Lawrence Berkeley National Laboratory
Recent Work

Title

THE ANALYSIS OF THE NUCLEAR MAGNETIC RESONANCE SPECTRA OF FOUR-MEMBERED
RING COMPOUNDS OF THE TYPE A2B4 USING BOTH COMPUTER AND DOUBLE-IRRADIATION
TECHNIQUES

Permalink
https://escholarship.org/uc/item/9c07f5hj

Author
Ferretti, James A.

Publication Date
1965-08-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/9c07f5hj
https://escholarship.org
http://www.cdlib.org/

UCRL-16349

University of California

Ernest O. Lawrence
Radiation Laboratory

THE ANALYSIS OF THE NUCLEAR MAGNETIC RESONANCE SPECTRA
OF FOUR-MEMBERED RING COMPOUNDS OF THE TYPE A,B

204
USING BOTH COMPUTER AND DOUBLE-IRRADIATION TECHNIQUES
-

~\

TWO-WEEK LOAN COPY

This is a Library Circulating Copy
which may be borrowed for two weeks.
For a personal retention copy, call

Tech. Info. Division, Ext. 5545

Berkeley, California




DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



LN

N
, EVE by puvils
s+ Research and D

UCRL-16349

i | | 'UNIVERSITY OF CALIFORNIA

Lawrence Radiation Laboratory

{ : o _ ‘Berkeley, California

P

AEC Contract W-TL05-eng-L48

THE ANALYSIS OF THE NUCLEAR MAGNETTC RESONANCE SPECTRA
OF FOUR~MEMBERED RING COMPOUNDS OF THE TYPE A.B
USING BOTH COMPUTER AND DOUBLE-IRRADIATION TECHNIQUES

James A. Ferretti
(Ph.D. Thesis)

| August 1965



—ifi-

" . - TABIE OF CONTENTS

m%muwm.".., . O P
:I. INTRODUCTION . . . Ce : R }f}'} ca. 1
‘II THEORY ;.}'..l o ...va:'T.. {.Aﬂ..jﬁ.q; 5
A. Electron Coupled Nuclear Spln-Spln Interactions . . .. 5
. 1. The Hemiltonian and General Formulas . e e e s
2. Molecular Orbital Theory of Nuclear
Spin Coupling Constants Between Geminal o : .
Hydrogen ALOMS + v v v v o 4 o o o o o & o o 4 o o+ 9
3. Nuclear Spin—Spln Coupling Constants in
© Baturated Systems Between Protons Separated S
- by Three or More Bonds . « « « » o o ¢ « o+ 4 ._} 3‘.‘fi6
-; B3 ‘Nuclear Magnetic Double Resonance R .(.-. . . 22
.f. 1. The Hamiltoﬁian and General Formulas . ; g‘. IR ‘22_
A§,_:' 2, Graphical Presentation and Discussion . . };..; ... 26
_ ITI. EXPERIMENTAL . e T . Cee e .v,i.'. L. | 36
‘.A.l Sample Preparation .'._. O Z_"367 
B. Instrumentation . . . . . . . e e e e e e .:. fA. vl 36

1. Construction of a Field—Freqﬁency Lock
Spectrometer « « v ¢ v 4 4 4 e 4 e e e e 0w .. . 36

' 2. Spectral Data . - .« o ¢ o0 4 we et 0 0o e . b

IV: BESULTS “s A B .n -. . -. . .. A - ‘o ‘ o e e .- Te -..'Oi s . ' )"'9
A. Complete Analysis of the NuclearvMagnetic Resonance |

- Spectra of Trimethylene Sulfide, Trimethylene Imine,

Trimethylene Oxide, and 1 l4D1methylcyclobutane ' L

charboxylate e e e e e e e e e e e e e e ko

1. Trimethylene éﬁlfide e e e e e e e e e e .‘.‘. 61

2. Trimethylene imine . . . . ... . . Y X ¢

3. Trimethylene oxide . . . e e e e e e }‘,,:v. 69

4. 1,1-Dimethylcyclobutanedicarboxylate - .. .70



B. DNuclear Magnetic Double Resonanjce .
l. Spectral analysis

2. Pulse experiments

" ACKNOWLEDGEMENTS

REFERENCES + + .

‘FIGURE CAPTIONS .

V. CONCLUSIONS. . .

. .

'. . v.
L .

e e

-iVe-

.

. TL

T2

78
82

83
gy



B

THE ANALYSIS OF THE NUCLEAR MAGNETIC RESONANCE SE B”me
. OF FOUR-MEMBERED RINC COMPOUNDS O THE TYPE A
USING-BOTH COMPUTER AND DOUBLE-IRRADIATION TWC&?IQUES

Jamus A, ‘Perretti

v , Inovganwc Materials Research Division of ,
' . Lawreénce Radiation Laboratory and Department of ChemlSurJ :
S o University of California, Berkeley, California

ABSTRACT _
August 1965 :

The Nuclear Madnetlc Reso ance soectralof a serles of four-membered‘
ring molecules have beeg analyzed usinw’both-computer and double-irradia-
: fiop techniqués. The mo;ecuies; trimethylene oiide, trimethylene imine,
. trimethyiene sulfide; and‘l,lfﬁiméthyicyclocuﬁanedicarboxylate,‘weré
analyzéd as AEB systemé‘\ The chemical shifts, and viéinal'énd long‘
range coupling constants wcre found to be gquite normal. ‘Current
a ! o theovles concerning SubStluHEPt effects on gem;nal proton coubiing
constants are presentéd and the substitutive tfends observéd in.the.above
:sefies.are‘interpreted‘in thé light'of‘thesé theories. . The éffgéts of
bond'hyﬁridization on subétituent_éffects was alsa found to be‘interpre-'
table in terms of the theory. |
Nuclear Mﬂgnetid bouble'Resonancé'SPecﬁra were obsérved both by
swéepiﬁg tﬂe;obseTQinéxrf fielﬁ vivand aiéo By;sweepiﬂg.the peftu&bing

'
4

field Voo »When vy

' is set on d:nOn—degenefaté'transition frequency and
'.vz subsequently swept”tbvperturb the other lines in the_spectrum, inten= -

~sity changes are observed when any transition which is perturbed by Vs has an -

. energy level in commoniwitﬁ?the‘1ine»%éing observed by v,. Anintensity



- 2-chlorothiophene.

Cevie
increase is observed when the energy levels are ordered in a progressive
menner and a-decrease in intensity is observed when the energy levels are

ordered in a regressive manner. This procedure has been used to establish

the ordering of the energy levels of the ABC system of protons in

[

'?ulsevexperiﬁents’weyé carried out in‘oraer to gain a fuller ﬁndgr—
standing of»tﬁe phénomepa bbserved in\thebabove doubleFresoQancé experi-
ments. These experimenté-indi-gte tnat the observed phenomeha are caused
by population in&ersionvdue to adiebatic rapid bassage. |

A detailed describtion of ﬁhe fieid-frequendy spectrometer éon—

-

structed and used in the above work is presented.
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I. I}'\TTRQUJCTIQN' o

'Small-ring‘mélecules are Currently'the subject of.considerable

U)

interest in a number of ields of Dac oacopy, huclear magnetic -

S ) ;

resonance (NMR) being no exception. A great deal of this interest

stems from the inherent simplicity of these systems which in many cases

allows a number of properties of these molecules'to be interpreted in

terms of their molecular structure and geometry.

‘

The NMR spectra of three-membered ring compounds have been studied

1~ o
in consmderable detail by a number- cf lnvestlgators. + The molecular
A structures of. some of tnese compo unds have been accurately determined
- by microwave spectroscbpy thereby making it possible  to experimentally -
determine which structurel fectors,vif any, contribute to the coupling
constants., Hutton and Schac ec. have shown in th ree-mcmoered rings tﬂat '

§
¥

+the geminal proton nuclear;Spinisxin coupling constants are dependent
.in approximately a linear fashion on the electronegativities of the
) substituents‘in pcsitions o' to the CHQ'group. Mortimenrhas measured

the gcmlnal proton coupllnrr constante in ethylene ox1de, ethylcne 1m1ne,tu

H

and ethylene sulflde to ‘be 5 5 cns, 2 0 cns, and < 0. H cps, respectnchy,,

’the signs of the coupling constants being meéasured on a relative bagis -
o _only. IR v“%3*:fffftxﬂ"n N E e .

RIS

Knowledge of the structural Ieatures of these small-rlng compounas

hmahes 1t p0551ble to compare exoerlmental data Wluh theoretlcal calcula-'

.

tions ofvthe coupllng constants. An early study by Gutowsky, et al
'uéihg a valence bond method predlcted a p031t1ve value for the coupling
'iconstant‘in>methane which‘Should_decreaSeg(become more negative) as

. : . . . ) . o . o

the H-~C-H bond angle opened. out. _Subsequent-experimental data such as

‘that cited above have established the obposite treni-fof hydrocarbons

L
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and, in molecules with substituents, there appears to be very little

- correlation w1th tne H-C-H bond angle.

As has been noted above, the NMR specira of three—membevcd ring
molecules have been studied in considerabre detail. However, the
literature has been notably lacking in similar studies on' four-m mbe“cd
ring compounds,  only a few highly substituted systems hawving been
: . 9"111 . N s . ) s ‘anl RN : i :
reported. Probably the chief reasson for this:lack of NMR spectral
data on four-membered ring molecules is the complexity of the spec tra
involved. These highly complex non-7irst order spectra did not lend
. . « . . 12,15 - : >
themselves to simple analysis by ble usual net pods. ,

This study of four-membered ring systems was undertaken in order

to determine if trends similaer to those observed in three-membered

.

ring; compounds exist, and also to what extent analogles can be drawn

‘

betveen h two systems. As in the three-membered rings the geometries

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

well defined since their molecular structures have been determined

1h-16

exactly in a few cases, Analogous trends were observed although

the effect of substituents was found to be considerably less pronounced

in the four-membered ring series. . .

Pople and Bothner By 17, nave recently presented 2 paper in whlch

"tbey demonstrated uhat a molecular ovbltal treatment of the electrons

. i

.

in a methylene,group_leads‘to_a theo ry of the effect of SubSbluuthﬁ on

- the geminal proton-proton cdupling constants. The theory still does not

. lead to a satisfactory calculation of the absolute magnitudes of the

coupling constants. However, it does provide an interpretation of the
substitutive trends previously noted in the literature. TFurthermore,

<

the theory leads to a number of predictions about algebraic increases

§

=
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and decreases. in the geminal coupllna constants and does PTOﬂOVly

,

predict the trends_noted_above for both the tlrec-mcmbered vlng and

four-membered ring series.'fanally, it will be shown that the theory

L

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

tion on the substituent effects of the electronegative groups & to the o
1 ght of the.

H-C-H group. ' Experimental data will be dlSLuSSGd in the lig

rules suggested by this theory.
. /
The determination of the chemical shielding parameters and the

N

nuclear spin-spin couplmrr constants in the A BL four~membe ed ring

'molecules trimethylene ox1de, trimethylene imin trlmethylene sulf 1de,

W’

iand l l d*methylcyclobuuancdlcarboxylate was accompllshed both by means
of a hlgh—speed compute* and mlse through the, use of nuclear magnetlc,

B

double resonance, where the NMR'spectra are observed in the presence of

v

- a secOnd radio—frequency field.

Thc computer program used in. these analyses is the iterative program -

developed by Swalen and Rellly 9 In tnls scheme a theoretlcal spectrum

<

is IlrSt calculated from a trlal set of parameters. These parameters
" are then readjusted in order to.reproduce-the experimental spectrum as

)

well as possi ble from the exnexlmental data which are in the form of

transition freguencies and inteneities. The chief steps in this analysis-
-are first‘to cbrrectly assign the observed transition frequencies to
Those: caleculated Irom the Lrlal Dar weters ana, secondly, to convert

these frequenCies intc;;'> set of . correct ly ordered energy levels. Thia

'-ffh T prqeedurefis.strictly a trial ﬂnd error method and 1n the four-membered

s
i

o Tine WOlGCUleS of interest did not prove to be feasable. The lack of
R ?easabwlluy of this methoa resulted from the fact that it was not Poesvole'tw

’

to corre ctly ass1gn a suf1W01enu numoer OI tran51tlon frequen01es startln

v




Th

case (b).f‘ - :

Trom en arbitrary set of trial pargusters.
Improvément of the analysis procedure was possible ﬁsing.the

additional experimental‘data cbtainad froﬁ doubié-resonance spgctra.

A simple technique for pbtaining proﬁoﬂ aouble resonance spectré has

. .20 ‘s . :
recently been developed =~ by vhich the magnetic resonance of .one

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

-rf field H, at frequency vl; while a second nucleus or group of nuclel -

(Group B) is irradisted with a field H, at frequency v2. The fre-
quencies vy and vo'are related to the field strength Hé by the Larmor

resonance conditions for Groups A end B, and in order to scan through

s
N

the spectrum at least cne of these three quantities must be varied.

3
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" (a) Field sweep: (vl—vg)\consta“t,.ﬁo variable. Either the mag-

.netvic field H. is swept or the two rf fields are swept simultaneously

t0o observe the spectrum. b

(b) v, frequency sweep: ,vz‘is applied at a fixed position and Vi
is swept to observe the spectrum. . -

is, applied at a fixed position and v

(c) Vo frequency sveep: v.

1 2

is swept through the various 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 will be shown

that case (¢) also provides a very good method by which spectra can be

observed. Experimental data will be presented and discussed in terms-
) ’ . . . \

of this method and will be compared with the methods of case (2) and
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o tze nuclear spin cou lin' is
P pilng

-6 molecule was first given by Ramsey

-"nOtation and formulation.

~where' ..

i

LIEL ﬁ:RY-"
¥

A Eléctron-Coupied Nudlear Spin-Spin Interactions

1.  The Hamiltonian and General Formulas

A complete general theory of the interactions of nuclear spins in.

29.

who showed that they arise by

_three distinet mechanisms. . In this secction a brief outline of Ramsey's

'.,Ll derivation of the general eguations fbr-the.spin and orbital contributions

-4
-

presented along with some changes in
";The Hamiltonian for a molecular system in a magnetic field is

”?,'ﬁ;ven by' B R

v
1.

34 34 + ¥ +3a¢ mh @y
M-z mk][l.i.\kvﬂ_c,{%ﬂ 0 Ty X Tl + 3 % mf

f V'+ o +'Mis-+ Hog + g ‘J‘ L .:ﬁ. (2)

’ "'m.g i '.'_~. _. =Y f..; 5 o __5' o

Hy f‘”’eﬁ ki VN{5,<SK_ ‘rkNAIN 1N TN 'tsk c v Tk g (3)

NN? N N'

Mh=-h2 P ‘v“/ {5< o Ty XIN‘ R }‘NN' ;’. ' fm 1:%' (5?.

¢

7 1s the gyromavnetlc ra+1o OI the electvon, yN is the gyromagnetlc

“ratio of nucleus N and LN 1s tle nuclear angular momentum in wnits of .

[
k L




order.

-

- -
r . 1s used to represent the difference rk - Ty where Ty designates the

kN

" coordinate of the k'th eTectron The first part of the squared term in

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

term follows.directly from the eQuations'ef motion of a charged particle

in a magnetic field and represents the magnetic interactions between

" electronic orbital motions and muclear moments. }&IR 3&5, }%S’ and }%H

designate,'respeetively, the contributioné to the Hamiltonian of the

"eiectron_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

1

’ HQ gives the magnetic dipolar interactions between electrons in non-s

- . orbits and nuclear spins. H gives the Fermi contact interactions between

>

‘electron splns in s orblus and nuclear splns l& is the term for the

direct magnetlc 1nteraction of the nuclei w1th each other. To fi}sﬁ '

.order }ﬁ_averages to zero in experlments 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 considered in detail is }%, the Fermi

- contact term, since it is well known that in most cases it is the ohly

;vterm which contributes significantly to proton;proton coupling'constanté

inliquids.22 Considering, therefore, an7electron~nuelear coupling ine

A

S .
. volving only two nuclei of spins I, and IB, one gets the following

©  expression for l%:

¥, - (3”7.3.“‘ ot - % oGty - 28 sG] (©

- d T



IS v;MA-"v'HB:

o where ﬁhe nuclei differ with gyroéagnetic ratios wh;and 735 aﬂd spins
‘ IA and IB;' The formula for the coupllng -0of nuclear spins by electron.
f‘spins is éhen obtalned as follows: The operator:ﬂ glves no flrst-order

'uperturbatlon of the energy of the molecular ground state. Second-ovder

perturbations will mix the ground singlet,state with excited triplet

‘;’,_electronic states. If E' then represents the total second—order.nuclear4  =

S

’ spin electroh-spin perturbation energy,'then one gets
6] ) )
(0, ]n) (n[¥;]0)

ez | T m
" nfo E - E, L

(OIHA + HB-}n)(nlﬂA + :HBlO')

. E - F
n (o]

<% (E;%E;X<olﬂél"n><nmj{lo>‘ * (Ogln) iy |0) |
+ OBl @R I0) + ORGImeRyl0)) ()

Thevfirst two termg represent the ektra;energy one would obtéin ifléﬁly:<
.one of thg nuclei were-présént, The last tWO?ﬁerms représent the”extra
:‘energyvbne obtains Whéh both nuélei'are presentv' This represents ‘an
"'energy of 1nteract10n and is the quantlty to be calculated. Thereforé, f

v c0n51der1ng the last two terms of Eq. (9) and the fact that:H and:H |
-are Hermltlan, one gets _ |

. (O}, |n)(nfH [0
- nfo ! ‘En-EO




8-

(ol8(%, )8, Illn)(nla(er)S . 1,00)

= -2< )F V.Y ©(11)
A'B .
xpfo N | E -E,
It can then be shown that fhis ‘texrm caﬁ be written in the form
et G E mmlaE 8l
E=-2 “"3""?F WY 2 Iy EE — (12)

o
In the liquid state, frequent collisions will average the moleculaf.

