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- AgSTRACI -

The benzene solvent indueed shift in the proton magneti-e re-

sonanee speetra of some thirty polyhalosubstituted benzenes 1rêrê ex-

amined, It was found that the magnitude of the solvent shift is sub-

ject to steric effeetsu eharge effeets and shape effects"

Storic effects are evident but are not of major importanee.

SÍrnple eleetrostatic charge effects are important 1n detennining

both the nagnitude and the sign of the solvent shift' Several É f,rrr"-

tions (where pis the dipole moment of and. r is the C-X bond fengtf, in

the phenyl halides) were defined and used to represent a meesure of the

amount of eharge removed from the ring region by a substituent X. The

benzene solvent shifts correlate well. with these S funetions for all eon-

por:nds in whieh there are no ortho hydrogens"

polyhalobenzenes in which there are ortho hydrogens experience,

at these ortho h¡nlrogens, a solvent shift over and above that predi-cted
,l

by the l= funetions. This was eoneluded to be due to a shape or paek1:eg
L

effect, The magnitude of this additional solvent shift is approxÍmately

constant for a given proton i:r a given substitution pattern"

From the pvduus of the halogen substituents solvent shift par-r
ameters Ao, [*u and ¿\n r^rere derived" These parameters represent the

effeet a halogen substituent has on the solvent shift at a proton orthou

meta or para to it" ConrbinÍ-ng these A values with a paeking parameter

permits the approximate cal-ct¡-lation of the solvent shift, Highest ac-



curaey is observed for protons between two halogens,

A number of substituted benzenes ¡rith substituents other than

halogen were aLso tested with a fair amour:t of success"



- TABLE OF CONTENTS -

CHAPTER

I INTRODüCTION". o o ooooo oooooo øø o so o oo oo oo oo o6 øoo o oø o ø oôo

A - THE FESONANCE Pi-lENO¡mNONu " n o o o o o q o ô o o o o o o ô o o o o o o o o

B - Tiü CHÐIICAÍ, SHIFT" ø o o ø o o ê o 6 o e e o o ø o o 6 o q o e ø o ê ø 6 o o o o

II TI{E SHIELDING CONSTÀNT"e o c o o.oo ûo o. e oo o oo ø co õoo oo o.6 o o

.q' - ïNTR0DUCTION r o o o e o o o e o o @ o o ø o o o o o e o o o ê e e s o o o ø o e o o o â

B - TIæ HAIÍILTONIÁ,Nø 6 o o o o ô o e o o E o oê o êo ø è ø o o @ o o e@ @ ø 66 e ø ê

C - TT# SHIT,LDÏNG CONSTANT OF THE ISOLATED MOLECUi,E * O;

]-. The Approach of Lamb"oôéêôooeoe øøøEø@oooooeao6ø

2. The Approach of Ramsey.o6oôoooooøaôoEoðô êq@oóo@

D - TIIE EFFECT 0F BULK SUSCEPTIBILITÏ - oB,øoo@oôoooøø

E - Tlæ EFFECTS 0F I{AGNETIC¡.LIY A,NISOTROPIC SOLIIENTS - ou

1" The Approach of Stephellooooo ooc oôoooô...."'."".u

2. The Classieal RÍng Curuent Model"oøoeeeoooooo@o

3. The Quantun Meehanical Ring Cument Model.ooooo

F - TIE EFFECTS 0F TIfr REACTION FIELD - o,n, oøøøøoooooø

G - TI{0 EFFBCTS OF ÐïSPERSION INTERACTION; - o,,"oøoo@@
IT

TII SPECIflTC MOI,ECULAR INTERACTIONS. OE O OO O OOêê9OO OOO OO 9 OOO

A * ïNTR0DUCTI0N"èo éeeoøoo oøooo @ oo@ é ô6 6ôooo o o@oeo ôooêo

1" The Aromatic Solvent Indueed Shift"oeoa@øsøøo@ø

2. The 1:1 CompleXo o s ø o o o ø ø o o o o o @ø @ s o ø o@ o ø o o o@o oo o

3r Sterie Effeets. ó o e o o @ o o 6 o o 6 o @ ô o o o e q @ o o o o s ø q e ø @ e

4. Concgntration Studlgs" o øø ooø oôo o s cø o oo o o ôôo eeøo

J" Temperature Studigsrooøo rooe eøoeô o@ øe ø oøe6oooôo

PAGE

1

2

IU

lL

12

L?

t7

IY

23

2t+

21

28

?-r

40

F

6Q

59

o)

68



B - CORREL.A'TI ONS o o o ê . o o c è e o o ø o o ø ø o o o o o o 6 o o @ o o e o @ o o o ø o 6

1" Coruelations l¡lith The Solute Dipole Moment.,..u

2. Additivity.o oo ô o o ôo ê e o o oo øo o o ø 6 øè e eo o o øo oo oo oo o

C - CONCLUSIONSo o. o o o ø o o ø o o o e o ø o o e o o o a @ o ø o o o eo ø o o oo o @ o

IV Tm NATURE 0F TIIE PRoBLm4" o o o o ø o ô o o ¿ o e c q o o ø o o o o o e o@ o o ø

V EXPERTÌtrrJTAfr.. o o o o s o o oø o ø e e e ê Þ o o oo ø oè ø øo o o o @ q e s ø e o ø o o o

A - MAIERIAISoo @ o oo ø @ o@ o ô o e o o o € o ô o o ø o o o ê o o € o o ø e øe o o e o o

B - I'ÍEASURB,ENT 0F TI{E SPECTRA".' o o ø e o o o c ð 6 o 6 o o o ø ø o ê o ø

IÆ RESULTS" o o o o o o o ø o 6 o ô o o 6 o ø e o o @ o 6 ø o o o o o e o o 6 6 o øø ø@ 6o ø o o o @

Ufï DïSCUSSION.." o o oê oôo o o o oo @o ø oo êq@oo o ôêøøø 6@e€ e 6oø ooo o o

^4" - ïNTRODUCTION " o o o o o o o ô ô e @ o ø o 6 ø o o o e o o o o o e @ o o o e e o o @ ø @

1 " Stgri-e Effeet s . ô @ ø 6 c ø o ø o o o o o o o ô o o o @ o o ô ê o o @ ô o ø o 6

2" Cl:€,rge Effeets. o o o o ø o o o ø o o o E o o oô @ ôô o ê o o e o o øø o ê o

3. Slr,ape Effects. o c o o o o o o @ o o o o o o o e o ø o o o o o ø ø o o e o o o o

B - TESTING SUBSTTTUENTS OTHER fiTÁN }IÀLOGEN".OOO@O@êOO

C - SüSî4ART AND CONC,T,USIONS " " " o o o o @ o q o o o ó o o @ o o a o @ e o o o @

D - SUGGESTTONS FOR FUTURE RESEARCH"OOOOôOOEOO@O@øOOøO

APPENDU Ion.oooo o...êøaoe o. coêðeöoc.o ooo ooé øôo o.c.ooô

APPENDIX II. .. o o o ø o o ê o o â o o o o o ê € o . o o o e s o o o o o o o o e ê ø o o. o o

APPENDïX III. " ø 6ø cø o. o ôo o o o o oo o o o o o o e ô o o o o o. o ø o o o

BIBLIOGRAPITT" 
' " o s oc o ôo.oÐ ø e øøø ø øe e. o øø ê øôô ô e e ô 6o o

72

72

72

75

77

79

BO

Õt

a2

93

95

101

106

IL3

l1(

l_to

L20

L23

L27



- LIST OF TABLES -

TÀBLE PAGE

I Proton Chemieal Shifts of Polyhalosubstituted
Benzenes (pptt to Lorr¡ Fie1d of TltS)øôøooooêoooôoooooôo 84

fi Proton Chemical Shifts of Vari-ous polysubstituted

Benzenes (pp¡t to Low F"ie1d of TtfS)o.o.ôeøsooooôoooooo B?

fir ASrs Paraneters For Polyhalobenzenes (pp*)ooooøooooo" 100

IV Calculated and Observed ASIS Values (ppm) for
Polyhalobenzones r^¡ith no Ortho ll¡rdrogensø o o ô oê o o o ø o o e 101

V Caleulated and Observed ASIS VaLues (pprn) for
Lhe Luzuþ-Trihalobenzenesô o ooo6 o o ø o ê oo oo o o o o oo oo o oo o o 103

1II Coup]i.:ng Constants in Polyhalosubstituted Benzenes

(nr) 
"o oo ooc @ ôoe oo ø reôo o o o oo o ø o o o ooc o c oo o oø o o ê oo o ooo o o LI7

irrï Benzene chenical shifts i:r Halobenzene sorutions"".." rzu

iÆm Chlorobenzene Chemical Shifts i-n Halobenzene Solu-
tions. oô oooo o o c ooo ooo ooø eeo o o€ o ooee o oo oø øê oo ooo ôoøooo 126



- LTST OF F-IGURES -

FIGURE

1" Energy levgls for I = |""oooêoo@eooosooooêsôeooooooôo

Chenrical shielding i¡r the Heliurn Atom, (a) preeession

of the electron cloud" (U) ffr" sereening nagnetlc
fie1d" ô o o o ô e o o o o o o g o c o o o g o ê o o o ê o o e o o o 6 e ø o o o o o o g o o o o o o

the induced field in an anisotropic systemóôooooooo¿s

Relevant arrengements for (a) dises and (b) rods in
relation to a spheri-ca1 solute moleeule.cøooøoooooooo

Free eleetron rÍJlg currents in benzeneooêoøóoooeooooo

Interaetion of acetonitrile with the benzene fi -
ol oa*¡ancv¿¿eo o o0 I oo ô o o o oo oo o o oo o oó o aqo o ô o ø ooè o ooo oo0 o o 0o

7" The additivity of the ASIS of steroids.oooø.oeooooooo

8. Observed and calculated values for the ASIS of the
eye].aZj,nesn ø o r ô o o o o . o ê o ô o ê o o o e o o o ô o ð o ø o o o o ø o e e e o s o ó o 6

9 " The complete proton spectrum of a J moLe ol, solution
of 1,2,1-trichlorobenzene in C5D5 soo â typical
ÂÞ qan*çrr
llJ)2 >tJeuu-cL'ilIls o o o 9 o o o ô o o o o o ø o o o o ô o ô o o o o ê o o ø o o 6 @ o s o ê ø o e

10. The eomplete proton spectrum of a 3 mole $ solutíon
of luZu4-triehl-orobenzene in C6D5 ,"" â typieal- ÄBX

SpeCtfUm" o ô ø ø ô e ê o e o 6 o e 6 o é ô o ô o o o o o o o ô o o @ o o o o o o ø o o o ø o o o

11, The complete proton spectrum of a 3 mole f, solution of
2rJ-dichloroiodobenzene ín C¿Dt o"o â typical ABCoo
Speetfüm" o o o 6 ø o û o o o o o e o o o o o o o 6 o o o ê ø o ô ø o o ô o s e ø o o ø o o o o ø

L2. A plot of A"-r, in ppm for the Z-protons in the
1-x-3,4-di"ht;l;È3r,r*r,.", versus the van der r¡Iaat-s

¡¡ri'ìrrc Þ of the substituent X"øeøøøøooôoeoeaóôoo6oe

20

PÁ.GE

F

L7

?13"

It

28

30

60

73

74

89

90

6,

91

a^



L3. A plot Ar.*o * OO* versus O (#) (defined. in text)
for the proSo*É of the poryhalobenzenes in ¡¡hich
there are no ortho h¡nlrogenso oôooooêo.oo¿ooe,ooooooooo 9B

14" A plot of Ac,o 
^ 

in ppm for some sJrm-p?å 6isubstit-
uted benz**"orrål"us the f, varue of the substi.tuent",

l-5"

L6" A plot of the average Aa,* 
^ 

valueo i, ppro, of the
ortho, meta and. para protSnÈtot some monosubstituted
benzenes versus value of the substitueltt,.,, u. " 110

I? " A ptot ot Ar.r., 
o 

i, pnrn versus F (#) (defined i_re

text) for theop*átot " of some polysubstituted ben-
ZeneSô ø o o o o g o ø ô ø ô o o 6 o o o o o o g o o o o o o ó o o s o o g o @ I o 9 g o c g ø o o o o lLa

Lo7

109

the #r



CHAPTER I

- Introduction -



A". TIE RESONANIEI PIüNoMENoN

The basic theory of nuelear magnetie resonance (N.M'R") is

covered i.:n nany books (1-ó). 0n1y a brief reviel¡ will be presonted in

this chapter,

ALL eleetrons and some nuclel possess a property conveniently

called rrspinr. Eleetron spin was postulated to aceount for the way in

which electrons group thernselves about a nucleus to form atoms" Elec-

tron spi.:r also accounted for fine structure in atomie speetra" In the

s¿¡ne nanneru it T/ras necessarSr to invoke a nuclear spln to accor¡¡rt for

the h¡4perfine structure observed in the speetra of some atomsu

Both protons and neutrons are spln I particLes' If a partieular

nueleus is conposed of ¡r protons and n neutrons its tetal spin will be

a vÞctor eorabi¡ation of p + n spins eaeh of nagnitude |" Each nuclear

isotope, bei-reg composed of a different number of protons and neutrons,

r,rjl-L have its or,m total spÍ.:n value" The spin of a particular nuel-eus

canr¡ot be predicted jl general, but observed spins can be rationalizedu

and so¡ne empiri-caI rules have been fomluJ.ated:

(i) Nuclei with both p and n er¡en (hence eharge and mass even)

Ïra'e zero spfus êogc¡ [H"r rzco t6o'

(ii) Nuclei with both p and n odd (hence charge odd but nass

2__ 14._,
= p + nu even)o have fntegral spin, €e$ee 

*Ho *'N(spln 
= 1)'

lon( 
"p:n = 3) "

(iii) Nuelei lrith odd mass have half*integral spinse êo$oe

h, Iåu("p* 
= ä)" 17o1rp:o 

= â)"
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the spi-n of a nu.cleus is usuelly given the syrnbol I, ca]].ed the

çin quantum nunber, Quantun nechanies shows that the angular momenturr

of a nucleus is given by the expression

angular momeñtum T = I(I+1) a"mo units (1-1)

where ã is Planckrs eonstant divided by 2n. For each nueleus I takes one

of the values oo l, \ A ---"
ït is not possibf" to describe the ttstatetr of a nucleus by giving

the direction of its angular momentum, but onl-y by giving the component

of the arrgular momentum along some arbi-trary dj-rectionn conrnonly taken

as the Z a>ris" Quantum nechanical.ly, the component of angular momentun

along the Z axis is quantized aceording to the equation

I, = ttñ'

where * = I, (f-f¡ 0e --- -(f-f¡s -In

(L-2)

Coupled to the spin angular momentun I of the nucleus is the spin

nagnetic moment !!, Biven bl

U = YI (1_3)

C1assically, the v'ålue of y iswhere y is the magnetogyrie ratio,

calculated as

Zlul c
(elassical-ly) (1-4)

n
wheve e is the protonic ehargen c is the speed of light, and lvl' is the rnass

of the nucleus" Hor,rever, in order to erçlain experi-rnental results y is
given the value

y=s 
fr (erçerimental) (1-5)

I(1+1) rl

rorhere g is the nuelear analogue of the Larrde g factor for electrons and
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hence is called the nuclear g factor"

the hydrogen nueleus (proton)

# = s"oL+gx:ro-Z4
p

If the nucleus in question is

ergs/gauss

and

v
neton.

eã
ZT4 e

g - J"9J"

is often gi-ven the s¡rmbo1

Thusu for the proton
g

Y = (o
ä

ïf the nueleus is placed

lJ o, *d is called the nueleâr tnag-

(1-6)

in a magnetic field Se there is an

eners/ of interaetion between the spin magnetic moment vector þ. of
the nucleus and the rnagnetic field \, given classicarly as

rf the direction of ¡L is taken to define the z-axis of the

eqr:ation (1-7) nay be rewritten

(1-7)

nucleus,

E=_ y fZHo

Thus the Haniltonian for a nueleus il:
nay be written

l(= r- ylzno (t_9)

where T represents the kinetie energy operator of the nucleus. par-

titionS-rag out the kinetic enersr gives

The eigenfuncti-ons of this ltraniltonian may be rmi-tten synrbolisa'lly as

Úæir, = lt,tr> (1-11)

If the nueleus is a spin I nucleus (e.g" the h¡nlrogen nucleus €1.. proton),

E=-#"% = -y f 'q

l(=- Y rr.Ho

(1-8)

the presenee of a magneti.c field

(1-10)



the eigenfirnetions are

VCtl 
"rein 

=

and
.l ¡
Y(2) spin -

i,+>

7 r\ze'z //
e spin ! nucleus w'ith a nagnetic

= -åyHJ (2,* I *,*> = -jyuort

årnoa (+,-+ | +,-+)

The energy of j¡rteraetion of such

field IL i" thus gÍ.ven by
./. I l.E(r) = Q,+ l-tnotrl+'+)

and

G"+ | -rrot, | +,-z) =

presence of a rnagnetic field

two ler¡els (see Fig" 1) Ìrith

Ag =yHob =BF.H,

'(z) =

Thusu in the

split,s into

= åyHF

protonEo' the energr of a

energy separation

(1-12)

Ez=*å groHo r=-å

\
\\\\.t. E,=-ågqH*+*

H=Ho

t
If

I
I

:l
.\

ENERGY

I

H =O

Figure 1: Energy levels for I=|"

rt follows from equations (1-2) and (l-11) that the nr¡mber of enerry
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leve1s produced wiLL be eqr:al to the nu¡rber of allor¡able values of Ir"
In the N'M.R. e4periment a proton containi-ng substance is placed

in a magnetic field; t'his gi-ves rise to the tr.¡o available ene?S¡ levels,

as described above. The nuclei distribute themseh¡es betv¡een the tno

energy leveIs according to a Bo1-tzmarvr distribution and hence there is

a slight excess of nuclei i¡ the lor*er energy levelu The sarnple is thon

subjected to electromagnetic radiation whose frequency is made to narly

in e uniform rnåruâerø -tühen the frequency U , of the radi-ati-on is sueh

that

Ar= hV =yrr;fi

YHu-# (1-13)

transitions take place between the two energJr levels (for nuclei with

T> + these transitions are subject to the selection ruJ.e Am = $)"
The greater populati-on of spi¡¡s in the lower energ'y level leads to a

net absorption of energyc This is the resonanee phenomena corrnonly

observed in the N"lf,Ru e>çeriment,

From a classj-cal point of viewu the nuelear nagnetie moment

vector ¡!!, prece"ses about the dlrection of the magnetic field ¡lo as a

result of the torque that S exerts on A i-n an attempt to align .¡!l
paral-lel to %. In the experÍrnental proeedure a second, rotating nag-

netic field. Ll, t" applied. perpendieular to H . The field l* rt"o

exerts a torque on þlu changing the precesslon to a nutation" ff the

field g1 t. colinear with & and. rotating with the same angular fre-

quency



or

Q)=ZtrV = yHo

Yi{r) o
t/= F-/Tf

the torque on l¿ due to t' t" continually applied in one direetion and

er¡entually ttflips'r the magnetie moment veetor i-nto a new orientation wi-th

respect to %" This process leads to an absorpLion of energy, and the

resonance phenomena i-s observed,



B- TIIE CI{M,TICAI, SIIIFT

The diseussion of section (1-¿,) referred to a 'rbai..ennucleus.

