

tt"hr,(2o).

For a nucleus of spin I the maÈrix elemenÈs of F between Èhe dtfferenÈ

sÈaÈes

i.a.(or tlrl a r *t\ ......................(2)\/
are non-vanishíng for an allowed Èransitfon. Here a represents the

external quantum numbers which remain fixed, I is also fíxed and m is the

componenÈ of I along the Z - axÍs. For a fíeld gradient which 1s axially

r(19) "r¿ ropte(2l) shoo,symmetríc (normally a good approxlmation), Pount

thaË the non-vanishing matrix components of the electric quadrupole tensor

are

( tu)o(*lrlm)= e e
2r(2r-1) L -J

(*frl, 1r):;e. êe (z*trilirt+rt(r+*Jl à <ñ1.,--
\taa-¡lÎt f zrffi L J :1 .o...,...(3)

==-where ( vE)_ are the conponents of the tensor vErand Q is Èhe scalar
p



-¡\¿r_e,r.r. js,¿É=f-x-j:::_¡-¿i:;l
t.ï.:ì+:

O:.

nuctear quadrupole moment. Al1 oÈhe¡: matrix elements vanisht

:an cause transltlons in whlchuatLng electric fteld gradlent can cause transi

on!2.
Ttre theory of transitlons in random. ftelds (AppendÍx B

22) may now be used to obtain Ëhe transition probabillties P1

Â m changing by t I and t 2 r"p""rtvely. Ttre theory shows

so a fluct-

¡n=11

of Reference

and Pt for

PrJ t -'?1çþJ-:¡ l' ?,,".. r r, ."o''o.."' (4)

1 + 4.5..-
where v:: is,the transition frequency betsreen Ëhe iniÈial. (t) and final

rJ

(J) states;T¿ is a correlaÈion Èime characterisËíc of the flucÈuatlon

of the HamiltonÍanrF, Here it is of the order of the time reqgired for

molecular reorientation, the mean - square moduli of (ñ)O required in

equarion (4) are all equal to LlZ| 
"2q2 

tttl' 
n being a scalar representing

th"., z-: :9¡Irlor"ra 
ot..ah.",",.teld gradient (vrftt. r. *."o" systern determined

by the field gradlent täncor and fixed in the rnoleCule)'

For a nucleus with spin I = 1 thenr for example, subsÈitutíon of

eçarÍon (3) tnto (+) yret¿s

D:1
'r ¿¡go

P^:3¿Ã

"4qza2Í-2 z(c l
1+ u"$'3 L...........(5)

"4o2a2Í--2 .2-J" I

1 + 16 n'ul.' I!')

sínce the transítion frequency for 
^ 

m : t Z i" Èwice that for A m

_ +._,
- !a

Eçations (S) may be sínplified by recognizing the condition of

llextreme narrowingtt which applÍes in the present situation. In non-

viscous liquids molecular moÈion oceurs aE a rate much faster than the

Larmor frequeney of Èhe nuclei
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í'ê' rc<<!- or t.. ui,
'tJ

so thaÈ with this approximation Eçat.ion(5)nray be rewritten

Pl : 3 
"4q2Q2T.-2r"t40

P^ : -' "40',Q2É-2.-'zo'c

....r......'(O)

relaxaÈfon Èíme T, for a 3-1eve1 sysLen is given on page 2L4 of, Reference 
i.ai.''.':.:':

22. There it is shorm ÈhaÈ

The relatíonshíp between ËransiÈlon probabilities and spín - laÈtlce

+ 
: tl * ,r, .r.....o..r.(7)

1

SubstiÈuÈing (6)int"(Z)tte final resulË is

4,1-=-t- - 3 fulqlt r- .........o..,.(8)t' 1 \-ñ-/

where t ís eaual to r . the correlation time for molecular rotation -q'c,
for ieasons discussed in part (íÍ) of Section B. The Èern e-qQ is

of lfH2. EçaÈion (a)is Èhus dimenslonall.y correct.

This is the required e:pression for Tnr the relaxation Ëime of a

,1". The dependence on elecÈric field gradienÈ Ís e¡pressed

by q, and tO reflects Èhe dependence on roËational raËe'*hich is sensitive

Ëo Èhe size and shape of the molecule and to iÈs surroundÍngs.

r.,i
t.:r

t-r: -.

h
called Ëhe çadrupole coupling consËanË; íÈ is normally quoÈed in unlts 

i...

As Èhe phenonrena outlined 1n the Introductio¡ well illustrate, thê

quadrupolarq

nucleus to, which they are spín - spin coup!.ed. Clearly then, high - 
.;a ':: '1"" '

resolution proÈon magneÈic resonance is a techniçe (in addftion tol spin- ' iff,.
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11

echo or wide - line measuremenÈs) for the estimaÈ1on of relaxation Èlmes

of nuclei 
",r"h "" 

14N, 
'rr 

17o 
"a". 

The theory for this is given ln

part (tv). "
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(iv) The Llne Shap-e of a Spln - ä Nucleus goupled to a Quadrupo.lar
Nucleus

If the rate of 14N relaxaÈion ís retatlvely slov¡ lt has the effect

of broadenlng the individual components of the mulüipLet of a spln -

coupled prot.on. The quadrupole relaxation mechanism reduces the lifetlne .,,,..,,.,;
-':- t'

of the spin staËe" of lfu, so that the proËon transltions are not associat,ed

withadefiniteniLrogennuc1earspinener8Y-andthusarebroadened

Under these conditions the appearance of the proton signal nay be estlmaÈed 
i:,r¡¡.i

from the 14N atrrr"ition probabllities, Equatfons (6).

The Èotal lifetirne¡ tn,r of staÈe m for a nucleus with spln I ls

gÍven by the sum of the probabilities of transitions to and frøn Èhat

state. Thus for Èhe m : * t staÈe of 14N,

1 :P + P : P-+P
T

n=*1

from (6), therefore

':::'

Similarly it rnay be shown that

1 : 6 "4q2q4r-2r^ .............'......9(b)
; 40 ',' c

n+0
;..

and
1 = 9 "4ozqzfr'zT o.................9(c)
r 40'

m=-1

Equations(9)strow clearly Èhat Èhe m =l f spln states are relaxlng

at one and a half tlmes Èhe rate of the nl: 0 state. The effect on the

1 -9
r40
n=+1



proton multiPlet 1s thus to broaden the components in the ratio 32223,

orr since the area under each peak is constanÈ, the peak heights will be

in the ratlo 22322. The proton spectrum of meÈhyl nitrate (nigure 4)

shows the extra broadening of the outer components of the Èriplet very

clearly. The experimental ratio (as measured by the heights) is approx-

imately 5:3 (at 90oC); however, the broadening is no longer small

compared wíth the multiplet separation.

For faster rates of relaxation Èhe proton sees only an average of

Èhe three 14u 
"pin sÈares "rri rte sígnal colrapses Èo a singlet. under

Èhese conditions Èhe above treatment breaks down and a more general line

shape theory must be used.

The spectral shapes of multiplets of the ÈJÞe mentioned above may

be catcul?t:igd 
þì.y- 

a stochasÈ1c theory based on the work of arrd"r"orr(24)

and Kubo(25'26). ThÍs theory is called stochasÈic because iÈ assumes

Èhattheeffectivefie1donaresonatingosci11aÈorisf1ucÈuatingin

Èime. one case they considered is Lhat of a composÍte line when the

system can absorb radlaÈion in any one of n differenÈ rtsitesrt in each of

whieh it would show a sharp absorption líne of frequency o j (1 = Lrz,.;
Zr

...î) in Èhe absence of Ëransitlons beÈ'¡,reen the sites¡ the HamilÈonlans

in the various siÈes are assumed to comnute with each other. Clearly

the proton.transf.tions for *rf of the nitrogen nucleus egual Èo -1, 0 or

*1 ate of this ty?e, the assumptlon of corur¡ut-ing ' Harnlltonlans implytag

that the magneÈic field Ín the different sites may vary ln magnltude buÈ,- ,.. . t' ' '

not in diréction. Thus the effect of spin:coupling is considered eçivalànt
Èo a magnetic field in the Z - dl-rection (the proton precessing in onc

of three possible magneÈic fields corresponding to the three possible

spfn - states of the high - spln nucleus) fgnoring the x - and y - couponeaÈs

T3



1n the scalar produc¿ ì. i:. This leads Èo inaccuracy fn the Èheory,
L¿

eqpecially aÈ rapÍd rates of relaxat,lon.

Assurnlng that the transition between sites fs a Markowian process,

Sackts alEernative Èreaa*"r,a(27) of the Èheory ouÈllned 1n (e¿) glvgs the

expression
. _l -5- _r1

r (o): nelit'. A-l t) ...................(10)\'/
for the inÈensiÈy as a funcÈion of angular frequency (i.e, l1ne shape)

of a proton coupled to a relaxing nucleus. Here Re denotes rtreal part

ofr?
s
!{ is a row vector with components equal to Èhe relaÈive probabilÍty

of the various components of the multiplet (i.e. population probabÍ1Ít,ies
14sof the ^\ spin states at equilÍbríum) InI : (1r1rl)

-1,
1 is the column vector i t\Irl

\,/
-s. -à_1

and A ' is the maÈrix inverse of the llne shape matrix A. The

multiplet collapsed by quadrupole reLaxaÈlon it becomes (P.

504 of Reference 28)

rl
Çrr = Itfo, +ârÏm) -Å [urr, tpmor, ...............(11)L"J

where Ao =ooiorthe shift frøn the centre of the rnultiplet, ln
' 

-1radians secr-r

,he rth spln - state of the lfu ,r,rclers.rm ls the llfetime of the n"' spLn - st

(m - or,l 1)r, - ,; :

and P*r, is Èhe probabllity ("""-1) of a transition frm state m

74



Expresslons for t, and P *,,r have already been developed (EquaÈions

9) so Ëhat tbe diagonal elernents of A are recognized to.be.-

f ^ r

o11 : r(¡,+ 2nr)-h 
[{ns]"n

ooo = r^r,i - +fd¡*]' 
-.-

40 L-T--_J q ....o...'....o'.(12)

A,. = i(a' -2¡J) - s l-1ql' ,-r-r. 40 Lt J q

Lo,state d;.

and

and

6

the off-diagonal eLemenÈs are

^-D=o*n*1, : trro : torl : tor-,

o*rd z= PLr-l : 
'-1r, 

: 
-io

f ¡ 12le-oo I -
L-.Ë*J 'q

r.sô.r. o.. r.. oo..(13)

= *-rro : -fu

[#l '.0
The definitlon of gua<lrupr.ie- ¡:qfar¿,cion Ëime, TOrfrom Egttation(a)a1lows

simplíficaÈion of EquaÈlons (fZ)urra (f:)so that the maÈrix A may be rvritten

rl| 1(at^r + zrJ) -L -1 . -?- I

| 5rq 5rq 5rq 
I
IIll--\ I r 14,¡--3 1 
Ir= I 3îq - Fn 5t, 
II -Y = 
r

I ^ L,..(14)t ¿. r i(a, _ z'ÍJ) -_â- I

L F- 5f- 5?.r l

tlp to rhis point che effecÈ of a non-zero linewidth for th#proLon :

resonance in Lhe absence of 1\ r'elaxaticn has noÈ been consÍdered.

Cl.early, however, this is imporEant if accurate line shape analyses are

Èo be performed. IÈ may be íncorporated into e>pressfo"(f+)Uy deffning
-1

the naÈuraL llnewidth of the proLon signal, Ìfå : ( nT2) *, The conrplete



equation

I

for the

'(t,t,t)
llne shape I(w) t, .n"rr(29) . . . . .... .. . . ( r5)

o..r."ri.....(16)

,;r. +\J4È¿'-./_-úaai :.1.::-t: l : -..lrl
:.t;a'- 1):.1_r .

L6

i(nur + 2¡ J) -_2- - L5rq T2
2

7

5f,

_t
5Tq

i-Aur -2 - 1

trq Tz

t
Ëm)rq

1_

5rq,

2
ÉrnJ'q

5rq

I (o) = ¡1"

1( ¡r¡ - n J) -_2_ -
51.̂{

The Ínversion of matrix A and eryansion of Eçatí""(fS)ls straight¡ornrard

if tedious (Appendix II). The final expression from which line shapes

are computed is

L
't2

where Cl - CO are constants involving t, tO. and Tr; Av Ís the shift ín

fh froq the centre of the multlplet.

the form of the absorption specÈrum depends on Jr 1o and Tr; changes

1n one or more of these parameters resulc in an alteration of the line

shape. In Èhe present work J and T, were measured directly and kept

constant; the dependence of the resonance or tO ís shown for a serles of

values in FÍgure 1. For large T- (slow çadrupole relaxation) the spectrum
q

consisËs of individuaL.lines (Figure la) broadened.as discussed at the
':

beglnning of this section. Gradually the mad.ma of the outer peaks move

lnwards as the lfnes broaden furtherr(Figure lb)runÈ1l eventually all

three coalesce into one wide sígnal (Ftgure 1c). Further lncrease ln

relaxation rate urerely sharpens Ëhfs single, resonance. (Flgure ld),

l3*i{¡
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The resonance 1lne shape of a proton spln-spln

coupled to a nucleus of spln I=jL whlch ls unde.r-

golng varylng rates of quad.rupolar relaxatlon.

(a) Tn= 1"0C0 rsec :

' (b) Tq= 0.130 sec

(c) Tq= 0,0JJ sec

(d.) Tq= 0.010 sec

(T2=L'0 sec J=2'75

lhe vertlcal llnes lndlcate the posltlon of ühe

trlplet ln the absence of quadrupolar relaxatlon.

Hz)

'"-^-'^ -- l'>i!':'14

li t.l.i :::ì .

iìtÌ.]:r.:Ìi:.i5;:l
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(c)
: :-'

i
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NOTE: The above theory is applicable to a quadrupolar nucleus coupled

Èo one or one group of equlvalenc spin - | nuclei. The situaÈion

where Èhere is more Ehan one type of spin å nucleus in the

moleeul.erand where coupling beÈween the different types exlsts,

requíres an extension of the theory. See Reference 30.
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(1) rntroduction

The effecÈ of structure and behavÍour of
a

the surroundfng medium on

nuclLar magnetic resonance e:periments is mosÈ directly reflected in Èhe

spln - laEtice relaxaÈion tÍme, T, (the time constanÈ characÈerising Èhe

approach ro thermal equflibrium of a spin sysÈem when placed ln a magneÈic

rin - lattLce re rles congid-fleld)r the nagnítude of the spin - latÈice relaxaÈíon tf.me va

erably wlth Èhe Èype of nucleus and the environnent. For protons and

other nuclei of 'spln LfZ:, the onl-y *.y 'rr, çhich the nuclear spin can be 
-

coupled r,riÈh other degrees of freedom is by means of local fluctuating

magnetÍc fields. Nuclei with higher spin, however, have etectric quad-

rupole moments which can Ínteract wiÈh fluctuaÈÍng electric fields, so

that such nuclei usually have smaller values of Tr. ÍfhaÈever the mechanism
t'

of spin - lattíce coupling ft is the random molecular moEions in the

liquid which prowide the oscillatíng field. Transitions beÈween spin

staÈes are induced by these fields.

The frequency of fluctsuation.is deterrnined by the Èype of molecular

rnoÈion. For lnstance, roÈation of a molecule causes changeS in the

elecrrlc field gradlent at nuclei (due t.o other nuclei and electrons Ín

the molecuLe) and changes in Èhe local magnetlc field aÈ one nucleus due

Èo another in the same rnolecule, Thus intramolecular relaxaÈion processes

sueh as anisotropic electronic shieldingrelecEric quadrupole and magnetic

dtpole - dipole interactions are related È,o the reorientation raÈe of

molecules, i.e. characterized by a rotat.ional correlation time, t 
".

Analogously, the relatÍve diffusion of molecules detennÍnes intermolecular

relaxation (since the local fields at the nuclei of one molecule due to

those of another are caused to flucÈuaËe by this moÈion). The relevant

i, :i'1.:'l
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Èfme characterlstlc 1s then Í O, the diffuslonal correlatlon Ètme* . For

any random motlon there is Èhe whole specÈrum of frequencies and the var-

iation of the lntensity of ¿he fluctuaLions with frequency must depend on.

the type of motion concerned. Thus the c_omposlÈe motions withln a liqutd

will cause relaxatlon of the spins by a number of mechanisms, t.he overall

effect of whlch 1s reflected i¡ Èhe e4perimental T, value

I -1t \ +.lt \i.e. 11 
:(t-_o) + G_.) *È ++ *t

e)Q int.er 1nÈra sr as q
..

............ (17)

where
represenÈs the contrlbution to the overall relaxation rate

(à ) by inÈermolecular dipote - dipole retaxarlon
int,er

..,i.-riii;'i.:lj.ì::,ì.'.'j.:.':l;i..:.'..-.l.,'i;'1.'.'.j..':'

and (¿- ) e 1 , I and' I are rhe eoriàspoiraing trerms 'for '

t td.d'. trr t." to , ,

intra -

intramolecular dípole-dtpote, spin - rotational, anisoÈropic electronlc
. -"llr"

shielding and quadrupolar relaxation, respectively.

changes ttt -(c and (u wit l be ref lected in rhe T, value and thus

measurements of the latter may be used Èo monlt,or changes in the for¡rer.

Assurning molecular reorientation is a Ëhermall]¡i - activated process, Ëhe

dependence of r on temperature is characÈerízed by an activation energy,

Earwhich may in prlnciplê, thereforerbe deternined from measurement,s of T,

* Some workers feel that it is unrealistic to separate (. and (d
1n this etay. For insÈance, if a mol.ecule ttJumpedtf by a disÈaneã of the
order of one moLecular diameÈer ft mÍght well at the same time reortent by
a substanÈ1a1 angle and in Èhis case both t,he inter and inÈra - inÈeractiâns
would be modulated in much the same way, i.e. their correlation times would
be similar. However, this is not Èo dåny the valÍdity of the analysls
presenÈed here,
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aE various Èemperatures. Howevern Èhe contribuLions to T, (Equat.lon 17)

aríse from a variety of inÈeractions which exhiblÈ different dependencies

on temper¿tuËê. The interpretation of E- is thus ambiguous unless the

roÈaÈional and translaÈional Èerrns can be separated. A brief survey of

t.he ways 1n çhich tlpurell E" values have been obtained from T1 measuremenËs

is given in the next section, C(ii).

The direct calculation of correlatlon tlmes frorn spfn - lattice re-

laxaÈ1on measurements 1s not possible unless Èhe form of the correlaÈion

function for molecular rnotíon, g(f ) ls known. IÈ ls common Eo use an

eïponenÈial function, which is physlcally reasonable for some types of

motion, and tn this case.Ú may be estimated. Uslng the'results of the

Èheory of Bromían motion, Bloembergen, Purcell and Pound (hereafter

referred to,aç,,8.P.P.) aÈtempted to esÈimate ( from physlcal consÈants of. 
.

(31) 'it" 't : " ::''' '

the medium . Numerous modificaLions of the B.P.P. original equaEion have
.-

been proposed¡ comparison wfth correlaÈion times frørÎ1 measurements

conrnonly being used as a test of such models. SecÈion C(ili) descrlbes

the prineiples involved in the varlous treatments and assesses thetr value

in the light of current experimenÈal data.

i¡¡íiËirïsìÈ:L<i1
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(if) EstimaÈion. of. Açtivatlon ParaLeters for Molecu1ar Reorfentat_lon
Bv NllR Merhod's

(a) Scope and_ Limirations of the MeÈhod

ConvenÈlona1 lfne shape analysfs of nuclear magnetic resonance spectra

has been ext,ensively used Èo study inÈer - and intra-molecular raËe

processes lying in Èhe I - 104 "..-1 frequency rânge(32r33). lüiÈhout

recourse to other instruments (as for exarnple, microwave Èechnlqueg

v¡hich measure rates of the order of Io6 - 109 """-1) the range of MfR

spectroscopy can be ext,ended to processes Ín the 108 - 1012 sec-l ".rrr"
by the determinarion of nuclear reraxaríon ti*es(34-36). Thfs Ís the

frequency of molecular motions ln a liquld, and activation energies of

this order of magniÈude (a few kcal.mole-t) r", be convenienÈly esÈimated

from the temperature dependence of the spín - lattice relaxaËion time,
- . 'i ' .:..;a: ::..r::pio"iaed 'the I tranär"tio¡ái' and r"i;.iáiåt' con#ìb;rions ' 

"uú'be sep'"ru."ä "
(Equation 17),

For nuclei of spin r:ithere is no quadrupolar Èerm; by rneasurfng

T, for mixtures of the molecule with an lnert magneÈic solvent (preferably

Èhe perdeuterated analogue) and extrapolatÍon to zero proton concentration,

the intramolecular dipole - dipole term can be separated from the inter- i

mol,ecular. (See, for instance, Èhe T1 measurements on benaene perforaled
/q:\

by Bonera and Rfgarnonri(37) *h""" separaÈine (Tt)r't", .td (rl)r.rro". ,t

this way shows ËhaË the Èwo behave quiÈe differenÈIy 1n their Èernperâture

dependencles. ) In addltion, (T1)irrar, contains a spin - rotaÈlonal contrlb-

urion(38'39) *hr"n is especi.tt, ;;;1."o. ar hrgh remperaÈures. By
(40)

uslng Èhe method of Hubbard.'-', por¡les and cowork"""(41'42) extracted

the T tern and bhowed Èhat ít behaves in the opposite manner to (ÎU.)rntra.sr
Having separated the dependencies of ( and { on temperature, the 

.1
'..''-''.r1

ation energies for roËation and translaÈlon can be esÈfmated l: ¡'.'.']:i i:ff
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. (4L,42)
w1Èh confidence .