'oriehtations over all directions-so‘that one tﬁen obtains
-
8 <016(r )5, n) <nls<r 5)5410)

B ;‘f"%(‘fA.fB)[z(mﬁ)z VoY = o e _ _J' (13)

- Equaﬁion (13) can then be written in the usual form wheréi

§
[}

-~

e - . ' | .
Lo E=dp -z R (14)

" and
(0]8(x,,)5, ln><n|5(r s Joy

. . ﬁ ) .
: 2 Ye : ‘
o J = e ‘{.—;—_—)2 VY > e (15) .

  J being termed the nuclear.spln-spln coupling constant.

One dlfflculty-w1th the formula in Eq. (15) is that the summation
"exfends over all triplet states, of whlch there may be an 1nf1nlue numbér
J éhd,~moreovér, %he triblet wave fﬁnctions ére'generaily not known. -One
'  ‘common'approximationEB ﬁas been to replace the differencés (EneEo) with

.anlaverage excitation energy AE.‘ When this is done if becomes possible
:to substitufe Y for all thevY and eliminate the summétion.over n.' for

: polyelectronlc molecules, a summatlon is extended over all pos51ble Dalrs, o

'k, j, of electrons and Eo._(lS) becomes



. >

8ﬂ'yh S 5 N o
“< ;F W%WB ?%- (OIB(rkA)S(r )S . S ]O) - o (16)

Wlthln the llmlts of thls 'ayerage energy approximetion", the problem

of calculatlng Jpg 18 now the substitution of a suitable.eXpressionjfor

AB

'the ground state wave functlon. However, it-will be shown in later

1,

’_'sectlons that this approx1matlon in some 1nstances 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 Cogpiing'Constants.Between :;] .
Geminal Hydrogen Atoms L e

A number of experimental values now exist for nuclear spin coupling.

“"oconstants.between geminal hyd;ogeh atoms with an intermediate carbon atom{‘f_ f:,JL

 One observes the following trends among these coupling constants:
.ia. In simple hydrocarbons the geminal coupling constants are very ;iu
" sensitive. to the hybridization on the carbon atom. This can be seen“ B

from the, values of the geminal coupling constants in the following systems: -

Molecule = _' i Geminal Coupling Constant
‘v “l)' - ~ CH i L N -12.4 eps 2k |
ey © CHy=CH,. . 2.5cps | ?5 R
H3)»‘.‘e - :.J CycloprOpanejfizﬁ‘;gv:if__~voa.u;'h _ops 26 X g
'%): lke5ﬂf%Cmﬂdnw&ﬁiqfi?ﬁ ‘f”feee;eil 1ops ?7

b, 'Sub'stitution of &n elecuonegative aﬁbm‘ in & position O to the cH,
group produces a pos1t1ve Shlft in the gemlnal coupllng constant. This
-, has now been’ observed in a large number of widely dlfferlng systems.,
Until: recently no satisfactory theory had been developed to. prov1de

°

an explanatlon of the trends observed. An early study by Gutowsky et al,g';fi‘



" that will be presented in ‘this sectlon.

~ -10-

predlcted a positlve gemlnal coupling - constant which should decrease with

1ncreasmng bond angle. As one can see from the above trends, any such

change in the gemlnal coupllng constant w1th bond angle would be, in

- fact, quite difficult to observe. More recently & molecular orbital

treatment by Pople and Bothner-By‘7 in which they considereq only the

. electrons in a CHé group was found to give quite a'satisfactory prediction

of the effect of an electronegative substituent & to the methylene group -

without actually_predicting the absolute magnitudes of the coupling con- ‘

tstants. It lS therefbre ba51cally a treatment along these same lines .

28

According to the molecular orbital theory of closed shell molecules;

rsft the 2N-electron antisymmetrical product ground state wave_function is.

' _given by
- _‘Yl(l)a(l)‘l’l(l)ﬁ(l)‘l’e(l)a(l) - C e e .
= | (2n)! | _ > : , ‘
A @) L e
| T AP R
e s.. ¢ ‘o o ® s e ¢« 0 LI ) * © e o o \l/ (2N)B(2N>
| or in' the shorter con?entional rotation by
Y= AR : WNWN - o SN (-18? B

o . l 172 2

e

5'In thls theory the only ex01ted states that w1ll be cons1dered are those o

- formed by the excitation of a 51ngle electron from an unoccupled MD Y

Approx1mate wave functlons are, obtalned by replac1ng one MO of the ground-'

B state antlsymmetrlzed product by a new MO which has to be orthogonal to -

- all the ground-state MO's, 'in partlcular to the one it replaces. One . 4-ﬂ;;.~

=3

then gets'fbur‘wave functions corresponding to a singlet and triplet state:s .
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SR S
Yi"),j -J_E . ‘ Yl -on' Y ‘y ..f:. 'l: val,..-"" \y- \l/i."'.l
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3 1 o ew ‘ o o)
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The only states whlch need to be cons1dered are the trlplet stétes,
.‘s1nce they are the only states whlch mix w1th the ground state in Eq. (15)
iflThe problenm then becomes one of evaluatlng the many-electron matrix
o ;{ elements.i ‘Equation (15) is first simplified by maklng the approprlate :
Jsubstitutions for (Ol and (nl. Then reducing the many-electron matrix. '

. elements in the standard way.gives

I oce unoce ]5( )blY S'|8 T )S[Y )
B —-(8ﬂw A /5)? Wy E (20)
i->J '

where the ¥ and S refer to the.space and spin parts of the molecular

: : ‘ S A IR : '
‘orbitals respectively. . The operators S(TA)S and S(rB)S can be dealt with

;" jaccdrding'to the method ofM’cConneli25 and‘one then obtains
P : . 6# 2 2 u . “oce wnoce (Y 18( )IY )(Y IS(rB)|Y ) o
' Iap = 9 R/ E: z 35 S (23-)'
T ) 0 J CL L AE . o

~where the elements (Y lS )IY )(Y la(r )Y ) are now one-electron 1ntegrals L

Ly

4,and 1 and J are summed over occupled and unoccupled molecul&r orbltals

respectlvely.-



 set. of atomic orbitalské‘ is used, one then gets

- terms will be those involving the valence-shell s-functions.

L a1o- -

If the LCAO approximstion
(22)

¥ = 2C. 0
) _1‘ o hlo Ao 4

in which each moiecular orbital is written as a linéar»combinatidn of a

el

y

. 6l 2 2y ol - oce unoce 4 ) . .
Jypy = = -————~————7'y Yo = % (TAE, 'S Cl.C.C.C..
AB _ 9 3 A'B i34 1—»3 ALV G INTIr v 10.

@, [8(F)10,)(@, 15(55)|0,)

The approximation in which only one-center integrais are retained shall
" now'be used which means that &, , ¢h must both be s-orbitals on atom A

~and. @ , & must be s-orbitals on atom B. Further, since inner-shells

. These

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

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

' -fﬁey will be written as s, and Sp SO that:
| 6hn2 2 L |
= vA'vB (8, HeMIE FRACH lalr lsgd f . (24)
B 'occ unoce 3 -1
x 2 = (“MB, )T C. C. C, C..
i 3 i 18y jsA JSB lSB

"If the approxlmatlon of con51der1ng an 1ndependent-electron molecularv

orbltal model is used in whlch the molecular orbitals are determined as
elgenfUnctlons of a one-electron Hamlltonlan, BA““_>3 can be wrltten as .
the dlfference of one-electron energies (e -€y )

',1n Eq._(24) one obtalns-i

- (e3) .

Maklng thls substltutlon

take only little part in the formation of bonding MO's, the most important .
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16772 2t h ’
B ='”"§'”~'Y_A_VB (s lb(r )ls <S la(r )IS e "SA,6B . (25)

" where ﬂSA SB represents the "mutual polarizability" of the ofbitels SA'

~and s

-B' . . - . .
oce unoce 1 Sy T :
I =k 5 = (e,-e.) " C,. C, C., C, o L (26)
; SA,SE i 3 i 7] , }sA JSA JSB lSB . -

" Equation (25).15 essentially the same as that obtained by Pople and
_"éfbthner~By.l7 |
At this point this author feels Lhat some. cornmeént concernlng the'“

| average energy‘approx1matlon 1s in Qrder. If all the BAEi;§j are g‘

;freplaced by an everage.value AE in Eq. (24), one gets the following

.~ relation:

b 161r2"‘”L e B ) a ' '
T = e WY <sA|.a(rA)sA>_<sBis(rB)|sB>@cSA’% Cs;) e

AB oA E

!

: : ' 2 oo e T
This equatlon is identical to the one derlved by MCConnellE%here he made S

- the average enexrgy approx1matlon befbre reduc1ng the many—electron |

. matrix elements. Equatlon (27) requires that J,, be positive'whereas o

l;thls fact does not directly follow from Eq. (2&) In fact it has been
: shown in numerous examples that gemina;'coupling constants are in many;j 
:cases indeed nggative. Further_eommentS‘conceﬁning‘this matter wili'befi
‘made in later secﬁions. | - B .

An isolated CHé group w1ll be considered as the model used in the
calculations. It will be con81dered in terms of four delocallzed MoO!* s
within the valence shell, two of which are bonding and oceupied and the
'other twevbeing‘unoccupied_and antibonding. " If one no% considers the

case of sp2 hybridization and chooses for the moleculaf'orbitals the
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approprlate linear comblnatlon of atomic orbitals whlch form bases for

>1rreduclble representatlons of the’ 02 p01nt group,.one gets

\1!;=1/~/é(1sA+1sB) . (28)
ek Gs ) e

w,for the o and . molecular orbitals respectlvely; 'The coefficients for -

- Y and Y are given by

o

Cia =‘l/\[2 (CiS + CiS ) o B , i ‘, (30) .
‘ o A 5 A
'”L;so thdt“dnéldbtains the following eibressioﬁ for ﬁs VS :? 
3 | g ' ' A, B- .
; ;
- occ unoce . . I o o
S 2 2 2 2 2 2 2 2.
T3 s 2 Z(e ~e ) (1y_c,jc+cic J.y-cigcjct-ciycjy) (32)

A,B 1
:_Considering.then Pople's approximation of using mean triplet excitation
'enérgies described in terms of the following notation: ed,vunoccupied
oo ' | * ' %

¢ orbitals; ey, occupied Wy orbitals; S unoccupied o orbitals; ey ’

: unoccupied ﬂ& orbitals; one then gets.the following éxpression for

- occ unoce o Clicas- Cj_i cji | Ciffcji . | n
ﬂg Z 2 (.e**e e¥ec _~ e¥-e_ e*;e >' (3).

Yy o oo Yy

f'_Exnre551ng Eq. (33) then in terms of electron population, P &nd Pyy,
 of the delocallzed hydrogen group functlons Y and ¥ - and then dlfferen-
‘tiating with respect to Po and PYY’ the following relationship is dbtalneﬁ' 

for A JAB:
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N Sp _ ‘,"- . . o
AT = k(o2 - APUG-)__..v_-_” S S 2
.where x'is given by
1612y 2 * R | | N o
k = %( 5 )vA«/B (s, 1803 18,) (5, 16(r )s >(€* - e;ieo)‘ (55)

‘.In the context of thislsimélified theory, it is then possible to.expand‘;
.f'the above calculations to tﬁe caée of sp5 hjbridizatidn ﬁsinglmolecular

‘ §rbiﬁgls which form bases for irreducible.représentatiéns of the_CBV

vypoint group, | -

= 1N3 (15, + isB + %)

¥y =
Y = N2 (15, - 18;)
Y = N6 (18, 18, - 2X)

X beiﬁg an appropriate valence orbital. (Strictly for the use of'C3V
_symmetry is incorrect, but it turns out to bhe quite reasonable for a
51mpllf1ed analysis of the type belng considered here. ) 7 ~The follow1ng ‘

relationship is then obtained by the ‘same procedure as that outlined

N ebove for the case of SPE hybridization,

3
) gk (APW

This séction can be concluded by stating that thé théory prédicts'
thdt geminal éoupling.constants will be dependent upoﬁ substituents ¢
to the CHé group., Furthermore, electronegative substituents (withdrawgl'
of o electrons thereby prqducing a negative value for Pco) should produce
a positive shift in the coupling constants. Flnally, it is extremely

‘ 1nterest1ng to note that the theory predicts that substltuents should
3

it gl

have about twice as large an effect in sp hybridization as in sp

hybridization;
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" constants has been the subject.of investigation of a number of workers.

Vf Piobably‘the most famous of these studies is the calculation of Karplus

=16~

3. MNuclear 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 separated by three or more bonds can be broken down 1nto TWo

-zgeneral class1f1catlons, vicinal coupllng constants (i.e., coupllng con-

~qstants between protons separated by exactly three bonds, for example,
';;between protons oﬁ adjacent carbon_atoms) and "long range“ coupling>con—

*.-- stants where the protons are separated by more than.threevbonds.

The theory concerning the origin of vieinal spin-spin coupling
29.

of the' relationship of the dihedral angle between two protons on vieinal

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

_H\C—‘c'/H'
is used_asrthe model oh which these calcuiations are,bésed; _Valencé;boﬁd
ﬁype wave functions are used throughout this calculation,' With a éroundf“
state wave functioh of:the form | |
'where the Y afé the noﬁaPolar valence-bénd sﬁructurés-and ‘l:‘helC'j are

30

the correspondlng constant coeff1c1ents, Karplus and Anderson”” have used .

' the Hamiltonian of Ramsey to show that the. contact contrlbutlon to the

‘ electron-coupled nuclear spin-spin coupling interaction between nonbonded

protons can be written in the form

JAB:-l-Q%g-;X%O— 5 chE‘ J’) [l+2f (Pan )] S )




* from perfect-pairing are small.

E .‘17-

where AE denotes the average excitation energy (the "average energy

approximationﬁﬁ,'and.in tne‘superpositionidiagram of Y; and Yz: i 2 is
N

~ the number of islands and f, (P ) is ‘the coefficient of the exchange

3,1

:'.:_ integral between the A and B ‘protons.

In all of the molecules of lnterest in thls dissertation, the 31nglet

and trlplet elgenfunctlons of 1nterest can be represented in tenms of

f}.a locallzed bond descrlptlon that is, in the valenceAbond approach the

| only structure that contributes significantly to the ground state is thev‘

J perfect-pairing struecture. Correspondingly, the triplet states can be S
‘fexpressed as functions which differ from the perfect-pairing structure
‘1_only by heving the spins of one electron peir coupled‘to'give a triplet
'flnstead of a s1nglet bond function. In this sense, Karplus51 has shown . - °

vthat the average energy approx1matlon is valid for thos calculations of

i

';coupllng constants which are applled to systems in ‘which the deviations

~

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

. bond structures whlch do not involve any bonds between chemically bonded
© . atoms do not contribute appreclably to the nuclear spin coupling constant.
Thus, the measurements of a non zero coupldng constant implies that .