,Such a situation is not realized in praetise, for each nueleus has as-

sociated r^rith it a eertai-n number of electronsu these electrons also

precess about the applied field $ and this precession gives rise to

an i-:rduced field Hi Ìthieh parti-ally shields the nueleus from t'feolingtr

the full value of ¡L. The i¡rduced field Ei is proportional to the

applied field 4 and is thus ¡',rritten as

where o is the

rIi=-oq (r_14)

screenlng constant and is a positive quantity, The

Itfel.ttt by the nueleus isu therefore, wrj-ttenfieldu H1oeal,

"IocâI - '^o 4 Hi = Ho(l - o) (1-I5)

on the eleetronie environment of the nucleus

andu thereforeu so does the rnagnitude of Hlocal. Heneeu it fol.lows

The nagnitude of o depends

from equation (1-13) that the frequency at r"rhieh the resonance phenomemn

is observed varies for nuclei r^rith different electroni-c environnent s,

This difference in resonance frequency is referred to as the chernical

shift"

Resonanee frequencies are usua]-ly reported with respeet to a

referenee" Irt N.M"R" the most cormronly used refe?ence is tetramethyl-

silane (T'M'S')" In order to avoid havÍng to state the field at r^rhieh

the resonance e4perinent was carried outu the ehe¡niea} shift witn res*

pect to the referenee is generally reported in terms of the dimensj.on-

less parameter (in units of parts per million - p"pumo)
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(1-16)

lrhere H" and H" are the resonance fi.elds of the sample and reference,

respectively,

.A,nother commonly used convention is the / sealeu ¡¡here

7=10_ô (1_1?)

chenrieal shifts r'¡ere first observed in 1949 by Knight (/), rvho

H.-H-
ô-srH --r

found differences in t¡re 3b resonenee position of several salts" Lind-
strom (8) and Thomas (!) were the first to observe trroton ehemical

shifts.



CIÍAPTER IT

- The Sh:ielding Constant -



11

A- ÏNÎRODUCTION

The chenieal shift of the resonanee position of any particular
t¡rpe of proton i:¡ solution is affected by the surror¡nding molecules"

Thuso it has been proposed (10) that the sereening eonstant for a

sample in solution be ¡ri.tten

o=oG+o'B+oA+oE+oW+oC (2-L)

or
o=oG*Osolvent

where o., is the screening eonstant for the isolated gaseous moleeuleu\¡

oU is the contribr¡tion due to the bulk diamagnetie susceptibility of

the solvent, oA is the contribution due to the anisotropy i:r the sus-

ceptibiJity of the solvent, o" is the contribution due to the reaction

field of the medium,q,¡ i" the contribution due to dispersion (van der

i^Iaals) i¡teractions and o, is the eontribution due to conplex fozrnation

oro specifie molecuJ-ar interaetions"

In this ehapter the first fiqe of the six terms making up

equation (2-I) wiIL be di-scussed.o Si¡rce this thesis is coneerned prin-

arily w'ith the nature of the final tern irr equation (z-L) - oc, it Ïrirl
be discussed in a se¡rarate chapter"
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B- T:HE TIAI{ILTONIAN

Before proceedi.:ag with a discussion of equaùion (2-]) it Ìril1
be of use to conslder the nature of the Harniltonian for a charged

particle in the presence of eleetric and. magnetie fields,

A parbiele of mass m and eharge q moving with a velocity v
in the presence of an electric field ! and a magnetic field H is srrb-

ject to a force

r=q(g+* [l*ul ) G-z)-LJ
FYorn equation (2-2) making use of Mænuellts, Lagrangers and HamiJtonss

equations, it rnay be shor¡¡n (11) that the HanriJ-ton:ian oþerator corres-

pondi.:ng to the energy of the particle is

l( = 4, ø',v' + z Ln ås .V + r*rå V . L** l¿11 * rþ e-j)
rn¡hefe V i-s the gradient operator, A is a r¡ector potential sueh that

H=V xA (2-4)
,

and @ is a sealor potential such that
I râ¡-l

_E- -= x+ - VO e_5)' c dr ,Lr
Equations (?-l+) and (z-fi are a direct result of Me^:<¡.¡e]-l!s equations"

Tf the vector potential is chosen so as to satisfy the conditions

of the Coulornb grÞge (12), that is

v,a =o
then equaLion (2-J) becomes

= z* trzvz + z.irå a .V + ú lsl 
rl * qó (%6)

equationUpon generalizing to a systems of n parti-eles of charge qn

(2-6) becomes
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!-u' -z*f-:¿g^ v ,f r f_, , ?. \- ,=-4ñ. Vr J i. +ñ Ëai " Y¡.i4 þlail 
" .\rþ¡ (2-7)

r¡here

and

V!*v

Tn the absence of a permanent ereetric field n (r3), S iu zero for alr
partÍ-c1es' Thus for a systen of charged particles with an internal

potential energy v, iJl the presence of a nragnetic field Hu the Harni1-

tonian operator may be wyitten

H
rom an

r¡here v is the veloeity of the electron, Due to its nrotion the eleetron

"10+l!w

If the nagnetic f ield is rveak or of moderate strengthu second order terms

j

V

(2-11)

rú11 also have associated with it an angular momentum É whose rnagnitude

t_s

IX.l= ma lvlr-lt-l (2-t2)

The magnetic dipole moment maywhere m is the mass of the electron"

nornr be wyitten

l(=lü * l{'
l(o =

1

l- ittt-? 2m-JJ

L
J

*. ã &j" v
itrq 11 02
* Ë'&j" Lju./?*. 3--t 2ñi *''i

(2-8)

ñ-,+ l¿*l- G-9)
I ul

j¡ the perturbation Haniltonia¡r X.t7t *ttl- be snralJ- and hence under these
JL

conditlons
l-

( 2-10)

elenentary consideration of fimpere s s Lar,¡ it may be shon¡n

that an electron exeeuting orbital motion in an orbit of radius a may be

thought of as a poi-nt dipole S of strength

lsl = -fr lgl
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The potenti-al enerry of 1nteraction betr'reen this magnetic moment and

an external magnetic field H is given by

Eeç=-r3nr = ãã L"E

the angular momentun n¿y be r,aritten

Í, =T)(P

-efg=ZmeÈ-

where r is the radius vector to the electron from some

the eleetron¡s momentum. Generalizing to n eleetrons,

thus beeomes

Ì,r- e ) r-tu= ãã + \rjxp,j)ctl
-l

" \-n .-lE= ñõ?¡å(r¡"9)l "pj
JL")

(2-r-3)

(2-L4)

(2-L5)

or5.gin and p is

equation (z-Lt+)

(2-L6)

(2-L9)

(?-L7)

upon cornparing the energy erpressed by equation (z-L?) w'ith the per-

tr¡rbation Hanriltonian given by equation (2-r0)u it follows that for an

eleetron in a magnetic field H

. 1 / --\L=_z(IxgJ (2-18)

Consid.erati-on must also be given to the magnetic field. i* which is
associated with the electrons motioa, Further consideratrog or fi¡nperers

Law shows thet, if the electron in its orbit is treated as a point dipole
l

$o then the field LI- is
--1 A,î
H=

R3

where R is the distance fron the point dipole" substituting equation

(2-1g) into equation (2-18) gives



'l(

ExE
tr-

^3t(
(2-20)

the presence

(2-22)

(2-?t+)

(2-25)

Thus, for an electronexeeutùng orbital motion in

of a magnetic field H

A =å(uxr)+ry
6)
¡L

(2-2L)

1 'tl
A=A-+A--

If the electron is al.so under the influence of a perüranent eleetric

field p the r¡alue of the sealor potential ó t" non-zeroe If conditions

are chosen to satisfy the coulomb grÞge (1þ), S satisfies the equation

V'ó = -unP (z-23)

rrhere p is an electron density fi¡nction, Also, from MæfinrelJ-¡ s equations

V. B = 4mp

Equations (2-?3) and (2-24) give

E=-V-O
v¡hich has the soluti.on

Ó = - E ' r (2-26)

0n substituti.ng equations (2-18) æd (2-26) into equation (Z-Z),

one finds that for an atom under the i¡rfluenee of a r:nÍform electric

fleld. E and a unj.form magnetie field Ho tho complete Harni-Ltonian (neg-

lecti.:rg spin) may be r,'rritten as

l(= l(oo + l{ r"* lt ot * ftoz (z-"7)

usi.ng a double suffix notatÍ-on, the first suffix representÍlg the order

in E and the second the order in H" îhe separate r¡arts are



¿o

Itoo= -t# v',-L,='?=',r J ' alå'-r¡l
\-

l{ro= ?"8"I
å

4/^', = L 
e rroT

ru-- íN.¡t 
l i¿i

l( oz = L 
""? 

( tf ?2 - (g" r)'Jr(r-- j ".j- \ )
where L¡ is the orbital angrrlar momenturr operator for the

Li=-'hËi*V¡

(2-28)

.thJ el.ectrono

(2-29)
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C- TiM SHItr,DING CONSTÁ,}IT OF T'ITE ISOLATED IVÍOLECIILE -O¡I.r

1" A'pproach of Lamb

La.:nb (16) first attempted to calcr¡-late the screening constant for
a free atom jvr an S state. In an external magnetic field the entire

spherical electron cloud preeesses about the field directíon as if it
were a rotating rigid sphere of eleetricity (see Figure 2),

(a) (å)

Figure 2: Chemical Shieldi-ng in the Helium .å,tom.

(") Precessi-on of the eleetron eloud"
(b) the screeni.ng magnetic field.,

The angular veloeity of precession i.s

(t)= - g
¿me G-30)

The notion of the electron produces a secondary rnagneti.c fieldu eal-

culated from Ampere|s Lar+

* Refer to reference lJ from which the substance of Section C is taken"



l_ð

t'
1 f dlxr lrxv
E*=ij-F-= å jT Q_it)

0n the everage the eleetrons are distributed ever the atom with a prob-

abi]ity density PG) and, therefore, the ar¡erago second.ary field. is
. f r x vrr'=: l=- PG)ar e4?)- cJ îr

Since

v=Qxr = -2fu Ëxr G'33)

equation (2-32)may be wri.tten as

-,r _.r, frg(g*s) pþ)ar G44)E=-t7 z*cz J r,3

For a fíeld $ in the Z direetion equation (Z-?+) becomes

ri=-+ ftz+r'?) p(r)dz (z-j5)
àme¿ J *:

for a qpherically s¡rmmetric system" The screening constant o 1s defi¡red

as
l

-Hoi = ä- e-36)
and hence

o2 f t_-2 --2\oi= - /ry pþ)ar e4?)?¡rc- J tt

Equation (2-37) may be rewri-tten as

,-216
cf = 3 I "P(r)dr G4B),mc J6

Equation (%38) is Lamb ¡ s forrnula for the shie1d.i.:ng eonstant i¡ a elosed

she]-l atom"

rf the atom in question is the hydrogen atomu equation (?-3s)

beeomes
2ê

oi = 
-- 

(2-39)
-tme aö
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where ao is the Bohr radius ("52g A.o)"

2. Approgeh of Ra¡rsey

Ramsey (1/) camied out a second order perturbation calculation

which considered the magnetic interactions between the electrons a¡rd

nuelei of an isolated molecule placed i-n a unifom static rnagnetie

field" rf the nucleus is part of the molecule, the electrons, Í:r

generalu are nolonger free to rotate e,bout the direetion of H. This

gives rise to two new effects: first, the seeond.ary fiel¿ ¡i ts not

neeessari-Ly paralIel to H a¡rd the shielding eonstant must be replaced

by an enisotropic tensor o; secondly, the theoretical expression for
the sereening i:rvoh¡es an addi-tj-onal terrn ruhich often is of opposite

sign to the La¡nb tenn"

rn quantr:m meehanies an eleetron in a state Ú *" a probabirity

distribution p(r) =V V" and in the absence of a magnetÍc field. there

is an electric cument density (18)

. ehi , t,tí 
- 

t t 
- 

r *.ð= ñ ey vV -VVV)
t.rhich eorresponds to the classical expression

it = -(Ðp v (z-t+r)

For simplieity it may be supposed that there is only one eleetron

i.:r the molecule' Call the ground. state spatial wave fi¡netion ly'o. IÌl
any closed-shell nondegenerate stat" Vo is a real function and. so the

current density io(f) vanishes in every part of the molecule. A steady

(2-40)
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aagnetic field I¡ on the other handu sets up currents in two distinct
'T¡tayse

In the fi.rst place the electron wave function ehanges and has to

satisfy a modified Schrodi¡rger equation (see Section B of this chapter)

(?-42)

(2-t+3)

(2-t+5)

for a field i¡r the z direction" This change gives rise to a ehange in
the current distribution j (sometimes c¡'lled the paramagnetic current)ê

,-lrz -z --, ,/, , ê -z ^ ¡(-5V +u)V o(åA'E*# IUI'>.lt =EV
rr¡hefe

A=å (Hxr)

If the field is snall. we negleea [glt" Also, from equation (?-ZS)

#g'e = # E"L
which was shown to be the energr of interaction betr,seen the orbital
angular momentum and the exberrral nagnetic field H. Time i¡rdependent

pert'urbation theory shows that i:r the presence of a time invariant per-

turbation d.escribed ay Í(L " the wave fi¡nction may be written (to first
order)

.,{ 
= v" (2-U+)

where Vo i" the u:operturbed wavo function whieh deseribes the ground

state urhose enerry is Eou and ly'r, i.s an excj-ted state r,rave function which

describos the ntr excj-ted state rahose energy is E ru Heneeu the electronic

arave function becomes

V". L
n Eo-E'
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The second effect is more subtle" The eurrent density j is pro-
Pportional to !o the velocity of the eleetron" classi-earry - =; ¡¡here

there is no fieldu but in the presence of a rnagneti-e field.

s =* 1s+iÂ) (2-46)

Ïn the same kray the formula for the quantum meehanical current density

changes in the presenee of the field (I9), becoming

(2-t+7)

Thuso even when the wave fwretion d.oes not cbanrge at aIIu there sti1;l
exists an ihduced current

2x. e _,- -1.J = 
- 

Vo Vo(Hxr)
Zme'

t^¡hich eorresponds to a free preeession of the entire electron cloud

about the field directi-on (this is usually called the di-anagnetic eurrent)"
The magnetie field ti proao"ed by the induced eurrents is

. efii ,^1,* w ,1, ,l¿ \-7 ¡*. 2i =ffi (V-v_ V - VYV) -+ LV"V
me

r IXV
tr! _ ¿€r -gå=-\õ'l_n-=--_)me

Substituting

{n = IxE

A=å(Hxr)

--1 /e ñ\H=_t_,g \ànc /

2&

,)

xË)
(2-50)

The elassical expression (2-5o) hu'$ to be replaced by a quantun mechanlcal

average over the perturbed. eleetron state Ú, *¿ for sinrplicity onry the

l.'\:"(u'\æ) -p

**f-P
15

e
'c

7
A-l
=l

(2-t+8)

(2-t+9)

and

gives
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Z component of Et i" worked outu givi.ng

t = -orru = -(*\ .z,t,lzÍ.-l ' '\ffi/ (vl 
'lv>$nbstituting for p fron equation (2-45)

o,'z=(*) (

/ z \ , lz zl

t#/ ä(vlËlv>
gives o ,

ù -(#)' rf<'l rrl")
gr-

(2-5t)

22x+y
T')

(o

ù

n E -Eno
,1,
IF (z-52)

E .Eno
this is Rarnseyrs shielding forrnula and applies to any closed. she1l mole-

cule, The quantities f - anð, 
(*? * y2' nust be sursned over all electrons"o\z r

One nay derive similar expressi.ons for oro and. o* and then work out one

average isotropie o. The two parts of o in equation (Z_jZ) are usually

calJ.ed the diamagnetic and pararnagnetic terms, Thus

O'=qd+O'p (2-53)

% i" fairly easy to estimate theoreticarly as it depends onry

on the electron distribution i-n the eleetronic ground state. The para-

nagnetie term a^l-so depends on the exeited states, rt is equal Lo zero

for electrons in s orbitals andu therefore, of zero angular momentumu

but it may become very large when there i-s an as¡rmmetric distribution of

p and d electrons close to the nucleus and these electrons have low lyi-rng

excited states" Fluorine ehemical shiftsu for exampleo are largely
doninated by the paranagnetj.c terrn.
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D- TIIE EFFECT 0F BULK SUSCEPTIBILITT - o-tf

I,{hen the referenee eomporrnd is kept erternal from the *gs.}ute-

solvent system being studied (for exarnple, by placing reference and

solution in separate concentrie tubes) a eorection to the chenlcal

shift is required i¡r order to account for the differenees i¡r the bulk

diamagnetic suseeptibility of the reference and the sorutionu

Howeveru when the referenee is also placed in the sorution

studied (internal reference)u then the susceptibiJ-ity of the sample

and reference are the sameu equal to the suseeptibility of the soluti-on,

under these conditions no eorreetion is required" since most N,M,R.

experinents are rr:n using an i¡¡ternal referenceu this topic shall not

be discussed further"
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E- TIIE EFFE]CTS OF T'IAGNETICAILY A}TISOTROPIC SOL\ÍENTS . cl

It is well larov¡n that aronatie solvents tend to produce high field
sh:ifts in the resonanee position of a solute, relati-r¡e to the solutê re-
sonance position in non-aromatie, Itinertrt solvents such as eyelohexane"

Similari-Lyu earbon disulfide produees low field shifts" These phenomena

may be interpreted i.:r terms of the shapes of these solvent rnoleculesu

along ¡,rith their large dÍ-amagnetie anisotropye

The plrysical properti.es of a si.:ng1e molecule i.n general depend.

upon the direction along which they are measured relative to the mole-

eular axis; this phenomena is ealled. anisotropy" The ?eason for the

anisotropy lies in the pattern of the atoms, .A.long any d.irection through

a noleculeu the atoms occur at different j-ntervals and different angles

than they do along another direetion; a]-son the atoms in general do not

lie s¡nmmetrically about the direction" Any physiear property dependent

on the pattern of the atoms wiLL vary w.ith this direetion, Thuse in
defining a nragnetic field. f irra,r""d by an applied field Hu assumption

of a li¡rear relationship bet¡reen ceuse and. effect does not require the
l

nagnitude of gt to be i:rd.ependent of directione nor the vecto, :i to
be para]-lol to the vector H. Thusu jrr descriuins It, one writes

,_1Ho'=oopnf3 (2-9+)

rohere *op t" lmor¡n as the susceptibility tensor. onsager (20) has shor^m

this tensor is s¡rmmetrie andu thereforeu has prÍ-nei-paI aneso By refer-
the tensor to these prineipal axes ar1 the off-diaeonal elements be*

that

ring

come hence

4=*** LT
¡I x

zeroo andu

1

"J 
= totu

,,1t-t=xH--z "zz"z

(2-55)
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The anisotropy of such a system is observed j¡r the fact that, j¡l general

xro I x)ryn xro t x* and. x* t xzz.