The use of quadrupolar nuclei (spln r >1) fs finding increaslng

popularity in studies of this sort. NoÈ only does the T--1 term Lnvariabty
q

dominate all others (Appendix I) and so avoids messy corrections, buÈ the 
,.:,:::

molecular process lnvolved is pure rotaÈion so that temperature studie" ';,,,:,

yiel-d an E. which can be unambiguously assigned Èo molecular reorienÈaEf.on.

Table I lists some results for Èranslational and rotaÈ1ona1 activatlon

energies obtained by a varlety of techniques.

(b) Results and Interpretation

Reference to Èhe f.iterature shows thaÈ the spin - echo technigue is

most commonly used to measure T1i however, in certaÍn cases (as, for

instance, where Ëhe number of nuclei per cc.ís low) wide-line or hígh-

resolutÍon meÈhods are preferable. The resulÈs for HZOIDZO, CH3C0Clt3/

CD3COCD3 and in partÍcular BF, confi¡m that E¿ is independent of the

't+3) de*orrsrraÈed (for water, ii'.'i
method used to obtaÍn (tl)trra"". Pærles eÈ al\aJl dernonsÈraÈed 

:.¡:1:.J

asrnonia and benzene) that Èhe resulÈs fto¡r T- measurernenÈs coincíded lrith .; :''',,,,

q

those frorn (Tdd)roa"r, Thfs is only Èo U" 
"rp*.ted since both depend on

the same correlation function, but wÍth different numerical factors.

physical meanLng o¡Ea must be understood. Moniz and Gutæ¡"tr(48) deflned

Q sitnply frorn Èhe dependence of tþe quadrupolar correlation tl.me oB

Ëemperature:
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TABLE 1-

Some IllusErative AcËivation Enernv ResJ:l_ts

Irolncule 
(" ) 

Ea

(kca1.*ote-1)

cor'ßrElrr(b) *nFERB{cE

teO 5 at OoC (T1)ir,r"r.ç¡a_s calculated

3.5 fro¡n 4oo-1ooo ar each temperarure and 44

::';î:iå"t,:î;î,:::' "*
DZ} 3.5 from 40o-100o T. values of. 2o co4firm 43.'

thi" ""p"ration of ltt t, 45
in HrO.

:.:: r .:

cH3cocH3 t 0.2 (Tt)inrr. obÈained by

dilution (CnrCOCor) and
exLrapolatÍoà.

cD3cocÐ3 L.7 I o.Z Again to to measurements

1
confinn rhe .H (Tl)irra""
vafues.

37

46

cc1Â
cHcf3
c6n5c1

1.3
L.4
L.6

35C1 ltnewidÈh measurements
(T2 : Tq) 47

C2H5No2 1.8 ft*, lts t. values 48
n-C3H7NO2 2.2
i-C3H7N02 2.4



ttuu, 1.4

1.43

10uu3 1.36

Estimated frorn T^ of lls
- as found from t19F lir," 49
shape.

Fron T- of 11r found fron
11¡ tià1e shape.

Fron T- of 10¡ - found 50
fron "19F lír,e shape.

' -..:.. :; i

*o3 1.BB t 0.05 Frorn th tn values 51

1 .62 ! .06 From 2D To

CH3CN 1.9 Fror 1\ rO

1.4 Fro* lH T,

cD3cN 1 ,7 ! o.L rro* 1tt ro

L.2 ! o.L Frorl 2D To

48

52

53

cH3cc13 1.8

L.7

n=on.. \r t,
35From Cl T1

s4

C'HO 3,0 Fror lH T, (tnrer)

!.2 to* 1, T1 (intra)

exËrapolation.

(a) Pure 1íguidsr

(¡) T1 values obtained by Èhe spin - echo tech4içe unless otherr.rise
stated.

:;': ':...1
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r=roe:ry/E^\
\:)

and Ea was extracEed from a plot of log T, vs 1. This rracÈÍvatlon energyn
T

appears to be more of an empirical quantity than one with any physical

significance. H""t"(34) atremprs a loose definition. He aÈtributes $
to rrthe change Ín poËential energy of the moleeule associaÈed wfÈh the

dynarnical processes which câuse the decay of the Èíme correlatlon of the

property under considerationtlr iæ. merely a poÈential energy associated

wiËh nrolecular reorientation. He further considers that thls change in

poÈential energy occurs somewhere on the rotaÈional paÈh of the molecule

and may take place several t,imes during reorientaÈion, ie. not necessarily

potenËial energy beÈween initfal and final states. Fora difference in potenËial energ'

a process like rotationrenwisaged as occurring in a series of jumps, this

is an enËirely reasonable interpretaÈion. An extreme view taken by Powles

and Gough(ss) quesÈions the sígnificance of activaÈion parameÈers obËained

ln this Rtayr considering that the physical parameters of the Ëheory cannoË

be deduced from e:perimenÈal results. Ilo+rever, the vast majority of

liÈerature resulÈs are discussed with Ëhe concept that 8". represents the

facility t¡ith whích a solute molecule can reorient in its surroundlngs,

and such a llmeaninBtt of E. will be assumed, here, 
I 

.

.

In thls context the values for 8., and Èhe dlfferences among the

cornpoundsr appear to be generally compatfble with the relatíve sLze and i:,t

shapes of the molecules. The series of nitro cornpound"(Otl shot¡s thts

wel1. the errors ln E are usually less than 10%, so th.tr an usually
::-

larg or. srnall % *y confÍdentl], be attributed to a spectitc effeet in , l'

thât sygtem. For ínstanee, the relaÈively small value for benzene (1.2 -,.

¡i.l'ji;:ì
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-tkcal.mole ') is doubÈless a reflectlon of the facile roÈaÈlon about the

hexad axis ç¡hich requires far less disturbance of neighbouring molecules

Èhan end-over-end roÈation. Translation of the molecule necessiÈates

-teven greater inÈeraction, so thaÈ the E" vaLue of 3.0 kcal.mole i derived

frosr (TI)rrrau" measurements f,or benzeneris reasonable and consistent vlith

the inequality r c.r d.(ie. Èhat a benzene rnolecule Èakes longer to trans-

late a molecular diameter than to reorient by an angle of order one radian)

The surprisingly large E, value for water may be e4plained in Èerms of

hydrogen - bonding, a strong, Èemperature dependent Ëype of molecular

inËeraction rrhich inhibits roËation.

The results for acetoniÈr1Ie (both the protonaËed and deuterated

species) reveal the eomplex nature of reorientation in Ëhat molecule. The

acËivaÈion energy derived fro¡n T- rneasuremenÈs of 14" ,u substanËially
Y

higher Èhan ühaË from eiËher lH or 2D 
"trrdi"s, 

i.e. Ëhe correlaË1on time

governing ltrq r"luotion shoç¡s a stronger ÈemperaÈure dependence than that

fór the methyl group. ïn acetonitrÍle Èhe axially synmetrÍc field gradient

"t 
1\ is along the C-N bond axisrso that reorientaËions of the molecule

about this axis are ineffective in produeing ttt rela:ration via the

quadrupo1emechanism,t!.roughtheywou1dcontributeÈoprotondlpo1e.

dipole ínÈeraction or deuÈeron quadrupole relâxaÈion. MoËfons

perpendicular to the C-N axis do affect the field gradlent, If all suc'h

roÈaÈions trere egually probable (iæ. 1f the reorientation were isotropic)

then the Eu values frorn both 1\ 
"r¿ 

lH 
would be ldentlcal. The fact that

they are not denronstrates that Ëhe moËion in pure Ctt3CN ls anisoÈroplct

and speciftcally thaÈ rotaËion abouÈ Ëhe s)nrnetry axis 1s faster Ëhan about
\

axesperpendicu1artothesynneÈryaxis.Theseear1yobservationsof

Moniz and GuÈowstr(4e) lead to invesÈlgations of anlsotropylln molecular
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motlon by observing the relaxaÈion of several nucleÍ fn the same rnoLecule.

woes"rr"r(56) ur¿ Buntress(57) durr"loped e:<pressions for the relaxatlon

Èlme of a nuclear spin 1n a molecule undergoing anisotropic rotaÈion¡

applied ro N, N - disrerhyl-formamr¿"(58) "rd chloroforrn(sg), for example,

Èhey demonsËraÈed anisotroplc reorientaËion for boÈh molecules. It fs
(s+)

surprising therefore, that Èhe ç¡ork of OtReilly eÈ al shows rotaÈÍon

in methyl chlorofonn to be essentially isotropic. A cornprehensive review

of this area of research Ís given in'a recent article by Woes"rr.r (60).

:t1

i:rl



(f if ) Es_tjmation of }fql.ecul-ar Correlation Tímes from_Fhvslc_al_
Prpperties "f tt e Svstst

fa\ en outlíne of the Èheories.z-

There have been numerous theories proposed to calculate correl.atfon

times for rnolecular motfon frocl bulk properties of the liçidrall of 
,,,,,,,,

. , ',l,tt, ,' which use Èhe tthard spherett modei for the rotaÈing (or Ëranslattng) : '

molecule. A singLe correlaÈion time Ís esÈirnaËed for Èhe molecule whlch

means thaÈ all such theories are incapable of treating anfsotropy in Ëhe
,. .:...:.

. t i:r,:i:,t:.:ì,rotational motion (sínce this requires Èhe calculation of rnore than one 
it'.:a

correlaÈion Eime for the same rnolecule).' As the resuLts of SectÍon (if) ,.,.,,¡,1,

tt --,--- -- rl- 
--have shovm this is ofÈen an lmportant aspeeÈ of rotation. However, Èhere

aredeficíencesint1reË'heoriesmoresignífícantthanthis;thelras1c
i

princlptes and assumpÈions of the various models are outlined below, 
l

i

consi-dering only rotalionat mo'cions, although cal.culation of translational 
I

correlation tímes is also possiblen The relatÍve suceesses of Èhe three

models are assessed; in .r¡ievr of certain ambiguiÈÍes and inadequacies

Ínherent ín them, tru'o, entirely dlfferenË approaches Èo correlation times

are ouLl-í-ned and.alìo?rn to-give pror.ifsing resulÈs.

In their treatnent of nagnetic relav"ationE !-B.-IPd-eÀ¡
in liquids B..o.pÍ3là*.rulop"d an expression for T1 r¡hich incl"¿ded a eorrelation

time do ; for intramol-ecular relaxati.on this refers to rotational motions. i,',,-,'....
'

Tnordertoest1mate("BnP.P"recognisedthesim11aritytoÈbeDebyetlreory
r i! ! r- (Al I -t----- -t--of dielectr.ic relaxation ln polar liquids (6f) ; ühere alsa it fs necessary

to esÈimate the tirne , t o duríng whlch molecular orientation persistr(61)" H*
Ðebye assumad ËhaÈ in rhe firsÈ approximaÈ1on the noLecule eould be t,reaËed i-lì:.'ì'':¡,'

asasphe.r.eofradiusaimbeddedinaconÈinuousmedíumofviscosityr!'

lle obtained : ;

ir'.r:-- : : l\:n;"(':t:,
i.. r :.!, i.-j

:i.

T = ß : 4 ,r n^?3 o..'.ro..o".'(18)Debye ãft kT-



ãa)t

where ß Ís Èhe darnping consÈanÈ for rotation of a sphere and given by , ,

tthe Stokes e)<pressíon as

Ê: Bn¡"3 ...... t.... r... r....( 19)

The rotational correlaÈion time r rqlcharactiu ing nuclear spfn relaxatÍon 
1,,,, , ,.. ìrr,.:,::.r.:

is smai-ler by a factor of 3 than that given in Equatíon (18). This Ls r-:r':-'::

because ín the theory of dielectric relaxation spherical harmonlcs of

1 = 1 occur, but, for nuclear - spin relaxation, spherical harmonics of 
, i. ,

!: 2 occur in the corresponding e:rpressions, Thus B'P.P. obtained. i,t,'i':ru

'::' :

I '': 
j:; :

, : 4 -nn a' ..:',:-:':,: :;::

c (B.P,P.) gkr ""o" o"o""c"ot" '"8A) i

;

The use of St,okes'expression in the derivation of EçaÈion (ZO)assumes 
i

:

Èhat Èhe reorÍentatío¡r rate of a molecule ís deÈermined only by frictíonal 
i

lforcesn Thus it might be p:reClcteC tc give better resu!.Ès fcr hi.ghLy 
I

polarn nonspherical moLecules than for relaÈively nonpoLar, spherical 
f

I

ones where rotatíon can occur on Èhe lattice siÈe çlthout having to push 
i

adjacent molecules ouÈ of the way. Thls fs borne ouÈ by comparíson with ' 
l "

experimental results, In addition, SËokes'for*ula for ß is valicl only 
l

if Èhe radÍus of the sphere is much greaÈer than Èhat o.f the particles 
i,tt,tt

of the surrounding medíum, In most líquíds this approximation of a it,.'t,,a,i:.:

conËintrousf].uiclcannotbejustified¡inanatÈempË'too1'ercorneÈheun-

satísfacÈorybasisofEquation(eQ)Gierereta1.proposed
:

The Theolv of MlcFo.-vi.pqo-gijElÍ62,63) :.:. .-i

They accounÈed for the cliscontinuous 'ature of Èhe rlquid by calculating' 
f iit;:

Èhe fricÈíon exerted upon a spherical sol.ute.molecule, radlus a, by

successivespherfca1she11sofso1venÈmolecu1esofth1ckness2b.Inthe

limíÈing case r¡hen ai> b the sum of these contr::.butions can be e:çressed ì . ,



Lr=3-.-ry.l*":æræ4ffiö¡æÌry1¡+FtrffilÌ.¡ ¡j"!Í¡;ji5j,sl. '..': ::':

aEi an inÈegral whlch gíves Stokest law; ' more generally, a rtnicrovlscoslty

factorrj fr was obtained where

f : [,n * (,*Þ\-'J-t -....,......"'"'(21).t

ta \ ^J )
The rnicroviscosíty factors are calculated uslng molecular radii obtained

fron molecular weights and densities. NeglecÈlng the last term in Eçatiõn

(et) rhe expression for rc on a microviscoslt'y rnodel ls

.3rc (*icro) 
: 

*îi
thus predicting a relaxation tine some six

32

................(zz)
snall-er tban that of B.P.P.

_9-
6b

times

T-he Hill Jhgoqv of MtrÈual Visc-ositv

An alternaÈive approach was given ly tti11(64) u"i"g Andradets Èheory

of viscosit"(05¡ which supposes that fricÈion 1n a f.iqutd is due ro

Èemporary solute - solvent assoeiatÍon' The vlscosity of a mixturer lst

for a polar 'solute ln a non-polar solvenË is glven by

. 2t f ¡ õîABABAB
õnt c...'.o.'(23)'

n" : ti no oA
t,

,f-R: ú'r -B 'B 
B

omOm

where f 
^ 

and f u are the rnole fràcÈions of A.(söLvent)'and B (solute)
A 

ce beÈween A molecules inrespectively, oO and o, ís the average distan

^-r -^ G^¡ p, a dístance beÈween an A and
pure A, and likerrlse for B, oAU t" the average

a B molecule in solutlon, o* is the average disÈance beÈveen molecutes

(of both types) in solution and nOU ls a rpvel term, called the tlmuËual

vlscosityrr and defined by Eçatton (eg)' By considerations of tnor¡renËum

Eransfer, (the basls of Andradsls Èheory) and conservaLlon Ehereof' the

correlaÈlon Ëime for dielectrlc relaxation of solute B is given by EquaËion'

(z¿)

i.r.j

'.: I
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r : L {6f n._o' ãñ\ A AB

r+here *l : Ïtu . Iu

¿s 
K2e + rf u 

(3- /ù rz"nn or) ."""'(24)

M+M.A a momentun transfer tefm'
-.;---i;---

lÌ. I'lD
AÐ

...........r.(25)

T .]_ TtlrB ' 'B

Here \r MO i's the mass of A and B respectively' IU is the nornent of

lnerLia of B,n and IOU is Èhe momenÈ of inertia of A about Èhe cenÈre of

B durlng a collision. Hill ls assumlng ËhaÈ Ëhe resistive force on a

rotaEing po.Éar molecule ín a non-polar solvent depends on the mutual

viscosity, *AB (c.$stokestassumptlon of a dependence on the rnacroscopic

viscosi tY).

For a di.Lute solution of B in solvenÈ ort uoO 
and fo *1 so that

(dividingby3Èoyieldtheappropriateexpressionfornuclear-spln

relaxaËion)

tuutr,

res+rB
' lHirr¡

ntP- ooP 
,

k1
. ua+Mg

Ws

Hill stresses ÈhaÈ the main point of EquaÈion (25) is Ëhe use of mutual

lvent which arises frorn picturlng viscosf'ty

as an interrgolecutar ínteracÈion'

The calculation of correlatlon tLmes from Equatfon (25) reçires

additlonal data Èo estimate n 
* 

and this is often unavaitable' Hcorevert

IÍltchell and Eisner(66) from the results of some T, measurements have

¿ rrJIIl- ¡La¡*rr ri ¡ calculation
proposed an approximate form of Hillts Èheory which facilltates

of r . They measured (Tl)inÈra for a series of molecules and est'lrnaÈed

c

. c, conparlng it wiÈh , Htll found from Equatíon (zs)' Reasonable agree-

menÈ wag found; more inEerestlngly, however' they observed that i
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3t+

n o A 2 na
AB AB

and since oABã2a (le. Èhe average distance between solvent and solute

molecules 1s roughly twice Lhe radius of the solute nolecule) then

n =nAB

They Èherefore concluded that Ëhe success of ¿he Hill noddt tras not due

to Lhe mutuaL viscosity term (as Htll had clalmed) but rather Ëo the

mornentum Èransfer term. This terrn, KI, is of Ehe form of a rlreduced

moment of inertiatt dívided by the reduced mass of the solvenL - soluËe

system. since Èhe eerm I* is usually large eompared with I*r littLe

error 1s lntroduced by replacing Èåe reduced mornenL of inertia by 13'

ie. Ies IS xrB;i
rtg + Is

So Èhat an approximate expresslon for the HlLt correlation time ls

r : Zlfra
HÍlt (approx. ) uk-f

...rr.t...."rr(26)

where I is the average of the princlpal' msnents of inertia

aÍs¡heavera8eofthesemiaxesofthernoleculo,nisthe
u.rd 

u is the reduced mass of the solvent - sotruÈe system.

ìt'l
of the moleculer'-

solvent víscositY

(U) An Asse-ssqent of t-he Three MejÞhods

substitution'of Equat5.ons (20), (22) and (26) rnto (B) eives the rslatlonships

. ... i; ._,;r *_- _.* .. -...,,.,.
*1. ltttchell and Eisner note Èhat Ëhere appears Èo be a signfficanÈ way of
rrchoosingrr an average I, depending upon which axis has Èhe greater rotaÈionaL
probability (ie the effäcts of anisotropy are apparent), Thus, for benzene

ä greore" weighting of the moment of inertia about the hexad axis gfves
better resulÈs than if all three are consldered equally.

i.:r'¡:

_..ì ,: -
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À
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whereAisact.}nste-nÈfc¡raglvensolutenolecule;itincludesÈhequad-.

consEantr+", and the remainíng termt "t"-luoendent

on tl're- parÈicular ncdel' used' Thus a linear dependence of TO on 
ä' #

and. -.1 is predlctecl by Equatiot:s (2?a), (??b) anð' (27c)' respectively'
ffi'
Tlrereismuchex¡perimentaleviclenceEoconfirrnthis'B.P.P.int'heir

ariginal paper showed that the spin - lattice relaxation Ëime for liqutd

erhyl alcohol $ras proportional Èo n/T(31) even thottgh they did not seParatù

(Tt)trrr"u and (Tt)ir,tur" Both contrlbutions Eo the overal!' spirr - lattlce

relaxaLion Lirne are predicted Ëo depend on r1/T, but wlth <lifferenÈ

constants of proportionaliCy' The observeci. iin¿arÍty 1s tirus surpris-ing¡

por,rles and Figglnu(+t) hoçever found thaE Lhe overall 'I1 of benzene dt'd

nor follo'vr ¡/T linearly, buu resolved ínto ('1)rr,.t. and (T1)fntert tlu

tndívi.Crral components di¿ confor¡n Èo Bquation (Zl)' lihltesides anri IIiCchetl

(Ut) ,o* Èoluens soluÈions of r- tropylvanadlul^(-1) crfcarbonyl found
(68t69) 

irr numerous stu<lies
a T. vs n/t lf'nearlty, as did Richards et al

I

of quadrupolar relaxatlon in elecErotyÈe solutlo¡ts¡ proLon spin LaELlce

¡st¿7.arion Èimes in r,¡ater also confoûn Èo chls theorr(ZO). ConsEanÈ

Èe*peraLu;:e raeasurerients for nícr1-u"(zt) and 2-fluoropyntdi"u(72) tt' 
"

rangeofso1y+nts,andforsof1e23Non,,d81¡""u1ts1n.nuo(',)acrJto

Ehe vas*, quantity oE daEa s'-rPPortinß E';uatlon '(t7)'

However,un.Jer'mor6rlgorousexaininaÈlonneiÈherthemicro-31or

mrrÈual '¡lscosiEy morlific¿tions of the B'P'P' Èheory ¿¡s s¿tlsfacÈory'

(7íJ 
iuclerl rire 27Al relaxati.on Èírne ln scrne alun'inluar alkytrs

PetrakiS S-'i:é]-eí i-üe r'r

.'ì..r:I i:l¡:

'+-"1È- "
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over a very wide temperature range and found distinct curvature in the
-LT. vs \lT plots; he predicted that other systens mlght v¡ell shor,¡ Èhisr{-

behaviour if the Eemperature range vrere sufficiently extended. ¡Llso Cist,-

urbing are the results obtained frorn T1 measuremenÈs where viscosity i

changes are brought abouÈ by varlaÈion in pressure, In ali the liquids
. .(55,7s-77) _ -1examÍned ' Tl ttas found to increase with increasinß pressure

but the viscosity riees ¡ns¡¿ rapldly, so that the producÈ T1n actually

increases with pressure, rather than maintaining a constant value. Br¡11

and Jonas(78) ,uourated tte (Tt)tnter and (rl)ir,aru terms for acetone

over a considerable press"*" r;";;-"r,u un.*-o .nra-,conrrary ro B.p.p.

