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./I.BSTRACT 

August 1965 

The Nuclear·Magnetic Resonance spectra of a series of four-membered 

ring molecules have beer~ analyzed using, both computer and double-irradia­

tion tecr~niques. The molect.u.es, trimethylene oxide, trimethylene imine, 

trimethylene sulfide; and 1,1-dimethylcyclocutanedicarboxylate, were 

analyzed as ~B4 systems. , The cheri!ical shifts~ and vicinal and lonG 
! 

range coupling constants were found to be quite normal. Current 

' theories concerning substituent effects on geminal proton coupling 

constants are presented and the substitutive trends observed inthe above 

_series al'e interpreted in the light of_ these theories .. The effects of 

bond ·hybridization on substituent effects 1:1as also found to be interpre-

table in terms of the theory. 

Nuclear Ma.gnetic Double Resonance· spectra ,.,ere observed both _by 
. . . I 

s,.;eeping the~ observing rf fiel\i v~ and also by sweeping the perturbing 

field v2• When v1· is· set on a non-degenerate transition frequency and 

v2 subsequently swept to perturb the other lines in the spectrum, inten~ 

sity changes are observed·.when any transition w·hich ·is perturbed by v2 haG an 

I 

. energy level in com.rnon vritb.·the ·line being observed by v
1

. A..l1·intensity 

. ·~.:· ) . 
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inc'rease is observed ·when th~ ene::"gy .levels are ordered in a progressive 

manner and a ·decrease in irit.ensity is observed vrhen the energy levels are 

ordered in a regressive manner·. This p:rocedure has been used to establish 

the ordering of the energy levels of the A13C system of protons in 
• 

2 -chlorothiophene. 

· Pulse experiments' Here c<n-ried out in order to gain a fuller under-

standing of the phenomena observed in the above double-reso~ance experi-

ments. These experiments. indicate t:nat the observed phenomena are caused 

by population inversion due to adiabatic rapid passage. 

A detailed description of the field-frequency spectrometer con-

structed and used in the above work is presented • 

• i. 

,, 

·,•·. 

i . ' 

• 

· .. 
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I. IliJ'I'BODUCJ'ION · 

Small-ring molecules a:ce currently the subject of .considerable 

interest in a nurnber of' fields of spec.troscopy, nuclear magnetic 

resonance (mvffi) being no excc~ption. A gre01.t. deal of this interest 

stems from the inherent simplic~ty of these systems which in many cases 

allows a nu•·nber of properties of these mol<::cules to be interpreted in 

terms of their molecular structure and geometry. 

The I\TJvffi spectra of three-membered ring compounds have been studied 

. bl 'l b b ~ . . t. t l-4 
in cons~dera e deta~ · y a num er or lnves ~ga ors. . · The' molecular 

structures of some of these compounds have been accurately determined 

by micrm·rave spectroscopy5 thereby ma1dng it possible· to e)cperimentally 

determine vThich structural fE~ctors, if any, contr.ibute to the coupling 
' . . ~ . ; . 

constants. Hutton and:·schG.efer~ l1ave sl:101m ip .three-membered rings that ~. 

the geminu.l proton nuclear spi·:.1:.:s:p~.T1 coupling constants are dependent 

• 
in approximately a linear fashj.cin .on the electronegativities of the 

substituents in positions d to the CH
2 

group. Mortimer7has measured 

the geminal proton coupling constants in ethylene oxide, ethylene imine, 

' ' 
and ethylene sulfide to be 5.5 cps, ·2.0 cps,' and< ±Q,l.j: cps, respectively; 

' the signs of the coupling constants being measured on a relative ba~is 

.. only. . ., , 

~-

Kncmledge~ of .the structural features of these small-ring compounds. 

makes it possible to compare experimeptal d.a.ta ivith theoretical calcula~ 

tions of the coupling constants. P..n early study b~ 
. . 8 

Gutm'vsky, et al. 

using a vaierice bond· method pr(~dicted a positi\l'e value for the· coupling 

. constant in methane ~orhich ·should decrease. (become more negative) as· 
'I 

' the ::·r-C-H bond angle opened out. . Subsequent e:q)eriniental data such· as 
·' . ;· 

that cited above have established the opposite trend; for hydrocarbons 

,, . 
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and, in molecules with substituent::;, there appears to be very little 

correb.tion with the H-C-H bond a~gle. 

As has been noted above, the i\Tiii\ spectra of three-mem'!Jered ring 

molecules have been studied in considerable detail. Hmrever, the 

literature has, been notably lacking in similar si;udies o'n four~membered. 

ring compounds,· only a feH hic;hly substituted systems hav.ing been 

. 9-ll . . . . . 
reported. - Probably the cbief' re2;son for this· lack of J\TI·.ffi spectral 

data on fom~-membered ring molecules is the complexity of the spectra 

involved. These highly complex non-first order spectra did not lend 

themselves to simple analysis by the usual methods.
12

,l3 

This study of four-me:tP:bered·ring systems was undertaken in order 

to determine if trends similar to those.observed in three-membered 

ring1 compounds exist, and also to what extent analogies can be drav.rn 

beh.reen the two systems. As in the three-membered rings the geometries 

of the four-membered ring molecules studied in this. dissertation are 

i-lell defined since their molecular structures have been determined 

ll~-16. 
exactly in a fevv cases. Analogous trends were observed although 

the effect of substituents ~as found to be considerably less pronounced 

in the four-membered ring series. 
' . 17 . ' . 

Pople and Bothner-By have recently presented a paper in which 

they demonstrllted that a molecular orbital treatment of the electrons 

in a methylene. group leads to a theory of the effect of substitution on· 

·.the geminal.proton-proton coupling constants. The theory still does not 

.. lead to a satisfactory calc.ulation of the absolute magnitudes of the 
I 

coupling constants. Hmvever, it does provide an interpretation of the 

substitutive trends previous~~ .. noted in the literature. Furthermore, 

the theory leads to a number of :Predictions about algebraic increases 

•. 

... 
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and decreases in the geminal couplinG constants and does prop_crly-

predict the trends noted above fo:r· both the three'-:membered :dng and 

four-membered ring series. Ffnally_, it -vrill be shmm that the theory 

can be extended to predict the effects of different types of hybridiza-

tion on the substituent effects of the electronegative groups 0: to the 

H-C-H group .. Ex"Perimental. data 'viill be discussed in the light of the .. 

I rules suggested by this theory. 

The determination of the chemical shie~ding parameters and the 

nuclear spin-spin coupling constants in the A2B4 four-membered ring 
. ' . 

molecules trimethylene oxide, trimet.l;ylene imine,. trimethylene sulfide, 

and .1, 1-dimethylcyclobutanedic~l.rboxylate vras accomplished both by means 

' of a high-speed computer and also tbrough the, use of nuclea:r·magnetic 

double reson~ne:e~ where the l'Tivffi. spectra are obse:i:·ved in the presence of 

· a second radio-frequency field. · · 

.The computer program .used in these ana,lyses_ is the' iterative program : 

' 19 
developed by Swalen and Reilly. In this scheme a theoretical spectrlli~ 

is first calculated from a trial set of parameters. Th.ese paramete:rs 

are then, readjusted in order to reproduce·the experimental spectrum as 

·Hell as possible from the experimental data which are in the form of 

transition frequenc.ies and intensities. The chief steps. in ~his analysis 

·are first to cbrrectly assign the observed transition freq_uencies to 

those· calculated from the trial parc.1neters a...11d, secondly, to convert 

these freq_uencies intoia set of correctly ordered energy levels.. This 

' 
pr~cedure is strictly a trial end erro:t; method and in the .four-membered 

ring molecules .of interest did not prove to be feasable; The lack.of 

feasability of .this me'j:.hod resulted frDm the fact that it ivas not possible 
:.~:-

to correctly. assign a sufficient number of transition frequenci,es. starting 

' . 
' ,. ' ' 
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Improve·mcnt of th;:: analy:~:Lf~ procedure vras possible using the 

additional experbnental data obtained from double-resonance spectra. 

A simple ~techn:i.q_ue for obtaining proton double resonance spectra has 

20. 
recently been developed by ITfliCh the magnetic resonance of .one 

' . 

nucleus or group of nuclei (Group A) may be observed by means of a 

_rf field H
1 

at freq_uency v1 , vhile a second nucleus or group of nuclei 

(Group B) is irraCiiated l·rith o. field H
2 

at freq_uency v
2

• The fre-

q_uencies v
1 

and v
2 

are rele.ted to the field ·strength H by the Larmor 
0 

resonance conditions for GrouJ:'s A a."rJ.d B·, and in order to scan through 

the spectrum at least one of these three q_ua.."ltities must be varied. 

The follm.ring cases can be d:I.stin&;ll:Lshed: 

:(a) Field sveep: (v
1

-v
2

)_constant, H
0 

variable. Either the mag-

. netic field H0 is swept' or the two rf fields are s1.;rept simultaneously 

to observe the spectrum:. 

(b) ~l freq_uency sweep: v2 is applied at a fixed position and v1 

is S"l·rept to observe the spectrw'"!l.. 

·(c) v
2 

freq_uency s-vreep: ~l is, applied at a fixed position and v
2 

is si·iept through the variot.:s lines· in the spectrum. 

In the· past _case (b) has been the most common method used to ob-

serve double resonance spectra ... In this dissertation it 1.fill be shmm 

that case (c) also provides .a very good method by -vrhich spectra can be 

observed. Experimental data will be presented &'1.d discussed in terms 
\ 

·of "chis method· and 1-1ill be compared i-Tith the methods· of case (a) ar1d 

case (b). I . 

/ 
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II. TJ:-!J~ORY 

·A. Electron Coupled Nuclea1· Spin-Spin Interactions 

1. The Hamiltonian and General For:nulas 

A complete general theory of the interactions of nuclear spins in 

-a l":'.olecUle we;s first given by l:.;e.:rnse/9 who shovred that th~Y. arise by , 

·, ' . 
three distinct mechanisms. ,, In this ;~cction a brief outline of Ramsey's 

derivation of the general equations :·or· the spin and orb i ta.l contl·ibutions 

to the nuclear spin couplipg is prescEted along with some c~anges in 

notation and formulation . 

. The Ha.rniltonian for a molecular system in a magnetic field is 

given by 

'' ;u. = ;ul ·+ ;u2 + }13 + J_-{4 ' 
.,, . 

t • 

;ul = 2: [t lR ][ ~ \fk· + ~ f2; ~1 'YN fNJ ·X. ¢kN. /r1~1\r + ~H X r,_,.}]
2 

k K 1. . c 'li~ : , • ,I u~ "' 
. ' 

(2) 

C5) 
.. 

( 4) .. 

. . 
'Ye.is'the gyromagnetic ratio of the electron, 'YN is the .gyromagnetic · 

~ 

ratio of nucleus N and.~ is the nuclear angular momentum in units of h •. 

' ; 
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....:. -' ~ 
rkN is used to .represent the difference rk - rN' where rk designates the 

coordinate of'the k.'th electron. The first part of the squared term in 

#
1 

gives the total electronic kinetic energy and the remainder of the 
.. 

term follows directly from the equations of motion of a charged particle 

in a magnetic field and represents the ,magnetic interactions between 

electronic orhital motions and nuclear moments. ~L' ~S' ~S' and ll8H 
. . 

designate, respectively, the contributions to the Hamiltonian of the 

electron orbital-orbital, spin-orbital, electron spin-spin,. and the electron 

spin-external field interactions. For singlet molecular states the 

effects of these terms on the quantities of interest are of 2nd or higher 

order. 

ll2 gives the magnetic dipolar interactions between electrons in non-s 

· . orbit's and nuclear sviris. }{
3 

gives the Fermi contact interactions bet'\veen· 

electron spins in s orbits and nuclear spins. ~ is the term for the 

direct magnetic interaction of the nuclei with each other. To first 

.order J:!4 averages to zero in experiments such as high-resolution nuclear 

magnetic resonance of liquids in which ;frequent collisions average the 

molecule over all orientations. 

The only term that shall be consid~red in detail is ~' the Fermi· · 

contact term, since· it is well knovm that in most cases it is· the only 
. •· 

term which contributes significantly to proton-proton coupling constants 

J.·n 1' · d 22 
J.qUJ. s. Considering, therefore, an·electron-nuclear coupling in-

~ 
volving only two nuclei of spins IA and IB' one gets the .following 

expression for~: 

~ z; s. 
j J 



• 
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where the nuclei differ with gyromagnetic ratios ~A and ~B' and spins 

IA and IB~ The formula for the coupling· of· nuclear spins by electron. 

spins is then obtained as follows: The ,operator J:!
3 

gives no first-order· ' 

· .. perturbation of the energy of the molecular ground state. Second-order 

perturbations will mix the ground singlet state with excited triplet 

electronic states. If E' then represents t~e total second-order nuclear-

spin electron-spin perturbation energy,'then one gets 

t 
l 
\ 
.I 

E' =. Z 
n!=O · 

< o I J:!31 n ) < n I :1{3 I o > 

E - E o n 

E' =- Z 
.nfo 

(oiJ{A + J{B.jn)(nj~A + ~Bjo) 

E - E n o 

(7) 

(8) ... 

(9) 

The first two terms represent the extra energy one would obtain if only . 

one of the nuclei vrere present. The last two· terms repre.sent the extra 

energy one ob~ains when both nuclei are present. This represents an 

·energy of interaction and i~ the' quantity to be calculated. Therefore, 

considering the last two terms of Eq. (9) and the fact that ~A and :UB 

are Hermitian, one gets 

E = -2 Z 
nfo E -E n o 

(10) ' 
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..l. ..l. ..l. '~ 
(o l o(rkA)Sk· r1 j n) (n I o (r jB)s j 

E -E n o 

It can then be shown that this term can be written in the form 

In the liquid state,_ frequent collisions will average the molecular. 

orientations over all directions so that one then obtains ',' 

Equation (13) can then be written in the usual form where 

and 

J being termed the nuclear spin~spin coupling constant. 

One difficulty with the formula in Eq. (15) is that the summation 

(11) 

. (12) 

(i4) 

(15)' 

· extends over ~1 trip).:et states, of which there may be an infinite number 

and, moreover, the triplet wave functions are ge~erally not known. ·One 

connnon approximat:i.on23 has been to replace the differences (E -:-E ) with n o 

. an aver.age excitati~n energy .6.E. 'When this. is done it becomes possible 

to substitute '.¥ for all the '.¥ and eliminate the sunnnation over n. For o n . . 

polyelectronic molecules, a s~mation is extended over all possible pairs, 

k, j, of electrons and Eq. (15) becomes 

' . 

,,., 

.. 

. '· 
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'' 

.(16) 

Within the limits of this "average energy approximation", the problem 
,. 

of calculating JAB is now the substitution of a suitable expression for 

the ground state wave function. However, it·will be shown _in later 

· sections that this approximation in some instances not only leads to an 

.incorrect prediction of the magnitude of the coupling constants, but, .in 

fact predicts the sign of the coupling constants incorrectly. 

2. Molecular Orbital Theory of Nuclear Spin Coupling Constants Between 
Geminal Hydrogen Atoms 

~ number of experimental values now exist for nuclear spin coupling 

.·constants between geminal hyd:rogen atoms with an intermediate carbon atom. 

One observes the following trends among these coupling constants: 

.. a. In simple hydrocarbons the geminal coupling constants are very 

sensitive to the hybridization on the carbon atom. This can be seen 

from the. values of the geminal coupling constants in the ·following systems: 

l) 

2) . 

3) 

4) 

Molecule 

. ; Cyclopropane .· 

• Cyclobutane 

• 

~ 
~ . . ·, .. 

' " 

Geminal Coupling Constant 

-12.4 cps 24 

... 2. 5 cps 25 

·,·ca ... ~ 4 cps 26 

ca. -11 cps 27 

b. Substitution of an electronegative atom in a position a to the CH2 

group produces a positive shift in the geminal coupling constant. This 

has now been observed in a large number of Widely differing systems • 

Until 'recently no satisfactory theory had been developed to provide 

an explanation of the trends observed.· An early study bY' Gutowsky et al, 8 : .. 
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predicted a positive geminal· coupling·constant which should decrease with 

increasing bond angle •. As one can see from the above trends, any such 

change in the geminal coupling constant i<li th bond angle would be, . in 
·, 

fact, quite difficult to observe. More r~cently a _molecular orbital 

treatment by Pople and Bothner-By17 in which they considered only the 

electrons in ~ CH2 group was .found to give quite a satisfactory prediction 

of the effect of an electronegative substituent a to the methylene group 

wi~hout actually predicting the absolute magnitudes of the coupling con-

. stants. It is therefore basically a treatment along these same lines . 

· · that will be presented in this section. 
. .. 28 

According to the molecular orbital theory of closed shell molecules, . 

the 2N-electron antisymmetrical product ground state wave function is 

given by 

" 1· 

'Yo ~i [ (2n)l J- 2 

· .. i 

'.¥1(l)a(l)'.¥1(1)~(1)'.¥2 (l)a(l) 

'.¥1(2)a(2) 

. . . . . ' . ••••••.• .; . '.¥N(2N)~(2N) 

or in the ·shorter conventional notation by 

" 
. . . 