There are several approaehes to calculating the effect of the

i¡¡duced field. gf ir the sh:ielding of a rnolecuJ-e for magnetically

anisotropie systems. These r¡-ill nor,¡ be ùiscussed"

Io The Approach of Stephen

If a molecuJ.e is placed in a uniform rnagnetic field $e which i-s

i¡o the negative Z direction, by LenzsE Lawu a field g1 *iff be induced

in the positive Z direetion, the magnitude of the field being given by
'l

rr-1¡ Et
LL-¿!¡lz z,z

(2-56)

(see Figrre 3).

Figure 3¡ the indueed field in an anisotropic system,

From equations (2-L9) and (2-2O)u the vector potential eor-

responding to the j¡rdueed field is

I
Itl

HI
-l I

H
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uxE
A=--

R'
(2-20)

Thus

d= \ {r-uxu)i+(xrn) j+og} e-s?)R' t -)
where åu iir, and k are unit vectors in the xo y and z direetionsa res-

pectively, Thus

r*=(currÀ)"=tr tr @2-zz) (z-fr)

or
_-r xH 2

Ç, = e (3 cos- o"-1) Q'59)

Therefore,

-¿ sun = 5 (i eosz o"-t) (2-60)

and. hence

¡ï?.Ao^= þ 
(1 -3eos-0") G_&)

ïf nor'r I is in a direction i, and rnre rruru x(i) atomic and 0; o

the mean contribution'to the screening tensor is
Ao=4 t xi*^- 2

3R' !=Lu2n3 arornie (1 - 3 cos-or) (L62)

rf x is referredto its princi-pa1 axeso equation (2-6?) beeomes
rA 1 I.- - ? ) , 1Ao = .p 
L,t 

- 3 cos"o*) X,o, * (1 - 3 cos'oo) X¡ry * (1 _ 3 cos.ør)xrul

(2-6Ð

If R is taken in the þ, planen eos 0* = 0 and

-1Ao=* lrcro.-**) - (xzz-ï,o) -l urio" (*ro-**) | e-*¡
mt L JJ zt'a rtrl '¿¿ æ oo )

Ca3.L X:or - *yu = A 5, ana Xuu - Xro =A Xr" Hence,
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(2-65)

If the molecrrle h¿s axial s¡nnmetryo X,o. = X*, and then

¿-l r.J -

1
-.':ã',>nJ
)L\

Axz-3eo"Ta"O*l

Ax
ñ

(1 - 3 "o"zor)
Ao=

where

(2-66)

Ax = xr, - xro = x^, - xyy = xrr - xr (2-67)

and êu equals the angle betr.¡een R and the anisotropy (Z) axis"

Equation (2-66) describes how the chemi-ca1 shift of a solute

molecule will be affected by the presence of a solvent molecu1e, when

the solute molecrrle has coordinates R and 0z lrith respect to the solvent

molecule" For a nagnetieally isotropie solvent molecule AX = 0 and

there wiLL be no ehaÞge in the screening constant of the solute mo1eeule"

If the solvent molecule is nagnetically anisotropicu AX # 0 and a

chan'ge in screening wi^l-I result" Equation (2-66) is equivalent to a

result first presented by Stephen (21)"

AX must be measured. experimentally, If a crystal of the sub-

stance Ín question is obtainable, the ordinary Gguy nethod is usedu If
crystals are unobtainable, the experimentel technique is somern¡hat more

diffieult as it involves the measurement of the nagnetie birefri-ngence

(Cotton-ltfouton effect), from ¡rhieh AX ,Uy be ealcuJ-ated, (?2).

BuekÍngham, $, aI" u (23), applied equation (2-66) to the example

of CH4 in benzene and carbon disulfide (see Figure 4)
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O

(rl -

(b)

Figure 4: Releva¡rt arrangemãrts for (a) dises and (b) rod.s in
relation to a qpherical solute molecuJ.e,

For benzene es solvent, eollisions of the t¡rpe (i-a) are predominant,

while for CS2 as solventu collisions of the t¡æe (ii-b) are predomi.:nantu

simpry due to the shape of the molecule" Taki::g, for benzeneo xr, - x1 =

-9 x JlO-29 ."g" gro""-zu R ^- S.5,Âoo and assumixg that for this value

of R two benzene moreeules are j.:r the relevant range of Ro Buckingham,

eto alnu caleulated Ao = 1o3 p.p.mo The e:çerimental value is 0"JJ poporîro

Taking, for CS2c Xtt - Xl- - - 5 x J:O-29 ergs gaus s'2, R,r, eÁ.o and again

assuming that two solvent molecules are in the relerrant range of Ru they

calcurated- A, o = -0"J p"p'm' The e>çerimental varue is -0,42 Doþono

2" The Classi.eal Ring Curugnt Model

Benzene and other aromatic hydro earbons ere characterized by a n
electron system which is not localized. The abnormally large diamagnetic

anisotropy of such arornatic molecules has cøre to be explai¡ed as ari-s-

i':ng from the tarmor precession of eleetrons in orbits containÍ,g

many nuclei (the n electrons) (24)" pople (25) aeplied this idea to

\=,

U

()
i¡l

rò)

0
o

(ir)'

æ

\,
( iil
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a benzene morecule placed in a magnetic field. H, The six n electrons
undergo Larmor precession w.ith the Larmor frequency

LU= eH
he (2-68)

cument,for each electron' The noving electrons are equivalent to a

whose value per electron is
2

i= _É.)= F]E-¿TT ¿}R mc

or, for 6 electrons
^ 2-_

i- ?efi
¿T1 mc

M = i x (area of ùhe loop perpendicular to H).

^ 2-_

ï.{= #n(aeose)2

22
e-a-H

.$ =F- zme

(2-69)

(2-70)

Pople assures that the preeessing n eleetrons ere equivalent to a point
dipole at the centre of the benzene ring" The dipore moment $ of the

current loop is given by

Thus

(2-7L)

where a is the radius of the n electron orbit (taken as the c-c bond.

distance) and g is the angle betlreen the directlon of H and. the hexasonal

axi-s of the benzene ringu Averaging over arl varues of 0 gives

(z-72)

the dipole lies pararrer and opposed to the applied field (see Figwe 5)"
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{Hl
I

Currente

----)---.-¿¿- -\/' --

\:*-- 

- -<- 
¿¿¿/J/

xHllv
Figure 5: Free Eleetron Ring Currents i¡ Benzeneu

The field produced is thus opposed to the âpplied field at the centre of

the ring but rejnforces it at the position of the hydrogen etomo The

effect of the i¡rteratomic cunent is to produce a low-field chemieal

shift for protons for.:nd near the periphery of the benzene rhg, and. a

high field chern:ical shift for protons found near the centre of the ben-

zene ri::g"

The magnitude of the induced field at the position of the benzene

protons is
. 22_-

__J eaH
t-t 2

?;'ne (a+b)'
(2-73)

rshere b is the c-H bond distanee. Hence, for these protons, the eha.nge

in the shielding with respect to an ordinary aliphatic ethylenic proton is
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Ao =

22ea
2mc (a+b)3

(2-7+)

Pople ealculated the difference i¡ the shift between benzene and. ethy-

lene protons to be -!"75 popono as compar€d to the experimental value

of -1"4 popolrr"

hiaugh and Fessenden (26u21) reeaLculated the rÍ-ng eurrent effect

using the free electron nodel" 0n this basis, they fourd that A a = *z"Z

popeltlo The negative sign denotes that the ring eurrent shift is to lor,r

fi.eld with reqpect to the ethylene resonanceo To check thís value ex-

perimental-Ly they found the differenco j¡r shift betr,reen the benzene

protons and the ethylenic protons of cyelohexadiene -lr3 j¡r earbon

tetrachloride to be 1"1*8 pøp,nl" r¿rtth the benzene protons appearing at

1o¡,¡ field" Schaefer and Schneider (28) redeteymi¡¡ed this difference

in shift usÍ:ng cyclohexane as solvent, and for¡nd. it to be 1,5 p,p"m",

in agreement w'ith the value of trdaugh and Fessenden. The difference in
shift is the ring eurrent shift for a single aronatic ring"

In generalu the predicted values for the ri-ng cugent shifts are

too highu si¡ce the calculation overestimates the ring current effect"

3" The Suantum I'Lechanical Ring Curren$, I,I_odeL

Pople (29), using the method of London (10)u attempted to eal-
culate the ring current produced in polycyclie aronratic hydroearbons,

In the ildependent electron model it is assumed that the molecular

orbitals Vr rr. eigenfunetions of a one-eleetron Hanriltonian, which
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takes the form (see Section B of this chapter)

1I=*(B+å¿)2+v (2-75)

whereo for a r¡nifonn magneti-c fiel_d. H

A--å(lxE) (2-76)

In the absence of a magnetie field the general approaeh is usually

to express the moleeular orbitals as u¡ear co¡nbi¡nations of the 2 pir

carbon atonie orbitals $". This is the L"C.A.O-. apn"oxjmationu When

there is a magnetic field presentu howeveru this is not satisfactozXr

for it is for¡ad that the best linear combination wiIL depend on the guage

tnansforrnation of the vector potentid A" pople overcomes this dif-
ficulty by adopting London,ts technique of expressing the moleeular

orbitals V r" linear combinations of rnodified atomie orbitars

x" = é" "ry {- F u" " .)
r¿hero A" is the r¡eetor potential at the eentre

fis repraced by "tIÚ , that is
t[J 

---> .iÀ V
then the HamiLtonian is transformed, such that

^ ìr
-iÀ C)e*^

(2,-77)

of atom S, l¡Ihenever

(2-78)

(2-7e)

(2-77) has the effect

equation (2-7Ð so that

l! ---_>(e-iÀ ll "íx - i ã e./v JL Qt
Thus replacingqts by Xs as expressed by equation

(3f) of trarrsforrning the HaniJ-tonian exlpressed by

Â 2 ( -Zni" \ l-(E + ãA)- x= = expt -ffi A" "rJ [r+' å r¿ - r"'J ' +, (2-80)



)

and hence the ,exponentfblr- factor in equation (2-77) eli:n-i-nates guage

difficu-lties because (A - A") is a loea1 vector potential independent of

the choice of origÍ-n.

Thus

v¡ = Ç 
tr"*"

where the coefficients Cì" "* determi¡ed by the usu¿l variation pro-

cedure' the variation tieatrnent for the coeffieients C¡s leads to the

secular equation

!{* - E s"t

H"r=f ,,: l{x"ar

sst = f .:xtdr

rn the sÍmprest version of the theorxr, whieh is the approach used by

Popleo the overlap i:*teg-tal- t", is neglected if s f t, That isn it
is assumed that the overlap between these modified p orbitals is srnal1

if the orbitals are located on non-adjacent carbon atoms,

From equations (2-??) and (2-80)u l{", takes the form
I r^ \

l(n =J '* t qf a" ' rJ+: { h 1s + f,,a)'*Ù.* {"+#rt.r)4tar
f^--(z"iu ^ ìro (-znie. \rt l- ê. az l-L

= 
J '* tT"- a" "f9" e)æ t T q .rltr 

L* ã(a-ql-+vlq ñr

= f"* {i* ,n"-at) . 
=) + : {h [r* ,r-^,1{9u #r e-as)

/ \ --- 
) 

| e\''r¡- ¿v

If s=ta the €*Ponential.'. faetor is uni-ty and the rest of the ex-

pression measures the basie enerry of the atomie orbital, as nodified. by

33

=0

(2-81)

(2-82)

(2-83)

(2,-8t+)
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the local d.iamagnetic ci-rcul-ation represented by the (.4, - At) term"

Si-nce Pople is interested on]-y in the interatornie euments he ornits

these terms and ehooses the zero of energy so that aLL dÍ-agonal terms

7/^^ a?e zaroo
JLÈù

In Londonrs analysis r is replaeed by its values at the nld-

noint of the bond ¡rhere

r;å(n"+&r) (2-86)

E" "tta 
Ra being the position vectors of the nuclei of atoms s and t. If

the term (4 - 4) is also ondtted (since magnetic energies are scnall in

comparison to electronic energies)u equation (2-8Ð becomes

l(,t = F"t "e{W (s" - ql (*" - E 
Ù

(2-87)

rshere

(2-88)

is the eorresponding natrix element in the non-n¿,gnetic theory, usually

knor'¡n as the resonance integral. To a first approxi:nationu Pople takes

Ê"t to have a connon value p for all C-C bonds. Energies may be measured

in writs of B and the secular equation written

Ít't- x i3 ôst =0 (z-89)

where x is the di¡nensionless eigenvalue *d ö"t is the Kronecker delta"

&<pansion of the secular detercnjrant gives a pol¡momial in x, the

coeffieients aIL being expressible in tewrs of closed cyelic products of

the type

Êsr= fa"[h,'."] ö"*

M,¡ l{in flw*-l(n, f(,' / f (2-90)
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where n equals the nurnber of factorso The sirnplest such product is
/ ,.2

4{,, l-hi / 9- which is real and irrdependent of the magnetic field, rf¡q*¿ J Çd- /

there are no closed eycles of bonds (as in linear polyenes, for exanrple)

al'l solutions of equation (z-sÐ wirL be independent of the magnet,ic

field, eorresponding physically to the absence of ring eurrentso rf
elosed cyeles do exist, there w:irr be eomplex ex¡pressions (z-p0) depen-

dent on the magnetie fie1d"

Flom equation (2-Bl), the numerator of equation (2-p0) may be

l¡-ritten

where

'L]å

-rlr-l I')Ll¿l " (Es+Et) Q-et+)
J)

becomes

lh¡ f{io ({w'- (ton (.rt = Ën ercp (2n iÐ

r= zfoLt (4-qt " (&s*Bt)
ç--'lthe surnf * bei-ng over ordered pairs aro'nd the ri-:eg" sinee

(As
t---4t,)= l(e"-q)L

be rer*rittenequation (2-92) nay

r= zf;ãL't[u"-*,
which, upon sr,ritching to tensor notation

r = d" Lt
Eu and Ra represent vectors

henee

R"o

If A Rs--+dR* the

^Rto - Lr Ro Q-96)

sunnation in eqr:ation (Z-9fl may be replaced by a

(*"o - Rto ) Vo u,, (*"p + nru) e-gi)

to adjacent nuelei from ¿ cor¡non origin and

(2-9r)

(2-92)

(2-93)
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closed li¡re integralu so that
olf= ñ f 

*p(v0Ap)dRs
Since

V-rg"&)=a
f becomes

r= fu6 A0 d*s
J

stokes theorem 

e " ft= f [ ,* r)" ¿g
) ''-

G-e7)

(2-98)

(z-ee)

(2-1oo)

where V is any vector and equâtion (2-100) is for clocl¡¡rise rotation.

(z-r0?.)

rhereroreo 
I _6 fr frr=f óu**u =-foJJ"rV*a)"då =-foJJ"u,*_ (2-101)

)
where H is the negnetic field and equatlon (2-101) i-s for counter clock-

r,rise rotation" the quantity f is, therefore, proportional to the flux

of the magnetic field through the ring" For a r:niform nagnetic field Hn

the numeri-ca1 v¿Iue ¡ril]. be

^ elIS
1--

nc

rnrhere S is the closed area of the ring"

From the Hermitian nature of the secular deteru¡inant, it is clear

that onJ"y the real part of the cyelic produets (2-91) wiLL appear, Thus

if the f values corresponding to the irreducible circuits are f1u fZ ---
frrn the secular equation when expanded wil-l inr¡o1ve qr:antities sueh ¿s cos ?nfrø

eos ?n (ff + 1r) ete" If the applied nagnetic field is treated as a

maIL perturbation the secular equation can be wrj_tten
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2\-
P(x) - 9Ti L q.. (x) f.,f .

ii 'LJ ¿J (2-103)

r¡here P(x) is the unperturbed determinar¡t and Qij i" a set of poly-

nomials such that Qi¡ = Q¡i, The sorr¡tions to or.der f2 "*, be r,æitten

,(n) - xo(n) + *nz 
Ð 

x i¡(P) ¡. r.