Èheory which predicÈs comparable presslrre dependencies) (tl)ir,a*, changed

nrarkedly with pressuree, para11el Èo viscosity changes, rvhereos (T, ),,--.-r ].nEra

varÍed far 1ess. SímíLar results have been repoi:tecl for benzer-ru(79) ur,d

confirm the inadequacy of 13"P.P" thecry in de.çcribing rctarion i."en (Ti)

intra, The effect of pressure on t,ransi.ational correlaËion times ¡,loulcl

be predicterl to be greater than thaÈ on rotaËional irot.ion, since a decrease

in free volume affects the freedom to mfgrate farrnore Èhan to rotaEe.

As a resuLt r-he inÈramolecul.arcontribution Ëo T1 r+íLl not faLl off ;rs

rapidLy 'ríth increaslng presslrre as Èhe B.P.P" theory preclicLs"

As mentionad in the Introduction, Lhd rnost severe tesÈ of a rnodeL

is Ëo compat:e absolute values of calcirLated and experimental correlation

tirnes, Sone resulÈs (from Reference B0) are sho'.vn ín Table 2. BoP.Pn-Debye

model invariably preclictt t 
"us 

r¿hich are an ortler of magniÈude too

large, Lhat ís, i{: overestir¡ates the raLe of relaxatiorr(28r 66t7'ItT4rBlreÈc.),

The correlatícn tirxes calcuLated rçith the aÍd of the rníe,roviscosity f¿lcLors

(Line (3)) are nuch ctoss:: l-o Lhose ol:served experirnentalLy; narginal

i-mprovemenÈ is given by rìhe l-lÍil thecr:y, eiËher in its approxirnate cr

¡j ia', :';, :Jìi

l '.::::i:i;):ll;
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complere form (l.tnes (a) and (5)). Free roraríon of rhe merhyl groups

attached to an aromatic skeleton should reduce the correlatÍon tlme of

these proÈons compared to the rest of the molecule, and thís Ís observed

to be so e4perimentally, though allowance can be made for this only in
Èhe Hilt rheory.

Clearly then, molecular correlation times can be calculated to

rvithin a factor of three or less r:síng a mutual or microviscosity modífi_

catlon of the B'P.P' theory. However, they all suffer from an ultimate

dependence on Èhe Stokes hydrodynamic equation with Lhe assumption that

reorientational rates are completely controlled by frictlonal forces.

Thís ís cêrtaÍnly an oversirnplifícatton (Seeparc Ç), Furtherrnore, the ty¡pe of

Benzene

ríng

Toluene

methyl

Xylene

methyl

p-

ring

laLfon rirnenÈa1-

(1)

(e)

Exp. 1"18

8.P.P.13,1
(t+.67)

lficro 2"63
(1"07)

Hi 11 L.47

Hilt 1.62
(approx) ( 1., 15 )

1.70

L5.7L
G.24)

3.34
(1"55)

2,60

2"60
( 1.91)

1.27

15.7L
G,24)

3.34
(1.55)

2.37

2,20
(L"62)

2.38

17,66
(7.30)

3. gs
(t.os¡

4"23

3.66
(z"lz)

L.77

L7.66
(z.go)

3. 85
(t.sg)

4,00

3,27
(z.t+¿+)

(g)

(4)

(s)
l r-.,1 i..

Jf of protons at infiniÈe dilur,ions in CS, at 25o C in sec x 10-12- 
(80)

Values Ín brackets ha-ve been calcrrlated from sovalent radif ; ott',ur"ise

van der l"laaLs radil have been usedn In both..cases the relaxation theory

of B.P.p"(3r)*ns rr"u.Ì to estir¿ate(" from observed T, valuos.

l

,1.^1¡r',' r,. :r,:
l:-a:;:ù:;1-!ì
¡- :i:r': ".i'
ir.
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radii used in Ëhe caLculations is critical; r c computed from covalent

aËomic radil Ís alrvays considerabLy less (and closer to the experimental

value) than if van der l^traals radii are used (see the values 1n brackeüs,

Tabl.e 2). Thís irnprovemenË, however, ís diffícu1t Eo jusÈify, since use\

of covalent radii implies Ëhat durÍng collisÍons the interatornic distances

for Èhe coLliding rnolecules become of Èhe order of magniÈuðe of chemícal

bonds I

In view of Èhese unsatísfacÈory aspecÈs of the theories outlined

above, it is perhaps worÈhwhile to consíder briefly two alternative treat-

uaents vrhich appear to gíve promisÍng results in the few syste¡as to which

they have been applied,

(c) 41._tsl:native TreatmênLs.

SteeTu(82'83) h"" questíoned the entire basis of B.p.p.es riodel" From

hís work ít noÈ only appears'thâþ Èhe Stokes equatíon for rotational

fríetion is inappllcable ín the case of moLecular roÈatlons buÈ also that

the correLatíon functíons of spheroidal moleeules may be prinra::ÍIy dependenL

upon inertial parameters rather than friction constantsn Thus Èhere woul.d

be no dírect reLationshÍ-p between nìacroscopic víscosity and molecular

rot,atLon. He Ereats rotal-ion Ín terms of cLassleal equatlons of moÈion

for a rtgid rotator; the torqu.a. on the r:otator is decomposed into a

fríctional term proportional to the angular velocity and a randornly fLuct-

uatíng tettrtr CalcuLatlons then show that the rotational fcictíon tensor

ís zero for a spherícaL molecule (entirely reasonable on physical grounds

slnce no torques can act on a rotating objecÈ unless its pot,entíaL errergy

depends upon the angles of orÍentatfon or' the body) and that rotaÈional

retaxation of such molecules is ah¡osÈ compleÈely domlnate<l by inerÈiaL
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effects, 'So*" experirnental results substantiate this analysis' Monlzt

steel and Dixon{*u) *"uuured proton Tlts for certain spheroidal molecules

r,<rror.:n to have a lar(e ao:¡ent of inertia ancl srìa11 rotal-iona1 frictic¡n

constant" They er,"aluated (tl)roa by appLying the Gaussian approximation

totheautocorr,elationfunctionformolecularreorientationandobÈained
,,/ nI \= ...........(zs)t_-t\ ¡t,t /{+) : 

'"o:uÍ'I roE

whereYisthemagnetogyr,icraËioofthenucleus,bÈhedistaneebetween

spins (they use.l van der trIaals radiÍ) and I the moment of inertia of the

molecule. It Btâs assumed Èhat the B'P'P" model was adequate to give the

translational eontribution to T1 - so that an experimental rotaEional

x'sl¿y¿Lion tirae (*.| )u4 r¿as esLímated frorn Èhe observed Tt' Comparison
t roL

of Equaf;ion (Zg) r,ri.h (Tl)tÐ orr*t a consl'derabte tempera.ure rânge gave
- I'rot

excellenr agre€ïrlenÈ - for benzene, Èoluene and decalln; for more polar

motecules the :cesulLs etere less encouraging; The auÈhors therefore con-

cluded LhaÈ fae nonpolar spheroidal molecules roÈatlonal relaxation is

adequatelydescribedbyaGaussiandecayoftheangularauËocorrelatÍon

funcÈions. In general, Gaussian decays are characteristic of processes

in which dynamical coherence is the predominanÈ factor; Èhus the reorient-

ational moÈion of Ètrese molecules must be essenÈially Lhat of a freely

rotatin8 molecu!-e for times long enoggh to permiÈ roughly one cornplete

rotation of tt¡e molecute' For !'arger values of the friction constantt

the viscosity dependen. result is recovered, and (T1)-1- ís indeecl prop-t rot

ortional to thÊ friction constanÈ' Thus' i.n prlnciple' SÈeetets Èheory

perrnÍÈs the corrputation of rotational relaxaEion in liquids from molecular

interaction potenÈial functions'
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(i
The'rquasilattícett rheory of liqrridstE5ts6) i" t.udily exÈended to

derive an e:rpression for Èhe rotaËional correlation Èlme. In this model

molecules of the liquid are consídered to occuPy a face-cenÈred cubíc

lattice, transport properÈíes such as viscosity and diffusion occurrlng

because of vacanE la¡Lice sites in Ehe lÍquid. Furthermot"r(47) ia t"

presumed ËhaÈ when a molecule is at a laÈtice site it does not reorient,

or does so relatively slowly; molecular reorientation occurs when the

molecule njumpsil to the Eop of the energy barrier aÈ Ehe cell boundary

(a requisíte for changing sites). A criticism of the quasilattice model

*ø... 
t:^Ê!;,r, ils based on the fact rhat Lhe correlation funcÈion is deríved from the

rotatíonal. diffusi-on oquai:i^.-(84) which inrplíes that, nol.acular 3s3¡iqnt¿t'ic"

occurs ín small sÈeps -- hardly consísÈenÈ wiÈh a model which assumes

reorientation during a molecular jump to Ehe cel1 boundaryt Hor¡êvêrr

OrReilly has overcome the probLem and his calculatlons fot t 
" 

on thls
(87)

model agree very closel-y r.riÈh the experimentâl values'-", excepL where

rotational. coherence occurs. .

Neither of these two theories, however, has been as widely examined

as the B.P"P. rnodel and modificatíons thereof. The results so far appear

highly promising buL must be vastly extended before elther could be regarded

as a reliable rnethod for estinatitrg correlaËion tl'mes'
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SECTION D

NATURE OF THE PRqBII¡M



The proton magneLic resonance spectrum of nethyl nltraEe in cyclo-

hexane solution at 10oC is a broadened singlet (half-neight llnevidÈht

Auä: 4.(t llz); at 90oC it is a r.¡el1 resolved triplet but wiÈh Lhe íntenÈity

of the outer conpofients approximately two-ÈhÍrrls that of the cenËral

peak. A similar dependence of l.íne shape on temperaÈure ls observed for

rnethyl niÈraËe as a pure liqutd and in solution in other solvenÈs' Tn .

addition, at ambienL Èemperature Lhere is a considerable variatlon in

line shape from one solvent Èo anoÈher. In dimethylsul-phoxide the soluÈe

resonance is a relatively sharp singlet ( Avn: 2'l Hz,) ¡ in carbon

disulphide it is a parÈially resolved triplet' OÈher solvents show line

shapes internediate beÈween these L$to extremes'

These observaÈions indlcate the presence of a rate Process which is

.both ÈemperaÈure and solvent dependenÈ - Ít is Èhe reorientaËion of the

molecule itself in solution-' The changes ln'the proÈon line shape are

brought about by the variaÈlort,.'irå;,,.=p,ilt:lattice relaxatlon Èime, T1r of

the nitrogen nucleus to which the proÈons are spin-spln coupledo which

in turn ís a functlon of the reorientaËion:-rat9" The possession of a

. quadrupole momenÈ by Èhe 
14N ,ru"l"us meâns thaÈ conÈribuÈions Èo T,

other Èhan quadrupole interacÈíons are negligible' thus Tt : tO' the

quadrupolar relaxation time. A method of obÈaining To from the proton

sígnal has recently been developed and one of the ains of Lhis proJecÈ

was Èo investigate the feasibility of such an approach'

The quadrupolar relaxatlon raÈe, ,o-t, of 14tq tn rnethyl nitrate was

measured at a seríes of different temperatures and in various solvenËs'

Fê ctrrdles vielded À HÉ and ¿ S# tor molecular reorientationThe Èenperature studies Yíeld

and these were found to be solvent dependent' Cor¡'Parlson with viscosity

acÈivaElon parameters su8gesÈs the possibility of soluÈe - solvenË

i. ::::::: .

a::.:.:t
-'al a.
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complex forrnation (not improbable for rnethyl nitrate Ín polar solvenus)

and this was further investigated by Ëhe so&venÈ studies aÈ constanÈ

tenperaturen The data was also used to Ëest the preclictions of models

enployed ín the calculacion of correlation times for molecular roËation' 
,.,,,

4)
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(i) Substrates and SanPles

Methyl nitrate (CltrUOr) was prepared by the esterifícation of methanol '

(88)
by nitric acidt"o' or,d purified by vacuum disÈillation' IÈ is a volaÈi1e

liquid, e:<plosive at Èhe boiling poinÈ (65oC) and so for the Èenperature

sÈudies 15 mole % solutions $tere used. The solvents, dimeLhyl-formamide

(nlm) and cycLohexane (cunrr), $rere obtained fron, NMR specíallties

and chemícal sarnples Company, f,espectlvely. The'other nine solvents (for

'l €*^m tlra €nl lrr'
constanÈ temperature measurements) were obtaíned from the following

companies )

(a) risher scíenËífic co. (carbon dÍsu;lphíde and aceÈone)
(;i Matheson;-Cof"*ut and Be1l (carbon tãtrachloride)
(c) Aldrieh Chenical Co. Inc. (cyclooctane)
(d) ÌJ¡ß, ðpã"i"îrtãr-Cã"À."niirile, dimethylsulphoxider.and toluene)
(e) ¡terc1¡, S¡àrp and Dohme (benzene - d6 and chloroform - d)

In each case the solvenÈs rvere used rviÈhout further purlfication'

viscosity a.nd densiÈy measurements were also carried out on l'5' mole

% solutions.

For the proton magnetic resonance measurements approximately L0

mole % terrarnethylsilane (TtfS) was added as Ínternal reference' The

samirles were enclosed in glass tubes and degassed by Ëhe normal- freeze-

purnp-thaw Èechniquo.

I iiì
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(ff) ViscosiÈv Measure¡nenÈs

The viscosities of 15 mole % methyl nitrate/DlfF and methyl nítraÈe/

COHte solutions r,tere measured at three different temperatures, using an

ostwald viscometer calibrated with distilled water. The Èemperature of

the water baEh vras consËant. Èo v¡.iÈhln 0'01oC'

DensiLy determinaÈions at the same temperatures rrtere carried out with

a pycnomeÈer, also calibraËed with dlstiItsd Ì't¿ter'

i : . : .: '.. I : , l:.i -: . :

tl'Ì';,:l..;:
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(ifr) Pro_Èon Èfasnetic Res@

All proton nragneË,ic resonance (p¡m) spectra vtere measured on a Varian

HA - 10(l D.spectron.eter operaEed ín the frequency sv¡eeP mode and locked

Èo internal TÌ.fS. lhe specÈrum of each sample was measured and calibrated 
,,,';,, 

,:-.-¡..

(by a períod averaging technique) at least six tinesr with a sweep rate

-rof 0.02 Hu sec-r'

For neaÈ methyl niÈrate and for methyl nltrate ín eleven different 
!r;..r,i,,,:::

solvents spectra were recorded aÈ ar¡bient temperatute (29'5oC)' For lìÌlt":".

the DllF and C-H,^ solut.íons PMR spectra eJere recorded every 10oC and 5oC, 1,,-1:,:., 
:',,

ir'i:1:;'i';'',_ OL¿

respectívely. The specÈrometer was equipped wiÈh a V -, 434l-lv ' 6057

variable temperature controller. ApproxirnaÈely twenty minutes were aLlowed

for equllibraÊlon of the system at each temperature and the specËromeÈer 
i

resoluËiotl rr¡as opttnlserl irnmedíately before each spectrum was run. The

. *-1

Èemperâture waf¡ detenninecl from a previously prepared calibraLíon graph 
i

of dial setting agalnsÈ actual temperaÈurer as recorded by a thermocouple' I

t,

ThÍs was checked perlodically by cornparison wfth the internal chemical 
I

shÍft'ingtyco1.usingÈheca1ÍbraÈiongraphpreparedbyVarÍan.overÈhe

perlod of t-ime during v¡hich this study was carried out, no serlous dis- iffij':-:.: :::':

crepancy developed . i,."rì,ri

*1 To the credlt 6f J¿mes Peeling, graduate sÈudenÈ'
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(iv) Analvsis of Èhe Resonance Lfne Shape

SpecÈral analysis of the proton magnetic resonance signal of rnethyl

nirrate is trivial. IE is an ArX systemt the single resonance of Ehe

three merhyl protons belng spl-it into a LripleÈ by the X nucleus, tfu,

which has a spln I = 1. The chemical shifÈ of the central componenÈ was

measured direcÈly from the specÈrumr .n¿ ¡(11q-H) was also obtained

experimenrally (albeir by an indirect method. see secÈion c(i)')

T,wasmeasuredfrorrrthelinewidthofthesolvenÈresonanceand

hence, Equatlon (16), the only unknown parameÈer in the llne shape erqpression

is T (lîq sprt-lat¿ice relaxation time')' ' 'i
q

Usíng an IBll 360165 comPuLer equipped wiÈh âÇalcomp 562'-graph -'"

plotter, a series of line shapes v¡ere generated from Equation (16 ) vqíth

varying T " The step slze betr^reen Tqls in this Prograflrne (which wí1L

tiereafÈer be referred to as QUAD) was made as small as possible whilst

remaining consístent ltith the variation in line shape from one temperaÈure

"Èo 
Ëhe nexÈ. i.e. large enough thaÈ there was a measurable difference

insuccessivespectra,andyetsmallenoughtoperrniLanaccuratefÍt.

In this way visual comparfson of experímental and t'heoretical spectra was

possible.

A firtÍng subrourine dever.oped.by B. Goodwio{ao): was applied to the

line shape expression in QuADr and the resulÈanÈ Prograrunet QUADFIT' Ehen

gave the loeation and heíghÈs of extrema (maxirna and ¡6ni* ) and line-

widthsathaÍf-helghtofthenraxima,fortheresonancelineshapeat

various TO values. llence numerical comparison of experímental and cal-

culated spectra was also possible. Both Chese Progranmes' QUAD and QUÀDFIT'

were used wirh the e:perimental data in the es¡imatiot of th quadrupolar

relaxation ratêS,
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(i) ViscosiÈv lfeasurements

--_--

The resulÈs of flow-time and densiÈy measurements for rhe two solutions

are given in Tabl-e 3" The viscosity of one liquid relatíve to that of

another is given ur(OO)

tr dtît-
t.-

t, þz dz

where tl is the tlnne of flow and d, the densiÈy of liquid 1 and similarly

for È, and.dr. A convenient reference liquid is waEer, whose viscosÍty

and density are known accurately over a large ternperatufê râtl$êo Hence

by neasuring t1rd1r L2 and, d2 the ratio çnr/n¿) was calculated' 
(nil'

viscosiÈies of pure $taÈer ( n 2) ut Èhe three ÈemperaÈures chosen are

i:.'r:r:'::' :

The last column Ín

using these Y¿]r'tes

0,8937 cP
8.7225 cP
0.5494 cP

Table J shows

for \ 
Z,

at 25oC
- r. lqoc
99¿¿J

aL 50oC

the viscosiÈies of the soluËions calcuLated



5t

!i ii[!,:i¡::;::¡: i,]; ¡;1: t¡j. i!

::: ::tr! i:i a:-ì::;..:l Ì:!l

TABLE 3

Bg-s u-l!-q--q t--yi s c o s i.Ë v I'f e*a s u r em-en L s

(a) For ÌfeN0r/E{F s-olutí-on

Ternp

(oc )

tz

(sec)

t:1
(sec)

dt

(gn.cc-1 )

n1
\2 n1

(cP )

25
*35
*50

*A different

394"0
385.2
295.L

333.6
363.4
326.7

1.0094
0.9653
o.9497

o"8572
0.9161
1.064L

o.7661
0.6619
0.5B46

.., G

viscomeÈer ltas used at these temperatures"

(b) For JreN0U/%111, sofYtion

Temp

(oc )

tz

(sec)

t1

(sec)

dt

(grn, 
"c- 

1)

n1
nz

n1

(cP )

25
35
50

394.0
320.2
245"3

390.3
362"6
333,6

0.8054
0.7809
0.7 578

0.8002
0. BB96
¡..0430

0.7151
0.6427
0.5730

Note: Srrbscript 1 refers to Èhe soLution in each caset and subscriPt

2 to r.laÈer.



(ii) 
- Pl,lR ìlejrsurements

i.

a The dèternÍnaÈion o¡ ¡114}{-H)

the 15tl - H coupllng constant ltas deterr:rined froçr the

sarellite bands of the nain signal recorded at high power' Figure 2

shows sone Lypical spectra obÈained in this way' the saÈellite bands are

i : i. :.t.: i

I

clearly visible on Èop of the main resonance in Èoluene and chloroforrnd 
r:,::

- --rt---1 -{ +*^}a
solutions, buL are not as well resolved in neat methyl nltrate' The 

''i'''tlt;. 1... ..

magnitudeofthesplittíng,however'T.'asthesameinallthreeCâSêS.

Direct measuremenÈ Save ¡(lst'l-tt) - 3'90 I 'os tto

and hence .l(h-H) : 2.781 .04 tt" (see section G(i) )

þ The 'determinaËÍon of T2

Thevatrueof'T,wasfgundftommeasurementofthehalf.

height linewidths of the solvent peak'

gle sharP line (Flg'
The resonance of cyclohexane is a sln¡

.L

' 3a) from r¡hich the linewidth at haLf height was found to be O'19 : '01 Hz

From Èhe relationshiP Av¡, : 1
' fT T.