In this theory the only excited states-that will oe considered are those 

(17) 

(18) 

formed by the excitation of a single electron from an unoccupied MO 'i'j. 

Approximate wave functions are. obtained by replacing one MO of the ground-

state antisymmetrized product by a new MO which has to be orthogonal to 

all the groUnd-state MO's, 'in particular to the one it replaces. One f.:.~:~ .. 
.. .:-,. ,- . 

.-..· <. 

then gets four wave functions corresponding to a singlet and triplet state: 

. ' 

.. 
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1 1 
'1'. j = 
J.~ J2 

'3 . 1 . . 'f. . =·-
J.~ J .f2 
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. . ~ . 

. ~ 
l ' ':; 

< ··' .,.. •• 

1~1 
. .. '· ' 

-I '1'1 
~ '1'.'1'. .-.. t l ..... + 

J. J ' .,, 

' t. -

I '1'1 I 
., .. 

t II ·t t • 'fi 'l'j .••• 
; 

,.'¥1 ' 'l'i wj ... ·. I I '1'1 0 ••• -

-I '1'1 : . ..:. - '1'. 'f.··· ·• I 
' .':. ~ J - ·• 

>· 

' ... " 

'¥ .. 'f' ...... 
J J. . 

1 ' . . 3 ' 
. The corresponding excitation energies are t:E. j and .6E. · .• 

. J.~ ~~ J 

· · The only states which need to. be con_sidered are the triplet states,· 
I 

since they are the only states whichmix with the ground state in Eq. (15)~ 

· .Th~ problem then becomes one of evaluating the many-electron matrix . -
elements. . Equation (15) is first simplified by making the appropriate 

substitutions for (o! and (n!. Then reducing the many-electron matrix. 
·, 

elements in the standard way gives 

(20) 

where the '1' and S refer to the-space and spin' parts of the molecular 
' ~..lo.. ~.!\ 

orbitals respectively. ,The operators o(r-A)s and o(rB)S can be dealt with 
' ' . 

according to the method of MCConne1123 and one then obtains 

= .. 
9 

' (21) 

' .. 
' ·.' ~- ' -~ . 

where the elements ('l'i!o(rA)!'l'j)('fj!o(rB)'l'i) are now one-electron integrals 
' ' I ' 

and i and j are summed over occupied. and. ·Unoccupied molecular orbitals 

respectively~ 

; . 

. . ~ . 

.~. ' 
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If the LCAO ~pproximation 

'P. = L: c."'<r:>"' 
J. a J.v. ""' 

. (22) 

in which each moiecular orbital is written as a linear combination of a • 

. s'et. of a~omic orbitals, ¢a is used, one then gets 
' . 

JAB=-

2 2 4 
64n 'Ye 11 :. . occ · unocc 3 · -l. . 

9 
'YA'YB 2:: L: (b.E. ·.) ·L: c.'\c.c.c. . . J.~ J '\ J.t\. J 1-L J v J. 0' .. 

J.. . J ~~of.I.VO' 

(23) 

The approximation in which only one-center integrals are retained shall 

now be used 'irhich means that ¢/>., <D!-L must both be s-orbitals on atom A 

and ¢ , ¢ must be s-orbitals on· atom B. Further, since inner-shells 
v 0' . 

·take only little part in the formation of bonding MO' s, the most important 

terms will be those involving the valence-shell s-fUnctions. . These 

functions are the ls-function for hydrogen and the 2s-fUnction for carbon. 

They are the only functions that shall be considered at this time and 

they will be written as sA and sB so that: 

64n2 2114 
'Ye 

=- --=---9 

occ unocc 
X L: L: 

i j 
(3 )-1 L::.E. • c. cj c. c .. 

' J.~ J J.SA SA JSB J.SB 

(24) 

.If the approximation of considering an independent-electron molecUlar 

orbital model is used in which the n~lecular orbitals are determined as 

eigenfUnctions of a one-electron Hamiltonian, 3 ~Ei~ j can be written as . ·. 

the difference of one-electron energies (€j-€i). Making this.substitutiori '" 

.. in Eq •. (24) one obtains 
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(25) 

where 7TSA,SB represents the "mutual polarizability" of the orbitals sA 

and sB. 
;' . 

occ unocc _1 . 
ITSA SB = 4 L: z ( € • - € . ) C . C . C . 

; ' i j · ~ J . _~sA J sA J sB 

,., 

. ' 
Equa.ti.on (25) is essentially the· same as that obtained by Pople and 

.' · Bothner-By, 17 

(26) 

At this point .this author feels that. some comment concerning the 

"average energy approximation" is in order. 
' ,. 

If all the 36E ... are 
~~J 

·replaced by an average· value .6E in Eq. (24), one gets the following 

relation: 

I. l67T2,,/tj4. 

JAB = 9~ ~ "~A "~B (sA jo(r~)sA)(sB I o(r"B) I sB >( 4csA 2 csB 2) (27). 

. ' 23 
This equation is identical to the one derived by McConnell' where he ~ade 

the "average energy approximation" before reducing the many-electron 

matrix elements. Equation (27) requires that JAB be positive whereas 

'this fact does not directly follow fro~ Eq·. (24). In fact it has been 

shown in numerous examples that geminal coupling constants are in many 

cases indeed n~gative. Further.comments concerning this matter will be 

·made in later sections. 

An isolated CH2 group will be considered as the model used in the 

calculations. It will be considered in terms of four delocalized MO's 

within the vaience shell, two of which are bonding and occupied and the 

other two bei'ng unoccupied and antibonding. · If one now considers the 

2 case of sp hybridization and chooses'for the molecular orbitals the 

:-. ___ , 

\ 
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appropriate line~r combination of atomic orbitals which form bases for 
. . ' 

irreducible representati~ns of the· c2v point group, one· gets 

~a = 1/~2 (lSA + lSB) 

~y = 1jJ2 (lSA - ~SB) 

(28) 

for the a and 7ry molecular orbitals respectively.. The coefficients for 

~0' and ~Y are given by 

"' 

c. = l/~2 (c. s + c. s ) 
· ~a · . ~ A . ~ B 

·. :. 

. ' 

.· .. c. ' = l/J2 (c. s ' . - c. s ) ' 
~y · · ~A ~ B · 

I.· 
so that one obtains the .following expression for n8 8 :, 

A, B 

. , occ unoc~ . _1 2 2 2 2 n-8 ·8 = z z (€.-€.) (c. c. +c. c. 
A, B · i j J ~ · ~y J cr la JY 

(30) 

.(31) 

Considering.then Pople's approximation of using mean triplet excitation 

energies described in. terms of the. following notation: Ea' unoccupied 

* . * cr orbitals; € , occupied rr orbitals; € , unoccupied a orbitals; € , 
Y Y a Y 

· unoccupied rr orbitals; one then gets · .. the following expression for 
' y ' ' 

ns s : 
A, B 

(33). 

Expressing Eq. (33) then in terms of electron population, PO'O' and Pyy' 

of the delocalized hydrogen group fUnctions ~ and ~ , and then differen-a Y . 

tiating with respect to Paa and .Pyy, the following relationship is obtaineh 



i. 

·! 

'i· 

-15-

2 ' ' 
b. JABsp = k(t;;? - 6P ) . yy ' (J(J 

(34) 

where k is given by 

.167T2 2114 

k = ¥( . ·.9 y~ ) "~A"~B (35) 

. In the context of this simplified theory, it is then possible to expand 

the above calculations to the case of sp3 hybridization using molecular 

orbitals which form bases for irreducible representations of the c
3
V 

point group, 

.~0 = 1/~3 (lSA + lSB + X) 

~c = l/J2 (lSA iSB) 

~y == 1/~6 (lSA lSB - 2X) 

X bei.Ag an. appropriate valence orbital. (Strictly for the use of c
3

V 
f 

symmeltry is incorrect, but it turns out to be quite reasonable for a 

simplified analysis of the type being considered here.)17 The following 

relationship is then obtained by the same procedure as that outlined 

above for the· case of sp2 hybridization. 

Msp3 ·= !:!: k ( b:P - b:P ) 
AB 9 \ yy crcr 

This section can be concluded by stating that the theory predicts 

that geminal coupling constants will be dependent upon substituents a 

to the c~ group •. Furthermore, electronegative substituents (withdraival' 

of cr electrons thereby producing a negative value for P ) should produce 
(J(J 

a positive shift in the coupling constants. Finally, it is extremely 

interesting to note that the theory predicts that substituents should 

have about twice as large an effect in sp2 hybrldization as in sp3 · 

hybridization. 
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3. Nuclear Spin-Spin Coupling Constants in Saturated Systems Between 
Protons Separated by Three or More Bonds 

Nuclear spin-spin coupling constants between protons in saturated 

systems sepa.rated by three or more bonds can be broken dO'Wil into two 

general classifications; vicinal coupling constants (i.e., coupling con-

stants between protons separated by exactly three bonds; for example, 

... between protons on adjacent carbon atoms) and "long range" coupling con-

stants vrhere the protons are· separated by more than three bonds. 

The theory concerning the origin of vicinal spin-spin coupling 

constants has been the subject of. investigation of a number of workers. 

Probably· the most famous of tl-iese studies is the calculation of Karplus
29 ·. 

of the! relationship of the dihedral angle between two protons on vicinal 

carbon atoms and the coupling constant. The six-electron system 

H H' 
. 'c -c'/ 

is used as the model on which these calculations are.based. Valence-bond 

type wave functions are used throughout this calculation. With a ground ... 

state wave function of the form 

(40) 

where the ~j are the non-polar valence-bond structures and the Cj are 

the corresponding constant coefficients, Karplus and Anderson3° have used 

· the Hamiltonian of Ramsey to show that the. contact contribution to the 

electron-coupled nuclear spin-spin coupling interaction between nonbonded 

protons can be written in the form 

(41) 
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where 6E denotes tpe average excitation energy (the "average energy 

approxiination"}1 . and in the superposition ·diagram of '!!. and 'fP.' i. P. is 
J J, 

the number of islands and f. n (PAB) is· the coefficie'nt of the exchange 
. J' ~ . 

integral between ~he A and B protons. 

In all of the molecules of interest in this 4issertation, the singlet 

and triplet eigenfunctions of .interest· can be represented in terms of 

a localized bond description; that is, in the valence-bond approach the 

only structure that contributes significantly to the ground state is the 

perfect-pairing structure. Correspondingly, the triplet states can be 

expressed as functions which differ from the perfect-p·airing structure 

only b'y having the spins of one electron pair coupled to.give a triplet 

. ·instead of. a singlet hand function:. In this sense, Karplus31 has shown . 
I 

that the average energy a.pproximation is valid for there calculations of 
1,, 

' .coupling constants which are applied to systems in which the deviations 

from perfect-pairing are small. 

It is easy to show that the perfect-pairing structure and valence 

. bond structures which do not involve any bonds between chemically bonded 

atoms do not contribute appreciably to the nuclear spin coupling constant. 

Thus, the measurements of a·non zero coupling constant implies that. 

significant deviations from perfect-pairing to occur, the magnitude of the 

·deviation'being directly related to the numerical value of the coupling 

constant. However, these deviations are small when compared to the con-, 

tribution of the perfect-pairing structure. to the electronic structure of 
I . 

the moleci:Ue.-... In fact, only.the cross terms between the wavefunctions for 

one valence bond between chemically bonded pairs of atoms need be .included . 
.?, 

~,·,I, 

:. in the calculations. Karplus has shown that structures with no valence 

' 
bonds between chemically bonded pairs do not yield·s~gnificant contributions 
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to the coupling·constants. Therefore, cross terms which involve these 

structures and the perfect-pairing structure will also not contribute to 

the coupling con~tants. 

It is well known that exchange integrals which involve only carbon , 

orbitals can be expressed as functions of the dihedral angle between the 

two carbon atoms. The coupling constant JAB can therefore be expressed 

as a function of the dihedral angle. The calculations then predict the 

interesting result that the coupling constant will depend in a sensitive 

fashion on the dihedral angle, such that the coupling constant is maximal 

at dihedral angles of 0 and 180°; the magnitude of the coupling constant 

at 0° being 8.0 cps and the magnitude of the coupling constant' at 180° 

being 9.2 cps. The minimal value of the coupling occurs near 90° with a· 

corre'sponding magnitude of -0. 27 cps • 

A similar calculation using molecular orbital wave functions and 

again using the Hamiltonian derived by Ramsey was carried out. It is 

rather interesting to point out that these calculations demonstrate a 

generally excellent agreement with the_valence bond calculations of 

Karplus. A limited number of experimental studies have demonstrated a 

general qualitative agreement with the predictions of these theories • .. 
. More recently a number of studies have demonstrated that vicinal 

coupling constants depend not only on the dihedral angle between the 

pro~ons but also on.the substituents present on neighboring.carbon atoms. 

The ·exact nature of the substituent dependence is as yet unclear but it· 

.does not appea~ to follow the same trends as is observed for geminal 

coupling constants. A number of ipvestigators have suggested various· 

forms of linear relationships between the electronegativities of the 

substituents and the coupling constants in substituted acyclic-hydrocarbons. 
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However, similar studies on strained ring systems have not shown such 

linear dependences. Hutto~"and Schaefer32 have studied the effect of 

subst'ituents on vicinal coupling constants in a series of three-membered 

ring systems, but were not able to determine any definite relationship 

b'etween the coupling constant changes and the substituents electronega-

tivities. It has also been suggested that strained ring systems possess 

some':TI character. However; it appears that the TI character, if present, 

does not contribute appreciably to the vicinal coupling constants, since 

. if it did contribute, one might expect a large substituent electronega-

tivity effect in ethylenic type compounds. Such a large effect is not 

observed. 

In view of this evidence it appears that it would be ~uite hazardous, . 

as Kk.rplus33 has recently pointed out, t; use these calculations for 

·.structural determinations, especially when trying to compare two ~uite 

dissimilar systems such as systems which possess different substituents 

of widely varying electronegativities. One might expect a generally good 

agreement with the theory within a given system where the only change is 

the bond angle. For example, in the cases of trimethylene oxide and 

trimethylene sulfide; it would be expected that the cis and trans vicinal 

coupling constants in either of these molecules would follow the Karplus 

relationship but that attempting to compare the cis cotpling constants 

between these molecules might prove to be difficUlt. 

A large number of nuclear spin-spin coupling constants across four 

or more bonds have been observed in high-resolution nuclear magnetic 

resonance:spectra. Recently, the interest has centered around the stereo­

specificity of these coupling constants. The magnitudes of these .. couplin@§ .' ·· 

have been generally observed to be less than .about 2 cps although some 
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·notable exception.s do exist, but. depending on the relative orientation 

of the two carbon-hydrogen bonds containing the coupled protons, both 

positive and negative coupling constants have been observed. 

Until rece~tly no calculations have been reported on coupling 

constants across four bonds, probably because of the inherent difficulty 

involved due to the extremely small magnitude of the coupling constants 

and also probably because of the unavailability of the suitable exchange, 

integrals required in valence-bond types of calculations. The only 

treatment to appear to date is that of Barfield34 wherein a model of the 

_type 

was used as a basis for the calculations. In these calculations Barfield 

used the formulation developed by.Karplus, et al., and a limited set of 

valence-bond wave functions in addition to the perfect-pairing structure; 

those which involve the breaking of c1-Hl and/or c
3
-E), since these should 

be the structures which would contribute most to the coupling constant. 

The assumption of the use of a limited set of non-perfect pairing 

structures is certainly a perilous one at best. With this approximation 

it can only be. hoped that the calculations will predict the approximate 

fUnction of the coupling constants on the dihedral.angles of the cl-Bl 

and c
3
-E) b~nds and that no critical significance can be attributed to 

the magnitude of the values calculated. 
I 

Barfd..e:ld~·s calculations lead to e~licit expressions for the 'two 

possible coupling mechanisms; the 11direct 11 ('through space 11
) contribution·· ''.; 

·and the .11 indirect 11 
( 

11through the bond 11
) contribution. The 'expressions. ,~:1~ .' 

for the 11direct 11 and "indirect" contributions respectively are as follows: 
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{K( c1 ,"Yj' )-K[c1 ;yj ( c2 )]} {K( c
3 

;"Yj )-K[c
3

,"Yj ( c2 ) J} 

{K(C,H) + K [')'!, -y.(c2 )]} 2 
J J .. 

where ~'(C2 ) denotes the jth orbital on c2 , which is directed toward 

orbital 'Yj; where. the summation index j in Eq,. (43) extends ove·r all 

:·hybrid orbitals on c2 , and K(A,B) are the appropriate exchange integrals. 

For the "indirect" effect, Barfield estimated the exchange. integrals from 

a number of experimental values. From this author's point of view, it 

. . ~ 
appears that this method has the inherent disadvantage, at least to a 

certain extent, of pre:suming the answers beforehand and thereb'y does not 

provide a true test of the theory. 

