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THE ELECTRON SPIN RESONANCE SPECTRA-.OF RADICAL
‘ ANIONS IN LIQUID AMMONIA -

Donald Harris Levy_
Inorganic Materials Reseérch Division, Lawrence Radiation Laboratory,
Department of Chemistry, University of California,
. Berkeley, California :
 ABSTRACT
January 1965
A new technique for the generation of pi—bondéd‘radical anions by

means of continuous electrolysis in liquid: ammonia has been developed,

and the experimental procedures- are described in detail. The radical

anion of'l,3-butadiene has been prepared by this method and,its electron -

spin resonance spectrum has been observed. ‘The measured proton hyperfine
coupling constants are compared to those predicted by several theoretical
calculations.

The radical anions of isoprene, 1,3-cyclohexadiene and 2,3-dime£hylf

butadiene have been prepared.and their ESR-Speétra have been observed. -

A theory for deriving methyl and methylene proton coupling constants'from
a knowledge of the unpaired.épin densiﬁy distribution is developed and
used to predict the coupling constants of these and other methyl and

methylene containing radical anions. Thé‘unpaired.spin distribution is

calculated using a hyperconjugation model and several simple LCAC molecular ,'

orbital theories. A small correction for spin exchange_polafization is -
taken into account. It is shown that d-simple extension of Huckel theory

can be used to succeszullyvpredict the methyl and methylene proton‘
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coﬁpiing éoﬁstants of ali the radical anions considered,,~

An.inéquivalence of the:msthy;ené5prot$ns in:dimethyibutadiéne“
radical anion,has_b;eh observed. To eiplain fﬁis.tﬁe usual molecular
‘orbital treatmegts_have been modified by using an expanded.basis'set
including thé'Bd.carbon atomic, orbitals. These are shown to be of the

.correct symmetry to aécount for‘the obsérvedhanisptropy.

Thé radical énioﬁ'of.l,3,5—§ycioheptatriene has been prepared and
the hyperfine coupling constants measured. The methylene proton coupling
constant has beéﬁvaSSignedvby monodeuteratioﬁ of the methylené group.

The wavefunction of.£he unpairea.electron in this molecule is shown to
héve a node at the methylene protons and consequently any hyperfine
coupling is due_to a combination of‘sPin exchangé polarization and elec-
tron correlation. The small contribution of electron correlation is
éstimated by an approximate sélf—consistent field.caléulation, and the
remgining hyperfine coupling is taken as a measure of the spin exchange
polarization. A correction term useful for accounting for spin polarizar 
tion effects in other radicals is derived. The fact that this term is
" small provides a-justification.of the hyperconjﬁgétion model used previously.
The ESR spectra of the nitroéobenzene and nitrobeﬁzene fadical‘
anions have been dbserved‘in iiquid.ammonia. The nitrosobenzene radical

anion shows two ortho and two meta proton coupling constants which may

be explainéd.by either of two simple theoretical models. One model involves

non-bonded interactions introducing off-diagonal Hamiltonian matrix

elements between non-bonded atoms, and the other involves an electron

polarization effect which produces small changes in the on-diagonal matrix -

elements. These have been déscribed previously as the B- andvareffects.

e e A

. gt e

Coprmen o s e e

B e




~vii-

The nitrobénzene radical anion was preﬁaied‘iﬁ‘liquid,ammoniavaé a refer-
ence and to compare solvent shifts..

‘The radical anion of cyclooctatetraene was prepared in liquid ammonia
and i1s shown to be much more stable in this solvent than in any previously
used. ©Small coupling constant solvent shifts were cobserved which, because
of the symmetry of thé molecule, can only be éttributed.to a éolvent

perturbation of . the sigma~-pi interaction.