2
.¡-

T^ was ealculated to be 1'68 I '08 sec
¿

, the resonance of D.M.F. is more cornplicaLed (Fí8. 3b). The

alrlehydic proton signal could noÈ be used to measure T, since 1È showed 
i

exÈensivebroadeningbycoup1ingtoÈhenitrogenguadrupo1e",'Thehigher

fietd methyl protons gave Èuo separate signals approxirnateLy 16 Hz apart

(at 100 llHz and 2B.5oC) due to their being r""d"t"J non-equivalent by 
l

hindered roration abour the c-N bond. coupling to the aLdehydic proÈon 
i

is apparenÈ, buÈ did noÈ preclude measurenenE of the haLf-helght línewídÈh' 
,'
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The lH spectrum at h,lel¿ povrer showlng the spllttlng

d.ue to 15t¡-g 
coupLlngc

(a) Neat neühYl nltrate"
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spectra of fhe

(a) c1fl1;z

(b) DMF (hlsh

solvents at 100 lvlEz.
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I

The barrier ro roÈaËion is sufficiently high ( A Gf : 21.0 kcal.*o'"-1(92)¡

rhar exchange broadening of the methyl signal at 303oK is negligible'

Using the EYring BquaÈion

.+
AG

1 : K: !.T u RTrh
2

the lifetirne, r , is estimaËed as 1.2 X 10' sec at 3039K' Under conditions

of slow exchange the linewidth 1s given by

r+L
.1y

L T l"-,. 1r r
'2

I

lleasuremenË of the methyl resonanee gave Ou 
à 

: 0.45 : 0.01 lfz

llence T : 0,71 I .02 "".. 
The 1 term is negliglbly small, as sÈated

2 Trf

above'

c TemPerature SÈudies

Sorne typical specÈra of methyl niÈrate in the trvo so1ven¡b

aÈ diffecent temperatures are gLven fn Fíg. 4. These show the methyl

resonanee in Dl.fF solut-ionrFig, 4a, to be a broadenecl sÍng1eÈ aÈ aL1 but ¡':::,,",'I-.

the,híghesÈ teflperaÈuresr whereas tt tU"l, soluLion, FÍg' 4bn triplet

structure is apparent even at 2B.5oC' In the former ease simply Èhe posltion

of the centre of resonance and the llnewi-dËhs aÈ half-height etere measured'

These parameters are sumrnarlsed in Table 4' Table 5 for COHte soluÈion 
i,.iuai:

Lated rslth the greaÈer degree of triplet ';J':ì:;j'\1:-:l
includes more parametersr associated wlth fhe g:

structure sho'.ln in Èhe spectra. For convenience these Parameters af,e

defined in Fig. 5 below.

:. :'.::.:-l '
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The Pl,ÍB spectra of methyl- nltrate under varlous

tondltlons.
(a) lJ nole rt ln DIiiF solutl-onu"f,o3|'.5

(b) L5 noke % ln C<H'l z solutl on at" "6"L4ZA.l 
"ü¿ 90oc.
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TABLE 4

spectral Parameters of the. Proton Resonance ln Methyl Nltrate

(15 rnole /" tn ÐÀ'fi')

Tenperature

(oc)

shift
lnz )

A¿¡å

(Hz )

29.5

38"5

49

59

69,5

80

90

419,49 !

4l-9"17 t

418.6¿ J

418. ¿8 t

41?"91 !

Lri "5? f

417,19 J

5,2L t "05

5.32 ! .06

3.6g ! ,05

4,28 È .08

4,55 ! .o'l

4.6g t .05

5.18

,09

.08

,08

.06

,06

.09

"06



TABLE 5æ

Spectral Pararneters of the Proton Resonance of

Methyl Nitrate ln Cyclohexane Sol-ution' i::_

fi

TEMP.

oc

CENTNAL

v
naxc

Hz

I'IAN.

AÙYc
2

Hø

OUTER

t)
naxo

Hz

MAXTMA

faùto
?

Hz

MTNIMA

u.
nl-n

Hz

,1na1tä¿-l'nr.n

28,5

38

4)

,$

53

fr

6)

æ

80

go

395.56

395.50

395.52

)95.55

395.64

395.42

395.52

395.54

395.57

)95.61r

2.?7

2.62

2.27

2.2L

L

2.LO

t.93

1,.82

!.72

!.7.2

L.45

397.52
)g).5?

3g?.63
393.33

)97.72
393.32

J97.?8
393.29

)g?.94
393.40

397.8L
)93.0t

397.97
393.05

39?.96
393.07

398.0?
393.tO

398, t9
393.09

2.67

2.?_2

2"!8

2,22

2. lL

1.85

t.7l+

1.7?

r.62

1.48

397.t3
394.03

396"gg
394.0t

3g6,gg
39t+.03

)9?.05
394.1,0

397,0t+
39tt,16

396.8)
39t+,oo

396.91
39t+.06

396.96
394.t6

397.01
39t+.24

39?.06
39t+.29

o"25

0.32

0,5?

0.61t

0"76

L.02

1. 15

1.24

7.66

2,oll
i:: t:.ai

f
*

averaged over the high and low'field

Thls pararneter obviousllr depends on

are tãken from a eentral peak helght
over the tr'vo outer nad-ma'

wings.

the roaximrm Peak
of 10.15 em and

helght. These values
represent an everage



EI@_J.

Dtagram to show the

ln Table J "

spectral Parameters l-lsted'

i:. .:.r:'.'i:r,-r;::
!n:-. i. : ï;. 5.. _:'¡ir'ì
i _ r: il-i :. ::_._:

il r'::t:
i: ,:::j
I



' "' - "' L".:;iþ1.-42".'::.;i

59

KEY:

a vmln

5 v 
¡naxc

c v maxo

r ntTlêXr A nl-n

2 nin

? Àvrrz
4 Inexc

5 naxo

6 *"{



:t]

)

ci- ii{:¡-};r;;i.r."';
'.. . : t

:

6o

d Solvent SÈudies

Theprotonresonånceofrnet'hy1niÈratev'asrecordedin

several solvents of differenE viscosity and dielectric constant, at

ard¡ient EemperaËureo All soluÈions were 15 mole % unless stated otherwlse'

considerable variaLion in líne shape v¡is found, as shown in Fig' 6' The

spectral parameÈers are displayed in Table 6'

TrwasdeterminedfromÈtresolvenLpeak""'"""marlced'-"

fn rqhtch case it was estímaÈed from other values ín Ëhe second column'

I the half-height linewídÈhs were used to deÈermine Èhe

¡g}¿:{¿tionrate,asdescribedinthenexÈsection'Theeffectofsolvent

on the chemical shíf t of the methyl resonance is noÈer'rorthy; see'section

c(ti) c,

i,,.i:i'i
i::,-l.rir- : :,: : :> l t): ) :: :.,.: ) ! :

Ì:.::ìi-:'.ìrì;::1



FTGI]BE 6

nethyl nlürate ln varlous solvents

anblent tenPerature.

.(") hrre nethYl nltrate"
(b) IJ noLe /" ln CSt.

(c) 1"5 mole % ln Dlvlso"

(d) lJ r'o]-.e fi Ln toluene.

atThC PMR Of
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TABLE

trineshape parameters for the

nitrate in several solvents at

methyl resonånce 1n methyl

ambient temperature.

Solvent T2

(sec)
Y maxe)

tltz )

av*"
(nz )

DI\[F

, coHt¿

neat

cÞ

0lig C0CïI3
;

tHsGN

DI\TSO

CCL4

ÞHe

t1)
CDCIg

(¿)
ÇsHro

(1)
coog

0.71

Í. gg

*0"71

*1.3 5

1.45

!.27

l_"07

*r"20

I"27

1.45

I. 1g

I.Z7

403"62

4L5.31

410.90

4L5.ß3 t

409.55 3

ø22.29 !

4LQ,63 t

5 
"ob

.03

.Q3

"oz

.04

.08

"04

419. +g ! .og

395.56 t "06

4L6.69 t .Og

3.2L I .05

z.?7 * .05

3.?6 * n03

+"?g t ,o?

+,4? à ,0g

4"16 * "05

z"LL ! ,02

.3,95 t .05

4.O? 3 .O?

3,69 È ,05

4.õz : .06

g,B5 ! ,04

+

+

3g3.rg ! ,05

361.9? ù "09

(1) 50 mole /o IaeXOU

(e) 4 mole /o iuem0g
,i 1¡i,:ii.rlt. i ;..: ::Ì..,

See text.
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(f) Treatment of Data

(') !çgçsi-44!iq{L-q! Åelêåaligll lelgs

Two conlpuEer proSraas, QUAD an<l QUADFIT' v¡ere used to assign I

1\ 
"pir-laÈrice 

relaxarion times td the data in Table 405 and 6'*1 The

inpur parameters were J(the 14tO-H coupling consËant), T, (nauural linewidÈh

of the proton resonance 1n the absence of relaxation) and a ttguessedtl '

value for T . AdditÍonal measuremenÈs were required to obtain J and T,
q

and these are outlined below

The DeÈe-rmin4tion Jcf J

If there was no relaxation of the lfu ,tt.l"us Èhe ProEon signal

of rhe merhyl group would be a 1:1:L triplet with 'l(h-ff) given by the

separatíon bet,¿een components. Horvever, even in cyclohexane solut'ion at

90oC, s¡here the relaxation raLe is lowesÈ, ccnsiderable broadening of the

proton signal Ís apparene and the outer components. are stl11 movíng apart'

(Fig. 4). Thus the coupling constanÈ cannot be measured directly frorn

Èhe observed spLittlng in any of Èhe recorded spectta'*2

Fortunate1y,however,Èhereísana1Èernativemethodofobtaín

irrg .ï(14N-H) v¡here quadrupolar relaxation does signíficantly broaden and t,i!,,t
(e3 \

collapse the proton resonance ". The naÈurally occuring lsot"p" of 1\ 
1f'1tt'

iu 15N 
and thís has a spin r:å so tha' iÈs coupLing to the m'eÈhyL protons 

i'::':;::''¡:':':

wiLl give a doublet of separa¡íon equat to.f.(15N-H). This coupling is

related to ¡(141¡-H) by the nagneLogyrlc ratíos of the two nuclei. 
i:,::;,:,,,rr:

Ëli.¡,il

.-
*1 BoÈh programs are documenÈed and readily available'
xZ In cerrain insÈances where .nä'-ãfãilifc'field gradient- at the quad-

rtrpolar nucleus-i" .r"ry smaLl, relaxatlon may te sã slow Èhat Èhere is
no effecL on the rgsolence "f aiã-..upled ,,utl"tt"' Thus in Èhe isonitrlles
'ti)=;;;";i;;";ï;";ið;öT;-;"i-u**pi", J ís obrainable by dlrect measurement'"

f: 'i:ii:':.:i] f
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ie.

presence of a negative
opposite sign; it is of

sign merely implies that the, two 'couplings

no consequence in the presenÈ work.

:ffi -1.403

Thus in principle an" 1\rtr coupling constant may be estimated fro¡r direct

measurernenÈ of .l(15t'¡-H)*1. llorvever, observation of the satellite lines

is invariably dlffículL, for in addítíon t.o their low intensity (15t1 ts

presenr. onLy Èo the extenÈ of 0.367), couplíng constants beEween nitrogen

and hydrogen are ofren srnall so that the lines lie close Èo Ëhe maln

resonances and are obscured by them. The mosÈ favourable situaÈion for

observíng rhe 15N lines is rvhen the band due to molecules containing lqtl

nuclei is very broad; under such clrcuinstances the isotopic coupling appears

as a sharp pair of línes superimposed on the maín têsoflâIlceo

Fig. (2) shows thís for methyl niÈrate, both neat and as a

solution in toluene and chloroform" Tn all three cases the splitEing 1s

rhe same.and yieldu ¡(14t1-tl): 2.Zg t O.O+ tlz . The N-H coupling constants

measured by Bullock et al.(4) 
"horo"d 

a sÍmilar independence of the medLum.

Confirnaríon o-f Èhe rnagniÈude of .l(ltt-u) may be taken from Èhe work of
(2e )

Lehn'--' r+ho derived a value of 2.75 llz for MeNO, in pyridine and teLra-

chloroethyl.ene solutÍons by complete line shape fttting of the e4Perimental'

spectrumn

The value of .l(lhl-H) was asstsred Èo be temperature independent,

for althoug.h this may not be absolutely truer anY change that Èhere is

will be negtigiblY small.

The sígnal from methyl nítrate ís, broadened by tLu ltl quadrupole etall

j :: 
-: 

: 
Ì: ì.r:-::

i::1:l'.;'r'

r.'T The
rre of



suitable for this purpose (rig. 3), but for both CS2 and CC14 (where there are

no protons) and for neat methyl nitrate, there is no direct rnethod of obtalning

T2"For these solutions, therefore, a T2 value wes estimated from the .¡ariation

of T2-1 I'rith vlseosit.y for the solvents rn Table 6, ïn view of the approxi-
:

nate methods used to obtain T, the furÈher assumption of a consÈanÈ

vaLue fot T, as the temperature $ras changed should be of 1íÈt1e signíf,ícance.

The fitting method is quíte sensitíve Ëo the T2 parameter,

ospecially in the region of near-conplete collapse of the tripl-et strr:cttrrer

s41 3n aeeurate rralr-te is í-nportant., Fuyther dÍscr:ssion of this poÍnt ma¡r

be found in the secÈion on errors. IÈ shoul-d be enrphasized that fittíng

dcy¡e r¿ith T, values of L,0 and 2.0 sec,is rnerely for ilLusErative purposesi

they have no e>tperimental justificaÈion, values of Tr:1"68 ancl 0.71

sec '¡¡ere used for the COHLZ and Dt{F solutions, respectirrelÏ (as shown

ín the results seeËion, from measurement of the solvent resonance)n

The f-ine shape fit was aÈEeorpted in t',ro ways, using the program

QUAD alone and in conjunction with a subrouti¡re developed for sinilar

rate stuclies, DetaJ. 1s and f.imíti2Èions of the procedure are díscussed.

belorv.

qIJAD

66

Èemperatures and hence a value for T, can

ance. llor+ever, since the llmicing facÈor

width is the inhor¿ ogeneíty o.f Èhe rna.gnet,

approximate value f.or T, from other peaks

relaxation or exchanße processes, In most

never be forrnd frcrn this reson-

determínfng Ëhe naËuraL line-

iÈ ls possible to deduce an

whí.ch are not broadened by

cases Lhe solvent Þras found

This was the basíc program r.¡riÈÈen to

by Equaci.on (16). The densiÈy of poínrs ( number

was varíable; for most spectra 500 were founcl Lo

cai.culaÈe I(v ) as given

of poÍnus ín the ploÈ)

be suffí-cíent, but in

-."
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the region of near-cornpleÈe collapse of the ÈrlpleÈ it was necessary to

use5,000pointsoverthe5H¿spanofthespectrun.TheottËpttt!'Iâs

obtained on. a Caiconp plotter as a seríes of theoreÈical specEra on the

same scale (1 Hz per cn. ) as the experimental ones. A tlreasonabletr TO

value r+as speeified in each case and a search made around this central

figure, The nunber and magnitude of Ehe step sízes used in Èhe search

were opt.ional variables. I,lhen lteration was almost coirplete spectra were

calculated at 0.0025 sec intervals, fíve on either side of the mosÈ

probable T value.'q
The experimenÈal and calculated specÈra vtere compared visually

by superirnposing one on Èhe other for differenË Tq values until optimun'

agrêetr0ent was found,. For each temperaÈure and solvent all slx experl-'

mentally recorded spectra ltere matched with the caLcornp plots; in'aariably

Èhis lead to a rrbesa,, to value, wiLh upper and lower límits estimated

from the exÈreme TOrs which gave reasonable agreemenÈ' The e:qperÍment'al

specËra ütere noL corrected for non-lineariÈy in the recorder'

The use of QUAD in this r+ay.is a rapid meEhod for obcaining

relaxatlon rates and also a reliable one sÍnce the entire line shape is

fitÈed aL Lhe same time. Hotrever, at reLaxaLion rates greater than the

coupling constant, 1.114n-U), vrhere the resonance is a broadened slnglet,

Èhe fit is less .sensicive to changes in TO and the error limits are

correspondíngly larger. In addition, the conÈríbution to Ëhe haLf-height

linewidrh of the experímental specErum fron the non-lineariÈy ín the

recorder is nor,¡ sÍmilar to Èhe difference in Àv¿ in going from one

tempera.ure Èo another, lpohtgher. Uo: example, in DMF solu¡ion aÈ

600 rhe neasured hat f-height linewidth is 4.50 Hz corrected to Í'28 Hz

after calibration. These widths correspond Ëo Tq values of 0'080 sec



.-- --Æå L; :,';rj.ï:llt
t'"'

.l

æ

and 0.075 sec respectively; the difference of 0.005 sec is significane

in this reglonn However by careful fittlngrconcent,rating on the shape

of the parÈialLy resolved shoulder (rather than the entire resonance signal),
the uncertainty in Ehe relaxaËion rate can be subsÈantially reduced.

QUADFIT:

By applying Lhe subroutinu prr(89) to Èhe ourput, i.en r(v) of

the main program QUAD certain characteristics of the resonance line shape

sensltive to the rate of relaxation (e.g, positions of maxima ¿¡d r4inima"

and their height) vrere generated, Comparison of these with Èhe corresponding

experímental parameÈeus (as measured from the recorded spectra) permÍËËed

an exact deËermination of T values"
q

The e4perirnentaL spectra !€remeasured as shor¡n in Figure 5

takíng an average over the síx recorded at each temperature. The hatf-
lreight J-inevii.iths a¡rd posiLiorrs of rnaxinra an<i nrinima were correccerj for
non-línearity" For srnall To values (^-(0,090 sec), the proton resonance

shor+s no meâsurable tripLet structure, so that only the half-height line-
r+iclÈh rvas usefuL. Thís ís a poor metho<l, however, since iË is rclaEively

insensitive to changes in Tn (c.f. the problems encounÈered with QUAD)

and diffículÈ Èo aeasure to the degree of precision required for a mean-

ingfuL fíÈ' For larger TO values Èhere are numercus parameters whÍch

change more rapidly with the rate of lfu relu*atíon; f-hose examined were

{"1 the position of mlnima and outer maxíma,(¡) the height of minírna and outer maxima ancl their
(c) the half-height Linervidth of the cenrral maximum

and (d) the half -hei.ghr Linev¡idth of the outer maxima.

diffelence,
,/ \ nåx

. /_lmln
AV1

2

i-:rÍ.:,'.
i:i.i¡ .'.,.'.

rn addition, several ,oorkur"(94'95) have used combinarions of (a) - (d)

(eg. the raÈio of ccnLraL pealc height to height of mfnfunum) for fitÈÍng

errperirnentaL spectra. This proved unsatisfactory for the presenr case
i.,,t.'.::'
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of methyl nitraÈe, there being only a sma1l variaËion ln such quanti.ties

over the ent-i:re tenperature ranße" F.r instance, the ratio# varies

fror:, 2,01 Èo 2.7t¡ an-dåI" .toes frorn 1.90 to L.72 ín a 60oter'rperature
,,.o rto

interval.(nax"rma6¿¡dninrefertotheheightofthecenÈralrnaxímun'

outer naxima and mírrima respecLively. ) l'or Èhe cyclohexane soluÈion fits

were thus atternpted using all the ParameÈers in Table 5'

The posiÈions of the ouÈer maxlma and mlnima relaÈive to the

central peak hardly change at all and cannot therefore be used for fitting'

The sane applies to the half-heíght linevridth of the outer maxima rvhere'

although Ëhe variation is somewhat greater, considerabl-e error is Ínvolved

in tts determinaÈion. The líner'¡idth can onLy be measured (and calculabed)

on one side of rhe peak (see Figure 5) and is therefore highl-y dependent

on the exacÈ location of the centre of Lhe outer maxÍmum - an ambiguotls

parameÈer with such specÈra. (See Figure 4b for example') I'lhilst the

half-height linewidth of the central maxlmum shows a sirnilar sensiÈivl'ty

to T . íts deÈerrnÍnaÈlon iS more ascuraËe as Ehe entire peak is resolved'
q-

Howevero in regions where the half-height occufs close to Èhe minima' the

measuremenË of av.| is nearly impossible and QUADFIT cannot calculate lt"

unllke the half-heÍghe linewidth measurem.ents ¡shich reçire an accuraÈe

locaÈion of the baseline, thg\ max parameÈer does not have this depend-
/ \mln

ence so Èhat its determlnation has less uncertainty' In addiEiont it r

shows a considerable variation wíEh temperaturer making it a suiÈable fit

parameter in regions where the ÈripIeÈ structure is apparent'

From these observations, the mosÈ satisfactory rn'eÈhod therefore

appeared Èo be r-he use "t[:ii 
in conjuncÈion with 6vr . For ¿¡¿mplet

in C6H12 at 70oC, from 'Iable 5

Àú-¿. = 1.72 Hz
2

'",:ì. I

l-:,:.. :r'

^ 
nax

/ \rlr,= 1.J4 cm
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In Ëhis reglon QUADFIT Ylelds -

^vå(Hz) ( crn)

1.83

t.77

1.71

L.66

Exarnples

given in Figures 7

ciata in Table 4 -

7rBr10r LL'12 and 1

l,L7

1 .30

1.43

1.55

rôr I
q

forT =q

tor r
q

for TO

0.1150 sec

0.1175 sec

0.1200 sec

0.1225 sec

from uhich ,O is seen Èo líe bettreen 0'1175 and 0'120 sec' In mosÈ

cases the av| ."u[iîî parameters inpliedrtn" '*" 
to ""tt::' 

,o::-^
,n¡here Èhere Itas a díscrepancy' the value frotn¿\nfx r'¡as weighted rnore

heavilyr and checked against the TO obÈained fron the use of QUAD' 
"

': ..f. r '.

of experinenEal and compuÈer sinulaÈed spectra are

and B. Using QUAD in Ëhis ivay and QUADFTT with t'he

T values were asslgned to each speccrumo Tables
q

liet Ehe resulÈs.