In any event, Barfield's theory predicts that the maximum coupling 

· constant across four bonds (if it is positive in sign) should correspond 

to a planar zigzag arrangement; that is, it corresponds. to the situation· 

where ~ and H
3 

are in the same plane, and the absolute minimum should 
·, 

· occur for the case where 11_ and ~3 are in perpendicular planes. From his 

calculations, Barfield also concluded that the contribution from the 

"direct" or "through space" effect should be negligible, and the "indirect" 

effect provides the only contribution to the· c'oupling constant, at least 

in saturated systems and also probably in unsaturated systems. A certain 

amount of expe~imental evidence has indicated that the trends predicted 

by this theory are in agreement with observed values for nuclear 9pin 

coupling constants across four bonds • 

. However, in view of the fact that substituent effects are almost 

sure to be important, and that detailed information regarding the :;,::: . .. 

(42) 

( 43) 

~..-· 

... 
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substituent effects on spin coupling constants across four or more bonds 

is lacking (due, of course, to the very small magnitude of the coupling 

constants), it appears that it would be extremely dangerous to use these 

.calculations to draw conclusions concerning molecular geo~etries, and that 

any pUch conclusions could possibly lead to erroneous res~ts. Such 

difficulties which arise from neglecting substituent effects, incorr~ct 

assumptions concerning hybridization, and using incorrect bond lengths 

would certainly be expected to make themselves apparent in strained ring 

systems such as the four-membered ring systems of interest in this disser-

tat ion. 

B. Nuclear Magnetic Double Resonance 

1. The Hamiltonian and General Formulas. 

Double resonance refers to the general type of spectroscopic experi-

:, . 

ment in which a system is simultaneously irradiated at two different frequen-.'.··: 

cies;,37 which is applicable to two groups of nuclei of arbitrary spin, 

either in situations involving different nuclear species or in situations 

where the chemical shift is large compared to the nuclear spin-spin coupling 

constantc . More recently this theory was extended to. include the case of 

strongly coupled SJ?in systems (i.e. 1 situations wherein the chemical 

shift may be of the srune order. of magnitude as the nuclear spin coupling 

constant). 38 Such situations are in fact quite common in nuclear magnetic 

resonance. In this section a general outline of the theory of double 

resonance will be presented with specific applications being directed to 

systems of interest in this dissertation. 

It has' been shown that high-resolutio!l nuclear magnetic resonance 

spectra can be completely described in terms of a Hamiltonian of the 

,form39 · 
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J::! '= ~ v I~ + ~ J. . I. I. 
. . i . i J.. i <j J.J J. J . 

vi.= ( -y./2rr Yl-a.) J::! 
J. A . J. o 

(44) 

a. ·is the magnetic shielding parameter,.-y. is the gyromagnetic ratio 
J. . J. 

~of the i 'th nucleus in the absence of any spin coupling ~nd I is the 

_· . _nuclear spin angular momentum operator with Z component_ I~. The quantity 
) 

Jij is the nuclear spin coupl~ng constant ~etween .the i'th and j'th' 

nuclei measured in cycles per second. 

In the experiments to be described the nuclear spin system will be 
~ 

assumed to be in a static magnetic field; H = kH , which is in the 
. 0 0 

positive Z direction. In addition, the spin system interacts with the two 

radio-frequency 'fields H.., the radio-frequency field used to observe the 
J· -~ 

spect~, and H2' the perturbing rf field, both of which lie along the X 

axis. 11. and ~-are given by the following _expressions: 

..)o,H r.-.2 H t l = J. 1 cos ~ 

~ 2 H_ = J. --c cos ~t 
(46) 

. _, . It is assumed that each oscillating field can be described as a pair of 
. . ' 

counter-rotating fields, and that only the component rotating with either 

the frequenc~, or~~~ is effective in inducing transitions •. The error 
. . 

( 

' ' involved in this. assu.niption is negligible provided that the oscillatory 

fields are small compared to H •40 With this assumption one obtains for 
0 

~-

•• ! 

' 

~ .= Hi · c t cos C1]_ t - ·r sin ro1 t) 

~ = ~- (!'cos ~t :- j sin_~t) 

. ' .- ~ 
so that effective magne.tic, ~ield Heff· is given by 

., 
~: 

(47) . 

: .}' 
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The Hamiltonian for a molecule in the liquid state in the field Heff in 

the laboratory coordinate frame is given by 

( 49) 

·_where J:!(t) is expressed in the following manner: 

: J:!( t) 

. . J£( t ) = J:! II I ( t ) + J:! II ( t ) 

~ne H1 field is only used to observe the resonant frequencies of the 

system and it will therefore be assumed to be sufficiently small so that 

• 
~t does not appreciably perturb the system. In this approximation the 

system will be completely describable in terms of the time-dependent 
. ' 

Hamiltonian J:!' where 

(51) 

The Hamiltonian is giyen in units of cycles per second and the summations 

are carried out over all the spins i and j in the molecule. 

Since the Hamiltonian is time dependent, it.is not possible to 

obtain-time-independent solutions to Eq. (51). However, the time-. 

dependent terms in H2 can be _removed if the Hamiltonian is transformed 

to a coordinate system rotating with angular velocity-~. The operator 

for a finite rotation-~t can be written: 

' T = exp [ - im... t~I. z ] 
<::! J. J. 

T'ne transformed Hamilto~ian J:!T can then be given by the following 

expression: 

(52)_·. 
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(53) 

At this point it is instructive to consider a typical example of the 
.. · 

calculations involved. The example to be considered will be a two spin 

. system, the AB system. The Ha.ritiltonian in the rotating coordinate system 

for an AB molecule where the nuclei A and B both have spin ~ is given by 

. ~AB = (v2-vA)Iz(e.);(v2-vB)<(b)+JAB"f(a)·'f(b)- ~"'AI)a)+-yBI)b)) (54) 
' . ~ ~ ' 

The complete Hamiltonian matrix, using the spin functions aa, ~' ~' and 

·· ~~ as the basic product functions for the system, is given by 

- -yB~/4rr, 

\ 
! 

- -yBH2/4rr. J:{ 
T22 

- -yAH2j4rr 
-1 

'' 
2JAB .. ·,: 

; . 
,.; . 

0 · .· ... "~A~/4rr . · . - "~B~/4rr .l ,,· 

'' .· 

with diagonal matrix elements 

1 1-
~T = - 2 ( v A + v B) + '} 2 . + 4 JAB. ' 

11 . . ~ ·. 
'~- ( .. 

$! 1( . 1· 
T
22 

=. - 2, v A·- yB) - !j:' JAB . · · ·· · 

., 
i:. 

~T33 = ~ (vA ·- vB) -~JAB 

~T44 . = . ~ ( v A + v B) - v 2 + fr JAB .· .. 

.. . ', 

0 

}{ 
T.44 

I:f this case is then considered in,the .AX approximation, that .is,. the 

'•.::' 
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approximation of considering the chemical shift to be large compared to .. 
the coupling constant and, if it is fur.ther assumed that the X nucleus 

is being irradiated by H2 so that v2 is approximately equal to .vx' then 

the problem becomes greatly simplified. In this approximation the 

difference between J{T and :UT is much greater than the connecting 
ll 33· 

off-diagonal element -~AH2/4n and the difference between }!T and ~T 
' ' ' 22 33 

is 

l much greater than 2 JAB so that these off-diagonal elements may also be 

neglected. With these approximations the secular determinant may be 

factored into two 2x2 determinants which are readily evaluated. The 

results o~ this evaluation will be considered in detail in the next 

section. 

2. Graphical Presentation and Discussion 

The results of the evaluation of th.e determinant in the previous 

section for various values of v1 , v
2

, and two values of H2 are presented 

in graphical form.irr.';F'ig;. l and Fig. 2, where two quantities, b. and n 

have been defined as follows:38 

~ = (v2 - vx)/!JI 

n = (v1 vA)/!Jl (56) 

In ordinary nuclear magnetic resonance experiments, spectra may be 

observed either by sweeping the radio-frequency v
1 

while holding the 

magnetic field H
0 

constant or by sweeping the.main magnetic field while 

holding the radio-frequency constant. Experimental details of these 

. procedures along with additional remarks concerning the relative advan-· 

tages of each method will be considered iri later sections of this disser~;; ·· 

tation. However, the spectra obtained in both cells are identical. , In 

nuclear magnetic double resonance where the additional perturbing field 
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H2 has been introduced such is not the case. In addition to this compli­

cation the variable v2 has been introduced permitting an additional degree 

of freedom. In the ordinary frequency-sweep experiment v2 and H
0 

are 

held constant and v1 _is swept to observe the spectrum. The resulting 

spectrum may be predicted by drawing a vertical line through the graph 

at a prescribed value of 6 • The more common experiment is the field · 

sweep wherein H
0 

is. varied (con·e sponding to varying v 1.:.v 2 at a constant 

rate). which is equivalent to varying S .. :·and n simultaneously. On the 

graphs in Figs. 1 and 2 this corresponds to a line drawn with a slope 

~A/~x and an intercept on the 6 axis which may be called 6' corresponding 

to the deviation from the resonance condition of v2 when vi ~ vA. For 

proton-proton double resonance the slope of the line ,is very nearly 45° 

and 

(57) 

that is, the discrepancy between the chemical shift and the frequency 

difference between v1 and v2 . In the other type of frequency-sweep experi­

ment where v2 is varied whi~e v1 and H
0 

are held constant, it should be 

possible to predict the spectrum by drawing a horizontal line through 

the graphs in Figs. 1 and 2 ~t a prescribed value of n. However, sweeping 

a strong rf fie~d through a spectrum in this manner introduces a number 

of other complications which will be discussed in greater detail in a later 

part of this section. The intensities are proportional to the square of 

the r matrix elements in the representation where JiT is diago~al. 
~­

The theory previously developed in this section can easily b~ extendecL 

to include the case of the 'strongly coupled spin system by considering the_ 

experiment wherein t~e perturbing rf field H2 is close to a single non­

degenerate transition and sufficiently far from other transitions so that 
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they are not appr~ciabJ.y perturbed. With these restrictions a relatively 

simple situation ensues. 

The schematic representation of a two-spin system is shovm in Fig. 

3. It is evident that two different arrangements of the energy levels 

are possible. These two possible arrangements are shown in Figs. 4a and 

,4b. In Fig. 4a the energy level common to both transitions is E • The 
r 

other two levels then have the same magnetic quantum number. This 

situation will be denoted by the term regressive (6 m = 0). In Fig. 4b, 

E is the energy level common to both transitions. The other two energy 
s 

levels differ in spin quantum number by two units. This situation is 

. denoted by the term progressive (6m = 2). These two possible arrangements 

of the energy levels must be distinguished since they lead to extremely 
! 

important differences in the double resonance spectra. 
I 

~e. experimental conditions will be the same as in the case of the 

weakly coupled spin system. The A nucleus will be observed by the weak 

rf field H1 while the B nucleus is being perturbed by the strong radio­

frequency field H2· Since this analysis is restricted to the condition 

that the perturbing rf field be near a single non-degenerate transition 

frequency, it will also be applicable to any system of n spins since only 

transitions with energy levels in common with the perturbed levels will 

be affected. The theory may also be extended to include the situation 

where two transition frequencies are close together but have no energy 

i level in common. Examples of degenerate transition frequencies are more 

likely to ocdur in weakly coupled spin systems in which case the results 

of the previous derivations will be applicable • 

. Because the radio-frequency field H2 is near a single non-degenerate 

transition frequency, - ~xH2/4rr may be safely neglected as being small 



,. :;~.:~ .. 
~ : 

'' .; 
•-.; 

'·· 

-29-

compared to vA - y2 , just as in the AX approximation for weakly coupled 

spin systems. The single non-degenerate transition v is defined by rs . 

the energy eigenvalues E and E . From the solution of the resulting r s 

2x2 eigenvalue P!Oblem one obtains the result that only the states defined 

:by ~ and P are appreciably perturbed. This leads to eigenvalues E and r s r 

Es and the following eigenfunctions: 

~ = c '1/J. · + c12 7/Js . r 11 r. (58) 

(59) 

For either, the case 6m = 0 or the case where 6m = 2; in the absence 

of v2 the transition vrp is pe~mitted by a.nonzero value of (Pplrxjpr)
2

• 

If v2 is turned on near v rs; the new mixed states Pr and P
8 

are obtained. 

When ·~ 2 is on (~PI Ix I ~r )2 and (~PI Ix I ~s )2 can both be different .. from 

' 38 
zero. Freeman and Anderson have shown that the two allowed transitions-

will occur at· 
. . 4 2 2 2 1 

1 1 [ 2 'Y i H2 A.rs l 2 
v1 = v + 2- ( v2-v )± r. ( v2· -v ) + --~2=--...;.._J rp ' rs '+ rs rr (60) 

for the p and s levels with spin M and r level with spin M-1 (see Fig. 

4a) or . 
. 4 .2 H22 A. 2 

v = v - _21 (v -v )± ~ [<v2-v . )2 + )11 rs 
1 rp r rs '+ rs TI2 (61) 

for s level with spin M, r level with spin M-1 or M+l where A. is given rs 

bY the expression 

(62) 

If v2 is eq_ual to vrs' then both of these expressions (Ecis. 60 and 61) 

reduce to the following expression: 
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(63) 

This relationship indicates that the splitting in this case is 

proportional to the strength of the perturbing field H2 and .also to the 

square root of the intensity of the line being irradiated. This means 

that if one is exactly on resonance, then two equally intense peaks 

should be observed but, if v2 is slightly different from vrs' then one 

component will be stronger than the other. 

Tne results of these two cases are most conveniently presented in 

·.graphical form by considering the appropriate portions of the graphs 

in Figs. 1 and 2. This is best illustrated in Fig. 5 for the experiment 

where 
1
v1 is varied holding v2 and H

0 
constant. By drawing a vertical line 

through the graph at the appropriate value of ~, it then becomes possible 
·: 
. ' 

.to predict the frequencies and intensities of the double resonance 

spectrum. 

The problem then becomes one of distinguishing between the two cases; 

bm = 0. and bm = 2. This information can be extremely useful w·hen attempting 

to trace out energy level diagrams for complex systems. Perhaps one way 

of. differentiating between the two cases would be to study the way in 

which the relat~ve intensities of the·two components of the doublet change 

when v2 is increased. From Fig. 1 one can verify that one component grows 

and the other component gets weaker and the sense is opposite in the two 

cases bm = 0 and~ = 2. However, it will be shown that there are two 

other preferable methods by which the two cases may be distinguishe<J.. 

In conventional nuclear magnetic resonance experiments at high 

resolution, the profile of the observed lines usually represents the 
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distribution of the magnetic· field over the effective· volume of the sample, 

for the standard practice is to remove dissolved oxygen and to keep the· 

' viscosity low, so that natural linewidths are hidden by the broadening 

. due to the inhom<;>geneity.,of the magnetic field H
0

• In double resonance 

the situation is quite complex and depends very much on 1-rhether the• 

main magnetic field or one of the radio frequencies, v1 or v2 , is swept 

to display the spectrum. 

Although the field-sweep experiments constitute the least satisfactory 

method of displaying double-resonance spectra, it will be.considered first 

because it.provides a convenient way of introducing the reader.to the 

phenomena which occur in double-resonance. A magnetic field sweep corre-

sponds to a simultaneous variation of v
1 

and v2' in Fig. 5 (see Fig. 6) 

along'a straight line of slope ~~~~xl· If \~A/~xl > 1 each branch of 

the curve is cut just once, but if hA/~)< 1, one branch of the curve 

.• rriay be cut twice during a single sweep. Under certain conditions a field 

sweep diagonal may avoid both branches entirely, which introduces the 

interesting possibility that lines may 'disappear' in some field sweep 

double-resonance spectra. Proton-proton and fluorine-fluorine double . 

resonance spectra, where I~A/~ \ = 1, represent a limiting case where 
X 

, 
·.such an effect could occur, and, in fact, has been observed. In all of 

·. these .cases the magnetic field inhomogeneity broadens each line in the 

same way except that the natural linewidth intervenes when a branch of 

the curve is cut at an acute angle. Tnis might be visualized by giving 

' the branches of the curves a "thickness" corresponding to the natural 

liriewidth of the sample, then a section through the curve at a sufficient_.~' 

ly acute angle would produce a broadening which exceeds the field inhomo-

geneity width. The effective sweep rate for this line is correspondingly 

. ' 
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reduced and ~he ideal slow passage condition more nearly approached, 

giving·an unusual appearance to the observed line •. One should certainly 

be able to visualize that these effects would only serve to make field-

svreep double-resonance spectra inordinantly complex. This method then 

unnecessarily introduces complexities into the spectra rather than 

aiding in building up an energy level scheme. 

The interpretation of double-resonance spectra obtained by sweeping . ' 

the observing radio-frequency v1 is considerably simpler than attempting 

to interpret spectra obtained by· sweeping the main magnetic field H
0

• 

If. the magnetic field inhomogeneity determine.s the width of lines in a 

spectrum, the lines observed by means of a v1 frequency. sweep double­

resonance experiment may be either broader or narrower than those observed . 

