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ABSTRACT 

August 1965 

Two computer programs have been written which substantially aid the 

analysis of complex NMR spectra. One program, DECOMP, allows the decompo~. 

sition of superimposed groups of peaks so that peak positions in an un-. ·. 

resolved group can be determined nearly as accurately as resolved peaks. · 

·. The second program, ASSIGN, calculates al~ possible sets of energy levels 
' 

which ·are consistent with the observed freq_uencies and intensites of 

the completely resolved spectrum. 

These two methods rectify the major limitations of the Swalen and 

Reilly iterative method by providing peak positions and intensities for 

essentially all the lines in'a spectrum and by making it possible, in 

principle, to calculate the NMR parameters directly from a spectrum ~vithout 

any prior k'nowledge of these parameters. These programs, in conjunction 

with the Swalen·and Reilly method,. result in a more complete and objective 

analysis in·less time than the present methods. 

This system of programs has been utilized in the complete spectral 

analysis of two four-membered ring compounds; a class of compounds which 

have not previously been analyzed. The compounds are 3-chlorothietane and 

3-thietanyl acetate, two highly mixed five-spin systems of the ~B2x-type. · 

The most interesting parameters resulting from these ana~yses are the 
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three long-range ~oupling constants across the ring. One of the cisoid 

coupling constants is unusually large for unstrained rings, 3.1 cps for 

.the chloro compound and 2.6 cps for the acetate. The other tHo long-range 

. coupling constants are small and negative. These values agree qualitatively 

with the semiempirical valence bond treatment of Barfield. The vicinal 

·coupling constants agree with the trends predicted by Karplus' theory and 

the geminal constants with the theory of Pople and.Bothner-By. 

Details of the analyses and listings of the computer programs are 

given. Extension of the method tp six nuclei ~B4 systems, occurring 

in four membered rings, is also indicated. 

. ' 
, .. -
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• 

, 
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I. INTRODUCTION 

Nuclear magnetic resonance spectra obtained under resolution 

. su~~icient to distinguish chemical shifts of none~uivalent nuclei 

in the same molecule are referred to as "high-resolution" nuclear 

magnetic resonance (1~) spectra. In addition, present spectro-

meters have sufficient resolution to allow observation o~ the ~ine-

structure splitting of these resonance signals due to nuclear 

spin-spin interaction. Such spectra are observed in li~uids and gases 

where the rapid motion of the molecules averages the direct magnetic 

· dipole interaction to zero. 

The factors modi~ying the magnetic environments o~ the nuclei 

in a.molecule which lead to the observation of chemical shifts and 

spin. coupling are caused by the interactions o~ the. electrons and 

' 1-3 
nuclei.. . The chemical shift is a result of the induced orbital 

motion of the electrons when the molecule is placed in an external 

~ield and•is proportional to the applied ~ield, H
0

• The local ~ield 

at the nucleus is given by H = H ( 1 - a) , where 0' is the screeno 

ing constant. A complete theoryfor the chemical shift was ~irst 

given by Ramsey. 4 

On the other hand, the ~ine structure due to nuclear spin-spin 

coupling is independent of the external field and arises ~rom mag

netic fields within the molecule itself. The first success~ul theory 

explaining these interactions was given by Ramsey and Purcell5 ~~d 
6 

~urther expanded by Ramsey. 

High-resolution NMR spectra can be completely described by the 

chemical shift and spin-spL~ coupling parameters; however, in most 

· spectra of interest these are related in such a complicated manner. 
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that a complete analysis must be carried out in order to obtain these 

parameters-from the spectrum. 7 During the p~st few years much effort has 

been directed toward extracting information regarding spin-spin coupling 

from the fine structure of high-resolution NMR spectra, particularly with 

regard to coupling bet>veen protons. 

Several theoretical calculations, based on Ramsey's work, have been 

made to explain and predict spin coupling constants •. McConnellS first 

develope.d a molecular-orbital method of calculating coupling constants 

·i 

which, hmvever, predicted proton spin coupling const.~fits to all be positive. . _,_ ... .(' ' 

' 
An approach using valence-bond vrave functions was uXeh by Karplus, et al. '. 

,.r , 
.. 9-11 . '<· /': . 

in a series of papers which showed good agreement with a number of , 

experimental data, particularly with r~gard to vicinal coupling constants· 
,. ' ' 

in substituted ethanes and ethylenes. For a period it appeared that the 

.. _val~c_e-bon~--~p_r~ach might be a more satisfactory way .to calculate the 

coupling constants in molecular systems while the molecular orbital 

method seem more appropriate for the conduction electrons in metals. Re

cently, however, Pople and Bothner-By12 have presented a molecular orbital 

method for calculating nuclear spin coupling between geminal protons which 

·.gives quite satisfactory agreement vrith experimental data. 

Since nuclear spin coupling is rapidly attenuated through saturated 

bonds, it has only been recently that coupling has been observed through 

. F 17 
as many as four saturated bonds. /- · The observed long-range coup-

ling is always less than one to two cps, unless the system is highly 

. strained and/or highly substituted. A recent calculation, using va-

lence bond wave fUnctions, has been 
. 18 

made by Barfield to calculate 

proton spin coupling across four bonds in both saturated and unsaturated 

compounds. A rigorous test of his calculations for saturated systems 
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has not been possible, since the experimental long-range coupl:ing con-· 

stants which have been reported are obtained in highly stra:ined or sub-

stituted molecules for which the molecular configurations are not well 

enough known. Furthermore, the calculations were based on exchange 

integrals for unstrained and unsubstituted hydrocarbons and extra-

polation to the strained or substituted systems should be made with 

circumspection. 

Saturated four-membered ring compounds are excellent subjects for 

a study of spin coupling constants. They contain geminal, vicinal, and 

at least two types of long-range coupling constants in the same molecule, 

so a complete analysis will yield all the relative signs as well as 

magnitudes for these parameters. Furthermore, the molecular structures 

of these compounds are relatively well defined, hav:ing been determ:ined 

19 -21 exactly in several cases. These factors should allow rigorous 

tests of the various theories discussed above, when information from 

the analyses of these ring compounds becomes available. Due to the 

complexity of their spectra, no NMR analyses of simple saturated four-

membered ring compounds have yet been reported. 

Probably the most important advance in the ·analysis -of complex NMR 

spectra has been the development of iterative computer techni~ues22 - 25 
. 24 

such as NMRIT developed by Swalen and Reilly. NMR parameters of many 

molecules having ~uite complex spectra have been determined through the 

use of these methods, however, in the case of the above mentioned four-

. ·membered ring compounds they have generally failed; The failure of 

attempts with NMRIT can be understood by a consideration of the infer-

mation necessary for a successful analysis using the· method. It depends 

upon sufficient prior knowledge of the NMR parameters so that individual 

experimental lines can be assigned to theoretically calculated transi-
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tions, thus determining the true energy levels of the molecule. However; 

for highly mixed spectra, not enough of the experimental lines can be 

resolved to make such an assignment, even.under optimum exper~ental 

conditions. Thus there are two problems to be solved to insure the 

successful appiication of the iterative method. First, as many as 

possible of the experimental lines must be known accurately to insure 

the determination of the energy levels and to check the agreement of 

the experimental spectrum with the calculated one. Second, the analysis 

must be carried out so that it is not so dependent on prior knowledge of 

the approximate values of the NMR parameters. 

The increasing complexity of problems encountered makes the use of 

computer techni~ues essential. Spectrometers are usually operated at 

their limit and it is often possible to extract still more information 

from\the existing data with the aid of a computer. Furthermore, com-
' ·- -· ------ --· - -· 

pU:ters operate in a completely different time domain than that of most 

experimental instruments and if the computer can be used, this is general-

ly preferable to accomplishing the same end experimentally. 

This dissertation will describe computer techni~ues which have 

been developed to extend the present methods of analysis of high-resolu-

tion NMR spectra by solving the two problems stated above. These tech-

ni~ues are then applied to some four-membered ring compounds to demon-

strate the method and to obtain spin coupling constants of these systems 

for comparison with values predicted by theory. 

In order to determine enough experimental lines to apply NMRIT 

successfully, it is necessary to utilize more powerful methods than the 

usual visual estimations of the line positions and intensities. DECOMP, 

a computer method of resolving over-lapping NMR spectral peaks described 

below, was found extremely useful in such analyses and promises to be 

.• 

' 
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useful in the analysis of many similar spectra. 

DECOMP solves the first problem in the analysis of complicated 

second-order NMR spectra. However, even with this techni~ue, one is 
i 

left with the problem of constructing an energy level diagram from the 

observed transitions. Whitman
26 

has discussed a computer assignment 

techni~ue and has applied it to a well resolved A2B2 spectrum. Although 

in theory this method could be applied to any system with >·rell resolved 

lines, it has two drawbacks! It becomes prohibitively time consuming 

with larger systems ·and the program must be rewritten for each system 

of different symmetry. ASSIGN, a computer assignment program described 

below, helps to overcome these problems and has been used on complex. 

four-membered ring systems with five spins; the extension to six spin 

systems is also indicated. 

Once all possible sets of energy levels are known, the chemical 

shifts and the coupling constants can easily be found by NMRIT. Any 

set of starting parameters, consistent with the symmetry and e~uivalence 

re~uirements of the molecule, will ~uickly converge to the corresponding 

sets of parameters, if they are real. Thus, the second problem is 

solved, and in principle it is possible to proceed directly from the 

experimental spectrum to the NMR parameters in a systematic manner with 

little or no previous knowledge or estimates of those parameters. 

·'· 
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II. THEORY 

A. Nuclear Spin-Spin Coupling_ 

The complexity of high-resolution ~JMR spectra is greatly increased 

due to nuclear spin-spin coupling. This phenomenon was discovered by 

Gutovrsky and McCall and Hahn.·and l/Ja.X\.,rell. Tne first successful theory: 

based on the complete Hamiltonian for electron-nuclear interactions in 

a magnetic field, was given by Ramsey and Purce115 and developed in 

.detail by Ramsey.
6 

The complete Hamiltonian for a molecular system in a magnetic 

field consists of four terms: 

(1) 

(2) 

(3) 

~3 = ( 
167T[311 ) z ~N o(rkN) sk • IN 3 kN 

(4) 

-112 
t 3(11{ rNN~ )(\., • rNNI) 

~4 = 2:
1 
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NNI · r 1 . NN 
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~. I I 
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fNN 1 
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J:!4 ·can be. eliminated. immediately for our systems since it is the 

term for the. dipole interaction and averages to zero under conditions of 

rapid molecular collisions. The squared term in J:!1 is the orbital term 

which was discussed by Ramsey 
4 

in the calculation of the chemical shift. 

. The last terms in this Hamiltonian are, respectively; the electrostatic 

potential energy, electron orbital~orbital, spin-orbital, spin-spin and 

spin-external field interactions. None of these latter terms enter into 

this discussion since none of them involve the nuclear spin vectors, ~

The two terms,.J:!2 and J£
3 

are the terms for the magnetic interactions 

.between the 'nuclear and electronic spins. J:!2 corresponds to the classical 

·magnetic interaction energy of two magnetic moments. J:!
3 

is the hyperfine 

structure interaction or Fermi contact term • 

. The indirect nuclear coupling energies are found by treating the 
•, 

parts of the H~~iltonian which depend on ~' the nuclear spin vector, as 

a perturbation on the remainder. It is necessary to carry the perturba-

tion calculation to second order since all first order terms vanish for 

molecules in singlet ground states (no resultant angular momentum). 

In most cases the largest contribution comes from the contact term 

J£3 since this corresponds to the electrons b~ing closest to the nucleus • 

. Letting E~~ represent the energy of interaction between nucleiN and N', 

the second order perturbation energy is: 

E(3) 
(0 IJ£31 n) (n IJ:!31 0) 

;L: == L: (6) 
NN' E -E N<N' n 0 

) 
t 

Substituting the value of J£
3

, separating out the NN' terms and n1ultiplying 

by a factor of 2 to account for the terms in which N occurs in the first 

matrix element and N! in the second and vice versa, ~e finally obtain: 
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( 0 I o ( rl.-,.'i) S1r • IN In) (n I o ( r ""f\T 1 ) S . • IN 1 I 0) 
_._u.'- __:.: _I_ . ..J..:':_ __:2. -

E -E n o 

Since the sum is not over the nuclei, the nuclear spin vectors can be 

taken outside the summation giving: 

E(3) = 
NN' 

The numerator under the sum is a second rank tensor with principle axes 

(7) 

(8) 

in the molecule. In a li~uid it can be replaced by its rotational average 

which gives 

(Oio(~~N)snjn)·(njoCrjNI)sjlo) 
---------------------------- X IN • 

.·. · E -E -n o· 

The above expression is the one which should be used for accurate calcula-

tions of the coupling constant J~~'' however it re~uires a knowledge qf 

the wave functions of the excited state. _ Therefore it is necessary to ma1<e 

the so called average energy or closure approxL~ation in which the operator 

2:, 1 n) (~ 1 
· E -E 

1 . 
is replaced by the constant 6 E , where L. E has the meaning 

· n o 
of an average excitation energy of the molecule. The closure approxima-

tion is correct if the contribution of one p~ticular state to the above 

sum far exceeds that of all the other states, for instance if this s.tate 

is abnormally close to the ground state. In the general case it is little 

more than a shorthand notation, used bec~use of lack of knovlledge or 

excited s~ate wave :functions. Using this approximation the eg_uation for .. 

the coupling constant becomes 

i 
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J3 . = -(_g_)'· 167$1:1 ( 1 X I c ) c ) I ) 11N I 3h \ 3_ 'YN 'YN I (3 )' o L:_ o 'YkN o rjN I sk • s.i o 
llli kJ - -- - --!.<.. 

(10) 

and evaluation of the matrix element requires only a knowledge of the 

wave function for the ground electronic state. 

The perturbation energy due to the direct' magnetic dipole interaction 

between electronic and nuclear spi~s; ~-, can be treated in an analogous 

manner. The contribution to the 

J~{ ~:- ( ~hx 2f31i J 'YN'YN 1 n~ 
k,j 

. ' 

spin coupling constant is 

E 1 E 013(S<.·T~)~ 
n-o :r5 · 

' ·kN 

s. 
_J 

--3-
TjNI 

,-)' 
0 (11) 

Again using the closure relation this reduces to a term containing ( 2 ) • 
6E 

It is also possible to obtain cross terms in :!:!2 and :!:!
3 

vrhich are bilinear 

in the nuclear spin vectors, however Ramsey6 showed these averaged to zero 

for liquids. 

The remaining contributions to the total spin coupling constant 

JNN 1 arise from the interaction of the orbital electronic currents w~th 
. I 

the nuclear magnetic moments. This can be thought of in classical 

terms, for each nuclear magnetic moment will induce certain currents in 

the molecule, which in turn will set up a secondary magnetic field-

experienced by other nuclei. . In general this contribution vrill not 

average to zero over rotations. 

There are two terms in the expanded Hamiltonian; ~l' which involve 

nuclear spins. These are 
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( ) 
2 2 

:J:!a=efi L. 
l 2 2 N N'k ~N~N' · me , , 

r ~ .... IN, t r kll' r \ 

e2112 
. kN' - --

=--2 L. ~N~N' 1.. 

3 3 2mc N,N~k rkN rkN' 

and 

}!(b) en2 
L. 

( IN X rlr-.N) • \j k 
--- ~N l mci Nk r3 

kN 

. 2 ~·(rkNxVk) efi 
L. ~ ' .. (13). = --

mci Nk N 
3 

rkN 

The iterm J:!~a) is already bilinear in ~ and the corresponding nuclear 

couplin~ is simply (']_! !J:!
1
(a) I ']_I ) •·rhere ']_! is. the ground state \.,rave function 

' . 0 0 0 

for the molecule. Although this is a first order term, it is very small. 

This is essentially due to the fact that it is a sum of one electron 

operators 

( ~ X ~ • ( ~~ X ~~) 
3 3 

rkN rkN' 

so that when the first factor is relatively large, the kth electron being 

near the nuclear moment ~' the second term is necessarily sma~l. 

The other term, J:!ib)' is treated by second order perturbation theory 

in the same manner we treated $!2 and l!y The contribution to JNN, ·from J:!
1 

are then 

2112 
r r 

J~~) 4 <o] 
kN • lili I l 0 ·) 

e J. 

L. =3h ~ ~N~N' r3 3 me k rkN' kN 

(14) 

. , 

(12) 
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8 2 2 1 
3h P :l'i 'YN'YN' (1' ) L.Eo 

x <oj z 
(rkNxVk) ·( rjN' XV) 

. J l 0 ) (15) 
kj 3 3 

rkN rkN' 

In order to evaluate the relative importance of the above contribu

tions to the nuclear spin coupling constant, Ramsey
6 

made a calculation of 

JIID. Using'the closure approximation and the James-Coolidge wave function 

for the hydrogen molecule, he obtained 

. where .6E is in Rydberg units. It is difficult to estimate a good value 
! 

for .6E, however based on available data he used 6E = 1. 4 Ry as a· reason-

abie value. This gives J~6) = 40 cps; the best experimental value is 

43.5 cps indicating that the contact term accounts for the main contribu-

tion to JHD. Ramsey also made estimates of the other contributions and 

concluded that JHD was approximate~y 3 cps and that the orbital contribu

tions were probably less than 0.5 cps. Based on these conclusions, later 

work has considered only the contact term when attempts were made to 

calculate coupling constants, as will be seen below. 

It seems reasonable to assume that Fer.mi~type coupling contributes 

the major portion of the coupling constant between protons in other mole-

cules whe,re there is no direct bond .. · This is primarily because the elec-

trons on a hydrogen atom are well represented by a ls type orbital, 
1 . . 
I 

whereas the other spin coupling terms of the Hamiltonian depend on the 

presence of angular dependent atomic orbitals. It should be possible, 

therefore, to interpret the observations on proton-proton couplings iri 

', '{" 

i' 
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terms of the matrix element from Eq. (10) (O~k~ o(rkN) o(rjN')Sk · Sj!o) 

together "Yrith a value of the mean triplet excitation energy .6.E. Hoi·rever, 

to use Eq. (10) in the calculation of spin coupling constants, it is 

necessary to know the ground state electronic wave functions. Theories 

using both molecular-orbital and valence-bond wave functions have been 

advanced for this purpose. 

. 8 
The method of molecular orbitals was first used by McConnell to 

calculate spin coupling constants. In principle, the method of molecular 

orbitals is an extension to molecules of the self-consistent field 

method for atoms. Instead of a central self-consistent field as in atoms, 

· a self-consistent field is sought that has the symmetry of the molecule. 

In practice this is too difficult, and the usual procedure is to repre-

i 
sent each molecular orbital as a linear combination of atomic orbitals 

; (LCAO). In the ground state of a diamagnetic molecule is it assumed that 

p orthogonal orbitals, ~l' .•• ~, are available to contain 2p electrons. 
p 

If we take the spin into account, a Slater determinant ~ can be cono 

structed from the 2p one-electron states. 

Using the LCAO-MO's and assuming that the values of all atomic or-

bitals, except local ls orbitals, were negligible at the protons, 

McConnell obtained the following formula for the coupling constant 

(16) 

where 

TJNN' = 2 

and ¢(0) ;is the value of a hydrogen ls AO at its center and c
8

N is the 

~CAO coefficient of the orbital centered on proton N. · McColli~ell's 
; 

calculations predicted coupling constants to be positive (neglecting 
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configuration interaction) whereas experimentally they have been found 

to have either sign. 

Valence-bond wave functions were used by Karplus et al.9-ll for 

the calculation of proton spin coupling constants. They also used only 

the Fermi interaction term of :Ramsey's Hamiltonian, Eq. (10) and obtained 

the following expression for JNN' 

JNN' 
-46 4 

= 3xlO · · [ ct>( 0 ) J 2: 
6E £m 

[1+2f( £,m,PNN,)] 
2n-ij £ 

(17) 

In this equation the complete wave function is written 

'±' = 2: c £'±'£ 
£ 

where '±'£ denotes the functions for the canonical valence-bond struc
r 

tures; n, i(£,m) and f(£,m,PNN,) are quantities occurring in the evalua
\ 

tion of matrix elements betl-reen the valence-bond functions '±' n and '±' • ,(. m 

This approach predicted a coupling constant of 10.4 cps for methane 

while the experimental value is now considered to be -12.4 cps. The theory 

has been more successful in accounting for the dependence of prot·o:ns in 

vicinal groups of ethanes and ethylenes upo:r the azimuthal angle betlveen 

the C-H bonds.
11 

Recently molecular orbital calculations for spin coupling between 

12 geminal hydrogen atoms have been published by Pople and Bothner-By. 

'For this calculation, electrons are treated independently and assigned 

to molecular orbitals, '±'., with energies E .• The molecular orbitals 
' . ~ ~ 

are approximated by linear combinations of valence atomic orbitals (LCAO); 

'±'. = 2: 
~ 

c. 
~!-L 

The nuclear spin coupling constant is calculated, as usual, by consider-
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ing only the contact interaction and using perturbat'ion theory. For 

· protons the spin coupling constant is given by 

JHH' 

where 

~ h' 
' i j 

E. - E. 
J J.. 

and sh(O) is the magnitude of a hydrogen ls orbital at the nucleus. The 

agreement with experimental values for geminal coupling constants is 

more satisfactory than previous treatments. 

Barfield18 has recently calculated long-range coupling constants 

over four bonds in both saturated and unsaturated systems. He used 
I 

val~nce-bond wave functions after the manner of Karplus et al., and 

' obtained reasonably good agreement with unsaturated molecules, where a 

considerable amount of data is available. The method essentially· con-

siders the long range system as two coupling vicinal systems treated 

in the manner 11 of Karplus. However, to improve the correlation 'vith 

experimental data, Barfield used semiempirical exchange integrals derived 

from experimental data on the parent molecules, ethane and ethylene. 

Using this information, he then plotted the variation of the long.:.range 

coupling constant as a function of each of the dihedral angles of the 

C-H bonds with the skeletal C-C-C plane. As mentioned in the introduc-

tion, it ~as not·possible for Barfield to compare his theory with data 
-·' 

from s·aturated systems, because the only data available for such systemJ · 

was for highly substituted and/or strained molecules. 7.' .'. 
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B. ·Analysis of High-Resolution Nlvffi Spectra 

An NMR spectru.>n arises from rf radiation induced transitions beti-reen 

stationary state energy levels of the system under consideration. 'The 

calculation of the energy levels and the derivation of the spectroscopic 

selection rQles are calculated from the Hamiltonian (18) which is based 

on Ramsey's Hamiltonian discussed above. 

where 

and 

~ = ~0 + ~~ 
1 

~~ = 2: 
i<j 

J .. .!_(i)· .!_(j) 
lJ 

(18) 

(19) 

(29) 

The complete Hamiltonian ~ is the sum of the two terms Jf and~'. The 

term \~o gives the sum of the-magnetic interactions of all nuclei with 

the externally applied field, and~' gives the sum of the spin-spin 

interactions·of all pairs of nuclei, which is the main topic of this 

discussion. In the above equations, ~i is the gyromagnetic ratio of 

nucleus i, Hi is the stationary magnetic field acting at nucleus i, and 

I (i) is the component of the spin angular momentum vector of i along 
z 

the stationary field which is taken to be in the negative z direction. 

J .. is the spin-spin coupling constant between nuclei i and j. The spin 
lJ 

angular momentum vector of nucleus i is .!_(i) •. It is convention to 

express al~: energies in cps for convenience in comparison with experimental 

data. Thus in the above expression, all spins .!_(i) are in units of 

making the quantit. ies _!(i) and_ I
2
(i) dimensionless and the J .. in cns. lJ • 

The analysis of an NMR spectrum involves the calculation of the 

transition frequencies and intensities by diagonalizing the matrix of 
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this Hamiltonian in the manner shovm below. The best available method 

·Of accomplishing the analysis of complex spectra with an iterative computer 

method, I\1MRIT, 1..rill then be described. Finally the methods i·rhich have 

been developed in this research, to extend the analysis to systems of 

higher corr~lexity than has been feasible, 1..rill be discussed. 

This discussion will consider only nuclei Hith spin 1/2. For a 

system containing p magnetic nuclei there is a totai of 2P possible 

states. The simplest set' of functions which describes the system is 

the 2P basis product spin functions, such as 

~ = a(l)~(2) o•• ~(p) 
m 

(21) 

where a is the wave function for the state I = 2! and ~ for the state 
Z . 

. . 1 
Izi = - 2. This product function will be written in the usual manner as 

a~ ... ~, where the symbols are in special order, i.e. the ith symbol 

applies to the ith nucleus. If the nuclei were actually independent, 

these basic spin functions vrould themselves· be stationary-state vrave 

functions in the presence of the external magnetic field. However, the 

spin-interaction Hamiltonian~' may cause mixing between different basic 

functions, considerably complicating the calculation. In order to 

diagonalize the matrix of the complete Hamiltonian (18) we construct 

linear combinations of the orthogonal basic functions. Tne corresponding 

energies are. obtained by solving the secular equation 

I~ - Eo II = o mn · mn (22) 
. . 

This eq~ation is of order 2P but can be greatly simplified by factorin~ 

into a number of equations of lower order. This can all·rays be done by. 

classifying the basis functions according to the expectation value of 
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the total spin component in the z direction, M = ~ I (i). It is possible 
. . z i z 

to sho.,) that there are no off-diagonal matrix elements of the Hamiltonian 

betl-reen basis :functions corresponding to different values of M since z 

the operator M co~~utes with the Hamiltonian. z 
Additional simplification occurs if more than one species of-nuclei 

is involved. This is an approxi~ation to the order that the coupling 

constant, J, is small (a few cps) compared to the difference in resonance 

· ·frequencies, several megacps. This approximation is best when nuclei 

are different elements but it is also good if the chemical shift is large . 
compared to J. 

The matrix elements of the total Hamiltonian (18) can now be evaluated 

betl-reen basic product :functions corresponding to 'the same value of M • 
z 

to its spin :function ex or f). Thus, for two nuclei, the diagonal element 

of (19) for the :function exf), is 

The spin coupling Hamiltonian (20) has both on- and off-diagonal 

matrix elements. The diagonal element of a term such as J 12 !(1)·!(2) 

depends only on whether the. spin :functions associated with nuclei 1 and 

2 in ~m are aa, exf), f)CX, or f)f) since integration over the remaining spins 

yields unity. Integration of the above term is carried out by writing 

the vector product in component form and using the appropriate components 

of the Pauli spin matrices (23) 

1 (o 1) , - 1 ( o
0
i) 

Ix ~ 2 1 0 Iy = 2. -i (23)-

Thus, for the ex~~ple above 
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= J12 [(cxjr jcx)(~jr !~) + (a:\r \a:)(~jr !~) + (a:jr ja:)(~jr j~) 
X X 'Y y Z Z 

The general expression for the diagonal element is given by 

2: J .. T .. 
i<j lJ lJ 

(24) 

(25) 

1-rhere T. . is 1 or -1 depending on whether spins i and j are parallel or 
lJ 

antiparallel in ~ • 
m 

The off-diagonal elements are calculated in a similar manner. Again 

using the term J12 !(l)·f(2), the matrix element between two different 

basic product functions ~ and ~ will be zero unless the snin functions m n . · ~ 

for all the nuclei except 1 and 2 are identical in both ~ and ~ • In m n 

addition, the only possibility to be considered is the interchange of 

~ for ~' due to the restriction of considering only elements between 

functions with the same M . Hence, the off-diagonal matrix element is z 

given by 

(~mj:U, j ~n) = (ex~ I Jl2f(l)· !(2) j~) 

= J12 [(a:!r)~)(~]r)cx) + (cx!IY\~)(~jryja:) + (cx\I2 j~)(~jrzja:) 
1 

= 2 Jl2 

The general expression for off-diagonal terms,in (19) is 

(26) 

(27) 

where U = 1 if ~ differs from ~ by one interchange of. spins i and j m n 

and is zero otherwise. 

We now have all the matrix elements of Hmn and can obtain the 

· ....... ; 
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eigenvalues by solution of (22). The corresponding stationary state -vrave 

functions can be found as linear combinations of the basic product 

functions 

<P =La 'Y 
.q m qm m 

q = 1,2 .•• 2p (28) 

i·rhere the coefficients a satisfy the following set of eqv.ations which 
m 

determine the relative values of a • 
qm 

2:J:i a =E a 
n mn qn q qm 

(29) 

Since (28) should also be normalized the coefficients also must satisfy. 

-x-
L,a a =1 
m qm qm 

(30) 

The probability P(:rll-)n) (in sec -l) that a nuclear system undergoes 
/ 

the transition m -)on (i.e.,<P -)><P) is given by the relation m n 

P ( m -> n) - 8n3 ( M )2 · · 
- h2 x nmpv 

vlhere 

M =i12::y.I (i) 
X i ~X 

. and 

(M ) = (<P IM l<P ) 
xmn m x n 

(31) 

(32) 

(33) 

In (31), p is the energy density per unit frequency range arising from v 

the oscillatory rf field in the x-direction. 

In Eq. (31) the operator Ix(i) -vrill have a matrix element only 

bet;.reen t!-ro basic products which differ only in the spin of nucleus i. 
' 

This means that the·total matrix element in Eq. (31) will be non-vanishing 

only between states "\vh:i.ch have values of the total spin component H z 

differing by ±1. In addition, if several species of nuclei are involved, 
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both ·the stat~s m and m' correspond to definite values of the separate 

spin components of each species Mx(X), M
2

(Y), .•• to a good approximation. 

Only the terms involving X nuclei in Eq •. (31) ·will contribute to the 

intensity of an X transition in proportion to 

where the sum is only over nuclei of type X. 

If the molecule possesses elements of symmetry, further simplifica-

tion is possible. This approach >vas first proposed by McConnell, .McLean, 

and Re~lly24 and later discussed by vlilson. 25 It is often the case that 

unperturbed states which 1-muld otherwise interact are forbidden by 

symmetry conditions to do so. In symmetrical molecules some of the 

coupling constants, J, -vrill be equal. The Hamiltonian must remain un-

altered· when a permutation of equivalent nuclei is carried out "lvhich is 
. ' 

equivalent to one of the point group symmetry operations of the molecule. 

The wave functions must then conform to the group theory restrictions 

that each fUnction or set of degenerate functions must transform in the 

same way as one of the symmetry species of the point group. States which 

belong to different symmetry species cannot interact with each other. 

To determine the species which are represented by the unperturbed 

wave fUnctions we consider separately each set, X, of s~~etrically 

equivalent nuclei and each value of M for that set of nuclei. The z 

spin product fUnctions can be set up, and if necessary, can be further 

divided into equivalent sets, such that the product functions of one 

set are all obtainable by operating on any one member >vi th the permu-

. tations of the molecule. Tnus they will form the basis for a re~resen-

tation of the point group. This representation can be reduced to 
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irreducible representations ~sing. the character' . xp, ·~or the .s~t. of ,rave 

functions, ¢, ·and each permutation operation, P •... (Alternatively, .the 

l_'epresentations of the.· space group can be .used. for clearer pictorial vaJ.ue.) 
. . . . . 

The character is the number. of spin product functio~s of a· given set vrhip~, 

are not changed by P. 
"' · ... 

The siiDple case of two equivalent nuclei wiii .be. given here as an . t . 

. example; . systems with more spins will be treated· as they arise in Sec. ;iv· · · • ,1 

·'.·we can take the simple spin product functions as a set of basis functioq~ · · .· ;·/'(.;' :·:·. ··:· . 

. :::e:
0

::e :::::s:::d:::m ~::::::g w:l t:::rn::::a:::: :::::e:: 't~:· ··•···•· .[~1~~· .~ , . " . .... 

.. • ' • . 1 •• tJ~!lJ.' •'. · . irreducible. representations of the symmetry group. It is always possibl.e, ~.:.:.:~_,' 

however, to construct a new set of basic·functions which do·belong to . ..~ .. 
f '::'·: 

.... ·.:H .. 
irre~~cible representations ?Y taking linear combinations of the simple 'i:\.:.' 

. . \· ;::,)' .. 
produqt functions. Such a· set is called the basic. symmetry functions~ :\:~·:· 

. : 

. : ·': . 
. ' ~ . 

: . 
I .':<~~ 

~.\.' 

·,_. . . . . 

For the set of two nuclei the. functions 00 and ~~ are symmetrical under · 
:;;!.· 

'· 
· .. : ·interchange. However, the pair ~· and f3a must be replaced. by the normalizeq_ · ·. , 

'I. ' -1/2( . ) -1/2( . . )·, 
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The symbols s and a are used for symmetrical and antis~~etrical respec-

tively with subscripts indicating the value of M . z 

Use of basic symmetry functions greatly reduces the order of the 

secular determinants to be solved and also results in additional selec-

tion rules for the transitions. 'I'his arises because there are no matrix 

elements of the Hamiltonian between functions belonging to different 

irreducible representations. This is because the Hamiltonian is totally 

symmetric with respect to permutations of equivalent nuclei. Thus 

the basic functions can be divided into classes according to their 

values of M and their s'nnmetries. z ,]-'-·. 

In addition, M , the x-component of the nuclear moment, Eq. (32), 
X . 

is also a totally symmetric operator with respect to permutations, so 

that it will have no matrix elements between functions of different 

symmetry. As a result, transitions between states of different symmetry 

are forbidden, resulting in a very considerable reduction in the nlimber 

of lines in a molecule where symmetry exists. 

Only the simplest cases are solved by direct application of the 

above methods7 because of the difficulty or impossibility of obtaining 

closed solutions for matrices of order higher than t1..ro. Castellano and 

30 ' 
Waugh solved the general three spin case by use of a set of complicated 

algebraic equations which indicate that the method is unlil\:ely to be 

used for systems with a grea:ter nu1nber of spins. They .. 1-rere able to 

show that for the ABC case, there are four sets of parameters vrhich are 

entireJ.;y consistent if only frequency sum rules are applied, and that:· 
"•i 

it is necessary to resort to intensity information to decide Hhich of< 

these is the correct answer. Whitman
29 has also obtained some expres~idns 

for the direct analysis of certain special cases of ~p to four spins. 
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. 22-25 
In general, how~ver, it is necessary to resort to numerical methods 

for systems of any complexity. One vridely used method, which is used in 

this investigation is that of Swalen and Reilly
24 

(S and R). 

The S and R method utilizes tvro computer programs (I\TMRIT) and (I\l}lfREN) 

to analyze the spectrum in three steps. NMRIT is an iterative progra~ 

and the number of iterations used will be designated in parentheses after 

. the name, e.g. NMRIT(N). 

The analysis is performed by first estimating a trial set of ~ffi 

parameters (chemical shifts and coupling constants) for the syste1n. These 

values are used by NMRIT(O) to generate the matrix elements of the high

resolution Hamiltonian, Eg_. (18), and then to diagonalize this Hamiltonian, 

using two by two rotations in the computer, to obtain the energy levels. 

The diagonalization can be vrritten as 

(34) 

where S is a transformation matrix, the columns of which represent the 

·eigenvectors, and~ is a diagonal matrix of the eigenvalues. The diagonal 

elements of~ are the spin energy levels. NMRIT(O) then computes the 

·spectrum which corresponds to these parameters, using all the selection 

rules, and prints out a listing of the transitions, frequencies and in-

tensities of the calculated lines. The estimation of the parameters is, 

of course, a critical part of such an analysis. If it is not possible 

. 50 
to make close estimates, perhaps based on moment calculations, obser-

. vations of separations in the spectrum, or from similar lrnown systems, 

it. is difficult to obtain a calculated spectrum ''hich resembles the 

experimental one. Current procedure is to continue guessing at these 

parameters, using all possible intuition, until a reasonable fit to the 
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observed spectrum is made. 

After a reasonab'le resemblance to the experimental spectrum is 

fo~~d, the second phase is begun. Here it is necessary to build up an 

energy level diagram based on the transitions calculated bJr N:t--ll\IT( 0). 

The experimental lines are matched:.as well as possible to the frequencies 

calculated by ~lMRIT(O) and assigned to the corresponding transitions. If 

it is possible to identify enough of these transitions so all the energy 

levels are connected at least once, these assignments are used by N~ffiEN 

to calculate the best least squares fit to all the energy levels. These 

· calculated energy levels are now called the "experimental" energy levels. 

T'ne experL'11ental energy levels, together lvith the original estimates 

of the parameters are then used as input to ~IT(N). NMRIT(N) then 

calculates the energy levels corresponding to the estimated par~'1leters 

and compares them to the experimental values •. If the fit is not good it 

then changes the parameters and recalculates the energy levels corre-

spending to the neiv set. In this way it iterates the procedure until it 

converges on a best solution for the given set of experimental energy 

levels. One then compares the final calculated values for line positions 

with the experimental spectrum and if the match is not sufficiently good, 
. 

the lines are reassigned, put back through the N:MREN calculation.,.and the 

procedure repeated until the calculated and experimental spectra match 

satisfactorily .. It may be seen that this method becomes difficult, 

especially for complicated systems where all the lines are not resolved. 