!'rhere p represents the p

and

(2-10þ)

th solutiorro ¡o(P) the unperturbed eigenvalue

- aij (xo(p))

Pl (lo(r),
- (p)
It. . *

r-J G-ro5)

'ì

rvhere p*(X) is the first d.errivatlve of p (Ji),

Popre nor¡ considers addi-ng to the pri-mary field $o a seeondary
IL ^.- ltesting field If' si¡rce the total fierd is now g * d, the quantities

f, have to be replaced. by the sums f, * f] " Equation (Z:LOI+) then takes

the form

*(n) - x"(n) + +rf t * r¡(r) i-rrr, + z{r. . ,}+J G' ;6)" i.i L*" -i-i'-r-ij

The terms d the t¡pe rlr. give the energy (in units of Ê) d.ue to-LJ

the interaction of the testing field rrith the nagnetie polarization due

to the pri-nary field" since r] t" proportional to the flux of the testing
fierd through circuit iu we nÞy say that the systemn in the presenee of
the primary field ody, behaves as j-f the ith circuit were replaced r¡rith

a magnetic shell- of strength equal to _Be / hc ti-"s the coefficient of
I

f* 1n equation (2-]:06)" This nray then be interpreted as the euryent i:r-
circuit i divided by c,

That is, the energr of jv¡teraction between the testi¡rg field. HI



and the nagnetic dipole M i¡¡duced by the prÍmary field H is

E=-g"d=s;¿ )- *rjtj f;å #p e-Ls/)ij
sÍ.nceo from equation (2-102)

t.Jf*= Eî s (z-I08)

Thus

^ r
M=-8nz )_- x.rf, #,t

iJ .J ¡¡V

Im=ão
Also

r¡here i is the current f1oi"r5-ng i¡ the ring of area Sn Hence

^z r
i=-ot'"d (- X"f'n l-J r-J J

(2.]t09)

(2-LL0)

(2-rL1)

(2-1J2)

(2_113)

From equation (2-101), for counter elocla¿-ise rotation

rr
r.= -É. ll ,dsJ nc )) s

Thus fî
,(n) --8nzg"Z H ll-iñ- siJ"gg )- *r-(n)

ij
Equation (2-1J3) appli-es to eaeh orbital separately" For the total ef-

fective current i-rr one circuit, itrhas to be sununed over electrons

¡¡here À__, i" over occupied. orbitrr" tp, and \ is the nrmber of electrons
t- P

ir¡ V il or 2)"'D

Fbon equation (l.;JJ;Ð it has been calculated that
^ 2. 2

i Õn ije
benzene = # H, 56 (G-l.l[)

yne
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This rilg current j-s then subsbituted into the classieal expression

for the i¡rdueed field and the effect on the shÍ,e1dÍng constent cel-

culated, as described i¡ Section E-2"

Jonathan et aI (12) deterrni-r¡ed the current intensity in each ring

of some polycyclic h¡nlrocarbons enploying the molecular orbital method

deseribed above" They also studied the ring eument effect experimentally and

fou¡rd the agreement between predieted and observed values only fairu the

predicted chemical shifts beilg always larger than the experimental" Some

of this discrepancy r¡ras later e:çlained by popleu j-n a series d papersn

to be due to the fact that a signifieant contribution to A o ari.ses from

a significant contribution to the anisotropy due to localized pn electrons"

Thus too large a cher¿ieal shift is attributed to ri.:rg currents and. hence

predicted values for the ring cunent shift are larger than e:çerimental

values"
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F- TI]E EFFECTS OF Tm REA.CTION FIELD - o-.&

The derrelopment of ari e4pression for % i" the result of the work

of Buekinghamo who, 1n turn, extended the work of l,farshall and. popre"

iufarshall and Pople (33"31+) attempted to ealculate the sereenÍ.ng

in a hydrogen atom under the j¡rfruence of an eleetrie field po neg-

lecting any effect cf the spin of the erectron" This represents per-

haps the simplest situation for which the trparamagnetier effect has to
be taken .'i:rto aecount,

Marshel] and Pople used the HamiLtonian for an atom in a r¡niforn

electric fierd E and a uniform magnetic field En given by equations

(2-27) and (2-28)

K = ltoo * ft, ro * f{ot + fl oz
(?-27)

where

It oo

'l(t

22
-{ -Z ,Þ= ãñv--(")

= eÐ"r
(2-28)

il r= (#) I, !,rLo
_? f--., ;l

l(oz = (fF) 
I #"' - (l ' r)z 

IÕmcl-J
where equation (2-28) is ¡rritten specificarly for the h¡rdrogen atorn,

i¡ this caseo

They then expanded the wave fi¡nction i¡ a similar manner

V= úor* Vro* Vot+ Vozu--- (2-1r5)



¿l1

j¡a ¡rhich case the corrplete Schródinger equati-on breaks up into separate

equations jrr each order i¡r E and H,

Since the hydrogen atom in a¡r electri-c field is an arial-Ly sym-

metric system, Marsha]-l and pople considered only the two cases of H

paral1e1 or pex?endieular to E. these give rise to different shielding

constants which are denoted oi1 and or" If the x, y and z a)ces are

taken as the principal axes of the shielding tensorn the shielding tensor

is diagonal when referyed to these âx€so If H lies alons a direeti-on

whose direction cosi.nes are I*u I and In vrith respect to the principal
axesu then

S = (1*II'l'JH,LzH)

Thusu the i¡duced field g1 i" given by
1

i1 =t %oI*H' o¡.y$, aurLrii-) (%1J7)

The component of the i¡rduced field in the direction of H is
.Jtl]- = orol*zH + o*tfn + ourLuzï (2-rL8)

Thus

nor*'+o*:-uz+arrrrz (?-1J9)

ff E lies along the Z axisn the qgherical qzrmnretry of the hydrogen atom

wi-LL be distorted so that

o.,o, = o* # or, (z*Lzo)

ïn this case

n = oro (l*2 *l-z) + nuuLr? = %o (L -Lz\ + or"Lrz (?-:lz|)

_l
H"11o¡= -i{ =

G-1j.6)

or

o=or "i.,,Zo*o,,.o"2o (2-t22)



where o is the shielding constant along any d-irection i which is at an

angle 0 from the direction of E (symntetry æcis) and o¡ = os = o* and.

QJJ = azz"

Marshal-l and Pople then erçress tho Harniltonian j¡r ter.r¿s of polar

coordinates with the direction of H as the polar axis" The separate

parts of l{ then become
_2^2

floo= 
-äv'-r?>

flor= # g"L = ffi" ¿fu
(2-L23)

(or= # f*'*'-{u"r)f = # sin2o
L J 8mc-

ffio= es.r = eEr[;::""[,:"rf,,.ru"

= eEr p (e,0)
The components of V u whieh are eigenfi¡nctions of the conponents of the

HamiJ.tonian that are considered are (unnormalized.)

Voo = exP (-r)

!/ot = o

Vro = -i "'L^% ç"r'*zr1¡ e4e (-"1) p (s,g) (z-Lzl)

Vro = 16 
"-2^+n' { ,rr"* z..l") + ( 6"1;10""* 5r.z)e.{u,ó)) u*p(-r'), L .'r' )

fo(parat1el fields)
I

V',. ={r.L-- -? -2' rr 
l# lz"Ii:u1'+zzi¡ "Rp 

(-"1) sin 0 "rr,ó (perÞendicular



t+3

-Irwhere "- = å and a is the Bohr radius (= "s?gyo)"
The current density vector j- is r,mitten ( see Section Ce equation

(2-Lþ7))
2r+e-'- /rr -- --\ tlr * tl¡ eã (,1, *+=-d6 (Hxr) V"þ _ ffi1y VV

r'rhere L -
N =_/ V- VJ {To

This in trrrn gives ri-se to a magnetic field
1 rrx.j

Ð- I ---.i-_ dT
) ct'

- V VV") G-4?)

Marshall and Pople then l^rri.te the secondary field

Hl=I*+r*
eorreqpondi:lg to the two parts of ifu The first part leads to the dia_

magnetic terrn in the general theory of Ramsey (see seetion cu part z),
This :i-è given by (see equation (Z-3Ð)

d "2 1- z^o--

-

----L , f¿fiLC J

(2-r25)

(2-L26)

(2-37)

where P i" the electron density in the absenee of a magnetic field" In
the present situation

úrzP- =, JV"V Q-L??)1t9

) ( V.:+zV ooV 1o 4 u""") d7

using equations (z-Lzt+) I (z-rz?) and (z|37) and carr5ring the ex¡ransion
ð2

of oI in E as far as E"; l"farsha]-l and pople obtain

,2oes11=T
)mc a

d.2

L+ig

Ã

&tt
80

['-
It_
r
t_

l+ 2-1aE 
I7t

AI

4_2 -
zi

âl

or=
^2)me a

(2-a28>



4t+

,t= ## /v,,
Substituting for Vr, "ta
Marshall and Pople obtaj¡¡

Vfo *d evaluatine C 'rrp to terns tu rn?,

ôÚro
ãÞ-

1î
-o/Í)

(2-130)

(2-L3t)

(2-L32)

p
-11 -

p
vA

0

-233 ^3vZÏ4F Ãæ
Combini:rg equations (2-128) and (2-131), they obtain

0,.= s l'-w 4l)mea L e J

q=# [,-i #1
0n eonparing equation (2-]-32) with the Lamb formura, equation

(2-39)e one sees that the magnetic screening of the nueleus by the elec-

trons is redueed in all directions by the application of a uni.forrn elec-

trie fie1d, the reduction being greatest when the rnagnetie field is
perpendicular to the electric fieId" lhis lowering of the sereening

constant is only partly due to the pararnagneti.c termo for the diarnagnetie

Lamb term is also reduced" this eonesponds to the partial removal of

f ,0.# v#) b dr

The paramagentic contribution, oip, is then eva¡:ated. from the

second terrn in the expression for $ equation (2-4?)" Si¡rce the com-
\-7 

^
ponent of r x]' in the direction of H is^* , the correspondÍng partov
of the seeondar.¡r nagnetic field is

(2-t"9)

which on substitution becornes

-1" - eh
H-"2 - 2rreNi
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electrons from the vicinity of the nueLeus by the electrie field and

the consequent reduetlon of the mean valu" of I,

Buckingham (lJ) extended the theory to tr," situation l¡here the

resonant nucleus is not at the molecular centre of i-nversionn He argues

that under these eircumstances the screening for a fixed orientation of
the moleeule rnay be affected by a r€versal of E"o so that in weak

eleetric fields o may be proporti-onaI Lo E^ rather +,hartErz" rf E" is
a fixed external fi-eldo the shielding proportional to E, averages to
zero in a gas or a liquid, but if Ez arises from a polar group from

within the rnoleeule itself, or from neighbouring soLvent molecules

polarized by the solute, then the mean varue of E^ at a particular nue_

leus rnay be non-zeron A shielding constant proportionar to E_ as r¡e1l
_2 - z

as !,, isu thereforeu possible"

ïn the presenee of a prinrary *niforrn magnetic field so there
r.rjrl be at a partieular nueleus an induced second.ary field $ and the

screenÍ:rg constant tensor oo' for this nucleus is d.efined by
1

H 0- = oog'E (2-L33)

A unifortn electric field E wllI perturb the electron distrlbutionu
a¡ld thereforeu oarp ffi be a funetion of E" Bucki.regham supposes that oou

is affeeted i"n such a way that it ean be e4panded in a por¡rer series j¡r E
(o) (1) . (2\nop = oop' ' + oopy'-' u, * å "ogìã' ,, Eo t"." (z-ti4)

rf the morecul-e is syranetric in x (that isu if ooß i" unaffeeted by an

inversion in the yz plane), then 
"ÍËì= 

0u that is o rriJ*l not d,epend.
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on the direetion of E with respect to the yZ plane (see reference J6)"
l'l I

Thus o''-' = 0 for an atom in a molecule which Ís qrmnetric about the

Z axis (an X-H bond is usually approximately gzrunetric about the bond.

direction) 
"

The observed sereening eonstant o for a nolecule in a gas or

liquid eorresponds to a.n averege of oq,g over all orientations and henee

./-\ I _I | ^ (o) (1) I \ .

\o,2AV = 3 oqo = j t 
ooo'-' * oosy'-' u, * ä o*yo Ey tu * ",,1 (z-Ii5)

Buekingharn then considers an atom in an s state (spheriearly

s¡nmretricu andu therefore o(1) - o) in order to apply equation (z-r35)

to the equation of Marshal]- and pople, equation (Z-13Ð, For an atom

in an s state in a r¡nifor¡r erectri-e field in the z d.ireetion, there

t¡"j-l-I be two i-ndependent o(t) ,*rr"or components" Equation (2-]]74)

gr-\¡es

Çzz = o(o) o tz orrrrErz + ",,
and

oro. = oJry = o(o)* t oorrTr? ,n,

r¡henee from equation (2-L3Z)

^(o) - uZ
L'-

jimc a

_(2) (2) _ 9ieoàrLr= o1I''= Ã
and

*¿"
(2\

The of' ' tensor may be

a3

-,mc

(a=:-36)

(2-L37)

386
Æ

4

L
mc

generalized to
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._(2) = ^,(2)" 
. L, (Zt t2\

,sÊyô - v_L uoporu * ä (oì;' - or'-')(ôay u'u u ôoo ôgr) (z-L3a)

ruhere ôo,, is the substitution tensor (= 1if c = go = 0 if G,/ p)"

rn an axially grnrunetric x - H bond there is no screeni:rg pro-

porLÍ-onal to the first po$rer of the field at right angles to the bond

(synroretry demands that sereening be i:rdependsnt of the direction of E

n'ith respect to Lhe XZ or YZ plane). Thusu rÍt'ì = "f}J = O. But,

these wiLL be eomponent" of o(1) for fields parallel to the z axis and

on rotational avereging one obtains from equation (2-L3Ð the two in-
d.ependent o(1) r"rr"o*"

4* = o(t)

and

Thus

rrrhere

and

_ ^(1)-vr o

(2-L39)

(2-1þo)

(2-L4l-)

(z-lLt2)

^ (1)
oyw

due to rotational averaging,

Buekíngham then eonsiders a model in which a h¡nlrogen atom is at

a distance R from a point ehange À" In the presence of a unifoi:rn electric

field $, the tota] electric field F acti.:ng on the atom is

o = o(o) * o(1)r" *l o?)nz*

o(o) = å iorr.(o) * er, (o))

o(1) = å ,orrtt' * zor (r) i

E- {t*,t",ør+(àrJ (2-L43)
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From equation (2-Il4) the screening constant is

o = n (o)oo (t)o Ict9 cLtJ &pT - y * ã oogruFr Fu +" " (2'L41+)

o(Ðoto* this nodel (that is, for a h¡nlrogen aton). sr¡bstituting

equation (2-L3B) into equation (2_144) thuso gives
(o) a ( (2\

oop = ooà"n ä t",')u*Furu 
FrFa n t Gr:')_ or(tl(ôorôFo* ôooôp.,lnrru)

)
^(o), L r _ G)^ ,.2, 1,_ Q) ^ (2),,^= oio'* ã I o.l'-'ôopF- * ä (o', '- or ' ) (6oyôpuu òooôBr)artu) G-L:+S)t - rÀp t- ¿¿ ¿ . . -q'Y -pò ' -û,6-pT, Y 

7
Sr,¡bsti-tuti:rg for or(2) 

"rrd o11(2) ,ro, equatJ-on (z-Ll]?) gives

_*(o) 1 a3 ( 386.oop = not"'o ä æ I - 
-iti oopr' .b ,ffi> (ôoyô¡iro n ôooôpr)rrrul eJ+6)

)
Si-nce the average value of cr consists on]-y of components ¡¡here o. = Fs

eqri,ation.ì (2-346) become s

^? ìñ^ ,2r2oqp= æ, - % ;r Q-u,?)

on substitution for oou(o) .rrd ehoosing o ç F and. y = 6"

Because of the form of Ea eeu¿tion (2-1.4l) leads to screeni-rrs

proporti.onal- to E" and EZu and it can be shown that

orr(t) = 5 orr(z)
R-luand (2-rt+8)

c(1) À ^ (2)ii- = F 
o'J_

Thusu equation (Z-L40) becomes

o = n(o) o o(t) u, **, nG) u' 4 ø." (z-Llro)
rn¡hefe
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o(o)=å (orÍo) +zot(o)¡= +
Jme e

o(1) = å t"ÍT)n. zor(r)t = * 5 cor{z) u zor(2)) = -ffi b I G-Lt+s)! ) R" 
-rr

and

o(2) =å t"J" * zrt(z)¡ = -ffi \ +Hme

Bucki-ngham ehooses the parameters À = 10-10 ê6souo and R = 1O-8

ctrnou whence equation (2-1&0) becomes

o = zx ro-5 - z xto-12 Ez - ro-18 82.", (2-r50)

This may be re*¡ritten

o = zx ]-0-5 - ? xto-lzs cos g - 10-18 ,o2""" (2-151)

where 0 is the angle betr^reen the field and the x-H bond. axisn

'l'ihen a polar molecule ís dissolved i-t polarizes the sumor:nd.ing

mediumr and this polarizaLion leads to an electric field. - the rrreaetion

field" - at the solute. If the molecrrle is suffiei-ent1y s¡mmetrical

the mean reactÍon field is parallel and proportional to the dipolê ilo-

mento The total dipole moment is given by

(2-L52)

where Í! i" the permanent dipole moment of the iso].ated solute moleeu1e,

ei is the polarizability of the solute moleeule and R is the reaction

field"

Many attempts have been made to evaluate the reaction field. of
a dipole, The must useful rnodel (3Ð " the Onsager mod.el, represents

the nrolecul-e as a çhere of a certain rad.ius a, with a point dipole

moment # "t the centre and represents the medium as a eontinuum of
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unifonn dielectrie constant ( " Basleal].yn the method eonsists of

calculati¡rg the work done in transferying an lsolatedu polaro spheri-

caI molecuJ.e to a spherieal cavity i:r the continumu

The reaetion fierd, as carcrrlated by onsagerts model, is girren

by

&- # i e-153)
et

the polarizabiJity of a spheree as given by the clausius - Þlossotti

equationu is 2

0,= # a3 G-Lg+)n'+2
r^¡here n ís the refractive i:ndex of the solute for the Na - D 1i¡e" Hence

, t€ 'ì\ ;!!+oa&=ffi T Q-r55)

TOn -1

SoJ.virrg for R and sÍmplifying gives

& = 2(:-1\(!2-1\ L
3G € o rrT- -0 (2']-56)

For most solutes n+--1.5 and hence the e:cpression reduees to

(2-L57)

Substituting this expression i¡rto equation (Z-:-!L) gives

oE = -2x10-12 t{##Ð] (pcos e/o) - 10-18[r++* 
rf,' ,4,

(2_rfr)
where 0 is the angle betu¡een the direeti-on of ¡{ and the d.irection of

the X-H bond' idhen eos 0 is positiveo i¡rereasi¡g the dielectrie constant
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of the solvent wi-Ll tend to sirift the proton sÍ-gnals from polar mole-

cules to lower fields.