.'Significant deviations from_perfect-pairing to occur, the magnitude of the:

»

”ff deviation being dlrectly related to the numerical value of the counllng

7‘; constant.. However, these devratlons are small when compared to the con-.j
v'_tribution of ‘the perfect-pairing structure.to the electronic structure of
‘, the molecnleQ\'In fact, only . .the cross‘terms between the navefunctions for

. one valence bond between chemically bonded pairs of atoms need be,inclﬁded‘

d

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

bonds between chemically bonded pairs do not yield. significant contributions .
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%o thevcoupling~constante. Therefore, cross terme which involve these
' etructures and the perfect-pairing structure will also not contribute to
the coupling constants. | |
It is well known that exchange integrals which invoive only carbon
orbitals can be expressed as functions of the diﬂedral angle between the J
'?'_two carbon atoms. The coupling conetact Jyp can therefore be'expressed |
.::'es a function of the dihedral angle. The calcuiations.then predict the
i interesting'result that the coupliné constent will depend in a sensitiveej;f'
:':fashlon on the dihedral angle, such that the coupling constant is max1mal '
at dlhedral,angles of 0 and 180 5 the magnltude of the coupling constant f'»
v'at'o° being 8.0 cpe and the magnitude of the coupling constant at 180°

ﬁ_,being 9.2 cps. The minimal value of the coupling occurs near 90° with‘ai,7iy

il

’,2 correspondlng magnitude of -0.27 cps.

A similer calculation using molecular orbltal wave functions and

”v'again using the Hamiltonian derived by Ramsey was carried out. It is-

rather interesting to point out that these calculations demonstfaﬁe a
" generally excellent agreement with thehvalence bond calculations of
Xarplus. A‘limited nunber of experimental studies have'demonstrated a
”general qualitatiﬁe agreemec?-with the predictions of these theories.

More recently a number of studies have‘demonsfrated that vicicel S
h coupling const;nts depend not only on the dihedeal angle between the |
'protons but also on. the sdbstituents present on nelghboring carbon atoms. :
The -exact nature of the substltuent dependence is as yet unclear but 1t |
?.does not appear to follow the same trends as is observed for geminal
coupling constants. A.number of investigators 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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| waevef; similar;efuaiés'on stréiﬁeai%iné eyeﬁeme havejnot ehbwn sﬁch7
uA;inear.dependences; Hﬁfﬁee‘end.SchaeferBE hgve stﬁdied the effeet of
subsﬁituents.on vieinal.coupling constanﬁs ;ﬁ a series of three-membered

. ;ingISystems, bgt were not able to determinevany definite relationship
:fbetween the coupling constant chaﬁges and the substituents eiectronege-‘
 tivities. It has also been suggested that strained ring systems possess"
some T character. Hewever; it appears thet the chaiacter, if present;
vt.does.not contribute appreciably,to the vicinal coupling coﬁstante, since
l'if'it did contriﬁute, one might expect a large substituent eleCﬁrOnega-'
3'ti§ity effect in efhyleeic'type compounds. Such a large effect is not

" observed.

In view of this evidence it appears that it would be quite,hazardOUS,_t

as K;rplu355'has recently pointed out, te use these calculations for
‘istructural determinations, especially when trying to eompare two quife'

.dissimiler systems such esfsystems which possess differentvsubstitueﬁts'
l.of widely varying electronegativities. Ohe might expect a generally goodli
>‘agreement'with the theory within a’gifenbsystem where the oniy change is -
the bond angle. For example, iﬁ the cases of trimethylene oxide and

trimethylene sulfide; it would be expected that the cis and trans vieinal .-

'“Qi:couPling constants in éifher of these molecules would fq;low the Xarplus -

”®

: ‘,felationehip but that.attempting'to compare the eis'coupling constants
" between these molecules might provebte be difficult.

A large number.of;huclear spiﬁ—spin coupling constants across four N
er more .bonds have been obeerved in high-resolutieﬁ nuclearvmagneﬁie
resonance spectra.i Recently,-thelintereet has centered around the‘steree_ Jf
spec1f1c1ty of these coupllng constants.» The magnltudes of these coupllngs

:have been generally dbserved to be less than .about 2 cps although some _
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'.‘notable exception§ dO'éXiSt; but.depeﬁdiné 6n the relative orientation
of the two ca}bbn-hydrogen bonds containing thé coupled protons, bothb .
'vpositiié and negative gbupling constants have been observed.
Until recently nO'célculations have been reported on coupling
constants across four bonds, probably because ofithe inherent'difficulty ’_ ’-
involved due to the exffemely small magnitude of the coupling constanfs
and also probably because of the unavailability of the‘suitable exchange.
vintégfals réquired in valence-bond typeé of célcuiations. The only
34 '

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

N ., _type I , , ‘ A

u'  wéé'uéed as a basis for the caléulations. In tﬁese c#lculations Barfield
used %helforﬁulatidn'developed by.Kafplus, et al.,'dnd a limited'set'of |
'.hvalénce-bond wave functions in addition to the perfect—péiring structure; .
x ' those which involve the bregking of Cl-Hl‘and/or C5~H3’ since these shoulé .
| be the structures which would coﬁtribute most to the coﬁpling constaﬁt. .
x  'Thé assumption of the use of a limited set bf non-perfect ﬁairing
vstructures is certainly a perilous one at best. With this apprbximation
:-:it-éan only bé,hoped that thé'calculationé will predict thé approximﬁte
1.fUncti6n ofv§£e coupling éonsﬁants on thé dihedralAangles of the Cl-Hi
and C3-H3 bqhds and that no critical sigpificance can be atbributed to
?%i;T* o the magnituée of the values calculated.
. Barfiéldis calculations léad to e#plicit expressioné for the;two

‘possible coupling mechanisms; the "direct" (through space") contribution

“and the "indirect" ("through the bond") contribution. The expressions. i

for the "direct" and "indirect" contributions respectively are as follows:
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C13o3add 5

(k3) -

= 22 W [K(x Hj) : K(cl,c y- l,HB) - x(c 5,H )] (12)
Tairg L 395><103 %z {K(cl',wj:)-K[cl',vj(cz)]}(K(CB,‘VL;.)-KECB,WJ(CE)]} _
SR (K(C,H) + X [}, %(C) N2

'Aff; where 73(0 )} denotes the Jth orbital on C,, which is directed toward
orblta.l 7 ; where the summatlon 1ndex ,] in Eq, (’-L}) extends over all
:?fhybrid orbitals on C,, and K(A4, B) are the appropriate exchange 1ntegrals. o
‘;f{For the "indirect" effect, Barfield estimated the exchangellntegralsvfrom f_e"
‘:' g numoex of ekperimental values. From this author's point of view, it
”5‘{appeare-that this method.has the inherent disadvanfege, at least to a

v;:A{f:ce}fain extent, of presuming the.answers beforehand and thereby does not

m.provide a true test of the theory. l
In any event, Barfield's theory predicts that the.maximum coupling"
{;efcoﬁstant across four bonds'(if it is positive in sign) should correspond
'i to a planar zigzag arrangement that is, it corresponds to the s1tuatlon
.ewhere Hl and H, are in the same plane, and the absolute minimum should

>

foccur for the case where Hi and H, are in perpendlcular planes. From his

W

. calculations, Barfield:alsoiconcluded that the contribution from the
.:  "direet" or "eﬁrough space effect should be negligible, and the 'indirecﬁ" e'\ =
) 1effect prov1des the only contrlbutlon to the coupllng constant, at least L
in saturated systems and also probably_in unsaturated systens, A certain
~ amount of expe?imental evidence has indicated thet the trends predicted‘
:Tiv:;? { 1 ;;‘ by this theory are in égieement with_obeefved values for.nuclear spin |
-’coupling_oonstants across four bonds. |

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

::sure to beAimportant, and.that detailed information regarding‘thevanln
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sﬁbstituent effegﬁs on séin couplipg cohétantsAééross four or more bonds

) ié lacking (due,'offgourse, tovthe Very small magnitude of the coupling
cﬁnétants), it appears that it woﬁld be extremely dangerous to use these
.caléulations to draw coﬂclﬁsibns concerﬁing molecular geometries, and that
any such conclusions could possibly lead to erroneous results. Sﬁch
difficulties ﬁhich arise ffoﬁ neglecting subétituent gffects; incorrect

- assumptions éoncernihg hybridization, and using inéorreéf bohd lengthé :1
would certainly bve expecfed to make themselves apparent in strained rihg .E.'
systems such as tﬁe four;membere& ring systemé of interest in this disser-

" tation.

B. MNuclear Magnetic Double Resonance

+

'l. The Hamiltonian and General Formulas. -

lbouble resbnan¢e refers to the general type of,spectroscopié experi- -
 'menﬁ in which a system is simultaneously irradiated at two different freQuen-icn
cies;iy'which 1s applicable té two groups of nuclei of arbitrary spin, |
either in situations involving different nuclear spécies or in situations

- where thé chemical sﬁift is lafge compared to the nuclear spin-spin coupling
‘constant. Mbré recently this theory wés extended to.include the case of
strongly coupled sgin systems (i.e., situations wherein the chemical

*'shift may be of the same Qrder.of magnitude as the nuclear spin coupling

rs

;vconstant),BB .Sgch situations are in faét quite common in nuclear magnetic
resonance. ;n this section & general outline of the theoxry of double |
resonance wiil be presented with specific applications being directed to
:.systems of interest in this digsertation.' |

‘It has been shown that high-resolution nuclear magnetic resonance

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

o 39 -

rm
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so that effective magnetic field H pp.- 1s given by

23-
.4 E'Z v I; + 5 ,J.L fifﬁlﬂ ‘;;'s-?' (k)

(*/ /27%1 -0, )H | _; ) (45)

c 1s the magnetlc Shleldlng parameter, y is the gyromagnetlc ratlo.,

N

':of the 1‘th nucleus in the absence of any spin coupllng and I is the
o nuclear spln angular momentum operator with Z component I . The quantlty'f S
i;fJij is the nuclear Spln coupling constant between the 1 th and J 'th

ﬁ-nuclel measured in cycles per second.

In the experlments to be described the.nuclear spin system will be

.. assumed to be in a . static magnetic field, HO = kHo, which 1s in the

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

radio-frequency'fields Hi, the radio-frequency field used to observe the

‘_spectrum, and Hé, the perturblng rf fleld both of which lie along the X

‘H-ax:Ls.é Hl and Hé are glven by the follow1ng expre551ons-

'..2 Hy cos apt  ° . o :

il ,ﬁ?'

\

It is assumed that'each‘oscillating:field Can beAdescribed as a pair of';;
- counter-rotating flelds, and that only the component *otatlng w1th elther
vf‘the frequencyﬁwﬂ or&ab) is’ effective in 1ndu01ng trans1t10ns.‘ The error -

‘;:11nvolved in thls assumptlon is negllgible provmded that “the osc1llatory

40

:x'flelds are small compared to H . With this assumptlon one‘obtalns for

i H and H2

. ) ,.\ .x' . . /.‘ . . . v
=H (1 ‘cos“u)lt -3 sin aalt) ‘

(iﬁ):"' -

L

7 (T eor ot - Totn o)
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" Hamiltonian H' where. .

oba

= A ~ o~ N é\ ‘ ~ .. :
Hoop=kH Hl(l eosvait-g‘s1nvait) + Hé(l‘COS apt-3 sin aén)

The Hamiltonian for a molecule in the liquid state in the f;;.eld_Heff in
the laboratory coordinate frame is given by

HeMeeNsH )

- where N(t) is expressed in the following mannexr:

.

b-é}Kt) =~z 2 (T cos ot - izsin ait)‘- 5 ? yi(Izlcos ab?-Izsin aéﬁ) (50

Z i A g!

!

.

. The H, field is only used to observe the resonant freqﬁencies'of.the

1

;System and it will therefore be assumed to be sufficiently small so that
o :it‘does not appreciably perturb the system. In this approximation tne

-Llsyetem will be completely describable in terms of the time-dependent

W ¥ w ENCH)

‘The Hamiltonian is given in units of cycles per second and the summations:

~are carrled out over all the splns i and J in the molecule.l

Slnce the Hamlltonlan is time dependent, 1t is not poss1ble to
dbte1n~t1me-1ndependent_solutlons to Eq. (51). However, the tlme—‘
dependent terms in Hé can be removed if the Hamiltonian is transformed

to a coordinate system rotating with angular velocmty-aé The operator

for a. flnlte rotatlon-knét can be wrltten'
. . _z o T ' P

T = exp{-m;zt§Ii ] .u . B '(Sz)iﬁT».

The transformed Hamiltoniannﬂ& can then be gi&én by:fhelfollowing

expression:
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« o rL e B
.HT - - §(yi-v2)xi + 2T TT - izfyi_ (53)

1g
Atvthis point it ig instructifé to consider a typiéai‘exampie of fhe
caleulations involved. 'The.example to be considered will be & two spin

';syséem, the:AB éystem{ Thé Hami1tohian in tﬁe rotating cpﬁrdinaté s&stem'"-r

-

,ffor'an AB molecule where ﬁhe nuclei A and B_both have spih %-is given by

o L LA By oy
My = (gL (8 (0yv5)T, (0)035T() T(o)- S T (YT, (0) ) (54)
" The complete Hamiltbnian matrix, using the spiﬁ fuﬁctions o, 0B, B, and

 :'55 as the basic product functions for the system, is giVeh by -

- ygHp /h =Yl /M 0
N Lr J4m
oo 5VAB - 7AI_{2
o 9 o e = v /b
O P
Ve oyl - g/l '.\ HTAL; :

~. with diagonai mﬁtrik elements;'

Gyt %-(V‘f‘*-+ VB)” 2+ %JAB ,
Dy TEla ) Ee o
‘ »-ﬂ%j R _ezg by Eo

HTAL;;,;;% (g tvp) = vy 5 s R

", If this case is then considered in the AX approximation, that is, the =~

H
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"abproximationiof gonsidering’the chemiéai éhift to be larée;compafed to
the couéling éoﬂsﬁant and, if it is further aséumed that the X nucleus
) is being irradiated by.Hé so that v, is approximately equal to v, then
the problem becomes greatlyrsimplified, In this ap?roximation the

difference between ﬁ& and M& is much greater than the connecting
11 33

off-diagonal element -y Hé/hﬂ and the difference between X and & is
: ‘ A o - Too T35

much greatef than %'JAB so that these pff;diagonal eleﬁents may also be
neglected. With these approximations thé secular determinant may be
factored into two 2X2 determinants which are readilyievaluated. The
results oﬁ_this evaluation will be considered in-detail in the next

* section.

2. Graphical Presentation and Discussion

The results of the evaluation of the determinant in the previous '

section for various values of vy ve,‘and two values of Hé are presented

in graphical :form.in’'Fig. 1 and Fig. 2, where two quantities, A and Q

have been defined as foilowsi58
A =.(v2 - vx)/[J‘ \ | |
Q= -vflsl 0 (56)

In drdinary nucleaf magnetic resonance e#periments,'épectra méy be-:
obsexrved eithér by sweeping the radio-frequency Vi while holding the
.-magnetic field Ho constant or by sweeping the main megnetic field while ;
‘rholding the radio-frequency.constant. Experimental details of these
'nprocedures along with\additional remarksAconcerning the relativé,advangf';‘*

- tages of each method will be considered in later sections of tﬁis dissef-}vf"

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

nuclear magnetic double resonance where the additional perturbing field ‘
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.‘Hé has beeh introduced such "is not the case. :In addition to this'compli—'

* cation ﬁhevvariable Vo has:been intreduced_permitting'an additional degree
Qf‘freedom."in the ordihary frequency-sweep experiment Vo and H.O are

held constant and vl,is swept to observe the spectrum. The resulting
spectrum may be peedicted by drawing a vertical line thfough the graph

at a preseribed value ef A . The more common experiment is the field

‘é, sweep wherein Ho is_varied (edrresponding to varying vl-'v2 at a constaﬁt
.rate).ﬁhich is equivalent to Verying'Aicand Q simultaneously. On the
graphs in Figs. 1 and 2 this corfesponds to a iine drawn with a slope

'Wh/vx and an intercept on.the A axis which may be called A' cerrespondihg"
'to the deviation from the resonance condition of v, when v = vy For |
proton-proﬁon double reeenance the slope of the line is very nearly H5°,‘M
and

A = [(VA - yx) - (vl'u v2)]/]Jl. 3  . | (57)

tﬁat'is,_the discrepancy between the chemicel.shift and the frequency -
' difference between vy and Voo In the other type of frequency—sweep experi-
menf whefe velis varied while vi and HO are‘held constent;‘it should be
possible to predict the spectrum by draﬁing a horizental line through
the graphs in Figs. 1 and 2 at a prescribed ve}ue of Q. However, sweeping
a strong'rf field throuéh a spectrum in this manner introduces a numbef
" of other complications which ﬁill be discussed in greater detail in a lateg
paft of this section., 7The intensities are-proporﬁienal‘te the square qf
| 'thevIX matrix elemente in the rebresentation where l% isldiagohal.