It is also possible that more than one set of trial parameter 

. estimates in NMRIT(O) may give a fit which is close enough to allaH a 

tentative assignment. For example, in many systems, changing the 

relative signs of small coupling constants has a very subtle effect on 
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the spectrum. Small lines may merely be permuted 1·li thin a group of 

partially resolved lines and/or intensities of small peaks may change 

slightly. It is necessary to either eliminate some of these possibilities 

or to carry all of them through 1\'MREN and perhaps NMRIT(N). The usual 

procedure is to reject assignments which are significantly poorer than 

the best assignment, on the basis of frequency information alone. (It 

might be mentioned here that the S and R method does not utilize intensity 

information since this is not generally known nearly as well as frequencies.) 

If more than one assignTient is good after the NMRIT(N) step, intensities 

of the peaks are used to make the choice of the best solution. 

From the above discussion it is obvious that some severe iL~itations 

exist for the iterative method as currently practiced. The experimental 

I 

spectrum must be well enough resolved so that amajority of the lines 
; 

may be assigned to the calculated spectrum. Secondly, one must be able 

to estimate the parameters close enough so that the calculated spectrw~ 

at least resembles the experimental one. While a large amount of infor-

mation is available on trends of these parameters with molecular structure, 

the unusual situations are precisely the ones of interest in many instances. 

A case in point is the simple four-membered ring compounds which have 

not been analyzed until the present time. Another possible difficulty 

is that the method may not converge to aunique solution to the problem. 

The tacit assumption has been made that the systems are so complex that 

if one finds a set of parameters which describe the experL~ental spectrum 

~losely, 'one considers the problem solved. 

Our interest ·in the hitherto unanalyzed class of four-membered 

ring conpoUnds and the above limitations of the best available method 

of solving the problem has led us to develop more powerful methods to. 
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assist in the analysis of Nivffi spectra.. A better method than visual 

estimations of line positions and intensities vras needed to enable the 

identification of more lines in these highly mixed spectra. Accordinsly, 

DECOMP, a corr~uter method of resolving overlapping NMR spectral lines, 

was developed and found extremely useful for these analyses and promises 

to be useful in the analysis of many similar spectra. This method 1vill· 

be described in the next section. 

The use of DECOMP was successful enough in resolving spectral lines 

so that another computer program: ASSIGN, was vrritten to find'.all possible 

sets of energy levels from the eA~erimentally determined lines, using 

frequency and inten:::;ity sum rules. This program will be described in 

the section follovring DECOMP. 

C. Spectral Decomposition 

Generally, when an absorption spectrum consists of unresolved pe~~s, 

visual estimates of the total nurr~er of peaks and their positions and 

intensities are made using those maxima,. minima and inflection points 

which are visually observable. Only a very small part of the information 

available in the recorded spectrum is utilized in this procedure. In 

fact, the intensity at all points on the abscissa provides information. 

·By using all of this data far more information can be'extracted from 

the spectrum than is possible by the usual visual procedure. IV.1athe-

matical methods for imprdving the resolution of overlappling spectral 

. . 32-34 llnes have been reported but do not appear to have been •·ridely usdi. 
•· 

One way of mathematically improving resolution is to consider an 

unresolved group as a superposition of pe~~s of the same general type, 

e.g., Lorentzian, and to minimize a least-squares fit of the e~~erL~ental 
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spectrurrr -vrith respect to the parameters: intensity, half-1·ridth and 

position required to describe the.peaks. In the case of 1~ffi, overlapping 

absorption lines are caused by similar nuclei having sim.ilar-.rele~"\:ation 

times, i.e., half-widths. In order to reduce the parameters required 

for n peaks from 3n to 2n + 1, the half-widths are assumed to be equal. 

This assumption is not necessary, of course, and if in fact the individual 

line shapes do turn out to be substantially different, a minor modifica-

tion of the program -vrould allow all 3n variables to be used. 

The experimental spectrum, G(v), is assumed to consist of a super-

position of lines having the same form 

G( v) 

I 

n 
2: 

i=l 
I. f(6v. , v-v ~) 
~ ~ ~ 

(35) 

where f(6v., v-v~) is a shape function of half width 6v. and centered 
~ ~ ~ 

at v = v?, I. is the intensity of the ith peak, and n is the number of 
~ ~ 

peaks in the multiplet. As stated above all of the half 1-ridths are 

assumed equal. Hence 6v. == 6v. 
~ 

. The function to be minimized, F, is a least-squares difference 

~Dction which is a measure of the fit of the experimental data with 

the curve calculated from Eq. (1). 

m n · o 2 
[P.- ~ I.f(6v, t.-v.)] 
.~.lJ .·~J 

J= 
(36) F(I., ••• I, v., •.• v ,6v) = ~ 

~ n · l n . 
i==l 

where m is the number of data points taken over the multiplet, and P. 
l 

and t. are the ordinant and abscissa of the .th data point. l 
l 

The value of F after it has been minimized is a measure of the fit. ';· 

.For a given number 9f variables this minimum value will be referred to 

as the error function. 

Numerous computer programs are available for the minimization of 
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a function of a large number of variables. One of these which appears 

to converge rapidly was chosen. This program ,.;as adapted to minimize the 

function given in Eq. (35). Mathematical details of the minimization 

program are available elsewhere. 35 

In actual spectra there exists an additional problem besides that 

of noise. Although under ideal experimental conditions it is possible to 

obtain a spectrum which consists of nearly perfect Lorentzian lines, it 

is very difficult to establish and maintain such conditions over long 

periods of time. It is relatively easy, ho-vrever, to obtain high resolu-

tion curves which have a slightly skewed Lorentz-like shape. In many 

cases these peaks are sufficiently Lorentzian to be fit ,.,ell assuming a 

Lorentzian shape function. In general a slight deviation from the ideal 

shape\ does not substantially change line positions but can have a serious 
; 

influence on the intensities of the peaks. For this reason a udigital 

shape function", reflecting the actual spectrometer conditions at the time 

the spectrum is recorded, has also been used. Considerable improvement 

in the fit to spectra consisting of skewed Lorentz-like peaks is thus 

obtained. 

DECOMP will fit spectra with either a Lorentz function or a standard 

digital ftL~ction. If the Lorentz function is desired, T2, the spin relaxation 

time related to the half-width is read in as a parameter. To use a digital 

function T? is set equal to zero and. introd.uc<!!s the set o:f' points· which 

represent the standard digital shape function. (Details are explained in 

Appendix B): The data points for this standard peak are then treated as 

a !!continuous 11 function by linear inte.rpolation between points. The 

appropriate partial derivatives are calculated by TABLED so that the 

fit can be minimized in an exactly analogous manner to that using an 

,. 
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analytical expre~sion. For the digital shape function, only tvro parameters, 

peak position and intensity, are needed for each peak in the superposition. 

Since the use of DECOMP is greatly facilitated by visual comparison 

of the fit to the observed data points, a description and· 'Fortran IV listing 

of a plotting program PLOT is given in Appendix C. PLOT provides the option 

of plotting peaks as Lorentzian or digital shaped peaks and can be used as a 

guide, although details will vary at different computer installations. 

In practice, the spectra are decomposed in the following manner. A 

spectrum of an unresolved group with good signal-to-noise ratio is digitized 

by one of various means. A single peak in the spectrum is selected and 

digitized for use as the standard shape function. Points of the standard 

peak are taken such that a linear interpolation can be used beh.reen adjacent 

points to provide a 11continuous 11 curve. Although this standard peal\: need 

not belong to th~ compound under investigation, better results have been 

obtained when such a peak vras selected. Estimates are made of frequencies 

·and intensities for those peaks which are at ·all visually discernible. These 

data are fed into a computer and the difference function is minimized. A 

theoretical spectrum is then calculated using the calculated frequencies and 

intensities, and this spectrum is plotted along with the experimental points. 

In the frequency regions where the fit is poor, estL~ated lines are added. 

·.The original results along with the additional. estimates are then fed back 

into the computer for another minimization of the difference function, this 

time vrith more arbitrary parameters. T'nis process is continued until a 
'i· ' 

sufficiently good fit is obtained. 

As one adds more and more peaks, the fit continues to improve 
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indefinitely, and it might appear difficult to determine the actual number 

of peaks in a group. In practice, this problem resolves itself very 

nicely. When DECOMP is allowed too many peaks to fit the observed 

spectrum, one of the following three types of spurious results occur. 

The additional peak can be used to fit noise; this manifests itself in 

a small intensity for the additional peak which is of the order of 

magnitude of the noise. Consequently the addition of this peak does not 

improve the resulting error function by a reasonable percentage. Alter-

natively, the additional peak can be used to correct a line which is 

too broad or too narrmv ... If the line is too broad, the additional 

line will appear, with comparable intensity, very close to an already 

existing line. If the line is narrower than the standard line the 

I 

extra line will appear very close to an already existing line, but with 
! 
I 

negative intensity. Finally, the additional peak can be wasted by 

assigning two lines immediately on top of each other with the algebraic 

sum of their intensities equal to the true intensity. 

An example of the method is sho~~ in Figs. l-4. The decomposition 

of the same group of twelve peaks from t'lvO different spectra using a 

digital shape function is shown in Figs. 1 and 2.. The same two groups 

decomposed with a Lorentz function are shown in Figs. 3 and 4. In 

the figures, the dots are the original data points taken from the 

experimental spectrum, the vertical lines are the decomposed positions 

and inte~sities of the individual peaks} and the solid line is the 
.... ,,,1 

calculated spectrum based on the decomposed frequencies and intensitied~ 

The agreement between the calculated and experimental spectra is 

excellent. Table 1 compares values of positions and intensities for 

. the twelve lines among the digital and Lorentzian decompositions for 
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the same group of peaks taken f1·om t1.ro different spectra obtained 

under different spectrometer operating conditions. Spectrum 2 contained 

lines vrhich were q_uite skewed, and it may be seen that the agreement 

between the two groups decomposed with the digital function is good. 

However, the values for intensities derived from the Lorentzian shapes 

show a larger scatter. In fact it was not possible to fit twelve 

Lorentzian peaks to this spectrum. Several sets of starting parameters 

were tried, including the best values from the other spectra, but one 

peak with negative intensity was still obtained. 

The ability to decompose an entire spectrum into its constituent 

peaks is complimentary to, and agreatly facilitates the use of Si·ralen 

and Reilly's NMRIT~ For example, in the spectra to be discussed belm~·, 
i 

there are several groups containing twelve lines, several of vrhich are 

not visible, even as shoulders on other peaks. 'These lines would be 

impossible to assign in the usual application of NMRIT(O). (TI1is would 

not necessarily invalidate the method, however, since the energy levels 

involved might be connected by other transitions.) With DECOMP it is 

possible to obtain values for positions and intensities for almost all 

the lines in the group. Thus far more lines can be assigned than 1vould 

be possible from a visual estimate, making the experimental energy 

levels more representative of the real spectrum. Even in the worst case 

only one or two of the lines in a group would not be identified.· Con~ 

versely, NMRIT( 0) can help in the decomposition of a spectrum by shovring 

hmv many lines of appreciable intensity are to be expected in a given 

region of the spectrum, if the estimated parameters are close enough 

'· to the true values. The application of these methods will be discussed 

in more detail in the specific cases covered in Section IV,. 
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D. Spectral Assignment 

· Once the frequencies and intensities of all lines in an NMR spectrum 

are knovm) there remains the problem of building consistent sets of spin 

energy levels which account for the experimental frequencies and intensi

ties. As discussed above) when using the S and R method of analysis it is 

necessary to continue guessing parmneters until the calculated spect~~ 

is close enough to the e:>.'J)erimental spectrum to allm·r the assignnent of 

pairs of energy levels to observed transitions. Even though all the 

experimental lines were k.<'10vm from DECOMP) the use of this method requires 

estimation of the parameters close enough to the real values so all the 

line positions and intensities correspond close enough for identification. 

A less subjective method. is to assign these experimental lines 

acco=fding to frequency and intensity sum rules vrith the aid of a computer. 

A computer program) ASSIGN) has been -vrritten to accomplish this task for 

any system of spins by use of a computational algorithm which is part of 

the input data for the problem. In the follmving discussion of ASSIGN, 

upper and lower energy levels refer to the position of the energy level in 

the energy level dlagrams) not to the actual value of the energy. The 

convention within ASSIGN is that D.IV!z = -1. Also the word ntl·ansitionn 

vrill be used to denote an unknovrn t:ransition betvreen tw·o energy levels) 

and the vrork nlinen will be used to' denote an experimentally determined 

transition. The purpose of ASSIGN is to assign the lines to the tran:::itions. 

LYJ. order to take advantage of any information i·rhich lirnits the 

frequency region in vrhich a given transition occurs} i'tSSIGl':J allm·:::: 

constraints to be placed on the ranges of lines searched for .:J. particu

lar type of transition. This considerably reduces the m.ur~)er of lines 

to be searched for each assignment) and reduces the computer tiJ:K: con

siderably. For example) in an ~B2X spectrU.i'nJ only the linc:s in tlw Y. 
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region of the spectrJ.m are searched fo:r X transitions ancl. all of the 

A
2

B
2 

lines need not be searched for A transitions. Even more specific 

restrictions mi@;ht ·be applied with information obtained from order of . . . 

magnitude gJ.esses of the spectral papameters, for example from ~~ffiiT (0). 

In addition, ASSIGN .is completely general for ariy system of spin 

of any symmetry. This generality arises from the use of a computational 

algorithm, part of the input to ASSIGN, which guides the manner of 

:assigning the lines for a given system, e.g., ABC, A2B,z:-. Ideally it 

would be necessary to make up the algorithm only once for each type of 

syste~, but additional information about a specific case may merit a 

special algorithm. 

The first step in the construction of the computational algorithm 

. is to work out the symmetry basis functions for the system and to draw 

an 1energy level diagram for each symmetry group. Next, all transitions 

are put onto the diagram and the type of nucleus associated with each 

transition is determined. For some molecules it will be strongly sus-

pected that some transitions will have vanishingly small intensities. 

If this is so, these transitions can be left out. The transitions are 

next numbered in the order in which it is desired to assign lines to 

them. This is done so as to allow the maxL~um number of checks against 

·frequency and intensity sum rules 24, 26, 30, 36 at the earliest possible 

. tiffie in the assignment procedure. Fig. 5 shows the energy level dia-

gram for the ABC case with the energy levels numbered. The transitions 

are also numbered and labeled as to type. 

An algorithm for the ABC case appears in Table 2. The second 

column specifies the type of transition, i.e., what range of lines 

.should be tried as possible assignments for the transition. The next 

two columnsgive the upper and lOiver energy levels for each tra...'1sition. 

Minus signs are attached to an energy level number after all transitions 

;.-·· 
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to and from that energy level have appeared in the algorithm. This in-

dicates that an.intensity check for that energy level is to be made after 

a line is assigned to that particular transition. The frequency check 

column contains a 1 vrhen the transition under consideration completes 

a frequency sum rule "loopn, and a check of this loop is to be made. 

In order to use the intensity sum rules it is necessary to normalize 

the total spectral intensity to n·2n-l, where n is the number of pro-

tons. The sum of all transition intensities from a given energy level 

will then be 2m plus the sum of all transition intensities to that energy 

level, where m is the Z component of the spin angular momentum 

associated .with that energy level. In Table 2 the sum of intensities 

column (SI) lists the value of 2m for each of the energy levels .. 

I ASSIGN can best be explained by following it through the ABC case . 
\ 

given in Table 2. The first energy level is set equal to zero. As the 
\ 

assignments are made the other energy levels are calculated, by adding 

the frequency of the assigned line to the upper energy level of the 

transition. ASSIGN initially assigns the first A line to transition 1, 

the first B line to transition 2 and the first C line to transition 3, 

thus temporarily establishing E2,E
3

, and E4• The intensities of each 

of these lines are subtracted from the sum of intensity (SI) associated 

. with E1 , i.e., 3.0, as they are assigned. The minus sign at the upper 

energy level for ~ransition 3 causes a check to be made to see if the 

value of SI at E1 is zero to vithin ± L., an input parameter. This cri-

< 
terion assures that the sum of the intensities of the three lines·assigned 

is 3. 0. .If not, . the program negates the last assignment and continues 

on through the range of the type C lines. If none of these fit, the 

program oacks up one step to the B transition and tries the next line 

in the B range, and then goes back through the range of the C lines 

,, 
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again. This is repeated until three lines are found, one from each of 

the specified ranges' which have the total intensity req_uired by the' 

intensity sum rule. 

Next, the fourth transition is assigned the first unused line from 

the C range, thus establishing E6 . Transition 5 is assigned the first 

unused A line. This last assigmnent established E6 a second time ~~d 

hence it is possible to make a freq_uency check around the loop of 

transitions 1,4 ,3, and 5. If E6 is not the same by both paths to ivithin 

6, another input parameter, i.e., 1 + 4 (3 + 5):>o then the next un-

used A line is assigned to transition 5. This is continued until the 

sum rule.is satisfied or until the A range is exhausted. If no consist-

ent assignment is found then the next C line is assigned to transition 4 

an.d the search cant inued. If no tvro lines, when assigned to transit ions 

4 'and 5 are consistent vith the temporary values of E2 and E4, then the 

program must back up further yet and find another set of three lines 

which satisfy the intensity sum rule associated with E1 . The program 

continues in this manner until a complete set of lines is assigned. The 

assigned transitions and energy levels are printed out and the process 

is continued until all possible sets of transitions and energy levels 

. are obtained. 

All 15 lines in an ABC system can. be assigned to all possible 

arrangements, consistent with the sum rules in 0.05 minutes by an 

IBM 7094. 

There are several further aspects of ASSIGN which can be q_uite ~·, 

useful at certain points in a problem. It is q_uite possible that one · r', 
' ? 

or more first order lines in the algorithm do not appear in the spectrum 

due to lack or resolution or low intensity. If this occurs in the middle 

of the seq_uence, no assignment would be possible even though each of the 
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energy levels is established by several paths. There is no a priori· 

way to knovr vrhere such a line vrill occur so a provision is made to allmr 

the inclusion of one or more lldumrnyt: lines 1¥hich can fit by assigning a 

freq_uency eq_ual to the difference behreen the upper and lmrer energy 

levels for the. last freq_uency assignment in the loop. This line vould 

be assigned an intensity of zero. For example, if tvo combination lines 

in the ABC system discussed above 1-rere not seen, tvo · dum..rny lines could 

be used vhich would eventually be assigned as tvo of the lines 13,14, or 

15. The use of such lines greatly increases the time req_uired .since 

they have to be assigned through the entire scheme, if it is assumed 

that one has no idea i¥here they might be needed. For the ABC case 

cited above, the computer time iolas increased from 0.05 minutes to 0.5 

minutes. Clearly for systems vrith a large number of spins, it is de

sirable to know vrhich transitions will have negligible intensities. 

This information can often be found by a computer calculation of the 

expected transitions for the molecule using order of magnitude guesses 

for the unknmrn parameters . 

. ASSIGN can be made to converge much more rapidly if the freq_uencies 

of some of the transitions are knovrn exactly, or even within a small 

range. This type of information might be obtainable from double resonance 

experiments or from calculations based on order of magnitude guesses for 

the unknown parameters. It is then possible to designate that transition 

as a uniq_ue type in the algorithm and restrict the assignment to one of· 

a few lines. If several such transitions are known and fixed in this 

manner, a considerable reduction in time is realized. In this 1-ray, ·any :< 

knowledge about the coupling constants or chemical shifts can be used t6· 

restrict the limits of search for given transitions. 
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In case a molecule has transitions of several different s~~etry 

types) each symffietry type may be assigned separately. After one obtains 

all possible assignments for the first symmetry type) one uses the same 

data for the second symmetry class. However) on the second run) a vector 

is added uhich 'indicates the lines which have already been assigned in a 

previous assignment. 

A simple example of a system vhich contains more than one symmetry 

class is an A2B2 system) such as a-dichlorobenzene. The proton system 

of this molecule contains a plane of symmetry. Thus there ivill be tvo 

sets of energy levels) one symmetric and the other antisymmetric with 

respect to reflection of the spins in this plane. The basic syw~etry 

funct~onsJ given in Table 3, are easily constructed by multiplying the 

bas,.ic symmetry functions for A2 and B2 derived earlier. These basic 

functions. are then used to :rnake up symmetric and antisymmetric energy 

level diagrams) since no transitions are allowed betveen states of 

different symmetry. The energy levelsJ.identified vith the numbers of 

the corresponding basis functions in Table 3 J are shOim in the diagram 

of Fig.6. As a first approximation) it vras assumed that the only lines 

to be seen in the spectrum would be those which occurred as a result of 

the cha...."lge of spin of a single nucleus (first order trans it ions). Al

though it is knmm that combination lines, i.e. J those occurring as a 

result of simultaneous change or spin of more than one nucleus) can have 

a non-zeK"o intensity, this intensity is generally very lmr. The first 

order transitions vrhich were used to build up the computational algorithci 

for ASSIGN are alos shovrn in the figure. In this case J uhere more than 

one symmetry group exists) each group can be considered as a separate 

problem.· The algorithms for the A2B2 case .are sho•m in Table 4. 
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Ordinarily the transitions are considered as going to successively 

lmrer M · levels. 1-Jhen more than one energy level is in the highest M z z 

level, one of these is used as the zero point. 1-Jhen the energy levels 

in the next 10'\ver M level are established, two trans it ions back up to 
z 

the undetermined energy level at higher Hz are designat~d by a minus 

sign before the type of transition. After this upper level is established, 

additional transitions can be designated in the usual manner. After all 

the anti .. symmetric sets of energy levels have been determined, the 

assigned lines are given values of one in the input vector and the unused 

lines are used to find all the sets of symmetric energy levels for the 

particular anti··symmetric set. 

The analysis of a-dichlorobenzene will not be discussed here since 

. h b t " . . h 1 . t t 26 ' 27 lt as een repor ea ln ~ e l era ure. It was used as a test for 

ASSIGN in the case of more than one symmetry group and as an example of 

construction of the algorithm for such cases. The time re~uired to find 

the sets of energy levels for a-dichlorobenzene was betHeen t1-ro and three 

minutes vi th the IBM 7094. 

E. Additional Methods to Aid the Assignment of Spectral Lines 

In the ideal case, to make an assignment Hith ASSIGN one needs to 

know a minimum of information, that is, only the general region of the 

spectrum for each type of nuclear transition and the line positions and 

intensities from DECOV~. Unfortunately there is enough uncertainty or 

noise in present spectrometers so that DECOMP cannot al'lvays locate all 

the lines in a complex spectrum precisely enough to alloiV ASSIGN to 

automatically make all assignments. If the uncertainty limits are set 

too narrow in ASSIGN, it is possible to miss the correct assignment due ".f 

to a bad value for a line position or intensity, or to get no assi~~ents 



-39-. 

at all. If. the limits are too i''ide too many ass ignment.s are obtatned. 

The two. five spin systems which ivill be discussed in detail belov, 

were difficult to assign for two reasons, both resulting from experimental 

limitations. The spectrum of one compound was decomposed ~uite satis

factorily, however many of the pe~~s which were close together also had 

very similar intensities. This meant that with reasonable uncertainty 

limHs the number of possibilities was so large that the time reo.uired 

to make the assignments greatly increased. On the other hand, the 

spectrum of the second compound contained peaks with greater intensity 

differences, but a number of small peaks located behreen · tva or more 

large peaks made the decomposition more difficult. These situations 

may exist in any complex spectrum, of course, but it is felt that slight 

improvements in instruments and techni~ues will result in spectra which 

can be analyzed directly from the experimental data. 

In such cases, the time re~uired to assign lines can be greatly re

duced by placing additional constraints on the system. This can be done 

by the use. of estimates of parameters in NMRIT (0) and the use of double 

resonance experiments. The information obtained from these sources can 

be used separately or in conjunction with each other. 

If the parameters can be estimated with any degree of accuracy, 

a convenient way to calculate approximate line positions and their 

transitions is by u~e of ~~IT (0), as discussed above. For the spectra 

discussed beloi-T, it was possible to estiinate the large coupling constants 

fairly well. The problem was then to sort out the effect of changing 

the three small coupling constants, whose effect was mainly to change 

transitions of peaks vithin the larger groups of peaks. This meant . 

that in a partially resolved group of twelve peaks the transitions 1-rere 
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knmm
7 

but it was not known vhich lines in the group corresponded to 

each transition. Accordingly 7 each unresolved group of peaks \vas called 

a "type 11 and all of the transitions occurring in that region 7 as calcu-

lated by ~l{RIT (0) 7 were assigned to that type. Thus the number of lines 

to be searched for a particular A transition 7 for example 7 was reduced 

from 36 to 12. This will be described in detail in connection lvith the 

particular analysis. 

The second method of obtaining information regarding the locations 

38-43 
. of transitions is the use of a second rf field. · If the second 

irradiating field is strong7 the irradiated nucleus is effectively de-

coupled,from the rest of the system 7 simplifying the spectrum consider-

ably. The method has been used for such purposes as the measurement of 

I 

chemical shifts of hidden resonance lines and the determination of the 

44 45 relative signs of nuclear spin coupling constants. 7 For these 

applications the rf field strengths have usually been of the same order 

as 7 or greater than 7 the perturbed spin coupling constant J. Since 7 in 

general 7 the spectra of strongly coupled spin systems have transitions 

separated by fre~uencies much less than J 7 it is not possible to select-

ively irradiate sL~gle lines in these spectra with the strong rf field. 

Freeman and Anderson 43 have investigated the effect of using ~oreak ir-

radiating fields. They found that the use of a ~Yeak field made it 

possible to determine which transitions have energy levels in co~7.on) 

and furthermore to distinguish the two possible cases 7 i.e. 7 1,rJ:iere 

6M = 0 and' .6M = 2 . z z 

Freerha..~ and Anderson consider three double irradiation experi-

ments: 1) field s~Veep 7 \·There the main magnetic field 7 H is varied 
0 

while ~ and ro2 remain constant; 2) freq_uency s~Veep 7 in l·rhich H 
0 
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.and remain constant ivhile varying the observing freq_uency, ill
1

; 

and 3) varying ·the perturbing freq_uency, ill2 , while H
0 

and ru1 remain 

constant. Although the field s-vreep method is simpler and req_uires less 

eq_uipment, they conclude that it has several disadvantages and the fre-· 

q_uency sveep method is preferable . 

They describe in detail freq_uency sveep(method 2) above in lvhich 

one peak in the spectrtun is irradiated -i-rith the veak field and the 

spectrum is recorded by sveeping the observing freq_uency, illl· The 

spectrum thus obtained has the usual appearence except for those transi-

tions Hhich have energy levels in common -vrith the transition being per-

turbed vith ru2. If the transition shares an energy level with the 

irradiated peak and the change in M is 0, the peak will appear as a 
z 

sharp doublet whereas if the change in M is two, the pe~~ is broadened. 
z 

The method req_uires a separate spectrum for each peak irradiated and the 
l 

peaks must be reasonably resolved in the spectrum.(at least visible as a 

shoulder) to observe the phenomenon. Those peaks for lvhich changes 

can be observed may be used to build up at least part of an energy level 

diagram and may provide the additional amount of L~formation req_uired to 

. 46 
solve a given problem. . 

The third possibility, that of sveeping the perturbing freq_uency 

~hile observing a single line, was mentioned by Freeman and Anderson 

and is of most interest to us for use with ASSIGN. For this experiment 

the observing freq_uency is positioned on a peak miximum using a very 

stable oscillator. The perturbing freq_uency, ru
2

, is then s1-rept across 

the spectrum and as it traverses peal~s vrhich have an energy level in 

com..."llon with the observed peak, the height of the observed peak vrill 

change. In the above paper Freeman and Anderson stated that the peak 

l 
I 
t 
;. 
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height IVOUld dip for both cases vihere the lines shared a common e.n.ergy 

level. The. dip would be sharp 1,rhere DI.Vf :=: 0 and broad for .6111 = 2. 
z z 

Such information would be very useful for ASSIGN. Accordingly the 

:program •·ras modified to take advantage of such information. 'I'he method 

has the advantage over the first freQuency sweep method in that the 

peaks l·rhich are perturbed do' not have to be resolved. The location of 

a dip will indicate the perturbed peak within a small freQuency range 

and all the pe~~s which have been found by DECOMP in that r~~ge can be 

used as a transition type. This 1-iill further reduce the location from, 

say tHelve :peaks to three or four. The advantage here is that the peaks 

do not have to be resolved in the original spectrum at all. (The other 

fre~uency sweep method Hould be of less interest here since it would be 

nec,essary to decompose each of the separate spectra to observe differ-· 

ences which occurred due to the perturbation.) It is necessary to ob

serve a peak vrhich is far enough from its nearest neighbors so it may 

be observed alone. If another peak is too close, the lines 1-ihich have 

energy levels in corr~on with both lines will be observed. For the 

limited number of experiments we performed this re~uired separation 

appeared to be about one cps although this could probably be reduced by 

further improvements in the instrumentation. The recorder :pen is sve:pt 

with the perturbing fre~uency and Hill dip at the fre~uencies of lines 

which have common energy levels. Since these dips may cover a range 

of several lines all the lines within say ±0.5 cps 1-Till be included. 

The·input algorithm of ASSIGN was changed so this inforrration 

could be.· incorporated in the folloving manner. The ranges of all the 

lines in the dips showing com~on energy levels are included in the al

gorithm opposite the corresponding observed line. Again this ca~ per-
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haps ·be best explained by returning to the ABC case of Fig. 5 . For 

simplicity,. assume that all the lines are i>~"ell enough resolved so that 

it has been possible to observe each of them as the spectrum has been 

s1vept by the perturbing field. The array of common energy levels (de-

termined from the transit ions of the correct ass ignrnent) is 1vri tten as 

shovm in Table 5. In an actual experiment, of course, these values 

would be obtained by doing the experiment. Each set· of hiO numbers in 

the horizontal direction indicates the beginning and end of the rru1ge of 

lines vrhich was indicated by the dip as having an energy level is co;mnon 

with the line indicated in column one. Nol-l the restriction on the choice 

of lines for a given transition is very much more restricted than in the 

original ABC case where the range for A was 1 - 10, B ivas 1 - 15, 

C was 5 - 15 and that for D was 1 - 15. The double reson~~ce re-

striction is invoked from the second line assignment, even before the 
. ! 

sum rule checks come into play. Thus to assign line 2, ASSIGN checl<.s 

the energy levels of previously assigned transitions to see if any of 

these energy levels are com~on with those of transition 2. Since energy 

level 1 is common to both transitions 1 and 2, the choice of lines for 

transition 2 is restricted to lines 3,5,6,8,9, or '15, rather than the 

whole range of 14 lines as \vas previously the case. The choice for 

transition 3 is novr restricted, within its range of type C (lines 5 - 15), 

to a line which is in common vith both transitions 1 a.."'ld 2, as vrell as 

having to confom to the intensity sum rule check. After a fevr lines 

have been assigned, the possibilities are almost unique for this trivial 

case. As an example, one assignment for the first six transitions is 

the lines 2,4,9,13,6, and 12. To assign a.line to transition 7 ASSIGN 

first notes that transitions 3, 5, and 6 have energy levels in cormnon 
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vith transition 7 and have been assigned lines 9;6 and 12 respectively. 

The r&~ge of the type for transition 7 is l - 15 so no restr~ction 

operates here. ,ll.SSIGN then compa:-ces the ranges in the cor:-u--non energy 

level array for lines 9 and 6) al1d •·rhen it finds a line com.1non to both 

these l . 
~lnes; it then checl-:.:s ·the 8.YI'2..Jf e..t line 12 to see if the line is 

common to all three li"nes. In this case the only line conl!ll.On to all 

three previously assigned transit~ons is line 8 and it is then assiGned; 

if it will meet the sum rule criteria. In a more complicated case the 

lines in the array 1-rould be replaced by small ranges but it can be seen 

by the above exrunple that a considerable sLmplification is to be ex-

pected vhen such information is available. 

To test the utility of these ideas; the double resona..'1ce freq_uency 

s1-reep experiment -;.;as tried -v.rith one of the five spin systems vhich is 

discussed in detail later. Instead of the dips predicted by Freeman and 

Anderson; it \vas observed that both dips and peaks occurred during the 

sweep of m2 . Furthe:cmore; the dips corresponded to the case vhere 

b.'v1 == 0 ·and the pea.'l(s t:o .6Iv1 = 2. This info·rmation is far more useful z z 

than had been expected since it is rr:uch easier to distin'gliish peaks 
·-~ ··- •. 

from dips than it is broad dips from narrm,r dips. One difficulty ~o;hich 

occurs; ris that at a fe·,; places in the· spectrum the tvo types of trans i- e 

..__ tion occur rather close together. It was observed in one case that tHo 

such transitions canceled each other and,· could not be distinguished 

from noise. viith present instrumentation; hro such tra.'1sition~ have to 

be separated by about 0.5 cps or greater to be seen. After the above 

effect had been observed in these experiments; it -vras also found that 

the effect had previously been observed l:JY Kaiser 47 -vrho explained it 

q_ualitatively as a nuclear Overhauser eff,ect. 
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III. EXPERD-illl'<'T.AL 

:48 
The 3-chlorothieta..."l.e 1-ras synthes j_zed by Mr. IV. D. Keller accord-

ing to the method of Dittmer and Chrj_sty. 57 ' 
58 

Purification vas carried 

out in a spinning band colW11.'1) a middle, <;:onstant boiling fraction 1..ras 

used to obtain the j\J1.ffi spectra. ':['he 3 -thietanyl acetate vas made in a 

s irnilar :,ray by Mr. R. Milli..~an; pu:cification being carried ·oy vacuum 

distillation. The samples: contabi:1g a small a"'lount of tetramethyl-

silane as an internal reference: were degassed under vacuum and sealed. 

Spectra for the 3-chlorothietane were recorded ~..rith a Varian A-60 

spectrometer 1-rhich had been modified by replacing the 25 rpm Siveep motor 

with a 2 rpm motor, allmring slovr passage m.reep rates. The X and the 

A
2

B
2 

parts of the spectrum -vrere taken separately with a Slveep width 

of 50 cps and a sweep tline of 1250 seconds (0.04 cps/sec). Th~ spectra 

were also filtered at 0.2 cps to reduce noise and to facilitate the 

subse~uent digitization. 

All other spectra were taken vrith a Varian HR-60 spectrometer Hhich 

had been modified by Mr. J, A. Ferretti ~Vith a field lock system for 

maintanence of a stable field and vith auxiliary e~uipment to allmr 

double resonance experL~ents to be performed.
4
3: 46 ,59 The spectra 

taken Fith this instrument 1-rere directly digitized through an analog-

to-digital converter connected to an SDS 910 computer. The spectra 

vere recorded at a rate of 1800 seconds for a 50 cps range (0.028 cps/sec) 

and '.·rere smoothed in the computer using a nine point smoothing function, 

. . 56 
after the method of Savitzl<.y and Golay. 
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IV. RESULTS AND:DISCUSSION 

·,. c· 

·· A. · Systems with ·Five. Spins 

1. · 3-chlorothietane 
~:. ·' '.-:,~ 

·-, . •""' 

Two well res;lved· spectr'a were used for the analysis, one of wh:Lch 

is shown in Fig. 7. ·. The spectra were digitized using a Bensen-Lehner 

"OSCAR" x-y analog-to-digital. reader, ;~irectly coupled to an IBM 026 . 

card pUnch. As can.be seen from Fig. ;7, the spectrum is divided into ten 

.groups of peaks which show the fine structure due to nuclear spin-spin 

coupling. Each·of these·ten groups were decomposed using DECOMP in the 

manner described above. All 64 lines. in the spectrum were resolved; 

results for each of the separate groups are ~hewn in Figs. 9-16. Again, 

the experimental.data points are shown as dots, the lines found by the 

decomposition are shown as vertical lines, and the calculated spectrum 

based on the sum of the vertical lines is shown as a solid curve. The 

agreement between the calculated curve ~nd the data points is very good. 

The average.difference between iines decomposed in the two spectra was 

0. 03 cps; the two .largest disagreements out of thei' 64. pair~ .o:f lines was 
.;. ... ~- .. . . ' 

0.1 cps.· The line positions and normalized intensities of the average of 

th.e two spectra, used in the subsequent work, are listed in Table 6. 

The se~ of basi 'symmetry functions, formed ?Y multiplying the 

~B2 symmetry ·functions in Table 3 by the spin functions a or ~ fqr 

the x· nucleus is shown in Table 7 ... These. functions were then used to 

make up the symmetric and antisymmetric energy.level diagrams · shm·m iri . 
. ' . 

Figs. 17 and 18 •. Using onlymngle nucleus transition~, the algorithm 

in Table· 8 was made. The transitions· are not numbered in the :figures 

but can easily br identified by their ;upper and lower energy level 

d.esigna:~ions in the algo:rithm :and. .diagrams.·. The order of ms.k'ins 

.f 
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assignments is arbitrary; paths are chosen to allow the ma~imum number 

of £re~uency and intensity checks as early in the scheme as possible. 

The above algorithm wil~ apply to any A2Br;;. system of spins_ for 

which the line positions and intensities are available •. Ho~orever, as 

discussed earlier, additional information is often available and can 

be used to further simplify the problem. Such information may be 

different for each system and the algorithms will th~n have to be 

constructed to fit the specific circumstances . 

Using the direct approach of limiting transition types to the 

three types of nuclei, and setting reasonable limits for. the undertainty_ 

'of the fre~uency and intensity, no assignments were made for the anti-

symmetric energy levels of 3-chlorothietan.e in two hours by the IBM 

709f· As mentioned above this was probably due to many of the peaks 

having similar fre~uencies and intensities. Accordingly, additional 

constraints were placed on the problem by using NMRIT (0) as discussed 

earlier. 