Buckinghan (35) tested equation (2-1JB) by applying it to a

5025A eyclohexane - nj-trobenzene mjJrLureó The calculated shifts for

the orthou meta and para protons of nitrobenzene were j¡c verlr good

qualitative agreement with the e4porimenta1 resultso The rnodel was then

applied to di- and trisubstituted benzenes i" CCh r,rith similar good

agreement.
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c- THE EFFECTS OFÌISPERSION INTERACTIONS - chf

For non-poLar solvents of the t¡rye gener¡'lly used l:r N.MuR*e

the van der i,{aals attraction forces are generally attributéd. to tr,¡o

t¡pes of long range j¡rteractj-ons:

(1) interactlons bet¡¡een perrnanont (solute) and i¡rdueed-

dipoles (índuction effect); and

(2) interactions ari.sing form the mutual polarization of elee-

tron clouds of neighbouring atoms or moleeuJ-es (dispersion

effect) "

The dis¡rersion effect is, by farn the most importa¡rt constituent

of the van der VJaals interaction. It generally outweighs the inducti-on

effectu and is i.h the absence of permanent dipoles the sole eontribu-

tion to the total attractive force,

The induction effect has already been treated i¡r this thesis

in seetion F of this chapter" Exlgressíons for the effect of the dis-

persion interaetion on the ehemical shift, arose ehiefly due to the work

of Li:nder, Howard and Dnerson (38139).

Lj¡rder et" al. atterept to exbend the Onsager modeL to non-polar

molecules by treating the ¿e¡-polar molecules as oseillating dipoles"

rf placed at the eentre of an Onsager cavity this oscillating d.ipole

sets up an oscj.Llating electrie field v¡tr-1ch induces oscillati-ng dipoles

i¡ the sr¡nounding medium" The i¡rduced oscillating dipoles in turn set

up oseillating electric fields r,rhich i¡teract ¡,rith the oscillati.ng di-
pole at the centre of the Onsager cavity. Li:cder approaches the
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problem by consideri.:eg this interactiono

If %t represents the transition probability from the oth
.thfo tne K steïe

where þ o

kth state,

the medium

40) is t
k (Er - 

'o)" - 
(hv )2

lqnl (Ek - Eo)
(2-160)

The asterisk serves to indieate that the polarizability is not static.

The rteentrerr molecu]-e is assumed to have a moment M rrith a

frequeney of oscillation u i= denoted U ( yi). This moment gives

ri-se to an erectrie field at a distance rk from the eentre, which may

be written (þ1)

E¡ = (3 M (t/i) . rk / 4) & - ( 14 (u i) I "fl

(
l{or= I þo'r Öuar G-r5g)

/
and@ k are the r¡ave firnctions describing the oth and the

respectively, then the polarizabi1ity of the moleeuJ-es in

surrounding the 0nsager cavity (see for example. referenee

"f2
3

(2^L6r)

This field wi]-t fluctuate w'ith the sarne fregueney as v (v i) and in-

duce a moment in each molecule of which the dielectric ( sumor:nding

nedium around the 0nsager cavity) is composedo
+L

For the k"" moleeu]-e the moment is
*lk=% q. G-r62)

If all the molecules of the dielectric medium have the sa¡re fre-
quency, say l/*, then the induced moment of the kth molecr:J.e isr _.2T u:, -l-sr=o'j+lffi i cz-L63)L*, j _ v i ))
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where

oi= 3lqnlt l@u-Eo)

Each momerrt ryå. gives rise to a fierd Ð| "t the centre of the Onsager

cavity, which can be represented by

-1 f ,3* rE*.rr. q.- I 2

Pr.=1(',{- k) ru-.HLlf *f lt, I-K L "I "í ') " Lufr?))
The resultant flelu L gl i" the anarogue of the reaction field. of a

k
static dipole and is denoted by the symbor R*, rf utèO the frequeney

drops out and. the resurtant fiero [g] f z., = 0) is simply the reaction
k++

field of a statie dipole moment U (U: = 0):

R=t-1- k i (y. =o) =Bj yTi=o)
r,¡here from equation (2-153)

*= f ,{s-pl (+)
Jz € *r)J 'a)'

Comparison of equations (2-16Ð and (2_166) gives

(2-r6t+)

(2-l"65)

(2-r66)

Q-r67)

(2-168)d = *, U (/i.)
l-zlI U¡ 

I

I ru1- r? > IL)
The work obtained in bringing a sphere inside the d.ielectric is obtained

by coupli-ng g(yj) rith Ro and is

(2-169)

2
oro if Tr-(vi) is replaeed by the average square of the dipole moment
(arhich is a funetion of /¡ )

,ir=-l*zvr)*j l&]
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2

,,,r=-l (*'<rr))uo sj l#.)¿rui-v? )_)

However, equation (Z-lZ0) is reaIly an oversimplification of the

true situation beeause in the solution the molecules perturb each other

sufficiently so as to give rise to a range of frequencies, even though

the nroleeules nay aLL have the sarne frequency in enpty Elaceo Thus the

uniquely defi¡red frequeneies ì/, and U, should be replaeed by a dis-

tributi-on of frequencj-es (even though the average frequency nay be close

to the natural frequency of a si:rgle osclllator)" Thus equation (2-110)

is rewritten
-ffI ll ^w=-, JJ 

pei)p(r¡i (uzrzr)) *rrl#Ã)d,u.dv
l L'-

(2-L7r)

where P ( V,) ana p ( V j) are the distribution fi:nctions of the fre-

quencies of the tteentiìert sphere and the dielectrie medium, this formula

is not applicable r¡hen Uí= l/r, but the probability that this ¡¡111

oceur is snalI,

The nature of eqriation (2-171) is such that it exhibit,srcomplete

reciproeaIcharacterforthereisatermG,rz,))ou-'|h]

forevery Lermra F 2 
-L\vi-vl)

(,r,t (r¡))uu rrfu)
and vice versao

For the ground state of a quantrm mechaÍriea1 osci-ll¿1p¡

(*tt u r)) au=?.h u ioi e-rzz)

(2-L70)



rrhere h is Planck¡s const¿nt, substituti-ng equatíon (Z-Ll2) into eqru-

tion (2-171) gives

2

w = - ? h ff pe ì pe ì/i oi Bj l!i, -,-}d,v.d,t, j (z-t?i)t+ JJ . ¿ t r. r_ a -J Wrml*"t
which due to the reciproe¿l nature described aboveu may be written as

3- ff . tt/;U; -1
ÏI = - á n 

/ I p(u i) P (u ) si Bi l .g. I dy i du . (z-t?t+)- JJ' r L'L(ui+uì) -L J

In the limit of infinite dilution when a solute molecule is sur-

rounded only by solvent nolecules, equation (Z-L?4) beeomes (39)

w=-i hoEfYt': -l 
G-L?5)ö "l(v t +u 2))

1 .t --z'.. l- v L Ivt=-E \r,,z2r lryy
(2-L76)

t¡here 1 and 2 refer to solvent and solute respectivery and, U is a mean

absorption frequency, The radius of the solute moleculeo aro should be

used in the expression for g (equation (Z-L6Z))"

Linder consj-ders the previ-ous1y described treatÆent of Marshall

and Pop1e' whieh is for a static electric field E" The potential enerry

of a non-poIar moì-ecule in a statie field E is

.E
lrf = -l; o,rEd r=-t, 2

a¿!

Combining equations {2'LZ6) and (2-Il?) gives for the

electric field acting on the molecule r¡hich l¡ould sive

energy

(2-L77)

equivalent statie

the same free
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¿
11g

and si-nce

(2-]t78)

(2-L72)

(2-r.79)

showed that

(2-180)

equation (2-15LÐ showed

(2-181)

(2-r82)

(tt')¿o = /nv o.

Linder gets

E2= ? n"f?v' l+ - 
L, Yr +vÐ)

ltlarshal I and pople ( see equatíon (Z-I3Z)

or= Qvz

r¡here for a bound hydrogen atom Buckirrgham (see

th¿t

Q=-1 x1o-12 "2 ""s.u"-1p"p,m.
Combi.:ai.:rg eqr:ations (?-IZ9) and (2-180) gives

tu=f; onu |,ffi)

(*,2)o= (qÉ) x

/1 and u z *y be calculated if the bulk diamagnetie suscep-

tibiJ-ities, xo of the soh¡ent a¡rd solute are loror^nn" rt nray be shom

(t+2.) that

(2-L83)

where N is Avagadrors number and the other terms are as previously de*

fined and hence by the use of equations (z-]:}Ð and, (z-llz), l/ may be

calculated"

linder et al (18) tested equation (Z-LBZ) by plottÍ.:rg correeted

e:çerÍ:nental gas to solvent shifts agai.nst the square of the effecti-ve

dispersion field for rnethane and cyclopentane in various solvents" A

rgùgþ linear eomelation'hras observedn the deviati-ons being greatest for
highest values of 82"



CHAPTtsR III

- Specific l{olecular Interaetions -
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A- I[TR0!UCTI0N*

1o The A.rornatåc Solvent Induced Shift

Due to the large anisotropy i:r the susceptibÍJity of benzene

(see Chapter II), protons situated near the s¡rmraetry axis of the benzene

ring resonate at higher fieJ.ds than ordi-nary ethylenie protonsu Thus

the resonance positions of the various t¡pes of protons of any particular

eompound, when that compound is dissolved j¡r benzene, will usually appear

to high field of the resonanee positions of the same protons r¡hen the

compound is dissolved in an 'rinert't, non-anisotropie solvent such as

cyclohexane or neopentaneo Th-is upfield shift caused by the benzene

solvent is lonovnn as the rraromatic solvent j¡rdueed shifttr, abbreviated

.A.SIS" The ASIS is often referred. to asAô or just A.

?" The 1:1 Cor¡clex

]¡Jhen an internal referørce is used one would expeet no net ÂSIS

because the resonanee position of the reference shouLd erçerienee the

same ASIS as the solute protons, IÌowever, for certain t¡ges of eompor:nds

even when an i-nternal reference is usedn a net ASIS is observed" Sch-

neider and Sehaefer (44r4J) were the first to present an erçlanation for

this phenomenono -t'Iith respect to the ASIS of aeetonitriileu Sehneider

f,'f¡Ote:

* See reference 4J from t¡hich most of Chapter fII fjnds its substanceo
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rrThe most probable erçlanation of this is one which involves an i-nduced

dipole interaction with the benzene. Acetoni_trile has a large dipole

momentu the negative end of r¿hich is concentrated mainly i¡ the N ato¡n.

This r¡¡'il1 be repelled by the n - electron distribution of the benzene

and will tend to be off the ring" since benzene has a large polariza_

bility in the prane of the ring, a dipole is induced (as is shor¿n in
Figure 6 of this thesis) and the resultÍ-::g attraction wil1 tend to Io-
eate t'he cH, Eroup of the acetonitrile over the aromatic ring"

Fi-gure ó: rnteraction of Acetonitrile with the Benzene
n Electrons.

In this orientation the ring current effect ?ü:iLL then eause a pronouneed

high-field sllift of the acetonitrile proton resonanc€o Now if there were

no specifie interaction betr^reen benzene and aeetonitrile involving pre-

ferred nutual orientations of these molecrrless i"€" if we had eomplete

randonization of this system, both the acetonltrile and the referenee
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neopentane moleeulês would experience the same environment due to the

solvent benzene" 1o a first approximation both should be affected. i-r¡

the same r,ray by the magnetie anisotropy of the benzene solventn The

observed high-field shift of the acetonitrile leads us to eonelude theye

is a preferred mutual interaction between benzene and aeetonitrile,rr

The net ASrs is then eEplained in terrns of equation (3-1) (see

equation (2-1))

.. ,benzene . ,neooentane. 
^o tsolution) - ô( soiution ) = A6=ô¿n 

\.1 +ôE+ôc (3-f)

Here ôU is the shift due to the magnetic anisotropy effects of the ben-

zene solventu &tnl i" the shift arising frorn the different van der InIaaIs

j-nteraction of the solute ¡rith neopentane and with benzene, ôu is the

shi-ft due to the difference in the reaction field effeets associated

røith the two solvents and ôn is the shift due to specific morecular

interaction or complex fo*]tion j-n the benzene solution. Sehneid.er

assunes terms lrl *d ôu are srnall andu therefore, neglects them" rf
ô^ = 0 then ô^ = 0 for reasons e4plained above. rf ôô f o, thenre.å.-_

OO I O and the quantity measured. is then A O = 6A + ôC" ôa is genera}ly

negativeo and since for acetonitrile in benzen. AO is a large positÍ-ve

quantity, ð^ )> ôc' rn other words smarl proton chemicar shifts ofa ./t

solute molecuf-es resulting from specific eomplex formation w-ith benzene

molecules are effectively "amplifiedr because of the large rnagnetie

anisotropy of the solvent molocules.

rn three studiesKlinek and stothers (46-ÄE) have produced

sbrong evidence that the benzene solvent molecule acts as an electron

donor to an electron deficient region in the solute molecule, In their
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study of parasubstituted benzaldehyd.esu for exampleu they find that the
parent' grouping exlperiences an j¡ereased shieldi-ng as the electronic

charaeter of the substituent is changed progressivery fron a strongly
electron-releaslng t¡npe to a strongly electron-w-ithdrar,ring species"

In addition, those substituents bearing protons show the expected trend.

in that the shi-elding decreases as the eleetron releasÍ"ng por.rer dirnin-

ishes, They attribute this to the fact that strong electron-withdrawing

substituents aid assoeiation at the earbon bearing the formyr proton

sinee this carbon r.rould be expected to be slightly positive, At the

other limit' strong electron-donati.rng substituents wou1d. be slightly
positive and thus would attract the solvent molecule preferentially,

Rona¡me and -triirliams (49) upon studying the r,srs for certain
steroids eoncluded that"the plane of the aromatie ring is steeply inclir¡ed.

with respect to the plane of the steroi.d moIecule" rn th-ts way the

region of high n - electron density in the benzene can j¡rteract with
the electron - deficient site r.rith a mi-rrinur¿ of steric i.nterferenceu

In the saÌne paper, from a consideration of the chemieal shifts of the
r¡arious protons of 1 - i-oò]:utane, they coneluded that although the

û. - cHz would prouide the maj¡ site for the solvation in terms of the
above hypothesise one would also e:rpect some solvation at more di_stant

sites whieh r¡ou1d also beerectron defieient. They thus postuLate an

association at each eleetron-defieient site ln a polyfirnctj-onal compound.,

that is' 1ocal dipole - irrduced. dipole interactionsu They supporb their
argument by refe$ing to the large .A,S[S experieneed by parabenzoquinone,
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Âlthough the total net dipole for this compound is zeîo, there r,ril1 be

loca^L dipoles at eaeh carbonyl group and the benzene solvent molecule.

is pietured as fornri¡rg a 1:1 complex at eaeh of these positions, They

also support their argr:nent by reference to certai¡r concentration and

temperature studiesu whieh trill be discussed later j¡r this ehapter" I^Iith

respeet to aromatie compounds they conclude that the coneept of stai-

chiometrXr becomes now less meani:rgfirl because a partial positive charge

may be extensively delocalized"

3" Sterie Effects

To test the existence of a J.:1 eomplex betrnieen a polar solute and

an arom¿,tic solvent it has been proposed by several authors that hi.:adrance

of this association by sterie congestions of either member of the pair

would be e:çected to lead to decreased solvent shifts.

Diehl (J0) established that there is a reduction i:r the magnitude

of the ASIS of about "/ upon the ring protons meta or para to the sub-

stituent, i.n mesitylenes and durenesu compared ruith the monosubstituted

benzenes"

Wi3-liams, Rona¡me and liilson (51) uihile considering non-polar

solutes postulated that if the proton being studied i-s sterically hin-

dered in eomparison to the non-hindered T"M,S. protons, then the T"l4.S"

resonanee shouLd experience a higher ASIS than the solute proton resonanceo

This should ].ead to a net doi.mfield solvent shift, Thi-s was indeed

for:nd to be so; benzene e4perienced a positive A on passing from
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c6]l]:z to c5D5 as solvent whereas p - xyleneu mesitylene, Iu4-di-t-
butylbenzene and Lr3u 5n-Lri-t-butylbenzene aLL experienced a negative

A u th. magnitud.e of which increased. as the storie hj¡rd.rance of the

solute i¡rcreased"

The general approach to the investigation of sterie effects has

been to use pol¡rmethylsubst'ituted benzenes as solvents. Hatton and

Richards (JZ) noted that the ASTS of the nethyl resonanees of dfunethyl

formami.de generally decreased with increasi¡g morar volume of the

sorvent (benzene, toluene, p-xylenen t-butylbenzene and rnesitylene).

Bro'¡rn and Stark (Jl) noted a decrease in the Á,SIS for the orsan-

ometallic compounds they studiedu Í-n the order

benzene \ tolur \
/ 3ne ) mesitylene

Laszlo (þ3) elailps that the steric interpretation isu i-n faetu

erroneous' For exampleu OonnoJ-Ly and MeCri¡dJ.e (9+) fowrd. that although

the gerni-naI methyls of the ketone derived from earyophyllene alcohol

and the gerninal rnethyls of camphor sbrongly hinder the approach of benzene

molecules to the rear of the earbonyl in the formation of a preferred

collision complex, theyn in both casese show appreciable upfield. shifts.
Also the benzene shifts of simple methylcyclohexanones arê almost iden-
tieal to those for much more hi.:edered steroidal ketonesn There ere even

examples where the ASIS is slightly Í-rocreased. r,,rith the donor aptitr:de of
the solvent tor¡ards polar sslutes as are the formyl ,resonances of the
parasubstituted benzaldehyces studi-ed by Klinck and. stothers (u?)" The

author of this thesi-s feers that, Laszlors criticisrn is subject to d.is_
cussi-ono
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4o Coneentration Studies

-

Bow'ie, Rona¡me and I',Iillians (J5) postulated that if a l:1 eon-

plex existedu a plot of A ,t" the nole fraetion of benzene in a¡¡ inert

solvent should yield a straight ]-i¡e" This h¡pothesis was tested by

plotting A fo" the rnethoxyl resonance of p.aitroaniçqlpvs the mole

fracti-on of benzene i:r CC14o A reasonably straight line was obtained.,

at least much more lj-near than tþt obtai¡red i¡ the plot of ¿\ vs the

square of the mole.,fraction.