The tﬁeory,previeuély developed ip.thisisection'can easily'be extendeie
to include the.case of the'strohgly'cqupled spin system byAeonsidefing the:’“”
»vexperiment'wherein the pertufbing rf field Hé is close to a single non- !

degenerate transition and sufficiently far from other traneitioné so that
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they are not appreciabl& perturbed. With these restrictions a relatively
siﬁple situatién énsues.“ |

The schematic representation of a two-spin system.is shown in Fig,
‘;_5. It is evident that fwo different arrangements of the energyAlevels
are possible, Theéé two possible arrangements are shbwn in Figs. ha and
Ab, In Fig. ha the energy level common to bdth transitions is Er' The'
other two levels then have the same magnetic quantum ﬁﬁmbér. This

sitbation will be denoted by the term regressive (A m = 0). In Fig. Lb, f

Es is the energy level common to both transitions. The other two enerngA‘Av,

v

levels differ in spin quantum number by two units. This situation is
"denoted by the term progressive (Am = 2). These two possible arrangements
of the energy levels must be distinguished since they lead to extremely

! .
important differences in the double resonance spectra.

Tﬁe.experimental conditions will be the same ds in the case of thg
weakly coupled spin system. The A nucleus will be observed by the weak
rf fiéld Hl while the B nucleuslis being perturbed by the strong radio-
fréguency field Hé. Since this analysis is restricted to'fhe condition
_that the pertufbing'rf field be near a single non-degenerate transition .
-‘[‘freqpency, it will also be applicable to_any system of n spins sincg 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
level in common. Examples of degehefate transition frequencies are more
 likely to océur in weakly coupled spin systéms in which case the results
‘of the brevious derivations will be appliéable. |

- Because the radio~frequency field Hé is near a single non-degenerate -

transition frequency, - kaé/hﬂ may be safely neglected as being smell
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' vcompared to yA'- v2, Jjust as.in the'AX app&bximation for weakly eoupledv
spin systeﬁs.' The s1ngle non- degenerate trans1tlon Vs is defiped by
the energy elgenvalues E and E . vFrom the solution of the resulfing
2X2 eigenvalue problem one obtains the result that only the states defined
'lby W} end Yg are appreciably perturbed. This leads to eigenvalues €. and

es‘and the following eigenfunctions:

e =0 ¥t Cop Vg | L (58)
Tg= Coy ¥y F Cap Vg (59)

For either, the case &m = 0 or the case where Am = 23 in. the absence . ' -
©of Vo the transition Vrp is pefmitted by a nonzero value of (Wb‘IXlW¥)2..y

If Vo is turned on near vrs,“the new mixed statesv?} and Yé'are obtained.}'
' _Whenhﬁ "is on (wblxxlw;>2 and <9é|IXlYg)2 can both be different.from

2
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'ffzero.' Freemsn and Anderson’ - have shown that the two allowed'trahsitioné;

wili occur at-

V1T Vrp 2 (V2 rs)_ [(V s)2+ 2 J . (60)

‘for the p and s levels w1th spin M and r level w1th spin M-1 (see Fig.

‘"f'ha) or - o N
wEeiad

— 5 |2,- (61)
7 J

_ 1
Vi = Vrp "3 (v r” rs)_ [(VE rs) N

for s level with spin M, r level with spin M-l or M+l where N, 1s given

by the expression

= (g irly)y IR i (6e) % -

4

”f¥j°, If v, is edual to Vpg? then both of these express1ons (Eqs. 60 and 61),

: ’reduce to the fbllOW1ng expression:
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. Vl.z,vré * ylﬂélkrsl‘.‘ - o “.  o . (63)
This relationship indiéates that the splitfing in this casg'is

?roportional to the strength of the pefturbing field Hé and also to the
square réot of the intensity of the line being ifradiated.. ThisAmeans'

| that if one is éxaéﬁly on resonance, then two equally intepse peakév
‘ﬂ*should be observed but, if Vo is slightly different from L then one
lvcomponent will be stronger than the other. |
The results of these two cases are most ébnvenientiy preéented in
"Agraphical form by considering the appropriate portions of the graphs

;in Figs. 1 and 2.. This is best illustrated in fig. 5 for the expefiment'

Hwhere:vl is varied hblding Vo and HO constant. By drawing a vertical line
throuéh the graph at the appropriate value of A, it thén becomes possible
.to pr;dict the frequencies and intensities of fhe doublé resonance

spectruﬁ. | 4 ’ | |

The.problem then becomes one of distinguishing betweén the two cases;

Am o= 0. and &Am =2, This information can.be extremely useful when.attempting
. to trage out energy leVel diagrams for complex systems. vPerhaps oné way
of. differentiating ﬁetween the two cases wouldvbe_to'study the Wayiin-
which the relative intensities of the two components of éhe doublet change~
when Vo is iﬁcreased. 'Fiom Fig. 1 one can verify thatlone component grdﬁs
and the othe; component gets weaker and the sense is opposite in ﬁhe fwo
cases Aﬁ = 0 and Am = 2;. quevef? it will be shown that there aré.twﬁ ;:
N . other prefe:ﬁble methodé‘ﬁy.which.thertwo cases may be distinguished.
In con%entiénal nuclear magnetic resonance experimeﬁts at high '

resolution, the profile of the observed lines usually represents the
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, dlstrlbutlon of tﬁe magnetlc-fleld over the effectlve volume of the sample,
V’i.for the standard practice 1slto ‘remove dissolved oxygen and to keep the
' Viscosity low, so that natural linewidths are hidden by the broadening |
. due to the inhomcgeneityucf fhe'megnetic'field Hb. In double resonapce
»)the situation 1s quite complex_and depends very much on whether the:
_maiclmagnetic field or,onevof the radie‘f;equeccies; vy OT Vy, is swepfA

" to display the spectrum.

s

Although_the.field-sweep experiments constitute the least satisfactory-."'

- method of displaying double-resonance specfra, it will befconsidered firstbie'f
.   because it;provides‘a'cocyenient.way of.introducing thelieaderjﬁo'the' | |
itiphenomena‘which occur in double-resonance., A magnetic field sweep corre-

‘vspcnds to a simultaneous variation of v, end v2‘in.Fig.'5 (see Fig. 6)

\'along a stralght line of slope |7 /y . If }7}/& | > 1 each branch of

§ ¥

the curve is cut just once, but if |vy /y |< 1, one branch of the curve
»fmay be cut twice during a single sweep. Under certaln condltlons a field
.| sweep dlagonal may avoid both branches ent rely, which 1ntroduces the |
K interesting possibility that lines may 'disappear' in some ‘Tield sweep.".i
- double-resonance spectra. Proton-proton and fluorine-flﬁorine double .

‘resonance spectia, where IYA/Wkl =1, represent a limiting case where
“~'such an effect could cccur, and, in fact, has beeh obseryed. Invail of‘v
e,these cases the magnetic field inhomogeneity'broadens‘each line iﬁlthe

 same way except that the natural llnerdth intervenes when & branch of

_.the curve is cut at an acute angle, This mlght be v1sua11zed by glVlng

~ the branches of the curves a'"thlckness correspondlng to the natural

«
e',

linewidth of the sample, then a sectlon through the curve at a suff1c1enta ' :

11 ly acute angle would produce a broadenlng which exceeds the field 1nhomo- ﬁc

vgenelty w1dth. The effectlve sweep rate fbr this llne is correspondlngly
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reduced and the ideal slow passage condition more nearly approached;
' giving«an'unusual appearance to the observed line;.lone should certéinly
 be able to visualize that these effects would only serve to make field~

¢+ sweep double-resonance spectra inordinantly complex. This method then

"-A‘unnecessarily introduces complexities into the spectra rather than

“aiding.in building up an energy level scheme.

‘The interpretation of double~-resonance spegtra'obﬁaihed.by sweeping
the obserying radio-frequency vlvis considerably simpler than attempting
to interpret spéctra qﬁtaingd\ﬁyfsweeping'ﬁhe main magngtic field Hb. '
’If'the;m@gnetic'field inhomoggneity dgtermines the widfh éf'lines in a
-'Cspectruﬁ,_the iiﬁes observed by means of a vy fréquency‘Sweep'doﬁble-vv

-resonance experiment may be either broader or narrower than those observea:

‘  fin the‘usual_single—resonance experiment. The observéd nuélear resonanceinr‘
,”signai is made up from the conﬁributidns pf all pérts of the sample which"i 
v are 16¢ated in a range of,vaiues gf the magnetic field. The diagram in

”Fié.v6 shows how the.line-préfilgs are caleulated for frequency-sweep

| ' double§resonan¢e experiments. The boldjline‘has a slope of lyA/yX] aﬁd_:, 

: 'representé the width at half-height of the magnetic field distribution
  ove%.the effective samplé voiume.ﬁ The center of;the»field distributioﬁ

:hasbcoordinatesléb and Qd' | | |

Lines 1 and 2’in Figs. 1 and 2 répresent the:sitﬁdtion obtaihed
- vhere Am = 0 and lines Bland.y the situation where Am = 2, The’line-"'.
width in a ‘conventional high-resoiution spectfuﬁ,‘or in a doﬁble-résonahce:  
expeiimentfw?én_va_is far from iesonance,‘is givgn by-ﬁhe;améﬁnt 5y wﬁiéh<§:f<
_;;Q (or‘vl) @ust be swept to drive the boid.line of Fig. 6 through‘a |

'hoiizontal portion of the curve. The discﬁssion:will‘now be limited

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



of yA/y is very nearly unlty.A If the case is now cons1dered wnere the
;il 1f ; frequency of é is exactly equal to the resonance frequency of a single
f,tran51tlon (i.e., where the slopes of lines 1 and 2 are equal and the
v';“ir v i - slopes of lines 5 and h are equal), it becomes apparent that both llnes
;{l and 2 will appear sharper than lines observed in a 31ngle-resonance N
- spectrum, since the_slopes of both lines 1 and 2 and the'nold line
:rrepresentlng the maénetlc field 1nhomogene1ty have the same sense. One
fi.can observe from Fig. 6 that the bold llne w1ll pass through lines 1
and 2 at~a relatively acute angle. . '
For lines 3 and h the situation obtarned is qulte dlfferent bIn.
lJthls case the slopes of llnes 3 and 4 are of oppos1te sense compared to’
Afigthe.slope of the bold line. This means that the bold line will pass
-tnrouéh‘lines 3 and ﬁ at quite»a large angle.A Fron this.fact one con-
‘cludes that tnese lineS‘will appeer to be broader:than the lines ooserved
r in‘e corresponding single—resonance experiment; In addition to this
:'lli another important facit makes itself apparent for low valnes of'Hé in
“tnat the,bold llnevmay straddle both lines 3 and L simultaneously. In

1

The situation wherein'Hb is held constant and vy set equal to Vg

 “the experiment where V. is swept, this appears as an unresolved doublet.

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

"'ing effects depending upon the experimental conditions. If this situation-

L is considered where vé is swept through v rp in a time‘which is'short in‘"

the 1rrad1ated levels w1ll acquire equal populations whlle the popula-_,

-+ tions of the nonlrradlated levels, glven by the Boltzmann dlstrlbutlon,"
- remain unchanged.

The intensity Isr-forva line corresponding to a transition between

comparison with the spln relaxatlon tlmes, T and T2, of the spin system,iipg_p;_ff\



,. Overhauser effect.

3l

fhe levels r and s is expressed as

| I;r - Elng 1® 0 - 1) 60 NS

pwhere I, is the transition matrix element, (N ~N, ) is the excess popula~

tion of Level s over Level r and g( ) is a shape functlon. Only the

quantity (N —N ) is affected by a saturatlon of a tran51tlon of the form .

'i‘described above.

The case of the non-degenerate transition frequencies using the

.levels depicted in Fig.’ ﬁ can be considered as ac illustration;' It may";7“
ebe deduced that dynamic saturapion of the trénsition vrp‘causes inteceitji,:"
"‘changes for llnes hav1ng an energy level in common w1th the level. belng
vilrradlated . The 1nten31ty of the trans1tlon Ves will be reduced for the
i case ﬁhere:Am = 0 and will be enhanced for the case where Am = 2 due to
‘ the nén-equilibrium-condition generated by the saturation‘of the transie -

“tion v__. This observation of intensity chenges is termed the nuclear

L3 o o

The same intensity changes would also be observed underlthe ccndi-

tions where the adiabatic fast passage inequality,

dv2

= < eﬂwp '.,";_'i."g'_»-'<65>

e

is met. The phenomenon of adlabatlc passage 1s dlscussed in detall by

Abragam.he Under this condltlon or under the condltlons in which the

3
i

Overhauser effect‘could occur, one would expect when &2 sweeps through ,;j N
.a trans1tlon frequency which has an energy level in common w1th the line ;5'
o being monltored by Vl’ for the recorder pen to show a rise in the ab-

\'sorptlon signal for the case Am = 2 but a dip in the signal for the case *

om o= 0,
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In addition to the twospossibilities dﬁtiiﬁéd aboﬁégfit is also
-ﬁécessary.to'cbnside:‘tﬁé'Situation7whef¢ neithér'éf the necessary _ .‘
conditions for either effect are met, but where tﬁe intensity'Hé'of the:
‘v fperturbing frequéncy Vs is_sufficienf}y large so that, whén the bold
-‘line represéntinghthe'fiéid‘inhomogeneity'is sﬁept fhrough.a horizontal
pprtion of the graph in'FngVY, the situation where.it'will not be bver- _
lapping either of the linés will éccur both for thé case Am = 0 and aiso 

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

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

- will show dips in the absorption for both Am = O and Am = 2, but the aip - .

W will be sharp for Am é.d and broad for the case Am = 2 for essenﬁially

the same reasons as those discussed above for the v, sweep situation.

!

L .-

i : ‘ _ .
i .




I"resolutlon nuclear magnetlc resonance spectra, may be recorded elther vy

'sweenlng the radlo-frequency vl or by sweeplng the main magnetlc fleld L
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. III. EXPERIMENTAL

A. Sample Preparation

‘Trimethylene imine was synthesized according to the method. of

Vaughan,:et al.u3 The éample was purified by repeated distillations in

i_vacuo. The éample, containing a small amount of TMS as an internal

reference and a lock signal for the field%fre@uency control spectrometer,

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

"»7of the sample to the atmosphere. The sample tube was then sealed.

1,1l-dimethylcyclobutanedicarboxylate was prepared by esterification

of l,l—cyclobutanedicarﬁoxylic acid obtained ffom Aldrich Chemical Company, -

3 and ‘was purified by distillation under vacuum. The sample which contained?:

a'shall amount of TMS was sealed in a sample tube after repeated degassingv
b& the freeze thaw technique. |

| Trlmethylene sulflde, trlmethylene oxide, and cyclobutanone were
obtalned commerc1ally from Aldrich Chemical Company, and were purified by

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

© than 99% pure.. Small amounts of TMS wefe added to each sample. The

- .samples were then degassed and the sampleAtubes sealed. .

B. Instrumentation -

-

7 1. Construction of a Field-Frequency Lock‘Specﬁrometer

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

H . In both 1nstances the spectra obtained are identical. The'magnetlc:

- field-=sweep experiment is more common mainly because most commercially
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available spectrometers operate in the fielaésweep modetv Also, sweeping.
: ’“.'::“ f‘ the main magnetic field allows the radio-frequency to be held constant
v.‘thereby permitting phase sen51t1ve detection at a Single freouency.v
Phase sensitive detection at one frequency is highly de51rable 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 & system operating in & frequency mode. ;

As was also p01nted out in the preVious section, the frequency-

§ o {’u:vsweep and not the field -sweep technique is the logical method to use
for spectral displey when performing double-resonance experiments. A

@ ;:*{;u o ;:spectrum of N lines would require N separate frequency-sweep experi-f7

: imentsbut }NQ-N field-sweep erperiments. The required‘number-of field-~
é »"”L '-va .sweepiexperiments must be reduced by the number of repeatea spacings
)vin thé spectrun, but the advantage will still.belwell on the side of
‘the frequency;sweep'method. ln consideration of the advantages to bé?"
'i:ihad by using the frequency-sweep methoa, it was chosen and used exclu-..'
sively in this work and is therefore described in detail below. |
The frequency-sweep experiment reguires that the main magnetic

' field H (and v2 if also performing double-irradiation_experiments) be

ri held constant during the time of one complete scan. InstrumentalLy;
jthis is not a s1mple problem. The electro-magnets used in this ‘work
,are equipped with flux stabilizersmL which reduce the rapid field
. _ fluctuations to an acceptable level for field -sweep experiments (about
: L %f f, h_‘l cps or less) However, the flux stabilizer,in general, will always
:leave a very slow magnetic field drift. This drift is totally untolerableh«i

when operating in a frequency—sweep mode and must therefore be eliminated.

e Thus, it is necessary to develop a stabilization system capable of elun~

L g
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inating both magnetic fieid fluctuetions and also long-term fieldldrifts.