Since one of the objects of this study was to simplify the analysis 

of complex spectra, the first approach was to ~pe estimates of the para-. 

meters obtained from the spectrum in NMRIT ( 0) to calculate a ·spectrum 

which could be matched to the lines obtaL~ed from DECOMP. If this 

approach ,.,ere not satisfactory, it would then be necessary to resort to 

more complicated procedures, perhaps double resonance experiments or 

the calculation of moments.50· 

For 3-chlorothie~ane the parameters were estimated as follows. The 

A and B parts of the spectrum each cons i.st of 21~ lines in . groups of . six, 

twelve, and six lines. The chemical shifts are approximately in the 

middle of the respective groups of twelve peaks and can thus be estimated 
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spectrum. · The chemical shift of X is given by the center of its spectnrrn. 

The next important parameters are the larger coupling(constants. 

These are the "cis" and "trans" vicinal coupling constants be"t~>reen pro-

tons on adjacent carbon atoms and the geminal coupling constant betveen 
. ,· 

protons on the same carbon atom. The vicinal constants can be calculated 

reasonably ivell, since their sum is given by half the width of the X 

spectrum and their difference is given by the splitting of the two 

doublets in the second and fourth pea.tts in the X spectrum. This can 

be estimated to within a few tenths of a cps from the values obtained 

by DECOMP, since the entire group is only two cps wide. 

Estimation of the geminal coupling constant is less certain. It 

was estimated to be be~veen -9 and -llcps on the basis of representative 

. 49 
v~lues in a recent review by Banwell and Sheppard. Since it has been 

well established that geminal coupling constants are negative and oppo-

site in sign to vicinal coupling constants, the latter were taken as 

positive. 

All the long-range coupling constants across the ring were esti-

mated as small and positive according to the _pest knowledge at the tDne 

of beginning this study. 

' 
After a few adjustments, these estimates resulted in a spectrum 

calculated by NMRIT ( 0) which resembled the experimental spectrum. As 

discussed under the section on spectral analysis, this estimate vas 

good enough to localize the sets of transitions within the ten large 

groupings of peaks. 

A second algorithm was constructed using energy level assignments 1 • .,., 

from NMRIT ( 0) and classifying each of the ten groups of peaks .in the 

spectrum as a· "type of nucleus u. Used in' this manner,· "type of nucleus" 
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has lost its original meaning and merely serves to indicate·the c;eneral 

location of a line.. This new algoritbm and the ranges for the transitions 
r· 

are sho"Ym in Table 9. Using this algoritbm, the time req,uired to find the 

tvro antisymmetric sets of energy levels was reduced to 50 minutes Hith the 

IBl'-1 7094. The lines remaining from each of' these sets i-lere then used to 

make symmetric assignments. No symmet:ic·. assignment was possible for one 

of the antisym.rnetric sets of energy levels, but three symmetric sets were 

possible with the other-. antisy:rr.:rnetric set of energy levels. The three 

complete sets of transitions corresponding to the sets of energy levels w·ere 

then used in NMREN to get the best least squares fit of the energy levels 

and adjust the traces. Tnese adjusted energy levels were then used in 

NMRIT(N) to calculate the corresponding chemical shifts and coupling 

constants. The two worst sets of energy levels correspond to complex 
! 

parameters, as shown by the failure of NMRIT(N) to converge. A nw®er of 

peaks in these sets are several tenths of a cps away from the experimental 

. peaks, whereas only one peak calculated from the best set of parameters 

vras as far aivay as 0.13 cps from the experimental· peak. 

The numbering . system used for the protons in the molecule is shmm 

in Fig. 18. The reasons for numbering the protons as shown i·rill be 

given belo"Yr, hOivever, it. must be pointed out that these experiments cannot 

determine whether the large long-range coupling constant is beh:een protons 

1 and 2 or protons 4 and 5. This information could be obtained, for 

example, by substituting one of the protons with deuterium. 

The theoretical spectrum calculated by NMRIT from the best,. set of 

parameters is compared with the experimental spectrum and the lines 

found by DECOMP in Figs. 19 and 20. In these figures the upper vertical 

lines are the line positions and intensities calculated by J:J!'.ffiiT ar:.<l the 

'l.tpper solid curve is the theoretical spectr1.l.l'l1 calcUlated from the sum of 

all these lines. The lower curve is the experimental spectrurn and. tl1e 
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lovrer vertical lines represent the line positions and intensities ob

tained by decomposition of the experliaental curve. The agreement be-

tween the line positions is excellent; the average freg_uencycdeviation 

is 0.031 cps and the largest single deviation in the 64 lines is 0.133 

cps. The,intensities do not agree as well; in some cases being off by 

50 per cent of "the calculated peak height. · These worst cases, however,. 

are for those peaks which cannot be :;:;een at all visually; in the cases 

where the peaks can be at all distinguished, the agreement is g_uite 

satisfactory, being of the order of 5 - 10 percent. 

After 3-chlorothietane 1vas analyzed, additional instrumentation 

became available so that the double resonance experiments. described 

above could be performed. Since the NMR parameters and transition 

freg_uencies of the chlorothietane were now known, it appeared to be a 

good test of the double resonance experiment in vrhich the perturbing 
I 

frequency was swept while a single line was observed. The X part of 

the spectrQ~ has several lines vrhich are separated by nearly one cps 

and it vras possible to do the experiment vrhile observing lines.l,4,5,6, 

11,12,15 and 16 in the ·x spectrum and l:i.ne 59 in the A2B2 spectrum. 

A calibration spectrum was first taken of ~he entire·chlorothietane 

spectrum on the modified HR-60 using a freg_uency sweep rate of 180 

seconds for a 50 cps range. A very stable oscillator vras then used to 

set the observing freg_uency right at the peak to be observed. The per-

turbing freg_uency was then swept at the same rate· as the calibration 

spectrum was taken, with the recorder pen following this siveep. A 

fairly noisy base line was observed which showed the dips (6 M = 0) z 

and peaks (6 M
2 

= 2) ivh~ch lvere discussed above. Fig. 2lb sho~ors the 

calibration spectrum for the ~B2 part of the spectrum; 2la a~d 2lc 

are the records obtained while observing lines· 11 and 12 respectively 
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1-.rhile sweeping across the same frequency range; Using values of line 

c· 
positions obtained from DECOMP, it is easy to determine the position of · 

the line corresponding to the peak or dip, to within three or four lines. 

This information, shovm in Table lla, can then be put into the algorithm. 

for ASSIGN, further restricting the choice of lines in a given type. A 

large beat frequency appears at the right of spectrum 2la and in this 

case does not correspond to a, line with an energy level in colY'J'llOn ivith 

line 11. In some of the experiments, a line did lie at the same place 

· as a beat frequency and the only hint that the two were superimposed 
'" 

was that the beat pattern 1-.ras slightly asymmetrical. Of course; this 

could not be relied upon in an unknown system and some information 

might be lost in this manner. Figure 2lc shows the effect obtained when 

I 
two transitions, which have an ener'gy level in common with the observed 

line, are close together. As seen by the dip and peak, the first transi-

tion has .6.M = 0 and the second .6.M = 2. The separation of these two z z 

lines is 0.7 cps. A similar set of lines occurs at the position indicated 

by the arrow, but in this case the separation of the lines is only 0.007 

cps and the peak and dip cancel and are not observed; .. 

Because of limited access to the instrument it was not possible to . . 

exhaustively explore experimental variables in this system. The present 

set of experiments indicated that the observed peak had to be approxi-
. 

ma.tely one cps. away from adjacent peal<s to be sure ot observing only one 

peak. Considerably more difficulty was encountered when the observed 

peak was between two peaks, even when separated by one cps, than vThen 

.the observed peak was at the edge of a group. These limitations could 

undoubtedly be reduced by refining the technique more thoroughly. 

The information.from the double resonance experiments with the 
( 
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nine lines 1v-as pu~ into ASSIGN using only the three types of nucleus, 
, c· 

A, B, or X, as constraints. The :two antisyrnmetric assignments Here 

calculated in 82 minutes by the IBM 7094 compared to no assign.rnent being 

made in 120 minu~er:>. without the double resonance information. After the 

antisyrnmetric set of energy levels has been assigned in such a p1·oblem, 

assignment of the symmetric set takes even less time due to the considerable 

reduction in available lines. Since 3-chlorothietane had already been . 

completely analyzed, the assignment of the, symmetric lines was not atte.'npted 

because it was felt that the computer time could be better utilized. 

This experiment verifies our original premise that it' is feasible 

to determine the energy levels of a complex system directly from the · 

experimental spectrum without any assumptions regarding the NMR para-

meters. Double resonance information from even a fe1-r more lines vrould 

probably reduce the time appreciably, however, it cannot be assumed that 

more than nine or ten lines would be available in the general case. In 

fact, this approach would .be less successful with the thietanyl acetate 

since the X part of that spectrurn is considerably less well resolved 
·~ 

than for the chlorothietane, with only the two outside· single peaks resolved. 

Due to the particular nature of the ~B2X spectrum, a great deal 

of information can be extracted from the use of a combination of all 

the techniques discussed above, in the following manner. The X spec-

trum of 3-chlorothietane has two single peaks at either end. It was 

observed from several NMRIT (0) calculations that these t1-ro lines, 

numbers 1 ~d 16, 1-rere always assigned to transitions 31-32 and . 

1-2 respectively. Additional 1~IT (0) calculations, using values 

. ' 
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for the initial parameters far outside the ranges which Hould ever be 

used, showed that lines l and 16 1-rere always· given the sa"lle assignments. 

Referring to Fig. l7a, it can be seen that double resonance information 

on just these two lines can be extremely helpful in building an algorith"ll 
' -. ' 

for the synmetrical energy levels. In the use of ASSIGN a large portion 

of the total time is used in establishing the first few energy levels. 

Using the information about 6Mz from the two double resonance experi

ments, several levels can be established very rapidly. 

Use of such specific information about a system re~uires a new 

algorithm, which is formed in the follow·ing •ray:. Transitions 1 2 and 

l -5 are known to be lines 16 and 52 respectively, from ~~IT (0) and 

the double resonance data in Table llb. Transition 1 - 4 is one of 

lin~s 27 - 32 but the intensity sum rule .limits this choice to one of 

two,lines. Thus the entire set of energy levels for the second M level z 

are determined to within the choice of two lines for level 4. The 

transitions 2 - 7 and 2 - 9 are also given to within four lines and c~ 

be established ~uickly using fre~uency sum rules around loops from 

energy levels 4 and 5. We have thus established six energy levels to 

a fairly high degree of certainty. Even if one of these assignments 

were incorrect, there are very _few lines left to choose from is ASSIGN 

were to back up to make a new assignment. This is a very great reduc-

tion over the usual arbitrary assignment of these lines 1-rhen this in-

formation is not available. The same amount of information is also 

available at the bottom of the diagram so the algorithm is written to 

establish' a ske+eton framework of two energy levels for each inter

mediate M level in order to connect the top and bottom of the diagram z 

as directly as possible. This is done from energy levels 7 and 9 to 

.levels 18 and 20, which can then be used to establish levels 27 and 30. 
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These intermediate energy levels ar,e not known. with as much certainty 1 

since the tra..'1sitions are only known to be vithin one of the:·usual large 

groups of lines. vle are nov in a position to start assigning the lines 

at the bottom of the diagram. More restrictive constraints are again· 

operative, since· these lines are knovn to lie 1-rithin narrm-r limits, 

from the double resonance experiment. Assignments 27 - 32 and 30 - 32· 

will quickly determine '.Vhether the intermediate assignments were all 

consistent .. If so 1 level 31 can be established using l:ine l and the 

negative sign in front of the transition type as explained earlier. The. 

balance of the double.resonance information from line l can be used to. 

establish energy levels 23 and 26. We have thus used double resonance 

information from only two lines plus information from an approximate 

1~IT (0) calculation to establish 12 energy levels and 22 line assign-
. ' 

ments with a much higher degree of certainty than by use of an arbitrary 

algorithm. This information is shown in Fig. 22. The transitions and 

energy levels '1-rhich are known quite vell from the double resonance 

experiments are shown in bold lines and those known with less certainty 

are shown with light lines. Once this much of the energy level diagram 

is kno1-m, the.remainder is assigned arbitrarily since no specific in-

formation is known about the rest of the lines. Furthermore, since 

the assignment of the symmetric energy levels is the largest part of 

the task,.the remaining antisymmetric levels will abnost fall into 

place and accordingly the entire system-is made up in one algorithm 

and the problem done all at once. Using this approach with the sa~e 

data ~~d usL~g the ten types of tra..'1.sitions, the time to calculate the 

entire assignment for the 3-chlorothietane molecule was reduced from 

50 minutes to 20 minutes. 
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2. 3-Thietanyl acetate 

(- . 

The spectrum of 3-thietanyl acetate was also analyzed t'o see what 

effect another group had on the NMR parameters. The spectrum, shovn 

in Figs. 23 and 24 was taken with the modJfied HR-60 and the data digi-

tized directly with an analog-to-digital converter. The details of the 

spectrum have been·considerably altered by changes i~ the chemical 

shifts 1 although of course the general features are s :L."'llilar. The X 

part of the spectrum has shifted downfield by 26 cps and is also nearly 

first order, making the de compos it ion of this portion more difficul.t. 

(Double resonance experiments would be considerably less effective for 

this analysis since only the two end lines are resolved.) The total 

width of the A
2
B

2 
part of the spectrum is 34 cps, a reduction of eight 

· cps .1 from the chlorothietarie due primarily to a reduction iri the chemical 

shift between A and B. 

The A2B2 region of this spectrum was more difficult to decompose 

than the chloride because there were several small peaks between large 

peaks in two of the large groups of t1velve. Slightly more noise was 

also evident in the spectrum. Accordingly, DECbMJ?.was used in conjunc-

tion with NMRrr (0) for the entire analysis. 

Since chlorothietane had already been analyzed, the easiest method 

for analysis would have been to use the same coupling constants with 

the new values for the chemical shifts. This was not done in order to 

·again test and see ivhether estimates made entirely from the spectrum 

were satisfactory to use with DECOMP in a straightforward manner. Ini- /' 

tial estimates were made in the same manner as described for 3-chloro-

thietane and the small coupling constants were again set to small values. 

Although the calculated and experimental spectra did not match ~uite as. 
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well as in the case of the chlorothietane, the calculated spectru;·n 

could still be matched fairly i·Tell with the lines from DECQl.i?~ · Of thE;! 

64 lines in the spectrum, 59 were -vrell resolved by DECOf.'iP. The decom-

positions of each of the separate groups is shown in Figs. 25 - 32. 
'. 

Three of the unresolved lines were separated from adjoining peaks by 

only 0.03 cps and the other two were small and be~.,reen two large peaks. 

The 59 well determined lines -vrere as_signed to the transitions calculated 

by 1~IT (0) and after three trials gave a very good fit to the spectrum. 

In Fig. 33 and 34 the experimental and calculated spectra are compared. 

The upper curves show the experimental spectra and the line positions 

and intensities found by DECOMJ>. The lower curves shm-r the lines cal-

culated by 1~IT (20) and the calculated spectrum which is the sum of 

all ~hese lines. The average difference between the 59 calculated and 

decomposed lines was 0.05 cps and the largest difference was 0.18 cps 

for one line •. 

It will be recalled that this part of the S & R method calls for 

assigning the experimental lines to the calculated transitions and 

these are then put into N1v:IREN for a least sq_uar~s fit.to all the ener& 

levels in the symmetry type. These energy levels are then used in the 

iterative part of the calculation to fit the best set of parameters. 

The assignments from the initial assignment will not be correct and 

some will have to be changed on the basis of the values obtained from 

the iteration. These ne1-r assignments are then used again by N1-1REN to 

get a new ~et of energy levels, and so on. Having almost all of the 

line positions and intensities from DECOMP greatly facilitates these 

assignments, yielding an assignment which fits more lines than can 

usually be seen in the spectrum. 
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This is shown by comparison of the above analysis vith an analysis 

made by the conventional visual estimation of line positions ·C ·Figs. 35 

and 36 show the results of an analysis of 3-theitanyl acetate which gave 

a very good .fit according to the criteria generally used in the S & R 
61 ' . ,· ·. . . ,·' . 

method] however, it can be seen that the second and fourth peaks in 

the X region of the spectrum do not.have the same shape as the experi-

mental spectrum in Fig.33· Since the positions of the four lines cannot 
. . . 

be seen, it would be necessary tq adjust these lines until the calculated 

spectrum was a closer match to the experimental spectrum. Such a pro-
' 

cedure would require several additional NMREN and NMRIT (N) calculations,· 

whereas the positions are known directly from DECOMP. Intensities are 

not as .satisfactory, but they are not used in NMRIT (N) .and do not 

. affect the ~alysis. 

· .·B. S :ix Spin A
2
B4 Systems 

In principle, the use of DECOMP and ASSIGN can be extended to 

systems· of any complexity, however, there will be practical limitations 

because of the large. amounts of computer time re.quired t'o 'solve the more 

complex problems. DECOMP is at present limited to a maximum of 20 peaks 

so tha·t the program will have to be redimensioned for use t.rith larger 

groups of lines. ASSIGN. will be limited by the amount of' time one is 

willing to spend finding all possibilities for a given number of lines. 

It therefore beco~s necessary to use all auxiliary methods available, 

such as ~IT (0) and double resonance. 

A six spin system of interest here is thietane (trimethylene sul

fide), the parent compound of the two molecules analyzed above. Thietane"· 

has two geminal coupling constants ·and two long-range coupling constants, 

the cisoid and transoid; The two cisoid long .. range coupling constant~ 
:. 
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cannot be distinguished as in the case of the substituted compound be-

cause ring inversion of theitane is rapid at room temperature;;-and only 

the average values of the NMR parameters will be observed. · Thus for the · 

purposes of NMR ana~sis, the· system can _b~: cons~dered as an A2B4 system 

with C2v symmetry. (The A4x2 system, which allows some of the transi

tions to be calculated explicitly, has been treated by Lynden-Bell.
60

) 

An ana~sis of thietane has recently been carried out, using NMRIT 

and extensive double resonance experiments in the conventional way, by 

Mr. J .A. Ferretti. 
46 

It would be interesting to compare the results ob-

tained and time required for this analysis with an analysis carried out 

,using the methods described in this dissertation. 

The method for building up the basic functions and algorithms for 

the general A2B4 system will-be indicated below. The four B protons 

, have a rectangular configuration and have D2h symmetry. The basic 

symmetry functions for both the ~ and B4 protons are given in 

Table 15. Combining these sets of symmetry functions in the usual 

manner~ we obtain the states, spins and symmetries for- the basic pro

duct functions, ~ccording to the c2v symmetry for the molecule, tabu-
' . . . . 

lated in Table 16. The basic symmetry functions; separated according 

to their symmetry group, are given in Tables 17 to 20. Th~ corresponding 

energy level diagrams are given in Figs. 37 to 40. Again, only single 

spin transition are considered for making up the algorithms ·shown in 

Tables 21 to 24. 

To indicate the magnitude of the decomposition problem, the spectrum 

of thietane is shown in Fig. 41. The system is highly mixed, with all 

120 - 130 lines lying!· :i.n a range of about 60 cps. The number of first 

order transitions is predicted to be 136, however, all of these may not 

hav~- h1gn enough intensity to be saen in the exper~ental s~ectrum. 

·~ 
1 . .. 
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The algorit~ were made up without assuming any supplementary in-

formation, but in view of the complexity of the six-spin pro~lems, the 

use of all the various techniques discussed in this dissertation ·,:ould 

.. facilitate the analysis of these systems. 

''• 
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V. CONCLUSIONS 

(" 
A. Use of Computer. Techniques for NMR Spectral Analysis· 

Two computer methods have been described which are believed to 

substantially aid in the analysis of complex NMR spectra. The first 

of these, DECOMP, determines the line positions of unresolved lines 

nearly.as accurately as resolved lines have been located in the past. 

Due to instrumental limitations, the intensities of unresolved lines 

are not determined as accurately but are good enough to assist in 

making assignments of lines unresolved in the experimental spectrum. 

With modest improvements in instrumentation, it appears feasable to 

improve this situation so that all the experimental lines can be 

uniquely determined from the experimental spectrum. 

In the cases where all the lines are known accurately, the second 

method, ASSIGN, will provide the ide~l situation of finding all poss

. ible solutions to the problem directly from the experimental data . 

without any prior knowledge about the parameters to be determined. 

This is probably feasable at the present time with almost·all three 

and four spin systems. For the more complicated cases of five or more 

spins, the direct approach may still be possible if the spectrum has 

several peaks well enough resolved to permit the use of double reson-

ance and the instrumentation is available. 

The most practical method at present is to use DECOMP and P$SIGN 

in conjunction with NMRIT and NMREN if possible, because computer time 

is inexpensive compared to experimental time~ The transitions for a 

five or six spin system can be calculated as less than 0.5 minutes so 

that a number of parameters can be tried at little cost. Having a 

:f'a:tr approxima.t:l.on to the experimental spectrum, the lines obtained with 

;r. 
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DECOMP can facilitate obtaining the correct energy levels for the itera-
r·, 

t:i.on. With the greater number of lines from DECOMP the calculation of 

the energy levels is more constrained than in the usual ca.se where a 

number of lines must be left out. Thus ,inconsistencies are shown up 

more readily and.cari be corrected earlier in the analysis. After a 

fevr refinements :in the parameters the transitions may be well enough 

localized, in many cases, to allow. the use of ASSIGN. This will allos 

the determination of all the sets of energy levels • 

. Although the additional methods add considerable complexity to the 

. analysis, their use in the above cases demonstrates that time is saved 

and a more objective and complete analysis results from their use. Com-

puters are continually becoming more available and less expensive to 

us'e while experimental apparatus becomes more complex.· It therefore 

behooves one to continually consider ways to use computers to maximize 

the information obtained from these complex experiments. 

B. Coupling Constants in Four-Membered Rings 

The complete analysis of the above two substituted thietanes pro-

vides an opportunity to compare the effects of.minor structural changes 

on the coupling ~onstants. Unfortunately, the exact structure of 

3-chlorothietane is not knoi{U and the discussion48 will invoke extra

* polation from chlorocyclobutane whose structure has been determined 

21 exactly. Chlorocyclobutane is puckered in its ground vibrational 

state within the equilibrium angle of about 20°. The amount of pucker-

_ing in a ring can be considered to arise from two opposing forces. One 

. is ring. strain which tends to keep the ring planar. The other is a ten&~ncy 

* This appears to be a val-id assumption since it has been pointed out . 
by Prof. W. D. Gwinn62 that. the equilibrium structure for cGclobutane63 
is very close to that recently obtained by Dr. D. 0. Harris 4 for 
trimethylene sulfide. 
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to pucker arising from the preferred staggered configuration of the 

hydrogen atoms o'r other substituted atoms on the adjacent ring carbon ,. 

atoms. In 3-chlorothietane both of these forces are less than in 

chlorocyclobutane. The ring sulfur atom decreases ring strain alloH·ing 

.more puckering; but the loss of one methylene group decreases the ten-

dency toward the staggered configuration. Since we do not know the 

relative sizes of these effects ,.,e have assumed the puckering is roughly 

the same in the two molecules for the subsequent calculations. 

It is impossible to say whether the quasi-axial or the quasi-

equatorial protons account for the large cross ring coupling from the 

present analysis. With the present data it is only possible to compare. 

the results with current theories. 

t The vicinal coupling constants (J
13 

and J
23

) are similar to,those 

fo~d in other four-membered compounds48-5° and are in agreement with 
I 

the usual correlations with dihedral angles, substitution, and bond 

lengths. The geminal coupling constant, however, is more positive than 

those found in other four-membered ring molecules. 48 - 51 The previous 

values ranged from -10 to -17 cps and were feu~~ in subst'ituted cycle-

butanes. The present values were obtained for substituted thietanes and 

are in agreement with the trend predicted by the recent molecular or-
12. 

bital treatment by Pople and Bothner-By. 

Of greatest interest jn these molecules are the long-range coupling 

constants across the ring. One of the cisoid coupling constants is 

especially; unusual in that it is unexpectedly large and positive, 3.1 

cps in the chloride and 2.5 cps in the acetate. The other cisoid and iJ.1 

the transoid coupling constants, -0.48 and -0.75 cps respectively, are 

more nearly the usual sign and magnitud.·e and nearly identical for the 

two molecules. 
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.. 

The bulk of empirical evidence indicates that the configuration in 

which both protons and all of the connecting bonds are nea~~Y coplanar, 

allows an observable coupling constant across four saturated bonds. 

This would indicate that the quasi-equatorial protons account for the 

· large couplin·g, · however, except ions to this rule have been reported . 13' 52 

Perhaps the .best correlat~ons between theory and experimental date 

· for vicinal coupling constants has been made by Karplus .
11 

Again using 

the data for chlorocyclobutane, the dihedral angles between H
3 

and the 

equitorial protons is 28° and the dihedral angle with the axial proton 

is 155°. Karplus' correlations between the dihedral angle ru1d vicinal 

· coupling constant, predice J . = 5-6 cps ~nd J3 = 7 cps. equ1. . ax This 

would indicate that protons 1 and 2, which are coupled by 3 cps, are 

the equitorial protons. 

18 . 
As discussed above, Barfield has made some theoretical calcula-

tions of long range coupling constru1ts across four saturated bonds. 

The calculations follow the method of Karplus, and Barfield has giv~n a 

diagram of long-rru1ge coupling constants as a function of the ru1gle of 

the C-H bond with the plru1e of the three C atoms. 
·~ 

Again using the 

data for chlorocyclobutru1e, the appropriate angles were calculated' and 

the contributions to the coupling due to these angles were taken from 

· Fig.2 in Ba.rrield 's paper~ These calculated contributions are shown 

in Table 14. The calculations predict J 12 to be the largest and 

positive while J45 .is predicted to be small and negative. The transoid 

. constant~; J15 ::= J 24, is predicted to be small and positive. Only the 
I 

trru1soid coupling fails to agree qualitatively with Barfield 1 s theory. 

As Barfield pointed out in his paper, many simplifying assumptions ., 

are made in his calculations. For example, the closure approximation, 

perfect ~:P3 carbon hybrid orbitals, no.hetero atoms in the coupling path 
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and bond lengths equal to those in ethane. Furthermore, the ~ngular 

calculations are based only on the :"indirect" (through bond) contribution 

to the coupling constants. Any "direct" (through space) contribution 

has been neglected·. Using all these approximations, it is notable 

that the above degree of agreement was achieved. This limited agreement 

with theory is encouraging and with the improved methods for analysis, 

a number of molecules.in this and similar series can be easily analyzed, 

resulting either in .verification or in modification of the theoretical 

approach. 

I . 
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'l'ahlc 1. 

Frequencies uncl Intens:i.tics Obto.incd by Decomposition 

of a Supe1·posi tion of. PcD.ks from T\·to Spectra 

... ________________ ... __________________________ . ________________ _ 
- ·-------------·----------------------------------------------------

Dccomposi tion l-ri th DiGital Stancla.:cd l'cak . Decomposition vlith Lorent~ Shape Peak 
.. 

Spe~tr.:_~_! Spectr~~ §Ee<::_~~um 1 
. . 

s~.E:~ruJ~ 2 
~ 

Frc9..ucncy( cps) :cnt~nsi ty !'_!'equeJ~~f(cps) Tntens it:'[ Fre_g~~nc~( cps) I_nt_ensi_-t:-_~ !!~g-~cy( cps) .!_ntens it:~ 
~----------- ----~---·----· 10.063 · .· o. 9ol~ 19.063 0.-925 10.063 0.920 10.063 0.921 

8.712 o.86o 8.7211 0.913 8.673 1.1'{6 8.685 ]_, 331~ 

8.529 1.830 8.578 0.933 8.508 ?·096 8.7311 -0. JJ!2 

8.ll3tl 2-291 8 .. llr{8 2.18o 8.503 1.789 8.536. 1.86o 
' ' . 

:. 8. 3tl9 0.828 .8.391~. 1.656 8.328 0.511. 8.1120 2.851 
- -/ .. 

7·8!39 . 2.356 7.889; 2.361 7:873 2.581 . 7·891 •. 2.3'77 . . 
'{.150 1;536 7·153 1.621! 7.123 1.38o 'f.ll19 ]_, 531 . . . 
6.8J-5 J .• oo6 6.791 1.1107 6.Tf8 1.534 6. '781~ . ]_,1t79 

·-6.683 1.1156' 6.663 1.01:6 6.618 1.329 6.6112 1.0S3,; 

6.368 l.Tf9 6. 356 .. ]_, 7119 6.293 1.661 6.31:8 )..68() . 
,: 9'.i 5 0.512 5·9111 0.5'75 5·833 o, 53r{ 5.HS!1 0.539 
:>· J 

. . 
5.G;;5 0 6!•':1 5-662 0.)80 5.61J8 0.1;86 5• 6r{b o.l;S·r • 1J 

., 

===-==~~!"''• ··---=~====--=--=--==---~-====---====--===·-===-~~========--=:_--:-=:·:::--==-===:::::..--:_ ... :=:::.-::--= . 
. ,, 

,., 

I 
0'\ 
0'\ 
I 

--.~---..... -..:-:::;:_-.;·,.·:·..-::.:::--~;:;;·-:·-~··:-·:-·----~·~--·---..-~-----.----~--- ... --,__~--·------------------- - ----------:::-·------- ----···· ----· -----~--~-----------.--~- ... --~.,.,_-........... ,.:""""-"'"_ .... ~ ...... -.. 
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Table 2. { ~ . . 

i 

AlGorithm tor .~C·Casc 

Type Energy Level Freq_ue::;.cy 
Upper Lo\.,.er Cneck 

~ (A) , . 2 .. ..l.. ..... 
2 (3) 1 3 
3. (C) ·-1 4 
3 (C) 2 6 
1 (A) !.;. 6 . -· ... - .. 1 
3 (c) . 3 5 
2 .(3) 4 5 1 
1 (A) 5 8 .. 
2 (3) 6 8 1 
2 (3) 2 7 
1 ( f· \ 

..., 
7 ·• ·.1 .r .. j ;) 

3 (c) -7 
.... -o 1 

4 (D) -4 -7 l 
I (D) -3 ..:.6 1 J.l. ' 
4 (D) -2 -5 l 

Sum of Intensities 

3· 
·1 . 
1. 
1 -· 

-J... ., -.J..· 
-1~ 

... 
-;) .. ·-" 

··. ..,· 

. ·. 
. . 
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Table 3. Basic S~~etry }unctions for Four Nuclei A2B~ 

Energy Level Function Basic Synunetry Function 

1 . s2 .. ' (JJ:1I:J.I:L 

1 
13a.a.a.) 2 lS -(a.f3aa. + 1 .. 

.f2 

4 1 
+ aa.13a.) 281 - (a.a.a.13 

" [2 . 

11 . , lS {3(3aa. ' 
. ,. 0 : · . 

. : . ; ~ ·, ' . .. ... 
6 .. 2S . aa.{3(3 

0 

8 ~(a.13a.l3 
. ' 

13a.J3a.) .• 38 
' .. 

- a.1313a. - 13aa.l3 + 
: 0 ~· _. 

9 ·4s !( a.(30,(3 + a.(3{3a. + {3aa.(3 + {3a.13a.) 
0 

; 
1 l 12 lS -1 . -( a.(3(3(3 + f3a.f313) 

.f2 . 

14 
1 . 

13f3f3a.) 2S -1 Tc f3(3a.(3 + 
2 . 

16 ... .. s 
-2 {3(3(3(3 . 

·~ 

3 1a1 . 
1 

(3a.a.a.) -(a.l3aa. -
.f2 . ' 

,. 

I .· 1 
5 

'. 

.·2a
1 rc aa.(3a. - . aa.(3a.) 

2 . 

7 la t(a.f3a.(3 - a.f3(3a. + {3aa.(3 (3a,{3a.) 
0 . 

10 2a ' t(a.f3a.f3 + a.(3{3a. - {3aa.{3 (3a.{3a.) 
0 

13 · · la ' 1 
(3a.f3{3) ~. -1. TCa.f3(3(3 . 2 

;, 

15 . _2a_1 , 
1 

(3f3f3a.) -(f3(3a.(3 -
[2 
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Transition 

No. Type 

l l 

2 l 

3 l 

4 l 

5 2 

6 '2 

7 -2 

8 -2 

9* 2 
I 

10 ; l 

11 \1 . 
I 

12 2 

13 l 

14 2 
15 2 

.·16 2 

17 l 

18 l 

19 l 

20 2 

21 2 

22 1 

23 l 

24 2 

* 

Table 4. Algorithm for Four Spins A
2

B
2 

Using 

. Two Transition Types; l(A) and 2(B). 

Energy Level Freq_uency Check 

I . • 

Upper Lmrer 

3 7 
-3 10 

7 
10 

7 
10 

5 

-5 
l 

-1 

2 

4 
2 

·4 

8 

9 
-8 

-9 
12 

14 
-2 

. -6 
-4 

-11· 

15 

-15 

13 

-13 

-7 
-10 

2 

4 

8 

8 

9 

9 

12 

. 12 

14 
14 
16 

-16 

6 

-12 

ll 

-14 

l 

l 

l 

(' . 

1 

l 

....... : ·~ l 

1 

l 

1 

1 

The algorithm may be used in t1-.ro parts; lines l - 8 are the anitsym-
metric transitions, lines 9 - 24 are symmetric transistion. Symmetric 

transit ion numbers would then be g:i.n i·ri th 1 rather than 9 . 

f. 
I 
I 

l 
I 
I 

! 
f 

I 
i. 
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Table 5. Input Data for Double Resonance Exper:iJnent l·rith ABC Case 

Showing Ranges of Nuclei lvith Common Energy Levels. 

Line No. Obs .Freq. Obs. Int. Lines with Common Energy Levels 

1 -10.600 0.016 3 3 5 5 6 6 8 8 9 9 15 15 
. 2 -0. 0.319 4 4 5 5 9 9 13 13 14 14 -0 -0 

3 :3-960 0.231 1 1 4 4 5 : 5 11 11 12 '12 15 15; 

4 11.020 o.o62 2 2 3 3 9 9 11 11 12 12 -0 -0 

5 14.990 0.940 '1 1 2 2 3 3 .. 13 13 14 14 15 15 

'6 15.930 . 0.243 1' 1 8 8 9 .9 10 10 11 11 13 . 13 

7 .. 19.890 . 2.618 8 8 10 10 12 12 14 14 15 15 -0 -0 

8 21.780 3.330 1 1 6 6 7 7 9 9 12 12 14 14 

9 25.590 2.589 1 1 2 2 4 4 6 6 8 8 -0 -0 
I 

10 25.740 ' 0.180 6 6 7 7 11 11 13 ·13 .15 15 -0 -0 
-.::] 
0 
I 

11 30.490 0.655 3 3 4 4 .6 6 10 10 12 12 13 . 13 

12 36.340 0.205 3 3 4 4 7 7 8 8 11 11 14 14 

13 41.520 0.281 2 2' 5 5 '6 6 ~ 10 10 11 11 14 14 

14 47.370 0.083 
.. , 

2 2 5 5 7 7 8 8 12 12 13 13 
\ 

15 52.220 0.202 1 1 3 3 5. 5 7 7 10 10 -0 -0 

.. 
Line 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

LX( I) -0 -0 -0 -0 -0 -0 -0 -0 -0 -0 -0 -0 -0 -0 -0 ..... 
•.' 



., ·t 

_~:· .. 

Table 5. (Continued) 

The range of nucleus l is l - 10 _ _....~ ..... ·---:-

The range of nucleus 2 is l - 15 

The range of nucleus 3 is 5 - 15 

The range of nucleus 4 is l - 15. 

Uncertainty in fre~uency = 0.100, in intensity = 0.500 . -
Values for intensity sum rules 

Energy Level l 2 3 4 5 

Sum of intensities 3.00 1.00 1.00 1.00 -1.00 

. '· 

·-o:>·' 
' 

6 7 
-1.00 -1.00 

.. 

8 

-3.00 

... 

. "~· ~ 

I 
--.l 
1-' 
I 
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.. 

\ Table 6. 
' 

3-Chlorothietane: Average DECOJ:v!P Values of' T\·:o Spectra 

Line ~ · F~ecr~e::1cy (C:IJS) . !nte::si.ty. 

l ...,-?6 l·-=-o -.)- •'7..) 0.734 
2 -318.750 0.757 
..., -318.49'""( 0.919 .) 

4' -317.8So 0.343 
5 --~r- 72'"' -.).Lv· 0 0-915 
6 -310.856 0.5)51 ,.., -309-776 0.683 l 

8 -309.619 1 0i..., -·--.) 
9 -309.445 1-303 

10 -309-317 0.605 
'1 - ')0:-; '"~"9 

.. 
..:.....!..·~ -...; \..le:J\..1 1.117 
12 -302.091 1.031 ' 

. 
i~ -301-383 1-273 -..J 

I· l!.;. -300.909 ~ , 1.:. ~ 
.!.•-·..!.. 