Rona¡zne and iirliJ-lia,¡ns (49) in support of their h¡ipothesi-s of a

1:1 complex at each polar funetional group state that the d.iJ.ution curve

t¡jJL be independent of the nrrmber of sites of assoeiation provided that

there exists no phase relationship between the various 1:1 associ-ations"

This is because the net dilution curr/e is a superinposrt*ioni of the

diJ-ution eurves for eaeh independent, site.

Kli-nck and stothers (47) in their previously mentioned study of

parasubstituted benzaldeh¡zd.es plotted the ehemieal shifts for the N-

rnethyl and forrnyl protons of p-M[e, - and p-Nor-benzaldehyd.ese respec-

tivelyu in chlorofom - benzene mi:<tures. The curves were approximately

Ii¡rear and para11el" KJ.ilck and Stothers concluded that rtelearly the

causes for these paralIel shifts can be assumed to be sirliJ.arrrn

Foster and ffie (56) developed a teehnique for the dete:gnination

of the association constants of the organi-e charge-transfer eomplexes

by N.M"R' The sane idea can be applied to the benzene complexes now
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under discussion, Given the equ:-libriun

acceptor 4 donor -( -> complex

the association constant is

K = (¿¡)
(A) (n)

(A) =eÂo

(o)= Do-gAo

(AD) = F Ao

(=

ß-2)

nhere (A)u ( O) a¡rd (¿n) are respoctively the concentrations of the

acceptor, the donor and the complexn Now

0-3)

ß-Lr)

ß-5)

0-e7

ß-7)

(3-8)

where a is the fraction of sorute (acceptor) existi-:rg as monomer, p is
the fraction of solute existing as comple*, Âo is the i¡itial solute

monomer concentration and Do is the i¡ritial solvent monomer eoncentration"

thus

i3 Ao

0Ao(Do-ÊAo)

If Do >> Aoo eeuation (3*?) becomes

!= 13

oDo

Thus
i3=K0Do

Now

ð685= sôA+ Êô¿U

where ôOgS i" the obserrred ehemical shift,

(3-ro¡

6. is the chemical shift ofll

-Bq,(Do-gAo)

3-e)
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pure solute monomer and ô4p is the chemical shift of pure eomplex.

Thus

A- ôæs - ôu = (s - 1) ô¿ + Fô¿o

A= ij (ôÅD - u¿)

1ry
and

% = Ii(Ð)

so that

q, = +=,--1+K(D)
rr Do ))u", (n) * Do and

Thus from equations (3-r+¡ and (l-1g) it folrows that

A K DoAo
_=::

!+itlJ
o

Thus

Henee if a eonrplex of l:l stoiehiometry existsu a plot of + agalnst,
rA

]{_ should give a straight line from which K ean be caleu.Lated., Fort/\o

(:-u¡

ß-tz¡

(3-r3¡

3-tt+¡

Tf

then

Idow

Ao = ô¿o - 6¿

A=crKDoAo

l¡ )ù= ffihrÐ- =

111

-J-
A 

^ 
vA4 4o ^r toDo

G-T5)

1fi- 1+KD
o

ß-r"e¡

c-L?)

(:-ra¡

(3-1e)

ß-20)
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(57) pointed outu however, that the reverse of the statement is not nee-

essarily true; a linear relationship is not a proof of eomplex fornrationo

This technique was used by Laszlo and i,'filliams (58) in a study of

5 A - a,trdrostan -6- oneåú ,toluene solution, A straight li-i:e was obtai¡ed

r¡hieh gave an apparent equiÌibrium eonstant K = 0"20 t4-1 at 33oC, in

fair agreement with the results of an alternative temperature method

(see nerb section of thís thesis),

T¡rrrel1 (59)' in his investigation of complex formati-on between

propargyl ehl-oride and benzene, useid an equivalent approaeh to d.orive

an equilibrium eonstant of K = 1"01 + O,OZ M-I f"o* the nethylene pro-

ton and K = 0,96 + 0"06 luf-l fron an Índependent consideration of the

ethynyl proton.

5. Tempeqaturg Studies

The basic model presented for the 1:1 complex is

solute + solvent+ eomplex ß-2t)
The prediction ean therefore be madeu to test the quality of this nrodel,

that by lowering the ternperature the equilibriu¡r (3-2I) roorrld be shifted

to the right and the ASIS resultin¿ç from eomplex forrnation r¡ouId be en-

h.anced. In addition, the temperature variation for the equiJibriu¡r eon-

stant K for the equilibrium (3-zL) r.¡ould permit an evaluation of the

enthalpy of formation of the eomplex.

Before testing this idea it was necessary to shoi¡ that variations
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w-ith t,enperature v¡ere not an j¡rtrarnoleeular effect" Laszlo (41) demon-

strates this to be so by presenti.:ng the variation with tenperature of the

chernical shifts of the 8-14e, 9-Me and 10-Me groups of camphor in toluene

solution and iJr carbon disulfide solution. The variation of the 8-Me and

9-l{e resonance position in toluene solution is positive i¡hile i¡ earbon

disulfide solution it is negative. The resonance posj.tion of the lO-lvle

is approximately constant in both" Thus solvent effects are i:nplied"

the actual inerease in A with i:rerease i-n temperature has been

observed i:l many i-r¡stances. For exampleu Kainck and Stothers (4f) in
their study of parasr:bstituted benzaldeh¡nies noted an increase in A
with decrease in temperature for the fornyl proton when the parasub-

stituent rvas electron releasing (the example considered was p-Nu N-

dimethylbenzaldehyde)" Howevern the A value for the arninomethyl groups

for the latter compound changed with temperature in approxi:natery the

sÉrme rtray as the formyl shifts of the other compounds"

For the calculation of thermodSmamic parameters on the basis of

an assumed 1:1 complex, Abraham (60) has suggested the folIor,¡"ing method"

If, indiJ-ute solution, a fraction p of the solute is in the conplex form,

then E A^ A"u:aer¡ ¡l = 1fr = t"P (#È) exp (- Ë=)
¡rhere A S i" the entropï of foymation, A U is the enthalpy

and R is the universal gas constant. The fraetion of solute

complexeds pe is given at any temperature (t) ty
òt-ôop= ã"--%

vrhere ô, is the observed chemj-eal shift at temperature t, ôo

ß-22)

of fosnation

molecules

ß^23)

is the
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chemical shift of the uncomplexed solute and ò^ is the chemical shift

of the pure complex.

If the position of the resonance in an rrinertrt solvent is taken

to be ô^n æd this arbitrarÍJy taken as zero, then equatíon (3-23)o-

becomes 
ôt

p = % ß-24)

Estimates of ô^ ean be made by measuri-ng ö. as a funetion of temperature

and extrapolating to 0oK" At this point alJ- of the solute molecules are

ass,umed to be conplexed so that ôt = o = 6o, Henceu K m¿y be caleulated

and then A H tny be calculated from the slope of a plot of 1og K agailst
1
mø

Fo rt (5Ð, for exampleu applied this technique in his study of the

system t-butylbrorride - chlorobenzeneo A very good straight line for

ô, as a function of T was obtej-ned"

Laszlo and.'lrliJ-liams (58) al.so applied this technique to their

previously mentioned study of J a-androstan -11- s¡s" Flom the ôt vs T

study of the 12 s -H and 1 Ê -H, for exampleu preeisely parallel plots
1of log K vs fr rnrere obtained, giving the same value for Ail = -0"65 +

O"lJ kcalo por mole,

Sueh extrapolations of ôa to 0-K may be of doubtful validity,

hololevorn for recent rn'ork in this laboratory shows that some of these 6a

vso T plots are definitely curvedu espeeially at lower temperaturos.

Rona¡me and 't.üiJ-liams (4t), i:: support of the local dipole - induced

dipole hy¡pothesis, eonsider the case where several sites of solvation

are importent" They argue that a given proton may be shielded by benzene
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moleeì¡les which are complexed at different sites and the variation of this

shielding from one of these solvent moleeules with tenperature nray di-ffer

with the yariation from the other solvent molecules" A sinl1Iar argument

holds for other protons in the solute so that the net result is that

different protons T,rithjn a polyfuncti-onal molecul.e should give different

values for the varj.ation of K lrith temperature and hence different

values for An" This is preeisely the situation fou¡d by Klinck and

Stothers (þ8) for their parasubstituted benzaldeh¡nles; for example,

- AU (kca1 per mole) for collision-eomplex formation of p-nitrc"b,en-

zaldehyde is 0"/& + 0,06u 0,69 g 0"01+ and 0"59 ! 0"03e from data for the

forrnyl and ortho- and meta- protonsu respectively"

An interesting poi:rt that arose Som the determination of these

equilibrium constants was the fact that r¡hen one goes from benzene to

polynethylsubsbituted benzenes as tho aromatic solvent, the equi-Librium

constant in general increased, in direct contrast to the fact thet the

ASIS j¡r general decreased" ÎÌris fact is attributed to the i.:ncreasod

donor force of the rnethyl-substituted arornatic compound"
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B- CORRF"I,.A.TIONS

1o Correlations_ ¡iith The Solute Dipole Monent

rf the eoncept of a dipole-induced dipole complex is correetn

t'he ASfS should i¡rerease as the dipole moment of the solute iJ¡ereases,

This is indeed for:nd to be so i¡ lnanf, cåseso

schneider (4J) tested the hypothesis by protting the ASrs for
polar solutes of the trpe cHrx against S, *rr""" F i" the sorute di-
pole moment and V is the molar volume of the soluten The dipole moment

r.¡as divided by the molar volume to allow for varyi-:ng distances betr¡een

the centres of gravS.ty of the solute and of the benzene morecule, A

fairly linear correlation rtras observed with the notable exception of

chloroform, due to hydrogen bondlng with the aromatie n eleetrons"

Bowiee Rona¡me and williams (55) obtained a fairly linear plot
between the solvent shift for the methox¡r} resonance of p - x" c5H4 "

o Me (x = NO2r COlfeu CH0, Br9 slfe, H, Meo o%o NHro NMer) and the di-
pole moment of the eompound"

Brown and Stark (53) achieved similar success with the ASIS of

the organometallic compounds they studied and have actua1-ly presented.

thi-s teehnique as a method of deterrnining dipole moments.

Diehl- (J0) has suceessfully correlated the ASrs at the meta

position of substituted benzenes r.¡ith the substituent dipole moment.

2n AdditirTity
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An i¡rteresting property of the ASIS is the rernarkable additivity
qrhich is exhibited in many caseso WjLliams (49) and other workers have

observed this addítivity in the ASIS of steroids, A typical exanple

is iLlustrated i.n Figure /.

A H(le). Ê.. - Echloroform 'benzene

- *0.1ó p.p.m.
A H(18)' *0'06 p.p.m.

A Hllrt -
a H(l8r -

- 0'14 p.p.m.
+ 0'll p.p.m.

A Ht19) . + 0'02 p.p.m.
A H(18) - + 0.17 p.p.m.

(sII)

Figure 7: The additivity of the ASIS of Steroids"

ivlurrell and Gil- (61) also observed this phenonenon i¡¡ the ASIS

of the cycrazines they studiedu as is shown in Figure g.



Observcd A

lft¡r.ro +0,r3

Çn" -o.os

fôt*\l*

Figure 8: Observed and calculated 
'alues for the

ASIS of the tyelazj:res.

Laszlo and soonge J1"" (62) e*ended the vrork of Mu*el1 and Gir to
substituted pyridines and eycrazines w.ith a sj:uilar sor,c of sücc€sse

Diehl (50163) has also reported. upon the additivity of solvent

effects for substituted benzenes, The total ÂSIS at a eertaj¡ position
of a substituted benzene is simply the sum of the individual ASrs re-
lative to each substituent"

7t+

ö
0.at

0¡t

C¡tculated

tA.o.r
ñ\-40¡-N-

0s
r,A\ìots
"v"

o{ó

ö""

+0.03
o.so - 0.05

_ 0,t4

0"'.
+0.02
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C- CONCLUSIONS

The model of the 1:1 conplex has been presented i¡r this chapter

along with several pieces of evidenee presented by various workers

in its support" However, there are at present several arguments

agai.:rst the 1:1 complex,

The idea of a dipole-induced dipole type of association has been

disputed by Laszlo and soonge Jr" (62) who carried out the previously

mentioned study of the .LSIS of various eyclazines. The faet that these

compounds showed. a defj¡rite ÀSIS appeared to Laszlo to be trincompatiblo

t'¡ith the hypothesis of a dipole-indueed dipole complextt for 'tloea]

dipoles cannot be defined for the moleer:les of the present study'r"

Laszlo (4J) presents the followi.rng argument agaÍnst the 1:1

complex: rrlt is knor¡n thatu in the liquid phaseu the ti-rne a molecule

çends in a given orientation, between tr¡¡o colli-sions, is of the order

or to-10 - IO-useeoo end. this i-s the true ¡ni¡imum duration for any

complex" The M{R measurement is much slor^¡er and, for separals rrfyssr

and lreomplexedrr resonances to be present in a spectrumu the lifetime of

the eomplex has to be ronger than the reciprocal of their frequency

difference' rn the examples rr¡e have diseussed hereu the ASrs r,¡ere of

the order of 0 * 60 ef s" the reciprocal of this sh,ift fjxes a ljmit of

l0-Zsee" for the obsenration of individ.r:al bands" These have not been

observed. The life time of such an association, between one molecule

of the solute and one molecuJ-e of the solvent, is therefore very sma]lu

certainly much slnal]-er than 19-2"."", and. there is no such thj¡¡E as the

pernånenee of these 1;1 conplexes in solution.rt
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Fort and Li¡drstrorn (64) present the alternative rnodel of t'a

slight strueturj¡g of the solvent about each solute molecuJ.eu a sort

of t'cage constructiont' , An indeterrni¡¡ate nr:rnber of solvent molecul-es

rqoul-d be i¡volved, each rapidly changing plaees w'ith molecules from the

bulk of the solvent,tt The author of this thesis prefers this nodel

over the 1:1 complex model'

Laszlo (43) eoncludes his diseussion rrith:

ItThis modelu if it is too sirnple to aceormt for aL[
the observations (it is probably tl¡at admixing of
a quantum mechanieal term to the sÍmple eleetro-
statie, wiLL provide a correct description), or to
reflect the complexity of the orderi:rg process
taking plaee in the liquid around the polar so1--
ute, has led to predi-etions, rolhich have generallï
been shor,nn to be true, Now it is clearly obsolete"n



CHAPTER TV

- The Nature of the problem -
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A- TTIE NAflAE OF THE PROBLM4

Additivity hes been observed i-n the ÂSIS of certai¡r classes of

compor:nds (l+9,6Luó2) including substituted benzenes (5O'63)u In

certain cases (45'50,53,55) the ASIS can be correlated îÉth the di--

pole moment of the eompound. However, no rnethod, aside from the

emperi-cal rnethod of DiehJ- (50"63) u has ¡ret been proposed to allow the

caleulation of the ASIS of sr¡bstituted benzenes from properties of

their substituents"

Thus the purpose of this investigation is to attenpt to cor-

relate the ASIS of some polyhalosubstituted benzenes ¡'rith some property

of the halogen substituents and fron this correlation to provide a

means of predicting the ASIS of other halobenzenesu "An attenpt to ex-

tend any correlation found to substituents other than halogen wiLL also

be made"



CHAPTER V

- Experimental -
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A- I,TATERIATS

The che¡nicals used were obtaj¡red from the foI-lowing eompanies:-

(1) ¡f¿rieh Chenical Co.e Inc. | (2) Ansul Chemical Company; (3) Col_

umbia Organic chemicalss co.u Tncn; (4) Eastman Organic chemicals;

(5) K & K Laboratori-es Inc,,; (6) ttoch-Light Laboratories, !td" i (Z)

lufathesonu colenan and BelI; (B) i'terck¡ shaqp and Dohne, Ltd"; and.

(9) pierce Chenieal Company" They r¡ere used. without further purifi.ea-

tion, since any li:res due to impurities lrere easiì-y recognized.

1-bromo-J-ehloro-5-iodobenzene r^Ias prepared aceording to the

eight step procedure of Âr¡-lt and Kraig (65) " The procedure was re-
duced to tv¡o steps by starti:eg with an intermediate eompound, 2-ehloro-
ll-bromoanilineu obtaj¡red from the Chemicals procurement Laboratories"
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B- }EASURBT,IENT OF TTE SPECTRA

The samples r¡rere prepared as J mole percent solutions in ben_

zene - d5" ïn a few eesese samples were also prepared as J rnole per_
cent solutions i-n earbon tetrachlorideu and cyclohexaneo A srrarl num_

ber of solutes were not soruble enough in benzen" - d6 to arlow the pre_
paration of a 3 mole pereent solution' rn these eåses a saturated sol-
ution was used" The sampres 

'^rere 
contained in glass tubes of 4 rnm

i¡ner diameter end 5 rn¡n outer diameter" rlost samples, especiarly those
t¡hieh gave rise to r¿ultilinre speetrae hrere degassed on a vacuum linen

The spectra 
'rere 'oêâsnÏêd. 

and calibrated. by period averagÍ.:rg

t'eehniques on e vari-an DA - 60r speetrometer operated in the frequeney-
sereep mode" Tetramethylsilane (nq,s) was used. as an internal refereneeo
The ternperature of the sample, as determlned by an ethyreneglycol cali*
bration graph, was ZB.5oC.