: Such & system was EOnstructed and developed and is subsequently described.

The stabillzatlon method used in this 1nvest1gat10n is one Wthh

‘was originally described by Freeman and Whlffen.u5 The standard Varian -

" Associates spectrometers, the HR-60 and -the HR-100, and their as5001ated
”_equipment were used as the basic spectrometers in this Work, the'addi- |
jtional eqnipment required having;been built up around one or the‘other-
E\of these units depending en whether GC Mc/sec or 100 Mc/eec snectra |
were required. The flux:stabilizef is an integral part of this system"
T since it nay be conveniently adapted to provide the necessary magnetic:
;:field'controi which is required. The flux stabilizer operates in part

‘threugh a pair of sweep coils, the so-called pickupecoils and the
; 'bnckout-coils, which are placed on the pole faces on the‘electfonagnetic
'field.z Thie voltage produces & current through the galvanometer in‘the :
flux stabiiizer; which inltnrn results in a de unbalance. This un- |
v ”gbalance is ampiified Vhiehvsubseqpently causes a change in the dc n

“amplifier current flowing thrdugh the buckout coils. In this manner

'd'gnthe'magnetic field is held'consﬁanﬁ by the cempensating current in .
the buckout coils. A_magnetic field-sweep may'Be generated by epplying. - :i

:‘d, a de &oltage to the end of the galvanometef inpnt coil on‘the flux B
;”,i'stabilizer. The' field control system will then'produée a'ehange in

' the current in the buckout coils in order to equalize the voltages at i

~the ends of the galvanometer input coils tnereby.generating a magnetic
-fleld sweep; Athe direction of the field sweep being determined by the

' s1gn of the voltage applled to the galvanometer
. To. generate a field-frequency Servo loop, a dlspers1on mode signal ,
”from an 1nternal reference compound inside the sample 1nstead of a con-_i

stant de voltage 1g fed as,an_ierror signal'! to the galvandme%ervinput :




~39w -

[

_ c01l The galvanometer w1ll 1nuegrate thls signal and a correctlon to ‘

'the magnetlc field w1ll be generated Providing that the proper sense

of the dispersion mode signal is chosen, random;fieldmfluctuatibns: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 dlagram of the fleld~frequency lock spectrometer is given

~in Fig. (8). The control loop was driven by & single sharp line in the .~
rhigh-resolution spectrum, usually from chloroform or tetramethylsilane
| :j(TMS). ;In order to be able to observe the NMR spectrum in the standard
| T;;ehsorption mode, the.error.Signal'was excited by a.lOOO cps field modu-
}Adiatioh sideband. This procedure allows the phase of ‘the centerband and - -

f“jthe phase of the sideband to be controlled and detected completely.dn-'

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

”audio—freqpencies at the output J31k of the‘Varian Associates VL4311
l iTransmitterh6 unit by_means of a synchronous'or phase-sensitive de—
ftector;r The audio frequency sideband signai was generated by a
U"n“"Hewlett-Packard #100D Low Frequency Standard - This low frequency stand-
.ftard was found to possess the required degree of stablllty whlch was.
Ji'found to be greater ‘than one part in lOT Slnce the output impedance
d of the lOQD is quite hlgh, 1ts output 51gnal was. passed through an
.L.'fiaudlo ampllfler with a low output 1mpedance before being fed to the -

v_sweep c01ls'of the probe and to the reference channel of the phase—.\

i

sensitlve detector. Before ‘being fed to the sweep, coils on the Varlan "”2'
e A55001ates model Vh33lAu7 prohe, the s1gnal was attenuated by means of

a SOOk one-turn pot. - This attenuation is necessary in order t0 maintain
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_ the.non—saturation condition in.the sideband resonance. The phase-

sen31t1ve detector embloyed in this control loop was a Prlnceton Applled
Research Co. model #IB- h Lock-In Ampllfler. The #JB 4 was eoulpped w1th
| both a meter and a monltor output jack so thet the amplified lock signal

of the internal reference sample could be observed either as a dc level
on the meter or as a sine wa&e on an oscilloscope. Because the imped-
ance of the galvanometer input coil on the flux stabilizer is rather

low, the output from the #JB-4 was fed to a Philbrick UPA-2 dc opera-
tionallamplifier with a gain set at about 1l:1 and an output impedance
of less fhanllOO Q .. The dc signal was then filtered jusﬁ'sufficiently 
to remove modulatlon freouency components. The filtered signal was
then applled to the flux stablllzer throuch the Varilan Associates
#V3507 Slow Sweep Unit with the unit operating in the Fast X 100 posi-
tion.z-With the switch in this pOSition, only a 15k resistor is placed
vbetween the filtered output of the dc amplifier and the galvanomete;‘

‘_input,coil. A sepafate 10k ten-ﬁurn pot was placed efter the filtered _

L output in order to control the output gain to the flux stabilizer. It i.'
~1'is extremely important to neintain the overall control loop gain_Sufficiently '
:low:in ordereto,preven#nthe,loopzfrom going“intotoscillation.s. |

sIt ﬁas previonsly staﬁed that the flux stabiiizer oﬁerates‘in paft-
throngn the bueLout coils-of the'electromagnet."These coils have a time
'constant which is of £ne order of 055 sec. Therefore in this field-
'ifreqnency loek mode of operation.there is a distinct tendency from'the
: system to"hunt' at a frecuency determined by ‘this time constant This -~
'‘munting’ mahes itself apparent as -a slight osc1llatlon in the control .

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

eliminated if_the-high-frequencytresponse is 'improved by feeding the



i1-

error signal not only to the fluy stabellzer but also to the modulatlon

'termlnals of the Vh3ll transmluter unit. - A 51gnal fed into these terml—'f::

nals is first flltered and then applled to a negatlvely biased solid- -
state dlode, The error 81gnal will- pull the solld—state dlode in such

a way as to cause 1t-to change the osc1lletor frequency.in a manner

- -which will restore the resonance condition for the internal reference -

" - sample.

The.cverall resultlng 51tuation is rather complex where fast’ per—.
turbations of the magnetlc fleld , caused for exa.mple by the rapid move-
.ment of magnetic objects, are compensated for 1n1t1ally,by a rapld
bchange in the radio frequency caused by slightly verying the bias on
";1the solid-state diode, and then by slower magnetic field changes with a.
”f‘ simultaneous retcrn of the radio—frequeﬁéy to its noxmal value.. The_
flux etacilizer part of the contfol locop 'is quite indeepensible because.
I'_ of its iery much wider range of control,;but the sysﬁem will operate
‘ i- withoutvthevfrequency control. When the'frequency.control Ioop ie being

used,. it is extfemely important to avoid modulation frequency components

"'3”in the error signal fed to the rf unit since they generate,frequency

modulation sidebands which are, in generel; out of phase with the field

E jmodulaticn sidebandeA The oﬁtput for this ccntrol looﬁ»was taken from.'
'fthe'same de operationai ampiifie; and~filter‘network. 'chever, a
,seperate pot ﬁas pfovided to confrol,the éein dethis locp compieteiy.'

‘Mclndependently of the gain of the loop 1nvolv1ng the flux stablllzer

’It was found that this fleld frequency lock malntalns the Larmor,

o w—lOOO = MSHTMS condltion w1th1n a range of about O l cps or about

: 1 part 1n 109 for a perlod of several aays In fact, the system con-:.
trolled the field or frequency to better than 0.01 cps or about 1.2 ."

par‘bs in lolo for periods of‘ up to hours e‘t & ‘bj.me Pro‘bably the most -

-
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~important factor here ié;fhé_stabilify of-the low freépéncyvstandard._
It was found that‘the_o%éiliator performed quité well if protected from
~ drafts, allowed to warm ﬁb sﬁfficiently, connected to well regulated

_ ﬁower sources, and kept in good repair;

In oxder to'exéite‘and observe proton resonance spectra, a'variabie
frequency audio ostillator operating in the range of hQO to 1000 cps is
- réquired. This-oscillafor will produce a second set'of‘sidébands,ﬁyﬂ

‘fwhicﬁ all proton resonances may be observed. This sécond sét of sidgé
_bands.by which all proton resonaﬁces may be obser&ed. This second set
of auvdio frequency sidebands were generated by means of a Quan Tech
.mo@el #30h Wave Analyzer which was capable of sweeping ranges from 50
‘¢ps to 5000 cps at rates of 18 sec., 180 sec., or 1800 sec. at a linear'
rate.{'Frequency céhtrol and sweep is affectéd_by means of-a Qoltage;

' contrélled oscillator‘(VCO) in the #304. The VCO is eléctronicaliy also

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

the recorder to be swept simultaneously with the frequency which has
the highly desirable advantage.of automaticaliy providing.precalibratedi
Espectra with essentially no effort.  This oscillator not only met the>:>
”d‘sﬁringent stability reqﬁireménts; but alsb prévided é three}way single/'f‘f'
.auto/reset scan switch for_produéing single or repetitive scans. |
It is thenfnecessary_to.sepgrate out the signals_gxéited by the

vériablg freqﬁenqy.oscillaﬁorVfrom all‘othér sudio frequency signais.
This problem}becomeé somewhat invoived because, in general, electronic;
’equipment suéh as amplifiers andvother phase sensitivé-equipment, etc;;
show phasg_éhifts as functions‘of thé audio frequency. . It_is_also .
;_necessafy to insureithat'éﬁplifiei éains remgin constant over fhe region-A

- of frequehcy which is of interest or at least over the'frequency region

R
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0.5 cps, l O cps, and 2.0 ¢ps. ‘This fllter network is qulte smmllar to

~h3 o

' of & given sdan. ~Therefore, a lock-in amplifier was designed and con-

structed to-accomodate.these requirements as well as boSsible._ A

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

In this lock -in ampllfler the reference 51gnal from the #30& wave ana-

‘lyzer is fed into the reference audio amplifier. The signal is then
-amplified and fed tc the NMR probe and also to‘the phase shift curcuit
- and finally to the reference channel of the phase-sensitive detector.

. In the phase snift_network the resistance of the 50K resistor and the

+ a 10:1 ratio to reduce any freouency dependent phase shlfts to-a mini-
" mum. The signal from the spectromete (J31L4) in addition to belng fed

- to the signal channel of the #IB-b is also fed to the signal channel of

this!lock-in amplifier. The signal ie first passed thrbugh an auvdilo

- _amplifier which contains a feed—back network which is designed to main-

v

ﬁ.from this lock-in ampllrler is then fed to a second' Phllbrlck UPA-2.

L de operatlonal ampllfler This ampllfler has 1ts gain set at about

'1s suff1c1ently low to drive any X-Y recorder. Before feeding the signal

"to the X-Y recorder ﬁhe amplified dc output was passed through a filter

network where it was poss1ble to fllter the signal at: 0.1 Cps 0.25 cps,

', that used in the Varlan Assoc1ates #V3521A Integrator/Spln Decoupler :

and is described-in the correspondlng Varian Instruction Manual.

.; The perturbing field H2 was then provided by a.third field modula-

. capacitive inpedance of the O.Olu capacitor are maintained in at least_v,»-

" tain wide flat audio frequency response throughout the frequency rangef:f;W
- of interest. The amplified signal is than fed into the signal channel N

“of the phase-sensitive,detector. The dc phaee-sensitive detected signel .-

18 1 and an output 1mpedance of approx1mately 1000 @ . This impedance .

.
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tioﬁ. For this,.an‘eXtremely stable oseillator ie reqﬁired, especiallyv
&hen scanning ve%y small segments of the spectrum. A Hewlett-Packard
0501llator model #EOLB Was found to ‘have the requlred stablllty and a
convenlently fine freouency vernier for adgustment of Voo "The stability
of this osc1llator was better than O OOl cps or -about 1 part in 106
ASince-the #204B is a battery powered oscillator,jit,has an extremely _-
- " low current output. It was,vtherefore, found necessary to increase |
the output b& passing the signal through.an audio amplifier before
.'feeding the signal to the sweep coils. An.output balaneed at 600 Q e
" _above ground was usedvin order to aveid'éxound loops" .
| Should it be desifable to do multiple irratiation experiments,'the'
‘f'apparatus ehould‘requife no modification ether than the addition of
E‘vextr% oscillatore. .The additional field modulations should be impressedf.”
'1et higher modulation indices on the sweep coils. Such additions and
.chenges will probebly necessitate some adjustments in the phases end'

 'gains in the system, but no other changes unld be anticipated.

.2, ‘Specﬁral Data, -

The majo?ity-of fhe séeeﬁre‘to be descfibea.iﬁ the following sec--
';.'tions werevtaken on eithe? fhe HR;6O or the HR-ldO>speetfometers modi-
lvfied as‘diseuéged in fhe pfe&ious section. The operafion of arfield-!.
':’ffequency lock spectrometer is in no way a simple task. In this respect
'>:the author feels it would be well wqrth while to discuseisome of the
ﬁ‘operational aspects‘of the'sfectrometer.' | |
The spectrometer is 'locked' to a TMS s1deband s1gnal by properly.

centering the signal on a scope and then sw1tch1ng on the control loops.

. For a given phase adaustment; only one'of‘the two 31deband responses
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' prevent 1nterference between the 51debands and also to av01d saturatlon

Cof the 51deband responses Thls-was accompllshed by settlng the'-rf

. ..lt5...‘

- is in the correct sense for regulatlon, and thls was always chosen to -
;hbe the low-fleld s1deband 'The snectrometer 1nvar1ably locked on to
1ethe TMS 81gnal Wthh Was evidenced by the appearance of the lke s1gnal ;
vl:at the signal monltor output of the #JB-4 lock-in amplifier and also by

B an appreclable readlng on the voltmeter of the #JB- h

One of the adgustment problems in thls system is to get the phase of

| the locking loops adJusted correctly The control loop through\the
iVH3ll was adJjusted ea51ly by observing the locklnv 31gnal 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 fiux stabrlizer can then be adjusted by .

“';first turming on the loop and then adjusting the phase control on the

#IB- h to a maximum 51gnal on the scope.

By monltorlng the signal from J314 before it entered the phase

~ detector of the #JB—h but after it passed through its narrow—band pre-

".amplifier, it was possible to detect rather small changes in the homo-

geneity of the‘magnetic field of the order of 1-2 parts in lOlQ.' If a

‘psmall drop in the intensity of the signal on the scope due to a_sl;ght-
,degradation of the field resulted, it'was quite easy to optimize the

| homogenelty agaln w1th the lO-turn pot for the HR 60 or the fine control

h'for the HR-100" of the magnetlc field Y- gradlent control even whlle re- .

7.-cord1ng a spectrum.

In the fleld—frequency mode of operation 1t 1s qulte 1mportant to

' -centerband power far above 1ts normal value in the HR mode of operatlon '

iand keeplng only a very small amount of power in the 31debands ~ Doing =




this sets the modulatiOn ipdeces very low thereby preventing saturetion,-
loop oscillation; and sideband interfereﬁce. Signals were taken from
jVJSIhvat the wide—lihe'phese—dector output-with the receiver gain set at
ip‘3'or h; a low impednace point ﬁith a response expending to high audioxv.
frequencies (i.e;, aheed of tﬁe filter circuits). |
l‘As has been.previously poiﬁted out, there are two‘types-of fre;
quency-sweep_experiﬁeot phaﬁ one cao perform when doiﬁg double-reson;,
ance with a frequenc&efield>lockvspectromeser. The equipment involved
| in both experlments 1s 1dent1cal althouoh the usé of the equlpment is
sllghtly dlfferent and the procedures involved for the two types of
.‘1 experlment are vastly dlfferent._ Therefore the procedures for each
.,eXperiment will be disccssed separately. |
‘The perturbing fleld is set somewhat higher in modulatlon 1ndex e
than‘the observ1ng fleld Hl 50 that the condition Eﬁ_WHQ z,A‘v ,;S-metg';i.:e

. where Ay is the w1dth of-the-line to be observed._ The procedure'for , v

1rrad1at1ng a s1ngle non-degenerate trans1tlon is to sweep the frequency

"3 up to the line and stop exactly on the line. The irradlatlng fleld H2 is

g then'turnedyronm at a frequency near _Vl and.thevpeat frequency betweep

| vy Aﬁa vé ninimized as much as possible by_tuoing'vé;"After_a singlev
.4_HSCen of the spectrum, QE cocld be edjusted so as po make phe intensiﬁies,
of the ‘two ccﬁponenps‘cfvthe doublet equal; Spectra aretthen run in the

'cnormal manner Jjust as-is done when the perturbing field H is absent.
' In order to perform the experlment wherein the perturblng frequency

» v2 is. swept while observ1ng a 51ngle trans1t10n w1th v the function of

l)
the #30h wave. analyzer 3 os01llator and the HP #EOMB os01llator must be -
reversed. This first involves connectlng_the output-of the #204B to theéf”ff

'referenCe-channel'inputvof«the wide—band‘iock-in amplifier and subsequentiy

i



/

T SR

_'connectlng the output of the #30L to the sweep coils of the probe uhrough

an audlo ampllfler with an output balanced at 600Q above ground
Once the peak to be observed durlng a single scan was determined,

the frequency having first been accurately determlned from a precalibrated

. _spectrum, vy (now. generated from the #204B instead of the #304) was

~swept as close to the center of ‘the line as possible. The freguency of"
" the osc1llator was always contlnuously monltored on a frequency counter.