' .L;:i -299-969 1.243 _,.. 
-292.650 1.272 ' .LO 

.., 17 -231.010. o. 38'? 
-"' ..!..0 -230-754 0.405 
19 -229.907 1.431 
20 -229.225 1·530 
22. -228.045 1-117 
22 -227.411 1.039 
23 -222.1.;.1:.6 1.629 
24 -222.'065 .,. 1.535 '·. 9- -221-548 0-332. -) 

26 -221.342 . o. ~-37 
27 -220.645. . 1.648 
23 -220.532 1-906 
29 -220.425 ... 1.748 
30 -220.255 2-237 
:)"I -219.413 1.199 ..J~ 

32 -219-357 0.752 
'33 -218.926 1.268 
34 -218.545 1.210 
35 -212.936 l-314 
36 -212.813 1.485 .r-: 
37 -211.737 2.524 ~- . 

38 -211.042 . ; ., ~.~1 .,!...co:_;. 
39 -210.945 l-9l9 40 .-209.837 

,, 
l-038 41 -207.S03 0.932 42 -2Y(.643 1.209 

43 -206.710 2.66~ .... 

. . 

.· 
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' ;\ ~ .. 
(-- .i 

\ 

. \ 
' •·. 

.. 

,. .: , ... ~ 
.u.:..,~,.~ 

l,l, .... ~ 
45 
~.6 
47 
48 
49 
50 
51 
52 
-':) 
)__. _, 
):..;. 

55 
----)0 

57 
58. 
59 
60 

. 61 
62 
63 
6L, 

.' 

/ 

. 

.• 

'; 

.. 

. ' 
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I 

T~"u:3 6 ( "'o""J . ..; .,.,ued.) V ••v-~! 

r:cequer.cy ( cp.s )' I~~C:13ity 

-205. J:-57 2. s-6J. 
-2Cl: .. 835 l-735 
-2o4.So4 ~-929 
-200.639 0.233 

r' 

-199-225 0.93o 
-199-054 1.854 

. -193. 97).~ 2.102 
-193.858 ·· 0 c61 '/-

-198.370 2-377 
-~97.611 1 l.:.o? -· . ..;-
-197-252 l.l.;jl 

-~97-080 1-309 
-196. '(40 1.632 ·. 
-296.255 0.523 

,_. 

·-196.073 . 0.537 
_;a• 70? -;;-· •/- 0.947 
-190.532 0.642 
-180 610 - ./' - 1- 09t;.. 
-189.305 1.080 
18° 7-:JO -- v. _; o.412 

-187.952 0.384 

.' 

'. 

,I 
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Table 7. Basic Syrmnetry Functions for Five Nuclei A2B2X 

Energy Level Function Basic Symmetry Function 

1 85/2 aa.r:t.aJ:1-

2 183/2 ' CJ.fJ,.Cf.Cf.,l3 

4 
·1 

' 283/2 - ( 0:.13a.a.a. + (3a.a.a.a.) 
1'2 . 

1 
5 . 383/2 ---( a.a.a.l3a- + a.a,f3a.a,) 

f2 . . 

7 181/2 . 13 13a.a.a. 

.9 . 281/2 a.a.l313a-

. 11 381/2 l/2(a-13a-13a- - a-1313a.a. - 13a.a.f3a- + 13a-13aa) 
I 

. ~ 

' 12' 
i ~sl/2 l/2(a-13~13~ + ~1313a.a. + 13a.a.l3~ + 13~i3a.a.) . 

14 1 
581/2 -( ~i3a.a.l3 + 13a.a.a.f3) 

[2 . 

16 681/2 
. 1 
. -( a.a.a.l3 13 + a.a.l3~13) 

I2 · 

17 ' 18 :..1/2 1313a.a.l3 .,.~.., 

18 28' a.a,f3 f3 13 . -1/2 .. 
21 ~ ,38 -l/2 l/2(~13a-1313 ~ a-~13~13 f3a.a,f3f3 + f3~f3~f3) 

~'.' 

22 48-1/2 1/2(~13~1313 + ~13!3~13 + f3a.a,f3f3 +.f3a.f3a,f3) 
i 

.. 1 23· .. .58_1/2 ---(~f3f3f3~ + 13~1313~) 
1"2 . 

26. . 68-1/2 
1 . 

-(!313~!3~ + 13f313a.a.) 1"2 . . 
: 

27 ·18-3/2 . f3 f3 13 f3o_ 
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·Table 7. (Continued) ·c· 

Energy Level . Function Basic Symmetry Function 

29 28
-3/2. _l_c~~~~~ + ~~s~s) 

.f2 . 

1 . 
31 .· 3S -3/2 ---C~~~~s + sss~~) 

.f2 

32 8-5/2 ~ssss · 
•. 

.3 la3/2 
1 

.r2 c~f3aa.a. ~ s~) 

6 .~: 2a3/2 
1 ' 

-Caa.a.s~ - a.af3~) 
.f2 

s· lal/2 _l_C~s~s - Saaaf3) 
12 

1 
110 2a1/2 -( ao:.a.!3 s - ~13~!3 ) 

.f2 . 

. 13 3al/2 . l/2(~~~s~ - af3S~ + f3~s~ '- f3~S~) 

15 4a1/2 1/2(ai3~s~+ ~!3!3~ - Saa.f3~ - s~.saa.) 

19 1a_~/2 1/2(af3~ss - af3SaS + f3a.af3f3 ~ !3~!3~!3) 

20 2a~1/2 1/2(af3~!3s + ~Sf3af3 ;.. Sa.a!3!3 - f3aSaf3) 

24 3a_1/2 
1 

---(af3SS~ - f3a!3!3~) 
.f2 

25 · ·. 4a · ~(f3!3af3a -.f3f3!3a.a) ... -1/2 .f2 . . ,· ; .·. . ' 

28 la_3/2 ~(a!3f3!3f3 - !3a!3Sf3) 
.f2 .. ·· . 

3o 
. 1 . . . 

2a_3/2: .. . -( ~f3~~f3 - Sf3~af3) . 
.f2 . 

~ 



Table 8. Algorithm for 3-Chlorothietane Using 
Three Types of Transitions r·. 

. a) symffietric Transitions 

Transition Energy Level Freq_uency Transition Energy Level Freq_uency 
No. Type Upper · Lovrer Check No. ·Type Upper LoHer Check 

1 1 1 4 0 -I 
21 1 18 27 1 

2 3. 1 2 0 22 2 23 31 0 

3 2 . ~i. 5' 0 23 1 26 31 1 

.4 3 4 7 o. 24 2 20. 30 0 

5 1 2 'r 1 25 2 18 30 1 

6 2 ·- -2 9 0 26 1 -7 17 0 

7 3 5· 9 1 27 2 17 27 1 

8 2 4 12 0 28 2 -9 22 0 

9 1 5 12 1 29 1 22 30 1 

. 10 2 . 4 14 0 30 1 -4 11 0 
i 

11: 
I 

1 5 14 1 31 2 11' 23 1 

12 ·, 
' 

1 12 23 0 32 2 -5 16 0 

13 '1 14 23 1 33 1 16 . 26 1 

14 2 7 20 0 34 2 27 32 0 
I. 15 1 9 20 1 35 3 -31. 32 1 I 

I 
16 ! 2 7 18 0 36 1 30 -32 1 

I 
I 

17 1 9 ;18 1 37 3-"' -23 -27 1 I 
I ·-. 

! 
18 2 12 26 0 38 3 -26 -30 1 

1 19 2 14 26 1 39 3 11 17 1 
l 
l 20 1 20 27 0 40 '3 ·. 16 22 1 
j 
l 
l 
l 

l 
l 
! 

j 
1 

l 
.if' 



' .: 

Transition 
No. Type 

1 2 

2 2 

3 3 

4 2 

5 2 

6 -1 

T . -1 ' 

8 3 

9 "1 

10 1 

11 1 
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Table 8. Algorithm for 3-Chlorothietane 
Using Three Types of Transitions ,. · 

b) Antisymmetric Transitions 

Energy Level Fre~uency 
Upper .Lower Check 

6 ' 13 -0 

6 15 -0 

-6 10 -0 

13 24 -0 

15 24 1 

3. 13 -0 

3 15 1 

-3 8 -0 

13 25 -0 

15 25 1 

15 25 i 

.. 
Transition Energy Level 
No . : Type Upper Lover 

12 3 -13 19 

13 2. 10 19 

14 1 8 21 

15 3 -15 21 

16 2· -10 21 

17 2 19 28 

18 2 21 28 

19 1 -19 29 

20 "1 -21 29 

21 3 -24 -28 

22 3 -25 -29 

Freg_uency 
Check 

1 

1 

-0 

1 

1 

-0 

1 

-0 

1 

1 

1 
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Table 9. Algorithm for 3-Chlorothietane 
Using Ten Types of Transitions ('-

a) Syw~etric Transitions 

Tra.'1s it ion Energy Level Freq_uency Tr&"1S it ion Energy Level Freq_uency 
No. Type Upper Lower Check No. Type Uppe.r Lmrer Check 

1· 7 1 '4 0 21 7 18 27 1 

2 5 1 2 0 22 10 23 31. 0 

3 9 -1 5 0 23 8 26 31' 1 

4 4 4 7 0. 24 ·8 20 30 0 

5 6 .2 7 1 25 9 18. 30 1 

6 8 -2 9 0 26 6 -7 17 0 
.7 4 5 9 1 27 9 17 27 1 

8 10. 4 12 o· 28 8 -9 22 0 

9 8 5 12 1 29 7 22 30 1 

10- 9 4 14 0 30 7 -4 11 0 

11 7 5 14 1 31 10 11 23 1 

12 7 12 23 0 32 9 05 16 0 

13 8 14 23 1 33 8 16 26 1 

14 9 7 20 0 34 9 27 32 0 

15 7 9 20 1 35 1 ;..31 32 1 

16 8 7 18 0 36 7 30 ... -32 1 

17 6· 9 18 1 37 2 :~. -23 -27 1 

. 18 10 12 26. 0 38 2 -26 -30 1 

19 9 14 26 1 39 3 11 17 1 

20 6 20 27 0 40 3 16 22 1 



.• :'<. 
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Table 9. Algorithm for 3-Chlorothietane 
Using Ten Types of Transitions :· 

b) Antisymmetric Transitions .. 

Transition Energy Level Fre~uency 

·.No. Type Upper Lower .Check 
Transition Energy Level Fre~uency 

No. Type Upper Lower Check 

1 7 6 13 -0 12 3 -13 19 1 

2 8 6' 15 -0 13 6 10 19 1 

3 4 -6 10 -0 14 .. 9· 8. 21 -0 

4 . 8 . 13 24 -0 15 3 -15 21 1 

5 7 15 24 1 16 7 -10 21 1 

6 .-9 3 13 -0 17 7 19 28 -0 

7 -10 3 15 1 18 6 21 28 1 

8 4 -3 8 -0 19 9 -19 29 -0 

9 10 . 13 25 -0 20 8 -21 29 1 

10 9 15 25 1. 21 2 -24 -28 1 

11 8 8 19 -0 22 2.~ -25 -29 1 

·.:r. 

~ .. , . 
. ~_·f~·:t 
·~?· · .. 

• '. !. ... 
\."' 

•': , .. · .. 

. ' ·. 

'. ' .... 
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, .. 
':'able 10 

,. 

' . 
.~s s ig:--~~ent 1 

I{o. E!!e~z:'!r ·Level (cps) Energy Level (cps)' 

- -563.732 -569-932 -570.037 
2 -276.137 -27?.401 -277.672 
3 -3!_;.7. 827 -31.;6~567 -3i.~7· Ol2 
' -3i.;.3. 2)·i2 -349.407 -31~9· 039 
5 -370. ~-15. ,. 

-372.639 0 

-37l.l~: ~- -371-247 ·• -37l. 5!~.2 -372..857 
7 -L~6.l85 \- ., ~"'"o 

-<-;.) • ..!..0~ -45.533 
0 -46.485 
9 -'69. 473 

-47.5l~o -46.8co ./ ./ . 
-70'. 764 -70.332 

10 -72.665 -71. l;.i.~1 -72..867 
ll -127.777 -123.890 -2.23.509 
12 -151.029 -2.!~·9· 841.~ ~ =o ')'~"' --,~ ._oo 
13 -151.078 -l5o.2.i6 -149. 97l.~ 
l~ -159.472 -153.483 -J.58. 290 
l5 ..;l59-242 
:.6 -17.:.41.;3 
17 i83.055 

'J..3 J..58.632 
19 152-350 
20. li.;.9.873 
21 149-780 
22 136.893 
'.)":/ .~- •:) ,. 
~..; o..:...v90 
·24 . 52. 'l33 
25 40.779 
rJ' 39· 566 .::~·-; 

27 ..,,..,o ,._, 
.;>0 .• 0:;10 

28 3T(. 232 
'.:lei -.-7 ---

• -, .)),•))) 

30 357-.494 
..... ~ 251.267 :)..,;.,. 

32 577-728 

-l58.619 -159-083 
-172.613 -172.050 
13::..797 1o2. L:05 
159.602. 

·~ 
2.59-1?2 

=-59·702 159·392 
.15l.337 152..623 
2.50.975 150 .. 572 
135·733 136·371 
60.761 ...... 91.041 

. 59·960 59·5l4 
41.985 41. 5l;O 
38.329 38.757 

'• 
379· 349 379·793 
3?8.1,56 378.030 
353.7l5 353.289 
3_56. 362 356.729 
250.095 250.232 
576.581 576.284 

.. ~ .. 

.. 

. · 



\ 
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'l'c: . ."!J1e J.D (Continued.) 

. . . ·X· 
S~ift (cps) 

1 .-:..99·036 -199· Oi~O -199.123 
2 ., """"' 0"~~"" -199· 0~~0 -2.99-123 - ..... ';;';J • .) 0 -. -303.730 -303. 1'77 -303.724 .) 

4 -219.222 f)" c '">21"' -22.9·753 -._J.:;J.b o 

5 ""9 °22 -c.:. .v ':)"1() 826 -- .... _,. -219·753 

?·Zo. Couplin:; Cor.st~nJ.;;. (cps)" Cou:plir..:; Constant• (cps) Coupling Constant ( c:ps) 

12 3-116 o.6o6 
~-. 
.;...) 7-670 7 .. 723 
14 -8.633 .-8.633 
15 -0.75l -0.537 
23 7.0'(0 r( • ?23 
t;:>l· _...,. -0.751 -0.587 
25 -8.533 -8.633 •. 
-.~I 9-343 9 .... ,,, 

'.)'"r •.)'""-"-

35 9-343 9· 3l~l 
45 -0.482 -3.006 

.. , 

S·,- o-=: . 
""'" 

S~uares cf 
?.es:;.c::.lcls .0096 .2023 

· c::c~ical s!'l.ifts.o.re r:J.edsured. at 60 me relative J.;;o ~~:s . 

.. 

1.119. 
7.613. 

-8.931 
..:1. 051 
7-6l3 

-2..05l 
-8.931 
9-350 
9-350 

-2.585 

1.5064 

·. 
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Table 11. 3-Chlorothietane; Lines i·rith Common 
Energy Levels, Obtained 1-rith Double ~

Resonance Experiments. 

Line Lines with co~~on energy levels 

1 

4 

5 

6 

11 

12 

15 

16 

. 59 

1 

16 

., . 

; 

27-30 

27-30 

41-42 

20-20 

(27-30) 

19-20 

(17-18) 

(17-22) 

( 5-5 ) 

27-30 

(17-22) 

(37-40)* 

(29-32) 

(47-47) 

{27 -30) 

38-39 

(20-22) 

(23-24) 

27-30 

(25-26) 

(37-40) 

27-30 

54-56 

37-37 

59-59 

(53-55) 

43-44 

43-44 

(35-36) 

(42-46) 

40-40 

b 

54-56 

(42-46) 

(61-64) 

(38-39) 

59-62 

( 48-52) 

(45-46) 

52-55 

52-55 

47-48 

( 61-64 )~-

52-52 

* Parentheses indicate a peak, i.e., 6 M = 2. 
z 

41-44 

53-56 

(58-58) 

(60-62) 

,.· ... 



• 
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Table 12. 3-Chlorothietane: Algorithm Used vith Double 
Resonance Information From Lines 1 and 16. 

Transition Energy Level 

No. Type Upper Lower 

1 . 5 

2 11 

3 12 

4 13 

5 4 

6 ' ' 14 

7 4 
8 9 
9 7 

10' 8 

11 6 

12 7 

13 6 
14 9 

15' 8 
16 15 
17 16 

18 -1 

19 -17 

20 -2 

21 -18 

22 -2 

23 7 
. 24 10 

25 9 
' 26 7 

27 10 

28 8 

29 9 

30 8 

31 3 
32 6 

1' 

1 

-1' 

2. 

4 

-2 . 

5 

7 

9 

7 

9 
18 

20 

18 

20 

27 

30 

31 

23 

23 
26 

26 

4 

11 

4 

5 
-4 

5 

-5 
16 

-11 
-~( 

2' 

5 
~-

7 
'7 

9 
9 

20 

20 

18 

18 

27 

27 

30 

30 

32 

32 

-32 

31 

27 

'31 

30 

'11 

23 
12 

12 

14 

ll.~ 

16 

26 

17 
17 

Frequency 
Check 

-0 

-0 

-0 

-0 

1 

-0 

1 

-0 

1 

-0 

1 

-0 

1 

-0 

1 

-0 

1 

-0 

-0 

1 

-0 

1 

-0 

1 

-0 

1 

-0 

1 

-0 

1 

-0 

1 

- { . . 

Transition 

No. Type 

9 

3 

35 8 

36 10 

37 7 

38 3 

39 9 
4o 3 

41 8 

42 7 
43 4 

En8re;y Level 

Upper L01ver 

-17 

12 

12 

-12 

14 

14 

-11.~ 

-16 

-9 
-22 

3 

-27 

-18 

23 
26 

-23 
-20 

-26 

22 

22 

-30 

8 

44 10 ' 3 15 

45 9 -3 13 

46 3 15 21 

47 9 8 21 

48 . 8 -8 19 

49 3 13 19 

50 -7 6 ' 13 

51 -8 . 6· 15 

52 4 -6 10 

53 6 10 19 

54 ' 7 -10 21 

55 7 ' 19 28 

56 6 21 28 

57 -2 24 -28 

58 8 13 . 24 

59 . 7 ' 15 -24 
.; ,•' 

60 10 -13 25 

61 9 .-15 25 

62 2 ' -25 29 

63 ' 9 
64 8 

-19 
-21 

29. 
-29 

Frequency 
Check 

1 

1 

1 

1 

1 

1 

.1 

-0 

'1 

1 

-0 

-0 

-0 

-0 

1 

-0 

1 

-0 

1 

'-0 

1 

1 

-0 

1 

-0 

1 

1 

-0 

1· 

-0 

1 

1 
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Table 13. 3-Thietanyl Acetate: Line Positions 
and Intensities Obtained by DECOHP ,· 

. Line No. Obs. Freq_. Obs. Int. Line No. Obs. Freq_ . Obs. Int. 

1 -350.690 0.903 r ' ;31 . -205.639 1.636 
2 -343.023 1.333 ~ 32 -202.969 1. 7l+2 

3 -3~-2.877 0.991 ~ 33 -202.632 1.591 II 
-4 -342.720 0.519 ~ 34 . -202.169 3.443 u 

5 -342.345 . 0.903 ~ 35 -201.892 2.764 

6 -335.059 1.058 I 36 -200.960 1.337 
t 

:7 -335.057 0.896. 37 -200.772 1.604 

8 -335.037 1.460 38 -199.089 1.377 

9 -334.967 0.744 39 -199.808 3.145 
10 -334.955 1.035 40 . -199.011 1.781 
11 -334.849 0.976 41 -198.605 3-791 
12 -327 ·372 1.073 42 -198.722 0)+91 

I 

'13 -327.274 0.499 43 -197-722 1.24·9 
14. -327.066 1.644 44 -195.462 1.813 

15 -326.563 1.035 45 -194.384 3.484 
16 -319.170 0.737 46 -194.298 1.943 
17 -217.090 0.487 47 -194.033 2.611 
18 -216.600 0.712 48 -193.865 0.495 
19 -215-752 0.951 49 -193 -331' 0.615 
20 -215.394 0.386 . 50 -193.:167 1.740 
21 -214.505 . 0.531 51- -192.964 0.659 
22 -208.981 0.385 52 -192.786 1.492 
23 -208.699 0.368 53 -192.198 0.841 
24 -203-505 0.725 54 -191.801 0.188 
25 -208.303 1.954 55 -191-721 0.100 
2() -207.860 2.053 56 -186.482 ci. 500 
27 -206.962 2.671 57 -184.975 0.942 
28 -206.827 1.223 58 -184.292 0.237. 
29 -206.657 3-133 59 -183.800 0.375 
30 -206.199 1.677 

.: ;,;; 
·' . 
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Table 14 
.(" .. 

.T.~eorctical Contributions to Long-Range Coupling Constant3 

·X .. 
·4I · \ ?ath ·Dihedral .A .. ·1gle ,\ 

J"'.;"'.:" ( c ... ) \', 

,j-.... p..;. 
¢' . ¢: 1 ;) 

.';. c '•· .:-..~C c6 n 2 ..:.. a. . a. 
.140° 220° +0.7 

.. c sc ..... 230° 130° +0.5 .... , 1"12 ..... a. a. 

·· c c c' .. .r-..4 a. i3 0..:•5 285° .75° -0.2 

".)' c sc , .. 
.. L~ c. c.H5 100° 260° -0.2 

"-' C C c"·· 140° 75° .+0. 3 ··~ i3 ""5 ..1. c. ' c. 
":.:" c ~c".: "1 a."' c.""5 230° 260° +0."2 

":.:" c c c't: 285° 220° +0.3 ""4 i3 •• 2 . c. ' c. 
.. c sc ..... 100° 130° +0.2 ""4 n2 ' c. c. 

is the dihedral angle ~easured clockwise from the C.-C -C' (C -S-C"\ 
~ i3. c. c. c.~ 

plane to the C -H
1

(H1 ) 
0:. 4 

bond. Similarly ·¢3 is measured clocki.;ise fro~ 

the C -C.B -C" 
0:. c. (C -S-C") 

0:. 0:. 
:plane to the c~-H2 (H5 ) bond.. 

., 

' ' .. 
·' 
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Table 15. Basic Functions for Six Nuclei A Bh 
2 ' 

A2 

Spin Sym.11etry Function 

l A1 (JJ:L 

0 A1 1/ 1"2 (a.~ + ~a,) 

B2 1/ .f2 (a,~ - ~a,) 

-1 ~ ~~ 

B4 

2 Al QJ:i.fJ..a, 

ir A1 ~(~aaa. + a.~a.a. + aa~a. + aaa.~) 

A2 ~(~aaa. - a.~a.a. + aa~a. - a.a.a.~) 

B1 ~(~aaa. + a,~a,a, - a,a,~a, - a,a,a,~) 

B2. ~(~aaa. - a,~a,a, - a,a,~a, + a,a,a,~) 

0 A1 
1 11 .f 2 ( a.~ ~a. + ~a.a.~ ) 

A2 
1 . 1/ J"2(~~a,a, + a,a,~~-) 

~ 1/ .f2( ~a,~a, + a,~a,~) 

A2 1/ j"2( pa,~a, - a,~a,~) 

1/ j"2( ~~a,a, - a,a,~~) • B1 

B2 1/ .f2( a,f3(3a, - (3a.a.(3) 

-1 A1 !(a.~~~ + ~a.~!3 + ~~a.!3 + ~~~a,) " 

A2 !(a.!3!3~ - ~a.!3!3 + !3!3a.!3 - !3~~a,) . 
B1 !(a.~!3!3 + !3a.f3!3 - !3!3a.!3 - f3~f3a,) 

.tr;. B2 !(a.~f3!3 - f3a,~~ a, ppa,~ + ~f3f3a,) 

-2 A1 ~~~!3 



-87-

Table 16. S:ymmetries and Spins of a System of Six Nuclei A2B4 
(" 

Energy Level Spin Symmetry Energy Level Spin Syrnmetry 
B, A B A B, A B A 

1· 1,2 A1 X Al:: A1 
24 A

1 
X A2 = A

2 

2 ,1,1 A
1 

X A
1
= A

1 25 A1 X B
1 

= B1 

3 A
1 

X A2= A
2 

26 A
1 

X B2 = B2 

4 Ai X B1= B1 27 :)..,-1 A
1

XA
1

=A
1 

5 A
1 

X B2= B2 28 A
1

XA2 =A
2 

6 0,2 A
1 

X A1= A
1 29 A

1 
X B

1 
= B

1 

7 B2 X Al= B21 30 A1 X B2 = B2 

8 0,1 31 o,o 1 
A1 X A1= A1 ; A1 X A1 =. A1 

9 B2 X B2= A1 32 
2 

A1 . X A1 = A1 

10 A1 X A2= A2 33 o,o 3 A1 XA1 =A
1 

11 B2 :;\ Bl= A2 34 . B2 X B2 = A1 

12 A1 X B1= B1 35 .A1 X A2 = A2 

13 B2 X A2= B1 36 B2 X B1 = A2 

14 A2 X B2= B2 37 ' A1 X B1 = B1 -~ 

15 B2 X A1= B2 38 B2 X A2 = B
1 

16 1,0. 1 
A1 X A1= A

1 39 A
1 

X B2 = B
2 

17 
2 

40 1 
'' A1 X A

1
= A

1 B2 X A
1 

= B
2 J~ 

18 
3 . 

A1 X A1= A
1 41 

2 
B2 X A

1 
= B

2 

19 A1 X A2= A2 42 3 B2 X A
1 

= B
2 't· 

20 A1 X B1= B1 
. 43 .. 0,-1 A

1 
X A

1
·= A

1 
.., 21 A1 X B2= B2 44 . B2 XB2 = A1 

22 -1,2 A1 X A1= A
1 45 A

1 
X A

2 
= A

2 
;~ .. · 

A
1 

X A
1
= 'A

1 46 
·' 

'. 23 -1,1 B
2 

X B
1 

= A
2 

........ . ......... . .. ::' 'i" .· .: ... ~ ,} .: ..... : ... : . . . ... .............. . ., :.·.:· 



Energy Level Spin 
B, A 

47 

48 

49 

50 

51 -1,0 

52 

53 

54 

55 

<;"'Q -ov-

Table 16. (Continued) 

S)'rnrnetry Energy Level 
B A 

A
1 

X B1= B
1 .. 56 

B2 X A2= B1 57 

B2 X A1= B2 58 

A
1 

X B2= B2 59 

1 
60 . Al X Al= All 

2 
61 . A1 X A1= A

1 

3 
Al X A1= A1 

62. 

A
1 

X A2= A2 63 

A1 X B1= B1 
64 

,. 

Spin Syrrm1etry 
B, A B A 

A
1 

X B
2 

= B2 

1,-2 A1 X A1 = A1 

-1,-l A
1 

X A1 = A1 

A
1

XA
2

=A2 

A
1 

X B
1 

= B
1 

A
1 

X B
2 

= B
2 

0,-2 A
1 

X A
1 

= .A
1 

B2 X A
1 

= B
2 

-1,-2 A
1 

X A
1 

= A
1 
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Table 17. A
1 

Basic Symmetry Functions for Six Nuclei A2B4 

Energy 
Level 

1 

·2 

6 

8 

9 
16 

17 

18 

22 

23 
I 

27; 

3J.:'·, 

32 

33 

34 

43 

44 

51 

52 

53 

57 

58 
b2 

64 

~~n Basic Symmetry Function 

1,2 ( 00001J!); ) 

1,1 ~ ( 00[300n+OOJ:X(300+ao:o:a{3o:-tOOOOO:f3 ) 

0, 2: ·, . 1j.J2 ( CX(30Ct00+(3aaa00) 

0, l l j2.f2 ( CXf3(3C:ta(X+CX(3CX(300+CXf300f3CX+exi300J:X(3+f3CX(30.00+f300f3CdJ!CH~+erooof3 ) 
o, 1 1/2!2 (o;f3~-0'.(3CX(300-<:Xpxxf3CX+cx(3QQ'a(3-(3CX(30.00+(3a0;'300:+{300a(3CX-f-D.O.OOf3) 

1,0 . l/.f2(00CXpf3CX+00(300(3) 

1,0 l/.f2 ( 00f3(300+0Cd:XC:$f3 ) 

1,0 l/.f2 ( 00(3cx(3CX+D00'.(3exf3) 

-1,2 (f3f30Ct00) 

-1,1 t(f3(3(300CX+(3(?0;(300+f3(300(3CX+f3(XX00(3) 

· 1,-I t(oocx(3(3f3+ao:(3CX(3f3+oo(3(3exf3+00(3(3f3(3) 

o,o t ( CX(3CX(3f3CX+0'$(3rof3+(30!:Xf3(3CX+f3CX(300f3 ) I 

o,o t(cx!3f3f300+exf300f3f3+(3exf3f30!:X+f3Ct'O'af3f3) 

o,o t(cxf3f30'$CX+exf3CX(3exf3+f3CXf3CX!3CX+f300f3CXf3) 

o,o t(cxf3CXf3f3CX-<:Xf3f300f3-f30!:Xf3f3CX+f3CX(300f3) 

0 , .-1· 1/2 J2 ( CXf3CXf3 f3 f3 +exf3 f3CXj3 f3+exf3 f3 j3exf3+exf3 f3 f3 j3CX +f300f3 f3 f3+f3CXf3CXf3 f3+f3CXf3 f3CXf3+f3CX(3f3 f3CX ) 

· 0, :~l .J/ 2J2( CXf3CXf3f3f3 -<:Xf3f3CXf3f3 -<:Xf3f3f3CX(3+exf3f3f3f3CX?-(300f3(3f3+f3CXf3CXf3f3+f3CXf3f3CXf3 -f3CXf3f3f3CX) 

-1,0 l/.f2 ( (3f3CXf3f3CX+f3f3f300f3) 

·-1,0 l/J2(f3f3f3f300+f3f300$f3) 

-1,0 l/.f2(f3f3f3CXf3CX+f3f3CXf3CX!3) 

1,-2 (oof3f3f3f3) 

-1~-1 (f3f3CXf3f3f3+~(3f3CXf3(3+f3f3f3f3CX(3+(3f3f3f3f3CX) . 

o, -2 l/~2(CXf3f3f3f3f3+~f3f3f3) 

-1,-2 (f3f3(3f3f3(3) 
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Table 18. A2 Basic Symmetry Functions for Six Nuclei A2B4 
:·· 

Energy Spin Basic S~uetry Function 
Level A1 B 

3. l,l ~ ( aa [3acu:x.-a.aa,[3 aa+a.cxa.a,f3 a-aa.a.a.cx.[3 ) 

10 . 0,1 1ja[2(a,f3j3a,o.a-a,f3a,f3aa+a!3~i3a-a,,Ba.aa,,B+.Baf3o.aa,-f3aaf3aa+i3acu:x.f3a-f3aaa,a,i3) 
ll 0,1 1/ 2]2 ( a,f3 f3a.aa,+ai3c!.f3a.a.- j3a,f3a,aa+ f3aaf3aa-a,f3aaf3ct-a,f3aaa,f3+ f3a;:w.f3a,+ j3a.c:ao:.j3) 

19 1,0 l 
/~2(aaf3af3a-a,a,a,f3a,f3) 

24 -1,1 ~(pf3f3cra,a,-f3f3a,f3a,a,+f3f3a,a,f3a,-f3f3a,o.af3) 

28 1,-1 ~ ( aa.a.f3 f3 f3 -a,a,f3a,,B f3 +aa!3 f3 a,f3 -aaf3 f3 j3a,) 

35 o,o ~(a,f3f3aj3a,-a,j3a,f3a,f3+f3a,f3a,f3a,+f3a,a,f3a,f3) 

36 o,o ~(af3f3f3a,a,-a,f3a,a,f3f3-f3a,f3f3a,a,+f3a,cx,a,f3f3) 

45 o,-1 1/2~2(a,f3a,j3f3[3-a,j3f3a,f3f3+a,f3j3j3a,j3-a,f3j3f3f3a,+f3a,a,ppf3-pa,pa,j3f3+f3a,ppa,f3-f3a,f3f3f3a,) 
46 0,-1 1j2~2(af3a,j3f3f3+a,f3f3a,f3f3-a,f3f3f3a,f3-a,f3f3f3!3a-f3aaf3f3f3-f3a,f3a,f3f3+f3af3f3a,f3+!3af3f3!3a) 
54 -1,0 1/~2(f3f3f3a,f3a,-f3j3a,f3a,f3) 

59 -1,-l ~(f3f3a,f3f3f3-f3f3f3a,f3f3+f3f3f3f3af3-f3f3f3f3f3a,) 

. ' 

!. 
i 
l . 

·l 
i 
t 

• i. 

•· 

f 

,. 
~ 
; 
' 
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Energy Spin Basic Symmetry Function 
Level A, B 

4 1,1 t ( a.ci~aa.a+a.aa,~a,a,-a.a<ro,~a,-a.a.a.a.a.~ ) 

12 0,1 
1 . . 
ja{2(a~~aaa+a~a~aa-a~aa~a-a~aa.a~+~a~a,a,a+~aa~aa-~a,a,a~a-~a,a,a,af3) 

13 0,1 1/2~2(appaaa-apa~aa+a,~a,a,pa,-a,~aaaf3-pa~aaa+f3acti3~-~a.aa,f3~+f3a,aa,a,f3) 
20. 1,0 l/~2(a,a,f3f3aa-aaaaf3!3) 

25 ·-1,1 t( ~~pa.aa,+p~apaa-p~aapa-ppaaa,p) ... 

29 1,-1 t(aaai3~!3+actf3af3f3-a,a,pf3ap-a,a,~ppa,) , 

37 o,o. t(ai3!3f3aa-apa,a,pp+pa~pa,a,-f3a.aa,~~) 

38 .. o,o t(a~!3a~a-af3apap-f3a~aaa+~aapaf3) 

47 o,-1 1ja{2(af3ai3!3!3+a~i3ai3f3-af3!3!3af3~af3f3f3!3a+f3aaf3i3i3+f3a~ai3f3-f3af3f3ai3-f3af3f3!3~) 
48 0,-1 1/ a[2 ( a,pa,p f3p -a.B j3a,B j3+aj3 f3 j3ap -a,j3 j3 j3 j3a,- paaj3 j3 f3+f3a,f3a,p f3- pap f3af3+J3o:.j3 f3 j3a) 

\ 55 -1,0 l/~2(~~!3~aa-f3f3a,a,~f3) .. 

60 -·1, -1 t( ~po:,f3p~+~ppa,j3 ~ ·-J3 p~ pa,p-p ppppa,) 
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Table 20. ~2 Basic Symmetry Functions for Six Nuclei A2B4 

Energy Spin Basic S~~etry Function 
Level A, B 

5 1,1 ~( a.a.(3a.a_a.-a,cxo,f3a,a,-a.o:,a,a.pa,+a,a.aa.a,f3 ) 

7 0,2 ll~2(a,f3a.o:,a,a.-paaaa,a) 

15 0,1 
1 . I 2.[2 ( a,f3 (3a,cxo,+a,f3a,(3WXr~-eX,f3a,a,f3a,+a,f3a,a.a.f3- f3a,f3a,cxo,- f3a.a.(3aa- f3a,cxo,,Ba,- ,Ba..a:.aaf3) 

.. ; 

14 0,1 1 I 2J2 ( a,f3 f3a,cxo,-a,f3a,f3a,a,-a,f3a,ex,f3a,+a,f3a,a,cx,f3+13a,f3a..a.a,- f3aa(3aa- f3a,ao:,,Ba,+f3o:.a.aa.i3) 

21 1,0 ll~2(a..a.a,f3f3a,-~f3a,a,f3) 

26 -1,1 ~(i3f3f3a,a.a.-pf3a,f3a,a,-f3f3a,ex,f3a,+f3f3a..a.a,f3) 

30 1,-1 ~(aaai313(3-aaf3a,f3f3-aaf3f3a,f3+a.a,(3pf3a,) 

39 o,o ~(a,f3a,f3f3a,-a,f3f3aai3-f3aaf3f3a,+f3a,f3a,a,f3) 

40 o,o M a.f3a.i3 13a.+a.f3 i3aai3- i3aaf3 f3a,- f3a,f3cxaf3) 

41 I o,o ~( a.f3 f3 f3cxa+a.(3aai3 ,B- f3a.!3 f3a..o:.- f3a,a,cx,f3 13) 

42 o,o ~( a.,B f3a.f3a,+o:,f3a,f3a,j3- pa,(3o:,f3a,- f3a,a,f3a,j3) 

49 . o,-1 112f2(a,f3a,f3f3f3+a,f3f3a,f3(3+a,f3f313a,f3+a.i3(3f3f3a.-f3aa(3f3f3-f3a,f3a,f3(3-i3a,f3(3a,f3-i3a,f3f3f3a,) 

50 o,-1 
1

12!2(a,f3a,f3f3f3-a,ppa,f3p-a.f31313a.i3+a.f3131313a.+i3a.a.f3J313-13a.i3a.i3i3-13a.i3f3a.i3+13a.i31313a.) 

56 o,-1 ll~2(f3f3a,pf3a,-ppf3a,a,f3) 

.61 -1,-1 ~(pf3a,f3f313-i3f313a,f3f3-f313f313a,f3+13i3i3f313a.) 