CITAPTER JTT

- Results -
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A- RESÏ]LTS

The results of the measurements are presented j¡ this chapter.

rn Tabl-e r the proton chemical shift(s) (ppm to low field of Tì4s) of

l0 polyhalosubstituted benzenes in c6li.¡.z and in c6Ð6 are given, arong

r^¡ith A".u - = ô^.r. - ö^ .,., " rn Table rr the proton chemical shift(s)"6nrz '6nlrz '6'6
(ppm to 1or¡¡ field of T¡{S) of several other compounds i-r¡ the same two sol-

vents are given, along with Aa-"_^" A discussion of these results
6'T-.2

will be presented in the nerL chapter"
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The values quoted in Tables r and rr were obtained by analysing

the spectra according to the standard nrethods outlined in Appendjx IL
The coupling constants whieh ¡'¡ere al-so obtai¡ed from these analyses are

listed in .å,ppendix I
Many of the speetra consisted merely of a single line or a single

shift position" The non-tri-vial speetra were of several t¡4res, includi:eg:

(1) an AB, such as Lu?uJ-triehlorobenzene i Q) an ABX such as LsZ"4-

trichlorobenzene: (3) an ABC zuch as Zrl-d.iehloroiodobenzene; (k)

an A,BC that approximated very elose to an Á,Bru such as l-ehloro-J-

bromo-J-iodobenzene; (5) an ABXR sueh as 2r4-dibromofluorobenzene; (6)

an I'BCR sueh as 3r4-dichlorofluorobenzene; (Z) spectra which r¡ould be

expeeted to be complex but rshich are rather simpre, zuch as rrzr4o5-

tetrafluorobenzeneu and (8) 
"tt ß*l such as JrJ-dich-lorotoluene, some

of these qpectra are reproduced on the follovring pagese



Figure 9: The eomplete proton spectrum of a J

rnole S solution of lu2rJ-trichloro-

benzene in C6D6."u a typieal AB2

spectrum,
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Ftgure 10¡ The complete proton speetrum of a j

mol.,e fi solution af luãul+-triehloro-

benzene in C6D6"." a t¡pi-cal ABX

spectnm"
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Figure 11; The conplete proton speetrurn of a j
mo1.e /, solution of Zr)-diehloroiodo-

benzene in C5,D5" ". a t¡r¡pi-caI ABC

spectrum.
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A. INTR.ODUCTTON

Before tryi-rcg to correlate the benzene solvent shifts given in

Tables I and II with some property Qr. properties of the solute molecules,

it is first necessary to decide what factors give rise to the benzene

solvent shift" A,ccording to equation (3-1) such a solvent shift may

arise from¡ (1) the shift due to the differoncas in the reaction field

effects in changing the solvent medium from cyelohexane to benzene; (2)

the shift corespondtng to the different van der ltiaals i-nteraction of the

solute with the different solvents; (3) the shift due to the magnetic

anisotropy effects of the benzene solvent and (4) specifie molecular

interactions.

It may easiJy be shov¡n that the shift due to the differences in

the reaeti-on field effects i-s srnall. The dielectric eonstants (69) of

benzene and cyelohexane ave ?.284 (ZOoC) and ?"OZJ (zooC)u respectively"

Srrbstituting these values along r,¡ith reasonable values for pe 0 and q,

into equation (2-1J8) for the reaction field strift shows that the con-

tribution to the solvent shift ari-si-ng from reaction field effects is of

the order of -0"01 ppm,

Several pieces of evidence also suggest that the shift corresponding

to the different van der i¡feals i¡teractlons of the solute with the tr¿o sol-

vents is sr'nall, Homer (/0) calculated the eontributíon to the shieldi-ng

constant of frts arising from diçersion i¡rteraetions, The value for

benzene as solvent differed from the value for cyclohexane as solvent

by onlyl-O;O0J ppunar:.Lasálo, Speert, 0ttl-nger and Reisse (?1) found that
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on changing from CS, to C6rH, as solvents, the chemical shifts of

cyclohexaneu di-t-butylmethane and neopentane only ehanged by around

0'01 pprn, Silce these ere non-polar solutes the differenees in shifts

in passi-ng from one solvent to another n:ay be attributed to the dif-
ferences in dispersj-on interaetions (Ì'rith both the solute and the re-

ference)' Because the ehange i¡ dieleetric constant on passi-ng from

cs, to c5H5 is sj:nilar to the change in dielectric eonstant on passing

fron C5H5 to C6Hr2o one would expect similar results, Hutton, Bock and

Sehaefer (fZ) eoneluded that the solvent dependenee of the Si-F eoupli::g

eonstant in SiF4 arose fron dispersion j-nteraetions" They found that

the magnitude of the coupli-ng eorrelated linearly r^rith the heat of vap-

ouÈization ofr:the:,isoùvent,:ån the same way that Li¡der (39) found that

dispersion firee energies corvelated r"rith heat of vapourization, The

value of the si-F eoupì.ing was the sameo fu c6HlZ and in C6H5o suggesting

that the dispersion interacti.on of the solute with these trn¡o solvents r,¡as

the same"

It is thus evident that the benzene solvent shif', must arise from

the magnetic anisotropy effeet of the benzene solvent v¡hich amplifies the

chernical shift arising from specifi.c rnoleeular interaetions of benzene with

the solutee as r^¡as discussed in Chapter IfI" Such j_nteraetlons of the

solute w'ith cyelohexane as solvent are presumably absent since cyclohexane

i" ni¡eltil 
n

I:n Chapter fIT it ¡¡as pointed out that sterie effects were orri-

dently important i¡r determini.:cg the rnagnitude of the ,ASIS" Á,lso the ASIS



appeared in many eases to corelate with

ït rn¡as thus thought that this l,¡ouJ.d be a

vestigation of the .{SIS of the eompounds

the solute dipole momento

good place to start the i¡l-
given in Table I"

1. Steric Effects

The presence of steric effects is demonstrated i.n Figure 12

r¡¡here the An.*_ ^ values of the 2-protons in l-X-3r¿t_diehlorobenzenes
"6nl.z

plot approximately linearly against the van d.er I,tlaals rad.ius of X. The

sLeric effect seems to be present only for the proton with t¡¡o ortho
substituents, although a somer"¡hat si¡nilar plot is exhibited by the
ó-protons" The values for the 5-pnotons shor,r no sueh correlation (the

charge effect discussed ne>rL raay counteraet the sterie effect of the
more dj.stant neighbours) 

"

2. Charge Effects

Steric effects are not sufficient to explai¡ the solvent shifts
listed in Tables r and rr. Another approach to interpretÍ_ng the mag_

nitudes of these solvent shift isu of eoìrpsee that of rreomplex forrnationrr,

The benzene n-eleetrons form a region of high electron density and this
part of the benzene solvent nolecule will therefore tend to avoid the

electron-rich regions of the solute moleeule (such as the halogen sub_

sti-tuents) u and r;riL1 tend to orientate towards the regions of lornr erectron
density' The exact nature of this çecific i.nteraction (as d.iscussed in



Figure 12: A plot of AC,H. ^ 
rn pp¡tr for the 2-

oLa
protons in the 1-X-3, J-díchloroben-

zenese rrersus the van der 1¡üaa1s radiusu

R of the substituent X"x
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Chapter III) is not being proposed, This charge effect is i¡r some way

superinposed upon the steric effect i¡r determi.ni¡g the magnitude of the

soh¡ent shift"

There is no certai¡ way of determi-ning exaetly how much the

charge distribution in the i¡nraediate viei¡rity of the C-H bond is altered

by a substituent" Hückel mo1.ecular orbitat calculations are probably

too crude for polyhalobenzenes. The semiquantitati-ve epproach used in

this thesis is to allow $ to t=present a measule of the amount of eharge

removed from the ring region by a substituent X. Here ¡r is the di-pole

moment of the C-X bond and r is ths C-X bond length" fhe È values of

1,14e 0.931 0'84 and 0.68 e,s"u, uhits are used for F, Cl, Br and. I,
respectively, They are obtajned from the d.ipole moments (?3)u and the

bond lengths (7¿l) in the phenyl harides. The ortho substituent is
naturally most effective at removj¡g charge from the region near the

C-H bond.

fn this thesis

- 'llr- tr'

the erçression

f 4'0.5 t u
I

(z-r¡

eharge distribution

(o) and meta (m)

L
o

is presented as an approximation to the change in the

induced by the substituent" The sr¡ns are ovor ortho

substituents"

The charge effect is i-llustrated i.:r Figure 1l where the solvent

shifts, A" -.*. u for those polyhalobenzenes in r¡hieh no protons oecurv /tta ^oLa
ortho to eaeh other, are plotted versus F(*), From the approxÍmate li:r-
earity of this plot it is evident that a charge effect is indeed important



Figure 13: .4, plot ot Aarrrr. in ppm versus f($)
(defined in text) for the protons of

the polyhalobenzenes in which there

are no ortholqrdrogens@ The nurnberÍ-ng

of the points corresponds to the number-

ing used in Table I, with the exception

of point 3 (fI) vrhieh comesponds to the

nurnberi$s used in Table II"
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in deter¡rrining the magnitude of the solvent shift"

For this plot the value of the dipole moment for the c-H bond

in c5H6 r,¡as taken as zeroo Holrever, there i-s a net solvent shift of

0,063 ppin for benzeneu This may be attributed to two thi::gsu Fi-rstu
2the hybridlzation of the carbon atom in c5H5 is ç" while that i¡r TMS

?
is sp-" Henee there is a lower eleetron density near the benzene

proton than near the Tilfs proton" Thus the n-eleetron density of the

benzene rrsolventtr morecu].es would (on a time averaged scale) tend to

approach closer to the benzene tsolutett protons than to the Tl4s pro-

tons' This r¡ou1d give rise to a smallu positiveo upfield. shift" se-

eondlyo there nay be a slight paeking effeet. The benzene molecules

in solution rnay tend to 1ie slightly stacked on top of one another

in such a menner that the n-electron densities avoid each other" No

such stacking won-]-d exist between benzene and TMS" This r,¡ouLd there-

fore lead to a snal_lo positiveu upfield shift.

The value for mesitylene is arso plotted in Figure IJ, merely to

i llustrate that the plot extends to negative varues" such negati-ve

values wi1.1- be discussed l-ater in this ehapter,

By taking the best slope of the Ii.:ne in Figure lJu and then

nultiplying the terms in equation (Z-r) by this slope, the A parameters

given in Table fII were caleulated
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Table fiI

ASfS,Pa{guitp.'Lers For Solyhalobenzenes (ppn)

HALOGEN Ao A* Ap

F

C1

Br

I

o"2].,2 0"106

o.L73 0"087

o"L56 0"0?8

0.l,26 0"063

0

0

0

0

rf to these parameters is added a stackÍng pararneter Q (which

is the A. -r, value for benzene es solute), the solvent shifts plottedu6nrz

i-n Figure Lj may then be calculated from equation (?-Z) 
"

Anrl
"6"L2

ç-2)

The ealculated and observed values are given j¡e Table IV, The mean

standard deviation betr^ieen calcr:lated and observed values is +0,014 ppn,

= L¿" + La**6om
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Table IV

Calcul,ate9 an4 Obseåve4_ILSIS _Ue_].ges (ppq)

For Polyhalobenzenes trIi-th No Ortho Wdrogensx

Compound Proton

4^ l¡
"6'12
(ca1c. )

4^ t
"6"42

(obs") Doviation

(1) benzene

(2) L 13,þtriehlorobenzene
(3) 113u5-tribromobenzene -
(4) I rZ "4, J-tetrafluorobenzene
( Ð I 12 14 u J-LeLrachlorobenzene
(6) I r2 rLu J-tetrabromobenzene
(7) 1r¿|-difluoro-2u 5-dibronobenøene -
(B) I sZ 

"3u 
J-totrafluorobenzene

(9) 2,4 o6-tribromoiodobenøene
(10) 3,þdieh-lorobromobenzene H2oH5,

H4

(LL) 1-bromo-3-chloro-J-iodo- H2oH4*t
benzene

H.--b

0"063

0"408

0"375

0"698

0"581

0"53L

0"614

o,592

o"Lt3B

0"391

0"408

o.377

o.345

o,063

0"385
o"362

0"695

0 "frl+
o'529

o,4+8

o"538

0.¿p50

0.376

o"393

0.380

o.356

0"000

+O"023

+0,013

+0.003

-0,003
4"0"002

-0,034
+0"091

-0"012
+0.015

+0"015

-0"003

-0"0I1

The r¡alues lrere initially ealeulated frorn the parameters in Tabte III
eexlpressed ir È. They ruere then converted to ppm"

Separate values r"¡ere caleulated for H2 and H4 and then these r¡rere

averaged.

3" Shapg Effects

ffi.enever tr,+o or more protons occur ortho to one another there
seems to be another factor determini-ng the magnitude of the solvent shift
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not aeeounted for by the steric or eharge effeets' In the ease of the

lr2r4-trihalobenzenes the 4.. ,, val-ues of the J and 6-protons seem to beu6nrz

greatly i¡creased over lrhat is predicted by the parameters given in Table

fII" TheA., ,, values for the 3-proton seems to be slightly decroased"
"6'1?

This faet suggests that buJ.tty distant substitrents foree the benzene

solvent molecu3.es towards the unsubstituted regions of the benzene ring

of the solute mo1.ecule. Also, this may be the result of a paeking ef-

fect in ¡¡hieh the benzene solvont molecrrleso i:r a ti¡ne averaged fashion,

tend to paek in the unsubstituted, rremptytr regÍ-on of the benzene ring

of the solute moleeuf-e" Sueh a packing or shape effect has been ob*

served by Fenby and Scott (7Ð in their study of the exeess heats of

mixing of thirty-four ff-uorobenzenes" Hcess heats of rni:ring are heats

of r,rixing over and above that predicted by the formation of an ideal

solution ando therefore, represent specific i¡lteractions in a somewhat

sjmiJ-ar fashion that the ASIS does" In their study they found that

matehing 'floek and keyrr systems (o-C6H.4F, + Ie2e3s4-C5H2F4" m-C5H4F, +

I,2r3,5-C6HZF,ns p-C5H4F, * 1e2,4,5-C6HZF,+ and C5H5F + C6i{Fr) have

algebraical-ly lower heats of mÍ:cing (that is, more exothermic) than non-

matching systemsu thls suggests a packing effect in solution r'¡trich gives

rise to stronger interactions"

The deviation of the observed solvent shifts for the 1r2r4-tri-

halobenzenes from that calculated from equation (l-2) appear to be ap-

proximately eonstant for a given proton" Averaging the observed deriations

gives the values listed belor¡ (the paraneter @ from equatíon (l-Z)

is ineluded in these values)"
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Proton

It

^r?

t1
^.q

H.

Shape Palanreter (ppnr)

-o.059

+0,310

+o,233

rt is interesti¡g to note that H5, the proton farthest removed from

the two ortho halogens, has the highest value"

conùining these shape parameters r¡"ith the values given in
Tab1e III provides a means of approximately calerrlating the so¡¡ent

shifts for the protons of the Lszul+-Lrlh¿lobenzenese as is shor^rn i::
lable V,

Table V

CalculgÞed qpd ObseJ:ved ASIS Va1ueg (ppn)

For The 112'4-Tlåhalobenzenesx

Compould**

Arrr* A"rr*
Proton (calc" ) (obs,) oeviation

(I) I, 2 e [-trichlorobenzene fl

'^3
lf

)
H6

f:Itr?

tf"t
H6

It

'"3
TJ

)
H,

T¡

tL/)

0"372

0" 569

0.578

0"33L

o.91il+

o,9+5

o"356

o.569

0.570
o,356
0" 552

0"381

0"577

o,556
o.336

0"604

0,523

o"353

o"6L7

o,5L6
o"376

o"547

-0.009

-0"008
+o,022

-0"005

-0"060
4"O"O22

+O"003

-0"048

+O 
"O5l-+

-0.020
+0.005

(2) I e",4-tribromobenzene

(3) 1, 4-dichloro-2-bromobenzene

(4) I e 2-díchloro*lp-bromobenzene



1dl,

--tr\lAÞl-e v (conao/

Compor¡rdxx

atun.,
Proton (ca1e.) Devi-ation

A"ur:r¿
(obs, )

tt / Q"570

o"*9
o " 5l+6

0.532

o"jz6
0"569

0.555

o"326

o'523

0,555

O.4LL

0"608

0"598

0 "359
0"572

o.600

o,592

0.310

o,542

o.547

o"jr6
0,9+7

o"562

o"35o

0"t+gr

0"614

o"l+o9

o"567

0,560

o,353

o"557

o,625

*o"o2z

+0"039

+O,004

-0"015
+0"010

4,0 "02?
-0,012

-0"021+

+o"o32

-0"o59
+0"002

+0,041

+0"038

+0"006

+0"0I5

-o.0?.5

( 5) I-iodo-Z, 4dichlorobenzene

( 6) 1, 4-dich-loro-2-iodobenzene

0 ) L eZ-diehl-oro-4- iodobenzene

( 8 ) 1, 2-diehloro-4-fluorobenzene

(9 ) I-fluoro-2, 4-dibromobenzene

{

H-'(
H.--b

H^"J
u
^r 4

H6
ll,'3

¡¡ (
H.--o

)
Tf

H...ô
T¡,,?