6,

B

I

r :-,,r.

'I



FIgURE - J

The experlmenüal spectra for rnethyl' nltrate

tn DMF at 38.5oc and' 6g'5oc wlth the corfÇ-

spondlng caLculated' sPecüra'
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The experlmental specüra for nethyL

tn c6,Ha2 at 43oc and 58oc wlth the

pondlng ealculated sPectrau

nltrate
COffêS-
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14N R"tuxation

tot"t t

Tl¡nes for methY} nltrate

Tg= 2"O sec

ln 66H1¿ solution'

Temp.
o(cl

À
T

z.10" rog !q
T

m
^q

Error 'EstÍ¡nate '
fn'tQ( 

=". ) 
1og(r¡ç') ( see ) lq

rn-L-

o. 09 25

0.1000

0. 1025

0.1050

0 .1100

0.1125

0.1175

0.1200

0. I27 5

0. 1550

-5.5L34

-g.49gr

-5.4892

-6. +856

-5,47 20

-3.4689-

-3.456?

-5.4538

-6. ++2õ

-5.4299

.0950

.1025

,1050

,10? 5

.11¿5

.r150

.1200

.L225

.1300

.1575

.0900

"0975

.1000

. I035

." 
107 5

.1100

.1150

.I175

.Ie5o

.1325

-3.5012

-5 .4824

-5.478,8

-3.+755

=3,4(¡23

-3.50+L

-ã.4ç99

-3.496L

-3.4820

-3 . 4',188

-5,4660

-3.4629

-5,4511

-3.4gBO

3.5252
28.5 5.5L5

5A 5.2L5

45 3.L63

48 3.rr5

5g ø.066

58 5.019

65 2.9',14

' 2.95L

g0 ?..85L

90 2.755

:,.1:

-9,459+

-5"44?5

-6.4449

-3"434Q

-5"42l.9

* 
An "stlmate 

of the upper and' lolver values of

Tg as deter¡nlned fro¡n talconp flttlng (qUlD)

anil rnatchlng of spectral' parameters' uslng' QU{FIT'
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TA3LE Q

l ìt Ruloratlon Tlrnes for methyl nitrate

T¿= 1. ô$se c

ln tUIItt.solut lon.

Temp.

(oc)

I "lb*(orJ
Tq

Isec ]

P,8 .5

68

+5

48

É..7,

58

65

68

e0

90

3"3L5

5. ZL6

5.L65

g.TT5

þ. (,1Þo

5.019

2. -a7 4

¿.9ã1

2,8ã1

2.755

t- 0.09e5tJo.ogSo o.ogoo
('o.1ooo o.ogz5

0,1050 0.10e5

o.1075 0.1050

0.1L00 0.1075

0.1150 0.lleE

0.1175 0.1150

0.1¿,00 0.1175

o.rgo0 o.L'e75

o .L37 5

-3.5L9+
-3 . 501¿ -5.5?'52

-3.496L -5n504I

-3.4788 -6'4892

-5.4?55 -5.4856

-3,4?',àA -5.46e0

-5.+594 -ã" 4689

-5,456? -5.4660

-3¿,4538 -3.46'¿9

--ó,4940 -5 "4+25

-5 "42L9

:: ri(r) see

(e) Borh

bottora of Teb1e

equallY '

footnote * at the

values welghted
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Arrhenius Fareneters for the data shown in leb1es 7 and. 8
t

75

].,105
T

Tp= L.68 sec TZ= 2.00sec

(oK-I) loe fn Extrema log Tn Extre¡na

g.gl1 -1.Q339 -L,OZZî -1.0458 -1.0ã39 -]-.OZZî -1.0458

B.zLB 11)-r,ooo -1.0110 -1.0ooo -o.949ã -t.o11o

5.16õ

3.!rg

ã"066

5.0I9

2.97 4

2.95l.

z.ggJ*

-0.9?gg -0.989ã -0.9895 -0.9788 -1.0000

-0.9685 -0.9?88 -0.9788 *0.9685 -0.969ã

-o,9Þgô -0"9685 -0.95e5 -C" 9489 -0.9ti85

-0.9595 -g*$4r$for, -0"9489 -O"9593 -0.9586

-o,ge99 -0.9.39õ -0.9¿99 -0.9e08 -0.9595

-o.9e0B -0,9å99 -0.9208 -O.9rI9 -0.9e99

-0.8861 -0"8945 -0.8945 -0.8861 -0.90ã1

2.753 -0.8617 -0"8697 -0.8617 -0-8788

li :r:ri "'-::: . a:l ril ::
I i -l:.:..ì -:: .

'(1) See footnote (¿) et the bottorn of Table I
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TÂBLE 10.

I4lr n"tuxation Ti¡nes fcr methyl nltrate

T¿= z.O sec

in DMF solutlon'

Temp,

(oc)

mrq

( sec)

ffl
åo
T.

log
t7

r.l0
T

(or-I )

Error

Tq(sec)

Estlnate.

log !q
T-

¿9.5

58, 5

49

Ão

69,5

80

..1

90

7.30+ 0.05?5 '5,12I+

ã.e08 0.06¿5 -3.6979

-z "66?-9

-5.6463

-3 .65L9

-3.5998

-5.5',1l2

0.0600

0.0650

o o.o?25

+
o.o775

t
0.0825

*_

*
0.0950

0,0550

0. 0600

0.0675

o.o7 25

,J r_

-ã.70¿9

-3. ö808

-3.6+?8

--3.6520

-3.6186

-3.5825

3.104 0.0700

5.010 0.0750

2.9L8 0.08.00

2.8,3l O.0900

2,753 0.0975

* Fit done wtth OJIAD

# Blanks Xndlcate an

on1y. (QUADFIT unrellable here' I

unanblguous fit (uncertalnt'¡ ln
""uË;'TË"iË"å'ihà;"ó;õó¿s =äc' )
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TIIBLE 11

I4H R"I"xation Tlmes for nethyl nitlete 1n Dli' solutlon'

Tp.o 1.0 sec

Temp "

-(oc)
1.105
T

1q

(sec)

los 
äq

Brror

Tn( sec )

Estl,mat e.

ä"
rcg

( 
or-r 

)

?^9.5

4A çi

49

59

69.5

3'304

3. ¿08

3. r04

3.010

¿,9]8

¿.851

0 " 0e00

0.0850

0. 09e5

-5,6184

-g " 
6055

-3.5819

-3.5+95

0.06¿5

0.07 ¿5

0.08e5

r

0 "0900

0. L0o0

0 .0575

0.0675

Q.O'.l15

'.-

-5.7 2L4

-3.6979

-5 '64'78-

-3" 6050

'

-5,5958
_l

-5, 5ö0¿

-5 "7 6LO

*5.7 5+O

*{a,6788

-3.63e0

o.o55o -9.7 +O7 0.057þ 0.0535

0.0600 -3.'1L56

0.0700 -3.6629

80
.':

90 z.?53 0'1025

r See note I Table

.

10.
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TABLE TA

l4N Ruluxation lines for methyL nitrate ln Dì'''i' sclution'

T¿= 0.7I sec

['ernp.

(oc)

4
1.10"
E

( 
or-1 

l

rq roe 
äq

(sec)

Error Estlnate.

Tq (sec) ros 
Ëq

49

çio

29.5

28.õ

69.5

80

90

5.60+

3,248

g.L0+

5.010

3.918

2.89L

2.',|5ã

0.0550 -5.7 +O7

0.06e5 -5.6979'

0.07e5 -ß"6478

0"0800 -3.6l.84

0.0875 -ã.5950,

0,0975 -5.5591

0.1075 -ã.5¿89

0,0575 0,05¿5 -5.?¿L4 -5"7610

0-0650 0.0600 -5.6808 -5.?L'o

0.0750 0.0700 -6.635Q -ö.6629

0"08¿5 Q.0775

*
0.0900

0.1100 0.0950

-3.6050 -g "65?'0

0"1050 -3.5989

-3 " 
5807

-ã.5480 -3.5?O+

* welghted equallY'
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^j,rrhenlus Paraneters for the data'shov¡n In Tables 10r11 ancl I¿.

1..I0ã !¿ = z'O0sec IZ-- l' 00 see !¿ : 0'71'*sec
t(o*t) 

tog rn Extrema los Tn ßktre¡ea . 1o3 Tq Extrena

5.304 -1.?,405 -1.¿596 -I'2596 -]..¿798 -l'2596 -1'2798 
'

-1 .2-L8 -1 'Z+OS -L',24O5 
,i

g.208 -f .2041 -L.32r8 -1 '?,zLg -\'?+9?' -1'e041 -]'¿¿I8 i

-l.rezr -1.¿041 -Ì'1871 
i

-1 -1ßq7 -I.139? -1.1549 ' i5.re4 -r .154e -_!..\:rgi -r . r54e -_i'.i?'ri - - -- -t.Li+s

ã.010. -] ,:]2+g -L.L5g7 -1' O9ô9 -1'1107 -1'0968 -1'1107 i

-1.1107 :oBãâ ' . 
.-1'oBö5 

i

...

¿.e18 -L.oe6e -1'0835 -1'0706 :i:3?33

2.'153 -1.0110 -L.AZ'à3 -o'9893 -I' 0ooo -0'9685 -0'9788

i.:: :,:i.: i

t1a.l,Y:irrli::i¡t "iì$
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(U) Àc!çgÉifa_tlSn of ,tcrivarion par

As discussecl in Secrion g(ii), TO depends only on Èhe rnolecular

reorientational raÈe; its ternperature dependence Èherefore should yield

ticn. If Ëhis process igan acEivation energy for a purely rotaE.ional nro

therrnallyactivated then iÈ will be described by the usual rate eguaÈic¡
(48)

tq:tq (+)eTp

trhero t- is the correlation tíne for Èhe process causíng quadrupolarc:q'-
relaxaËlon, too is an inverse frequency facËor and E* is defined by tlæ

relationship betr,reen tO and 1/T,

SubstiÈuÈing equarion (29) f.or

rearranging, the logarÍthmic form Ls

tO inËo equaÈíon (B) and

l"t-ns It I 
-t

rf¡ / I

,303 RT

. Ìrù.....ro.tr.(30)

A plot of loer'T- vs, 1- therefore glvesqT-
(a) E" fl:on Èhe slope

and (U) t'o fron the intercept, providing tshe quadrupolar corrpling
corrstanE, g_tq% is kno',rn. (See AppenCix III)

Table 14 gives a lcast squares analysis of the loStOTq vs_lclaÈ3 ; Figures

9 and t0 display graphically Àrrhenius plots for the CAIIZ and Dltl.'solutions

respectlvely,

The entropre s ancl e:rthalpies for Èhe roÈational process nay al so

caLculated if it ís assur:red that such motions can be described by Èhe

1oB1o t q

Eyring E<¡t-t¿¡ls¡

k:1.
t

q

.rrt..rr..n.or.(31)

r: totro 
Lr -"+

be

l:t¿,ì:::jÌiì?-:.l

ì,..1

tr-'

:(s) r exp f-"d t\nt I
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whcre

k- is the ilolLzrnann consLanct
fDis the transnission coefficient (talcen as equail- to uniLy),
h is Planckrs constênÈ

and ¿ C* is che free energy cf activaÈion for nolecular reorientaËlon.

J
îaliing togariihms of EquaEion (31), subsÈiÈuÈing [ : !D! and expandi.ng ¡6f

-h-- ,'' I

1og10rq - lo;r'T= lostd *#O, - 
#, 

...o.'.o'.'(32).

Again substiËuting into Equation (B)

r"rro/ to\:
\r/

=þ.I.lence, À ti-f nay be obtained fror:r ihe slope of a plot og logfO lq VSo

T

I and I S* may also be detenrinecl from the intereept, again ptovided
T
tl-re qrir:drupolar: cor.rpl.ine constant is kno'.m' liígures 11 anci i2 are iiyring 

i

:

plots cF the <lata for the C6Hu and DlfF solutíons respectivety' See also 
i

Table 1/+.

A cornplete list of all actlvation parameters for both sol-vents, '"':':-.'..:-'¡' : : ..
'-t

,,rith errors derived from'bhe least nean-squares fit, is given in'fable lJ' 
,.,,,,.-.,','t"ti;.:..-r ...

(ilot,a: Irage 82 )r¿s b,een deleted" )

losl# - loîr' ti*)'I .t:#, -#,,
...o...r"(33)
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Arrhenlus

nltrate ln

FISURE- - 2

plot for the reorlentatlon of methyl

C6HIZ sol-utlonr

T Z= L' 6$il"i*tìræ:' :'''
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FIGUBE - L0

plot fof the reorlentatlon

DMF soLutlon'

Í2= 0'?1 sec

of nethYl
Arrhenlus

nltral:e ln
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Eyrlng P]-ot

nltrate In

EIggEE--Jt

for the reorlentatlon of nethYJ'

C6H'Z soLutlon.

T.2= !.68 sec

.:'.:

i,, :r: i
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344
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-3.52
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FTGURE_ Ia

Eyrlng Plot for the reorlentatlon

nltrate ln DMF so]-utlon'

T2= 0.71" sec

of nethYl
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T.ASLE 1'4

leest squares analYsls of

fables ?-!5"

the data in
Results of a

8*rôo uta ô, represent the stand'ard errors 1n

slope,intercept and l'og fq tor log Tq'l' respectivery'

l

:

I

I

I

r.:.:
'1r:

f-r: j it.¿ ;,: ,:-; i



TabLe

7

I

o

I

1O

mtz
(sec ¡

¿.00

L,6g

e. 0o

1,.6g

e.00

1.00

0.71

Slop e

(oi<.105 )

-0.L468

-0.1559

-0.2ggg

-0.eg6L

-0. ¿655

-Q "'.ã477

-o,3?7 2

-0.4099

-0.4909

'o- 5¿05

u 

å*. ,.ou

11

lÊ

L5

Tþ

Tg

0.0110

0. otgL

0.0064

0.0100

ïntercept

-9"Q2+4

-6.00a7

-0.0719

-0.05¿4

-8.8445

-2.5 g 94

-¿.4971

0.1090

0.5636

0.4659

.80

¿.00

1. 00

0. ?L

0.01a3

g. g p05

0.01 60

0.014ã

0.0¿09

0.0139

*ð,

o.0364

0. 0400

0, 0Ig4

0.0505

o,0373

0.0 619

o.Q+24

o. a434

0.068È

0.0419

Corr, Coeff

0.00¿6

0.0054

o. o0e5

0. 0054

.

0.0057

0.00 gg

0.006 4

0. 0060

0.0095

0.0054

0.977 5

0. g4gL

0. ggg0

0. gg0g

o.ggg3

0.9944

0. gg 6g

0.9969

0.9955

0.9ggl

I
I
!

I

i

l;

ì

il
Ltl

t

F
i:.

ir'

lì.

ll'
tìì

)

Ê
E.

li
L]

L::

'tu
L\:
!Þ
t,'
äì
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lì
L'.li"
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Î¡IBLE 15

Âctlvatlon pararneters for tho reorientatlon of methyl nitra'te in

cycl-ohexane and dlnethylformamlde solutions'

DMF Solution C¿H".> Solution
1t ¿t 

'Actlvation
Parameter

t'

T2 -- 2,0 lz = !-O T2 = O'?1 T2 = ?'O fZ = 1'68

I
r."S.*or"-1 t.zz !.06 t.jg !.og L.?3 t.o? 0.6? !,05 c'?0 å'06

(nq.33)

¡ ttlat }gqoK
kcal"mole-r L.z8 +.0? t.65 *,.o9 t.?g t.o6 o'?3 t'oi 0'?7 !'o5

(8q"34)

.4S#".o. ^ ^^ô t.,õ D iA+1G(h,.33) -1. 35 t 1? -0. 18 t'28 O'28 !"22 -2't8 !'r5 -2'08 t' 18

¡ Sl e.u.
al 298oK -1.18 t.1B 8.02 *.?g o't+5 l,'L? -1'98 t' 11 -r'91 *'tu

(Pq.36)

¿Glat 3fioK
kcal.mole-1 r.?o t.Q 1.65 t.1B t,64 !'t5 1'44 t'11 7'43 t'Lz

Srr.ors: ,Juotec values are si;andard errors cìeri'¡ed fro¡: the least squares a'nalysis"

T2 values are in seeonds.



(c) Evaluation oJ the fitting procgdure and-errol estlmate

'fhe statistical errors in the activation pararneters are doubt-

less overly oprirnistic, llncertairrties irr tenperaLure d'foC) and T, (see \

belov¡) are si3nif icant ancl r^¡i 11 increase the errors quoted by a f acLor

of at least 3-4. In addition, the small size of the energy barrier being

measured (of the order of l-2 kcal'mole-t) *'*'"" rise to further problems'

l,rbhart(9t) n", suggested Èhat when the activatÍon energy ls of Èhe order

of RT (circa 0.6 kcal.mole-l at 2ggoK) the measured vaLue is an rraPparent,tr

activationenergy'smallerthantherealone.}Iowever,largelybecause

of Ëhe difficuity in estimating the magnitude of such an effect for methy1

nitraÈe, but also because it is the relative raÈher than absoluLe magniËudes

which are of interest, the problern lras not considered further.

Henee, for a reliabl'e result, ít rvould aPpear desirable. Èo.

employ a large temperacure range and to have a fine shape which is highly

sensítive to TO. UnforÈunatelyr' :¡**ÈÌierq'is available in the case of neË'hyl

nitrate. It is explosive above 65oC and belcv¡ abouÈ 10oÇr in any soLvent,

the resonance is a broadened singlet which changes only slor'rly wtÈh

tenperature. An example of a more suiÈable sysÈem is trifluoronitromeLhane'

cF3N02, which shows the whole range of spectral shapes over a 90o temperature

int"t.r"l(95), and should therefore yi'eLd a more accurate value for the

reorientational acÈivalion energy. The availability of an accurate and

sensftive method of fitting ihe experimental spectra of methylnitrate is

Èhus clearly of paramounE importance'

BoÈh packer(94) ond. L.u(95) ,r, Èheír analyses of spin - å nucLei

(19f) spln * spin coupled to a quadrupol¿¡ nrrcleus whích is undergoing

varying ¡¿tês of relaxation, used an indirect rneÈhod Èo esÈirnaÈe To' They

generagedalargenumberoftheoreÈicalspectracoveringarangeofTo

l:r:r:::::Ì-i:!ì;:

B9
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values and measured these to give parameLers símílar to Èhose used in

QSADFïT (and conbinarions rhereof ). Plots of l:-, say, úersus the function
nì 1n

2 n.f'f o were fùîlnci ro be snooth'!-;v varyine so tiraL calculation oí a strf ficieht

nunrber of valt¡es made linear inierpolation betrveen points acceptable'

These graphs ç¡ere then used Eo obtain the value of.2l.JTO (and hence Tq)

corresponding to a particular observed spectrum. Thls is a satÍsfactory

method for a l1ne shape which changes rapidly with TO (as here for fluorine

nuclei, since J is large) but, as mentioned previousLy, is too lnsensiÈlve

for nrethyL niÈrate where Èhe changes are smaller. It was found preferable

to use QUAD and QUADFIT çriËh grfficientty small increments in To that

interpolation was unnecessary. llhilst the use of only the hal-f-height

linewidth in rnaÈching spectra is noÈ rigorously correctr sínce irr principle

ir rnighr be possible to fit this accurately whlle the overall line shape

was not' in pracÈice 1È was found to be quiÈe suffÍcient, especí'al.ly when

used in coniuncÈion wiÈh visu*l maËching'of the experi'mental and computed

line shapes.

ByfarthegreatesElirniÈationonfirtingbyÈhisrneEhodis

an accuraËe determination of the J and T2 values' Both rople(zl) 
""d

Suzuki and Kubo(g8) tgr,o"ed T, in. Eheir lÍne shape Èheoríes; since then

severaL lnstances have been reported of a sensítivity of To to T2' Harris

(93) with 3r415-rrichloro -zr¡-d¡î,luoropyridine and Luz(99) 1n relaxaÈíon

sÈudies on Èhe permanganaEe ion found that T2 was irnportant' Thfs ís also

- - l ¡- -t

apparent in the Present resutÈs' A srnatler T2 value tends to decrease

To aÈ lorv temperat'rrres and to increase it aÈ Èhe higher ones, t'hereby

lncreasÍng boËh the slope and intercept of the To vs tenperature plots'

See Table 1.4. As a resulÈ, ÂH*, E" and 
^Sf 

are atl senslÈive to the

T2usedínfit'ting;fortheD}fFsolutionE"variesfrornl.BTto2.3B



9t

lccal.moLe 
'1 fot a T, of 2.00 anci 0"71' sec, respectlvely' Obviously this

is siqnificant for enerly b.iir:riers of a fet'lccaL.mole-'1, particularly as

statisLical, er:rars i.ir Ìi- are less i:han O.l llc;¡1'rirole'-1 ot"1 theref ore give

arr t'.nreal.isLic unce'rtainty esLirnai:e' The fitting niethod itself provides

a test for the T2- valrre; r'rhen it is either too large or too small the QUAD

arrd QIJAÐFIT Tqrs do noi corìverget and furthermore the overallline shape

fít r,rith Qu/*Ð is invariably poor, A correcE T2 resolves these problems'

TirustheprrssibleerrorintroducedbyT2e.arrbenriní¡niseclandísnotas

signiflcant as ít mf'ght appear ínitially'

In view of these and cther error possibi.líties' it has been

suggesred(loorl-01) ,h^*- any dí.scussion of barríer magnir.udes should *enere

rn ÂG* vaLue* ra¿her Ètran ,\H* or ¡S* sínce t¡ís pararnecer is 1ess p1one

to riysrenraric errors" The calculated Á G* values at 353ÐK (ta¡te 15)

ccnfirmt-}tisvier,i,shc,,.¡ingfarlessvarÍ'ati.onwithT,ühaneiÈherofiÈs
-L -L

csïnponents ¿lä7- cr 6 Sf .