63 o,-2 ll~2(a,f3f31313f3-i3cx,f3f31313) 
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Table 21. Algorithm for A1 Basic Syntrnetry Functions for 

Six Nuclei A2B1+ {" 

Trans H ion Energy Level Frequency Transition Energy Level Freq_uency 
No. Type Upper Lmver Check No. Type Upper Lm;er Check 

' 

1 1 1 6 1
29 2 23 51 

2 2 -1 2 30 1 31 51 1 

3 2 6 8 31 2 23 52 
4 1 2 8 1 32 1 32 52 1 

5 2 6 9 33 2 -23 53 
6 1 2 9 1 34 1 33 53 1 

7 1 8 23 35 2 -51 58 
8. 1 9 23 1 36 2 -52 58 1 

9 1 -6 22 !37 2 -37 58 1 
10 2 -22 23 1 138 2 31 43 

11 I 2 8 31 39 2 32 43 1 
12. 2 9 31 1 40 . 2 ..,.., 43' 1 .).) 

13 2 8 . 32 . 41 2 34 43 1 
14 2 9 32 1 42 1 27 43 1 

. 15 2 8 33 43 2 -31 44· 
16 2 9 33 1 44 2 -32 44 1 
17. 2 -8 3~- 45 2 -33 44 1 
18 2 -9 34 1 46 2 -34 44. 1 
19 2 2 16 47 1 -34 51 1 
20 1- 16 . ' 31 1 48 1 27 44 l 

21 1 16·. 34 1 49 2 -43 62 
22 2 2 17 50 . 2 ~-4 62 1 
23 1 17 32 1 51 2 -27 57 
24 2 -2 18 52 1 -5r{ 62 1 
25 1 -18 33 1 53 1 -43 58 1 

', 26 2 -16 27 5l~ 1 -44 58 1 
27 2 -17 ~7 1 155 2 -58 64 
28 2 -18 27 1 56 1 -62 -64 l 



Table 22. Algoritb.m for ~ basic syrmnetry :·. 

i'u...""J.ctio::J.s for si.:x: nuclei .~B4 

Transition Energy level : 

No. Type Upper Lmver 
Frequency check 

1 1 3 10 
2 .1 3 11 

3 2 -3 19 
4 1 10 24 

5 1 11 24 1 

6 2 10 35 

7 1 19 35 1 

8 2 -24 54 

9 1 35 54 1 

10; 2 -10 36 
11: 2 11 36 1 

' 12 : 2 -ll 35 1 

13 2 -19 28 

14 ,2 35 45 

15 1 28 45 1 
16 2 -35 46 

17 1 -28 46 1 
18 2 36 45 1 

19 2 -36 46 1 
20 1 -45 59 
21 1 -46 59 1 
22 2 -54 -59 1 

..... 
"• . 

4 '· 
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Table 23. Algorithm for B1 Basic S~r~etry 

Function for Six Nuclei A2Bf 

Transition Energy Level Frequency Transition Energy Level Freg_uency 
No. ·TY.Pe Upper Lov;er Check . No. 'rY.Pe Upper Lover Check 

1 1 4 12 112 2 -13 37 1 

2 1 4 13 13 2 -20 29 

3 2 -4 20 14 2 37 47 

4 1 12 25 15 1 29 47- 1 

5 1 13 25 1 16 2 ' -37 48 

6 2 12 37 17 1 -29 48 1 

7 1 20 37 1 18 2 38 47 1 

8 2 -25 55 19 2 -38 48 1 

9; 1 37 55 
\ 

1 20 1 -47 6o 

10 2 -12 .. 38 21 1 -L~8 6o l 

\ 11 2 13 38 1 22 2 -55 -60 l 

-A ,. 



Table 24. Algorithm for B2 Basic Symmetry 

Functions for Six Nuclei A2B, 
4 

Transition Energy Level Frequency Transition Energy Level Frequency 
·No. TY}?e Upper Lm..rer Check No. Type Upper ·LoHer Check 

l l 5 14 19 2 -14 42 

2 l 5 15 20 2 -15 42 1 

3 2 -5 21 21 2 . -21 30 

4 2 14 39 22 2 39 49 
-· 

5 2 15 39 1 23 1 30 49 1 

6 -2 7 14 24 2 -24 50 

"7 -2 -7 15 1 25. 1 -25 50 l I 

8 1 21 39 1 i 26 2 -56 61 

14 26 
I' 

-49 61 9 1 

I 
27 l 1 

10 1 15 26 1 28 1 50 -61 1 

I 11 2 -26 56 29 2 49 63. 

I 12 1 39 56 l 30 2 50 -63 1 

13 1 21 40 31 2 4o 49 1 

14 2 15 40 1 32 2 .. ·-40 50 1 

15 l 40 56 1 33 2 41 49 1 

16 2 14 40 l 34 2· -41 50 1 

17 2 14 41 35 .2 42 -49 l 

18 2 15 41 1 ·36 2 -42 -50 1 
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A. Steps in Ivi.a};:ing an· Analysis 

In this appendix, the steps required to carry out an ana;Lysis Hill 

be outlined for tHo cases: l) the situation in which noise level is 

fairly high and the decomposition is riot perfectly clear cut so that 

ASSIGN cannot be used directly and 2) the case in '\vh.ich the noise level 

is low and a good decomposition is obtained, so that ASSIGN may be 

used directly to obtain all the sets of energy levels. 

The original digital data is scaled to a form "ivhich is opti.i·nal 

for use in DECO~W (Appendix B) by using the base line adjustment program 

BLINE (Appendix E). The individual groups of peaks in the spectrum are 

then decomposed using DECO.ivW as discussed in Appendix B. 

If the noise level of the spectru.:m is lmv enough and the nature 

of the peaks are such as to give an Uilarr.biguous decomposition, the peaks 

fou.:nd by DECOMP can be used in ASSIGN (Appendix D). Before using 

ASSIGN it is necessary to normalize the intensities and it is also 

convenient to scale the frequencies so they c9rrespond to those of the 

experimental spectrum. This can be done with SCALE (Appendix E). 

The sets of transitions 1-rhich are calculated by ASSIGN can be 

directly used in ~~N to get a least squares fit to the energy levels 

. and to adjust the trace. (This function w-as not built into ASSIGN 

since it is readily available in NlvJREN;.) An option in ASSIGN Hill cause 

these assignments to be pU...'1ched on cards for direct insertion into l'HvD.::.EN. 

Tne adjusted sets of energy levels are then put into 1&1RIT(N) for cal

culation of the parameters. P..ny se.t of initial parameters can be used 

as long as they are consistent vrith the equivalence and syr~illletry proper'ties 

of the molecule. 
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If the spectrUY:'l is such that ltSSIG:N cannot be used directly ':iith 

the decomposed lines, it is very helpful to use :N1>ffi.IT(O) o.s c;.n aid. It 

>·Till be necessary to estimate parameters until a reasonable resemolence 

to the e:A'}?eri.'llental spec-l;ru111 is oote.ined.. \men this has oeen accomplished, 

assign all of the lines \·rhich have been decomposed to transitions 

calculated by 1~IT(Q), in the usual manner. Since a far larger number 

of lines are kno1m from .DECOlVIP than Hould have been kn01m by visual 

estimation, the task should be easier and more efficient. 

The analysis is then caYried out in the usual manner for the S & R 

method. These assign .. 1nents a1·e used in N1'.ffi.EN and the calculated energy 

levels used in I'J1'.IR.IT(N) to obtain a set of parameters and transitions. 

These are then reassigned. as necessary and the process repeated W."ltil a 

good set of parameters is obtained. After a. reasonab.ly good fit is 

~btained, the assig~ment should be close enough so that it can be used 

in the construction of an algoritlw. for ASSIGN. This lvill allm; the 

possibility of picking out.the correct assig~ment faster than the trial 

and error method, if the transitions can be localized to within a 

regio::1 as was done in the five-spin cases above.:ASSIGN lvill not only 

save ti.me but ·Hill provide all sets of assignments consistent -vrith the 

constraints placed on the system. 

All programs are ~Titten in FORTRAN IV for an I&~ 7094 and are 

listed in the subsequent appendices, along with sample problems. 

Problems can be stacked in all prograrns and the last card in the entire 

data deck is blank, causing the program to call exit. It is assumed 

that input and output data formats will vary ,,i.th the personal preference 

of the user and have only been mentioned in the descriptions. 
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E·. DECOiviP 

A listing of DECOI'-'IP, a description of the information ne-eded for 

input, and tvro sa.''lij?le problems are given belov;. After the spectruJn has 

been obtained in an arbitrary digital form it is necessary to be certain 

it is scaled properly for use in DECOMP. This is necessary because the 

program changes the fitting parameters in proportion to t~e fit as well 

. as the partial derivative of the function with respect to that particular 

parameter. Consequently all the parameters must be of the same order of 

magnitude. This is easily accomplished with the simple program, BLINE, 

in Appendix E which scales the x- and y-axes, adjusts the base line 

to zero and will find initial starting parameters if desired. 

A convenient scale has been to set the x and y ~xes over a range 

of about 0-50. The final values for peak positions and intensities can 

then be normalized and shifted to ~ny frequency range desired by using 

SCALE, also described in Appendix E. 

The best procedure has been found to make the initial decomposition 

based on the peaks l·rhich can be visually distinguished, plus two or 

three additional esti~ztes., The results from this decomposition can 

then be plotted (Appendix B) and subsequent problems done with peru~s 

added where the fit is unsatisfactory. The present program i·Till 

decompose a maximum of 19 peaks using a Lorentzian shape function of 20 

peaks using a digital standard shape function. 

CARD 1 Read M, IZ, IMOUT,. IDATA (I4,3I3) 

M is the number of data points. If ~0 program calls exit. · 

IZ is number of peaks which are to be fit to the data. 

IMOUT is an option to select printout. If IMOUT = 1, values 

ofF (fit), G (gradients), x (parameters) are printed at 



CARD 2 

DECK 3 

DECK 4 

CARD 5 
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every interaction and the entire error matrix is printed out 
,. 

-vrith the final values. This option is only used {or diagnostic 

purposes since most of this information is not ordinarily 

desired. IMOUT = 2 prints out only the initial and final 

values and is the usual option. 

IDATA f 0 if all the data points are to be printed out, 

IDATA = 0 if data points not printed. 

T2 

T2 is the reciprocal oi~ the pea..~ half-Hidth at talf-height 

when a Lorentz function is used for peru~ shapes. If T2 = 0 

then the prot;ram .:::,ssumes a digital standard function -v;ill 

be used. This is read in later. These h.ro types of problems 

can be mixed. 

TT. , VV. i = 1, M 
l l 

(lOF8.0) 

These are the xi' yi values of the data points. 

X .. , X. i = l, IZ 
ll l 

(30X, 2Fl0 .3) 

X .. and X. are the estimated frequencies and intensities of 
ll l 

~ .th -k . d vne l pea , one se~ per car . 

Note: If T2 = 0 the digital standard fUc"lction must be read 

in after the frequencies and intensities. 

Read l'flSTD, LST (2I3) 

:MSTD is the number of da"ca. points in the digital standard peak. 

LST The program searches for the maxim~~ in the digital 

standard peak, starting from the LSTth data point. Thi·s is 

necessary because there might be a local maximl~ in the noise 

at the beginning of the peak and this -vrould be used as an 

erroneous peak position. LST is chosen as the just point 
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located on the digital standard peak Hhich is high enough to 

be above the noise level but belovr the maximun1. 

DECK 6 
' . XSTD£' YSTD£' £ = 1, M.STD (lOF8.0) 

Data points for the digital staJ?.dard peak. 
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E=.OOl 
P=O. 
K-~-c;·--------·------·-------. --·--------------- ---·----- ---- -·· ----------·--------··------- -----------------------·-;-c;-

·--------------~.f.A_Q ___ (_2_,_?_D..l. .... T.Z ___ .... 
IF! T2.1'-JF.O.) X{ J l=T2 

------,-------~_f~~_Q_[_2_,_1_-'?_)_1__T r T Lf..LI)_ ,_r_=:_l,_l __ ~l ___ 
1 5 1 I F ( I 0 A T A • 1\1 f • 0 ) \..J R I T F. { 3 , lf.J ) TI T L f. 

___ . ____________ r~_E_/\ _ _Q __ (_2_? ~_) ___ (T'""~! I_,__l _) •X V (_ 1 l.~ .. J.=:.lr_~~) __ __ 
r F ( I D 1\ T 1\ • E Q • 0 ) Gil T CJ l t~ 8 
DO 5! I=l. M ------------------------------······ ... ------- ~---· ---

\-i R. I T f \ 3 , 1 5 5 ) T T ( I , 1 ) r V V ( I ) 
______ _:5:....;1::....· _ c mn:....::...r ''...:..·JU.:::....:::.E __________________ . 

148 t-11=1 
----~---- _______ 0_ 0 __ 9 ? ... I_ :=_l _,_) _______ __ 

99 V(I)=O.O 
··---------------------·----·---··-····--···----· IOH =0 ......................... . 

LTEST=O 
----------'-~·'"""'1 S_::=_Q ______ . ______ _ 

-IF(T2.EO.O.) GO TO 53 
-----------'~-=--1 "::_2 ·_-:< LZ.!_L ____________ _ 

on 777 I=l. rz 
__________ .LU_=__L:!:L~-~J ___________ ----------------------------- ___ _ 

REA.D (2.18) X(III),X{!+l) 
__________ x.:.....r ~-! ( L+_l_)_ = )(_LL-I:.J:...:.l __ _ 

777 Xfi'\(IIIl=XLIII) 

·----·-·-------------------------------·; 
53 

______ Q:2 __ }:Z_B __ _I.:_=_ld.L _________ _____________ _ 
II=J+IZ 

__ :·"'-·'· ____ _ol.....:7-"5::___:_H { I , J J_ = 0_. _____________ ·---------------'------_;__ ______ ._ 
DU 180 I=l,N 

---''--------=-1 B 0 __ fi_U __ ,_1_!_:=_1 __ • ______________________ ---·· -------· 
CALL FCN{N,G,F,X,Ml,IZ,TT,VV,T2) 

____________ I_l:=_ I 7 
~ .. ; R I T_f ___ ("3--~ 6-)-~~-~!<---;'f~ ·r-;·o·E ·cr -/\""--------------------------·--- -------------·----------· ---- ·------
lrJ P. IT E ( ?. 9_...,:.....1 ,_l ---------------------:------------

----------~---·-····-·---- --~--------------------------· -- -·--·- ---·---·- ---- . - ····• ···-· ··- ... -....... -· .. 
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WRITE ll9Gl lXI(), J=l.~! 
i~ R I T E_J.]_d_~~l_L: _________ -·--- _. __ _ --------- _____ ,__ ._ __ ,_ ___ . ---------------------------------------------------- -----

120 L=1 
_________ 1_;2l_ __ , __ c_,~L~L_8_rAf!Y_(.X_7_~ TJ, 1/_V, T;: l 

I Z= IZ 
__________ _l_22 __ L_=j _____________________ ........ ____ _ 

123 GO Tn (J3C!vl5CJ,l37.l26) ,L 
__ o:;._,;_ _____ L2..LL =:_? _________________________________________________ _ 

125_GO Hl 121 
126 CALL AIM(IZ,TT,VVvT21 -:4;;_____ ------------- ---------~------------- --------------- ---·---------------------

Il=IZ . 

J .. 2l. __ L_:==_~-------------. __________________ . ____________ ---------------------------------------------------------------
128 GCJ TO (129.135d37),L 

_______ 1"-'. 2::::....;:_9 _..o:_Cc__:f:.. L 1,.. F I R. E ( I 7. , _ _lL_;{_'{_~_T_l_l ___ _ 
I Z= I!: 

~--=j_Q __ ~_=. __ I, _______ --------------- -· ---------- ----- ·-- ----------· -----------·---------------------------------------------
131 GO ~n (l35,132,126J,L 

___ 1_}_2 _ L _::::_1 ________ .. ------------------- _________________________ -------------------------
133 C.t...LL DRESS 

G D T n ~_2 Lj-'-. ----- ----------------

135 L=2 

. _____ (;_!=l __ __T_Q __ _l}_} __ ----------------------- -------
137 L=3 

GO rn 133 ·---------· ·-···--·-----·--------·- ---·-------------- -- ... 
l 59 L =4 

GO TO 133 ----------------,.-------------------
139 L=2 

1'15=0 ------ ---.----------. 
GO TO (12011L~2),L 

_________________ l_:.tL ___ .. WRIT f, { 3, 16 l __ TITLE 
v: ~ I T f. ( 3 v l 4 J F. ? I T 

------------'viR I_]_f: _ _L3 d_.::;_O-'-) __ 
1-Jf<JTf.: (3,7) 

------'----------'r_{_{_L?_!_~__() • _Q __ ~ j ___ ..Gn __ T_Q _____ ?.:! ... _______ -----~-- _ 
I F ( T 2 o N F o 0 • ) \·I R I T E ( 3 v l 9 } T 2 , X ( l ) 
~,' _ _:_:>~l_T_E j_l 1!:•_ ~ Q)_0 _(__1 __ )__ ·--- . ____________________ ----------------------------------
00 57 I= ~ .. d Z 

-----------=-!-=-I I. = I +I ~_L _____________________________ __ 
W.R I TE ( 14 9 18 l ·X ( I r I l , X (I+ l) 

--~----=57 l:f_BLI..t:_u_,_;u __ X_.Lt'lJJJ J 1_XJN L L~= l __ l_9~~ _l_l Ul_~~-lL~U _________________________ __ 
GO Fl 56 
QJ_!_=i_2 __ J =J_,_LL _____________________________________ _ 
II=I+IZ 

-----:-------...::\·! R I T F { L~:_d_B__l_l;_,.L]_U_!..><_J_] ) __ -:-:--:-:---:-::-:-----------------
55 WRITE(3,5)XINIIIJ,XIN(i ), XIIIlyX(I) 

____ • _____ __2__L ___ __If._ LE<i_Q_Ld_I_. __ F; (J_._f.L(:r!_ __ I Q _ _l_Q_O ____ -------------------------------------------·---------
\·J R I T E : ( 3 , l 2 ) 
_~j~_ I __ T_f __ ~ 3_~_?J .. JGJI_) ,__1 =:=_1 1_~) __________ --·---------------------------------------- _______________________ __ 

·WRITE (3,11} . -
·- . ~- · \·! R I T E ( 3, 8 l ( ! H (J_. _ _J__)_.:>_L:=l.Li'D ... !.J =~1:....c~c..:N.::...>:__ ________ __:__ ________ _ 

700 iH=3 

c---------- --- C A l L ' F C f\! ( N , G , F • X , 1'-1 l • I Z • T T , If V , T 2 ) r"'i=-r-::-z--------------- ----------- ---------- ------------------------- --------------------------------------·--- ------ -- ·----
________ J..{J.l __ G_Q __ IQ ____ to_Q_q _______________________ ------------------------------------ _______________ _ 

l FORMAT( ftt,3I3 ,F7o2) 

------~2=--__ c:_, _O~.:..:.R.:...:t-'l.:...:A~T----'(c..!:2::...;r~3 , T l , _LS:__!_E_2_. _ _2_7 __ 2 F 1 0-'-o-C.-:3-'-l---------:-----------

~------- ... ····-· ·-- ---- ---------··---------------·--------------------------· --------··- ---~-------

-----------·~----·~------·~------- -----·---------··----·· ----~----· . -·- ------······---·-· ...... - - --- --·--·--··------·-· . ··----- ···-···-· --····-·-····-·~·-·-··· ... -·· ·-- ·- .. - -··-· ..... --



3 FGPM~T IAF10.5l 
/+ ------
') 

f:_!.1g~:·~~J __ (_l_\'l~ ~._C.~ __ 
FOR~AT (l~ 4~14.~1 

_-lOG-

_______________ ~? __ ~= uR r-~ _,n ___ ( 3 f-!C:' rJ_=_I 2 • ,, i-1 _ '<. = r ? , ':-:1 t= =F l !1. 5 • L, H __ ?_= r 1 ~·. s_,_fF-1 _____ iJ_ F_L_I_0.=_t_l_~~-!__?j __ 
7 F n :~ t-1 t\ T ( 1 H 0 , l 5 X t 1 H X I l 

________ _B __________ FO.R ~1!1 L ( l H ~ F 14 • _5 l 
9 F 0 P ;.: AT { 1 !-l 0 , 5 5 :< , HH I 11 

_________________ _1_2 __ Fl1RJ:1\ ~-- ( ~H0 • 5 5X r l HS/) 
13 FORM~T (3HOF=El4.5) 

------- _________ 1_:'+. . __ F C 1-~ H A T _ ( i H 0 F = F l h • 4 • _8 i-i 
15 FllRfvi:H ( l:?A6l 

______ 16 --~-(J_!-Z~]_/I_I ___ ( _ _l_r-j_l_//(1 !__!._ ___ l ?A.~/_ __ 
lA FORMAT 130X,2Fl0.3) 

IT-=I3l . ---~ ----~----·----------· ----- -··· ···------------ ..... ---------------------- -.. 

______ l_9_ ________ F_f/R !-'lf:\T ( lH F l ''. ~, J_L,_~ ,_FJ '+ __ • ;?) ______________________________________________________ _ 
20 FnRMAT(20X,Fl0.3) 

_____ _1 __ 0 "I) __ F:_Q q_y:__~\T __ L _ _1_3_!-:'• _____ Q_!\!J\ ___ ?_L!J ~!_T _ _?_!L1 __ 
155 FOR~·i/\T( 5(E20.51J 

END 

-------------·-•--•--•·•·--··-•-·•••• -·••·-•• • • -·•• """-~·•••~w••--w""'•-••·--•-·-·--------·--------··----------·-•••-••--••• I 

--- ------------------

-------------------------------- -- ------------- ------------------------------

--------------- -

---------------------------------------
i 
f .• 
\ 

--------- l 
~ 

i 

i . -------------------------------------
---- ---------------------------------- ---------------

.n: 
-~--------------------------_,..-------------------- ----------------------------------------- ------------------------------ ... -----. 

----------·------------------·-----------------· ·-·- ···- --------- --· .............. - --· .. ··--···· .. ·-··-----------------------------... -... , ___________ ---·-.-··--.....--· . - ···- ------



.:-:109.::_.- ......... -...... ·-· .. - ................. - ···------·----·· --- ... ------· ..... - .. ··-·-. ·------ .. 

-··--·~---~----•-••·••••-- -·•••·-·~· ••• •••••••••••• •' •-•~•• •• ••·~··- •·•-•• •• ••• •' • •-••·-•·•- .~ •- • • • •• ·- •••--••-•• ••• ., ••·~--··--~··•u·---~ •-•·• ·- ••-•--- • -•• •• ,,,, ... , '••· •·· ·•••••·••••••-·-·-·•-••- ---·-•· -•• 

tiBFTC FCN 
SUAROUTINE FC~!N.~,FvX,~l,IZ,TT,VV,T21 

a -r~.-·~"E-i~-s-r·o ~i ___ H_i_4_o~-4o·) -~--x-( ·i;[) -~- ·, -G (i.;·a )···;s· i >+o ·)·-,-ir·(·-;;o-;··~·r,r>_(_4_o_i--;r-!4oT;·c;8(i;o-,-
J)J i:'l F.f\1 s I_QN_ .'/ u l.' ~-[/{itO) • A A( 1 OJ-- . -·-- ... -· ··-·. ···--- ... ···-·· -~·------ .... ·-- ···--------------------··-
f) I :'i F. N S ICJ l\J T IT L E ( 1 2 l , X I N ( 4 0 l , T T ( 5 0 0 91 ) , V V ( 5 0 C l 

--------------·--------.C.Ot·ii'\0~: .. __ H __ .................. • ..... ~- _ ..... ____ . , _ r; ... ··-· ------'-- _S_~------ '-- _X_f ________ .. ___ , ___ 0_P. _________ _ 
COMMON T , G~ , M , N , L , LS 
_I_£...(l_l_l:-_U_Q_9 __ ._~t:!.Lt.?_Q _________ ·--------------·----·---·----------

40 KK=1 
... tl P_=jvi __ ... -·-----·- ........ ·-·------· -·--·- ....... __ ---·--··-·----·-.. ·--------------·--------·--------------.. ---·-- .. --. 

\~ R I T E { -~ , l 5 3 ) 1-i 1 
___________ t:IQ_I_T~ :L3 •.l}O) 1\! .. _ ..... ________ ---·· ___________ :_ __ . -·----------------------------·-----------·-------

w P. I T E ( 3 , l 5 1 l rvJ 

________ A:.:.:..O F =0. ----------------------------------
OCl 4 I=l, N 

--T------- ---~-D .. L.~J- ... : . .0 ... • .................. -..... --.. -·-------· -·---- ............... _ .................... _____________________________________ _ 
G(I)= 0. 

4 CClf\lTJNUE --- .. -~ --------------------···---~----· ....•. ---· ·-···----- -·. ·-- ·------------------..-
A= 0. 

_________ ..::005 l fMPT= _ _L,___i'!£__ ________ .. ___________ _ 
DOA J= l. KK 

6 A fl { J ) = T T { ID /\ f' T , .J ) _______ .::....._ "Yi=Tri"""""~·E(.). 0 ...... ,. G-r.i- r"n". 20·- .. ····· .. ---- -- ·--------·---·--------------------
CALL TABLEL!FIT,DD,X,AA,Ml.IZ) 

--------~-- ------------ ... ···- ...... -------·--·--- ... -·· --- .. ·-··-------------------------------------------------------------
GO TO 13 

2 0 CALL T .A P·L f.._D __ ( F J_T...!.f_~:..: .. ?-.:.• A,"-. , '·'r l .•:.... ·:::...I =-z .c..)------------------
13 IFU'<l.NF..1l GO TrJ 14 

---------..... .!U .. := ... ?.. ... -- --·----·--------·--- .. . . . . ....... ... --... .. . -. -----------.. ---------·---------------
14 F= F+ IFIT-VVIJOAPTl)**2 

.. ____ .. ____ .. -·----------------·-- ., ..... D Cl ?. ___ J __ = 1, ... 1'1... _ . _. _ .. __ .. _ ·-------------------- ____ ......... _ ... _________ .. _______________ .. _______________ __ 
G ( J ) = G ( J ) + { F I T-V V ( I O.\ P T l ) o:: P D ( J) ::< 2 • 

---------'7----"C<...::O"-'· N_,_T.:.....;;_H-:..:..:ll) :.:..F.-------------
5 CO~JT H.:UE 

------'---1::..0"'""'. o ~-Q.~~!U_15J .. LLQLL . __ _ _ ____ . ____ _ 
1 0 5 F CJ fd:l Cl. T ( 13 H r) /J. T .'\ P ( 1T '\J T S / II 

_ ____.::1 s_Q_..f_PE~-~.l<.J_o_fi_ __ If::ir;._JLLf'I!~F._R_r!r= ___ f_r TI.LN0 ____ p_~~8-~.tsll ~-s = 1_2_1 _________ _ 
151 FORMAT{29H THE NUNBE~ OF nATA POINTS =[3/J 

--------=1-=5-=3-~0R ~-~.!\ T{ lH1, 51t_1i_J. =I 2 ( }·-------------------------
155 r-CJRt,iAT( 5(E20o5l) 

--------'2? .~.f. TUR,..:...N.:....! ____ _ ·----- -------··----------·----------
F.i'JD 

·------- ·---,--------------·· 

-------------·-------.. -- -·. ·-----· ------------·-- ---------------·-------------··-· 

-~-----·--··---·---~~-·---- ,._,, -·-·-·--·-···-····---------,---·-·--········-···-·----------·~~--····-····~-------·-···--··-· 

' ____ .. ________ _ 

----------,--------------------·---------------· -----·-·-- -----· ----------



-------------···--------------- ···- ---------------·----- . - -··· -:110.-:-__________ ·-·---------------------------···------------·----·-·· 

--------·-----
"1 I BFTC T/'JIL ED 

---------~_l_~B£:..C1_U.J_.L!iLl~~-1-.E_Q.._! __ F_I_T__;:.~!)._ '!_• __ T_fJ:~L.!..LZ _:.._l -----------------
DI~ENSinN XI40I,P0(40l,XSTD(l00}9YSTO(l00),Y{20l 

_____________ I_f ___ U'!J-.-.-:-JJ __ ,2_9_. J !l_,_?-_o ____ ......... _____ -------·----·-------------·- -::-----~----
10 READ !2,1} MSTD,LST,SCALE . 

______ I_f_LSt:_;_\ L_E_._C_Q. r) ._J. S_C.AL_E __ -:::_1. _________________________ _ 
R c /', 0 ( 2 , 2 ) ( X S T D ( L l , Y S T 0 ( L ) , L = l , r-1 S T 0 } 

_________ nD= YSTQJ 1 l --~-----------------------------------
EF = XSTD(ll 

____________ DC~ __ 2 5. __ _I .=__l_ ,M_S T D ________________ . ____________ _ 
XSTD(l) =· XSTD\Il- EE 

-----=2 5 ____ '{ ::;_T_Q_I __ T_) ____ ~_ ( __ )' S TD_(})_ . .::::. OD) !:..?_(_0!:-_ ~-----
0 0 4 0 J = L S T • "1 S T D 

-------:-:-------:'I t:..L~~! D LL~_l_)_- Y_S_I_lu.JJ] ___ 3 0' 4 0 '4 g _____________________ _ 
30 RESSTD = XSTO(JI 

I r'l=J -----------·-···--····------ --····-· ... --· ----·-·--· •·· ....••. --------·--·---· ------·------
WIDEL= PESSTD-XSTO{l) 
WIDER = XSTD(MSTD) - RESSTD 
·······---· ---·-------------······ ·----------- ·····--·-· ····----------
YRESTD = YSTD(J) -

----~--~GO TO 2_0 _______ _ 
40 CONTINUE .. 
20 FIT = 0. -------------- .................... ····--·- -·······-····· ----- ··········-----·-··------ --- -···----·-···--·-··-------- -----------

DCl 55 I=l.TZ 
II = I+I7 ------------------- ··-··- ·- --·· ·····-· ..... . . 
SHIFT= X!IIJ- RFSSfD 

-------'------=I F ( T- { X_(_I_I_l -_',..J I D.I_!,-_1_!_6 Q_,_l_ 0_. _7_0_, ---------- -----------
60 Y ( I I =0. 

PD(-I) = .00001 --,.---------p·o·r 1·-I-f-- =- 0 ooo o 1-----~------ -------~- --·---------------------·-------------------------------

GO TO 50 ---·--··------ ~ ··-- -· -------------- - . .. ... ··-··. -·- ·-----------~-~------------------···-· --- --------·----------~--------------------~--
70 IFCT-(X(IIJHJifJEP,))80?S0.65 

____________ 6~5~~Y(f} = 0. 
PO( I) = .00001 
'PD(II)= .00001 -----------'- ··------·-------·---------------------~-----------
GO Ttl 50 

______ s""'"...::.o __ I£.L>''-UJJ .. :-_I_L_ 9 (':._, J.Q:0_d_lJL _____ _ 
100 Y{Il = YPFSTD*X(IJ 

PD( IJ = YRESTD 
----~--------~ -~----------------------------------

PD{IIJ = 0. 
§__0 _TO __ '?_:0:.....! ______ _ 

90 I A = Ti-1 
95 
96 

I E__L><_s_I_Q_UA) __ ~ _ __8:i]_f_T-I_l._ 96 ~ 9:.....7.:......:...., q.:....-7-'-------------,---------,...-----
IA =JA+l 

• i 
97 

{~ 

98 

99 -XSTD{Ii\-1}) ; 
GO TO 50 !--------------------------- -------------! 

I 
i 

•'--·-----\ 

---
110 li'J = IM 

---'-';·-----\ .. LL_J_F_j __ X.~_I_Q_U.!:U_~--~-H I_~I=I_2_.l2.0..!.L? __ o, 11 s 
·• 115 IN? IN-1 

·:..:. 
~ GO TO 111 

--------~___:....:.::.....-=.....::....::_-,...---------·---- ---------------------

______ , 
' 

______ t 



----------------------------·········-···· ····-· _, . -·· - ··- -111- .... -- ---·--·· -·--····-·- ·-----·-· ···----- ·-· --· -·- ..... -- - ··-- ··-·· ····---- -------·- --·- ·-··-···-

·~ .. - .... ·-· -·--- ······ ______ ,. -----------------
1 2 0 Y ( I ) = X ( I l ,;: { Y S Tf l( Il\H- l J - { ( X S T D ( r N + 1 ) -1- S H I F T - Ti ':' ( V S T f) { f N l-1 l -

---------"'-l_Y 0 T D ( 1 ~.!_) __ )_J_Lj __ ~ ~~ :r._cu __ p .. , :~_}_) :.-~ S T ! ) ( IJ'! l I l .. . ___ . ····---- _. _ . 
P;:){Jl = Y{I)/X(Tl 

______ _I_fj _ _I_N _ _: __ J_ ... 12 1.1 () ~_1;? - ~- -. --· . -------- ··--·· -------···- --·-. -------------------------·--·--------------' 
121 PD(TIJ=O.OOOOl 

______________ G.CJ ___ ro ____ ~_Q ________ . ___ ·······- __ .. ___ ... _ .. ____ _ __ ···--- ......... _ -·-··--····-····-··-·--····- __________ ... ------·--·----------------- _ 
1 2 2 P D { I I J =- ( ( Y S T f) ( Ti'H 1 ) - Y S T D ( P.J ) l ':' X ( I ) ) I ( X S T D ( HH 1 ) -X S T 0 (I f\l l i 

________ G:::...O::.., Tfl '3 0 
50 FIT= FIT+Y(I) 
5 5 LQJ:ii ULVE __________________ ----·-------·-- -

RETURN 
·----- ------------

---;::-------'1"-----'-F Q]~_,":l_~_l_L ?_I_) __ !._~z.~. _3j_ __________________ ·······--·--
2 FORMAT (1CF8.0) 
3 FORMAT (5El4.5) 

END 

---------------------·------· 

--··--··---·--·------·-· ·--------------- -------- . ·, 

' ---------------------------------, 

--~------------------·-----------------------------!, 

------.. ·-·---------------------_:-__________ . ·---------·. 

,. 
i 

i 
·-----------~----··-···---· : 

----·----------···---····--"--"--·---------

·-·------------· ----·-·--------------------·----

-------------------- -- .. ---·-·--·--------- --- ------~-·-··-------- ---------------- ---- ---·- --~. ---------------- -

' 
' 
! ' 



. -112-

-~-------------------------·-··-------·- ... ·--- ·····- ... 
SISFTC TL\BLEL 

------~c'----..:::D~E:...:c~n ~~Po ~-r T T....:Q:'~_g_'=._ __ i'::J G '': _M.J? f J L ro:~ E \! T? I ,\ :,1 S U '-1 - ·--·····-·-··-----···---·-·-·--·--
SUR R rJ U 1 I f\J E T 1\ G L t L ( F r T • ~ :) ~ :< • T , ;.1 l , I l l 

__________ D_Il~_El''LSJ.DH.4~_{_-~_Q_l_, _ _P._!)_(.4:0l ______________________________ _ 
· IZ=IZ 

F:.L:r..-:=_o_. __ Q _____________________________________ ------------------------------ -------------------------------
POl ll=O.O 

__________ _:D,:..::n::...· --=.1..:.:.0'--T = l •:..::I:....:Z=------- ---------
I I I=I+IZ+l 

_________ Z_=_LJ_~_I__I_l=_I. ----------------------
Y=X{lH<Z 

________ ---.:f3_E._C__I_~_;=l.j_{ l ... ~:l::Y':<'() _ ___ -----------------------------------------
FIT=FTT+2.':' X( l )>:=X( I+l )*RECIP 

_________ _:_r_:o:._.J ..:_( _:::.l....:_l_=_;_P_:o::_<:_:l l -r 2 ~ ,:, ---~Lt~_u ,:, ~l c _r D '·."--=-( ::..1-=-· ---=z~·-':_< Y_,_:,_ Y_-_-:-:_R-=E~c:....:r:....:P._:_l _________ _ 
PO{ I+ll=Z.':< X( l )::=~ECIP 

10 PO( IIIl=-4.:;'< X<lH=X(lPX( f+lH'Y~'RECIP~<RECIP _______ __::.....:::_ _ __:_ ____________________________ ..... --·----- - ....... - _______________________ ...:___ ______ _ 
RETURN 

-----------~E~_NO 

---------------------------·-- -------. ·-·· ---------------------------

-------------------------~-( 
I 

! 
------~----------------------------------------------------------------------. 