¡r<

ár"6

The values were first calculated fron both

a¡rd the shape parameters expressed. n þ"
PPm"

The llomenelatureu inconsistent with that
so the protons could be labe1J-ed H2e Hao

the A parameters (ta¡te ttt)
They were then converted to

used i¡r Table I, was chosen

t!/ ø
o

The mean standard deviation is +0"021 ppm" The mean standard deviation

for the 3-protons j-s +0"013 ppme consi-derably srnaller" This is pre-

sr-unably beeause these protons, being situated betrn¡een two halogens, most

closely resemble the type of proton used to derive the parameters given

Ln taÞIe l.l.Io
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á" similar, eonstant, shape parameter seems to be evident for the

lu2rJ-tríhalobenzoneso Àt least, the deviation of the observed solvent

shift for loZol-trichlorobenzene from that calculated fron the parameters

i¡ Table III is consistent with the same deviation for 1-iodo-Zn)*diehloro-

benzene"
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Some preliminary experiments have been performed to test r¿hether

the previous ideas epply to substituents sther than halogen" The E

values (obtained from references Z3 end. /4 (when the C-X bond dist]nce
jr¡ c6H5X was not givenu j-t was estimated from the C-x bond distance in
situilar compowrts))u are -1.r5 for -OII' -L.w for -N(cHr)r, -r.]f for
-N%, -0"89 for -OCHr, -O,ZB for _CH, anð, 2.64 for _NOr. Negati_ve

values correspond to substituents ¡rhieh are el.eetron donoys" For

-lr(cHr), and -N02, on-ly the c-N bond. distance rnras usod for the r vafue"

For -OcH, only the c-0 bond distanee rnras usedo There are several
justi.ficati-ons for this: (1) The dipole moments of C5H5N( CIIr), arú.

c6HS!\Hz are approximately the same" The c-N bond. d.istance is approximately
the sarne. choosing only the c-N bond distanee for r thus gi-ves approxi-
mately the same E value for the tr*o groups. ff choosj.ng only the C_N

bond distanee is justified, both groups, therefore, should. have the
same effect i¡r deterrn-i¡isrg the magnitud.e of the.A.SIS" Flrom Figures 1J

and 16 it appears that this is the case, (Z) The more distant sroups
(e"g" the N-methyls for -N(ciï3)z) are probably too d.istant to cause

steric hindra¡ree" (3) This approach seems to work"

The prelÍminary e)q)eriments indieate that the approach appried
to halogen substituents as given i¡ Secti_on A of this chapter, also
apply to other substi-tuents" In Figure 14 ttre solvent shifts for some

qnn-p-disubstituted benzenes ere plotted versus trre I value for the
zubsti-tuent" The near li:rearity of the plot suggests a si¡-llar charge

effect for all srrbstituents. A].sou the p_disubstituted halobenzenes



Figure 14: A plot ot Arrq_, * On* for some

s¡m-p-disub sti.tuted benzenes versus
tì

the i vaLue of the substituent"
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do not fit the plot given in Fi-gure l-3. Presumably this is due to a

shape effect, andu from Figure 1Å| it appears th¿t this shape effeet is
independent of the substituent"

In Figure 15 the solvent sh:ifts for the ortho protons of some

monosubstituted. benzenes are plotted. versus the I value of the substit-r
uent. AgaÍl a 1i¡ear relationship is observedu In Figure t6 ttre average

of the solvent shifts for the ortho, meta and para protons of the same

monosubstituted benzenes is plotted versus tfre I value of the substituent"

Again a Ii-r¡ear plot is obtained., Also the ufopu of the li¡e in Figure

16 is greater tha¡r the slope of the line in Figure lJ, suggesting a con-

stant additional shift due to a shape effeet,

ï,[:en the benzene solute moleeule is substituted so that there

are no ortho hydrogens, zubstituents other than halogen appear to have

the same effeet as haloger¿ at least for those molecules testeS;providing

equation (Z-f¡ is rnodified to

F(*)=[ftl"^.^*+E*l **lr¿rl e-3)-'r' l?r l1',lES0" '21?r | -3l.r,p 
ILo I IND. Lm -J IIID. - L- 'J l"lESO,

The nodification necessary is to eonsider substituents whieh are maÍn1y

i:rductive contributors nhen they are ortho and meta to the proton in

question, and to consider substituents rr¡hich are mai-nJ-y mesomeric con-

tributors when they are ortho or para to the proton in question" rn-

ductive contributors are considered onl.y in the ortho and meta position

beeause the nagnitude of i¡ductive charge transfer drops off rapid1y

urith the nu¡nber of bonds, Also thj-s seems to be justified by the halogen



Figure lJ¡ Â plot of 4.. , in ppm for the ortho
"6"12

protons of some monosubstituted benzenes

versus tne $ value of the substi-tuents"

The values for -N(CH3)2, *NH, and. -N0,

are taken from reference 4J"
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results. Considering mesomeric contributors only when the substituent is
in the ortho and para position is perhaps justified by the fact that

resonanee structures for these moleeules shows that mesomerie contri-

butors affect charge distribution onl.y i¡r the ortho and para position.

Thus - N(cH3)2, -t\trH20 -OH, -oCH3 *d -N0, are consid.ered. on-1y when

ortho and para to the proton Í.n guestion. CH, is considered an inductive

contributor, although a dipole involvi.:rg this substituent may arise from

hypereonjugation. The solvent shi-fts for moleei¡-les containing some of

these substituents is plotted versus F(*), as expressed by equation

Q-3), in Figure L?" The points plot on the same li¡e as that for the

halogens in Figure 11. This is il]-ustrated by replotting a few of the

haì-ogen val-ues (represented by cireles, þ).

Frorn Fi-gures 14r1Ju16 and 1? it is important to note that electron

donors seem to have the same t¡rpe of effect as eleetron withdrawersô

This fact ¡¡iIL be discussed i¡l the next seeti-on,



Fi.gure 17: A prot ot Aar*r, * on* versus n($)

(defined in texb) for the protons of

some polysubstj-tuted benzenes" The

nunrbering of the points eorresponds to

the numbering used in Table IIu with the

excepti-on of poi-:nt 1 (I) which corresponds

to the nunibering used i-n Table T"
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c- g-u1.fr'fÂRÏ AND C0NCLUSTOÌ{S
%

From the polyhalobenzenes studied it appears that the rnagnitude

of the benzene soh¡ent induced shift is subject to sterj-c effectsu eharge

effects and shape effects" Change effeets also appear to detenni-ne the

si-gn of the solvent shlft.

The shape effect appears to be approxirnately eonstant for a given

substitution pattern and probabry is a resr¡J-t of packing.

rt appears that the charge effect is merely ereetrostatic in
nature" This is suggested for two reasonsø First of a1I, as described

EprevJ-ously, f, represents charge transfer, Secondly, an¿ most important,

is the faet that, electron withdral¡"ing substituents seem to have precisely

the same (equal in magnitude but opposite in sign) effect as eleetron

donors. If a local dipole-i¡rduced dipole type of interaction rnrere the

tme mechanisr, givS-ng rise to the sorvent shiftu i-t d.oes not seem pro-

bable that benzene solvent moleeules solvated. at a positive sul¡stituent

(as would be the case for electron donors) should produee a dorunfield

shift equal Í.:n magnitude to the upfield shift caused. by benzene solvent

molecules solvated at the positive earbon atom bonded to an electron

withdrar¡rj¡g substituent r,¡ith an equivalent f val-ue, However, for the

data presentedu sueh shifts are obserr¡ed" It would seem that some meeh-

anism other than complex fonnation is neeessarTr to ex¡glairr the results.
The mechanism presented by Fort and Lindstrorn (64) (see chapter rrr)
perhaps r'¡oul-d more reasonably explain the results presented in this thesis.

A\IL the factors determi-ni¡rg the benzene solvent i¡rdueed shift haveu

howevern not been uncovered." The pentasubstituted compound.s examined
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do not coffelate rrith the other compounds" They d.o, hor"reveru eorrelate

a.Ìnong themselves provS-ded the parasubstituent i-s j-ncluded whether it i-s a.n

induetive or mesomeric contríbutor, .A.t least this is the ease for the

three compounds exami¡ed' Perhaps r^¡hen there is only one electron d.e-

ficj-ent region in the benzene solute molecu].e all substituents become

important.

Also the observed and calculated values for the ASIS of the pro-

tons Ín 3'5-diehlorotoluene differ greatly, The protons ortho to the

positive methyl group experience a much larger upfield shift than cal-

culated while the proton ortho to the tr^¡o chJ-orines experienees a much

srna'l'ler upfield shift than calculated" This nay be due to the fact that
the raethyl group acts as a positive centre causing more benzene soLvent

moreeules to orientate towards this end of the sorute moleeule" rn
nesitylene theve was no such preference because the substitution was

syrrnetrical"
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D- SUGGESTToNS FOR FUTUtsE 3EÐEARCH

The nodel developed for polyhalobenzenes in this thesis has only

briefly been applied to polysubstituted benzenes containing substituents

other than halogen. Equation (?-3) r^ras applied only to a few compounds"

ft shouLd obviously be tested on nÌany more compouJlds' .4, much more de-

tailed study of compounds like 3u5-dichlorotoluene is also needed to

test the effect of positive centres"

Further exlensions of this work may also lead to a useful nethod

for approximately determi¡ring the dipole moments of substituted. benzenes"

.&t present it appears that this is so for monosubstituted. benzenes" at

Ieast"

Sufficient refi¡rement of the ideas presented in this thesis inay

also lead to a ner,¡ nethod for investigating i:rteractions between sub-

stituents, such as h¡nJrogen bonding.



- APPENDÏX I -

- Compilation of Coupling Constants -
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TABLE \TI

Coup1i¡g Constants In Polyhalosubstituted Benzenes (Er)'

COMPOUND TN CC14 rN c6r12 rN c6 D 
6

.l 1"81 1"Btt. 1"82

T 8,16 8,14 8.11

Br
t"TAIt,
cr$cr

Ëo

-"rÄ',
'N/.'CI

Bn

H^YAY
tl. )lHiV

tr
tR

Ho

J^-
r'"
T'--
"BX
T

þR
"RRf---, 

RJ(

J.^
rAõ
l¿.t-ll,BX

J.^AH

tDf,
F-iL

Httx

Br

8,81
o,3o
?,"9L
5"4+
7.47
B.OB

g.zI
2,45
0"30
4,26
7 "946"06

8"83
0"31
2"94
<??
7 "l+6
7,99

8.70
2"40

o"3o
4,23
7 "936"o5

e ap,

0 "35
3,06
5,38
7,77
8"22

9,75
2"46

0 
"2¿+t+.i5

8"25
6,1r
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Table VI (Continued)

CO}'POUND 'I-ìT 
^^]r_Ir u\,¿rl

T
ïN Có. H12 IN C,D,oo

u^Târt,
l\ ,/ |uíY cr

-I\-l

u"Tôr¡*
rA/n.

J^-
,s
tlü
"BX

8,60
0.23
2,42

B"T+7

v"¿a
?."26

R(<
z"zZ
o,3e

ö" )Y
o"26
2"41

H; HX

HX

Br

,Ï"^R
ü;
T*t
"BX

R (Ê,

0"32
2"39

8"52
0"20
2.?6

8"59
0"24
2"46

B,t+g
o"2L
¿øáo

T

tÆ
T'--
lJh

Br

8,43
2^05
0"23

A<A
u ø¿t
2"40

B"3g
2"02
0"2+

Q t)tvø)a

z"3L
0"25

ö"oI
0"30
2"4r

8"43
2"05
o,26

CI

CI

-TAB

ÎruL
-TJÀ

rr^1ffyu,

'J\ácr

.t
T""o^Y
.T*t

Ð

Br^

CI
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Table III (Contj¡rued)

COMPOTIND J IN CC14 N C6Htz IN C6D6

/'- |\-t

'"TÑHl\ár

H,ÌâH,
HA#cr

Jno 8"i3 E"* 8"55
.lä o"z? c"?O 0"26;ffi z"t+i z"U3 z.Lþ3

r-l

CI
J^- 8,55 8"94 8"53
.tä; o"z5 o"3j ø"zz

4i 2.+! ?,38 2^+8

CI
I Jno 8.01 8"01 8"05

lyft¡Cl Ë; r"43 L"46 1"a+-l( )lv' JËc 7"95 7"e6 7"e5

H1VÅH"cY'A
H-Þ

Standard deviations are in aLl eases less than + 0,03 H-
uø

4.T The coupli-ng constants quoted for earbon tetrachloride and eyclo-
hexane as so}¡ents are taken from referonces 66 and /6, røith the
exception of those for the last three eompounds" á,11- values for
the last three eompounds were determined by the author"
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- The Analysi.s of the M"IR, Spectra -
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- APPEND_IX II -

In single J.ine spectrar the proton che¡d-eal shift eorresponds

to the frequeney of the line position"

The AB, and Á.BX spectra ruere analysed aeeording to procedures

given i*n standard texts (Zr4u5)"

The chemical shifts for most of the spectra complicated by

fluorine splittings were obtai-ned from s¡rmmetry considerations" The

spectra of Zr4-dibromo fluorobenzene and 3r4-di-chlorofLuorobenzene were

analysed as ABXR spectra according to the procedure glven i¡ reference

77" The spectnrra of the lattereompound i-s actually an ABCR spectrum

which approximates very closely to an ÀBXR spectrumo

The spectrum of 1-brorno-l-ehloro-þiodobenzene (an ABC which

approxÍmates elosely to an AB2) was analysed as an .LB2 spectrum,

The spectrum of Zn)-diehloroiodobenzene was analysed as an ABC

spectrum by means of an T-B.t'f 360/6J computer usi.:ng the L.A.OCOOi{ TII progran

of S. Castellano and A"A, Botlurer-By. i,.Jhen C5H* and C6D5 were used as

solvents, trr¡o of the B lrnes rrere unresolvable. Treating these lines

as degenerate i-n the computer input data produced parameters (shifts

and eoupJ-ing constants) with an averago probable error of Q.QZJ ef s for
c6ílz as solvent and 0"o2? e/s for c6D5 as solvent" In the eomputer i:r-

put statements the unresolvable lines were then reported as being two

resolvable lines separated by 0"21 e/s (by adding and substracti:ng 0.12

c/s from the unresolvable line posítion)" The analysis was repeated- and

this gave z'ise to a rìell set of parameters (shifts, and coupling constants)
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with an average probable error of 0"014 c/s for C*V as solvent and

0.015 e/s for c5D6 as solvent' The average of the two sets of para-

meters was reported"

The spectrum of 3r5-dichlorotoluene lras analysed as an AB,

spectrum by treating the nethyr splitting as being first order"

The spectra of toluene and mesitylene appearod as several broad

peaks over a region of about 5 elt" The chenical shift, i-n both casese

was taken to be the eentre of these groups of peaks.

The spectrum of chlorobenzene appearsd as several broad peaks of

varying intensity over a region of about 5 cls for all solvents used

(see Appendix rrr) except cP6" The speetra were analysed by taking

the centre of the group of sÍ-gnals as the chemical shift if the spec-

trum rnras close to a typieal rnultiplet" If the signals had a structure

far from a simple mr:-ltipIet, the ehemical shift ï¡as assumed to be given

by the location of the area-weighted centre of the appropriate signals.

The chemi-cal shifts of the ortho and meta protons of chlorobenzene in
c5D5 were gotten aporoxi:nately by using chlorobenzene-/td., ("" ¡¿\ek
systen) u treatj-ng the deuterium coupling as bei.:ng first order; and then

analysi-:ng the speetrun approximately as an AB speetrum"

This appendix applys only to the c6D^ values reported i-n the thesisn
l.rith the exeeption of the discussiän'of the anaiysis of the speetrum

ilî¿ïUtchJ.oroiodobenzene, 
which a'oplys to the CCl4r cA\Z 

^na CUIU
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- The Benzene Solute E'xoeriment -
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- 4LPENDÐ( rII -

In order to obtain further i:esight into the natr¡re of the benzene

solvent shiftn the foIlo¡'¡ing Ínvestigation was carried out" The sol-vent

soLute systems previously studied Tüere reversedo that is, I mole pereent

solutions of C5H6 were made up using some of the halobenzenes listed

earlier as the solventu The position of the benzene resonance was then

studied, The results of this experi-rnent are gi_ven in Table 1,[I.

TABLE \[I
Benzeng Chenigal Shifls_in Hqlobegzene SolutioH

SOLIENT BENZENE CHfr"TTCAI STtrFT"

Carbon Tetrachloride
Cyelohexane
Benzene-cl6
He>cafluorobenzene
Pentafluorobenzene
I o 2 o 3, J-tetrafluorobenzene
L sZ u 

L, 
u J-tetrafluo robenzene

I u 2 s 3, h-Letrafluorobenzene
1, 2, 4-triehlorobenzene
2, 4-dichlo robromobenzene
2, 4-dichlo roiodobenzene
2, J-diehloroiodobenzene

7 "253'( øZL!
7.]t+g
7 ^r83
7 "2L9
7 "?33
7.257
7 "2627.2y
7,238
7 "253
7.255

PPI{ to low field of internal TMS.

The average benzene chemieal shift for the halobenzene solvent samples

is 7,237 ppm" ],"irth the excepti-on of the hexafluorobenzene sampleu all
halobenzene samples have a bertzene ehemieal shift val-ue to 1or,¡ field

of the benzene cheini.eal shift for the cyclohexane solvent system" The



results in Table VTI indicate that fgr solvents in eherrrical shift work

the halobenzenes behave more like a polar than a nonpolar, ani-sotropic

solvent, Certainly they are not simil-ar to benzene"

ft was thought that there lrere ttn¡o possible ex¡planations for the

above resul-ts" When benzene is solvent, the benzene molecrrles eneounter

essentially only one solute molecule at any given tjme" Because of

this it experiences only one net dipolar force rnrhich in turrr can i¡rduce

a preferentially directed dipole in the benzene n-electron system, This

leads to specifie interaction as discussed previously" On the other handn

vlhon benzene is the solute, i-t eneounters several polar rnoleeules at

any instant of tj¡re and these polar solvent moleeules presumably have

their dipole moments orientated randornly about the solute molecule,

Hence it does not seem probable that any preferentially d.irected dipole

l^rill be i:rduced i:¡ the benzene n-system" Thus there would be no specifie

interaction and no net soLvent shi,ft" 1o testthis h¡pothesis several

solutions of chlorobenzene (a molecu3.e with 
.a 

perrnanent dipole mornent)

were examined" i^fith ehlorobenzene there should be direct dipole-dipole

i:rteraction and hence a net solvent shift should be observed., The resul-ts

of this experiment are given in Table WII.
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TABLE WII
Chlorobenz ene_Chenical S hift s i¡_Hato, bgnz eqg s S olutions

SOL1ENT CHLOROBENZENE CI{M,{ICAL STIIFT

Carbon Tetrachloride
Cyclohexane
Benzene - d6

Hexafluorobenzene
Pentafluorobenzene
3Ç. n 4 -Lríchlo robenzene

7 "232
7 "l-.6L
7.100 (ortho)
6"829 (meta)
7"T83
7,2.t4
7,L90

ì<

PPltf to }oru field of Tf'[S,

From the results given in Table VTII it appears that even w'ith a polar

solute the halobenzenes behave as polar isotropic so}¡ents,

The second possible elçlanation for the anomalous behaviour of

the hal-obenzene solvents is that the halogen substituents are havirrg

an effeet on the ri.:ag cument sueh that these compounds have a mueh

different magnetie anisotropy than benzene, Fi-geys (/B) recently ca}-

cul-ated that substituents tend to deerease the ring curuent in mono-

substituted benzenes. Corfield and Buckingham are at present measuring

the magnetic anisotropy of hexafluorobenzene r,¡ith their Cotton-l"Iouton

apparatus. Until- their results are knornrn it is not of much further use

to speculate on the reason for the anomolous behaviour of the hal-o-

benzene solvents"
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