·in the 
j 

signa~ 
i 

usual single-resonance experiment. The observed nuclear resonance· 

is made .up from the contributions of all parts of the sample which · 

are located in a range of values of the magnetic field. The diagram in 

Fig. 6 shows how the line profiles are calculated for frequency-sweep 

· · double-resonance experiments. Th~ bold line. has a slope of hA/'Yx I and 

re~resents the width at half-height of the magnetic field.distribution 

over the effective sample volume. ~ The center of the field distribution 

has coordinates 60 and no. 
Lines 1 ana 2 in Figs. 1 and.2 represent the situation obtained 

where 6 m = 0 and lines 3 and.4 the situation where 6m = 2. The line-

width in a "co~ventional high-resolut-ion spectrum, or in a double-resonance 

' .. 

.,. 
experiment wpen v2 .is far from resonance, is given by the amount by which. r· 

. n (or' v1 ) must be swept to drive the bold line of. Fig. 6 through a 

horizontal portion of the curve. The discussion will now be limited 
; ... 

to cases of similar nuclei such as protons or fluorines, where the slope 

- . 
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of ~A/~x is very nearly unity. If the case is now considered where the 

freq_uency of' v2 is exactly eq_ual to the res?nance freq_uency of a single 

.transition (i.e., where ·the slopes of lines 1 and 2 are eg_ual and the 

slopes of lines 3 and 4 are eg_ual); it becomes apparent that both lines 

.1 and 2 will appear sharper than lines observed in a single-resonance 

spectrum, since the _slopes of both lines 1 and 2 and the bold line 

representing the magnetic field inhomogeneity have the same sense. One 

can observe from Fig. 6 that the bold line will_ pass through lines l 

and 2 at a relativ~ly acute angle. 

For lines 3 and 4, the situation obtained is g_uite different. In 

this case the slopes of lines 3 and 4 are of opposite sense compared to 

·. the .slope of the .bold line. This means that the bold line 'vill pass 

through lines 3 and 4 at g_uite a large angle. From this fact one con-
. . 

eludes that these lines will appear to be broader than the lines observed 

in.a corresponding single-resonance experiment. In addition to this 

another important facit makes itself apparent for low values of E2 in 

that the bold line may straddle both lines 3 and 4 simultaneously. In 

the experiment where v
1 

is swept, this appears as an unresolved doublet. 

The situation wherein H
0 

is held constant and v1 set eg_ual to vrs 

(see Fig. 4) while sweeping.v2 through the spectrum can lead to differ-
.. 

ing effects depending upon the experimental conditions. If this situation 

. is considered where v2 is swept through v in a time which is short in . . rp 

comparison with the spinrelaxationtimes, ·T
1 

and T2 , of the spin system, 

the irradiated levels will acquire eg_ual populations while the popula- . 

tions of the nonirradiated levels, given by the Boltzmann distribution, 

remain unchanged. 

The intensity I for a 1. ine. corresponding to a transition between sr 

. ;.' 

· .. ' · . 

.··· . \ 
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the levels r and s is expressed as 

I = -y2 IfjL 1
2 (N - N ) g(v) sr 1 sr s r . (64) 

where I is the transition matrix element, (N -N) is the excess popula-sr s r 

tion of Level s over Level rand g(v) is a shape fUnction. Only the 

quantity (N -N ) is affected by a saturation of a transition of the form s r 

described above. 

The case of the non-degenerate transition fre~encies using the 

levels depicted in Fig. 4 can be considered as an illustration~ It may 

be deduced that dynamic saturation of the transition v causes intensity 
,rP, 

·· changes for lines having an energy level in common with the leve·l being 

irradiated •. The intensity of the transition v will be reduced for the rs 

case where.6m = 0 and will be enhanced for the case where 6m = 2 due to 

t~e ~?n-equilibrium· condition generated by the saturation of the transi­

tion v • This observation of intensity changes is termed the nuclear rp 
41 Overhauser effect. 

The same intensity changes would also be observed under the condi-

tions where the adiabatic fast passage inequality, 

.. 
is met. The phenomenon of adiabatic passage is discussed in detail by 

. 42 
Abragam. Under this condition or under the conditions in which the 

Overhauser ~effect could occur, orie would expect, when v2 . sweeps through . '· 

a transiti~n frequency which has an energy level in common with the line ' ... ~ 
; " .... '·~ . -.-. 

being monitored by v1 , for the recorder pen to show a rise in the ab-

-,, sorption signal for the case 6m = 2 but a dip in· the signal for the case < 

;0.m = o. 

'' 

;·' 
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In addition to the two possibilities outlined above,.it is also 

, necessary. to ·consider the situation >vhere neither of the necessary 

conditions for,either effect are met, but .where the intensity ~ of the 

: . perturbing freq_uency v2 is sufficiently large so that, when the bold 
I 

line representing the. field inhomogeneity is swept through.a horizontal 

portion of the graph in Fig. 7, the situation where it will not be over-

lapping either of the lines will occur both for the case ~ = 0 and also 

the case where ~ = 2. This corresponds to what might be termed the 

· 'normal double-irradiation experiment. ' In this case the recorder pen 
.. 1 

. ~ 
will show dips in the absorption for both ~ = 0 and ~ = 2, but the dip 

will be sha!P for -~ = 0 and broad for the case ~ = 2 -for esser:-tially 

the same reasons as those discussed above for the v1 sweep situation. 

l 
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III. EXPERTh1ENTAL 

A. Sample Preparation 

Trimethylene imine was synthesized according to the method of 

Vaughan, :et al. 43 The sample was purified by repeated distillations in 

vacuo. The sample, containing a small amount of TMS as an internal 

reference ~~d a lock signal for the field~fre~uency control spectrometer, 

was degassed by the freeze thaw method taking care to prevent exposure 

· of the sample to the atmosphere. · The sample tube was then sealed. 

1,1-dimethylcyclobutanedicarboxylate was prepared by esterification 

of 1,1-cyclobutanedicarboxylic acid obtained from Aldrich Chemical Company, 

and was purified by distillation under vacuum. The sample which contained::· 

a·small amount of TMS was sealed in a sample tube after repeated degassing 

by the freeze thaw techni~ue. 

Trimethylene sulfide, trimethylene oxide, and cyclobutanone were 

obtained commercially from Aldrich Chemical Company, and were purified by 

vapor phase chromatography. The samples were estimated to'be greater 

than 99'/o pure.. Small amounts of TMS were added to each sample. The 

samples were then degassed and,the sample tubes sealed. 

B. Instnuuentation 

1. Construction of a Field-Fre~uency Lock Spectrometer 

It was pointed out in the previous section that conventional high-

·resolution nuclear magnetic resonance spectra,may be recorded either by 

sweeping the radio-fre~uency ul or by sweeping the main magnetic field 

H • In both instances the spectra obtained are identicaL The magnetic 
0 

field7sweep experiment is more common mainly because most commercially 

...... 
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available spectrometers operate in the field-sweep mode. Also, sweeping 

the main magnetic field allows the radio-frequency to be held constant 

thereby permitting phase sensitive detection at a single frequency._ 

Phase sensitive detection at one frequency is highly desirable from an 

instrumental point of view since phase shifts and changes in system 

gains usually accompany frequency changes and would have to be eliminated 
' . 

in a system operating in a frequency mode. 

As was also pointed out in the previ9us section, the frequency-

sweep and not the field-s-vreep technique is the logical method to use 

for spectral display when performing double-resonance experiments. A 

.·. spectrum of N lines would require N separate frequency-sweep experi­

ments out N2 -N field-sweep experiments. The required number of field-

sweep 1experiments must be reduced by the number of repeated spacings 
\ 

in th~ spectrum, but the advantag~ will still be well on the side of 

the frequency-sweep_method. In consideration of the advantages to be 

had by using the frequency-sweep method, it was chosen and used exclu-

sively in this work and is therefore described in detail below. 

The frequency-sweep experiment requires that the main magnetic 

field H
0 

(and v2· if also performing double-irradiation experiments) be 

held constant during the time of one complete scan. Instrumentally, 

·this is not a simple problem. The electro-magnets used in this work 

~are equipped with fl~ stabilizers44 which reduce the rapid. field 

fluctuations to an acceptable level for field-s1veep experiments (about 

1 cps or- les's). However, the flux stabilizer, in general, will always 
i 
' 

leave a verY slow magnetic field drift. This drift is totally untolerable 

lvhen operating in, a frequency-sw·eep mode and must therefore be eliminated • 

. Thus, it is necessary to develop a stabilization system capable of elim-
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iriating both magnetic field fluctuations and also long-term field drifts. 
I 

Such a system was constructed and developed and is subsequently described. 

The stabilization method used in this investigation is one which 

was originally described by Freeman and Whiffen.45 The standard Varian 

··Associates spectrometers, the HR-60 and ·the HR-100, and their associated 

· equipment were used as the basic spectrometers in this work, the addi-

tional equipment required having been built up around one or the other 

of these units depending on whether 60 Me/sec or 100 Me/sec spectra 

were required. The flux stabilizer is an integral part of this system 

since it may be conveniently adapted to provide the necessary magnetic · 

field control which is required. The flux stabilizer operates in part 

through a pair of sweep coils, the so-called pickup-coils and the 

buckout-coils, which are placed on the pole faces on the electromagnetic 

·field. ' This voltage produces a current through the galvanometer in the 

flux stabilizer, which in turn results in a de unbalance. This un-

balance is amplified which subsequently causes a change in the de 

amplifier current flowing through the buckout coils. In this manner 

themagnetic field is held constant by the compensating current in, 

the buckout coils. A magnetic field-sweep may be generated by applying 

a de voltage to the end of the galvanometer input coil on the flux 

stabilizer. The field control system will then produce a change in 

the current in the buckout coils in order .to equalize the voltages at 

the ends of the galvanometer input coils thereby generating a magnetic 

field sweep; ;the direction of the field sweep being determined by. the 
r 

sign of the ~oltage applied to the galvanometer. 

To.generate a field-frequency servo loop, a dispersion mode signal 

from an internal reference compound inside the sample instead of a con-

Stant do volte.ge :te :f'ed as e.n 'error signal 1 to the galvanometer input 

.J ... 

r-
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coil. The galvanometer will integrate this signal and'.a correction to 

the magnetic field will be generated. Providing that the proper sense 

of the dispersion mode signal is chosen, random~.field .. fluctuations .which 

would cause the reference sample to deviate from the resonance condi-

tion will generate a de signal which, .when applied to the buckout coils, 

will correct the magnetic field so as to maintain the internal refer-

ence sample exactly on resonance. 

A block diagram of the field-frequency lock s·pectrometer is given 

in Fig. ( 8). The control loop 1.ras driven by a single sharp line in the 

high-resolution spectrum, usually from chloroform or tetramethylsilane 

(TMS). ·In order to be able to observe the NMR spectrum in the standard 

. absorption mode, the error signal vas excited by a 1000 cps field modu-

latioh sideband. This procedure allows the phase of ~he centerband and 
' ·~ 

the p~ase of the sideband. to be controlled and detected completely in-

dependent of each other. This error signal was separated from other 

audio-frequencies at the output J314 of the Varian Associates V4311 

·. T . tt 46 · t b f h h . t . d ransm~ er un~ y means o a sync ronous or p ase-sens~ ~ve e-

teeter .. The audio frequency sideband signal was generated by a 

Hewlett-Packard #lOOD Low Frequency Standard. This low frequency stand-

ard-was found to possess the required degree of stability which vas 

found to be gr~ater than one part in 10 7 . Since the output impedance 

of the lOOD is quite high, its output signal vas passed through an 

>audio amplif.ier vith a low output impedance before being fed to the 

sveep coils; of the probe and to the reference channel of the phase-. 

sensitive detector. Before being fed to the sveep coils on the Varian 

Associates·mod~l V4331A47 probe, the signal vas attenuated by means of 

a 500k one-turn pot. This attenuation is necessary in order to maintain 

': ,, ·. 
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the non-saturatio~ condition in.the sideband resonance. The phase-

sensitive detector employed in this control loop was a Princeton Applied 

Research Co. model #JB-4 Lock-In Amplifier. The #JB-4 was eo.~ipped with 

both a meter and.a monitor output jack so that the amplified lock signal 

of the internal reference sample could be observed either as a de level 

on the meter or as a sine •rave on an oscilloscope. Because the iin.ped-

ance of the galvanometer input coil on the flux stabilizer is rather 

low, the output from the #JB-4 <las f'ed to a Philbrick UPA-2 de opera-

tional amplifier with a gain set at about 1:1 and an output impedance 

of less than 100 n .. The de signal •ras then filtered just sufficiently. 

toremove modulation frequency components. The filtered signal was 

then applied to the flux stabilizer through the Varian Associates 
I 

#V3501 Slow Sweep Unit with the unit operating in the Fast X lOO.posi-

tion. ~ With the switch in this position, only a l5k resistor is placed 

between the filtered output of the de amplifier and the galvanometer 

input coil. A separate lOk ten-turn pot was placed after the filtered 

output in order.to control the output gain to the flux stabilizer. It 

is extremely important to maintain the overall control loop gain ·sufficiently 

low .in order.;to .prevent::the, loop ·from going into· oscillation . .,. 

It was previously stated that the flux stabilizer operates in part 

through the buckout coils of the electromagnet. These coils have a time 

constant which is of the order of 0.5 sec. Therefore in this field-

frequency lock mode of operation there is a distinct tendency from the 

· system to 'hunt' at a freo.uency determined by 'this· time constant. This ·· ·. 

'hunting' makes itself apparent as a slight oscillation in the control '·· 

loop sine wave signal. It has been found that this stability can be 

eliminated if the high-frequency response is improved by feeding the 
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error signal not only to. the flu.x stabilizer but also to· the ''modulation" 

terminals of ~he V43ll transmitter unit. ·A signal fed into these termi~ 
. . 

nals is first filtered and then applied to a negatively biased solid-

state diode. The error signal idll pull the solid-state diode in such. 

a way as to cause it to chan@a the oscillator fre~uency in a manner 

which will· restore the resonance condition for the internal reference 

sample. 

The overall resulting situation is rather complex where fast per-

turbations of the magnetic field, caused for example by the rapid move-

·' ment of magnetic objects, are compensated for initially .bY a rapid 

change in the radio fre~uency caused by $lightly varying the bias on 

the solid-state diode J and then by slovrer magnetic field changes with a. 

simultaneous return of the radio-frequency to its norma·l value. The 

flux stabilizer part of the control loop is quite indespensible because 

of its very much wider range of control, but the system will operate 

without the frequency control. When the frequency control loop is being 

used, it is extremely important to avoid modulation frequency components 

in the error signal fed to the rf unit since they generate frequency 

modulati~n sidebands which are, in general, out of phase with the field 

modulation sidebands. The output for this control loop was taken from 

the same de operational amplif:i.er and .filter network. ·However, a 

. separate pot was provided to control,the gain of this loop completely 

,independently of the gain of the loop involving the flux stabilizer • 

It was found' that this field-frequency lock maintains the Larmor, 

w-1000 = 'YTf.mli.rr-1S condition within a range of arout 0~1 cps or about 

±1 part in 109 for a period of several days. In fact, the system con-

trolled th~ field or frequency to better than 0.01' cps or about ±1-2 

:parts in 1010 :f'or l)eriod.e of up to ·hours at e. time. · Pro'ba.'bly.tha moat 
' 

. ,_. :' 
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important factor here is .the stability of the low fre~uency standard. 

It was. found that the o'scillator performed ~uite well if protected from 

drafts, allowed to warm up sufficiently, connected to well regulated 

pm.,rer sources, and kept in good repair. 

In order to excite and observe proton resonance spec~ra, a variable 

fre~uency audio oscillator operating in the range of 400 to 1000 cps is 

re~uired. This oscillator will produce a second set of sidebands_ by 

which all proton resonances may be observed. This second set of side-

be-'Ylds by which all proton resonances may be observed. This ·second set 

of audio fre~uency sidebands were generated by means of a Quan Tech 

. model #304 Wave Analyzer 1-lhich was capable of sweeping ranges from 50 

·cps to 5000 cps at rates of 18 sec., 180 sec., or 1800 sec. at a linear· 

rate.! 'Fre~uency control and. sweep is affected by means of a voltage­
! 

contrd
1
lled oscillator (VCO) in the #304. The VCO .is electronically also 

• available. at an output jack for operating an X-Y recorder. This allows 

the recorder to be swept simultaneously with the fre~uency which has 

the highly desirable advantage of automatically providing.precalibrated 

spectra with essentially no effort. This oscillator not only met the 

stringent stability re~uirements, but also provided ~three-way single/· 

auto/reset scan switch for producing single or repetitive.scans. 