,Àco;npleiefineshapeanalysis,suchasthatofGuËowskyet

*1,(102), vrhere the spectra aïe maËchecl dirr:clLy by Lhe contputelrappears

to be r:he besr.: rnetl:ciln The intensî.ty of Ètre experimental speclruf! âE

i1íveil frequenr:y ínt'-er*¡alS iS Sto¡ed in the cc'Ïrrputer nìenory and a bheoret-

ic.,.i spectrun¡ caJ.cr¡lated v¡hich is Èhe least squares fif to these vaJ'ues'

l,rrl-,rri?-9) usetl a r¡o.Jifì.eC versíon in his treatrnenÈ of rirelhyl nitrate' as

éid Bacon(sÐ) ,.o, EF3; besË vaLues f¡¡r Jr't', atra 1o are obtained for Ltre

çn+ï,lesÈ r¡al:-re of the surn of Èhe diffe¡:ences beÈween experimenLal and

conrpute,J pnints, The oulput ';onsisÈs o.t- experirnerltal and theoretÍca1

spectra plor:terrl cn ihe same grapir' inÈens.ity diffarence aÈ each pcint and

ih+ val.ires of J., T2 and To whieh gí're this sg::eelxenln GuEÐ\.'çlcy clelms

¡rLovåsualmatchíngandt.hatccrnPuEefLinìeihat- ihe method ís fa¡r .suPeríc

il l:l
f::. ..
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and capaciÈy requíred are quite modest; it al.so overcomes the problems

assocíated wj.th an independent deEerminaÈion of J and T2,

The resulËs of this Ehesis show that even for the raEher unsuiË-
1,

abLe instance of l1v tuLo*ation in meEhyl nitrate, line shape analysís

of the signals of protons coupled to Ëhe nitrogen nucleus by scalar spÍn -

spin interaction represents an accurate meÈhod for determining TO and

for studyÍng Ëhe relevant molecular propertíes, The estirnated arror in

To is c.ertainly no nore than 157" (probabi.y neârer tgZ) ir, conÈrast to the

14u rt measurements of l{onÍz and GuÈov¡stcr(4S) where Èhe error quoÈed is

lSaW The Lov¡ resonance frequency (gíving poor signal - to - noise ratio)

and srnall concentration of ltv rr.r"lui per unit volume makes spín - echo

methods unsuitabl-e for most nitrogen rel-axaLion studies; where applicable,

the use of high - resoluLion PMÅ. measlrrements is superíor" Ifoniz and

Gutorvslc-rr give no estimate of error í.n i;heir acbivaÈ,ioit enèrgy results;

frorn Èhj.s work i.t is felt Ëhac E" = 2"4 I0"2 kca!,moLe-1 for DIÍF solution
.L

and Eu:1.4'l 0"2 kcal,rnoLe-1 for coHtz solution are realisÈi.c error

limi ts 
"

I

rt;-::

t. .
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At different. ternperatures

As described in the Experimental Sectíon, the viscosities of

15 rnol'e % methyl nitrate in cyclohexane and dimethylformamÍde v¡ere measured

at three different Lemperatures, Assuming viscosity to be a thermally

activated process of the type

rl = A elrp_B
R1

. . . . . . . ' . o . " . . . (3+ )

Ëhe acrÌivation energy, B, may be found from the slope of a plot of logron

versus I n The data in TabLe 16 conflrms Èhe vaLidtty of Equatíon
T

($); straight lines of correlation coefficient > 0,99 v¡ere obÈaínecl

(Figr-rre 13). Viscosities at other temperaËures t^rere then calcuLated by

gxt:rapola-tion and inËerpolaLion from TabLe 16,

The form of Equati.on (21) shov¡s that rej-a.xatíon i:aÈe wílL be

dir:ectl-y prnporti-onal to thé Èerm _fì_ ,other factors being consta.nt.-f-
Tabl-e 17 lists these vah.res ( iro* Tables 8¡ 12 and 16) ancl they are

sho';;n graphícal"'ly in Figure L4. A discussion of Èhis plot ís given in
Section G(ií)b.

Tn dí.1îf ereirt F-olvgr_r:lg

Equatíon (Zl) nay also be invest,Ígated by the use of different

soLvents thereby ellcompassing a r,¡lder viscosity range Lhan is possi.ble

by tenpcral-ure variation aLone" Using twelve dif ferent sol'ltions (incltrding

ireet nethyL nitrate) relaxatíon rates rvere deÈ.erminecl at ambient tempe:r-

aLure (29.5oC); these are 1ísí:ecl in Table tB tc,gethe:: wíth Llìe visco.sity

of the solvent, stricLl-y speakí.ng, soLution viscosity shoulc br: used,

but aL a concenLratiorr of 15 mole "L sol¡.r.te (pIus lrtS) ttre differ.ence is

r:egligiì:le in the present caseò



9t+

teniperature for i5 mole 'ú solutions of nethYl
The va.r'iation

nitrate in DMF

TABLE 16

of '¿iscositY rvith

and C¿,Hr2.

Tenperature
(oc)

Solution

l-og1g n

C#p SoÌutlon
1.103
drJ.¡

(ot<-')

DMF

n

3,156

35 3.21V?

),096

cP

o.?66 -0. tt57

o.662 -0.t?92

0. fr5 -0.23)2

loglg n

o.? t5 -o.1456

O.6Lt) -0.!920

o.5?) -0.21+18

25

50

A least squares analysls of the data Yields

For C6Ht2:

10910

For DltT:
roglo

[=

S=

+
:

+

d=

S=

-1.38 t 0.05

1.68 t 0.0? kcal.mole-l

-L.62

2.01+

0.11

0.16 kcal.mole-l

i, 1.i:



FIGURE -].2

The teroperature d-ependence of the

15 noLe /" wel:lnYl nltrate In

(a) ÐMF sol-utlon o

(b) c1fr..Z solutlon +

vlscosltY of
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ÎABLE 17

and rriseoslties of 15 r¡o7e 4, rnetb'¡l nit'rate in Dif

as a function of ternperature.

14N R"l.*"tion rates

and Ç6,Hr2 solutic-nsu

(a) C6Iir2 solut,ionc

T

(oc )

1.103

r"l-1t

T'q
("""-5

n

(c P)

n. 103
I

(c P degn -1)

28.5

)8

tv3

48

5?

fi
6)

6B

BO

go

(b) DI4r' solutlog:

3.3t5

3.2t3

3.t63

3.tr3

3.066

3.o19

2.9?4

2,93t

2.83L

2.?53

10.81

10.13

9.64

9.1+t

9.20

8.79

8.60

B.l-l?

?.7?

7.27

o.æ69

o,6301

0.60þ0

0.5790

0. JJ6t+

o.fiß
0.5Lt+7

o.t+96,+

o.t+561

o,u27O

2,277

2.025

1.910

1.802

t.706

t.6t 5

1.53r

t.r+55

t,2gr

t.t?6

T

(oc)

-3å'10
mI¡
(otc-')

to-t

ç"u"1

n'10/
î

(cP aeglr)

n

(æ)

29.5

38.5

,+9

59

69.5

BO

9o

).3O1+

3.208

3. tot+

3.010

2.9r8

2,8)!

2"?fr

18.18

16.00

L).79

12.50

17.2?

r0.26

o ?tì

o.?t74

0.6501

o. fr42

0.5306

o,tß26

o. &414

^ ,t.^.rrr.

2.370

2,086

L.B13

L.59?

t.l+08

1,250

I 'tOOL. lLç
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- Plottlng 1n-1 againsù ,¡iscosityr Flgure lJ, gives a scatter of
points' although a general trend of increasing relaxatlon rate wlth viscosíty
is apparent in aecordanee r+ith Bquation (z?a)i the agreernent j-s nowhere near

that of Figure 14' Fron bhe reduced messes of the so}vent-solute systerns

(in a.m.u.' ) and solvent molecular radii (ealculated from density and moLecular

rveight considerations, assuming a cocop. strrrcture) given 1n Table 1!,
the ¡nicroviscosity and mutual viscosity models were also examined. plotting

n and n against relaxation rate (Figures t6 andl?) gives a sirnilar resultbu
to that of n ver -1:sus Tn -; the seatter of points is sli.ghtly ress than that of
Figure 15 but devlates rioarkodly frorn the linearity expect,ed on the basis of
Fqnation (2?),

As discussed more fully in Section G(ii)bo two behavi-our

patterns are discernibre in Figures t5 - t?, one for l_or¿ and one for high

dielectric eonstant med1a. À plot, of T^-1 against viscosity/dielectric constantq ------'it---'

rnerely senues Lo ¿ccenLuaLe Lïre cìifierences irr the t¡ro types oÍ'r:eìraviour,

(Figura tB),

iir::jr'
i:ìi.ìi:: i,:,;t,r,
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TABLE 18

14N R"I"*"tion Rates for rnethyl nitrate in varlous solvents at amblent

tornperature together with sonre physlcal properties of the solvents.

Solvont T- T^-1 *Viscoslty ViscositI j',:'": :: .

qq
(sec ) (""=" -1) (cp at zooc ) 

oti"tïtli"r33ä"T'

cH3cN o. o?50 13,33

o. o8oo t2.50

o.o85o rt.?6

0.0650 L5"38

cHfocH3

csz

cDcl3

c6H5cH3 0. 0Bo0 t2.50

0,325

0,326

0.36?

0.56)

0,590

0,64?

0.9?4

0"952

o.g60

0.0084
'' l :';1 ': ::'

;,t.'.t.::,':.':.'Ìt ;

0.0752 ;r ::r:

r. : : :..
L.:::: : :
:. :: :: ::'::t.

CI, L[rz i1:: 'i'':'r"r i'

L

o"06?o
:

Q"2458

^ 
tQl')

o"02tt6

o.432?

0.457 t

0.0505

c61-16

DMF

cc14

c6frtz

cBH16

0.0?50 t3,31-

o.o55o 18.18

o. o?oo L4,29

o.ag25 10" B 1

0.0850 rt.?6 ?.2)

cH3s0cH3 0.0325 30"?7 2,47

neat 0.06?5 16, O0

*Data taken from International Cr1tlcal lables 
,

(McGraw-H111- Book Company, Inen rNew York. t93Ð
i1';"f':'1..t"'
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Reduced

1n

IABrE _19

?"
I'lasses and ì'lclecular Radil

Table 18 together rrith the

16 and 17.

of the Solvents listed

parameters rrsed in Figures

Solvent Donsity
(zooc)
d

8n.cc-1

Molecular
I^feight

(a.m.u. )

Reduced
ldass

u

Viseosity
Reduced l'ias;n x10-

u

Iþ1.1dt.
Density

M t13

ã-:

Viscositv

WY
CH3cN

CH3cocH3

csz

cDc13

c6H5cH3

c6D6

Dl'fF

CC14

c6Htz

cBHr6

o.?86

o.791

1.2:,6)

!"492

o.867

0.879

0.9¡+4

t.59t+

O,??9

!.t17

1.100

4L.05

58r 6

?6. t4

t?0"38

92.t3

84.11

73.t0

t53.82

84.16

t12.2!

?3.08

26.78

33.12

38.29

46.97

L¡!.96

40.2L

3?.5t

51.33

l+0.22

45,68

38"78

!,2L4

0.98r+

o,gfr

t. L99

t.l+06

t.609

2.463

t.855

2.387

4.882

6,:,69

3.?3

4.g

3,92

l+.32

t+.73

4.57

4.26

4,fr

t+.?6

4.59

ll., 1&

0.87t

0.778

0.936

L,303

1.247

t.l+.!6

2.169

2.079

2.0r7

4.858

5.966
cH3s0cli3

* Reduced rrrass, U = I'f1Y2 where
ulTlt'z

M. ls the solvent molecular weight

"å¿ 
Iq" 1s the rnolecular weight of the

solutã (= ??.oU)

by r = fl-o.z,n_,ur\t/3 
Nois the*Affigi:""

\ urra tlo l
wlth solvent and thîs was therefore usod'

# t¡ru molecula.r

0n1Y the

radlus is given

t-
tr"* /ufchanges

\di
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l&N R"l.*ntion Rate as a

by tlro"mc,lecui¿r radius"
F\rnctlon of Vlscoslty dlvlded

of the soivento

ì.:..
i,:t,' .
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' J -: FTGURE T?

14N Ru1.*.tion Rate as a F\rnctlon of Viseosity

' divided by the redueed nass of the sol'ute-

solvent sYstem'

i,,i..
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(if) Inrerpretarion of Dara_

(a ) ThermoC'r'namlc Parameters

llarÌni qglle

ConparÍson of the results in Table 15 with those of Table 1 Ì,.,.,,,,...,r,,
' 'lì:_"

sho''vs that the activation energles measured for rÌethyl nitrate are of
the same order of magnitude as those found for the reoríentation of
numerous oËher nolecules; the differences are entireLy compatible with , ¡,.;.,.,.;.¡¡.,
the relative rnolecular shapes and sizes. A previously reported Ea value ¡1:;':':''':: 'r

of 1.8 kcal.rnole-l for the reorientatíon of methyl nitrate ín tetrachloro- ,,.'.'¡'¡,,..'l
-l

ethylene solution(29) lru. beÈween thar found for DIÍF solution (2.38 lccal.
I

tole-l) and cycLohexane sólution (1.36 lccal.mole-1), indicating Êhe ,

inporÈance of solvent in this respect; see page 1OB.

The parameÈers ÅS* and t j are less frequenÈLv ouoted (but
t{ a --' ì----- 

.

"""(48)' 
(103)) 

due mainly Èo a lack of data on quadrupole couplÍng constants. i :

Howewer, as deseribed in Appendix Iï,I, an approximaÈe value for e2qQ may ' 
I

be derlved, and hence Â S* and .oo (taule 1s). The laÈrer are therefore i

I :,sub.ject to considerable uncertainty, in viers of which Èhe agreemenÈ beÈween

too and Èhe values found by l'foniz and Gutowsky(48) r" 
"rr.ouraging. 

For |-;t..'.',r.
,....'t.: .':'

bctth solvenÈs ¿sf is negaËive, thaÈ for the cyclohexane solution belng ---r";,-.

more so than for Dl.fF" Confirmation of Èhis resulÈ may be tal<en fronr the
J

A Sr values for víscous flow and dielectric relaxation. These are also

found to be snall and negat've(104). Thus iÈ is reasonable to conclude ,,
Èhat the activated sËaÈe for rotaÈional and translatfonal rnotions is one 

'r': " ì

of greater order than the normal state Í.e. suggesting the exisÈence of
co-operative reoríentation of the molecules o
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Comoarison wlth aetlvati.on parameters of sorne phvsleal ohenornena.

In the introducËory discussion it v¡as shown Èhat all intra-
molecular nuclear spin - relaxation processes are related Èo the way in
which molecules reorienÈ ín Èhe liquíd phase. Obviously there are oÈher

physical processes which depend on such rnolecular motionsi aeasurenent and

comparison of Èhese shoula therefore provide a sensitive probe for molecular

dynamics.

ViscosiÈy ís perhaps the property nosÈ extensively investigated

in this way, data being readily available and Èhe theory relatÍvely simple
(31). 

SecÈíon c(tii)b sunmarized the failings of Èhis approach; the results

for methyl nitraËe (table 19) concur with current opinion and give only

qualltative agreenent between the tenperature dependences of relaxation

raÈe (reorienEational rate) and viscosity.

T¿\BLE 20

Activation energies for reorientaËion and víscous flow
of merhytr nirrare in DlfF and C6H* solutions

Solvent Ea (NlrR)

kcal.rnole-1

E" (viscosíty)

kcal.rnole-1

DMF

coHlz

2.38

1,.36

2.03

1.68

other *otk(47) sho*ed that E, for chlorine nuclear relaxaËionr¡as consíst-
:

ently less Èhan Èhat for viscosiËy. Cyclohexane soluÈíon follows this

pattern and lt 1s Èherefore tenpting to ascribe the opposite behaviour of '' -"'
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neÈhyl nÍtrate ln DlfF Èo some speclfic }fe¡Ð3 / DlfF lnteractlon. This,

horvever, cannot be done wiEh any jusÈificaÈion since the dlfferences in

Eu valrres are qulEe small, and furthernore, nicrodynanical considerations

reveal the basic fallacy of any such correlation. Vf scosity depends on 
,,,::,,
'.''..1'

momenÈurn transfer between liçíd layers moving v¡ith different Ëranslational 
:

ve1ocities(i.e.rraín1yaso1venÈ-so1ventinÈeraction)rwhereasrotation

ís e:qpressed in terms of the correlation function of the angular rotaËional
: i ... ...,

velociÈy. For completely spherícalLy sy,me{ricfrictionless molêcules there 'ti,,,,
.

rvould be no energy transfer betr¿¡een molecular linear and rotational angular :,..,..

norì-enËttm (rotaÈion occurr-l¡gruithouÈ simultaneous Ëranslation of neighbou::íng 
:" ''

molecules) and Èhus no relaÈion betrveen the viscosiÈy and the rot,aËíonal i

notíon. In the rrinertial linltrr thereiore(60), rnacroscopic vÍscosity is

obvious1yapoormeasttreoftheviscousdragacÈua11yencounteredbythe
I

rotating molecule. As the molec'ule becornes increasingly nonspherical there 
,

l

ìisgreaËerenerßytransferbeÈt¡eenrotaÈÍona].andtransI.ationa1motions,
:

so thaÈ the rnolecular rotat,ion is nore closely deternined by Èhe vÍscosity. 
,

i

The latter situation applies for nethyl nitraÈe, where in addition to a 
:

lack of spherícal syrrnetry, its híghly dipolar character malces the nvÍscous 
:.., '

i- 
... 

,,.medLumtt approxin:ation quite realistic; rotation 
-very. likely requires ,,-,.,,,. ,. .,:.::

sírnulÈaneotts translation of neighbouring molecules. A siririlarity between

E" for viscous flol¡ and for reorientaËion would then be predicÈed (fable

1g). 
:

For spln - relaxaÈton mechanisms dependenË entlrely upon Ërans-

lational processes (i.e. those arising inËerrîoLecularly) there fs good

agreement'between activaËion energies for viscous flow and for rela:atio¡r.

An exarnple is the quadrupolar relaxation of halide ions in electrolyte

107
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solutÍons, th""" the fluctuating elecLric field gradients causing relax-

ation arise from nolecular col1ísions. A close dependence on viscosity

is thus expected and confi"*"u(09). rn additíon, powles and Figgins

found agreement betrqeen actÍvation energies for intermolecular. dípole -

di.pole relaxation and viscosity in their work on proton relaxation in

1i quid burr""r,e (41).

Analogously, phenornena dependent principally on rotation

mlght be expected to have similar activaËion energies. Thus Èhe tenp-

erature dependence of T1 for quadrupole and inÈramo,lecular dipole - dipole

relaxation should pära1lel that of Rayleigh light scattering (rhe latrer
followíng molecular reorientation via Èhe assoclated reorientaÈion of

Ëhe anisotropíc optical polarisability tensor). AgreemenÈ has been found

for.benzene(41) and oÈher systens(46) tto,rgh unforÈunately no "o*p"ri"or 
:

can be made for meÈhyl nitrate as data on light scattering is unavailabLe.

To surmarize, then, the results in Table 20 give support t,o

B.P.P. theory in the limit of a strongly interacting non-spherÍcal solute

molecule. Horrever, cornparison wiÈh rnacroscopic properties dependenË on

rotatÍon would be more satisfacÈory.

SolvenË Dependence

A more revealing aspect of Èhe results in Table 26 is the

difference of 1 kcal.nole-1 in the activation energies between the two

solvents. Until recenÈly; rnosÈ measurernents of E. for molecular reorient- 
l

aÈion were for Èhe pure liquid; little was known of the solvent dependence

of E¿,, though the present results show this to be slgnificant. Exarnples

of simflar behaviour are given below in Table 2 I togeÈher wiÈh sorne

physical constants of the liquids. rl :r:li.i
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Actlvatlcn Energles for nolecular reorientatton ll-lustrating the dependenee

on solvent.

tetraehloro- 1l"l
ethylene

2.4 0,87 2.?