.. ·" 
{ 
.i 

-~------------------------------------~~-f 

------------- ------------

-------------·----

~~ 
J 
I' 

t-
t 
I 
;. 

f 
---------------------~--------~~----~ ' 

__________ ..:__ ___________ __ 

----------------·--- --~- } 
' 

... ,Jj 

----·--- ------------·----- ... - r ---------------~-----~- --~- ~---···--·-- ~--- -- --·-· -~--~----------------------------------------:...-··-·------- -- _ ... } 

' 



--------------------------- ..... __ ::1~).::_. ---------------

------------------------------------
$IBFTC READY 

_________ ...::S::...:.:.lJ il_ R O_U T fr\1 E R ~ A!) Y (_J_~_,]_J_y_\[V_~_I__2 ) _ 
DIMENSION H£40,40),X(40),GI40),SC40)vXP(40),GPC40), T!40),GB(40) 

_________ _l)_J.t:tf_NS_I_QN_ __ J_J_I_t.,__;_L_l_2_l _________________________ v _TT_(_~_O_Q __ ,_l __ LL~YJ_2. 0_())_ __ _ 
Cm1M'lN H v X , G , S 7 XP ~ GP 

__________ CCt':\t-10r;.! ____ T _____ ?~G~-------·-- • .. ~'L ______ , __ ~!__ r_L ______ ~ __ LS ________ _ 
.8: C 0 i''H~ 0 N r--n , M S , N S , I T , G S , G S P 

_________ (;_9_:'i'~0 N G T P , f!5 __ 5__ _____ , __ G T T , G, S B , F , F P=-------
C 0 M MO N F B , F 0 1 E , K , P ~-T-0 

--,---------_(:_() !~t1 Q_~ __ R;? _______ ~ ____ ?L __________ ! __ "l:_ ________ . !__Q____ •·____:·A.::__ __ _!v:__-E=-~l:::.__ ___ _ 
~ COMMON DELTA v TITLE , "IMOUT , IFOUT 

---=--------I~-= I __ z __ ~---------------- _________ ··--
L =L 

--------::--7-:--=-G:...::O=--T'-'n-'-. __;_( 2 0 0 , 2 0 1 l , l 
200 IT=1 

_ _.__ _____ =2-=-0-=-l-2::.CC ~1,~~-I.t!~YJ_N .,~~-! .. ~_,_§_!._~ __ L _______ _ 
DO 203 I=1,N 

203 S{Il=-S(I) ---------= --------------------·· 
M=l 

------~-----------------------------

CALl r--1A T M PY { M, ,,~, S, G, G:...::S<.::l _______________________ _ 

IFCGS+E) 207,228,228 
207 ---'--------=- ~-!::..:=A i~J!!_LC.? __ ._O _ _c:_{ F ~~:.li=..LflS?__~_} ----------------------

SL=-GS . 
DO 211 I=l;N 210 

211 
--· ---------------- ------- --·· ~-- ·-·-·· --·-··----·- -- ----··· . -- ·-·· ··-------·-------------------------
X P { I ) =X { r ) + E L * S ( I ) 
Ml=2 
CALL FCNCN,GP,FP~XPvM1, IZ,TT,VV,T2) 
IZ=IZ . c-A-L L--6v_E_R FL- c·K-o-oci F·x ")---------- --------------

--'------- _______ GQ __ T_Q_{ 2) 4:, _.21 5 l , KO 0 OF>;_ ____ .. ____ . _ ----------------- ----·--------
214 WRITE (3,2141) 
2 141 F 0 R M 1\T ( 1 H 0 , 5 X 1 14 H R E AD Y 0 V E=..-:..:.R.!...F.=l.:=.O..:.:~~~) __________ ---,-___________ _ 

215 
---------~216 

217 
218 

EL=EL/2.0 
GO TO 210 
CALL MATMPY (M,N,S,GP,GSP} 
!F (GSP) 217,2_2_9._,_2_2_9 __ 
IF{FP-F)218,229,229 
IF{ IMOUT.EQ.l) "'iRITE( 3,1) 
FR=FP 

---~-----QQ_2J4 I= 1. 1\,_J ____ _ 

GB(I)=GP(Il 

--~~~---~234 T(Il=XP(Il 
IF(EL--~2~e~0~}-2~2~1-,~2~2-~3~,-2-2~.3--------~--------------------------------

-------------=2=2~1_L~=~3~----------------------------------------------------------------
RETURN 

___ _..... ____ --"2'--"2=3 Q_l;.:_l,._I_:\ = D E l T A +DEl 1,..:..· A.;__ __ 
TO= 1. 01 SL 

-~_,__,_ ________ L:==_?_ 
S . RETURN 

--I 

\ 

---·-·~:..:..\ ______ ~2~2~8~L=1~~-------------------------------------------------------------
,f. RETUR.N 

-~------~2~29 l=4 ----'-------·-· 
RETURr--l .... :.··· 

-i ' ----::-~ _______ __:::_1 FORMAT ( lOHOUNOE R SHOT) \ E·N·o"--,-------------------·-----,-----. --
. 

------ -~-~----------·-; 

---------------------------

/ ----------··-·-.. ----------~----~·-·------··--·----·-···· 



-----;-------------·· ·-- ------------ -- ~_1],4_:-_________ ... -·----

$I 8FT C A I 1'1 
SUBROUTINE AIMfiZ,TT,VV,T2) 
DIMENSION H!40,40l,X(40l ~G(40),S(40) ,XP{40) ,GP(40), T { 'tO l , G B ( 4 0 ) 

---------"0 I M !_: N S I 0 N T I T l E ( 1 (._) ____ , T T ( 5 0 0 , _l___U_y__y_(_2()_Q 1!--:-:---------'---
C mH-m N H , X , G ., S , X P v G P 

_______ ___:C _ _Qi'i_i'1fl_U_T , -~_FL_ _____ , ___ ~ ,_i'] , L ____ , __ 1.,._5. _____ _ 
COMMm~ Ml , MS , NS , IT GS v GSP 
COl'H·inN GTP , !}SS , G TT , GSB v F Ff' _______ _ 
COMMON FR , Hl , E v K , P t TO 

________ !;:_DJ:_iMQJ'~_B._$~----'-~J. ______ !.__~------'-Q , A , EL.~------
COt-1i'10N DELTA , TITLE , lr1DUT , IFOUT "" 

-~-----'--- ~--z-~u ____________________ _ 
M=f'v1 

-----~--~GO TO (301,313),M 
301 Z=GS+GSP+3.0*(F-FP1/El 

----------'TO= GS_j_Z _________ _ 
TI=GSP/Z 

--------· Q= ~B s _(_~_::' s O_R_I_Ll__._O- I__Q_~'<_T) L) 
A={GSP+0-71/CGSP-GS+Q+~) 

TO={EL*(GSP+Z+O+O)*A*A)/3.0 
FO=FP-TO 

--------~~~~_]__i~_'Q_f\G_I~!J:i-'~ p , _ _I) __ _ 
TPl=GSP/SL 
D 0 3 0 8 I = 1 , f\l -------:-:-::----' . -------------- --------·---------- .... ·---------------·----------------------

308 T( I )=-HI )+TPl*S( I) 
M=l 
C_All MATMPY(M,N,T,GP,GTPJ 
TP1=F+GTP/2~0 ------ .. ---- ----------· --------------------------------------------
! F ( F 0- T P 1 ) 3 1 2 , 3 1 2 , 11 7 

-----~31__2 __ ~_A_L __ L_Q_vE_~Fl_f_~_QO_Of.X.l _______________ ------------!': 
GO T0{340,313J,KOOOFX ~ 

----------~3~4~0~~~~JR~IT~E~(~3L.~2~) __________________________________ ~-----------------------! 
A=o5 

313 TPl=l.O-A \ 
----------~~--~~~~~--------------------------------------------------------------, 

D 0 3 1 4 f = 1 v N ~- . 
' ------------~3~1~4~T~<~I~'~'=~A~~-~~X~<~I~)_+~T~P~l~*~-X~P~C~I~} ________________________ ~-----------------------·l · 

L=l 
RETURN l 

----~--~~~--~~~~~~~~~~~--------------------------------------------------317 IF (TP1) 312,318,318 I 
________ ___,3 18 D n 31_"L__I_:_=:__l , ,N-'------

319 T(I)=T{I)+XP{ll 
----~--------~M~l=~ 

---------------------------------~--------------l 
'"I 
\ 

3 2 1 C t\ l L F C N ( N , G 8 , F B , T , f·il ,r Z , T T , V V , T 2 ) , 
rz = r z .! 
CALL OVERFL(KOOOFX) ; 

_______ ·- ':1 --------····c_:;_Q_ _ _I __ c;~L~~--9-~--;~_~)_,~_Q_Q_O£_I ---------------------'--------- _ 
322 IF {FG-FOl 323,312,312 ··~ 

--------=-3=2.::...3_ I£..LIJ':LQU'T e E Q o 1 ) \~ R I T E LhJ,_,) _________ -:------,---------------- ( 
DO 325 T=l,N · 

3?.5 S(I)=T(f)-XD(I) 
CALL MATMPYCM,N,S,GB,GTTl 

--~----------~I£(GTT-GTP) 335,330,330 
330 GSS=GTT-GTP 

--~----------51~-GTP 
El=LO 
L=2 

'~-------



·---"'---------------·---··-·--···-----------~115~--------------

------------·--· --------------------
RF:TURN 

3 35 L =3 
RETURN 

------""'3 50 \~.S.LT_i;:_L?_,_ll_ ____ _ 
0 0 3 5 2 I = 1 , f\1 

---------"?5 z __ _:r_J_U~LLCU .. ~LP.J.JJJ_/2 __ ~_9 _______________ _ 

" 
GO TO 321 

1 FORM~T (9HORICOCHET) 
2 FORMAT {1H0,5X,l5HAIM OVERFLOW-7I) 

_-::>;;---___ _____,3"---__ F 0 R MAT ( l_!i_Q_., 5 X ,~2_lL~l..~i1_\L!=_g£J.P 1-1-- I I_..!,.) _______________ _ 
END 

-------------------------------------·----------; 
~ 
! 
' ·---·-··---·"··· -·---·· .. --··--·- .. ---·-·-------------·-·--------·----.. ·------· ;' 

-----:----------------------------:----------------;. 
_______________________ .....:._ _______ . ________ _ 

-~--

t 

l 

(. 
I ------------------·--·-·-·--·-------· .. --------·-- ---~·-···- -------------· 1 
i 

r 
) 

---------------------------·------------------------------------) ; . . · t~ . 
r. 

·----j 

-----~---------:---:---~-------------------------------------~ ' ; 
' ' __________________________ , 
i 

' 
i 
~-

----------,----,------------·----- .. 

----'-.. -'-'7-, -----------'--------- ------.. 

I 
f. 

-~----j 
; 1. '· 

-------------·----------------~--------------~------------------·-· 

------.. ----··-·--------·--- .... -------·---
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------------------
$IBFTC FIRf 

S lJB R 0 UT Ti'J E FIRE (J l, T T ,;'_V~V-=--.!.., ~T-'=2_!_) ______ ---::-:----:--:-:-----:-:-::-:--::-:--;-:-:---
D I:'-1 F: N S I C1 N H ( 4 0, 4 0 ) , X ( 40 ) ~ G ( 4 0 l , S ( 1+ 0 ) , X P ( 4 0 l , G P ( 4 0 ) , T { 4 0 l f G f3 ( 't 0 ) 

---------"0 I MJ_ii_$_I D N _ _J_]..lJ__e_Ll_?). _____ ____r~T_l?_Q_Q_,j_)_~~_(_?_O_O >~----------
( DI·P-1 0 l'J H X , G S , X P ' , G P 

_________ C_Ql:H:~~O}i_T , G_!3 ______ ?_rL , ~!__ • L _____ ;!_, .1:-5 
C Oi·l M 0 N rH , M S , N S , I T , G S , G S P 
CD1'1fvirJN GTP ~ GSS GTT GSB , F , FP 
COrvlMON FB , FO , E , K , P , TO 

________ CQ~"t i".~.cfJlL_8_,$___ ___ ._S __ L,__ Z , Q , A , El""-------
COMMON DELTA , TITLE , IMOUT , IFOUT 

________ I_l.~_I_!-_____________________ _ 
r-11 =2 

IZ=IZ 

A={l.O+Al/2.0 
GO TO 426 ----------'--------------------------

40 3 t-1 = 1 ' 
CALL MATMPYCM,N,S,GB,GSBI ________ ___::TP f=A~1TN-l(F·~-F-PT _______ ----------
ABAR=loO-A 
IF{TPl-FB+El 418,406,406 

406 TPl=A/ABAR -------'--"---'------------ --------------------
TP2=AKAR/A 
T 0= G S R >:c ( T P 1-T P 2 ) ----------- ... ------ ---·- - -···-···-------------- --· --- .. ---·· .. --- ----------------------------------
IF{ABS(T0)-0) 413,410,410 

410 GSS=Q+Q 
L=l 

---------~LOOPF=O~--------------~----------------------------------
RETURN 

______ ___:4c-=l:..=.:3:__:G S S = T 0 + Q + Q~------
00 415 I= 1, N 

4 1 5 G ( I ) = ( G B ( I l-G < I l l >:< T P l + ( G P ( I l - G 6 C I ) } >::Y P 2 
LOOPF-0 

L=2 
-------~ RETURN 
_____ 4:_;1,_,Fl"-__ _::C 0 NT I l\J U E:-::-::-:-::---::-----'-------------:....-----------_:__-----·: 

LOOPF=LOOPF+l • i 

1F{LOOPF-60)382,383,3~R~3~--------------------------------------------
383 CALL EXIT 1 

____ _;3:::...;8o::..2=---. __ s;_o_f:iT:J N_l,L~------- • / 

IF{F-FP)419,428~428 --------------------------~------~-----.'_: -~---__:_4-=.1_:_9 __ _:r F ( r M o u I.~.1_9 ~ 1 > w R II_U) 2 _ __]J__ -_ 
El=ABAR*El I ) 
FP=F8 i 

--~------------G~S~P~=~G~S~B~--------------------------------------~----------------------:1 

DO 425 I=l,N 
XP<Il=T(I) 

425 GPCI l~GB~(~I~)~-------------------------~-------------~-------
426 L-3 

RETURN 

} 
i 

-! 

' ) 
\ 

--------------------------------------:-----------····. r 

-----------·---------------



·--·------------------------~111~------

428 IF(H10UToFQ.l) WRrTE-(392) 
EL=EL>:'A 
F=FB 

_________ (;_s = G_;_'S_B 

• 

00 434 l=l,N 
X._LU__:= T LLL __ 

434 G( J )=GB( I) 
GO Tn 426 

1 FORMAT ClOHOMOVE LEFT) 
---c----------=2 _FORt-1AT {llHOt'-10VE RIGHT) 

END 

-·------ ----------------------·-----·-----------

-------------------------------

.!
! 
t 
' ,. ,. 
; 

--------------------------------------------------------------------------------------'· 
r -----------------------------------------------------\ 
{ 

--------------------~ 

--------------"----'----------------· 

.r 
---~----------------------------------------------------------------------- \ 

{ 
,. 

----

.__:_ _________ ~--- --------·-·------· 
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--~---------

$IGFTC DRESS 
SUBRnUTINE DRESS 
DIMENSION H(40,40),X(4Q),G(40),S(40),XP(40) ,GP{40), 

________ Q_JJ1F~l_$j_ON IIlt:E U.ZJ _____ _ 
DIMf!\JSION V{ 3) 

_______ __,r:__Q,'1 lj_D~~-H _____ ,_x_ _______ _y__t;? ____ ,_S ____ ~ __ Yj' ___ __!_, _G_~------
C 0 H M 0 1\! T , G R , !"l , N 1 l v L S 
C 0 f\-1 M 0 N M 1 , M S ____ ....J_f'i:? , I T , 0 S • G s.'-'P--------"·"-"' 
COMMON GTP , GSS , GTT , GSB , F , FP 

-------,---~-Q_M M_QL_E~_ • t_(J _____ ..! __ f , K __ __y, _ _.:_P ___ __!_.v_T 0, ____ _ 
CO~Ht,ON RS • SL , Z , Q , A , EL 

--------~ 0 !·H"lQ_N_f?_E 1.J ~ __ , __ _T_!_T_L E ___ _? __ __I t~.Q.\:LT_!_]_.E_QQ.T •. _V.:.__ __ __:.•'-----'I:...:D::...:Hc.:__ ____ _ 
COMMCm L TEST 
I F { H10U T .. E Q. 1l h'R IT E ( 3, 13-~i~L::___ ____________________ _ 
GO TO {500,525,529,510) ,L 

______ .;:_5...:.0-=-0--=C=-A-~l~L=--'---1~ A T M P Y ( N , N ,_f--!._, _0 _ _t_ >(_) ___ _ 
M=l 

-------~C=-A :::..L .:::.L~r--::....:A_:..T t1~~YJ.tl_.!_~L '--~-?_r; __ ,_I_QJ __ ---------------------
TP1=SL-GSS*GSS/TO 
fF(TPl) 505?5?~4~,~~~0~4~-----------------------------------------

504 IF (TP1-t:l 524,505,505 
505 on 507 I=1,f\J ------- ------··---------------------

00 507 J=l,N 
507 H(I,J}=H(I,J)-X{I)*X(Jl/TO 

---------.C'-"-~o E L -r-A'.;-o{Cr_r.._ ,:;TEL. *-G's -s-/Yo i------
TO=ELJGss 

510 DO 512 I=lvN 
on 5 1 2 J = 1 ~ f\J 

s 12 H ri'~j)-,;I~TT,JT+---r-n*~sTT>-*·s-<'J > 

529 CALL OVERFL{KOOOFX) _______ : - ---------·-- ... ------ ------·- ·- ...................... ---·------------- ---- ---·----------r~--··• 

GO T0(531,519)~KOOCFX 

519 F=FB 
DO 522 I=l,N 
G!Il=GR(Il 

522 X{Il=T(I) 

_______________ J~=~I~M.OUT. _______ -------------------------------
GO TO C515,517),J 

515 1rJRITE {3?l>ITvfv1S,F 
--------~~~--~~ 

\-.IRITE (3,2) 
_______________ W~ITE L3,~2)(X( I},I=l,_~N~l ____________________ ~-------

WRITE (3,10) 
-~------------1_AR~II~Ll]){G{I),I=l~,N~'~) ___________________________ _ 

\-!RITE {3.,3JDELTA 
\..JRITE: (3,4) 

517 

518 

DO 51R I=1~3 " 
~ 

---"'----------J_E_j.Y_(__U- F ) 52 3:_,_,-=5:._1::_;8::_,_,_5~2=-3~--------------;___-----------· _; 
CONTINUE ~ 

550 
Lf_(_l,_TEST )_~2_Q_, 5~_Q_,_22_Q_ 1 \·1 R T T F. C 3 , 16 ) _____ :__ _________________ _ 

.. 

560 
--~------~~~G~O~T~0~5~3~2~-------------------------------------------------------2~ 

tTEsr-=1 1 . 
--~--------~WRITE (3,_~15~) __________________________________________________ _ 

D 0 5 6/2 I = 1 , N .... 
~.~ --~----------00 562 J~=-l~.N~'---- I 

";!: H{ I ,J l=O.O 
' 562 H(l,T)=l.O 

( 
--·, 



-------~-------· -----~JJ,9_-:_ ___ _ ·--- -----------------·---·' 

DEL TA=l. 0 

on 563 l~-=~1~·~3~-------------------------------------------------------------
563 V( I )=OoO 

I_ I:= J . .T + 1,.____~---
RETURN . 

--------'--~5. 2 3 _V _ _(_3J -~-V_(__2__) _______ _ 
V(2l=V(l) 

____________ V~Ill=F ________________ _ 

IT=IT+l 
+--:-:-----------R E_I_U_g _ _N _ _:__ ______ _ 

- 524 ~RITE (3,5) 
_(;_Q_I_0 __ 5._~ () _________________________________ _ 

525 TO=ELIGSS-l.OISL . 
530 DELTA=DELTA*EL*SLIGSS 

GO TO 510 

--"---------'5· 3 1 ~~-~LIE Ll.·-~J 
WRITE (3,7) 

---------·------· 
532 
____ ":!_~ __ I_E Ll_,_l _ _?jj _ _LC!j_l.J_Lb..J.::_lc_!_N_l_,_ I -=-=l...:.'_c_N:_:) ___________________________ -' 

~.JRITE (3,l"')F 

WRITE {3,12l(X(1),I=l,N) 
WRITE {3,10) 

·--·-·--·--- -----------------------------------vi R I T E { 3 y 1 2 ) ( G { J l , T = 1 , ~-J ) 
J=2-IFOUT 

) 
r 
' ' --------------------------------- -· ------------------------------------------ ____ , 

GO TO (539,543l,J 
WRITE ( 3,11)(XI!l,I=l•Nl,((H(I,Jl,J=l,NI,I=l,Nl, 
CALL EX IT 

DELTA 539 
543 

- 1 Fr'~pJ-1JI_J:_(_4_ti_()I__T __ _I_4_,_7H _____ S_T ff __ l.i.• 4H F=El6. 8 ) ____________ _ 
2 FORMAT (lH0,55X,lHXII 
3 FORMAT (7HODELTA=El4.51 

~ 
J 
i 
~ 

' -------------- ...... ----- ---------·-.. . .... .. ...... ---·----- --- --------------------- -----r 
4 FnRMAT (20HO- - - - - - - - - ' ' (> 

-----------"5-'--'-F_;O::..;R..:_M_.:_. '-'-A _,_T_,_< ..;..G_;_H~o c, n LLf':LLC\_g_> ___________________________ [' 
6 FORMAT (9HOOVERFLOWJ I 

F I 2 }· ---------'-7--'- 0 R MAT \ l__!:i_Q_, _ _l_l X ,_L__~1_E R ~Q_ R ;\1 AT R l:..:X.:...l,__ _______________ -'------i 
9 FORf\1AT (3HOF=El4.5l i 

1 o fJ.J_f3_t:!:'\LLl.f:1_0_,_5_2...~!_JJiG_L.L___ ______ r· 
11 FORMAT (5El4.5l 

--------~1=2__;_F~O~R~~-~!A-'--'-T~(lH ~El4.5) 

I 
r ------------------------------!. 13 FORMAT (6HODRESSI3l 

_____ __,1~4_,__--'F n R ~-~l-l_U .. fi.O_f = U52_.._ B_) ____________ __ 
15 FORMAT (50HO FOl)P CJNSECLJTIVE VALUES FOR F ARE IDENTICAL Ill 

-~-'---------'1,_,5::_.:.X~.• 3 0 HP R n GR /1)-1 A S SUM ~O ___ I_Q _ _B_E I N L 0 0 P 
-----~------------------, 

25X,36HH IS SET TO IDENTITY FOR ANOTHER TRY ; 
' -""------...:::.1..:::6:____:_F-:Q:-:R~M~.'-7-A::-T~(-=l..:..H:.::..0~,-=5:...:X.:-1,~2=-4..:..:H~S~E:o:C..:::O~N..!:.:D~L:..::O:_:O:..:.P_-_-_-_C::::_:::A.=L~LC--!:E:..:.X:....:I~T~-----..!._----------t 

RETURN ·' 

~==------------~F,~~D~----=--------==-=-~-=---==---~--------=-==----------! 
f 

i. 
--=··'-'---------------------:--------------------------o-:---~-:;. 

~~ ·' 
I~ 

---------------- ----------------·-·---------



---------- ----------------------- - ______ -_120 ~------------------ ----- -------------

·-------· ---- ---------- -- ---------------------
$rGFTC iv1AT.'-1PY 

S U G R nUT I 1\1 F r·~t A T :Vl P Y ( ~!...!...:_."G.J:1_~_Q_!_S __ .!_) ___ --,-----------------::---:---:--:--

D I 1'-1 ENS I 0 N H ( 4 0, 4 0 ) , X ( 4J } , G ( 4 0 ) , S { 4 0 ) , X P ( 4 0 l , G P { 4 0 ) , T (It 0 } , G 5 ( 1+0 ) 
_________ (. _ _Q..t!_rj_(!_f\1 H L_L ___ ,_G ,__s '-~---'-0-_:.P _____ _ 

C tl M M UN T 9 G R , ?·1 , N ., l 9 L S 
_________ C_Qf-:1f10J'l-~!~l _______ ._r.·lS ______________ • __ ~!_.5 _____ ,_J.J_: ______ ~ ___ f?._S ___ ._~SP 

CO:·~~'t(Ji\! GTP GSS ~ GTT 
COMMON F3 • FO 1 E ---------c-o ~11\io-1\, R s . s·c----~~--z--

~--D.:~1_QH_ _ _l)J_t,_-r~----'----T LJ L_E_. __ ! ___ L_i~9_t) T 
IF (i'i-1) 705~705,702 

70 2 1]_0 ___ 7_Q3 ___ t= l_!_t!__ _______________________ _ 
S(I)=O.O 
DO 703 J=l.N 

703 S(I)=H{I,Jl*G(J}+S{I) 
RETURN 

-------~----705 5(1)=0.0 
DO 706 I=l,N __ _ 

706 _S(l)=H! I,l)*G(I)+S(ll 
RETURI\1 
END 

' 
' 
' 
" 

GSB ' F 9 FP 
K 1 

p ., TO 
Q 9 A 9 EL 
IF OUT 

... . 

.... 

*** 9 END-OF-FILE° CARD*** 
-------------~--------~ ~~-------------------------

----------------------·--------

---------------------------------------

--'------------------------''------____:::_-______________ ~, 
·---------------------------------~---------------------· 

I .. 
--~----~-----------------------------~-----~------------~' 

' I''\ 
'.:.;· '( -"'--:_" __________________________________ ____.i__ -----. 

' i 
'. 

--------------------------------------------------~----------------



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

0170012002 
------"6 QJ)_!'_ _______ 1_0 0.. ~-·-~---

DECOMPOSITION USING LORENTZ SHAPE FUNCTION 

- ---l ,., 

_____ _____, __ 3 .,_125 ____ 2.,JtQ 2 ____ 5 3 0 18_1_ ____ 2 e_4 82_ __ _5 3_.,_2_5_0 ____ _2_._6!t_2__5_3 __ .,Jj_2__2_.,_(_2_2__5_3_o3___7 5 2__o_8lt2-~--------
53.437 3.042 53.500 3.282 53.562 3.362 53 .. 625 3~362 53.687 3.442 

_____ _53 .,_15 o ___ 3., _6o 2 _ _:__53 .. 8 12 __ A o o s 2 ___ _s 3 • _8.75 ____ 4 ,56 L_53 .• _93_7________5_,2_0__2__5.!f_.,_o_o_o __ 6_.__0_Q_2 __________ _ 

54.062 6.802 54.125 7.602 54.187 8.482 54.250 9.522 54.312 .10-~22 
------------d:-~5>_3_l5_1_2_._1]?_2_~~ .. !t.3_1 _ _l_3 _ _!>_2_Q_2 _ _3 4" 5_Q_Q _ __l~'!__Q_Q__2_5_~2..92 1 3" 92 2 - 54. 6 2 5 1 2. 8 8 2,____ _______ _ 

54.687 11.042 54.750 8.802 54.812 6.802 54Q875 5.202 54.937 4.242 
_____ _;__-__..,. __ 5 ._o .0..0 ___ 3_ .. _9_2_2__.55_._0 6 2 _______ 3 _._ 9.2 2 ____ 5._5_ .. _l_2_5 ___ ~_ .. _2__2.2 ___ 5 5_~tB~--~2....fLft_2 __ ~'2-·2.5_0 3. 8 4 2 _________ _ 

. 55.312 3o682 55.375 3o682 55.437 3~682 55.500 3.842 55.562 4Q082 
_______ _55._6_25. ____ !t_o __ 3_22 ___ _55 0_68}__ ______ 4_., 56_2, ______ S.!:}~}_?Q ____ ~_ .. SJ_Q2__5_':?_., __ 8_1_2 ____ _!t!!. ___ 2_9_2____2_2_.,_f_rf_5 ___ 2_!__Q_!±_Z ______________ _ 

55.937 5.362 56 .. 000 5 .. 682 56~062 6.162 56.125 6 .. 642 56.187 7 .. 202 
_______ _2 __ 9 __ ~ __ ?_2_o __ _]_~_f>02 ___ 2_(?__!2J2 ______ ~_ .. _.tf>_? ___ ~§>-~_33? _______ ~_~§._?_?_5_f::~_~}]_ __ 9_~?:?._L __ __56.__? __ oo ___ LL._?O?. 

56.562 12.,882 56e625 15.042 56.687 17.602 56.750 20.642 56.812 24.322 
56.875 28.562 56.937 32.882 57.000 36.802 57.062 39.682 57.125 40.962 

---------5~7 :ia_7 ___ 4_o_~_i6_z _____ 5 7 .. -2so- --31. zoz -----s-7: 3-iz----3-2~ sa2 --5-7 ~-3-7_5 ____ ia:-.z-42 ___ s_7_:43_Y_2_';-:-f6_2 ___________ -r; __ 
___ 5 I·_2_0_Q ___ 2_1~ 292 ____ 5 7_. __ 562 ____ _19_._52 2 __ 5_7___.,ll2.? _____ t2_~_Q!:t?. _ _2__l.:-__ r;_~_L_J.2:-._t£? __ 5 I..?.l __ ?!) _ _l9, ~.9_2 _ ~ ____ _ 

57.812 19$522 576875 19.,922 57.937 20.,882 58.000 22,162 58.062 23.762 I 

______ . 5J3 ~-t2_2___2__5___! _ _l_2__2 ___ __2_8 __ ~_1-~1_25.~_7..9_2 ___ _2__13 .,_ 2.5_Q __ 2.5~ o 4 2 __ ?_lL.._)_L2. __ 2 ~-"--0~_1 _ _5_ 8. _2 7 5 1 9 • 8 4=2 ______ _ 
58o437 16o322 58.500 12.962 58.562 10.,322 58.,625 8.,322 58.687 7$202 

_________ 58. J 5 0 ________ 6 .. 64 2 ____ 5_8.! til2_ _____ 6_. -~-B 2 ___ 5_ ~ ._B.l_~-------2-"~-6 _2 __ 2J~-~9_;u __ 9 dL~_2._5 9. Q__Q_p 7. 4~_2. ________________ _ 
59.062 8.082 59.125 8.882 59.187 9.682 59.250 10.562 59.312 11.522 

__ 5_9._3 7_ 5 ___ 12., 322 ____ 5_9_. 4 37_ _____ l3_o 12 2 ____ 59., ~_o_o ___ _l __ ft __ .. o 82 ___ 5_9_..__?62 _____ 1__?_~_2_~2 ____ ?_9_ .. _9.2 ? __ J_fJ_~_?_6 __ 2 
59.,687 l7o762 59.750 18.,802 59.,812 19.,202 59o875 18.,722 59.,937 17.682 

---------"'6-~_Q_O_Q __ 1_Q___!'_l? 2__ __ (>_Q _ _o_0_(>.2 ___ 1_?_!._2_f?_Z... _ _Q_Q_.,_!_2 5 llt., 7 f] __ 6 0 o JJl7 __ l_i0 6 2 __ 6 O_o 2 50 14 o 6 4 2=----------
60.312 14.562 60.375 14.482 60.437 14.482 60.500 14.802 60.562 15.282 

______ f:l_Q_.625 __ 1_? .. _8_42 ___ 60.,_68_7 ______ 1_5 .. 92_2 _____ 6_o_'?_1_5_Q ____ _l_5 _ _.,_20 _ _2 ___ {)_Q_..__8__12 _____ -l_3_.,_7_9_2_ __ 6_Q __ • __ ~_7_5 __ )_L., __ 9_?._2 ___________________ _ 
60o937 10.,082 61.,000 8o402 61.,062 7.042 61el25 5.922 61.187 4o962 

___________ f> 10 250 ______ 4 .. 322 ____ 61 0 312 ---- 3_. 84.2 ___ 61 .. :3 7_5 _____ 3 ._7_q_2 __ Q_l_ .. _4_~_1 ___ 3_~_:t2._2 ____ 9_1_! __ 5_Q_Q ___ ~_._J..22 --'----------------
61.562 4.482 6la625 4.,802 61.687 5o042 6la750 5.362 61.812 5.922 

______ Q_l_~_l3__]_2___6____ .. 482 __ ~1-~_9_j] __ 1_~Q-~t_2 __ ~0__Q_Q_0 __ 7__0_~~ 62., 06 _ __2 __ ~~82~--~-1_2 5 7 .. ?.2f 
62.187 6.962 62o250 6.,242 62.,312 5o442 62.375 4.722 62.437 4.,162 

___ q_2_'?_ 29 Q ____ }"' J___6 ?. ______ {:>_?- .,_2_() _2 ___ ) _ _!_6_8 __ ?_ ____ 21_~i>_?.? __ }~l2_2 6 2 .. 6 8 7 3 0 8 4 2 _ _!?_1___-_?_2_Q___~9_?o__2 __________ _ 
62.812 3.922 62.875 3~922 62.937 3o682 63o000 3.522 63.062 3.362 

_________ :..__:.6 _:r.;:·l 2 5 _____ :3_~_28 ? _____ (:> ~-., 18_7 ____ ?_.,_ 2_Q_?. ____ q:3_~ ??_Q. ____ ~_ .,_g q_~ ___ q_3_., __ ~1_? __ ~_]_2,__2 6 3 .. _31_2___?_~- 4Q_? ___________________ _ 
63.437 2o002 63.,687 1.280 63.937 1.120 64.187 lo28Q 74.437 0.800 



~-.~,:~ 

~ .r;· .·•··~ •. , 

54.. 2. ------------
57. 4 .. 

___________________________ 5 7_ .. 3 _________ 2_'! 
57 .. 8 -· .. 5 

---~-------------------------5_8_ .. 2 _______ 3_., 
59 .. 't .. 7 

-----~5.9. .. _6 ______ ,2_ .. 
60 .. 2 .. 7 

_________________ 6_0 .,_7 ________ 2_._ 
62. '\ l 0 

___________ 62!'_5 _______________ ~_5 _________ _ 
63.. ., 5 

_____ __;0 17 _Q_Q_l2Q.Q_2________________________________ -------
600. 100 .. 

_____ .Q_I;:C_QtieJJ.SJ . .TJ.PN ___ ~-~ I_NG _ S T_AN_O_t.IRD __ D I_91JA!-___ tV_N~_TJQ~---------------------------- ____________________________ _ 
53.125 2.402 53.187 2 .. 482 53.250 2.642 53.312 2.722 53.375 2.882 

-----~3 o_ft3_}_ ____ } !" 042 ___ ?3 o_50Q ______ ~ ."' 28 2 ----~3--.,_~6 2 ______ 3._~- 3_62 _____ ?__2_._{? 25 _____ __c3._~-~-q? ______ ~~~q!)} _____ 3.~:1.:._~---------------·-·---
53.750 3.602 53.812 4.,082 53.875 4.562 53.937 5.202 54.000 6.002 ~ 

____ 5_~_~_p_g_z ___ .9_?_so_2 ___ ?.5.:<?...125_ ________ ]_._g()2 ___ 2i.·_l...?_I _____ ~-~~-~-? _____ ?_~~-~--£?_Q ______ 2_o...?_2I ____ ?i~2J.2 10 .. 122 ~-----
--------------- _?_~~~}5 ____ _1_2_.,_16 2 ____ 54 o 4 3 7 __ 1 __ 3. 20 2 ________ 5ft_• SQO _____ !_~t_o_() Q_? ___ 2~1_2_:2_t~.? --~-}_.,_<L?~----~-~ !..??.2 ..... -~~-~-8 2 _ 1 

54 .. 687 11 .. 042 54 .. 750 8.802 54~812 6.802 54 .. 875 5.202 54.937 4.242 
___ 5 5_'L_O_Q_O _ _2_'? __ 2_22.____2_?_2Q_q_2 ____ 3._'?_~_2Z __ ? __ ?_~_l_?_? ______ ~-~-9_?_2 __ ?_~JJ3_]__~-~-fl_~2 _ _2 5 .. ~2_9_. _3~!!_2~------

55.312 3.682 55.375 3.682 55 .. 437 3.682 55.500 3.842 55.562 . 4.082 
--~5.5 __ .. _6_2.5 __ _____!!_. __ 32_2 ____ 55. __ .. _6_8L ______ 'J_~~-62 ___ ~_5_._l5_Q __ _t-t __ ~_e_o_z ___ 5 __ ~ .. _e_.l2. ___ 4_.__51_6_2 __ 5._5._d375 5.04?. _________ _ 

55o937 5 .. 362 56.000 5$682 56.062 6.162 56.125 . 6.642 56.187 7.202 
.5..6~_250 ____ _1._602 __ 5_6_~_3l2 ________ s_ .. l_62 ____ .3t>!'.J . .75 _____ 8_'?_f3_82.__5..Q-5_'J] ___ 2_._2__2_.2 __ ?_.Q~ __ 5._P_Q __ L1_'L2_Q_.2 
56.,562 12.,882 56.625 15.042 56.687 17o602 56.750 20~642 56.812 24.322 

------~5 6_~.§_1._5 __ 2_8_0_~_2_?_ 6_~_93_]_ __ ~_z~_]_8_2 _ _2_1_;-_Q_Q_Q___J_~~~Q_L_2L!_O__Q_~ __ 3 9. g_fl_f_ _ __? 7 • 1 2_? __ ___!!_9~ 9 6 2 
57o187 40o162 57.250 37.202 57.312 32.882 57.,375 28.242 57~437 24.,162 

---'-___ 5}_._5_00 ____ 21..202 ______ 5_7._562 ___ _19 __ .5_22 ___ 5_7.__.,_62;? __ _1_9_._Q_ft2_5_7 __ .,_68I_ __ l_9_ .. _1__2 __ 2 __ 5_1_ .. ~2-.0--1_2._._~_i:>_2~---
57.812 19.522 57 .. 875 19.922 57~937 20 .. 882 58.000 22.162 58.062 23.762 

________ 58 .. 12 5 _____ 25 .. 12 2 ___ _58 0 187 __ -- 2 5_. 7_6 2---- 58 0 25 0 ___ 25_ .. _0!1 2 __ c_ _ _58_ .. _3l2 ____ 23._0_~2 ____ 5__8_. _ _3]5_ ___ 1_9_._8_~t 2 
58 .. 437 16.322 58.500 12.962 58.562 10.322 58.625 8.322 58.687 7.202 
5_8 __ ._]_5 0 ___ 6_ .. _6_~2_5._ 8 __ .. _8_l_2 __ 6_ .. _ff_8 2 ____ 5__8_~ .B _7_2 __ Q.~5.9_2_5_8_!'_9_3,l_ __ (J__!_8J3 __ 2 --~_2..!_Q_O _ _Q __ _l_~_4 l~_2 ___ _ 
59 .. 062 8.082 59.125 8.882 59.187 9 .. 682 59.250 10.562 59.312 11.522 
59.375 12 .. 322 59.437 13.122 59.500 14.082 59 .. 562. 15.282 59.625 16.562 

-------5 9- .. -6-si--17.:7 6 2----59.1 s6 ____ 1a .. 8 o 2----5 9-.. 8 12 ___ '1"9-~-2 oz ____ 59~s is ___ -i8~-i2_2 ___ 5_9~-93_7 ____ T7-~-6E32 

------~--""'·-~:,g::~ ~~-----~ ~: ~; ~----~g: ~*~ ---- i ~-: ~~ ~------~g :-!~~-----it:-?;~ ~---~g-: ;-~~-~{1-:-~-g~,----~-g-:~i ~---i }:-~-ri~-----------
60 .,_6_2_2 ___ 1_5._ .. _f3!t_2 ____ Q_0_,6J3J ___ l_~_o __ 9_2_2_f!_Q_'!..l_?O 15 .?_?_Q_? ___ 6_0., 812 __ _1_3., 7_6_?-._ __ Q__O._~~? __ L~_9_2,_?,_ ____________ _ 

. ' ~- ···-···- ·- ··>·· --~ ...... - . ...--... --~--~~-~--..,--...-.-----;~--.·~~--7·~-----.,. ..... --~-...----- -~- .... --· . - ... --~.--

' i-
,. . . .. ~ .. '. ··-· . 