It is then
6 

necessary to separate out the signals excited by the 

variable fre~uency oscillator from all other audio fre~uency signals. 
,. . I . ' 

This problem /becomes somewhat involved because, in general, electronic . 

e~uipment such as amplifiers and other phase sensitive e~uipment, etc., 

show phase shifts as functions of the audio fre~uency., It is also 

necessary to insure that amplifier gains remain constant over the region 

of fre~uency which is of interest or at least over the fre~uency region 
' ' 

.· 

' ..... ' . 
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of a given scan. ··Therefore, a locl<:.-in amplifier was designed and con-

structed to ·accomodate these req_uirements as >vell as possible. A. 

schematic circuit diagram of this lock-:in amplifier is given in Fig. (9). 

In this lock-in amplifier the reference signal from the 7'/JOl~ wave ana­

lyzer is fed into the reference audio a~plifier. The si&nal is then 

amplified and fed to the ~ffi probe and also to the phase shift curcuit 

.and finally to the reference channel of the phase-sensitive detector. 

In the phase shift network the resistance of the 500< resistor and the 

·capacitive inpedance of the O.Ol!J.f capacitor are maintained in at least 

a 10:1 ratio to reduce any freq_uency dependent' phase shifts to a mini­

mum .. The signal from the spectrometer (J314) in addition to being fed 

to the signal channel of the #JB-l~ is aiso fed to the signal channel of 

thisrlock-in amplifier .. The signal is first passed through an audio 

amplifier which contains a feed-back network which is designed to main-

tain wide flat audio freq_uency response throughout the. freq_uency range 

of interest.· The amplified signal is than fed into the signal channel· 

·of the phase-sensitive detector. The de phase-sensitive detected signal· 

. from this lock-in amplifier is then fed to a second Philbrick UPA-2 

de operational amplifier. This amplifier has its gain set at about 

18:·1 and an output impedance of approximately 1000 n This impedance 
. 

is sufficiently low to drive any X-Y reco_rder. Before feeding the signal 

to the X-Y recorder the amplified de output was passed through a filter 

network whe~e it was possible to filter the signal at·O.l cps, 0.25 cps, 

0. 5 cps, 1. ,b cps, . and 2. 0 cps . This filter network is q_u i te similar to 
. . 

that used in the Varian Associates #V3521A Integrator/Spin Decoupler 

and is described· in the corresponding Varian Instruction Manual. 

The perturbing field H2 vras then provided by a third field modula-

. 
·~ 
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tion. For this,. an·extremely stable oscillator is required, especially 

when scanning very small segments of the spectrum. A He1vlett-Packard 

oscillator model #204Bwas found to have the required stability and a 

conveniently fine frequency vernier for adjustment of v2 . The stability 
. 6 

of this oscillator was better than O.OOl.cps or about 1 part in 10 • 

Since the #204B is a battery powered oscillator, it has an extremely 

·low current output. It was, therefore, found necessary to increase 

the output by passing the signal through an audio amplifier before 

feeding the signal to the sweep coils. An output balanced at 600 n 

. above ground was used .in order to avoid "ground loops'.' .. 

Should it be desirable to do multiple irratiation experiments, the 

apparatus should require no modification other than the addition of 

extra oscillators. The additional field modulations should be impressed 
! 

at hff;her modulation indices on the S1veep coils. Such additions and 

changes will probably necessitate some adjustments in the phases and 

gains in the system, but no other changes· would be anticipated. 

2. · Spectral Data · 

The majority of the spectra to be described.in the following sec­

'tions were taken on either the HR-60 or the HR-100 spectrometers modi-

fied as discusped in the previous section. The operation of a field- · 

frequency lock spectrometer is in no way a simple task. In this respect 

the autho~ feels it would be well worth while to discuss some of the 

operational aspects'of the spectrometer. 

The spectrometer is 'locked' to a TMS s-ideband signal by properly_ 

centering the signal on a scope and then switching on the control loops. 

·For a given phase adj:ustment, only one of the two sideband responses 

.· 



. ' 

.. l 

. j, . . ~ .. : . 

,j .•. > • -:; 

· . 

'::-

is in the correct sense for. regulation; .and this was always chosen to 

·be the low-field sideband~ ·.The spectrometer invariably locked on to 

the TMS signal, which was evidenced by the appearance of the lkc signal 

at the signal monitor output of the #JB-4 lock-in amplifier and also by 

~ appreciable readi~g on the voltmeter of the #JB-4~ 

One of the adju~tment problems in this system is to get the phase of 

the locking loops adjusted correctly. The control loop through,the 

V4311 was 'adjusted easily by observing the locking signal on the 

oscilloscope and maximizing this signal with the rf phase control ad­

justment of the V4311 unit when only this control loop was connected. 

The control loop through the flux stabilizer can then be adjusted by 

·.· f.irst turning on the loop and then adjusting the phase control on .the 

#JB-4 to a maximum signal on the s~ope. 

By monitoring the signal from J314 before it entered the phase 

detector of the #JB-4 but after it passed through its narrow-band pre-

. amplifier, it was possible to detect rather small changes in the homo­

gen.eity of the magnetic field .of the order of 1-2 parts in 1010 . If a 

small drop in the intensity of the signal on the scope due to a slight 

degradation of the field resulted, it was ~uite easy to optimize the 

homogeneity ag~in with the 10-turn pot for the HR-60 or the fine control 

for the HR-100 .. of the magnetic field Y -gradient control even ''bile re-

cording a spectruni. · 

In the field-fre~uency 'mode of operation it is ~uite important to 

prevent. i!i.terference between the' sidebands and aiso to avoid saturation. 

. of the sideband responses. This-'was accomplished by setting the rf 

centerband power far above its normal value in the HR mode of operation 

and keeping only a very small a~ount o~ power in the sidebands. Doing 

·· . .-. 

.... ·'·. 
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this sets the modulation indeces very low thereby ~reventing saturation, 

loa~ oscillation, and sideband interference. Signals were taken from 

J314 at the wide-line ~hase-dector out~ut with the receiver gain set at 

3 or 4, a low impednace ~oint with a res~onse extending to high audio 

fre~uencies (i.e., ahead of the filter circuits). 

As has been previously pointed out, there are two t~es of fre-

quency-swee~ ex~eriment that one can perform when doing double-reson-

ance with a frequency-field lock spectrometer. The equi~ment involved 

in both experiments is identical although the use of the e.qui~ment is 

slightly different and the procedures involved for the ti-ro t~es of 

experiment are vastl~ different. Therefore the ~rocedures for each 

. experiment will be discusse·d separately. 

)The ~erturbing field is set someHhat higher in modulation index 

I 1 . 
than \the observing field H1 so that the condition 2n 'Y.H2 ~ .6. v ·is met,· 

where .6.v is the width of the line to be observed .. The ~rocedure for 

irradiating a single non-degenerate transition is to swee~· the frequency . 

u~ to the line and sto~ exactly on the line. The irradiating field H2 is 

then turned: ·.on. at a fre~uency near v1 and the beat frequency between 

v1 and v2 minimized as much as ~ossible by tuning ·v2 . After a single 

scan of the spectrum, v2 could be adjusted so as to make the intensities 
.~ 

of the two com~onents of the doublet equal. S~ectra are. then run in the 

.normal manner just as is done when the perturbing field H2 is absent . 
.: l,. 

In order to ~erform the experiment wherein the perturbing fre~uency 

v2 is swept while observing a· single transition with v
1

, the function of! 
- - • l ' • 

the #304 wave analyzer 1 s oscillator and the H:P #204B oscillator must be· '' 

reversed. This first involves connecting the out~ut ·of the =t1204B to the 
;._ ~--. 

reference· channel in~ut of·the wide-band lock-in am~lifier and subsequently 
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connecting the output of the #304 to the sweep coils of the probe through 

an. audio a.mp~ifier with an output balanced at 600 fl.' above. ground. 

Once the peak to be observed during a. single sca.ri. vra.s determined, 

.the frequency having first been accurately determined from a. preca.libra.ted· 

. spectrum,. v1 (now generated irom the· ii204B ,instead of the =//304) was 

swept as close to the center of the line as possible. The frequency of· 

the oscillator was always continuously monitored,on a. frequency counter. 

Once v1 wa.s.found to be sufficiently close the fine control of the 

'#204B could then be adjusted until a maximum deflection of the recorder 

pen was observed. Due to the extremely narrow linewidths (of the order 

of magnitude of 0.2 cps full vridth at one-half peak height), it 1va.s 

found to be generally necessary to sweep back and forth through the 

pea.k:several times, each time adjusting v1 very slightly in order to 

dete~ine the maximum amplitude and cqnsequently the best setting. In 

these experiments the perturbing field was always swept at a. rate of 

50 cps/1800 sec (ca.. '0.03 cps/sec) using a. filter bandwidth of 0.1 cps. 

It was also found to be quite importa~t to have v1 sitting exactly on 

the center of the resonant .line·. The #204B oscillator was sufficiently 

stable so that only a. very small oscillation about the height of the 

peak could be observed. Also, essentially no drift of the frequency v1 

dt1;ring the time of a. single scan (1800 sec) could be observed. 

In. addition to the experiment where. v2 . is swept, studies were· 
' .' 48 

carried out by pulsing H2 at the frequency v2, while v1 was monitorintt 
; 

a. line with an energy level in conmon with the line being perturbed by 
i-

the .pulse. If the ·amplitude H2 is fairly large and ·the duration of the 

pulse t 
w is short, relaxation effects during the on period will be 

negligible and the total effect will be to rotate the macroscopic m,a.g-

·,' 
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nteization vector M throu~1 an angle a given by the expression 

where L 
ab 

a='YH L t 
2 ab v 

is the appropriate transition moment. 

(66) 

An excellent descrip-

tion of the pulse 
. 48 

experiment ~ay be found in Pople, et al. Pulses for 

which 1H2Labtw = rt are referred to as 180° .or rt pulses and have the 

effect of completely· reversing the direction of lvi. Abragam 49 :tas shovn . 

that under the proper experirr~ntal conditions adiabatic rapid passage 

and pulse experiments yield the same results. The rt pulses used in 

these experiments 1·rere generated first by setting t = ca 0.5 sec and .\., 

then emperically adjusting H2 for a maximum response. 

In addition to the HR-60 and the HR-100 spectra, some spectra were 

run on a Varian A-60 chiefly for calibration pruposes. 

... 



TV. RESULTS 

A. Complete Analysis of the Nuclear Magnetic Resonance Spectra of 
Trimethylene Sulfide, Trimethylene Imine, Trimethylene Oxide, 

and l2 l-Dimethylcyclobuta~1e DicarboA.rylate 

In this section the results of the analyses of the N}ffi spectra of 

a series of four-membered ring compounds of the type A2B4 are presented. 

Analyses of the spectra of this type have never been studied in detail 

before because of a number of reasons .. Probably the most critical of 

these reasons is that although there are six protons on a molecule, 

there are only two 'chemically' different types. For the purposes of 

this dissertation a set of nuclei -v:q.l be considered to be chemically 

equivalent if each nucleus of the set possesses the same electronic 

environment. It is possible for a set of nuclei to be chemically 

equivalent without all the nuclei in the set being magnet'ically equivalent, 

magnetic equivalence implying that each nucleus in the set couples to all 
' 

other nuclei in the same identical manner. Thus, in methane, for example, 

all protons are in the same electronic environment and all possible 

coupling constants are identical. Therefore, the protons in methane are 

said to be both chemically and magnetically equivalent. However, in 

CH2 = CF2
50 the two hydrogen atoms form one chemically equivalent set 

and the two fluorine atoms another. Although the fluorine atoms and 

hydrogen atoms each form a chemically equivalent set, the spin coupling 

constants between hydrogen and fluorine are different for the cis and 

trans pos:ltions. Therefore, the two hydrogens are said to be magnetically 

inequiva·l~nt and, likewise, the two fluorine atoms, although being l 
~'· ' . 

j 

chemically equivalent do not possess magnetic equivalence. In this 

terminology magnetic equivalence presupposes chemical equivalence; the 

converse not be~ng true; chemical equivalence does not presuppose 
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. This distinction between chemical and magnetic equivalence is a 

critical one.in·terms of the analysis of the A2B4 four-membered ring 

system. It is well known in l\lMR· that the spectrum due to t-vm magnetic 

eauivalent sets of nuclei will be completely independent of the coupling 
~ . . 

constants within the sets. The hm groups of nuclei, A and B, each 

constitute a set of chemically equivalent nuclei. However, the two A 

protons are not magnetically equivalent since the cis-and trans coupling 

constants, in general, vlill be different. The. four B protons will also 

not be magnetically equivalent for the same reason. In addition the two 

possible long range coupling constants, if significant,. "\'i'ould not be . 

. expected to be equal. It can then :be seen that, since these two sets· 

of protons are not magnetically equivalent, one would expect some 

transitions in the spectra of these molecules to depend on the geminal 

cou~ling constants, J 12 and J 56 (See Fig. 10), and also on the cross 

ring or "long range" coupling coi".stants ~ This means that the spectra-

should be a function of all the parameters (i.e., chemical shifts and 

coupling constants) in the molecules. This type of parameter dependency 

involving chemically equivalent groups has been demonstrated in the past 

for two sets of two chemically equivalent protons, the ~B2_ case. 51 

Analyses· of ~hese systems, ·.in general, should also yield the relative 

signs of the~coupling constants, a matter which until quite recently was 

a subject of considerable controversy. 

The ~bility to observe the coupling constants between chemica~ly 

equivalen~ protons in these ~B4 systems will be determined to a large· l 

part by the magnitude of the chemical shift, v AB' between the A and B r- '· 

protons. Generally, in systems of this sort it is the presence of the -' 

so-called "higher order effects" which allow the transitions bet,.,een 

-. 
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chemically equivalent :protons to be observed. The "higher order effects" 

become important in complex spin systems vrhen the chemical shifts bet1.,een 

different nuclei are of the same.order of magnitude as the coupling 

constants between the different nuclei. In these ~ituations, the 
' ' ' . 

resulting spectra ca!1-'1ot be completely explained solely in terms of 

first-order :perturbation theory. Complete analyses of such spectra can 

only be affected by a solution of the resulting secular equations. In 

considering these "higher order effects", say by considering second-

order perturbation theory, account is taken of the mixing· of states 

bet>.,een which there are off-diagonal matrix elements. This has the 

effect of both removing degeneracies and also of allowing other-additional 

transitions whose intensities vrould otherwise be identically zero. In 

the :four-membered ring ~B4 systems of interest, it will be the observa­

tion \of these additional transitions -vrhich w-ill yield the geminal and 

cross-ring coupling constants, since they will be the transitions that 

possess geminal and cross-ring coupling constant dependency. 

In order for the statements of the previous paragraph to be more 

fully understood, it is necessary to consider in detail the appropriate 

basis functions and Hamiltonian matrix for the ~B4 system. It would 

be possible to take as a set of basis functions, the simple product 

functions and ~classify them acc:ording to their total spin component F . 
z 

However, it will be more convenient to. choose as basis funct~.ons, those 

fu.11ctions which form irreducible represent at ions of the appropriate 
! 

:point group for. the molecules. With the exception of trimethylene 

imine, 52 the point group for these molecules .will be n
2

, ., where 

D2 = c2V 'N Ci. Hmvever the symmetrized spin functions can be calculated 

using the Gz.r point group since C<f will not provide any new information 

as concerns the WMR s~ectra. The basis functions for this case 



are listed in Table I,.in the c
2
V representation. These basis functions 

will be he?-pful in u..11derstanding some features .of these ~B4 systems 

and also the double-irradiation experiments to be described. 

From the listing of the A2B4 symmetrized spin functions it is 

evident that there will be only four transitions in an entire spectrum 

for which analytical expressions can be obtained. Tnese transitions will 

belong to the A1 element and will result from considering the lXL and 

. 2X2 elements for Fz = ±3 and ±2, the 2x2 submatrix diagonaliiations being 

a trivial process. The Hamiltonian used to calculate these elements is 

the standard NMR Hamiltonian given in Eq. (44). 

form 

where 

The part of the Hamiltonian matrix for F = ±2.and ±3 then takes the z 

(

Sll 0 

M = 0 J:{22 

a 0 .. }.!23 

F =+3 and +2 z 

+ ~.''(J + J' 
2- diag diag) 

M = 0 

J'. 
v~c 

3:{24 24 

0 

0 

1 J' +- . 
2· gem 

(67) 

J-J22 ;, ~ (ont:¥.0013 + cxt3oon:c:x + 0J::l00:13a + f30.00'0t'X IJ:il CtOO.O.rXt3 + C$O:OOa 

+ ~ + r3o.oono;) 

(68) 
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3:!33 =. ~ ( ~- + ~ I Jil oonpoo + 00f3aoo) 

J{ - 2 1 J 1 J' 1 (J . . ·J' ) 
33 - vB + 4 gem + 2 gem + 2 diag + diag 

}!23 = J-{22 23 ·~:% .[2 ( ~ + ~· I J!l '. aonorxt3 + ~ + OOO.Q13a 

+ poror:xa) :::: _21 .f2 ( J .. + J I • ) ( 70) 
VJ.C VJ.C 

:::: -2v +;,. J + l: J' ~ l: (J . · + Jt. ) · 
B ~ gem 2 gem 2 vJ.c VJ.C 

! 