Once Vl was . found to be sufflClently close the fine control of the

‘#204B could then be adjusted until a maximum deflection of the recorder
. pen was observed. Dne to the eXtremely narrow linewidths (of the order
‘of magnitude of 0.2 cps full width at one-half peak height), it was

. found' to be generally necessary to sweep back and forth through the

peak several times, each time adJustlng v, very slightly in order to

determlne the max imim amplltude and consequently the best settlng In

.these experiments the perturb;ng 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. o
‘Tt was also found to be qndte.important'to have vi sitting exactly on .

'd the center of the resonant line. The #204B oscillator was sufficiently

| stable so that only‘a very small oscillationﬂabout the height of the

peak could be observed. Also, essentially no drift of the frequency vi_"

"».dnring the time of a single scan (1800 sec) could be observed

In addltlon to the experlment where v2 is swept, studles were -

. carrled cut by puls:.ng)Jr8 H at +he frecuency v2, while vl was monltorlng

- the pulse. If the amplltude H is falrly large and the duratlon of the *

a llne w1th an energy level in common with the line being perturbed by

| pulse t is short relaxatlon effects durlng the on perlod w1ll be

‘}'negllglble and the total eflect will be to rotate the macroscoplc mag-



nteization vector M through an angle a given by the exprescion

@=YH, L, t - ' (66)
where L is the appropriate transition moment. An excellent descrip-

2b
' ' .48
tion of the pulse experiment may be found in Pople, et al. Pulses for

which VHQLthW = n are referred to as 180° .or x pulses and have the

effect of completely reversing the direction of M., Abragam ~ hes shown .
.that‘under the proper experimental conditions adiabatic rapid passage
and pulse experiments -yield the same results. The x pulses used in
these experiments were generated first by setting tw = ca 0.5 seg and
then emperically adjusting H2 for a meximum 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.

i1

4
i
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IV. RESULTS =

A Complete Analysié of the Nuclear Magnetic Resonance Spectra of
' © Trimethylene Sulilde, Trimethylene Imine, Trimethylene Oxide,
and 1, l-Dimethylcyclobutane Dicarboxylate

In this_séction the résults of the analyses of the NMR spectra of

é series‘of fou£~memberéd ring comp§uhds‘of the type AEBh are pré;ented.
Analyses of the'spectra of this type have never been studied in detail
before ngause of a number of reasons. . Probably ﬁhe most critical bf‘
’ithesglregsons is. that although there are six protons on a'm;lecule,
there are only two 'chemically' different typeé. For the purposes of
this dissertation a set of nucleﬁ'will be considered to be chemically
equivalent if each nucleus of the set possesses the same electronic
-venvironﬁent; ‘It is possible_fbr a setlof nuclei fo be chemically
'ﬂ.eguivalent without all the nuclei in the‘set being magnetically equivalent,
| magéetic equivalence implyingithat each nucleus in the sef.couples to all
other nuclei in the same identical manner. Thus, invmethane, for examplé;
all protons are in the samé electronic enviromment and all possiblé
coupling constants are identical. Therefore, the protons in methane are
said to be both chemically and magneticaily equivalent. However, in
CHE = CF250 the two hydrogen atoms form éne 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 hydrogeﬁ and fluorine arevdifferent for the cls and
tpans pos%&ions. Therefore, the two hydrogens are sald to be magnetically
' inequivélént'and,v1ikewise,‘the two fluorine atoms, although being }wl
chemicalfy equivalent do not poésess magnetic equivalence. In this ;
;'terminology magnetic equivalgnce presupposes chemical equivalehce; the

. conversé not being true; chemical equivalence does not presuppose

magnetic equivalence.
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;This distinctiép befwéen chemical and magnetic equivalence is a
vcritical oﬁe.in‘%erms oflthe analysis of the AQB)+ four-membered ring
system. It is well known. in NMRAthat‘the spectrum due to two magnetic
éqﬁiValent sets of nuclei will be completely independent of tﬁe coupling
‘éonstants withiﬁ the sets. The two gréups of nuclei, A and B, each.
‘constitute a set of chemiéally equivalent nuclei. ‘Howevér, the two A
protons arevnot magnefically equivalent éince‘the cis and trans coupling
constants, in general, will be different. The four B protons will also
not be magnetically eqﬁivalent for the same reason. .In addition the two
possible long range coupling-constants, if significant,.would‘not be.
,expectéd to be édﬁai. Itvcan then 'be seen that, since these twovsets‘
of prétons are not magnetically equivalent, one would expect some
transitions in the spectra of theée molecules to depeﬁd on the geminal
' couéling constants,'J12 and J56 (See Fig. 10), and also on the cross
: ring or "long range" coupling éonstants; This means that the spectra -
should be a function of ell the parameters (i.e., chemical shifts and
coupling constants) in the molecules. ‘This type of paraﬁeter dependency .
involving chemically equivalent groups has been demonstrated in the pést
- for'two sets of two chemically equivaleht proténs, the AEBQAcase.5l
Analyses” of ﬁhese systemé,iin general, should also'yield the reiative
signs of the®coupling constants, a matter which until gquite recently was
a subject of considerable controversy. | |

The-qbiiity to observe the coupling constants betwéen chemically
equivalenﬁ protoné in'theée AQB# systems will be determined to a large'; '
. part by the magnitude.of the cheﬁicai shift, VAB, betweeh thé A and B |
protons, 'Generally;Ain systems of this sort it is the presence of the ; ;7

so=-called "higher order effects" which allow the transitions between
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cheﬁicallyvequivalent,prptgns to be observed. Thé."higher order effects
become imporfant in complex épin systemsrﬁhen the chemical shifts between
different muclei are‘of the same order of magnituae as the coupliﬂg
constants between the different nuclei. In these Situaﬁibns, the
i_resultinglspectfa cannbt be compietely explained sqlely in terms of
first-order perturbation theory. Completé_analysés of such spectra can'7
.1only be affécted by a-solution of the resulting secular equations. In K
© considering these "higher order effects", say by considering second-
;'_order perturbation theory, account is taken of the mixing of gtates
between which there are off-diagonal matrix. elements. This has the
. effect of both removing degeneracies and also of allowing other'additional-
fransitions whose intensities would othe?wise be identically zero. In
.the ?éu%-membered ringbAeBu’systeﬁs of'interest, it will be'the obserya-
tiongof these additional transitions which will yileld the geminal and
| cross-ring éouplingvconstants, since they will be the transitions that
possess geminal and cross-ring coupling Eonstant dependency.

In order for fhe sﬁétements of the previous paragraph to be more
fully understood, it is necessafy td cpnsider in detail_the appropriate -
| basis functions and Hamiltonian matrix for the AQBM system. ,It would
be possible to také as a set of basis fuﬁctions, the simple prdducf
functions and Elassify them.according to their fotal spin component FZ.
However, it will be more convenient to choose as basis functions, those
functions which form irreducible répresentations of the appropriéte
point  group for‘the'moleCuies.' Wiéh the exception of tfimethylene
imine,52 the point group for these.molecﬁles‘will be Ié,ﬂ where
DQ: = Cév‘ﬁ Ci' ‘However the symmetrized spin functions can be calculated

using the CEV point group since G% will ndt’providebany new information

as concerns the ¥MR spectra. The basgls functions for this casé



are listed in Table T, in the C2V representation.

These basis functions

- will be helpful in undérstanding some features of these AQBA systems

and also the double—irradiation'experiments to be described.

From the listing of the AQBA symmetrized spin functions it.is

-

evident that there will be only four transitions in an entire spéctfumv

1

_2X2 elements for Fz'

a trivial process.

The Hamilto

- for which analytical expressions can be obtained.

the standard NMR Hamiltonian given in Eg. (LkL).

The part of the Hamiltonian matrix for Fz =

form
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These transitions will
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Table I.. (Continued)
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In an equlvalent snorter notatlon M aﬂd Mb can be represented by the -
&

follow1ng metrices,

vA + QVB.f 0% %\e .  0 Y
- NE
Ma= Ov. VA+VB+'y__+§€ 'é"'e
' 0 : }&2 € oy + 7y j
v )
A Bt Yt ° ° S
¢ . | | 1. W2 e
o Mb = | 0 vy —VB_+ Y+ 3 € 5 € '_(75)
J2 |
- +
0 7 € ?V Y
where
o Y=1 Jgem T3 Jgem * 2 (Jdiag * J.dia.g) - v (76)
e=J . 4 J, | | o | (77) -

viec . vie |
The problem is now to obtain analytical reletionships between the
four A transitions, obtained from the solution of the'abeve.matrices,

and the chemical shifts and/or coupling constants. Thisecan be done

“by first taking the eum,.Ma”+ Mb,'of the two matrices.l Doing this one
ebtainesvthe:following matrix: |
;  Iw%mM o --e
. l!_'M;M+%; 'fov 2y + e &e  i @,‘W@

‘Diagonalizetion of M then ylelus the follow1ng elgenvalues ._'

e o

5 e mEYFRe y
" B )



.. relations, the following ‘expressions are obtained

~59 -

If the sums of the submatrices are considered, then from the trace

All = faqq * ‘-Ab'l.l = 2y + 2¢ (80)‘

.»A22+A55=[\?,22+Ab22>+-1\a.55+1\"b55=}.[.'y+,v€ o . (81)

‘-_Multiplying Eg. (80) by two end then subtracting Eq. (81) from the product 5:

', one then gets the exﬁréssion

chay +_2Abil-".‘/§aeé = Aoy - fagy - Mbgy o =3e (82)

. Defining the four Alvtransitions as

Aayy = Abgp = vy T

fayy = Abgz = vy

R e
- B ¥ -
o \{‘%3 =y

2

and tﬁen.making the ap?ropriate substitutions in Ey. (82), the .following -

. expression results,

(vy = v) + (vg - v,) C 3o e ) N COR

vie vic

e iﬁdicating that the sum of the vicinal coupling constants can be‘ﬁ

determined directly from the spectrum providing thaf the four transiﬁions,

| V1, Yo, VB; and v, can be identified. In the corresponding first-order
‘pattern consisting of, in the AQBA case, a triplet and a quintet,‘vl
- and V2 would be~the_two.duter lines of the triplet'and v3 and Vh the two

' oufer lines:bf_the guintet. This hows that the separation bétweenteach

line of the, triplet or:qﬁihtet_would be given by.%(Jvié’+:J;ic)}

i ]

However, picking out these four lines in a couplex‘spectrum will prove

40 be considerably more difficult.

The chemical shift in the first-order spectrum will just be the -

separation beitween the center of the quintet and ﬁne center of the



" In general, the AQBA systems that are of preéent concern can yield

ﬁriplet. Again, in a badly mixed spectrum, determination of thé"chemical
shift will not be a trivial matter.
Assuming that thelsﬁm of the vicinalvcdupling constants can be

exactly determined and the chemicel shift can be obtained, there still

exist an additional five parameters ‘' {(J . =J'. , J J! iy
P v Vvic vic’ “gem” “gem’ “diag’

Jéiag) which must be determined in order to complete a spectral analysis.

:spéctra containing és many as iBO-lSO linés of observable intensity.vf
It then beqémes evident,tﬁat solution of these probiems would be completely
intractable without the éid of a'high—speed.computer. In all of the
cases spectral analyses were facilitated by means of'the IBM 709k
iterative computer programs,l9 NMRIT and NMREN,.which'haVevbeen described
in detail elsewhere. The individual problems éncountered in the various'
. analyses will be discusséd in more detail under the headiﬁgs of the
individual molecules. |
Considérable difficulty ﬁas incurred in analyzing the spectra with
the use of the iterative‘progfam; Essentially this difficulty arosé
‘because the program requirés é 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 trahsition-ffequencies,iN

.

from fhe.initial trail parameters and then assigning the experimental -
. transitions to the calculated transitions. After the transitionsbhave
~ been assignea.and assuming that they have been assigned éorrectly the
.trﬁe energyflevels of the system may be calculated. 'Thexpfogram fhen uses
these eneréy ievels to improve on the original trial paraméters. If the B
initiél trial parameters ar; not cloée, then it is found to 5e‘quite‘

- difficult to properly assign the transition frequencies. This occurs .
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' lﬂnes are unresolvable, even under optlmum experlmental condltlons

“be. ass1gned 1ncorrectly w1thout caus1ng the program to fall

HL-

r,

_because the spec»ra are so hlgnly mix eu that many of the 1nd1v1doal

The

energy levels of these six. spln systems are, 1n general, greatly over-

determlned S0 that some of the Lran51tlons need not be asslgned or. may

However,

'7151nce the systems are so badly mlxed and, 1n general the 1n1t1al trlal
:parmmeters were suff1c1ently far away- from the true parameters that 1t
was for practlcal purposes 1rposs1ble to correctly a531gn a suff1c1ent

':number of.tran31t10ns to allow the program to properly cover to the

~ correct answer.

. In this connection it was necessary to use spectral data obtained '
. \ - .

by double—resohance in conjunction with the iterative program ‘in order
to eventually obtain che correct parameters. The descriptions of the

| problems and methods of attack used are discussed below

1..- Trimethylene sulflde."

The A-60 spectrum of tr1me+Hyl°ﬂe Sulllde on a 500 cps scale using =

TMS as an 1nternal standard is presented in Flg ll The spectrum of
trlmethylene sulflde on 8. 50 cps scale was run on the A-6O at the same .

sweep ' rate and is presen ed in Fig. l2 The spectrum was run u31ng the

- slowest possible sweep speed (0.1 cps/sec) without_modification of phe

instrument.

Voo o

'positions of a great ﬂumber of the lines.

meter descrlbed in the prev1ous sectlon ThlS spectrum was run at a
sweep rate of 0.03 cps/sec ‘and a filter bandwidthuof'0.25 cps.  Some
ringing is still evident, but the,positions:of maﬁy more of the lines

can be readily estimated since the ringing is‘considerably_more damped

-

Here it is seen that the ringing seriously hides the true-“‘

Flgure 13 Shows the spectrum}”:wg

EN

Comee o e

' of trlmethylene sulflde recorded w1th the fleld-frequency lock spectro-=ﬂ'~f.ﬂ,f




ef the Hemiltonian matrices M and Mb'; Dlagonallvatlon of N gives he U

a L e

out in this spectrum. -This'spectrum should then serve to demonstrate. - -

the utility of a slow sweep with this type of spectrometer for spectra

.. wherein there are groupings'of lines with very small spacings.

Upon examlnatlon of the 60 Mc/sec spectrum one will observe a very

badly mixed pautern In fact, from this spectrum it was not possible to .

. obtain even a reasonable estimate of the.chemical shift. The spectrum -

of trimethylene sulfide was then taken at 100 Mc/sec in order to

determine if the increased separation between the A_and B proton resonances

"would be sufficient to allow an approx imate value of the chemlcal shift to
fbevobtained. ThlS 100 Me/sec speCu“1 whicn was.run/at a sweep rate of |
10.1 cps/sec is presented in Fig. "1k, Cne can see that this spectrum'dees
’showvthe remnances cf e triplet;and guintet pattern, although it is
.certainly a hlghly perturbed pattern at best. However; measuring tne
.,approx1mate separation. between the apparent centers of the trlplet and

'Lqulntec yielded the value of 27. 7 cps for the chemlcal shift at 100 Mc/sec:
- Multiplying by the factor 3/5 gave the value of 16 6. cps for the corre~

- sponding chemical shift of trimethylene sulfide at 60 Mc/sec.