~~ "! 
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M1 == 1 
THE 1\TUMBER OF FITTING PARAMETERS == 25 
THE NUMBER OF DATA PO IN'rS == 170 

N == 25 K == 0 E == 0.10000E-02 P == 0. · _DELTA == 0.10000E 01 

0.33000E 01 
0.30000E 01 
0.10000E 01 

. 0.57300E 02 
o.6o2ooE 02 

0.20000E 01 
0. 70000E 00 
0.50000E 00 
0.57800E 02 
.0. 6Q700E 02 

F == 0.12o83E 04 

o.4ooooE 01 
0.20000E 01 
0. 50000E 00 
0.58200E 02 
o.62oooE 02 

0.20000E 01 
0. 70000E 00 · 
0.54000E 02 
0.59400E 02 
o.6250oE 02 

0.50000E 00 
0.20000E 01 
0.57000E 02 
0.59800E 02 
0.63000E 02 

DECOMPOSITION USING LORENTZ SHAPE FUNCTION 

F == 86.8509 IT == 83 

INITIAL VALUES FINAL VALUES 

3.300 3.107 
54.000 2.ooo·. 54.464 2.155 
57.000 4.000 57.107 6.261 
57-300 2.000 56.160 0.317 
57.800 0.500 57-745 0.433 
58.200 3-000 58.170 3.203 
59.400 0.700 59.456 0.664 
59.800 2.000 59.809 2.076 
60.200 0.700 60.269 0.658 
60.700 2.000 6o.68o 1.812 
62.000 1.000 62.064 0.962 
62.500 0.500 62.867 0.286 
63.000 0.500 63.239 0.193 

·-:.~ i 



).• 

----------- ---- - ------------------ --------------------
60~937 10.082 61~000 8o402 6le062 7o042 6lo125 5o922 61.187 4.,962 

__________ 91_ .. _2_5_Q __ I_t __ o_322 ___ 6l_.,312 _______ 3.,_842 _____ 9_1_.,2"]5._c ____ ~u}_(l_? ____ jl_l_!_~_:3] __ 3. 9~~-~~_2 _ _Q_O __ ~-~L6._? _________ _ 
61.562 4.482 61.625 4.802 61.687 5.042 61.750 5.362 61.812 5.922 
61.875 6.482 61.937 7.042 62.000 7.522 62.062 7.682 62.125 7.522 -62--:.-187 ___ 6_ .. -962 ______ 62.25_o ______ 6~242 ____ 62~3i_2 _____ 5_ .. -4'~-2---62:"37_5 ___ 4:-72_2_6_2-:-43-~(--4:162 ____________ _ 

_ 6 _L._5._p_Q __ ~_~l_9_2_6_2_~_? _q_~--3~~-~--~-6.l.!..9_?_2 ____ ::t 0 7 _9_~ ___ _2b_6 8 7 3 0 8 4 2 6 2 0 7 5 (). 3 " 9 -~.:?_ 
62.812 3.922 62.875 _3.922 62.937 3.682 63.000 3.522 63.062 3.362 

------______ 6 3_ .. _1_25~ ______ :3_o2 8 2 _____ 6 3_o_l8J ___ 3 • 2 0 2 _____ 6_)_o 2_5_Q _____ 2_o9 6 2 _____ 6_3 .,3_1_2 ____ 2.,_~2__2 ____ 6 :t!'_,?_7.?._· _2 __ .. ~Q.2_~--------------
63o437 2.002 63.687 1.280. 63.937 1.120 64.187 lo280 74.437 0.800 

....... -- ------ --------- _._ -··----- ---------- ----··--------- _____________ _5 .4 .. -·-··---------------- 2 _ .. --------------------------------
57. 4" 

_ _5_]_o_3 _____ . _ _2_"-------------------------------
57.,8 .. 5 

_____________________________ 5 8 ..... 2 ____________ 3 -·---------·-------------------- ------- ·-- -----------------
59 .. 4 a 7 

-------------------------------___ 5_ 9 _o.B ---------·----·- 2"--------------------------
60., 2 0 7 

--------------------·-·-
I 
1-' ---------- ______ q_Q_._l_ ____ ___? _ _!> ____________________________ _ ----------------1.\.'----

62.. 1. 
-------~4 2_~_? ________ _.,_5 ____ _ 

63. "5 
________ 02.000_1_ -------

8.31 8o562 eZ5 8.812 o4 9o062 o64 9.312 
--------<:9 ... ?_~z __ I~ _ _Q_4 __ ..2_!_aJ.cZ __ .z_~ ___ o_Q_2 __ ...2_~-~12. __ 2_.dJ3_2 __ 9 0 9 ~_7_3~l~ 2 1 o .. __ _ 

l0o062 4o722 10ol25 5o202 l0ol87 5o282 10~25 4.802 l0o3l2 
_______ 1_0_.,_3_7_ ____ 2_ .. _ _7_2_2 ____ 1~0_.,_625 ______ 0 3 22 _________ 1._Q_ .. 81_5 ____ • __ 2_'t ________ __c_LL,_ft___ • 1 15., 

*** 'END-OF-FILE' CARD *** 

.. 8 
~o922 
3 .. 842 

.j:::" 
I 

---------------------------~---------·--··-----------· ·--~---------------·---------------------- ·-------------------------~---

--- ·- -------------- ---------
~~ .. 

------------------------------· 

• 0 ---·------··---- -~-- -····- ·-· --. ____ ........_ _______ • ____ ·--~r-------~-.:r---- --··-- ---------~---·---· .. -· -·~ 
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M1 = 1 
THE NUMBER OF FITTING PARfu~TERS = 24 
THE NUMBER OF DATA PO INrG == 170 

N = 24 K == 0 E = 0.10000E-02 P = 0. DELTA = 0.10000E 01 

0.20000E 01 0:40000E 01 0.20000E 01 0.50000E 00 0.30000E 
o. 70000E 00 0.20000E 01 0. 70000E 00 0.20000E 01 0.10000E 
0.50000E 00 0.50000E 00 0.54000E 02 0.57000E 02 0.57300E 
0.57800E 02 0.58200E 02 0. 59400E 02 0. 59800E 02 o.6o2ooE 
o.60700E 02 o.62oooE 02 o.62500E 02 o.63000E 02 

F = o.45956E o4 

DECOMPOSITION USING STANDARD DIGITAL FUNCTION 

F = 144.3512 IT = 52 

INITIAL VALUES 

54.000 
57.000 
57.300 
57.800 
58.200 
59.400 
59.800 
60.200 
60.700 
62.000 
62.500 
63.000 

END EXEC. 2036.66 

2.000 
4.000 
2.000 
0.500 
3.000 
0.700 
2.000 
0.700 
2.000 
1.000 
0.500 
0.500 

796 LINES OUTPUT THIS JOB. 

FINAL VALUES 

54.539 
57.223 
56.981 
57.746 
58.233 
59.446 
59.849 
60.339 
60.766 
62.087 
62.734 
63.209 

3.128 
5.159 
2.778 
2.040 
4.365 
0.855 
2.427 
1.549 
2.260 
1.138 
0.425 
0.395 

01 
01 
02 
02 
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C. PLOT 

· It is highly desirable to plot the data obtained in an analysis in 

order to visualize hovl ·.rell the curves are decomposed, how 'llell the .. ' 

values from DECOMP match those frorr, 1-TMRIT,. etc. The types of data to be 

treated consist of the original data points, peak positions and intensities, ~ 

and the curve which results from these peaks. PLOT can shift and scale 

any or all of these sets of data to any values desired and plot any 

combination of them for graphical comparison. PJJOT has been written so 

that it is compatible with DECOMP, that is, the entire deck from DECO~P 

can be put directly into PLOT (after replacing the original estimates 

of peak positions and intensities with the results of the decomposition) 

and vice versa. 

CARD 1 Read M,IZ (I4,I3) 

M is the number of data points. The first and last data 

points define the length of the X-axis and at least two 

points must be used. When it is desired to plot only the 

' 
peaks of the curve of the sum of the peaks M = 2 and the data 

points are 0,0 and x
2
,o. 

CARD 2 Read XLONG, LS, YlfillX, T2, XINT, DPl, DD, DP (F8.3,I2,7Fl0.3) 

XLONG is the length of the X-axis in inches. 

LS determines the option for the way the data is plotted .. 

Any combination of points, peaks or curves can be chosen. 
. . 

The options are best described by the following array; 

0 = not plotted, X = plotted. 



··' ,, 

Value 
of LS 

-1 
l 
0 

-3 
l 

-2 
-3 
0 
0 

Data 
Points 

0 
O(end 2)* 
X( not ,joined) 
X( joined) 
X(not joinsi) 
X(not joir.ci) 
X( joined) 

· 0( end 2) 
X(not joined) 
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PLOT Options 

Curve of the 
sum of· peaks 

0 
X 
0 
0 
X 
0 
0 
X 
X 

Vertical 
lines 

X 
0 
0 ( I =0) ·X-:+ 

O(I=O) 
0 
X 
X 
X 
X 

* Two points must be used to define X-axis. 

** Read in one peak, IZ = 1, use arbitrary T2, and put in a blaruc card 
for the line. This gives a peak of zero intensity so no vertical 
lines are plotted~ 

YMAX is the maximum value for the Y-axis, used to scale 

plot in vertical direction. 

T2 is the reciprocal of the half-width at half-height. If 

no value for T2 is given PLOT then plots the curve as a sum· 

of the digital shape fUnctions and this data must be read in. 

Again, this entire deck is identical to that from DECO~~. 

Problems can be mixed, ·since this option is exercised for 

each problem. 

XTh""T scales the height of the peaks independently of the 

data points. This allovTs a direct comparison of the output 

from NMRIT(N) on the same plot with the experimental points. 

One peak is scaled with XINT so its height matches the data 

peak and the remaining peaks are scaled accordingly. The 

curve which is the sum of the peaks will then .be super-

imposed on the data points. 
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DPl is the value of the first peak in the digital data points. 

This value is used to shift the spectrum of lines (from 

NMRIT(N)) so the first line is at the first data peak. 

DD is the difference between the. first and ~h peaks in the 

data. DD and DP scale the line spectrum betlv-een the first and 

th 
n peaks. 

. th 
DP is the difference behreen the first and n peaks in the line 

spectrum. 

Note: Only the desired values above are punched as input. Those values 

·which are left black are set to zero or one so they have no effect · 

on the plot. 

CARD 3" Read TITLE (12A6) 

DECK 4 X., y i l,M 
l i' 

Data points read in format desired. 

DECK 5 X .. , X., i 1,, IZ (30X,2Fl0.3) 
ll l 

Frequencies and intensities from DECOMP or NMRIT. 

Last card in deck is blank and calls exit~. problems can be stacked. 



---------·-------·- ........ --------·····--····---------.. ------ -...... - -- ........ ·---~.129.~-------·----·------------·-------------------

------------··"·. --- ···-·-.. ·--· .. -- --------·---- ....... -- ··- -····--.. ·--·--·-····-··- ··-------------------------
SID 4005lO,PLOT,2iLUSEBRINK 

____ $ _ _l8_J_0_8___ r-'Lti.P ·--
$l8fTC PLOT 

___ C _PROGRAM_T_O_PLOT .. E1TJ1ER. .. SUM 0 t:. _0 LGJJ..AL .... SH~P..E __ OIL_LO.RE NT_ZI_AN ___ SfjA_F>_E_S ~ __ _ 
C READ IN VALUE OF T2 =(1/HW} IF WANT LORENTZ9 NOTHING. OTHERWISE 

___ C ___ HOWEVER __ S ET .. .OF ..... DATA_FOR _0 IGI T_AL __ S_tj_,!\e__r: __ ~_EA.~-~lJ_$_T_B_~_e_u]"_IJ'L_I_F__12..=_o. __ 
C WILL COVER RANGE OF 60 CPS ______ c. ________________ _ 
c 

0 I MENS I ON X ( 300), TT ( 2200) ~ VV ( 2200) ~ T ( 6000 )_,FIT ( q_Q_Q_Q_ly_E_(_l,_?_Q_}_~ 
-~----1 ·xx tls.o>, riT.LE. < ·i·2_}_p __ xs r6t-100-->, ·v-sr"6{-·ioo_} ____ ·· ·----
______ cot-1MON/CC POOL(X_MJ_N,Xl"A~_P YM !~_, __ y_~~AX_9 _ _!:_Q(J':1ttJ.v CCXMAX ~~~C_yjjJ N r CC Y;_M-'-IA_X-'----

CALl CCBGN 
____ 1"'-'0,_____,_R_E_~_p __ (_ 4_v_7_)__1:1r _I_Z __________ _ 

IF {M~EOcO) CALL CCEND 
______ I.f= ( M_ .. EQ .. _Q).. _CALL. EXIT_ .... _ .... __ _ 

REA0(2?3) XLGNG~LS,YMAX,T2PXlNT,DPl,DD?OP 

______ T2=_T2 ~-· 0 l__ ...... ___ -------------------.. ···------·-----
XLONG=XLONG*lOO .. 

_____ __,_ EA0_(_2.._1!t_LtLU .. lE_LU.r .... l~J..LJ.2J 
WRITE (394) TITLE 

_______ REA 0 _ __( 2 9 2J ... J.T_T__(_lj_p_VYJJJ _r_l_= 1 'J.t~J---------------'---------
DO 15 I=lvf·~ 

___ ___.,1_5 __ TJJ.I. l =... UJ-:J_.I_Lt_S_!if_TXl~J-QQ_ •. _____________ .. 
N = 2*IZ 

----------~~EL~0>29.~,2~9~p2=6=--------------------------------------------------
29 FfJ=l.. 

G_O_T_0_}2 _________ ·----------·-----------· 
26 FM =00/0P 

--'----~2_._! F_( XI_N_"f) ___ 2_7_9 2_7 v 2_8 ____________________ . __ : __ _ 
27 XINT =1. 

____ 2 a o_o __ 6_7_I = l_s_lZ~------------"'---------------..,.-------------
rr=I+IZ 

_______ ,R E.A D_{_2_,_:.u __ X_ U .Ll..r_KLIJ 
X(l) = X(l)*XINT 

___ __,w_7.____,XlLU ___ =_ .X_LUJ_p_f_~*_l_O_O_ .. , ____________________________ _ 
III=l+IZ 

________ IF (__0_?_1_)_3_3_
9

_3_3_,,_,3'--'4,___ ______________________________________ _ 
34 SHFT=OPl-XCIII) 

_____ ____:G_O ___ TO _3_5 
33 
35 

SHFT =Oo 
o_o ___ 6a __ r .. :'=J_d __ z •. ______ _ 
II=I·HZ 

___________ X:..:.LIJJ .. ::....tK..LI_I > +S _ _t!FT > ·-:-------------------------------------
68 WRITE(3,6) X(II)~X(l),TTCI} 

~~.......,-~--.1 F:~ .• (T 2 .t .,l "·; l~."' ,l]=~~,.,~-. -----~~-·~ .... ,...,...,_ .~. -=-..... ..,... ... -·----·--=------------~ 
17 !F tLS~lioO) GO TO 43 

T_(_U =JT_(J) 
I=TT(l) ·--------·------------------------------

---""""··· ____ _,_J=T_T_(_~) ;--;::-:--:-------------------------------------------
l= { ( J- I ) /5 H·l 

_____ -.,-D_0 __ ~_2_J= L~...:::L:__ _____ _ 
F I =0 .. 

--'-'-----D0 __ 3 L.L=_l_v._I_Z. ____ _ 
Ir =I+IZ 

-----~Z.::_L~J-=-X_U _..__.__ _________________ -:-----------
y = T2*Z 

----~------ ---------~-- - - ------------- --------------------- ----------------



-·-------·- -··----- ·--------------·---~·--· ------- .. -----·· -·- -=--~-0_::-____ _ 

·------- --·-·--·-·------··---·-------···---------------·-----------~- ----
RECIP = 1 .. /{l.+Y*Y} 

-----=31 __ 1:_I _ _:=__EI_±_2_0_0_ .. *L~*X_U )*RE_~IP ______ ___; _____________ _ 
FIT(K)=FI 

_____ 4_2_T_( K + l.L:=..T tK 13:5 ,. ____ _ 
GO T 0 43 

____ _...6 ___ R EA 0 ___ ( 2 , lJ ____ NS TO __ , LS T: _________ _ 
READ (2,2) (XSTO(I),YSTO( I>v I=l,MSTO) 

_______ DO=_Y_$_T_PJ.1J ______________________________ ....;__ 

EE = XSTO(l) 
________ 00_ 25 ___ I:~_l9MSTD. ________________________________________ _ 

XSTO(I) =(XSTO(I)- EE)*lOOQ 
____ 25_:_YST.D. UJ __ ==.VSTD (I L_:-_0_0 _____ ~--------

DC 4.0 J= LS T, MS T D 
I_t!_'(_S_ T 0 { .,J _ _±__lJ -Y ;>J O_LJjj _ _}_O_, 4 0 ,_,4:...::0,__ ________ -'-----------

30 RESSTD = XSTO(J) 
_______ I M::: J ----------· __________ -----------------·-· 

WIDEL= RESSTO-XSTD(l) 
-------~·J I D ER = ___ )(_~ T_D_ ( _MS_T D_)_ ____ -=-~8_ES __ ST_Q__ 

YRESTD = YSTD(J) 
_______ GQ_T_0_2_0'-------

40 CONTINUE 
____ 2_0_. _lF ___ JlS .. LT_. O.) ____ GO_T_O ___ lt3 ____________________________ _ 

TCl)=TT(l) 
________ r~_TTJ u ______________________________________________ _ 

J=TT ( M) 
_______ l,:=_LCJ-IJL2J_.:!-_l ____________________________ _ 

DO 41 K=lvl 
_______ F !___-;: ___ Qo _____ -~---------------·----

00 55 I=lviZ 
______ I I ___ =_ I+_IZ __________________ -------·--------·--

SHIFT= X(Il) - RESSTO 
________ IF (T(K)-(X(Il)-WIQ~~))60,~_~,70~--------------------

60 Y=O .. 

_______ __,GQ __ T_0 __ _5_Q ----·-----------------------------
70 IF (T(K) -(X(II)+WIOER)} 80,80,65 

______ (>._2_ __ 'Y_=_O_ ... _ ---
GO TO 50 

------------------------------------

-----=8 Q __ Lfj_lS._LlU-T _<.J:SJJ_g_Q__r 1 OQ_v.lJ._O 
100 Y = YRESTO*XCI) 

GO __ _T_O _50 ------------ --~-----------------
90 I A = I M 

_____ gs __ IF (_XS TO. U.A.t __ i:_S_HU:L-:_T_{ K_)J __ '?_6:_9_7_, __ 9_7 
96 IA =IA--:-1 

_______ G,O_T_0 ___ 9_5 ________________ ------· -----------------------,:--
97 Y= X(!) ~tYSTD(IA)+((XSTO(IA)+SHIFT-T(K))*{YSTD(IA-1)-YSTO<IA)})/ 

--·-----· _____ 1 ( XSTD ( l At:-:.XS_ID_(_I_t.=lJ) >.---··---·----··---·---------------·- ____ _ 
GO TO 50 

J.l 0 __ IN = I M 
----111 ·IF ( xs roc r'r·J>-·-.;-s-Hif=r::.T 1 K >)- 126;·1·2o-~·1·15 ________ _ 
__ ....:.:·. _ __,l_l_5 __ I_N_=:_ __ J_N::.l'-------

GO TO 111 
120 Y= XCI) *(YSTD(IN+l)-((X$T0(1N+l)+SH!FT-T(K))* (YSTO{IN+l)

__ _.:__._...!_ ----·-1-YS TO (IN·)·)· )/(XS T 0 {IN+ 1) -X S TO{ H-ffl) 

GO TO 50 --'----· --··--. ·---·- ·- _______ , ______________________ _ 
50 FI = FI + Y 

----~5~5~~CONTINUE~~~~~----~--------------------------------
T(K+l) = T(K) +2& 

•' 
~~ 11!'· l. 

--~-----------------------------~--------------------------



------------------------- ---- ---- __ :__~l1-=-------

--· ------------------------- ------------------
41 FIT(K)=FI 

------=-4=--3---'~~JN:::_I_IJJ'----!>.__ _____________________________ _ 
XMAX=TT ( M) 

______ y MJ N= 0_. ----------~-------· __ 
CCXMIN=O~ 

______ CCX MAX _=X l 0 NG/ 1 0 2 4 e ______________ _ 

CCYMIN =100o/l024e 
______ C_C.Y:_I_-1_l\ X =:_l_O_Q_O_ .. _LL9_2_ 4 <;> ___ _ 

CALL CCGRIO£lv6HNOL6LS,l) 
_______ u=_(LSt_l )_17.8 ?7_77178 ____ --------·---------

178 IF{L$+2) 179~176 7 179 . 
--=---17.9_If ___ ( LS_v_3 L .. l80 il 7_7._,_180 ___ ... . ____ . ____ _ 

180 CALL CCPLOTCT9FITvl,4HJOINc0?0) 
___ __,1~Q__C,_~J,._t,._J:;_C_P_L_QL(LL_V_\'_tliL6_jj_t-J_Q_J_O__I_~_l_1 i. ), _______________ ~----

GO TO 181 
--"----.1}_7_CALL_CCPLO_T __ ( T:T_v vv__, M __ P_~HJ0_IN.9 __ Q9_0_) ----------------------'---

181 IF(LS.GT.O) GO TO 66 
____ 7__7_· _I Fj}2_)_ __ (>2 f62 ?_6_~------------------------------------

62 DO 61 I=l,IZ 

------~II __ =:__t7_tz~--------------------------------------
F{l) =X<I>*YRESTO 

______ F { 2 ) = Y MIN __ -----------------------------------
XX(l)=X(I1) 

______ )(X ( 2_)_::::_X_ (I I) __________________________________ _ 
61 CALL CCPLOT(XX,F,2~4HJOIN,OpQ) 

------~GO T0~6~6~--------------------------------------------
00 64 I=l,IZ t 63 

---------'I_I__::_I_-v:_I_Z______________ f 
F(l) = 200. * T2* X(l) 

______ _F_ ( 2 } _=_ _ _y 1-1 IN -------------------------- ______ _ 
XX(l)=XCII ) 

_____ --Jv,XJ.2J.::..X..CLI_) --------------------, 
64. CALL CCPLOT{XX,F92,4HJOIN10PO) ~ 

_____ p_6 __ CALi. __ C_C __ N!=X.T ____ _ ·------------------------------
. GO TO 10 h 

____ l. __ f_ORMAT_tl0l3J _____________ _ i_. _ _____________________ ,_. 

02 FORMAT (10F8o0) 
[· 

____ J:::c."' _ __,F'-'-OB_('l_AJ::J££3_ .. _;3 ,_)1._1 7 F 1'--"0'-""'"""3"--')'-------------------------------'' 
4 FORMAT(l2A6) f 

____ .5- E_ORI·)~J __ (_3_0X_9 2fJ_Q~_3) ~-

6 FORMAT(8Fl5o3) 
--.--7_,__ _ _,FCI3J'_.__~u-~d __ :u'------

·ENo 

·" 

! 
-------------------.,------f 

-------------------------- ; 
' 

-~-------····-··· ··--·~-----·---··-----.-~-----·-·-·------··-~---------··------
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D. ASSIGN 

The theory of ASSIGN was described in the text; the input details, 

a listing, and a sample problem will be given below. The dimensions 

have been set some1vhat arbitrarily, a ma..'dmum of nine assignments is 

made, to prevent an excessive nw~ber of assignments if the limits are 

set too 'lvide. other lL"llit.s in the present program are; 200 lines, 50 

types of transitions, and 64 energy levels. 

CAP.D l 

CARD 2 

DECK 3· 

CARD 4 

Read LIN, LINO, LEN, LEU, NU, IREAD, ICOUNT (l0I3) 

LIN is the number of lines to be assigned. 

LINO is the number of experimental lines from spectrum. 

LEN is the number of energy levels for the molecule. 

Lgu is the nurnber of energy levels used in the assignment. 

1TU is the number of types of transitions. 

IREAD chooses input format for lines;=O for 8X,2Fl0.3, I 0 

for 30X,2Fl0.3. 

ICO~~ is used as a diagnostic or for problems which may run 

overtime and thus not yield any information. ICO~~ = N 

prints out every Nth assignment and allows one to follow the 

progress of assignments. If N = 0, only the complete 

assignments are printed. 

TITLE (12A6) 

X,Y Frequencies and intensities, one set per card, accord-

ing to format selected by IREAD above. 

LXT ., k = 1, LINO 
). 

(SOil) 

When information from double resonance experiment is 

available, punch 1 in columns corresponding to the lines 

·observed, which have conunon energy levels to be read in. 

.., 



DECK 5 

A,, 

CARD 6 

DECK 7 

CARD 8 

DECK 9 
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If no double resonance information is put in, use a blank 

card. 

Read IB .. , IE .. , j = 1,10 ;_ i = 1, LINO 
lJ lJ 

( 25I3) 

This deck contains the array o~ ranges for lines >vith energy 

· levels in common ivith line i. IB is the number of the first 

line and IE is the last line in the r&~ge; for one line 

IB = IE. i is the number of the lines for· which LXT. ~ 1 l . 

and j is the number of ranges, arbitrarily limited to ten. 

If all LXT. = o, no cards are used in this deck. 
l 

Read LX., i = 1, LINO 
l 

(SOil) 

This card designates which lines have been assigned in a 

previous part of the problem, i.e. another symmetry group. 

LX = l for lines which have already been assigned and 0 for 

those lines available for assignment. "'f no lines have 

previously been assigned,insert a blank card. A card 

containing the LX. for each assignment is punched for use in 
l 

successive problems. 

Read MIN., Jf.tAX. i = 1, NU 
l l 

(2I3) 

MIN is the lowest number and MAX is the highest number of the 

lines in the range of transition type, i. 

DX, DI (2Fl0.5) 

DX is the frequency limit and DI the intensity limit to be 

used for fitting the sum rules. These yalues should be 

approximately the estimated experimental error. 

Read SI., j = 1, LEN 
J 

(8Fl0.5) 

The SI. are the values from the intensity sum rules (2M) 
J z 

to be used for each energy level. 



CA.c'ID 10 

CARD 11 

CARD 12 

CA.c'ID 13 

'l 

CARD 14 

Read LEV., j = 1, LKu 
. J 
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( 25I3) 

The LEV. are the numbers of the energy levels actually used 
J 

in the algorith..'TI. These levels are used for ordering and 

comparing assignments to avoid duplicate assignments. 

Read JT_, j = 1, LIN 
J 

The JT. are the types of transitions . 
. J 

Read ICU., j = 1, LIN 
J 

(25I3) 

( 25I3) 

The ICU. are the upper energy levels of a transition. If all 
J 

the theoretical transitions to and from an energy level have 

been used in the algorithm, a minus sign in front of the 

last ICU in such a transition indicates that an intensity sum 

rule check is to be made for that energy level. 

Read ICL., j = l,·LIN 
J 

(25I3) 

The ICLj are the lmver .energy: levels of the transition, j. 

An intensity sum rule check is made in the same manner as 

for ICU. 

Read IFC., j = 1, LIN 
J 

(SOil) 

IFC. 1 is a frequency check is to make for a closed 
J 

fre.quency loop. 

Problems can be stacked, last card in entire deck is blank to call 

exit. 



------·----- --·---·-----------·----- ____ -13 5.-:-__________ _ ------·-------

$ 1 B FTC ASS I G!'J 
c 
c 

_______ _o_I_;'j_f-_;:l_SJJltLl..tlL.EJJ .. 2 .. 1_,_~J2 .. 0_Q_) __ ,_y__(.?__O_QL,J'll~LL5_0J_,_l"Lf:\XL5..0J_, .. fJ:J.L9_1d_-'-------
lEr~(10,64 ),K{200),JT(200}, TFC(200lv ICU(200}, ICLC200), 

______ 7~L.E_V __ (J?_~_.l_v ___ S .. ! .. L ... &ft_} __ ,_:'iA_(_?.()O_, _ _l_OJ.,.J~'}_(_2_Q.Q_tlQJ_d_f_L2 .. 9_Q_,j._QJ_,--=Lo..cX..c..T'--C'--'2==-0-=--=-0....:...)_,_r _____ _ 
3 IAT(40l,E~!0(64), LX(200) 

20 R FAD ( 2, 1 00) t. IN, L T f\Fl ,__L,.__f-N, L Ell v NU, I P lJNCH v TREAD, =-I .:::.C-""O~U..:....N:....:1 T __________ _ 
IF(LIN.EQ.Ol CALL EXIT 
P E_AQ _ __L2_,_l_Q_U __ tLU_l,_F~ __ UJ __ ,J_:=J_,_l.?_J ______________________ _ 
l-JRITE (3vlll> TITlt 

______ i~_p.,_r_n= __ (_3 __ ,_.1_12..> _____________________________________________________ ____, 
DO 38 I=l,Lir'HJ 

__;_ _____ __.IF ( IRE AD. E 0. OJ REA 'l.U ... d.l.~l~.UJ_!. Y { I'---')'-------------------
38 IF(IREAO.Nc.O) Rf.AI)(2,12')) XCrl,YCil 

_...::.__-,..-___ t_j_N T =_Q ____________________________________________ -----------------------------
READ(2,126) (LXT(I),I=l,l.I 11~0} 

_______ Qll_...:~c:._r_=_l_,_1_I_NQ _________________________ __ 
IF CLXT(Il.EQ.Ol GO TO 37 

---------"-'-R ~A.O....L0_LCl..2..L...CL.'U_L.~UJ._.J_fJJ.LJJ __ ~,) =.---=-.1..!..., .=-l..:.:.O...!...l _________________ _ 
~J R I T E ( 3 , l 1 3 } I ~ X ( I ) , Y ( I l ~ ( I 8 ( r , __ J ) , I E ( I , J ) , J = 1 , 1 0 ) 

_________ G_CL __ lD __ ;? __ <-: _______________________________________ _ 
37 ~miTE {3,113) [.,X(Il,Y(Il 

_______ ........:LJ_N_T_=J-. .Lt4J_~_L __________________________ -----····------------------------··------------ --
IBii,l)=O 

39 CnNTINUE 
RE/'-ID (2.,126) (LX(I), I=l,LINO) 

______ _,H~J.TJ _ _( __ 3 _ _, _ _1_2_I_l ___ U .~J.==)LL_I f\~CU ____ .... ________ __ 
vi R I T E ( 3 , l 2 R ) ( L X { I ) , I = 1 ~ l I f\J 0 l 

---~-__ nn ___ _l9 _ __I_:=_L,_NU _____________ . _____ _ ........ ____ _:___________ ., 
R E A 0 { 2 ~ 1 0 0 ) 1"i I:\' ( I ) , 'v1 A X { I l ' \ ____ _..J-'-9-----'\t-'-'-IP-'--', I T f: U .. dJ._l)__I.J M I f\J (~ ~v1 A X..:..<..:.I_.cl _____________________ l 

READ <Z.l02l ox,or 
_______ \·J R I TJ.=_L3, l_LBJ __ D__L D l __ _ 

READ ( 2, l 0 2 ) ( S I { J ) v J = 1 , L E ~! J i. 
______ __;_R:...;, c.t\_D_U..,_LO_;;_L_j_l,_f_~_LJ...t_,_J = l .. • ... L~..l-L) __ ~-------------------- \ 

WRITE (3,119) i 
i 

------~W~'R~I~T~F~ __ (3,1?0) (T,I=l,LENt --------------------------·' 
WRITE (3r12U (SI(I), I=l,Lfl\1) 

-----------'--'-'R f:_i\ __ f) __ _(_?_d_0_3_l_LJ_I_(_)JJ_L::..L•_\::INJ ----------------------
!< E A I) ( 2 , l 0 3 ) { I C U { J ) , J = 1 , l I ~~ } 

__ ......_ ___ _____,__R.l;_Ml...J.2_,_)_0_l_l__.LLC_l_LU .. J._J = J.J._L_I_~) _____________________ _ 
READ (2,126) OFC(J), J=lvLIN) 

._}. 