\ + (J +J' ) 
diag .diag 

+ ~ J' + l: (J + J' ) 
2 gem 2 diag diag 

where 

Jvic = 313~ = J35 = J24 = J 46 

J~ic = 314 = J45 = J23 = 336 

Jgem = J34 

. Jgem' = J12 = 3 56 ·. 

3diag = J15 = 326 

Jdiag = 316 = J25 

~ • I • 

(71).' 

(72) 

(73) 

(74) 

·\''!.' 
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Table I 

A Basic SymJnetry Functions for · 
1 Six Nuclei A

2
B4 .. 

}<~ 

z 

1 (A1)3 0000'.00 1><1 3 

1 (A1)2 ! ( ooaro(3 + . a[3<Y.OO'.o: + o:aoor:a + r=ooa.o:) 2 . 2X2 1 . 2 
2 (~)2 J2 ( OO:CXi3Qa + 0'.0:[30'.00) 

1 (A1)1 J2 (~(3 + (3(30'.ooa) 

2 (A1 \ ' ~ ( OO:CXfXX{3 + O:p~ + 00(3af3Ct +. f3Cta(300) 

3 (A1)1 . }2 ( ~ + 0:(300f3Ct) 6x6 1 

4 (A1)1 
1 
~ ( a:o.a(3(3a + ~a(3o:oo + a:a:(3aa:P + af3o;(300) 

. 5 (~1\ 
l J2 (~ + ~~.00[3) 

6 (~1)1 Q'Y::3(300 

1' (~)0 
1 . 2 ( f313!3CXOO +. CXCXCX{3f.3f3 + 00(3af3f3 + f3f3Ctf300) 

2 ~ (A1)0 ~ ( 0:(30Cif3f3 + f3f3aa:::Xf3 + (300'.o:/3f3 + . f3r:oa/3CX) 

. 3 (A1)0 
1 ' 
2 ( 00(3f3(3a + (3af3(300 + CYDJ,3f3a(3 + CX!3f3r:oa) 6x6 0 

. 4 (A1)0 
'1 J2 ( apa(3f30: + (30:(300:(3 ) 

5 (A1)0 • ~ ( f30JY.f3f3a + f3af3af3o: + O'-f3f3ao:f3 ~ af3o;(3CX(3) . 

6 (~)0 
1 

~ J2 (~f3al3 + O:ppaf30:) 

1 ·(~) -1 J2 (oof3f3f3f3 + f3f3f3f300) 

2 (A1) -1 ~ ( O:$<X(3~f3 + f3f3f300p + (3af3Ctf3f3 + f3f3Ctf3f3Ct! 

3 . (~) -1 : ~ (f300ppf3 + !3f3(3af30: + O:ppO:pp + pf30:f3af3) 6x6 -1 

4 (A1)-1 ~ ( 0:(3f3(3af3 + p0:(3(3pa) 

5 (Al)-1 ~ ( (3a(3{3ap . + O:f3(3ppCY.) 

6 (A1)-1 f3(3oaf.3f3 
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Table I . (Continued) 
.. ' 

. F 
z 

! 

: . . 
1 (~) -2 .. ~ ($$$$~ + pa~~f3f3 + $f3$f3af3 + af3~$$$) 

2>e -2 

2 (~) -2 !fl ($$a$~$ + $$~$$) 

1 (A1) -3 $$$$$$ 1XL -3 

~ Basic Symmetry Functions for 
- . ~ix Nuc~ei ~B4 . 

.F 
z 

1 (A2)2 
1 
2 ( ooo.o.af3 + a~ - OC""'.ua$ - ~) 1XL 2 

'•. 

~ ( aropa$ + af3f3a,CY.a - a:cc~$a - r=:a:xr=oct) ' 1 (~)1 ~ 

2. (A
2
\\ ~ ( 00!30Cip + Cc$a$Xt - OO.Op~ - ~$000) 3>0 1 

3 (~\ ·.!/2 ( a$000$ - p:xo:o;pa) 

1 (A2)0 ~ (cxar:xpf3f3 .+ f3f3t30'00: - O'.CX$0:$13 ... f3$apoo) . 

2 (A2)0 
1 .. 
2 (ar=octf3f3 + ~paoo;f3 - ~13 - f3poo~) 

4x4 o. 1 ' 
3 (A2)0 .. 2 ( oopf3~ + P0:f3f3oo - ro.f3~f3 - a$f3$00) 

. ·. 4 (A2)0 . ~ ( poof3~ + pafnpa - af3poo$ - a~~f3) 

1 (~) -1 ~ ~ (~f3f3f3 + f3f3poop - papaf3f3 - f3f3af3pa) 

2 (A2)-1 ~ ( ~f3f3$ + f3$f3a~ - af3~f3f3 - f3paf3af3) 3>0 -1 

3 (A2)-1 
. 1 

..J2 ( af3f3paf3 -. paf3f3~) 
' .. 

1 (A2)-2 ~ ( f3f3f3f3~. + paf3f3f3f3 - f3f3f3$a$ - af3f3f3f3f3) . 1XL -2 



Bl Basic Syrn1netry Flli"'lctions for 
Six Nuclei A2B4 · 

F 
z 

1 (B1)2 ~- . ( aoorxcx(3 - a(3QQOCt - CXO'.D.(X{3a + ~) 
2X? 2 

2 (Bl)2 12 ( OOO:f30'a - OOpODa) 

1 (Bl)1 ~ ( ao:a:{3a$ - . cxpf3ora . - 00{3apa + ~pact) 

. 2 (Bl)1 ~ ( roi30C43 - ar=ar:a:x - ao:a:i3{3a + . pcxpano:) '3>0 1 

3. (B1)1 }2 ( ~. - af300t3a:) 

1 (B1)0 .· ~ ( aorxt3t3i3 - 1313~ - oo{3ai3i3 . + f3papar:t) 

2 (B1)0 l (a~i3i3 _ 13130~~13 - paaaf3i3 + f3Poor:a) 2 . 

3 (B1{o ~ ( OOf3ppa - ~P~ - OuppO:p + c:tf3f3poo) 6x6 ·0 
I 

~ ( apai3f3a:_ - f3Q:parxp) 4 (B ) 
1\0 

·5 (Bl)O , ~ ( f300f3pa ..., . pa~i[Xx . - a;3poof3 + af3Q:pa~) . 

6 (Bl)O . }2 ( f300f3a:i3 - appaf_a:) 

' 

1 (Bl)-1 ~ ( etpappf3 . - f3f3pOO;f3 - papaf3(3 + f3f3a:ppa) 

2 (Bl)-1 ~ ( ~f'pp -. pf3poof3 . - paf3a:pf3 + ppc:tpf3a:) 3><3 -1 

3 (Bl)-1 }2 ( f3af3paf3 - a:f3pf3f3a:) 

1 (Bl) -2 ~ (f3pf3ppcx - Pa:f3pf3f3 .- f3f3f3pf3ap +, etf3f3~pf3) 
2X? -2 

2 (B1 ) -~ }2 (f3f3pCXpf3 - pPa:f3pp) 

' .. 

B2 Basic Symmetry Functions for 
Six Nuclei A2B4 . 

F z 
,. 1 

(B2)2. - ( O'.ooot:$ - cxpaao.a: + et.aetaf3a - (3a!:XOOrX) lXl 2 2 
'. 
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Table I. (Continued) 

',.,, 

(B2)1 

(B2)1 

. (B2)1 

(B2)0 

'(B2)0 . 

(B2)0 

(B2)0 . 

(B2) -1 · 

(B2r) -1 
' 

(B2) -1 
' 

}2 ( oo:ar:x(3p . - pprot:Ya) 

! · ( ccoo~~ ·- cx(3pooa + oo~pcx - poopoo) 
2 ' 

~ (oo~p - cx~poo + cxo.o:(3pcx - ·13CXIXXOO) 

~ ( OO'a/3/313 ~ 1313130Dn + oopcx¢(3 - 13!3CXP-Xt) 

~ ( cxpoo(3(3 - $f30;0:a/3 + pacrx(3(3 - f3poopcx). 

~ ( orx(3(3(3cx. - ~f3{3CXCX + 00/3(3exf3 - CX/313f3aa) 
• J ' • 

~ ( f3aal3~ - f3{xpcxf-a + CX/3(300(3 - cxpcxpcx(3 ) 

}2 ( 00/313(3(3 - p(3pf3aa) 

~ ( CX~(3(3(3 - (3ppoo(3 + (3CX/3CXI3(3 - 13(3exf313CX) 

~ ( f300p(3p - 13/3/3CX/3CX + CXp~pp - pf-a~f3) 

~ C (3(3(3(3~ - ~13~(3(3: + 13/3(3~(3 - CXppppp) 

/ .. 
' . ~ . 

• .I 

3><3 

4x4 

3X3 

.. lXl 

F 
z 

'1 

0 

. -1 

-2 

:'/ 

:, I 
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In an equivalent shorter notation M and M can be represented by the a -b 

follmving matrices, 

vA + 2vB +)'+,E 0 0 

0 
1 ·~2 

VA + v + )'+ 2 € 2 
€ 

M = B 
a 

.f2 
0 2vB J -· € +)' 

2 

-VA - 2vB +'Y+ € 0 0 

1 ~2 
1\ = 0 -v -v +)'+2€ € A B 2 

(75) 

0 ~2 
€ -2v + )' 2 . B 

·where 

'Y= 1 J 
4 gem + ! J' .. 

2 gem + 
l . 

+ Jd_. ) - (J 
2 diag ~ag (76) 

€ = J . + J'. 
v~c v~c 

(77) 

The problem is now to obtain analytical relationships between the 

four A1 transitions, obtained from the solution of the above matrices, 

and the chemical shifts and/or coupling constants. This can be done 

· by first taking the sum, Ma + Ivlb' of the two matrices. Doing this one 

obtaines the following matrix: 

I 2-y + 2 E 0 0 I I 0 2:y + € .f2e: 

\ l 
0 .~2€ 2:y J 

Diagonalization of M then yields the following eigenvalues: 

All' = 2-y + 2 E 

'}.'2.2 = 2y + 2€ 

li.33 = 2)' - € 

(78) 

(79) 
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If the s~~s of the submatrices are considered, then from the trace 

. relations, the following ·expressions are obtained 

(So) 

(81) 

.Multiplying Eq. (80) by tivo and then subtracting Eq.· (81) from the product 

one then gets the expression 

. (82) . 

Defining the four ~ transitions as 

A all .L\b22 = vl 

.L\a.ll Ab33 = v3 

. 1\bll i\b22 ::: -v2 

~11 - ~z3 -v4 . :; 

and then making the appropriate substitutions in Eq. (82), the .following 

, expression results, 

( v1 - v
2

) .+ ( v
3 

- v4) - 3 ( J + J' . ) - vic v~c 
(83) 

indicating that the sum of the vicinal coupling constants can be , 

determined directly from the spectrum providing ~hat the four transitions, 
, 

v1, v2, v3, and v4 can be identified. In the corresponding first-order 

pattern consisting of, in the A
2

B4 case, a triplet and a quintet, v1 

and v2 >vould be the two .outer lines of ~he triplet and ~3 and v4 the two 
. ' 

outer lines of the quintet. This hows that the s~aration between. each 

line of the,. triplet or quint~t ivould be given by. -
2
1 (J . ·· ~ J' . ) . · · · : . v~c · v~c ' . 

However, picking out these four lines in a couplex.spectrum will prove 

to be considerably more difficult. 

The qhemical shift in the first-order spectrum vlill just be the 

· separation between the center of the quintet and th.e center of the 
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triplet. Again, in a badly mixed spectrum, determination 'Jf the ·chemical 

shift ivill not be a trivial matter. 

Assuming that the sum of the vicinal coupling constants can be 

exactly determined and the chemical shift can be obtained,_ there still 

exist an additional five par~~etcrs ' ( J . - J' J J' J 
' vic vic' gem'· gem' diag' 

Jd'. ) which must be determined in order to ·complete a spectral analysis. lag . 

In general, the A2B4 systems that are of present concern can yield 

spectra containing as many as 130-150 lines of observable intensity. 

It then becomes evident. that solution of these problems would be completely 

,intractable without the aid of a high-speed computer. In all of the 

cases spectral analyses were facilitated by means of the IBM 7094 

iterative computer programs, 19 ~~ffiiT and 1~ffiEN, which have been described 

in detail elsewhere. The individual problems encountered in the various 

analyses will be discussed in more detail under the headings of the 

individual molecules. 

Considerable difficulty vras incurred in analyzing the spectra with 

the use of the iterative program. Essentially this difficulty arose 

because the program requires a reasonably close approximation to the 

.true parameters· before being able to iterate or converge to the exact 

parameters. The program works by calculating all the transition ·frequencies 

from the_initial trail parameters and then assigning the experimental 

transitions to the calculated transitions. After· the transitions have 
. 

been assignea and assuming that they have been assigned correctly the 

true energy ;levels of the system may be calculated. .T'ne program then uses 

these energy levels to improve on the original trial parameters. If the 

initial trial parameters are not close, then it is found to be quite 

difficult ito properly assign the tra."l.sition frequencies. This occurs 
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because the spectra are so highly mixed that many of the individual 

lines are unresolvable, even ~~der optimum experimental conditions. The 

energy levels of these six spin systems are, in general, greatly over-

determined so that some of the transitions need not be assigned or. may 

be assigned incorrectly without causing the. program to fail. Hovrever, 

since the systems are so badly mixed and, in general, the initial trial 

• parameters were sufficiently far away from the true parameters that it 

' ·was for practical purposes impossible to correctly assign a sufficient 

number of transitions to all0\·1 the program to properly cover to the 

correct answer . 

. In this connection it was necessary to use spectral data obtained 

by double-resonance in conjunction with the iterative program in order 

to eventually obtain the correct parameters. The. descriptions of the 

problems and methods of attack used are discussed below. 
\ 

1.: · Trimethylene sulfide. 

The A-60 spectrum of trimethylene sulfide on a 500 cps scale using 
. ' 

TJV'.S as an internal standard is presented in Fig.· 11. The spectrum of 

trimethylene sulfide on a.50 cps scale was run on the·A-60 at th~ same 

sweep· rate and is presented in Fig. 12. The spectrum was run using the 
. . 

slowest possi~le sweep speed (0.1 cps/sec) without modification of the 

instrument. Here it ~s seen that the ringing seriously.hides the true 
> 

'positions of a great number of the lines. 
; 

' ' 

Figure 13 sho~s the spectrum. 

of trimethyle~e sulfide recorded with the field-frequency lock. spectra-

meter described in the previous_section. This spectrum was run at a 

si-Teep rate of 0.03 cps/sec ·ancl a filter bandwidth .. of 0.25 cps.· Some 

ringing is still evident, but the positions of many more of .the lines 

can be readily estimated since the ringing is considerably more damped 

<: .. •:;-. 

·;. 

.c· 
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out in this spectrum. This spectrum should then serve to demonstrate-

the utility o-f a slow sHeep with this type of spectrometer for spectra 

wherein there are groupings of lines with very small spaci'ngs. 

Upon examination of the 60 Me/sec spectrum one will observe a very. 

badly mixed pattern. In fact, from this spectrum it was not possible to 

obtain even a reasonable estimate of the .chemical shift. The spectrum 

of trimethylene sulfide 1-ras then taken· at 100 Me/sec in order to 

determine if the increased separation between the A and B proton resonances 

Hould be sufficient to allow an approxL~ate value of the chemical shift to 

be obtained. T'Ilis 100 Me/sec spectrum which was run at a s1-reep rate of 

. 0.1 cps/sec is presented in Fig.-14. One can see that this spectrum does 

· show the remnances of a triplet _and quintet pattern, although it is . 

. certaJinly a highly perturbed pattern, at best. However, measuring the 

_approfimate separation between the apparent centers of the triplet and 

quintet yielded the value of 27.7 cps for the chemical shift at 100 Mc/~ec. 

Multiplying by the factor 3/5 gave the value of 16.6 cps for the_corre-

spending chemical shift of trimethylene .sulfide at 60 Me/sec. 

The above value for the chemical shift at 60 Me/sec for tri~ethylene 

. sulfide can be regarded only as a first-order approximation to the true · 

chemical shift. · In order to obtain a more precise value it _is necessary 

to consider the F = ±3 and ±2 submatrices in detail and also the trace z . 

relationships for -the submatrices using both the 60 Me/sec and 100 Me/sec 

spectra . 

· A...Yl expression for the chemical shift may be. obtained by a solution 

of the Hamiltonian matrices Ma a~d ~. : D~agonalization of Ma gives the 
. j . ' . . .<. :. • • ' ·, • • 

following expressions for. the. eigenvalues: 

1. 