(ctt3 )2u' no2 pyridlne 1r{ t.,. L o.g? z.u

2-f _uoro- 100 mole f t6.! O.g2 I,6pyridlne
(*/t 

for:namido 6o nore g rog j.3 z.?

pyrroLe 100 nol3 fi ?.5 L.35 j,z
pyrl<iine (d5) tJ mole fi tZ.3 0.9? Z.Z tO5

acetone 10-20 no1'e fi 2I.4 O,3Z 1.4

i""11 
' ''

cyclohexane t5 nole fi 2.0 0.96 1.4 this i,,:,,. :
I,TIOFI( .:..:.::. :Dl,lF 15 no]:e ft 3?.6 O.gZ 2.4 r: :

'i I 'l l :.i:: I

li,.;,;.i a:j:.:r.?
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SOLUTE SOL'II¡]NT SOLUTE E* N * 8. REF.
CONCBNTRATION ("c

;åå;"t 
) täT6åJkearimole-l

29

0
H

CH30N02

* Values taken fron fnternational Crltical Tables (Mccraw-Hill Ëook Company,
Ine., New Tork. t93j)
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From thís table iÈ is clear tTrat changes in E, well ouÈsíde

experirnental error are associated r¿iË,h a change in solvenL;. a dependence

on viscosity and clielectric constant is âpparenÈ, The work of Alger

and Gutow"''*,r(72), designed Èo Ëest che van der l,Iaals molecular associaÈion

model, sho.,.rs Ehat a larger energy of actÍvaÈion is found wiÈh an increase

in dielectric constant and viscosity of the medium. They ascribed Èhe

inerease in E, Èo greater associaÈlon ín a liquid of higher polariÈy

(of t¡hich e and n are a measure) although the naÈure of this trassociatíonrt

ís not defined. The substantial decreese in Eu for p¡a*role as Èhe dÍelectric

stant of the mediur,r ís íncreased(105) ororld therefore appear surprisÍng

v¡ere it not for the fact that vÍscosity changes are in Ëhe opposite

dj-rection (i,e. paraLlel to the changes in Eo). The dependence of relax-

ation râËe on viscosity is ,.¡efl known and appears to be dominant'over an

approximarely ihree-folci change in dielectric consta¡ri: (fr,rir, 7"5 Èo 2L.tç).

ThLs leads one to question the concLusions of Alger and Gutowsky re,

2-fluoropyridine, surely an increase in viscosity fron 0,82 to 1.49 cF

rather than the small increase in dielectríc constant (from 16.L to L9;7

for the 60 mole % soluÈÍon) rvould cause the change of activation energyc

In the presenÈ r¡ork tr.¡o systems were chosen rvÍLh similar

víseosity, bnt with vastly diiferent dielecËric consËant ín an atÈempt

Èo separate Èhe tv¡o factors. The results shorq clearLy thaL medía of

high dielectric eonsÈant present a larger barrier to mcLecular reoríent-

ation than tliose with a -lower value, The reason for this is a matber of

m'rch conjecture, but. taken together with the evidence presented in Section G

(ii)¡ cerEainly does. inply a higher degree of structure 1n the CH3GIQ, -

DlfF soluti.on than irr Cl{3CÎ{g 2 - C6HL2. This is entirely ::easonable for

the hf.ghly dipoLar DlfF and methyL nítrate molecules (u : 3,8Ð and 2,9D

r-al:-:{
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resPectÍvely(106)) rqhere sone forrn of dtpole - dipole conplex in solution

fs to be expected. Hor.rever, to go furÈherar¡d postulate the Lifetlme of such

a cor¡plex (do, for instance, the two molecules rotate as a s iqgle entity
or exchange partners several times during the course of a rotation?), ,,; ,,;.,, ,,,.

;:tt-...:_,.. .

requires additional measurements. Any form of association will serve to

increase the rotaÈlonal correlatÍon tine of the solute (and thus give a

larger E") regardless of the lífetlne of the inËeraction. The resultà 
i:,,;i,,,i;..,r,;.,

presentèd here do not gíve a concrusive answer to questions of cornplex 1""''1¡''j'.i"".¡'

,l .. .,,,.:,
formation, as actívation energy dífferences have many contribuÈing factors.. f.l¡tr-',,.r,r,

.The follor.ring is also a plausible expranation of Èhe data: 
i

Annple evidence now dernonstrates Ëhe depend,ence of t'-l (quad- 
i
l

rupolar relaxation rate) on solutÍon viscosity and díelectric-constant. 
i

Specífically, an increase ín Èhe t'¡ro Latter properË,ies causes an i.ncrease

in Èhe reorienLational correlation time. Now, for DMF the temperature : 
,

dependences of Ê and n are both larger Èhan for C6Hrr*. Hence a greater 
t 

i

I

ivariaÈion of tO rvith temperature in Èhe fo¡mer solvent would be predicted 
i

I

and confirmed frorn the E"ts in Table 19. of course, such an ínt,erpretation , 
1,. ., ,,,,,,,.
i:':rlr::::i"i;.i: ::-.

does not exclude the idea of complex forrnation (for what is the source of i;.',r'':':¡.'

the large d-n, 9j for DllF?) ¡ut only underlines the inadequacy of this ,tt.'t',,f,,1.
dT dT

type of experinent in disËingulshing true cornplex formation from mere

preferential molecular arrangnents uhÍch have no time correlaËion. The

concentration studies of Andersor(tot) u"" more ÍnfornnaÈive in Èhis respect ,oi#
-- see guggestíons for Futr¡re Research, 

rrìir:iìir'ì:!;:'-ji;1 :

ffi0.0O16deg.lCforDt'fFandC6H,,respective1y.....-'
dT vL¿

For dn _ see T¿þlg 1Ç.
dT
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(b) FacÈors Deterrnlnfng thq Rate of Quadrupolar_Re_laxaÈlon

Flgures L4 ' 17 conÈain a wealÈh of informaÈlon on the sensl-

tlvlÈy of nuclear çadrupole relaxatlon raÈes to the surroundlng medium.

The more significant aspects are recognfzed and discussed in terms of

currenÈ theories on molecular correlaÈton times.

Fleqre 14

There are tsro polnÈs of significance aÈÈached to Figure 14,

one is the llnearlty, the other Èhe dlfference in slope for the two solutions,

The LfnearlÈy implies (Eçation 27) ehat rhe quadrupole coup-

ling constant does noÈ alter over Èhe vlscosity range obtained by the

temperature varlation, and neither do the shape/size parameters of the

roÈatLng molecule. As discussed in Èhe IntroducÈion, such behaviouri

is well krroorrr(4l,67-70)and deraonsÈrates that molecular roÈatfonal raÈes

follow directly changes ln viscosity where such changes are not accsmp

aníed by a drastic alteraÈlon of the medium ln any other respecÈ.

The difference 1n slope between the two soluÈions (that for

DMF being more than twice ÈhaÈ of coHte) cannot be e:plaÍned by consid-

ering either Èhe reduced masses (U¿tf theory) or solvent radil (nlcro-

viscosity model) since Èhese parameters are almosÈ fdentical for Èhe Èwo

solvents, Table 19. Frø the Hlll nodel, Eçatlons (26) and (27c), rhe
-tgradlent of TO-t versus n /1 is proportional to the Èern e2qe Ia .

hu
Assumlng Èhat the çadrupolar eoupling constant arises entirely lntra-

molecularly (Appendlx III) and Ís therefore consÈant the results imply

thaÈ

¿¿
solutfon

/ra\\u/' 'DllF'

2/Ie \
\ u / co'rz

(ra)or* 3(t").u"r,

solutlon
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slnce the reduced masses are very nearly equal. rn other words the

rotating unit fn DMF solution is larger and/or of hlgher mqnent of lnertia
Èhan ÈhaÈ in c6Hp for the same soluÈe motecule, methyl nitrate. These

resulÈs are comPatlble wlth some type of ffigffi% - D,MF complex whtch wtll i:.,,,,,

obvlously rotate more slowly than methyl nlÈrate ltself. Both rnolecules

are highly polar (u = 2.88 and 3.86 D, respectlvely) so rhar dipolar

associaÈion is very likely¡ however, these experiments yield no information

on the lifetime of such specles.

Fleures 15 - 17

Flgures 15 - 17 were designed to tesÈ the predictions of
B.P.P. theory and the mutual vlscosÍËy and microviscosity models (EçatÍons

27a - 27c)t all are clearly shown Èo be inadequate. In these plots a change

ln viscosiÈy 1s accompanied by a change f.n numerous other physícal

properties associated with the nen solvent whereas changlng the vlscoslty
by temperaÈure variatfon (as in Figure 14) does noÈ altcr the chemical

and physical naËure of the medium to such an extent¡ Obvlously then,

factors oÈher than nacroscopie vlscosity are important in detennining

. the raÈe of quadrupolar relaxation.

Frøn Ff.gure 15 Èwo disÈfnct behavlour paÈterns are dlscernible :n,,,.
(as suggesÈed by the broken lines)¡ these are evident also ln rhe more

ttreflnedtr Èheories represenÈed ln Figures 16 and 17. rtte ltl relaxaÈfon

rates for meÈhyl nLtraÈe in Dllso, DÌÍF, cDcl3r cH3cl.t and cltrcffiH, are all 
,,..,,,,

abnormally large for the solvenÈ viscosity corpared to Èhose ln cs2r li:i;:.::;:

CCl4r C'HU and C6HU wtrer" ,O-1 is a more slowly changing (rhough sÈill
a lfnear) functton of viseoslÈy. rt nay therefore be concluded that
viscosfty ls not an adeçate parameter ln descrlblng the frlcÈfonal forces 

i

,,..actfng on a rotating solutè molecule fn solution. It fs unfortunate that .i:,,,',',
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data on mutual vlscoslÈfes ls unavallable for these systems so thaÈ the

H111 model cannot be examlned ln lts compleËe forn. Ttu¡s 1n vlew of the

unsaÈisfacÈory nature of current Èheories on molecular correlation tfmes

iÈ nas consldered worthwhtla to outlise tbe obaerved dependence of. relax-

ation raÈe_on cerÈain other physlcal parameters vlth a vlew Èo developlng

a more successfut Èheory.

A dependence on the dielectric consÈant of the medlum ls

LnrnediaÈelI suggested by Ff.gures 15 - 17. T--1 ls a linear function ofq

viscosity at consÈant dielectrlc consÈanÈ (eæ2 for all solvenËs on the

lower líne, Table 22)¡ for larger e 1--1 contÍnues to Lncrease with n ,-q

but aÈ a greaÈer raËe. Ttrese':,feaËures (vlz. abnornally large relaxaËlon

rates .for Èhe viscoslty) are also apparenË in the data on 2 - fluoro-

pyrrdtne(72) 
"nd 

sqne nítriles(7l) for Èhe more polar solvents. (these

sÈudies, however, show a greater linearlty beËltèen TO-1 and n Èhan does

Figure 15.) The dependence of relaxation raËe on dielectrlc constant

ls not a símple one; Ffgure 18 where rO-1 ts ploÈÈed.agalnsÈ \l e

(in the hope of conpensaËing for a large e ).merely accentuaÈes Èhe

dlfference ln behaviour t¡pes. Ttrus dielecErlc constant must be regarded

as a physical properÈy capable of upseÈtlng the T--1- n llnearfty in aq

dranatic ff søewbaÈ lrregular fashlon.

e'ätosely related pararneter, the dtpole mønentr appears to

have a slmllar effect on the relaxaÈlon rate. Reference to Table 22

showEthatfora11theso1vents(exceptcDcb)ontheupPer,o.'v8n

llne u > 2.0D and for Èhose on the lower line u =0. ,Agaln there ls no

sÈraighÈfor*rard . dependence of T--1 on p. In the theory of ltçtds lt
q

ls suggested (e.g. Llnder 108) chat, the cohesive forces beÈween molecules

are malnly dlspersive (van der ttaals type) unÈll the dfpole mcrnenÈ 1g

:.t -:': .
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greater Èhan approrinaÈely 2.0 D whereupon dipolar assoclatfon becornes

slgnlficantly lmporÈant. Hence 1È would be reasonable to imaglne the

rotaÈlon of methyl nftrate (y:2.9 D) to be more constrained in a polar

solvent, regardless of the macroscopic viscosiÈy, sirnply because ther-rnal

moÈlon now has to overcøte the aggregaÈlon of dipoles tn addltlon to
sterf.c facËors. Ttris means slower roÈaÈion and thus srore efffcLenÈ

quadrupole retaxation' Invoking solvent radlus or solute-solvent re-

duced nass wlll obvlously noÈ account for such polar effects and it is
therefore not surprísing Èhat boÈh Èhese rnodifícaÈíons to the Èheory of
B.P.P. faíl in Èhe more polar solvents,

rn eonJunction wiÈh each other macroscopic viscosity and

dielectric consÈant can rationalize Èhe maín Èrenèin rela¡<ation rates

shown by Figures 15 - 17. Ilonever, there are some resulÈs which conÈra-

dlcÈ Ëhis argument. I{hy, for lnsÈance, should Èhe relaxaÈion rates in
cyclohexane and catbon ÈeÈrachloride be different when both thelr
viscositles and dieleccric constanÈs are so simÍlar? In this case it
aPpears reasonabLe to invoke bond polarlsability as the cause of the

discrepancy. the permanenÈ dipole mqnents of C6Ht, and CCIO are both

zeto, buË as seen from Table 22 the polarisabflity of the c - cl bond

is far greater than that of elther boad t¡pe ln cyclohexane l.e. meÈhyl

nitraÈe could induce a Èransient dipole tn cclO more readily tban {n

cyclohexane. Thus the rotational motlon of neÈhyl niÈrate in the vlclnlÈy

of CC14 wtll be reetrlcted by Èhe dlpole - 1ndúced dípole arrracrfon,

leadlng Ëo slolrer reorl.entatíon ( and hence the more efficfenË relaxaÈlon

found erperlmentally). AnoÈher exanple 1s Èhe relaxatfon rate fn CS2

which ls slgnlffcanÈly greaÈer Èhan ÈhaÈ tn C681, although the reverse

would be predlcted from vlscoslty consideratlons. (rne dtetecÈric constants

ii:":
Ì- :.
t: :

:i.t.
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are slmllar. ) .Follotrlng Èhe argumenÈ above, Ëhls nay arlse frøn the

relaÈlvely high polartsabtllty of tbe c = s bond. Agaln, honever, as

w1Èh dielectrfc constanË and dipole momenÈ, there exlsÈs no simple rel-

aÈ1on beÈween relaxatlon rate and bond polarisabl1lty. IÈ fs cerÈainly

a minor lnfluence, signfficant only for sotvenËs wlth no perrunent

electric dlpole rnqnenË.

FÍna1ly lt might be mentloned, Èhough wiÈhouÈ any rigorous

Ëheoretical. justiflcatíon, ÈhaÊ for sone of the sol.vents there appeais

to be a connection betr,¡een t'-l and the latenÈ heat of vaporlzatlon at

the boiling point, Figure 19. In as much as Èhis parameÈer is a measure

of interrqolecular forces betr¡een solvenÈ molecules, such a correlat,lon

may noE be unreasonable, buÈ ls probably forËuitous.

there is one remaining poinË to be clarified; relaxatfon

raÈes in cyclohexane and cyclooctane do noÈ follow any correlaÈlon and

in facÈ shon an lndependence of vlscosiËy which is aÈ first sight

dlsÈurbing. Hovrever, in cuHt, and cuHr6 Èhe resÈricElons on soluÈe

rotaÈion are simllat, vlz. c - c and c - H bonds of lon polarizabilfty.

The ease of translatlon of one large ar*l' (or CUHrr) molecule pasÈ

another, of whlch the macroscoplc vÍscoslty is a measure, would hardly

be opected to bear a close relationshfp to the ease of rotatlon of a

smaller molecul-e, l1ke methyl nitrate, 1n that medium. In other words,

viscosity is a poor measure of Èhe actual rnicrodynamlcs in such soluÈ1ons.

Obvlously this is only a tentatlve erylanation. It would be inÈeresÈing

to lnvesÈígate other members of the series, cyclopentane, cycloheptane 
-,

etc. Èo see whether they display the same behavlour,

i :t;'.
')t .,t rt '

':'i:i
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Some Physlcaì- properties of the Solvents.

Solvent a.Dielectric - Dlpole
Constant

(2ooc)
Moneirt

(D)

- Polarisabllitv
Bond æ X tOfuLn

Iatent Heat
of Vaporisation

(kcal. rnole-1 )

CH3CN

cH3c0cH3

csz

38.8

2!.4

2.6

Jfg.4

2.1+

2,3

37.6

2.2

2.!

48.9

23,9

3.78

2.75

0

1.18

0.5

0

3?86

0

0

3.9

2.9

C=N

c=0

V-.)

c-cI

"Ar tAr

ll

3.7

!.9

7.6

3.7

2,2

0.9
1.9

3,7

0.8
r.9

¡l

>2

0.8

7,73

6,5?

6Js

6.69

?.85

7.12

g,gg

7.05

?,75

8.72

9,78

6.?8

*cDc13

czrE

*c6D6

DMF

CCL4

c6Hp

cBHr6

c-N
FO

c-c1

cH3s0cH3

cHlN%

c-H

n

S=0

c-0
N-0

a Va1ues in benzene solutlon (tO6) b Referenee (tO9¡

j'

¡t

*

e 
iili:",iì::ili::S :;:\'.b. =r"'l;flo,,in3.Sl?lBlrrr,
of noneleetrol¡rt,es.fr Dover R¡biic;¡jon", frr".,
New york, Jrd Editlon, tg6|, fuge bàl-.-j,

Physlcar propertres taken to be those of the protonlc speeies.
Value ealculated for J0 mole f solutlon (ttO) €aoar3 = 5.05
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(c) Chemlcal .Shift VariaÈlons

lable 6 sho'r,rs that Èhere 1s an appreciable solvenÈ effect on

Èhe posiÈion of the methyl resonance, a dlfference of almost 100 IIz (at

100 Mttz) betrileen Èhe toluene and DMF soluÈ1ons. In addiÈlon a tanperature

dependence of 0.04 Hz per degree centigrade is shovrn by the DMF soluÈlon;

whereas in cyclohexane the shift ls constanË, This clearly tnpLies ËhaÈ

there is no self-associaÈion of the solute molecules in Èhe 15 mole %

soluÈion. The ÈemperaËure varlatlon of chemical shÍft ln DMF soluË1on

is Èhus indicative of soluÈe - solvent interaction,

!ütrtlst the resulÈs of Table 6 are predicÈable by current

theories on chemical shifr(111-113) cerËain aspecËs are relevant to the

ldea of complex formaÈion in the more polar solvenËs. The widely used

(though little justffied) onsager rodel(114) predfcts a linear dependence

of chernlcal shÍft on the funcÈion E - 1 for a polar solute molecule.

rhe daÈa in rable 23 when plotÈed ,ftlÍ;l 20) glves a scatter of polnts.

However, lgnoring benzene, toluene and the rod-shaped rnolecules carbon
/1ur 115dÍsulphide and acetonitrile where anisotropy effects are large'

and 116) thereby masking Èhe polar Èerm, and also ""t¡oo 
tetrachloride

and chloroform (where the van der Ifaals term is abnormally t"rg"(115))

the remainlng flve solvenÈs show a distlnct curvaÈure as 1s cpnnronly

"r,a(117). 
some authorsfound in Onsager ploÈs at high dlelectric consti

(115)
e.g. reference aÈtríbute the non-línearity Èo speclfic fntermolecular

lnteractlons ln the more polar solvenÈs; the added shtft to low field

over and above thaÈ predicÈed by Èhe term e - I betng due to Èhe
' 2e*2'5

large electric flelds associaÈed with interacÈlons such as hydrogen

bondlng or conrplex fotmation. Thls mlght be reasonable for the meÈhyl

nltrate results but for certaln llniÈaÈions ln the Onsager rnodel whtch

ìt:..- ,.
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reduce the appllcabllity of the e quatlon to solvents of dlelectrlc

constanÈ no greater Èhan 9 aÈ Èhe most. It ls therefore believed e.g.
(118), Èhat behavlour of the rype shown ln Figure 20 is probably due Èo

fnadequacy of the Onsager reaction fleld expresslon raËher than specific

1nËeractiong.

The dependence of chemical shtft on some reactl.on field
(though not ÈhaÈ of the Onsager ¡nodel) ís demonstraÈed by Èhe results 

i,:,,;,.,,,

of Laszlo and Musher(ltz), but they r"n" ,,o suggesrion as Ëo the'. fo¡m i''1'r
.:

of e dependence. rnÈeresÈinglyr schaefer and co-wo.k.""(115r119) ftod ¡.i.¡t

a linear dependence of solvenÈ shif È on ,4 f.ot rnuch of the daÈa whf ch

previousty showed strong curvature. Thls functlon appears to gÍve some l

j

improvement 1n the case of rneÈhyl niÈraÈe (flgure 20) Uut lrith the i

.l â - r. -^,1 .-.LJ ^L illmlted nuriber of poinÈs (and the 15 ¡nole % samples used which will give 
ì

significant diluÈion shifÈs) no definite conclusion can be dra¡¡n. Ttrere t,

iis no theoretical e:<ptanation of the empirlcal relationshlp. The theories 
i

i

of GoldsÈ"trr(tte) and Johnsron(l2o) ¡ùich involve expliclrty rhe dlpole i
I

monent of solute qnd solvenÈ appear to agree more closely wiËh e:periment- :

1",_,,
ally observed shlfÈs. Their model involves the idea of a soluÈe-solvent il,',,,':',,,.

I . *ì:.. ,

collÍslon cørplex with well-de.fined thermodynamlc properties K, AS, A H ill..tJ;,.:. ::
etc. It seems unllkely, however, that such a treatment would be relevant

ln Èhe present casêo

i'Ìr¡"t'
i;i.'-,ì

The sensitlvity to Èemperature of the proton chenical shlft
in the GH3N03/DMF solutlon could, perhaps, be taken as evidence of an

assoclatlon between solute and solvent (followtng 121) whtch is

temperature dependent. Holreve,r, the dlelecÈric constanÈ of DMF fcself

has a large Èemperature coefflclent; the resonanee freçency of the
ir::lì.:*ì..:':lli
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nethyl proÈons- follows rhe function e - 1 _ closely (taule 24 and

Flgure 21) though rhe changes.r" çrl! Li;i, rhrs suggesrs ÈhaÈ rn

such a systen the effect of temperature ls prlmartly reflected through

the variatlon of. dielectrlc constant.

rn summary then, chemlcal shift measurements do not imply

anythlng definlte on the çesËion of complex formation. Lack of suitable

data and a reliable Èheory malce lnterpreÈation ambiguous and of little
relevance in the present dl.scusslon.

ri:::) í--t:)
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ryL
Proton bhemieal Shift of Methyl

of solvent dielectrlc

Nltrate as a fi¡nction

constánt.