The above value for the chemical shift at 60 Mc/sec for trinethylene -

",sulfide can be regarded 6nly as a,first-order approkimaﬁion to the true)f

-chemical shift. In order to obtain a more pre01se value 1t 1s necessary

to consider tne F = +5 and = submatrrces in detall and also tbe trace ;

_relatlonshlps for the submatrlces using both the 60 Mc/sec and lOO Wc/sec

spectra. i ’
, :

+ An expression for_the"chemieal.snif may be obtalned by a solutlon

rollow1ng expres51ons for tne eluenvalues



s “='8‘+ 7_+ € -

haqq | .
R 1 o 212

A'.vaez =3 5. + H € + é]: [(54— % E') + 2 / . _‘
A T 1 .2 12 .
hagy =g o+ fe-gi(esgzasad 2y R

'i'where now 5{is-given'by,vB — vA.- Subsequent diagonalization of Mb
. produces for the eiéenvaluss the followihg expressions:

Abll'= -5+ ¥y + €

1 1 ] 1 \2 251/2 .
Abge =58+ ¢ ~-%[(-5 + 5 €) + 2¢ ] /. + Y
e deederkteckote ety @)

3% 2 N Ch
'jfTaking the appropriate differences between the eigenvalues, one getsb

the following expressions for v, - v5 and Vo =V

vy = vz = Aa55 - Aagg. -[(5 + % ) + 2e° ]1/2 (.7 -(86)

| [(-.5 +% ;)2

1]

vy - vy = Abeé - 1By + 2¢ 11/2 ry. (8

f - v N

Souarihg Eqs (86) and (87) and aqdlmg the squares,one'getsx after -
substltuulng for e)an equatlon in 6 of the form ‘ o | _ | k
5 =-(vl -rv5) +v(v2 - VLJ2 - % (Jvic + J;ic)?i - :f‘  (88)>v
From Eqs.‘(8ﬁ) aﬁd (85)’atd also a detailed gonsiaeratién of the othér .
~ Hamiltonian submstrices,.one ﬁiil_observe that the two otheralinés of ;_-
.thebspectrum must corresppnd to two 6f the féur.Al lines mentioned in
the pretious paragfa@h. Thé outer lines wili sorréspond to either vy ‘
and VL’ or V and v5, dependlng on ‘vhat sh01ce of relat1Ve s1gn of tbel

vicinal coupllng constants is maae, the two v1c1nal counllng conSuants -

‘being assumed to havejthe same relatlve s1gn Slnce NMR spectra are .

».dependent.bnly Qn‘the,rela 1ve slgns of the coupling constants posmtlve



o gete

- and the lOO Mc/sec spectra u31na “the trace relatlonshlps at the two

- -6ho

m

" signs were assumed for the vicinal ccdupling constents. . The theoretical

[

. B .=‘ .. . L D '-' . . . . . . . . ‘ )
‘evidence previously presented 9 does, in fact, indicate that they are

 positive in an‘absolufe sense. With thislchoice the: low-field outer

-

line becomes vy and the high-field outer line becomes V) with vé and

vV, being the two inner lines which remain to be determined.

3

" From the arrangements of the energy levels it is observed that vy

l is associated with Vs in a regressive manner (Am = 0) and that v, is

‘likewise associated with v.. Therefore, irradiating vy in a double-~

2

resonance experiment should produce a sharp splitting in 25 and similarly

irradiating Vh should give a sharp doublet for the transition'vg. In

- fact, in the respective experimeﬁts, V3 and Vs should be the only lines’
- dn Whlch the well—resolved dObDtho are obtained. W1tb these two

experlments it was pos51ble to assign Vv, and Vs lhe assignments are

¥

f_'lndlcatea in Fig. 13. The freouepc1es of the four lines and the'

. approprlate diffeerences are glven in Table II These values when

suostltuted into the approprlate equatlons gave the following values for
the chemical shift & and the sum of the vicinal coupling qonstents:

e}

i

16.2 cps S " .

— &+ ¢ —_ . . -
€ = Jvic Jv1c = 15.2 cps_

The‘aSSignments of the four Ay transitionS'is:_further confirmed by
alculatlng trial spectra usmng NMRIT.

Addltlonal 1nformatlon may be obtalned from the 60 Mc/sec spectra'

dlfferent frequenc1es for the F :=.i3 and ) submatrlces. By reasonlng
l s1mllar to that used in the previous pa”avraph Vi at 100 Nc/sec was
assigned to the flrst low field line. v3 was assigned by 1rrad1at1ng Vl

and dbserving the appearance of a single transition being split into a
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- calculatlon produces a value of 367 i for the sum. Wlth thls value and

. the value of 16.2 cps for tbe chemﬂcal shlft (1 e., v.

‘well—resolved doutle. The»double—resoﬁacce sbectrum is shown in Fig.'l5r
‘The values for vl and 23 at 100 Mc/sec are 332 1 and 305 1 respectlvely
-Agaln, these values were further conllrmed us1ng NMRIT and calculatlng _
:'.lOO Nc/sec spectra for a number of reasonable parameters

The eignevalues at 60 Mc/sec may be represented as,Aail,.AaQE,.and

:Aazg + 25.1, and the eigenvalues at 100 Mc/sec represented‘as Aéll’ '

. .
»Aaeg: and la,, +»29,0, where

1

. (a)  hagq = -

B
x'(b). A;ll e % Yy + %; vy Fyd e
(cgl 2A3é2,+ 23.1 = v, + ByB +.27 + % ¢
1‘.(d) a/\; +29o_%vA+%-5—vB}2y+%e
i:%(e) 1 - Aagg = 206.7 | ,
: "-.<fi) ey, - Aé'zs =321 " o 5 o '(8.95 o

Subtractlng Eq. (89c) from. Vq (89d) and Ea (89é)qfrcm (89b) gives the

follow1ng results
2(fayy = fagy) +5.9 =3 (vAf5vB),.- o)
71 3 A BT P - L

“

H;W1th these two expre551ons ard,_efter maklng the approprlate substltutlons,'sh:lf,}

2'1t becomes pos51ble to solve for the quantlty ?A + VB Carrylng out tne; ?QQ,V:S ﬂ

5 - v ) the

1reouenc1es of the A and B resonaﬂces, respectlvelj, were calculated to -

‘be 175. 6 cps and l9l 8 cps relaulve to TBB



- From Eq. (89¢) and the expression.

22 A 3

a value of 15.2 cps was calculated for the quantity J_, +* J', . One

: : . _vie vie T
may note at thié point that the same value of 15.2 cps was obtained for;
this quantity by another completely independent methddvalso using

different experimental data. This should, therefore, indicate that the

" value of 15.2 cps is quite reliable.

Once the chemical shift end the sum of the vicinal coupling constants

'-weré obtained,:the remainder of the analysis became essentially one of -
" "grial and error' iterative Titting of the remaining parameters.ivspectré
N ﬁere calculated wiéh various trial parameters untilvaAsétisféctory-fit
was pbtained. Once this safisfactory fit was foundlthe éssignmeﬁt for

the Various line positions from this computation and the line positions

t

from a calibrated épeétrum'were'cémpared and a set of eigenvalues
".'calculgtedvusing'NMREN. The final éet of parameters and line positions

.1were fhen calculated from the above eigenvalues and iterating with NMRIT  _'

iuntil satisfacto?y 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. The errors in the final parameters were

estimated by determining what changes in the parameters'wéuld cause an

‘unsatisfactory match between the experimental and calculated spectra.

" A comparison between the experimental and calculated spectra is shown

in Fig. 16.
Fromvthe NMR data_alone in'tfimethylene sulfide, it is not possible e

to determine which of the vicinal coupling constants is the larger and,

he, "+‘é05;7'= vy Bvg + oy e - e e



~ Table III. Coupling conotanbs and chemlcal »hlft
T , for trimethylene sulfide

Coupling constants ) . Chemical shift’
= 8.9 £0.2 cps  16.2 £ 0.05 cps.
ic 8.9 ¢O 2 eps . R y_16 ? 0.05 cps
' ='6. i . . _\' .
J . = =11.0 £ 0.2 cps
gem P _
' = 8.0 £ 0.2 cps
gen o
. L= + 0. :
’deiag 0.6 * 0.3 cps
i = - £0.*
Jdiagb_ 0.5 Q 5 cps

"therefore, also which'long_range.coupling constant is the larger since . -
.changing the coupling constants in this instance merely involves .

O T 2 : _ T i : | |
relabeling chemically equivalent protons. Previous evidence in the &
‘literature has indicated that, in general, the cis coupling constants in:

- four-membered rings are the larger. On this basis the large vieinal
coupling constant was assigned to Jvic and the small value to J&ic’ but

it must be borne in mind that this is just a semi-empirical assignment

which isiyet to be verified..

‘,? S 2. Trimethylene imine.

The complete 60 Me/sec spectrum of'tfimethylene'imihe.is presented o
f ‘-fv ' . in Flg 17 The chemlcal shift 6 is squlcﬂently large, +the. spectrum o
} - ja'

v ) »theveby exhlbltlng the expected‘trzrlct and quﬂntet pattern, 50 that 6

¢ [

v . .may be obtained accurately dlrectly.*rom the_spectrum.~ The factor
_(Jv1c ) is also obtained directly from the spectrum; being given
o by the(mul%iplet‘separatiohs‘within the two groups. The Values-obtainéd

{



_.LOY‘ 6 and 2

+
‘2 ( v1c

frequencies wefe compared and 2 set of energy_levels calculated.

~68-

(Jv1c ’J;ic) are 77.2 cps and 7.2 cps, respectively. The

values for the o and B resonances relative to T™MS are 13L4.2 cps and
211.k cps, respectiveiy.

The N-H prpﬁon resoﬁance was not oﬁserved beéause of the lire
broaaening due to the-qﬁérdrupole moment of‘thé nitrogen.- Couplings‘
between the ﬁitrogen or the N—H proton with the o meuhylene pr0uons were
not obserfed because of fhefrapid relaxation induced by the guadrupole |
moment of the nitrogen. |

High-resolution spectre of the triplet-and quintet portions of the
trimethylene imine spectra were run at a sweep rate of 0.03 cps/sec.

These spectra were analyzed using a procedure gquite similar to that

“used in the trimethyléne sulfide analysis. Once the chemical shift and

J’.c) were. determined, a trial and error ilterative procedure

was used until a satisfactory fit to the observed spectra was obtained.

 Once this was.accompliShed the observed and calculated transition

The
flnal set of parameters qﬂd line positions were then calculated from
these energy levels byﬁiterating with NMRIT. The :estimated accuracy
of the experimental‘iine position measurements was C.l cbs. The‘final
parameters calculated by NMRIT for trimethylene imine are given in
Table Iv. As”in.trimethylgne sulfide the erfors in the final paraﬁeters:
were estimated by exper;mentally det crmwnlnv Wwhat chungeb in uhe para- |

meters would cause an unsatisfactory match ‘between the calculuted and

experimentél spectra. CompariSons between the experimental and

'jcalculated snectra for both the trlpleu and quﬂnteu are shown in Flg 18

and Flg 19, respect;vely




Table IV. Coupl:mrr constants and chemlcal shlft
' “for trimethylene imine . :

: Coupling conscant Chemical shift
= Aot ; s o 2 £0.2
Jvic 8.4 £ 0.2 ¢cp 77.2 + 0.2 cps
J'. = 6.0 £0.2 cps _
Vlc ' . ' ,‘ %
J = -11.0 £ 0.3 cps - '
gem
v - + % s .
Jgem = 6.7 O.’ cps . . . o |
= = I ' S ‘
Jdiag = 0.9 Of5 cps
t ="' . + 0.5 -
deiag 0.3 5 cps

‘..5. Trimethylene oxide.
t

: The procedure'involved in the.analysis of the spectrum of tri-

methylene oxide was almost identical to that used in the trimethylene
imine analysis. The only major difference was that the chemical shift

in trimethylene oxide is considerably iarger than,that'of trimethylene

~

. 1m1ne, giving a more first-order appearance to.the spectrum
The complete 60 Mc/sec spectrum of trimethylene ox1de is shown in

~"Fig.- 20.. The chemlcal_shlrt 3] was observed to be“ll9,0 cps. A value '

ro

of 7.8 cps was dbserved for the ouantity‘ E-(J ]é + J“ ). The values

- for tne o and B resonances relatlve to TMS ‘Were observed to be 137 O cps

. . s and 256.0 cps, respectlvely
. \

The hlgh-resolutlon 60 Mc/sec spectra taken w1th the fleld frequencyl,.m;,if
- lock spectrometer were rur au,a sveam rate of 0.03 cps/sec ~ Upon |
rteratlor the parameters given in Table V were obtaﬂned ' The'calculatedﬁ‘

spectra obtalned with t ese parameters along w1th'the experimentdl spectra .

t



.are p:esented in Flgs 21 and 22 for the trlplet and quintet,. resneCulvely.
The errors in the final® parameuerb were pSulmated in a menner: 1denu1cal uo-'

that used in trimethylene imlne.

Table V. Coupling constants and chemical shift
‘for trimethylene oxide

Coupling .constants e . Chemical shift
J.. = 8.9 0.2 cps 121.0 % 0.2 cps
vie _ _ N
', = 6.7 %£0.2 cps
vie
= . R i ‘—' ~
Tgem = -L1-0 %0.3 cps
3 : sem - 5 8v 0.3 cos
- = 0.4 +0.5 ¢
Jdiag 0 0.5 ps
! = ' i 5 c
Jdia,g 0.7 £0.5 cps
\
ko1, —D;metnylcyCLob anedicsrhoxvlate.

. The spectrum of 1,l-dimethylcyclobutanedicarboxylate on a 500 cps -
'écale is presented in Fig. 23 using TMS as ah internal sfandard. The
high;resolution spectruﬁ run at a sweep raté of 0.03 cpé/séc is shown in
}Fig;=2h. The spectrum is highly perturbed theféby making it difficult to
directly observe the chemiéal shift and % (Jvic +-J;ic>'. Iﬁ was therefore
' necessary té determine these parameters with the use of'fhe equdtioﬁé
derived or;clnally for trimethylene sulfide. From Eq‘ (85) and (88)
e value of 33 2 cps was obtained for the chemlcal shlft ana a value of
8725 cps LOT thle: quarblty (d ‘, + J;lc)

Once these values wvere obtalned the trial and error adjusting of

the remaining parameters was affected until a satisfactory fit to the



N

~Tl=-

" observed spectrum was obtained. The observed and calculated transition
frequencies were then compared andiultimately a set of energy levels
calculated with NMREN.- The estimated accuracy of the experlmental line
p051t10n measurements was about 0.2 cps. The final parameters were then
calculated with NMRIT end are given in Table VI. The errors in the final |

_parameters were estimated in a mamner identical to those used for the |
molecules previously studied. Comparisons between.tﬁe‘experimental
and calculated spectra are shown in'Fig.:25. |

Table VI. Coupling constants and chemical shift .
for l,l-dimethylcyclobutanedicarboxylate

Coupling constante Chemical shift
L T = 9.9 £0.3 cps ' 33.2 £ 0.1 cps
'% ;ic- = 6.6 *0.3 cps

gem = ~LL:0 % 0.3 cps

Tlem = -10.0 0.3 cps

Jdiag = 0.7 £0.5 cps

J&iag = 0.6 0.5 cps |

«B. Nuclear Magnetic Double Resonance

Analyses of two- and three-spin systems using v. frequency-sweep

l.

nuclear magnetic double-resonance have been carried out and described. -
v in considerable detail by Freeman and Anderson.gO However, complete

- spectral analy31s using the v frequency-sweep method has not been -

2
- previously reported. In fact, only a s1ngle isolated example of this

54

method exists in the- llterature



The pufposes.of'this section will then be twofdld. First, erl—
ments_ﬁili bé déscribed-démonétrating the value of'thevlé frequency-
sweep method in spectral}anaiysis. Secondly,{experimeﬁts will be
described which vere conducted in ofder to.gain & fuller undersfgnding

of the 'physics' underlying thz phenomena observed in these experiments.

1.  Spectral analysis.

The aromatic protons of 2-chlorothiophene have been chosen to
" demonstrate the application of the V2 frequency-sweep technique to the

ordering of the energy leveis of an unknown strongly coupled ABC system. . =

Figure 26 illustrates the spechirum of the ncau, vacuum- dbgassed liguid

at 60 Mc/sec. The spectrum was run a2t a sweep rate of 0.03 cps/sec

-,

‘using a filter bandwidth of 0.25 c¢ps. In chlorothiophene 14 out of the

15 lines occur with observable intensity. Line 15 was assigned using the
freguency sum rule and was also observed indirectly in a double-resonance

experiment to be described below.