~-- ... 
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~11 = 5+-y+ € 
·.•-

. . 1 1 1 
[( 5 + l. )2 2 1/2 

Aa22 = 2 5 + 4 € + 2 2 €· + 2E ] +. )' 

= ~· 5 + ~ 1 
[(5 + ~ 2 2 2]1/2 (84) %33 E - 2 €) + E. + )' 

4 

where now 5 is given by v - v . Subsequent diagonalization of M
0 B· A 

produces for the eigenvalues the follm·ring e),."Pressions: 

Ab11 = -5 + -y .+ E 

Ab22 = ~ 5 + ·~ E - ~[( -5 + ~ E)
2 

+ 2€
2

]
1

/
2 

+ 'Y 

11 . . 1 5 1 . 1[( s:>. 1 E)2 + 2 €2]1/2 + "V' 
.Ll.b33 ::: -2 + 4 E + 2 -u + 2 1 

(85) 

·Taking the appropriate differences bet-vreen the eigenvalues, one get/s 

the following expressions for v
1 

- v
3 

a~d v2 - v4 : 

1 )2 . . 2 1/2 . 
V 1 - V 3 = fla3 3 - fla22 = - [ (5 + 2 E + 2 € ·] + 'Y (86) 

. (87) 

·. r 

Squaring Eqs. (86) and (87) and adding the squares. one ·gets. after 

substituting for 

2 
25 =· (v1 

E) an equation in 6 of the form 

v3)
2 

+ (v2 - v4)
2 

- ~ (Jvic + (88) 

From Eqs.- (84) and (85) and also a detailed consideration of the other 

Hamiltonian submatrices, one >t1ill observe that the two other lines of 

. the spectrum must correspond to t'i'o of the four A
1 

lines mentioned in 
. . . 

the previous paragraph. The outer lines will _correspond to either v1 

and v4, o-1- v 2 and v3'. depending on what choice of re{ative sign of the·. 
·' ~ . ' I. ·. ,. . . . 

vicinal c;oupling constants is made; the two vicinal ·coupling constants · 

. ' 

being assumed to have. the sa.·ne relative sign. Since ID1R spectra are 
I . 

. dependent only on the. relative signs of the coupling constants positive· 

.. 
, ... ~. . ,. . } 
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signs were assumed for the vicinal coupling constants. The theoretical 

evidence ~reviously prese~ted29 does, in fact, indicate that they are 

positive in an absolute sense. Hith this choice the· low-field outer 

line becomes v
1 

and the high-field outer line becomes v4, 1-rith v2 and 

v
3 

being the two inner lines Hhich remain to be determined. 

From the arrangements of the energy levels it is observed tha:t v
1 

is associated i-rith v
3 

in a, regressive manner (L:::Jn = 0) and that v4 is 

'likeivise associated ivith v
2

. ·Therefore, irradiating v
1 

in a double­

resonance experiment should produce a sharp splitting in v
3 

and similarly 

irradiating v4 should give a sharp doublet for the transitionu
2

. In 

fact, in the respec:tive eA.rperiments, v
3 

and v2 should be the only lines 

in which the well-resolved doublets are obtained. Hith these two 

expe~iments it 1-ras possible to assign v
3 

and v2 . The assignments are 

indicated in Fig. 13. The frequencies .of the four lines and the 

appropriate differences are given. in Table II. These values ivhen 

substituted into the appropriate equations gave the follo>Jing v~lues for 

the chemical shift o and the sum of the vicinal coupling constants: 

O= 16.2 cps 

E = J . + J'. = 15.2 cps· 
v~c v~c 

The assigr.men~s of the four A
1 

transitions is· further confirmed by 

calculating trial spectra using 1~ffiiT. 

Additional information may be obtained. from the 60 Me/sec spectra. 

and the 100 Me/ sec speCtra -using the trace relationships at the two 

different frequencies for the i =. ±3 and ±2 submatrices. . . z . By reasoning . 

similar to that used in the previous paragraph v
1 

at 100 Me/ sec ivas 

assigned to the first low field line. v
3 

vas assigned by irradiating v
1 

and observing the appearance of a single transition being split into a 

'·· 
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·w·ell-resolved double. The double-resonance spectrum is shmm in Fig. 15. 

The values for v
1 

and v
3 

at 100 Me/sec are 332.1 and 303.1 respectively . 

Again, these values vrere further confirmed using NNRIT and calculating 

. 100 Me/ sec spec;:tra for a number of reasonable pararneters. 

The eignevalU:es at 60 Me/sec may be represented as :f\.a.il' J\..~2' and 

· .L\.~2 + .23 .. 1, and the eigenvalues at 100 Me/sec represented as Aa11 , 

A~2, and i'JJ.22 + 29 .0, 1-.rhere 

(a) ./\..all = vA + 2vB + ~ + E 

. (b) r 5 lO 
.1\8.11 == 3 v A + 3 v B + )' '+ E 

(c) 
. 1 

2Aa22+ 23.1 = vA + 3vB + ~ + 2 E: 

. 5 .· 15 l 
2..Aa22 + 29 . O == 3 v A + 3 v B + ~ + 2 € (d) 

·! 

: (e) Aa11 Aa22 == 206:7 

' (f) 
. ! ! 

'ila.ll - .1\8.22 ::: 332 .l (89) 

Subtracting Eq. (89c) from Eq. (89d) and Eq. (89a) from (89b) gives the 

follovring results: 

.' (90) 

f'JJ.11 -- ila == 5. ( v + 2 vB) 
. 11 3 A 

(91) 

-: :· 

With these two expressions and,. after making the appropriate substitutions, · . 

it becomes possible to solve for the quantity vA + vB. Carrying out the . 

calculation produces a value of 367. 4 for the sum. Hith this value and 
. ~--;;-: "1 .. 

! > • • ; ), ( 

the value of 16.2 cps. for the chemical shift (Le., VB- vA) the 

frequencies of the A·and B resonances, respectively, were calculated to 

'be ~ 75 .. 6 cps and 191.8 cps relative to T:tvJS. 

. I 
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From Eq. ( 89c) and the expression 

(92) -

a value of 15._2 cps was calculated for the quantity J . + J'. . One 
- - VJ.C VlC 

may note at this point that the sa:11e value _of 15.2 cps l·ras obtained for: 

this quantity by another completely independent method also using 

different experimental data. This should) therefore, ·indicate that the 

value of 15.2 cps is quite reliable. 

Once the chemical shift &rld the sum of the vicinal coupling constants 

·vrere obtained, the remainder of the analysis became essentially one of "' 

"trial and error" iterative fitting of the remaining para-meters. Spectra 

were calculated with various trial parameters until a satisfactory fit 

-vras pbtained. Once this satisfactory fit was found the assigrunent for 

the various line positions from this computation and the line positions 
l. 

from a calibrated spectrum vrere compared and a set of eigenvalues 

calculated using J\l}llREN. The final set of parameters and line positions 

were then calculated from the above eigenvalues and iterating 1vith ~'MR.IT 

until satisfactory convergence was attained. The estimated accuracy of 

the experimental line position measurements was estimated to be about 

0.05 cps. The values for the final set of parameters calculated by 

NMRIT are given in Table III. T..r1e errors in the final parameters '\oJere 

estimated by determining what changes in the parameters ivould cause an 

unsatisfactory match between the experime_ntal and calculated spectra. 

A comparison between the experimental and calculated spectra is sh01m 

in Fig. 16. 
<'?" 
. .• 

. ' ~ •"· 

From the l\~ data alone in trimethylene sulfide, it is not possible 

to determine which of the vicinal coupling constants is the larger and, 

.. 
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Table III. Coupling constants and chemical shift 
for trimethylene sulfide 

Coupling constants Chemical shift 

J = 8.9 ± 0.2 cps 16.2 ± 0.05 cps. 
vic 

Jl. = 6.3 ± 0.2 cps 
VlC 

J = -11.0 ± 0.2 cps 
gem ' 

Jl . - -8.0 ± 0.2 cps 
gem 

Jd. = 0.6 ± 0.3 cps 
lag 

J' diag = :..o.5 ± 0.3 cps 

·therefore, also vihich long range coupling constant. is the larger since 
j ' • ' 

changing the coupling constants in this instance merely involves 
\ 

relabeling chemically equivalent protons. . Pre:vious e.videnc~53 . in the 

literature has indicated that, in general, the cis coupling constants in 

four-memb.ered rings are the larger. On this basis the large vicinal 

coupling constant was assigned to J . and the small value to J' . , but 
TIC TIC 

it must be borne in mind that this is just a semi-empirical assig~~ent 

which is yet to 9e verified: 

. 
2. Trimethylene imine. 

~he complete 60 Me/sec spectrum of t~imethylene imine is presented 

in Fig. 17. : The chemical shift 5 is suffici~ntly large, the spectrum 
l ' ~~~ . 

thereby exh~biting the expecte~ triplet and quintet pattern, so that 5 
. ' . ' ' 

. may .be obtained accurately directly from the spectrum. · The factor 

1 ' 
-(J + J'. ) is also obtained direct~ from the spectrum; being given 2 vic VlC , 

by the multiplet separations >·rithin the tvro groups. The values obtained 
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1 . 
.J.""o'Y' 5 and -(J + J' ) a::ce 77.2 cps and 7. 2 cps, respectively. The . • · 2 vic· vic -

values for the ex and r3 resonances relative to T.MS are 134.2 cps and 

211.4 cps, respectively. 

The N-H pr~tOJ:?. resonance vras not observed because of the line 

broadening due to the quardrupole moment of· the nitrogen.· Couplings 

between the nitrogen or the N-H proton with the ex methylene protons were 

not observed because o:f the rapid relaxation induced by the quadrupole 

moment of the nitrogen. 

High-resolution spectra of the triplet and quintet portions of the 

trimethylene imine spectra ,,rere run at fiJ, sweep rate of 0.03 cps/sec. 

These spectra vrere analyzed using a procedure quite similar to that 

used in the trimethylene sulfide analysis. Once the chemical shift and 

. -2
1 (J::. + J'. ) 1dere determined, a trial and error iterative procedure 

v~c v~c 

' 
vlaS used 1L.'1til a satisfactory fit to the observed spectra Was obtained. 

Once this >vas accomplished the observed and calculated transition 

frequencies 1vere comp_ared and a set of energy levels calculated. The 

final set of parameters and line positions Here then calculated from 

these energy levels by. iterating 1-:ith 1'MRIT. The :estimated accuracy 

of the experimental line position measurements was 0 .l cps. The final 

parameters calculated by m~IT for trimethylene imine are given in 

Table IV. As in trimethylene sulfide the errors in the final parameters. 

vrere esti..•·nated by experimentally determining what changes in the para-

meters would cause an unsatisfactory match bet1.;een the calculated and ·. ?. 

experL~ental spectra. Comparisons bet-vreen the experimental and 
·, -~' 

: calculated spectra for both the triplet and quintet are shmm in Fig. 18 -

and Fig. 19, respectively. 

\ .... 
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Table IV. Coupling constants and chemical shift 
·for· trimethylene imine . 

Coupling constants Chemical shift 

J vic = 8.4 ± 0.2 cps 77.2 ± 0.2 cps 

J'. = 6.0 ± 0.2 cps 
VJ..C 

J = -11.0 ± 0.3 cps 
gem 

J' -6.7 ± 0.3 cps 
gem 

Jd. = 0.9 ± 0.5 cps J..ag 

J' ' -0.3 ± 0.5 cps = diag 

.3· Trimethylene oxide. 

:The procedure involved in the. e.nalysis of the spectrum of tri-

l . 
methylene oxJ..de was almost identical to that used in the trimethylene 

imine analysis. The only major difference was that the chemical shift 

r in trimethylene oxide is considerably larger than that of trimethylene 

imine, giving a more first-ord.er appearance to. the spectruxn. 

The complete 60 Me/sec spectrum of trL~ethylene oxide .is shown in 

Fig. 20. The chemical shift 6 was observed to be .119. 0 cps. A value 
. ' 1 

of 7.8 cus was observed for the auan.tity. -
2 

(J . · + J'. ) . The values - .. . , . • , VJ..C VJ..C 

for the ex and i3 resonances relative to TJ:v1S were observed to be 137 ;·o cps 

/ and 256.0 cps, respectively. 
I 
! 

The hi.gh-resolution 60 Me/sec spectra taken with the field-frequency. 
> >· 

. ' "-~-'l:\. 

·' lock spect:i-ometer were run at a sHeep, rate of 0.03 cps/sec. Upon 

iteration the para.'neters ·given· in Table V 1vere obtained. The calculated 

spectra obtained v-rith these_ parameters along Hith the experimental spectra 

' ; 
'• , .. , .. 
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are presented in F.igs. 21 and 22 for the triplet ,and quintet,· respectively. 

The errors in the final par2.meters 'lvere estimated in a manner identical to 

that used in trimethylene L~ine. 

Table· V. Coupling constants and chemical shift 
'for tri.~ethylene oxide 

Coupling . constants Chemical shift 

J vic = 8.9 ± 0.2 cps 121.0 ± 0.2 cps 

J'. = 6.7 ± 0.2 cps 
VJ..C 

J = -11.0 ± 0.) cps gem 

-5.8 J' = ± 0.3 cps gem 

Jd. = -0.4 ± 0.5 cps 
J..ag 

J' = 
' 

diag 0.7 ± 0.5 cps 

I 
I 

4. 1, 1-Dimethylcyclobutaneclics.:~·bo:.\-ylate. 

The spectrum of 1,1-dimethylcyclobut~~edicarboxylate on a 500 cps 

scale is presented in Fig. 23 using T~~ as an internal standard. The 

high-resolution spectrum run at a s>•eep rate of 0.03 cps/sec is shmm in 

Fig. 24. The spectrum is highly perturbed thereby making 

observe the chemical shift and -
2
1 

( J . + J' . ) .. 

it difficult to 

directly VJ..C . VlC It -vras therefore 

necessary to determine these parameters 1vith the use of· the e-quations 

derived originally for trimethylene sulfide. From Eq. ( 83) and ( 88) 
. 

a value of 33.2 cps :~•as obtained for the chemical shift and a value of 

8-;25 c:-ns fo~ th:·e· quantity -2
1 (J : + J'. ) . 

~ · ~c ~c 

Once these values were obtained the trial and error adjusting of 

the remaining parameters \vas affected until a satisfactory fit to the 
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observed spectrum was obtained. The observed and calculated transition 

frequencies were then compared and ultimately a set of energy levels 

calculated with NMREN.· The estimated accuracy of the experimental line 

position measurements was about 0.2 cps. The final parameters were then 

calculated with NMRIT and are given in Table VI. The er:r;ors in the final 

parameters were estimated in a manner identical to those used for the 

molecules previously studied. Comparisons between the experimental 

and calculated spectra are shown in Fig. 25. 

1 

. \ 
I 

Table VI. Coupling constants and chemical shift 
for 1,1-dimethylcyclobutanedicarboxylate 

Coupling constants Chemical shift 
\ 

J vic = 9.9 ± 0.3 cps 33.2 ± 0.1 cps 

J'. = 6 .. 6 ± 0.3 cps 
v~c 

J = -11.0 ± 0.3 cps gem 

J' = -10.0 ± 0.3 cps gem 

J diag 
:::;: 0.7 ± 0.5,cps 

J' = 0.6 ± 0.5 cps diag . I 

~B. Nuclear Magnetic Double Resonance 

Analyses of two- and three-spin. systems using v frequency-sweep 
1· 

ri.uclear magnetic double-resonance have been carried out· and described·. 
. . 20 

in considerable detail by Freeman and Anderson. However, complete 

spectral analysis using the v2 frequency~sweep method has not been 

previously reported. In fact, only a single isolated example of this 

method exists in the literature.54 
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The pUYposes. of this section >·rill then be t>·rofold. First, experi-

me.nts will ·be described clen1onstrating the value of the· v
2 

frequency-

svreep method in spectral analysis. Secondly,. experiments >vill be 

described which .vrere conducted in order to gain a fuller w"lderstanding 

of the 'physics 1 underlying th·= phenomena observed in these experiments. 

L, Spectral analysis. 

The aromatic protons of 2-chlorothiophene have been chosen to 

demonstrate the application of the v
2 

frequency-s1veep technique to the 

ordering of the energy levels of an unkno~~ strongly coupled ABC system. 

Figure 26 illustrates the spectrum of the neat, vacuum-degassed liquid 

at 60 Me/sec. The spectrum v<a.n run ::;~t a sv1eep rate of 0.03 cps/sec 

us in~ a filter bandvridth of 0. 25 cps. In chlorothiophene 14 out of the 

15 lines occur Hith observable intensity.. Line 15 wc;..s assigned using the 

frequency su"!l rule and Has also observed indirectly in a double-resonance 

experiment to be described belov. 

Suppose v
1 

is set on line 2 and the rest of the spectr~"!l perturbed 

by v
2

. Perturbing lines which have no energy level in common with line 

· 2 should produce no effect . Lines which are connected by an energy level 

in a regressive manner (.6. m = 0) w·hen perturbed by v
2 

should cause a . . 

decrease in the intensity of line 2. In a similar manner perturbing 

lines which are connected in progressive manner ~y a common energy level 

to line 2 should cause an increase in the intensity of this line. 

This situation 1..rhere line 2 vras observed is illustrated in Fig. 27. 