______ _:\.:...:.·iR_:_:I IU....hl~l~4:::-:-} ________________________________ ,_;' 
\~RITE {3tll5) 

--::------Q!.l __ ::t_O __ L=:.J. ... Ll.~_l\1'-- ! 
on 55 J=l, 10 

--------------------------------, 

---~~..'L_ _ _i_>1_1\(__I_!...j l =I)·------·-------------------------
40 WRITE (3~116) I~JTII>, ICU(I) ,ICL(I),IFC( £) 

I I+= 1 
l D= 1 

---~---~N_OTR~=~l~---------------

32 

ICO=O 
NQ_= __ 9 
on 32 I=1,LE!\J 
F.N(Il=Oe 

-------------------------

----··-------------------------·--------



-----·--·---------··-··------ ............... ····· ·----·· --- .. ··-- -136_-________ _ ·---------··--------·---

--------- ·-··---·---··--·-·-··--··--· -- ..... .... ·- ............ - ............ ·---··-·------------·------- .. . 
C 300 SFRI~S STATEMENTS CAUSE SFARCH FOR LINES ONLY OVER THOSE 

____ _,C'----'l=-l f\1 F S \·i H I C H H ~U~.£.1J~ r.1 rL~L .. t:~U:J~:~_y __ l E V E L S i\ S _DE T F ,_~ r.q "! t 0 R Y 0 r1 U ~ L [ 
C RESONANCE EXPTS. IS~A~R~Y FOR BEGINNING OF RANGE ABOUT 

___ ____,C: L_IH.S_J?.El\..TJ..IC.....BX.D_,_LE..:JNQ_._O_F ___ F ... f\!'JGE 
j = 1 
G_O __ I!1_3_Q_9 _____________________________________________ ..:__ ____ _ 

1 JA=J-1 
_______ _,I_f_Lb_E_~_LL.G ll_l_Q.._~_Q....7 

IF<LrNT.EQ.LINO) Gr1 TO 310 

-------~U_=:_l ______ ~-----·-·----------------'-----------------
00 302 IA=l,JA . .. 
IF ( IABS..! LC: . .!J_{_J_L_L._E_(:J_.__I_.~_[3_5_{__LqJ_( I A l). OR. I ABS {I CU ( J) l. EQ ~I ABS, ______ _ 

l ( ICL( I.A}} l GO TO 30R 
I F \ I 1\ P. S ( I C l ( J ) l • f Q.! .. J lU3 S (_I_l:_1J_! L'l l l • 0 R • I A B S ( I C L< J ) ) .. E Q • I A B S 

l !1CL(IAl)}GOT0308 

_______ _:,GO TO 30_2 -----·------·----·--------------·----~-
30 8 I AT ( I U = I A 

--------=-I t:=.J_l + _ _l ·-------·--·------·-
302 CONTINUE 

I3=Il-l 
310 IF(JCN-JJ 309,309·9307 

----~309_~ T = IA_B_$_(-!_J_{_JJ.L _______________ _ 
I = ~HN(KTl-1 

____ 3Qj __ I_=:._L..-!_L __________________ ·-- .. _____ .. _________ .. _______ _ 
3 0 7 I F ( I • G T • !"1 A X i K T> l G 0 T 0 12 

--------~I~F~(~L~X~(~I~>~·~FO~.l~)~G~,n~.~T~D-=3~0~1 ______________________________________________ __ 
ff{J.E0nl) GO TO 9 
IF L_(,._I_Nl_._E_C) • __ LJNQ.> ___ ~i} __ T_Q__ __1_3 __ _ 
DO 303 I2=l,I3 

l$_LD =_L~I U .. 2.J --·---·-----... ------.. -·--------.. ~---· 
KC=K(KCD) 
!)i) 304 K~\=1, 10 
IX=IB\KC,KA) 

-------~If,_~-'--'( tX..,.FO.Ol GO TO 30'3 
iY=IE(KC,KA) 

-----------"Do 2...C2....6 __ ~ti..::JL,_l..Y___ _______ _ 
IF(LX(KRl.EOol} GO TO 306 

-------~If( I-KR l 305,303~?:_[-i6 
306 CONTINUE 

-----"30 4 C. Di'H I,_N.:...oiU"-'F=-.. ----------
305 I=KB 

------~~9 __ Tn 307 __________ _ 
303 ClJNTif\JUF. 
13 IF (LX! T)) 9,9.J_L~ 
9 !"\ E = I;\ R S <I C U ( J l --;}-----------------------------------__..__ 

______ _L_E ___ :: __ J~J~ .. .SJ .. I.(l.,_( __ J_)_l --·------·--.. -----
5 [ { 1'1 E l = S I C f-1 f l - Y ( I ) 
SI{Lc) = SHLE)+YtTJ 
i-F·( I.F cTJ~'i- l ·3-,--3·9· 2-------·--··- ·-----

-------=3::--_--..!I F ( I C l) { J l ) 4, 5 ,_5 
5 IFCICL{j)) 10,6,6 

___ .:......' __ 2:::.._ __ L_Ej_p_!_25_(_x_~ N _(~'-l_t_)_-_f!'i _(_L_E __ L)....:_Q.cX..:..:_) :......3::._:_, =::...3.!...., ..:...7 ___________________ _ 
4 IF (/\8S{SIUt:E))-OI) 5,5,7 

-~·· __ 1 0 I_.E__L~t}_SJ.5.JJ........L...t..U..-:Q.LL....§...!9....!....l_ .. ____ _ 
6 K(J) = I 

LX{I) = 1 

------------------------- -------

·-------------·------··--------~---- ---···--·----- ···-----·-------------------



. -------------·-. ------------···· -137-""----------------

-----------·-· ··---·-··· ---··--------·--------- ···-··--·····--··-····-·- --· ----- ------- ----------------------------------------------
MA(J,Nr:J+l} = T 
r LLJ_I_lJ_)_l __,~_?._,_2?_,_5._3. _________________ _ 

52 EN(MEJ = EN(LE)-X(f) 
.. Gr:J _ _T_0 __ 5_4 ____________________________________ ·------------------------· 

5 3 E N { L E ) = · EN ( I· I F ) + X { f } 
_____ _5_!t ______ j_ __ .:= .... j_ +. .. 1 _______________________________ ......... ---·--- . -----· ..... --------------

JCN=J-1 
________ I.£J.JS-J'J.l 1\J_L_EQ_._QJJ?..Q__ICLJ.J. 

reo =reo +l 
________ LEJ __ U:..Q_. __ L_T_._ tfcQ_ll::JT l___ -~-0-TIL __ U _______ _ 

WR IT E ( 3d 2 3 ) ( ~~ 1\ ( i J, NJ + l } d J = l , J C N) 
u::_Q =J ____________ -------------------- ----------

ll IF(LIN-J) ;n,1d 
_ __;_ __ ~7'----S~I-__,_( .:..!r·I=E_!..)_=----"S I { ~.-~ t l + Y ( I__)_ 

SI(LE) = Sl(LE) -Y(I) 
_ ...___--,-_t 4 

15 
12 

I= I +1,__ __ -----------------------
rF(I-MAX(KTll 3071307,12 
L _ _Q_!J = L I N n -t!,.__Q_ ______________ __ 
rF!LDU-LIN1 35,35,34 

------~3~5~· ~f=l~O~U~--------------------------------------------------------
XIIJ = ENILE)-FN<MEl 
Yj_I_L __ :=-_0 ___ • -------· --------------- ·-----~-----
LD=LD-+1 

_ ____::G_0;___l_n __ 9 ___________________ .... --- -- -------- ·- ------ ----- -------------------------
34 J=J-1 

,JCN=J+l 
56 IF(J ) 17,17,16 

------"'-1 ? __ _I__E__(_f'l_(;;j __ 4_5_LLt5_y_1] __ ------------- ------· ---------------
45 WRlTE (3,110) TITLE 

_______ 4 tJ ___ G [] _ _I_(J ____ }_L ______________ ----- ... ---- ----------------------- -------------------' 
16 IF(K{Jl-LINO) 43,43,41 

_____ 4.:...L-cl D = t_ D -1 
r = K<J > 

LX(T) = 0 
j =J-1 

------~------JC~l=~~1~------------------------------------------------------------------
GO TO 16 

43 I=K(J) +1 
LX( I-ll =0 

__________ _,M--"'F_= tAJ~_S_(_I_(!)J_J_j__l:.__ _________________________________________ _ 

LF.=IABS(ICL(J l) 
-.....,---.---------s"'--u_r.~ E_>~_$.JJ M r: l + YJJ -:1J;.__ _____ ---------------------------------------

sr(LEJ= SI<LE)-Y{I-ll 
KT = TARS(JT(J)l 
GO Tn 1 

~----V··-··- r.t=.J.N.Q::7_9 ____ L__5_Q_,__?.__l _ _!_1_l _______ _ -I 
50 ~JO = NO+l 

---~-C 2 O_Q __ _,~ r: R__Ij:S _ _3_T_ ~lE!:".!.l;__N T_ $ ____ Q ~Q ~_!{ ___ E_ ~3_i;_{_L~_Y._~ L S U ~_E_Q_I_iLPJ3 0 f3 --~"J_Q __________ _ 
C corv~PARE THEM. LUJ=ENERGY LEVELS USED, LEV=NO OF LEU, ENO=ENERGY 

----~-~C~--~L~f.VELS OR~EPf-~:D~-~--------------------------------------------------------
DCl2l5 IEN=1,LEU 

~-:-------___.,_I G.=:.l~_V_LU_: ~·l '-l ___ _ 
,, 2 1 5 E N 0 ( I f N ) = E N { I G ) 

---:----:c2 o 9 ___ M_~1= o _______ , _________________________________ ---------------~~---
\ DO 201 I0=2,LEU 

-------------~I~F~(~E~~!~D~(~I~0~-~1 )-E~G(IOl) 202~20_~1~,~2~0~1~--------------------------------------

------------------- ---------· 
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---~1_Q_'l____ES':_f3_l·1 !\ T_(_l_!j_T_] __ LEJS'_._ :'!-J _______ . ___ _ 

110 FQR,~1l\T {Fill NO /~SSiG~~~iti'!T l2A6) 
____ .._l_l_F_f)8J'::J'-T_j_l_ti 1 /./..lLLLL"3_l:LJ 'JJ'l)L__f)_.'\ Ji-'1_:::-:-J 2.A6_l ___ _ 

112 FO~MAT (9~HO LINE NJ. nRS. FREO. OBS. INT. 
____ L _____ ... LJN E $ ___ W_I_T_H_CQH\1Q\J _E i'JFRG Y_:Lf:VELS_) _____________ ---------------
113 FClR~H1T {lH 6X,I3,6X,F9.3,5X?F9.3,10X,20!4) 

____ 1,_. ~l....:..'+_.:r C R :-1 .'\T { 1 H Q_/ I 4 6 H T R ;\ I'J. ~_I__I_L'} 1\1 F. r\! E R G Y L E V E L F R E 0 U F N::....:' C::_-Y:.__::_l ----

115 FORMAT (44H NO. TYP~ UPPER LOWER CHECK} 
____ U~f:J ___ FfiR._t·~_t._T_UJ:L.~_x_,_L_3r_3 __ X, 1_3,_ 6X, I 3, 3X 9_I_~_1_7~_,J __ 3 ) ______ _ 

117 FIJi~f"li\T {23HO THE R/'.i'l~E r= ~·lUCL;::us I3v4H IS D,3H- £3) 

____ _lj __ f_F:D_q_r1:\ T_.(2_~1j(.) ____ U\J_CE_R_1:_/d _:\!T_Y Pl __ F .f'.F CJ_l)_f;:_kl_C._L:= __ E_2__._}_ tJ 7 H ,_j_i'l_Jl_J_T F N S IT Y = F 
15.3) 

ll 9 F 0 1U1 /\ T { 3 2 H 0 VALUE S F 0~ I NT E (\) S I T Y _ __:::S:....::U::_ivl..c__:R~, U:::..L=E~S...!_) _____________ _ 
120 FORH.t1T ( 19HOf.f\!ERGY LEVEl 2?..( !1+, 1Xl) 
l 2 l_ff~R.~A_l_( t9_fj_S_U_!1 __ _Q.E_ __ L~LTJJ\l5_ I_T_LE_$_0,~ F 2_'!_2-:o..!-l !_l ---------------------,;;----
123 FORMAT (lH 4413) 

____ l __ 2_!t_F_Q_~L~_T_Ll.!il_l /_f_/_j__/__2_9 X __ d_7 H A ill.~ N f1 EN T_::!._S_.:_F~O~R~----'1~2::...:A:2.:6~)_ -------------
125 FOR~AT {30X,2Fl0.3) 

____ l~A FOqMAT (80Il~J~----------------------~-------------
l27 FOR1'1AT (6HOLH!E 62f2} 

_____ Lf. R _t.D.!i~I_<_C,_l::L __ L __ >U_I_)_f.:_2 I 2) ___________ _ 
129 FORMAT{8X,2F10.3) 

·"---o....:.·. 13 0_,__. ____:_F....:.eOR M .AT ( 2 I 4, 2 F _LI)_~_]J~--------------------------
ENO 
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-------------------------· 
2 0 2 /1. E = E ~~ 0 ( I 0 > 

---------'=--Er-.10 ! I C J =---'[="'---:..:..i\iO:o.:..-'-'--( ~I..::::0_-_:.1;._!) _______________ --------------
F. 1':0 ( In-1 l =A F 

------·--· 
2 0 J C nf'.JT I 1\: U F. 

---'----------I Fj_~1NJ ___ 2_0_3, 2.Q:?_,_2_Q_Q __ ~-----·---------
203 IF(NO.EQ.ll GO TO 206 

_________ ~.J_0Q=~O-l~----------------------------------
INV=1 

_____ 2_Q_2_ ___ p(l ___ 2!2~ _ _T_C_.::J_,.J':l_Q_Q _________________________ _ 
4 DO 205 ID=l,LEU 

_____________ I_f_ u:g _ _( _ _I_C ._r __ QJ_·-~~-~JJ'LO_ ( r_r)l_l __ G_!l __ IP __ ?_Q!+ ______ _ 
205 CONTINUE 

_______ _.o:GD TO 2 U:..__ _________________________________ _ 
204 CONTINUE 

_______ _,LE__LI_0V_!._NJ:....• _ _1_> _____ 0_Q ___ .ISL.?li2__. _____ _ 
206 DO 207 IBT=1,LEU 

____ _____,2=-0"-'-7___,E ?~Cf\J.D_d_B_T_L:= __ {t:fO LU?.lL _______________________________ _ 
I F ( 1\J 0 • E Q • 1 l G 0 T 0 2 1 0 

--------""D-"-'0--"'2'"""0'""8'---I,_,E T = 1 1_1, E U 
208 ENO(IETl= ENO!LEUl-E"~D(IETl 

_______ · L~V :::==._1 ________________________________ _ 
GO TO 209 

--:--------=2:....=1:....=1,___--'-~J 0 = f\ID..=--1 _____________________________________________________ _ 
GO TO 213 

210 WPITE 1391051 TITLE 
i-JRITE (3,104) NO 

__ __;_ ____ __,_,_l.J l3.LI.r_L~'--1 o __ q __ t_ ____ ·---·----·- ____________________ _ 
it! R I T E ( 1 4 v 1 2 6 ) ( L X ( J Z ) , J Z = l , L I r~ 0 l 

__ Q_JJ __ ~_2 ___ L_ ::_~_. __ L J.f'L ...... ----··----. _______________ -------··--------
LL=K{ll 

~~ F = I A l' S ( I C U ( l . .....L.....cl'-----------------------------
LE = IARSITCLILIJ 

22 W P. I 1 E ( 3 .l () 7 l l , 11, E , 
---'--------~'-'--''~ H_ I_]_E_{ ]_~~Q 8 ) ------------,----------------------

DO 23 I~E = l,LEN 
2 3 lrJR IT F ( 3 v l 0 9 l I t·1E, E 1\J ( I i'-'1 E l _______________________ _ 

213 N = JT!l) 
--:--------'Lf_{_Kl_L)- r,:A X ( ~~ l ) ~_]_t_1_2_,_~l _________________ -'--------

33 LX(I) =0 

00 4i3 tv1C=1,NO . - . 
---"---4 ~ __ }:i~,_I_If.._(_}_,_J_?_p __ Ll~~!_Jl~AJ.0_~_ ,_.'1_C__) __ t___f:'~ [3_=:._1__ ___ Ll.JliL_:__ 

GO TO 20 
_____ 1._0 O __ F P.8_ 1~_A.I__.(_l_Q_I_:?J _____________ _ 

101 FORMAT (12A6) 
---·~-~-~l9~~Bl~0T (8F_l~0~~~5~} ______ __ 

103 FnRMAT (2513} 
,, l_Q_ 4 __ F_~!~~.I-~.ll.JJj_Q_2._£_Ld_5_t.L ... f\.5_~ I ~J\J.i'l_E ~L_f __ _~'i__0_~}:....:3::_:__l --------------------

--~~ lO.S FORi','1/\T (1Hl//////30X,l2A6) 
, 106 FORMAT (62HO LINE TRANSITION -----} -----1T-f.N_S_i~-Tv>-- -------------«·--·-

FRf:OUENCY IN 
~'-----"'--

107 FORMAT (3H I4,I9,2H -I3,2FL9~:.....:3::..._:_l ___________________ _ 
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----~--------····--···-·· 0 o 0 ------------o319-------

3o96 o23l 
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30.49 .. 655 
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----···- ...... -----------......... -------------------------

.0 ----------·---· ---------~--------
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------------l-1.-l.----ll-lll-------·------··----·-·---·-··--··- ·- - ------- ·-· --------
*** ;END-OF-FILE° CARD.*** 
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2 2 5 5 6 6 10 10 11 11 14 14 
----------"--2--5-S.-1-1--S-.8-l2-12-1-3-l-.j_--------------------------
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_oL~-----------------------------------------------------------------------

THREE f\IUCL E I b.BC EXM'JPLE PROBLEM 

1\ S S I G N 1"1 E N T NO. 1 

FREQ!JE!\JCY. INTF.NSITY 

/""., 
~--"~~:.._ ____________________ ~------------------'---------:.,__ ________ -:-::-__ ::-::::-__________ _ 

LINE TRAt--JS IT ION 
1 l - ?. (). 0.319 
2 1 - 3 lL020 0.062 
3 1 - 4 2'3.590 2.5R9 
4 2 - 6 41.520 0. 2 81 
5 4 - 6 _C~t----------~------~--~---------- 1'5.930 0.2'-t3 
6 3 - 5 36.340 0.205 
7 4 - '5 21.780 3.330 
8 5 - 9 19.890 2 .. 618 
Q f:, - 8 25.7L~0 0.180 

10 ? - 7 llt.99(l 0.940 
11 3 h 

! ) - 7 3.960 0. 231 
12 7 - R '52.220 0.202 
13 4 - 7 -10.600 0 .. 016 
14 3 - 6 3:). 490 0 .. 655 
1'5 2 s 1-t7.370 0.083 

4 25e59f'1() 
5 47.37()0 
6 41.5100 
7 14 .. 9900 
8 67.?000 

(''-.. 

0. 

r~ 
~~~~-~-~---------------------------------------------------------~---------------------

r · ..... 
\.j...,. 

r"":''1 

•.>' 

·~. 

__:, __ ,''-------------------,---------------------------------.:.,__-------------------
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THREE NUCLEI ABC SIMULATED DOUBLE RESONANCE EXPT EXAMPLE PROBLEM 

ASS I G ~! r'l EN T N 0 o 1 

LINE TRANSIT I-ON FR EQU-E-~J_C_Y____ I NTE NS I TY 
_j, 1 - 2 0 • --- 0 0 3 1 <)_ 

2 1- 3 11.020 0.062 
. 3 1 - 4 25.590 2.589 ----------

4 2 - 6 41.520 0.281 
') lt - 6 l2!_9.}_Q_______ _ ___ __Q_!_? 4--'--3 --
6 3 - . 5 3A.340 0.205 
7 4- 5 21.780 3.330 ---- ---------- ------ . -------------
8 5 - 8 19.890 2.618 
q · A - q __ 2 ?__!__]_!!_Q_ _______ _______£)_~_1 ~iL ____ _ 

10 ? - 1 14.9SO 0.940 
_____ u __________ _:}__- 1 3_. 9f:'_Q__ ______________________ .Q__!__~}_L ______________ _ 

12 7- B 52.220 0.202 
13 4 - 7 -10.600 0.016 ------= ------------------------------------- -----------------
14 3 - 6 30.490 0.655 

_ ____________ , _____ _ 
----- r' 

8\ 
-------------·---

15 2- 5 47.370 0.083 
~~~-------------------------------

__ F N F. R G :LJ-J,:.:.y F. L ~ 
1 o. 

__ ______.:c2 --c.---------------· 
3 11.0?00 

----~4~~??.~~-9~0~0.~--------------------------------------------------------------
5 't7.3700 
6 lfl.5100 
7 14.9<:?00 

___ 8 A 7. 2(' 00'---------------------------------------c---------

I __________________ .. ____ <.-----.. . . 
-------------··-·---~------------------------------------------------·--------- ---~---·-

.. 



E. Miscellaneous Computer Programs 

1. BLINE 

As mentioned under DECOMP, it is convenient to have the ranges of 

requencies and intensities within ranges of 0 - ·100 and 0--- 50 respectively. 

Since rm-.r digital data is usually not suitable for direct introduction 

into DECOMP, a simple :program, BLII\TE, vms written· to perform various 

manipulations upon the original data to make it more suitable for DECOI'IJP 

and PLOT. 

Input data cards: 

CARD 1 Read M, l'flA, MC, IPlJNCH (5Il) 

M ~ 0 if problem follows 

l'fl.A allovrs choice of two input data formats, MA == 1 for 

format 1, MA / l for format 2. All output data is 

standard. 

MC designates the number of points to be skipped belovr a 

level read in as BL. If no points are to be skipped, 

MC = 0, skip l point, MC == 1, etc. 

IPUNCH equals 0 if data not to be punched on cards, unequal to 

0 for data to be punched. 

CARD 2 Read BL, SCALEX, SCALEY, T2 ( lOF8 .·3) 

BL is the level below vlhich MC points are skipped. If the 

points along the base line are too dense because sufficient 

density v1as desired near the peak maxima, this option will 

allow as many of the lovrer points to be discarded as 

desired. If the entire spectrum is too dense BL >the 

maximum peak >-rill skip points all through the spectrum. 

N.B., the value of BL must correspond to the values of the 
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dat~ points after the values of x1 , Y1 have been 

subtracted. 

SCALEX and SCALEY are the multiplicative factors to change 

the respective ranges of the ra-vr data to the desired 

ranges. To invert data points ·for plotting SCALEX 

can be -. If the fields are left blank, SCALEX and 

SCALEY are set to l. 

T2 ·• In order to use DECOIY:IP, one must estimate peak positions 

and intensities from the spectrum for initial estiiM.tes 

as described under DECOMP. BLINE vrill search for all 

maxL~a and left shoulders and calculate the intensities, 

using the value of T2 which is obtained from the spectYwm 

and would be used in the manual calculation. These values 

are printed out after the data points and punched on cards 

in the correct format for direct insertion into DECOIY:IP. 

Small noise peaks are also given but these can be dis-

carded. Right shoulders were not calculated because 

they cannot be distinguished from some minima, ivith the 

3 point comparison used. The program is arbitrarily 

dimensioned to 200 peaks. If T2 = 0 this part of the 

progra~ is skipped. 

TITLE (12A6) 

Data points are read in as X., Y. using format con
~ ~ 

venient to user. Last card in data deck is bla~~ so 

the progra~ can detect end of data points, since the 

nwnber of points is not read in. The nwnber of data 

points in the final deck is printed out. 

' '"' 



l 

... -- -=~~9 ~----·-------·-----·-··-··--·-·--·--------------· 

·---·-----·-----·---···--·-·-· -····--·-·--- ... ····--· ............. . - ... ·----· ---·-----·---·-·-------·-·----------····---
$ISFTC BUNE 

-------'C PR.O.G.R..AtLI.Q ___ S_H_I_ET ... BASEL_INE __ I_Q ___ Q __ A.~_P_':\[)_~_U_ST INJ~ .. s~"L?.l_I_y_ .. __ C_~AL§_O __ 
C ELIMINATE ANY NO OF DESIRED POINTS BELOW A GIVEN VALUE •. NO OF 

_____ _,C ___ NO _OF DAT 4 POINTS .. DOES NOT. NEED ___ TO_j?_E ___ R_E_AD __ I_b] __ Bl)J __ NU_S.J_ji_~_l;T. 0 
DIMENSION TITLE!l2)vXC3000J7Y(3000),X!N(200),YINC200J 

l ___ READ .... ( 2 9 l 00) _ f'w~, f'l A 1 MC $ I_p_uNC_fj ___________________ ~----
IF(MoEOoO) CALL EXIT 

________ _;_:R _ _!:l\._Dj__?_-;_l_Q_9_) ____ .t3.L.?_?_C_..S_!-:_E_0 __ ?_5._C_~_l.,__E..:._Yy__, ..:...T:::.2 _________________ _ 
IFCSCALEXQEQ~O.)SCALEX =lo 

--=---------IF __ {SCALE.Y, .. _EQ .. Oo}SCAL.EY_:=l". -·-··------~--------
READ(2,101) (TITLE{ I}~ I=l? 12) 

_________ irm LT E __ _<.3 d 03 L .J IT L E ____________ _ 
IF{MAoEQ.,l) GO TO 8 

________ __!o __ o_l o_J= La.o_o_o_J,>_s __________________ ___:_ ____________ _ 
I<=J+4 

_________ READ ( 21 102 U X ( U, Y { 1), I=.J P ~_) ___ _ 

IF (X(J+l).,EQ.O.J GO TO 9 
_______ lO ___ CONTINUE_ ___ ...... __ ..... ···----·-------··-

8 DO 11 J=l,3000,8 
_________ K:=._J_+] ---------·--------- ----

. '· REA0(2 1 105) (X(l)~Y( I>d=J,K) 
____ IF (X ( J+ 1) ._E.Q .. 0 ..,_} GO. TO _9._ --·-----·-· 
ll CONTINUE 
9 _____ M=. J_~l -·-····--·--·-·· ___ ··--··-. __ _ _ .. _ --·- ··----- _____ ··- ···---·--··----· 

YA=Y ( 1) 

________ ___,_,_X.~\.=_X0 .. JJ _________ ·------------------------
00 2 I=lvM 

_________ XUJ:::J XC I L::·XAl.*S.CALEX _____ ...... . 
2 V(l)={YCI)-YA)*SCALEY 

-'------------J.::: 2 .... _____ ---·-------··-··-···---·-·-···-·· -·- .. ---·--·-------·-·-----
1=2 

________ !__LE.LY .. UJ_.,.GL .. B_U_G_O __ T_O __ "----------------------
I=I·'rfV:C 

_______ 4,_ __ .X_U).::::J<..LU ____ _ 
Y(J)=Y{I) 

-----,-------J~.J.:l-_1 ______________________ , _________________ _ 
5 I=H·l 

_________ I_F_LI.~.G.E .. M) GO T_0::....-.::6'-----------------,-----------
GO TO 3 

------~6:__K=J-l ____________________________ ··------··-··-
'tJR IT E { 3? 102) (X { I ) p Y ( I ) , I= 1 ~ K) 

_________ 'tJRJ.T.Ej_3_ ,JQ'!_)_K ____ ··----···-·-·--------·-·-----·-----------------
IF(lPUNCH .. NE.,O) WRITE(l4,102) (X(I),.Y(l),I=l~'K) 

--~------I.LLT_?..!'_!;_Q~.o .. ) GO TO t 
KX=l 

-='· .. __._ ________ [•1 i<~.M-: 1.·-···--··---·· ----------·-·-·---····-· 
DO 771I=2t-MK 

____ It ( __ y <I > o_GJ_..,_y ___ CL::lJ ..• ANQ_ .. _ _y .. JJ_t .. _GE_ ... y __ U_:t.l.U_G_(L~T.0_77 ~------
GO 1"0.771 .-. --'-'-----'-D-XJN ( .KXJ_::_?(_(_Ij, ___________________________ _ 
YIN(KX}=Y{I)/(2.*T2l 
!<X.:;::K_X-<-1 --------·--··---

771 CONTINUE 
~' '' 

--~------IZ:::_KX_::_l_ -----------·-··-··---·-··· ....... _ ......... ·····-··--·----· 
~~ R I T E ( 3 , 1 0 6 ) ( X I N { I ) ~ Y I N ( I ) , I = 1 v I Z ) 

________ _!IF ( I l?_t)j~.J.c;_H .. N_E_o._Q.LW.BJ.J.EJ_ti.9_l._()]J_l? 
IF{IPUNCH .. NE.,O) WRITE( l4vl08) CXINCI).,YIN( I>~~I=lPIZ) 



···-----------··----------·-- -----------=~Q:: ___ _ 

--------------·-··-----···-----------------------------------·-----
GO TO 1 

_______ lOO_EORMALL5J.LL. 
101 FORMAT (l2A6) 

________ l02 __ F OR I~ A T__J 10 F 8 .. _3J _______________ ·-·-

103 FORMAT C1Hl//////l2A6) 
_______ l Q.&, ___ F 0 R r-1 AT.(_ 16 H 0 N 0... . 0 f. ___ p 0 I NTS __ = L~.L-

105 FORMAT {16F5 .. 3) 
_______ L0_6_E_0_8.J::L~_I_(_2_tl_Q_ .. _~) ___ _ 

107 FORMAT(20X9fl0 .. 3} 
l_OS __ f_OR_M_AT_ ( 30X? 2F 10 .. _3__) ________ _ 
l 0 9 F 0 R f~ AT { 8 F l 0 .. 3 ) . 

_Ei\0. __ _ 
~*~ 'END-OF-FILEc CARD **• 

-----------------------·--···---·-·--------------------------------=--

-· -----·-·· ·-· --------------------

----------'----- ---------------------··------·-···-·---·-·-· 

---------- ----------- -----------,-- .., 

-~~-'':-' ----------------------· ... , 
~ :~ ;:t. ~ 
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2. SCALE. 

SCALE is a program vlhich scales the frequencies from the arbitrary 

values obtained in DECOMJ? to the frequency values obtained vri th the 

spectrometer and normalizes the intensities to n2n-l so intensity sum 

rules can be applied. The program will linearly expand or contact the 

spectrum and shift it to any values desired. The scaled lines are 

then printed and punched on cards in one of two formats. Up to 10 

spectra can be averaged if desired. 

Input data cards: 

CAP-D l 

Note: 

. CARD 2 

CARD 3 

Read JS, NS, NN, M, IOUT (9I3) 

JS is the number of spectra to be read in and averaged. 

JS = l to 10. 

NS is the total nw.'Tlber of spins in the system used for 

l . , . . -J.'''S(2)l'JS-l. norma lza~lon, l.e. , 

1m is the number of spins in the part of the spectrum which 

is being scaled. If.the X part of the A
2

B
2

X spectrum is 

being scaled; NN = 1, NS = ). 

Ivi is the number of pea...~s to be scaled. If more than one set 
I 
is to be averaged, M must be the same for all sets. 

IOUT allows a choice of formats to be punched on cards. 

(see listing. ) 

If more than one set of lines is to be averaged, only the 

following cards are to be repeated in the problem. 

Read TITLE 

Read DCPS, SHIFT 

(l2A6) 

(2Fl0:3) 

DCPS is the difference in values desired between the first and {, 

last pea...~s. All other peaks are scaled proportionally between. 
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SHIFT is the value desired for the first peak. 

DECK 4 Read FREQ, PINT (30X,2F10.3) 

~~is deck consists of the frequencies and intensities of the 

lines, one set per card, which are output from DECOMP. 
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$IBFTC SCALE 
____ <: 1):l_I_S ___ PROG_8Af~ __ S_CA_L_C.S ___ D_I_GO::.AL ___ Q_A_I}I __ T_Q __ ~_p_E_C_l!3-__0l::tl:TfJL_Dil._I_A_fJ.Y_AQ_JUSTI,__,N_:_;'G~-

C FREQUENCIES TO UNITS OF CPS AND BY NORMALIZING INTENSITIES. IT 
____ C _____ THEN AVERAGES. UP TO. 10 .. D.l FFEREN_T __ SP_EC.TRA_ .. ____ _ 

DIMENSION FREQCl0~200),PINT(l0,200)vTITLE(l2l 
___ 60 __ READ ( 2 v l )_ JS r NS, NN1 fJ 1 I ou-c ________________ _ 

IF(NS~EOoO} CALL EXIf 
_ _;;__ _____ E.J.S = _J_S ___ _ 

KI = NS-.:-2**(NS-U 
__________ HI_= __ N N * K i INS _____________________________________ _ 

DO 10 I=l1JS 
---------READ _ _( 2 __ 9 2 )_ ___ ( T I T_L E { _J ) , J :== 1, 1_2_) ____ _ 

READ (2,3) DCPS,SHIFT 
______ ____:R_:=.,~.Q_L2_~_i__Lj£B_E_Q_U_LJ.J __ ~_p_IJ~.Jjj_L,_)_} v J = ]._, ~1-~>----------------

SI=O .. 
________ 0_0 ___ 20_J:=l_v_M ------------------ _________ ---------------------------

20 SI=PINT{I?J)+SI 
f M __ :== ___ (J_C _PS ( ( F:BE Q (_I_ v _M L-:-_fJ~-E _Q _(__I_.,_l _ _LL 
FRI = FREQCld) 

________ Q_p __ 3_0_.)= l_?l\ _________________ ---------------------
F R E Q ( I 1 J ) = ( F R E Q { I , J ) - F R I ) * F 1\H- SHIFT 

_____ __,3_0 __ _P.I_NTJ I_P J) __ = __ PINT (I., J l -:.:HI IS I ___________________ _ 
WRITE !3,5) (TITLE{J)pJ=1,121 

________ IF ( JS .. GT .. 1) GO_ TO_ 10 ______ . _ ________ _ _____________________________ _ 
IF(IOUT.EQ.O) WRITE(l4 1 9 ) fFREQ{IpJ),PINT(I,J)pJ=l~M) 

_______ .I.f_U_OU_T_.,J':l_E_._Q_) __ JJ_R.I_LE._Ll_~_, ~~--J_(_E_&_EQ_LL,__J_j_J PINT ( I 9~ J= l r:..:M...:..I.:....) -------

10 i-JR IT E ( 3 9 6 ) ( F R E Q ( I ~ J r, P ! NT !I , J ) P J = l v M ) 
_! F_ J JS .. EQ .1 ) ___ GO _{0 __ 60 .. __ ·--------- _______________ _ 
00 40 J=l,M 

---------------- 0 0 4 0 1 =;= 2 ~ j s .. -- . -- --- -------------------------------------
FREQ(lij) = FREQ(l~JH-FREQ(lpJ) 

______ 4~0 P_I_N_T__( l_v_J) _____ := __ _p)_t'J]_U_r_Jj __ _±__P_I_Nl.U __ 11 J> __________________ _ 
1-JR I T E { 3 ~ 7 } J S 

_______ DO 50 _ _-l_;:l_v_l"l ______________________________ _ 
FREQ(lvJl = FREQ!l,J}/FJS 
PI NT ( 1 v _J) ___ = __ P I NT< 1 , _J 1 I F J S --·- _ _ ___ -------·----------

50· WRITE (3,8} FREQ(l,JJ,PINT(l,JJ 
_______ I_f __ ()_OU_T_~EQ .. _Q)_i'l_R. _ _I_"I_Ej_~~-~_2 __ )__ __ _L~:3~Q_(__l_~_,_p INJ_j__J__,~_L,_..]= 19M) ________ _ 

lF(IOUT.NE.Ol WRITEC14~4 ) (FREQ(l,J),PINTCl,Jl,J=lpM) 
___ G 0. T 0 ... 6. 0 ____ --·--------------------- -------·---------- ___ _ 

1 FORMAT (9!3) 
__ _..:.; ___ 2 ___ f.O R MAT_ ( 1 2 1\6_) .. -----------------------------

3 F 0 R t~ AT ( 2 F 1 0 .. 3 ) 

------~--t_ORMAf_{30X?2_F_lO.,_~J ---------------------------
5 FORMAT (1Hll2A6/1H ) 

·-· . 6 FORMAT {lH 2Fl0.,3) 
~~-~-~-···7·-·FaRtt;Ar-·· < 19H1Av t:RAG·e-.. v-.At::u.Es -i=oRT:r,-s-;:-r-s-P·ecrR'A-71~ 

~ 
-~---8 FORMAT ( lH. 2Fl0 .. 3) 9 - ----F~ORMA_T_ ( 8X p-2 F 10 .-3")"-------------------------------

END -.......--------' ·'-=------------------
*** 0 ENO-OF-FILE° CARD *** 



Fig. l 

Fig. 2 

Fig. 3 

Fig. 4 

Fig. 5 

Fig. 6 
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FIGURE CAPTIONS 

Group of twelve peaks from spectrum l decomposed i-lith digital 

shape function. Dots are experimental points; vertical lines 

shovr position and intensity of peaks found by DECOMP; the solid 

curve is calculated from the peaks represented by the vertical 

lines. 

Group of tvrelve peaks from spectrum 2 decorriposed with digital 

shape function. 

Group of t1.;el ve peaks from spectrum l decomposed with Lorentz 

function. 

Group of t>·relve peaks from spectrum 2 decomposed with Lorentz 

function. 

Energy level diagra."ll for ABC example. 

Energy level diagram for ~B2 example. 

Fig. 7 Experimental spectrum of 3-chlorothietane, X region. 

Fig. 8 Experimental spectrum of 3-chlorothietane, ~B2 region. 

Fig. 9-16 Decomposed groups of peaks from the spectrum of 3-chloro-

thietane, digital shape function. 

Fig. 17 Energy level diagrams for 3-chlorothietane~ (a) syrr~etric, 

(b) antisymmetric. 

Fig. 18 3-chlorothietane, structure and identification of protons. 

Fig. 19 Comparison of results from 1WRIT and DECOMP of the X region 

of the spectrum of 3-chlorothietane. Top curves are calculated 

using positions and intensities of vertical lines representing 

peaks obtained ·with 1WRIT. Bottom curves are experimental 

spectra; the vertical lines. show positions and intensities 

obtained by DECO~~. 



Fig.20 

Fig. 21 

Fig. 22 

Fig. 23 

Fig. 24 

Fig. 25-32 

Fig. 33 

Fig. 34 

Fig. 35 

Fig. 36 

'~ 

Fig. 37 

Fig. 38 
.;., 

Fig. 39 
' ,. 
' Fig. 40 

Fig. 41 

-155-

Comparison of results from IiMRIT and DECOMP of the A
2

B
2 

region 

of 3-chlorothietane. 

Double resonance spectra for 3-chlorothietane: (a) frequency 

sweep spectrum obtained i·lhile observing line 11, (b) single 

resonance frequency svreep calibration spectrum_, (c) frequency · 

svreep spectrum obtained vrhile observing line 12. 

Energy level diagraJn for double resonance experiment. 

Experimental spectrum of 3-thietanyl acetate, X region. 

Experimental spectrum of 3 -thietanyl acetate, ~B2 region. 

Decomposed groups of peaks from the spectrw~ of 3-thietanyl 

acetate, Lorentz shape function. 

Comparison of results from NMRIT .and DECOMP of the X region 

of the spectrw~ of 3-thietanyl acetate. The top curve is the 

experimental spectrum; the vertical lines shovr positions and 

intensities obtained by DECOMP. Bottom curve is calculated 

using positions and intensities of the vertical lines, repre-

senting peaks obtained ivith NMRIT. 

Comparison of results from NMRIT and DECOMP of the ~B2 region 

of 3 -thietanyl acetate. 

Best spectrum using visual estimation of pe&~s with 1~IT, 

X region of 3-thietanyl acetate. 

Best spectrum using visual estimation of peaks ivi th Nf..ffi.IT, 

~B2 region of 3-thietanyl acetate. 

Energy level diagra1n for A, symmetry; A2B4 example. 
-'-

Energy level diagram for A2 symmetry; A2B4 example. 

Energy level diagram for Bl symmetry; ~B4 exa.~ple. 

Energy level diagram for B2 sym."lletry; ~B4 example. 

Experimental spectrum of trimethylene sulfide, digital data. 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com
m1ss1on, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor
mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 

of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor . 
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