Solvent shlft
Hz

aq

2€ + 2,5

L

(z

cH3cN

cH3c0cH3

csz

cDcl3

c?HB

cóÐ6

DI,ÍF

cct4

c6Htz

caH16

cbsocH3

cH3N03

410.90

415.3L

t+oj.62

4t0.63

322.29

361.97

4t9.49

409.55

)g5.56

393, t9

415.33

4t3.8

0.472

0,47t

0.?It

*0.383

0.190

0.181

0.t+7r

o.t7B

0.t59

- 0,15

0.4?B

0.455

6.24

4.63

7.62

*2.99

1.54

7.51

6. t3

1.50

1.43

- !.4L

7.07

,+.90

* Values calculaded for J0 rnolc f solutlon.
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Chenlcal shlft of the methyl protons as a functlon
of the ttreactlon fleldrt of the solvent

o plotted. agalnst (å.
o pLotted agalnst €-l-

2€ + 2.5
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Proton

of the

TABLE 24

Chernical Shlft of Methyl Nitrate as

Dielectrlc Constant of the Sol_vent

dlfferent tenperatures.

a funetion

DMF at

Ternp
(
erature
oc)

Strlft,
(n")

( of DMF

29.5

38.5

l+g

59

69.5

80

90

¡{'tg.49

þtg.t?

l+I8.62

4L8.28

4r7.gt

477,57

4I?.T9

35.87

34.L8

32.50

30.82

29.13

2?.45

25.?6

0,470

0;'þ68

0.467

0.465

0,463

o,46t

0.458

:

@121) assuntng € to be a linear funetion of temperature.

l

iiêiì..
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Che¡oicai shift of the roe-r,hyi protons

of the mreactlon fleldtt at dlfferent
ln DMF solutlon.
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temperatures
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A study of the 14N 
".l"*ttion process oecìrrring ln methyl nitrate

was carried out by steady state proton nagnetie resonance rneasuì'ements.

'Iemperature stuclies in the range l0o to 90oC wore perforn:ed on the eompound,

in two solvents, DMF and cyelohexane. Anebient Èem¡:erature measurement,s 
,,,,,.-

'wer.e recorded ior nine other solvents.

fuadrupole reraxatlon tines, Tq, were deterrnined by natching the :

experinental spectra rrlth computer calculated ones using the line shape r,:::,-.,
i.- t,

theory devoloped by Pople with a ¡rroclification to irrclude T2, tho effeetive ' 
''-

spin - spin relaxation tine of the protons. The procedure was complieated i,,;;'.,;i

by the <lifficul.ty in determining tþ and J (the 1&¡l - H coupling constant);

by measuring the solvent resonance in the first instance and by exarnini.ng

the 15i{ sat,ellit,e bands in the seeond, these problems r¡ere both overcome

satisfactoriì-y" The results sho¡+ that for long quadrupolar ¡elaxation

tirnes line shape anal¡rsis of the signals of nrotons spin - spÍn eou.oled

to the nitrogen nucleus represents en accurate method for d.etermining Tq

and for studying the relevant ¡nol-ecul-az. propertles,

The various activation para¡neters for molocular reorientation were

calculated from Arrhenlus plots and fron transition state tb.eor¡r" They

are listed in Table !5. The activati-en energy for reorientation of rnethyl

nitrate in Dl'lF solution r+as found. to be significe.ntly larger than that for

cyclohexane as the solvent. It, ls tempting to ascribe this differenee to

sone type of conrplex formation in the more polar solvent; hol.¡e'/er¡ furthor 
i:..¡a.:

eonslderations (including the restr-lts of ehemieaï- shift raeasuremcini,s) ¡:'.r:¡::''::

showed these experirnents to be lnc.onclusi-vo.

Factors1nfIuenc1ngthere1axationrateof'sso1utemo]-eeu1er.¡ere
I

elucidated.. First, and foremosÈ, as suggested by nunerous model-s, there
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1s a strong dependence on nacroseoplc vlscoslty, although the llnearlty
predlcted by B.P.P. theory ls not confirrned. Modlflcations of this simple

theory whlch account for the size of the solvont molecule ( tne mlcro-

vtscoslty nodel) and the mutual vlscosity between solute and solvent

( tr¡e Hllr moder) elve only marglnal lnprovenent. They fail to prodlct

the observed dlfferenees betr+een reorj-entational rates ln polar and non-

polar solvents. Dielectric constant, dipol-e mornent and even bond polarisa-

bility are all influentlal-, though to a lesser exfent, than viscoslty, 1n

deterrnining quadrupolar rates of relaxation. these three parameters mocllfy 
,,,t.,r:,,1 '

1q-' ln an lrregular way; atternpts to find sorne funetion of î rÊ , U and
l

a r¿hich bring all the polnts of Flgure 15 onto the sane straight line proved, 
l

not tinpredlctably, to be futile. the nlcrodynamics of molecular rotation

are apperently not refleeted by these brrlk propertles in an obvlous way. l

I

l
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nlt l-s apparent that we are far rernoved from a fundamenta'I

understandlng of the detalls of molecular reorientatlon ln llquldsr,

so rrite B¡rke and Chan in a reeent paper OZZ) on no"lear spig,

relaxation. The seme conclusion ls narkedly apparent from the work

presented in this thesis. there ls an obvlous need for a nevü approach

which r¡oulcl give closer agreement r¡ith experimentally observed

correlation times for both polar and non-polar systems. tsurke and

r,QZ¡ 
that the correlation time T night be increasedChan suggested \Luk / that the cr

to 'rr by a dipole-dipole interection of energy f, :

'r' = t exp -G
m

where t= ¿úf7'
-3ErF-

This represents the flrst attempt to aceount explicltly for the

solvent dipole mornent. The distance between dlpolesr !t ls rìlfflcul-t

to estimate anC the results are only partly successful. C1early then'

the theoretical aspects of molecular reorlentaticn proeesses require

further study.

Relaxatlon ti.re measure,îrents (of quadrupole nuclel ln particular)

are a powerfuÌ tool in the study of moleeular motions; their scoþe

has been r,ridened by three recent publications:

(t) Systens where the proton line shape is rletermined by sealar

spin-spin coupling to other nuclei of spln I as well as by

the relaxatl-on of a quaclrupolar nucleus have been treated

by pyper (30). 
Hence previously unsultable moleeules nay now

be lnvestlgated.

(z) Marsh"tl (r23) 
nas dlscussed the reÌaxation times for ,¡uad-

rupolar nuclel ln the presenee of chernlcal exchange. The

l,l

i



overall relaxatlon rate l-s now determlnect by both exchange llfetlrnes

and correlation tines for rotatlon at eaeh site. NIIIR measrtrements rnay

thus be used to obtaln lnformatlon about any of these quantles. this

ls potenttalì.y useful in the Ithallde-proben technique for determining

macromolecular notatl-ona1 correÌatlon tlme" ( tz4).

(3) Tfre effect of internal rotatlon on the overall nolecular correlation

tlne becomes inportant when the former have an energy barrier of a

few ki.ì-ocalories per mo1e. Klntzinger et aI. (103) have successfully

quadrupo)-e rrl-abelledn moleculås such as I and obtained the bamier

to internal rotatlon of the-CH2D group at Q - ?.

C H,..,D
t-

Obviously this teehnique has r¡lrJe appllcations.

Finalì.¡ a possible solution is offered to one espect of the

nethyl nitrate problem whieh was not resolved in this thesi-s, v1z.

that of possible cornplex for¡nation with polar solvents, and ln

partieular, Dl{F, Änderson 
(to? 

't?S)nas developed a technique which

distinguishes between rnolecuLar assoclation where the polymolecular

complexes rotate as diserete unl-ts ancl association invol-ving spatial

correlatlons, but havlng molecrrles that rotate inrìependently. Adaptlng

thls proeedure to the problern at hand r¡ou1d involve meesurement of

th" 141¡ relaxatlon tlmes ln methyl nitrete for a series (J or 6, say)

ofrdllute ( -fO no):e 'fr) solutions of methyl nitrate ln a blnary

soÌvent of varying proportlons c5H12 (lnert) and DI.IF (the suspeeted

compled-ng agent). The TO found for rnethyl nltrate 1n C6H12 alone

131
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glvès the relaxation time for totally uncomplexad solute; the behaviour

of Tn as the ratio DlfF to C6HfZ 1s lncreased then permlts distlnction

between the two situatlons descrlbed above. If Tq changes very rapidly

when a little Dlffi ls added and follows the curve designated (b) in

Figure 22, Ànderson has shown that the llfetine of the conplex ls long

conpared to the rete of molecular rotation. V,lhen no definite complex ls

produced the Tn values l1e on line (")' Thus lt should be posslble to

deternine whether methyl nltrate forms a complex with solvents like

D',-'ilF., DÌ,fSO etc. or whether there is slmpì.y a preferential spatlal correlation

of dlpoles.

1.0 *o1" f"."tion C6Hfe

(")

(b)

nole fraction DIíF

0

T1

(or Tq)

t.

Hypothetical eurves showing the dependence of T1 (fn) on

the fraetion of complexed moleeules.

Rls.ure 22
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APPENDÏX I

'ttL
Contrlbutigls to the Spin-lattlce Relaxatlon of *'N.

Sorne approxlmate calcuLations readlly show that the quadrupole interactlon

ls by far the largest tern ln the relaxation rate of quadrupoì-ar nuclel sueh
1b

as -'N. the quadrupole rate,
c2

t =2/e-qQ\r.Eo 6\É/ q

-t2-1beeomes L¿5xtO r_ sec. for a quadrupole coupli-ng constant, of
qrq
^othe rnagnitude'found ln methvl nitrate (- 0.1 lüIz.) rn is a rotational correlation

tirne' norrnally deslgnatecl rs, since translational notions do not contribr¡te to

quadrupole interaetions.

Relexaùion rnechanisns whieh are magnetic ln origin (and important for spln-f

nuelei lH, 19, 
"r". ) are found to be negtigitle in the ease of 14N b""",rse the

nagnetogyrlc ratlo is snall. For instance, the fluctuating rnagnetic fleld gener-
'.':

ated by rotatlon of the methyl protons can relax the nitr:cgen nueleus by an iritra-

molecuÌar dipole-dipole mechanism, the rate of which 1s given by QZA¡

(å, )
lntra

*2? 2
= ¡1 YNYII: Îe

Y ¡ and yg are the magnetogyric ratios of 14trl arrd 1H,, respectively, and

the distance betwe"r, 14N and a nelghbourÍ-ng nroton.

YN = 7,g)x103 radian" 
"""11 

g"or"l1

yH = 2.6?xlo4 rr n ú .

n structural data on rnethyl nitrate 
(12?)

*i-

fg\ *to?ro 
"e"11\T, /

' lnt""
ancl ls clearlv dwa¡fed by the quadrupolar term.

ris

I
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Intermolecular clipole-dipole relaxation ls also possible ln prlncLple. fhe

relevant expression t" (re6¡

lt \ = 47{222r; J 'n YNyH *ltt t t'r-rra"" a-r-

where N is the number of spins per cc' here approximately J *t&Zr , ts the

molecular radlus and ro the distance of closest approach betr¡een splns on the

dlfferent rnolecules. In the crudest approxination, 
"o 

ro"y be replacecl by 2a.

The snall magnetogyric ratio of 14¡l conpared to that of 1H and lower spin eone-

centratlon per ccr ¡ m€âñs that dipole-dlpole relaxatlon of 14}.I ¡y 1þ¡¡ ean safely

be'ignored; the above expression pertains only to relaxatton by protons of solute

or solvent, nolecules.A reasonablo value of na'j bearing in mind that the 1þN,ro"I.o"

is nburledÈ within the molecule would ae *31(128) so that

f+ I / to7'¿
\r1 /

lnter
.t 1r the eorrelation time for translational notion. If this were very long

compared to ." then the interrnolecular contribution coulrJ beeo¡ne appreciable.

However,there1snoexper1nenta1evideneetothiseffect,sothatinter.

moleeular dipole-dipole relaxation is al-so negligible in comparison to the

quadrupolar tern.

Other nechanisms such as spin-rotational or anisotroplc eleetronl-e

shlelding are diffieult to estirnate fo" 14N. However, they are a factor¡y¡i \2 =
150 tiynes srnarler than for protons (where they are of secondary irnport*rr$/ 

"rra

thus may be negì-ected for 14N n,"Ìti-.
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of which is

. (rt-a)

ra3z - "zz,3t]
I

l

ta32 - "12,9:il
I

I

Lezz - atzazt )
.r.r.....(ïï-b¡

..:
ì,i¡iJ

r5) is

...........(il-c)
¿

= ^23 = 
^32

Equation (f5) involves the multlpllcatlon of three matrlces. one

to be lnverted i -(r
r (,) = ns | (t,t,r) (i-1) /t\ I

| \1 iJ "¡""¡""'
The lnverse of a natrlx ls given by

| "rr'll - 'z¡^jz -Gzf3j - '23^jt) az

I

A-1 = l. | -Grr"r, - ay3a3z) "n^33 - a13a)L -(ar
l[l I 

--" Lr

I

l"n^n - ^r1,ezz -Guaz3 - a73a2y) a!

where all = 1(¡r¡ + J) - L -1. etc.
5Tq Tz

lnl is the determinant of Ë, whlch evaluated from equation (

l¿l = g¿(,)z + 3¡(nz - Bnz ¡2 -J- - ñ- - .1^ --g-- +5rq rz 5rq 5r|rz 12 râ SÉin

r f--¡J + +r?mf + 3^t¡ + 3ar,r + t6Âcu -lt Tæ _tr|L

the syrunetry propertles of matrlx 1 (equatton 15) Blve ar, = ^Z!
and a13 = "j! so that equatlon (ff-u¡ nay be v¡ritten

APPI|NDTX II

Evaluation of the llne shape expression, equation (15).
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tl

A-t=1
tÃ

Gzz^j3 - "1r)I
(ue"jj + a13a,2) ("r ,"ll - "11)DE

Gtï. - ^rl^zz)
G

(*n\i ¡ ar2a1z)

B

(utt^tz * 
^r3^tz)

H

2
Giz - ^zz" t3)

c

(utt'tz * 
^tz^73)

F

(^ tt"zz - '12)I
...... (tt-¿)

The ex¡panded form of equatlon (II-a), using the rules of matrlx nultlplication and

i 
't. 

t't 'labe1l-ing as shor¡n above is 
\ ir.I

r (o) =r:"[l|1/+ e +c +Ð +E +F+o.o,.t)) """"'(rr-e' 
,,,, ,,,,
iwhich evaluated t r

I(,)=*"l+,l--,o,.*4n2J2*9=+2l++2-+1Lu(-24.q\lì.l......(u-f)
lArL 4 ,_r, lr, \5rq ¡r))) -.'\---+¿

To obtaln a real denomlnator, equat,ion (ff-t) is nultlplled through bv l¿[* i

where lAl* is the comprex conjugate of equation (ïr-e).Hence lÃl* 
i

Ðenomlnator= ltl.l¿l-=J-gorz. ae¡t? -_rr?f_ -J_ - g -+nz,f=112,
Þtr u ,% W, t rt T','þr_) :

*[--0.3 ++Fo*rz*4 +16Ár¡ *_2-orl'L \, trrk E)
Expanding and convertlngaur to av (in Hertz), the denorninator becomes i...ti:

i :-:':
i- :.': i,1

¡u6+or*[-z,f +JL^+ Lt * " I *Au2f-ru*_o + ? ,, ,,

L-- --" Ñ, rft' L udET 
*# +

L +oOn To z5n.\f, 
, 

,

128 +3 - f * ,f + 2 I + jr + ,4 + ,4æ ît æ 4, w"c] '.,ffç - 
fr,',ufú
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i.e. equation (

From equation (

Numerator

ls of the forn

the expresslon

lÅ + un2J2 +

¡u6+c,êu4 +c5t3

for the numerator ls

2- +L+ J-
sÊ 5rqrz ú

+ C5.

equal to

Substltuting for lA[t from oquatlon (tl-c), expandlng

real part, equation (ff-fr)rln Hertz, becornes

(

and keeping only

-rl\T)Numerator= -3Av4 *or?(- 26

u \ zWdz
3_

2.,?fl

- o,f - z6,f - F,f
toêf1 z5nztrz rcnzrnt z5ruPqt

12

5w,
2
Jry

2,lI+
f. . -: .._ . ..:
l----.....

5Tq

- ,,,
m
12

-2
u*ftr,

.-4.n *ll t a-)t Lqtz ¿v r¡
4^5tz

=z,f + t ft.ot+

'- '4,tE

: ,..,
..:-: j,

'\.

from equatlon

o \ìror.
,, ))

rr-h)

the

* ,OrL rU

\"'

u-e)

rr-f)

t-

L

-J4J-
.-,..' 4,2^3
ÊVv'r Á ¡^qz

Equatlon (II-1) ls of the form crau4 + c2nvz * Clì-

the entlre expresslon for the line shape f (u) ls then glven

(ff-r) aivtaea by equatlon (IT-e),1.€.

-9

. (fi-l)

f (y) = ca + Av2( C2 +avzCr)
. '........ ' (ff-J)

c6+¡u2Fr.ou2(c4*ou'!

where C, and C4 are the coeffleLents of Àu4 ln the e>pressions for numerator

and dononlnator, respectlvely¡

CZ and C5 are the conespondlng coefficients for 
^v2r 

.

'€ - .-.ttå C, and C5 are the nurnerlcaf eonstants 1n equatlons (II-1) and (II-e)'

respectlvely. Inspeetlon of equations (II-g) and (II-i) glves the preclse

forn of the pararnetersoe.g.

ct= ?' cz

L2

+ 2.4 + r.( ì
t-tt TJ etc' etc'
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APPENDIX TIT

Estlmatlon of the Suadrupofe Coupllng Constaht 1n Methyl Nltrato.

A value for the nuclear quadrupole coupllng eonstant of 14¡¡ in CHj0NO2 ls-/&
J

requlred ln the estlnatlon'of rfi andAsr, (equatlons (30) and ßj)). However,
tthe tern e'qQ ls known only for a few l4N-"ontrlning compounds, ln the solld
h

or gas phase. Ilormally coupllng constants observed in soÌids are about 10f less

than in the gaseous state, 
(t1fr3),,uff""tlverr 

coupl-lng constant for the 1iquld no

doubt lles between these two val-ues, probably closer to that for the so'lid phase.

Ilence the solid state value is cornnonly used in llquld studles (4B), an approx-

imation supported. by sorne reeent measurenents (13g). F\¡rtherrnore, qlqQ is assu-
h

rned to arise entirely intramolecularlyrand thus has no solvent dependenee and

shows negliglble variation with temperature. (Note, however, the calculations of

Paeker (94) 
whlch lndicate that highì-y polar sofvent ¡nolecules nay 1n fact contri-

bute to the electric field gradlent and hence to the coupling constant. )
ILt' ' j:

To date there have been no values reporterl for the *-N quadrupole coupl-ing,,i

constant. of nethyl nitrat,e in any phase. Quanturn mechanical ealculatlons of (q

(and thus of e2qQ ) are stil-l ln thelr lnfancy anrl provide only approxinate values
h

for sinpl-e systens (t3trt3Z,733). However, following the approaeh of Foniz and

Gutowsky (48), 
"'gg nay be estirnated fron equation (8) by assurning a rrreasonableff

h.^
value for fn; 2.0x10-12 see. has been suggested Q9). This glves

fu (¡'¡rr.)
h

0.60

0.78
0.73 Q9)

rye
c6[tz
DMF
TCE€

T- (3ooc)q{ 
( sec. )

o.0925

0.0550
0.0600

The differenee between soÌvents is unreasonable, the variatlon 1s really ln (0,

t,he correl-ation tlme for rnolecular reorlentation, r+hleh from experinental val,ues.

of Tn should be longer in DMF than 7n C6,Hr2 solution. Calculations based on
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nolecular nodels cannot estlmete thls dlff"""r,""l Hence an average value of 0.? MHz.

was essumed for the quadrupole coupllng constant of methyl nltrate in Þ@ solvents

and used ln the ca1culetlon of rf- andASl. (c.f. vaLues of 0.9 
(€) 

"na 1.0 
(134)

q

r4gz. fo" 14N ln ethyl nltrate and nltric aeld, respectlvely. )

*@ormoftheH111node1(equation26)requiresthefo1Iow-

ing data ln order to estirnate fn

Í = 95,9 a.n.u. 12 (averaging the three values quoted in 327¡,

a=2.6ß, (fron denslty and moÌecular welght
conslderatlons, assuming â cocopo structure)

u/ Ctt3¡tO3/DyÊ = 3?.J1 a.rn.u.

l'' r*l*og I C 5J172 
= 40.22 €ì'. n.ìro

4prm = O')Z cP'

\rerrr= o.!6 cp.

Substltuting these values into (^ = 2Ta1 g!-vese@
For DMF solutlon, fe = 3.0x10-12 ".c.
For C6HfZ solutlon îc = 2.9 x10-12s"e.

i ..:
i
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