:

Suppose Vl is set on line 2»ahdlthe rest of the spectrum perturbed

by V2. 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 mammer (Am = 0) when perturbed by Vs should cause a

v

decrease in the intensity of iine.E{ In a similér manﬁer perturbing
lines which arevconhected in progressive manner by a éommon energy ievel
to llpe 2 should cause an increase in the 1nuen31ty of th;s llne.

This 51tuatlon where line 2 was observed is 1llustrated in Fig. 27.

Note that.as V., sweeps through Vl & beat frequency is‘generated:as some

2
£ the nucelar resonance signal at V2 enters the phase sensitive detector

'.operating at v The beat frequency is rapidly'damped-éut by the oufput

1



75

filter of the phase sensitive detector. 1In édditidn to fhis beat
;frequencx what appears to be verijnzfrequeﬁcy riﬁging is observed on
- the tails of the peaks. This is actually a saturation phenomenon which
‘is causeq by using e rather large Hl' Thié»ringing or saturatioh was |
of no significant consequence and could easily be eliminated either by -
uging smaller Hl or by putting in additional filtering after the phase
éengiﬁive’detector.l |

From the spectrum in Fig. 27 it.is.a simple matter fo detérmine which
lines shére energy levels in cémmon with line'e and also whether thg lines-
aré connected in é regressive or ﬁrogreséive menner. This is most casily
écqqmplished by.suéerimpésing this spectrum on the normal spedtrum run at
 the same sweep raﬁe. The superimposed spedtra are shown in Fig. 28. |
-From:this superimposed spectrum it can be seen that lings 5.and 10 are
cgnnécted to line 2 in a regressive manner and lines 7, 13, and 15 are
< connected to line 2 in a progressive mannef. Line 15 représents:an
interesting situation since under normal conditions it . is an extremely

-

weak line and therefore difficult to observe. However, the Pé frequency-

sweep double resonance spectrum clearly points out the position of the

line and also the fact that it shares a common energy level with line 2.

' This method therefore also represénts a new technique by which very
' weak lines may be indirectly‘observed{
The results obtained for line 2 are presented in Table VII. Lines

v_8 and 9 are nearly degenerate and therefore cannot be distinguished on

~a frequency basis alone. .
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Table VII. Results of the Vo frequency-sweep
T double-resonance spectrum while
line 2 of* 2-chlorothiophene

Co

observing
Line Result Line Result

1 Unaffected 8 &9 Unaffected ‘ o
o Observed : 10 Affected (regressive)

3 Unaffected 11 Unaffected -

L Unaffected | 12 Unaffected
5 ' Affected (regressive) - 13 Affected (progressive)

6 Unaffected : 1k Unaffected

T Affected (prozressive 15 - Affected (progressive)

.Each of the strong single lines in Fig. 26 were observed in a Y5
frquency—sweep and tables simiiarvto Table VII above were_constructed
for éach of these. In ali cases it was quite easy to see which lines
wereiéffected and in what manner they were affected. A cross chéck may

be made at once on the results obtained for a single line, for 1f

irradiation 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 two

. lines differ in intensity. This information was then used to construct

-the energy-level diagram for a three-spin system which has been schematicélly

represented in Fig. 4L0. This diagram is appropriate.to the ABC 2~cholor-
thiophene system and_the assignments of the transitions determined by
double-resonance aré indicated. The speétra obtained for the remaining
strong noﬁ—degenerate iines are jresentéd in-Fig. 29 thréugh Fig. 37.
During the analysis the frequency sum rulg_provided'a'useful Cross cﬁeck

on the progress of the assignment. The problem is greatly overdetermined
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and. there was no difficulty in predicting

remaining lines required to complete an

the frequencies of the

analysis of a 15-line ABC system.

In addition to giving the energy-level diagram for 2-chlorothiophene

this to imique provided a very simple and extremely accurate way of
) s

calibrating the higl —resolu+Loq spectrum.

accurately determined the freguency was recorded.

'

-

Once the peak height had been

By this method the

frequenc1ec of the lines were reprocducable w1th1n 0.05 cps.

Once the transition frequencies were obtained it was a simple

matter to obtain the energy levels.

setting the sum of the eigenvalues equal to zero.

then fed into NMRIT using an

The zero of energy was defined by

The energy levels were

ardvltrary set of starting parameters. Given

that the energy-level information greatly overdetermines the problem,

the program gquickly converged to a

in Teble VIII.

Table VIIT. Chemical shifi
for 2-~chloro

thiophene

set of parameters which are presented

ts and coupling constanus
3

Coupling constents

Chemical shifts

le = 3.?—”—!- i
L Jz = 091 %
) Jé3,=-lf24 *

0.1 cps
0.1 cps-

0.1 cps .

v

1%

v

23

12

15

H

k.5

= 9.7

532

+

e

0.1 cps

+ 0.1 cps

3

0.1 cps

The errors quoted above

,bétweeh the experimental and

are those calculated by NMRIT.

A comparison

calculated spectra is presented in Fié. 38.



-

16~

2. Pulse experiments. ,

The effeét of transiently saturating a line while observing the
effect of the perturbation on another line where both lines have a
comﬁon energy level was described.
by sweeping the perturbing rf Iield through the appropriate lines. 1In
this section the results of the ex ériments whereig the transient
saturétion was generated by a 7 pulse instead of a Vo frequency-sweep.

In order to produce a T pulse, the coﬁ itions of Eg. (66j must be

-

he T pulse was

ck

met such that ¢« will be equal to 160°. In practice.
‘ ; s ae o as - : , e L
generated by setting the time of the pulse, t , equal to 5 second and
W

then varying the amplitude Tg of the perturbing rf field until the

maximum signal was observed. This procedure is valid because a maximum

_ |
signal should be observed when the macroscopic magnetization vector has

been %Qmpletely tipped from the positive z direction to the‘negative Z
dﬁwﬁm%ieqwmna=l%{ |

.The first eﬁperiment ﬁas performmd by tufning on Hl at the frequency -

of line 2 of 2-chlorothiophene (see Fig. 28) and apélyingvthe T pulse

.to line 13. TFrom Table VII one sées that irra&iation of iiné 15 while

observing line 2 should cause an increase in the intensity of line 2.

The results of this experiment are presented in Fig. 39.

*

’

Simiiarxéxpériments were carfied ocut by pulsing each of the non-
degenerate lines in 2-chlorothiophene. In each case the results were
identical to thosé obtained by the vé freguency-sweep experimént.

It wa; previously shown that under thé propef conditions safuration‘

by V2 sweep or by pulse methods are identical. This would then tend to

indicate that the phenomena being observed in the ngfrequency;sweep are’
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met. It was not possible.to accurately calibrate H

2

quantitative statement cannoﬁ be made at this time.

due tQ.the fact that the condition for adiabatic rapid paSSage is being

so that a more
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~ V. CONCLUSIONS . -

The expe?iﬁental data in Seg. IV.A. have shown that the trends
3 observed iﬁ the geminal coupling constants can be explained on the basis
of the theory of Sec. II;A. There does appear to be:an approximate
-‘lineér relationship between the’geminal coupling consténts and the
.electronegativities of the substituenﬁs. However, what is even more
interesting to note isrthat the change in the geminal coupling constant
in going from trimethylene sulfide to trimethylene oxide is'apprqximately o
’half as large as the change'observed in going from ethylene sulfide to
eﬁhylene_oxide. ‘This trend, in fact, was predicted quite accurately by
"this_theory assuming nearly sp2 hybridization for three-membefed.rings
;f» and sp3 hybridization for four-membered rings. The B geminal coupling .
“ cons£ant remained nearly constant in the cases studied indicating that
i‘the egfect of the substituent over two or more bonds is‘negligible.
Another point which bears mentioning is the fact that the geminal
coupling constants in general have opposite signs to the vicinal
_coupling constants. OSince there is good theoretical evidence indicating
that the viecinal coupling cénstants are éositive,29 it is then to be |
expected that the geminal coupling constants are negative in absolute
magnitude. This 1Is in@oftant.to.note in theilight of Gutowsky's8
orilginal study, using the average enefgy approximation, which predicted
| ﬁositive geminal coupling constants. As.was previously pointed out, use N
~of the average energy approximation insists ﬁhat the coupling constants .
' bevpositive whereas this do?s not necessarily follow from the use of
¢xcited state wave functions.A It can therefore belconciuded that the
average energy approximation can and does lead to incbrrect conclusions
.when applied indisecriminantly to secgndfbrdef”perturbationAtheory

" ealeculations.
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It appears that itvwill bg considerébly mqré difficult to make any
| conclusive stateménté'concerning the vicinal coupling constants in
four-membered ring éombounds. As was pointed out in the previous
| séction, the NMR date alone cannot determine which of the two vicinal
coupling constanfs, cis o? trané,'is the larger although gvidence is
. available on highly substituted four-membered rings which indicates that
‘»the cis coupling constant is the larger. However, in one instance,
., nemely that of 3—chlorothietane,55 the authors point out that assumption
of a largér trans and a smaller cis coupling constant would be more
consistent with their observations. In still another example, the cis
1and trans coupling constants in B~propiolgctoné'were found tokbe equal -
‘within 0.2 cps. In view of the above evidence and the results obtained
.~and previously described it does nob appear that there is any direct
: corre;étion between the vicinal coupling constant and the‘electro—
negativity of the substituent.

'Inlview of the uncertainty of the vicinal éoupling cbnstants'it is
::likewiSe difficult to state any cbnclusioﬁs concerning the long range
- cou?ling constants since it is nof possible‘to distinguish between the
two possible cross ring coupling constants; However, it is interesting
to point out fhat no large long range coupling constant wéS'observed as
opbosed to the Easé of chiorothietane wheré guite a large cross ring
coupling cohstaﬁt was observed. In addition the substitugnﬁs do not
appear to affect fhe long raﬁge coupling constanﬂs to any observable

extent.

1

In order to distinguish between the vicinal‘coupling,constants
further studies would be necessary. Perhaps substitution in the «

~position by a group which would not be expected to show a large substituent
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~effect suchlas a methyl group or a deuterium atom might pfovide'the
Inecéssarj informétion. In addition a cb@plete'assessment of the
‘magnitude of the‘vibrafional effects and the corrésponding influence on
- the coupling constants wili 5e>necessary. ‘Such a study would require
a complete knowiedge of thé geométry of the molecules; information
which is not yet available. |
. Nuclear magnetic.double—resonance spectra recorded by sweeping Vé_ '
while observing a single non-degénerate transition with Vl coﬂstitute a
very good method by which information concerning the arrangements 5f
‘thé energy levelsvof compliéated spin systems ﬁay be derived. Transient
saturation experiments where thevsame information 1s obtained using a
? field-sweep mode of 9peration_ha§e been previously deécribe ?6 Howevef,_
‘it h@s been shown that the frequency-sweep technique provides a better
;method for obtalning the same information. It has been shown that the
"L-ihtensity chaﬁges will_clearly indicate the energy level arfangemént
involving two transitions. One of the energy levels is common to both
- vtransitions; the otherftwo levels may have either the same gquantum
number, in which case an intensity decrease will be observed, or quantum
numbers which differ by two units, in which case the inténsity should
lincrease. .
| An example of a sfrongly coupled ABC sjstem %as used to indicate
~ that these‘ruleé are in fégt borne out'in:practice and can be used in .
the analysis of unknown systems. Once the energy le;el assignments were
made, the itérative‘computer program of SWalenrand Reilly was used to |
o detérmine the final parameters.r This procedure should be of'cénsiderabié
‘use in the assignmeﬁt of energy ievels in complex spin syétems such as
Vthe;oneé studied in this dissertation. This pfocedure_ﬁas ih'fac£ beent. ,f'

: used in the 'study of oné five-spin system; 5
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Finally, pulse experiments were carried out in order to gain a fuller
>'vunderstand.ing. of the theory involved in these“experiments. The pulse
o0 N . .‘ ' - : . : '
R 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.

P
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FIGURE CAPTIONS

' The transition frequencies Q and intensities L of the A resonance

plotted against the offset parameter A for an AX system for

YH,/em = 0,27,

- The transition‘frequencies Q and intensities L of the A resonance

-“'plottedvagainst the offset parameter A for an AX system for

'; v, /2T ;.J.-'

' The schematic representation of the energy levels of a two-spin

system.

The schematic representation of regressive (a) and progressive

" (b) energy levels.
Enlarged section of Fig. 1 as shown by solid 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

©  over the region of the sample.

10

11

p15

1
15

Enlarged section of Flg 1l as shown by dashed llne in Fig. l.

A block diagram of the field- frequency lock spectrometer.

‘A schematic c1rcu1t diagram of the variable frequency lock}in Co

- amplifier used in the field-frequency lock spectrometer.

structure and identification of the six A,B) protons.

The A-60 spectrum of trimethylene sulfide on a 500 cps scale.

"*The A-60 spectrum of trlmetbylene sulfide on a 50 cps scale.
'The spectrum of trlmethylene sulflde (sweep rate = O, 03 cps/sec)
.recorded with the field—frequency lock'spectrometer."

‘The 100 Mb/sec spectrumof. trlmethylene sulflde.

The 100 Mb/sec spectrum of trlmethylene sulflde recorded whlle

irrediating vy



Fig.

Fig.

" Fig.

Fig.

Fig.

- Fig.
Fig.'

Fig.

"Fig.

Fig.

-Fig.

Fig.

Fig.

16

17

18

19

20 -

21 |

22

25

26

27

28

The 60 Mc/sec spectrum of trimethylene imine.
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- The observed (a) and calculated (b) spectra of trimethylene sulfide.

B %

The observed (a) and:.calculated (b) spectra for the trimethylene

imine triplet..

. The observed (a) and calculated (b) spectra for the trimethylerne .

imine quintet.
The 60 Mc/sec spectrum of trimethylene oxide.
The observed (a) and calculated (b) sbectra for the trimethylene

.oxide triplet.

The observed (a) and calculated (b) spectra for the trimethylene

‘oxide quintet.

~ The A-60 spectrum of l,l-dimethylcyclobuténedicarboxyiate on

a 500.cps scale.

The spectrum of 1,l-dimethylcyclobutanedicarboxylate (sweep

 rate = 0.03 cps/sec) recorded with the field-frequency lock

spectrometer.
The observed (a) and calculated (b) spectra of 1,l-dimethyl-
cyclobutanédicarboxylate.L | | | |

The high-resolution spectrum'ofﬂ2-chlorothiophene.

- The vg,freQuency-sweep doubleQrésonance-spectrum of 2-chloro-
thiophene observing line:i2.

The super position of the high-resolution spectrum of 2-chloro- 4

thiophene and the Vo frequency-sweep double-resonance spectrum

N . PR
v

"observing line 2.

The super position of the high-resolution spectrum of 2-chloro-

f‘thiophené and the Vo frequency-sweep double-resonénce spectrum

-observing line 3. '
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position of the high-resolution spectrum of 2-chloro-

andvthe_vz‘frequency-sweep dpuble-resonance séectrum
line h.’ |

po§itioh of ﬁhe high-resolution spectrum of 2-chloro
‘and the Vo frequency-sweep double;resohance spectrum.
line 5. | |
position of the high-resolution séeétrum of 25chlorof
and the Vo frequéncy-sweep double—resonancé spectrum |
line 7. |

position of the high-resolution spectrum of 2-chloro-
and the Vo frequency-sweep double-resonance spectrum
line 10.

positioﬂ of the high-resolution spegﬁrum‘of 2-chloro-
and the,v2 frequencyfsweep déuble-resqnghpe spectrum -
line 1. | |
position of the higﬁ-resolution-specffum'of 2-chlorb-
and the Vo freguency~sweep double-resgnance spectrum
line 12, | |

position of the high-resoiution spéét%um of 2-chloro--”
.énd_the Vé freqﬁency—sWeep;doubie-résonancé spectrum :
line 13. | |
position of the high-resolution speéﬁrum'ofve;chlorof
‘and the Vo fiequency-sweep'double-resonancé,speétrum
'liné 1k, ‘ |

The observed (a) and calculated (b) spectra of 2-chlorothiophene.

Observatidnvof line 13 in 2-chlorothi§phene while pulsing line 2;
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The schematic representation of the energy levels.of the three-
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. The transition frequencies {! and intensities L of the A resonance plotted against
the offset parameter A for an AX system for yH,/2m = 0.2J. .

Fig., 1
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" The transition frequericies  and intensities L of the A resonance plotted'againsc the

offset parameter A for an AX system for 7H2/2n -J.

. Fig. 2
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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

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.
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