Note that as v2 sweeps through v
1 

a b~at frequency is generated as some 

of the nucelar resonance signal at v
2 

enter~ the phase sensitive detector 

. operating at v 1 • The beat frequency is rapidly damped out by the output 
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filter of the phase sensitive detector. In addition to this beat 

. frequency; Hhat appears to be very lm,.r fr,~quency ringing is observed on 

the tails of the peaks. This is actually a saturation phenomenon \·rhich . 

is caused by using a rather large E
1

. This ringing or saturation was 

of no significant consequence and could easily be eliminated either by 

using smaller H
1 

or by putting in a~lditional filtering after the phase 

sensitive detector. 

From ~he spectrum in Fig. 27 it is a simple matter to determine which 

lines share energy levels in comnon i·Jith line 2 and also 1.rhether the lines 

are connected in a regressive or p1·ogressive mo.nner. This is most easily 

accomplished by superLmposing this spectr~m on the normal spectrUm run at 

the same Slveep rate. The superi.mposed spectra are shovm in Fig. 28. 

From ;this superimposed spectrum it can be seen that lines 5 and 10 are 

\ 
conne;cted to line 2 in a regressive manr1er and lines 7, 13, and 15 are 

connected to line 2 in a progressive manner. Line 15 repre.sents an 

interesting situation since under normal conditions it.is an e~~remely 

\veal.::: line and therefore difficult to observe. However, the v2. frequency­

sweep double resonance spectrum clearly points out the position.of the 

line and also the fact that it shares a common energy level vrith line 2. 

This method therefore also represents a new technique by which very 

'. 
weal( lines may be indirectly observed. 

The results obtained for line 2 are presented in Table VII. Lines 

8 and 9 are·nearly degenerate and therefore cannot be distinguished on 

a frequency basis alone. 



Line 

l 

2 

3 
4 

5 
6 

7 

Table VII. Results of the v2 frequency-s1..reep 
double-resonance spectrum 1.rhile 
observing line 2 of· 2-chlorothiophene 

Result Line Result 

Unaff.ected 8&9 Unaffected 

Observed 10 Affected (regressive) 

Unaffected ll Unaffected 

Unaffected 12 Unaffected 

Affected (regressive) 13 Affected (progressive) 

Unaffected 14 Unaffected 

Affected (progressive) 15 Affected (pro(Sressive) 

Each of the strong single lines in Fig. 26 were observed in a v
2 

frequency-svreep and tables similar to Table VII above were constructed 
! 

for each of these. In all cases it ;;.ras quite easy to see \vhich lines 
\. 

l·rere affected and in ;;.1hat man...'1er they v;ere affected. A cross check may 

be made at once on the results obtained for a single line, for if 

il·rad.iation of one line causes the line being observed to increase in 

intensity then the reverse must hold, although this will not necessarily 

be observable at the same strength of the perturbing rf field· if the ti-ro 

. lines differ in intensity. This information was then used to construct 

the energy-lev.el diagram for a three-spin system which has been schenw.tically 

represented in Fig. 40. This diagram is appropriate to the. ABC 2-cholor-

thiophene system and the as·signments of the transitions determined by 

double-resonance are indicated. T.~e spectra obtained for the remaining 

strong non-degenerate lines e.re presented in Fig. 29 through Fig. 37. 

During the analysis the frequency sum rule provided a useful cross check 

on the progress of the assignJnent. The problem is greatly ov~r(j.etermined 
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and there 1-ras no difficulty in predicting the frequencies of the- . 

remaining lines .required to co::".plete an analysis of a 15-line P.J3C system. 

In addition to giving the enel"t,y-level diagrarn for 2-chlorothiophene 

this t(· ·'mique provided a very ~3imgle and extremely accurate 1vay of 

cali'9rating the high-resolution spec:tn.un. Once the peak height haci been . ' 

accurately determined tl_le frequency ;-ras recorded. By this method, the 

frequencies of' the lines 'I·Tere :ceproducable within 0. 05 ·cps. 

Once the transition frequencies >·Jere obtained it was a simple 

matter to obtain the energy levels. The zero of energy was defined by 

setting the sum of the eigenvalues equal to zero. The energy levels vrere 

then fed into l\Tf.1RIT u~ing an aJ:bitrary set of starting parruneters. Given 

that the energy-level information greatly overdetermines the problem, 

the program quickly converged to a set of parameters which are presented 

in Table VIII . 

. Table VIII. Chemical shifts and coupling constants 
for 2-chlorothiophene 

Coupling constc-.. nts Chemicn.l shifts 

Jl2 = 3 .4L~ ± 0.1 cps vl2 = 4.5 ± 0.1 

Jl3 = 5.91 ± 0.1 cps vl3 = 9·7 ± 0.1 

J23 :::: 1.24 ± 0.1 cps v23 :::: 5.'2 ± 0.1 

cps 

cps 

cps 

The errors quoted above are those calculated by 1\~IT. A,comparison 

_between the experimental and calculated spectra is presented in Fig. 38. 

) 

' 
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2. Pulse eA--perim~nts. 

The effect of transiently saturating a line Hhile observing the 

effect of the perturbation on <mother line <·;here both lines have a 

common energy leyel <vas described. 1'::1is transient saturation 1·ras ·caused 

by sHeeping the perturbing rf' .:::Leld. througn the appropriate lines. In 

this section the results of th•:'! exper:L"'D.ents v!herein the transient 

saturation '\vas generated by a Ti pulse instead of a v2 frequency-s1·reep. 

In order to produce a Ti pulse; the conditions of Eq. (66) must be 

met such that ex will be equal to 180 o. In practice the Ti ·pulse \vas 

generated by setting the ti.i'l1e of tbe pulse, t equal .... , l second and 
1-l' 

uO 2 
then varying the amplitude H2 of the perturbing rf field until the 

maximum signal was observed. This procedure is valid because a maximum 
I 

signal should be observed ;·;hen the :r.:acroscopic magnetization vector has 
' \ 

been completely tipped from the positive z direction to the negative z 

direct ion, i.e., when ex = 180 o. 

The first experiment was performed by turning on H
1 

at the frequency 

of line 2 of 2-chlorothiophene (see Fig. 28) and applying the Tipulse 

to line 13. From Table VII one sees that irradiation of line 13 lvhile 

observing line 2 should cause an increase in the intensity of line 2. 

The results of this exper:L"llent are presented in Fig. 39. 

Similar,experiments were carried out by pulsing each of the non-

degenerate lines in 2-chlorothiophene. In each case the results were 

identical to those obtained by the v
2 

frequency-s'l>i'eep e).--periment. 

It l>i'as previously shm1rr1 that under the proper conditions saturation' 

bJr v2 svreep or by pulse methods are ident.ical. This -vmuld then tend to 

indicate that the phenomena being observed in the v
2 

frequency~sweep are 
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due to the fact .that the condition for adiabatic rapid passage is being 

met. It was not possible to accurately calibrate H
2 

so that a more 

quantitative statement cannot be made at this time. 

·· ... 
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V . CONCLUSIONS 

The experimental data in Sec. IV.A. have shown that the trends 

observed in the geminal coupling constants can be explained on the basis 

of the theory of Sec. II.A. There does appear to be an approximate 

linear relationship between the geminal coupling constants and the 

electronegativities of the substituents. However, what is even more 

interesting to note is that the change in the geminal coupling constant 

in going from trimethylene sulfide to trimethylene oxide is approximately 

half as large as the change observed in going from ethylene sulfide to 

ethylene .oxide. This trend, in fact, was predicted ~uite accurately by 

this theory assuming nearly sp2 hybridization for three-membered rings 

and sp3 hybridization for four-membered rings. The 13 geminal coupling 

constant remained nearly constant in the cases studied indicating that 

' the effect of the substituent over two or more bonds is negligible. 

Another point which bears mentioning is th~ fact that the geminal 

coupling constants in general have opposite signs to the vicinal 

. coupling constants. Since there is good theoretical evidence indicating 

that the vicinal coupling con::.tants are positive, 29 it is then to be 

expected that the geminal coupling constants are negative in absolute 

magnitude. Th,is is important. to note in the light of Gutowsky 's 8 

original study, using the average energy approximation, which predicted 

positive geminal coupling constants. As was p'reviously pointed out, use 

of the average energy approximation insists that the coupling constants 

be positive whereas this does not necessarily follow from the use of 

excited state wave functions. It can therefore be concluded that the 

average energy approximation can and does lead to incorrect conclusions 

when applied indiscriminantly to second-order perturbation .theory 

calculations. 
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It appears that it will be considerably more difficult t~ make any 

conclusive statements concerning the vicinal coupling constants in 

four-membered ring compounds. As was pointed out in the previous 

section, the NMR data alone cannot determine which of the two vicinal 

coupling constants, cis or trans, is the larger although evidence is 

available on: highly substituted four-membered rings which indicates that 

the cis coupling constant is the larger. However, in one instance, 

namely that of 3-chlorothietane, 55 the authors point out that assumption 

of a larger trans and a smaller cis coupling constant would be more 

consistent with their observations. In still another example, the cis 

and trans coupling constants in r3-propiolactone were found to be equal 

within 0.2 cps. In view of the above evidence and the results obtained 

and previously described it does not appear that there is any direct 

correlation between the vicinal coupling constant and the electro­

negativity of the substituent. 

In,view of the uncertainty of the vicinal coupling constants it is 

likewis.e difficult to state any conclusions concerning the long range 

coupling constants since it is not possible to distinguish bet>veen the 

two possible cross ring coupling constants. Hovrever, it is interesting 

to point out that no large long range coupling constant was observed as 

opposed to the case of chlorothietane where quite a large cross ring 

coupling constant was observed. In addition the substituents do not 

appear to affect the long range coupling constants to any observable 

extent. 

In order to distinguish between the vicinal coupling.constants 

further studies would be necessary. Perhaps substitution in the a 

position by a group which would not be expected to show a large substituent 
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effect such as a methyl group or a deuterium atom might provide the 

necessary information. In add.ition a complete assessment of the 

magnitude of the vibrational effects and the corresponding influence on 

the coupling constants will be necessary. Such a study would require 

a complete knowledge of the geometry of the molecules; information 

which is not yet available. 

Nuclear magnetic double-resonance spectra recorded by sweeping v2 

while observing a single non-degenerate transition with v
1 

constitute a 

very ,good method by which information concerning the arrangements ~f 

the energy levels of complicated spin systems may be derived. Transient 

saturation experiments where the same information is obtained using a 

field-sweep mode of 9peration.have been previously described~6 H~weve~, 

it has been shown that the frequency-sweep technique provides a better 

metho~ for obtaining the same information. It has been shown that the 

intensity changes will clearly indicate the energy level arrangement 

involving two transitions. One of the energy levels is comm~n to both 

transitions; the other.two levels may have either the same quantum 

number, in which case an intensity decrease will be observed, or quantum 

numbers which differ by two units, in which case the intensity should 

increase. 

An example of a strongly coupled ABC system was used to indicate · 

that these rules are in fact borne out in prac~ice and can be used in 

the analysis of unknown systems. Once the energy level assignments were 

made, the iterative computer program of Swalen and Reilly was used to 

determine the final parameters. This procedure should be of considerable 

use in the assignment of energy levels in complex· spin systems such as 

the ones studied in this dissertation. This procedure has in fact been 

used in. the·:.study of one five-spin system. 



-81-

. Finally, pulse experiments were carried out in order to gain a fuller 

understanding of the theory involved in these experiments. The pulse 

experiments do tend to indicate that the observed phenomena are caused 

by population inversion due to adiabatic rapid passage. However, 

fUrther experimentation will be necessary for an unequivocal proof . 

. . i 

. '·' 
.J·, 
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FIGURE CAPTIONS 

Fig. 1 The transition frequencies n and intensities L of the A resonance 

plotted against the offset parameter D. for an AX system for 

-y~/2rr ~ o. 2J. · 

Fig. 2· The transition frequencies nand intensities L of the A resonance 

plotted against the offset parameter D. for an AX system for 

-y~/2rr := . J. 

Fig. 3 The schematic representation of the energy levels of a two-spin 

system. 

Fig. 4 The schematic representation of regressive (a) and progressive 

Fig. "5 

E:ig. 6, 

Fig. 7 

Fig. 8 

Fig. 9 

Fig. 10 

Fig. 11 

Fig.· 12. 

(b) energy levels~ 

Enlarged section of Fig. 1 as shown by s'olid line in Fig. 1. 

Enlarged section of ·Fig. 1 as shown by solid line in Fig. 1 

showing also the distribution of the main magnetic field H 
0 

over the region of the sample. 

Enlarged section of Fig. 1 as shown by dashed line in Fig. 1. 

A block diagram of the field-frequency lock spectrometer. 

A schematic circuit diagrarr: of ~he variable frequency le-ek-in 

amplifier used in the field-frequency lock spectrometer. 

structure and identification of the six ~B4 protons. 

The A-60 spectrum of trimethylene sulfide on a 500 cps scale. 

The A-60 spectrum of trimethylene sulfide on a 50 cps scale. 

Fig •. 13 The spectrum of trimethylene sulfide (sweep rate = 0. 03 cps/ sec) 
. . 

. rt;'corded with the field-frequency lock spectrometer. 

· ·Fig. 14 · The 100 Me/sec <SpeC:trum.:.o;r. tri.ID.ethylene sulfide. 

Fi'g. 15 The 100 Me/sec spectrum of trimethylene sulfide recorded l'lhile 

irra.dia. tins v 1'· 
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Fig. 16 The observed (a) and calculated (b) spectra of trimethylene sulfide. 

Fig. 17 The 60 Mr:/sec spectrum of trimethylene imine. 

Fig. 18 The observed (a) and· :calculated (b) spectra for.the trimethylene 

imine triplet •. 

Fig. 19 The observed (a) . and calculated (b) spectra for the trimethylene 

imine quintet. 

Fig. 20 The 60 Me/sec spectrum of trimethylene oxide. 

Fig. ·21 The observed (a) and calculated (b) spectra for the trimethylene 

. oxide triplet. 

Fig. 22 The observed (a) and calculated· (b) spectra for the trimethylene 

·oxide quintet. 

Fig. 23 The A-60 spectrum of 1,1-dimethy~cyclobutanedicarboxylate on 

a 500.cps scale. 
i 

]fig. 24 The spectrum of 1,1-dimethylcyclobutanedicarboxylate (s'weep 

rate = 0.03 cps/sec) recorded with the field-frequency lock 

spectrometer. 

. Fig. 25 The observed {a) and calculated (b) spectra of 1,1-dimethyl-

cyclobutanedicarboxylate.:. . 

Fig. 26 The high-resolution spectrum of 2-chlorothiophene • 

. Fig. 27 · The v2• frequency-sweep double-resonance spectrum of 2-chloro­

thiophene observing line·~2. 

Fig. 28 

Fig •. 29 

The super position of the high-resolutio'n spectrum of 2-chloro-

thib.phene and the v2 frequency-sweep double-resonance spectrum 

'observing line 2. 

The super position of the high-resolution spectrum of 2-chloro-

thiophene and the v2 frequency-sweep double-resonance spectrum 

-observing line 3· 

.. 

,. 
' 
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_Fig. 30 

Fig. 31 

Fig. 32 

Fig. 33 

Fig. 34 

Fig. 35 

Fig. 36 

... gg .... 

The super position of the high-resolution spectrum of 2-chloro­

thiophene and the v2 .frequency-sweep double-resonance spectrum 

observing line 4 • 

The super position of the high-resolution spectrum of 2-chloro 

thiophene and the v2 frequency-sweep double-resonance spectrum 

observing line ~. 

The super position of the high-resolution spectrum of 2-chloro­

thiophene and the v2 frequency-sweep double-resonance spectrum 

observing line 7. 

The super position of the high-resolution spectrum of .2-chloro­

thiophene and the v2 frequency-sweep double-resonance spectrum 

observing line 10. 

The super position of the high-resolution spectrum of 2-chloro­

thiophene and the_v2 frequency~sweep double-resonance spectrum 

_ observing line 11. 

The super position of the high-resolution spectrum of 2-chloro­

thi9phene and the v2 frequency-sweep double-resonance spectrum 

observing line 12. 

The super position of the high-resolution spectrum of 2-chloro- . 

thiophene and_the v2 frequency-sweep double-resonance spectrum 

. obser\ring line 13. 

Fig. 37 · The super position of the high-resolution spectrum of 2-chloro-

. thiophene· and the v2 frequency-sweep· double-resonance. spectrum 

observing line 14. 

Fig. 38 The observed (a) and calculated (b) spectra of 2-chlorothiophene. 

Fig. 39 Observation of line 13 in 2-chlorothiophene vlhile pulsing line 2J 

;., ., .-
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Fig. 40 _The sche.matic representation of the energy levels -of the three­

spin system 2-chlorothiophene.-
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The transition frequencies n and intensities L or the A resonance plotted against 

the offset parameter 6 for an AX aystem for ~~2n • 0.2J. 

Fig. l 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com­
mission, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa­
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor­
mation, apparatus, method, or process disclosed in 

this report. 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com­
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor . 