L A




- I. INTRODUCTION

Molecular quantum mechanics and the general problem of molecular
electronic structure is fundamental to all of chemistry, and it is not

surprising that it has received considerable attention ever since the

introduction of quantum mechanics itself. The recent general availability -

of high speed computing machinery has led to a proliferation of'theoretical
calculations which has brought this field to the point whe?e quite
sophisticated self-consistent fieid calculations appear in the organic
. chemisfry literature, and the more advanced calculations of 'theoretical
chemists involve so much computation that they are almost entirely di&orced
from conventional chemical concepts and any notion.of chemical intqition.
One unfortunate aspect of this weaith of theoretical‘computatidn'is.that
the theoretician is beginning to outstrip fhe experimentaiist and many
calculations are yie;ding results for whiéh the_correspondiﬁg experimental
data ére not available. One frequently finds the theoretician forced to .
' compare his'latest calculation to-the "vest ﬂartree-Fock calculation”
rather than to experimental results simply because the experimental re-
sults do not exist.

One promising sourceﬂéf the neceséary dafa has been rélatively new -

areas of radio frequency spectroscopy. Theif'utility lies in the fact

‘.:that it ﬁsually‘is possible to separate out small terms_from thé molecular> 

Hamilfonian which to a very high degree of approximation do not effect
the molecular energy'or wave function but which do contain parameters
whiﬁh depend upon the molecular wave functioh. Since these smallér fefﬁs
are usually much more easily-solvéd.than the complete Hamiltonian one

can obtain very accurate measurements of the values of the parameters

v A gy
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which appeaf'in fhem; If one ean'then relate the»psfsmeters to the
molecular wave fﬁhction one has a measure, at leesf-in parts of the mele—
cule, of the'ﬁave function itself. Coulson described these small terms
as "measuring rods, able to be placed within the‘electronic charge-cloud
without affecting it

A specific teehniQue that has pfovided a great deal of data of this
nature has been:the measurement of the eiectron spin resonance (ESR)
spectra ofvorganic radical ions‘and‘neutral radicals in solution. The_
motional narrowing of the absorptionvline due to the rapid tumbling in
solution alloﬁs a very great degree of resoiution and causes the aniso-
' tropic terms in the Hamiltonian to averge to zero, thus simplifyiné the
interpretation of the spectrum. The interaction of the electronic.andf
‘nuclear pafamagnetism produces-a great deal of hyperfine structure in the
spectrum which can be readily analyzed in terms of a set of hyﬁerfine
.coupling constants that are related to the electronic structure of the
molecuie. ‘The prqblem of determining this relafionshiévis complex bu£
. not iﬁpossible; and one is_now able to get a_reasonable estimation .of the

value of the molecular wave function from the measured hyperfine constants.

One of the severe restrictions on this technique is the experimental

difficultyvof preparing the necessary paramagnetic species. A survey of

the literature impresses one with the fact that the theoreticians and

the experimentalists are not working on: the same kinds of molecules. This

is illustrated by the fact that the molecules. whlch are experlmentally
easily reducible to. the radlcal anion are those with the larger conJugated
.bpl electron systems and are dlfflcult to treat theoretlcally.' Conversely f
the molecular species that are 1nterest1ng and tractable theoretlcally |
are extremely unstable and difficult to prepare. Thus the theoretlglans

.deal with such speciles as methyi, allyl and ethylene while the . .z

TRTT
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experimentalists make measurements on anthracene, 'tetracene, etc. It

was in an attempt to develop experimental techniques that would help

. . : close this gap between theoretician: and,experiMentalist that the follow-
. v >ing work was undertaken.
K5
\‘
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II. THEORY AND CHEMISTRY OF RADICAL ANIONS

A. Previous Theoretical Work

As mentioned above it is possibie to separate thé.complete molecular

Hamiltonian into various terms which are non-interacting. It is customary

for ESR work to write the complete Hamiltonian as

H=H +1 ) _ ()
where Ho conﬁains ail the electrostatic interactions and H' contains the
spin orbit,‘magnefic field, .and hypeffihe’terms._.Treating H' as a pertur-
bation if is possible to derive an Qperator H, (the "spin Hamiitonian")’

" which lifts the spin degeneracy within the ground manifold of Hb.- Although
the coefficients of the éperators appeéring in H  are averages df'various.v
orbital maﬁrixlelements,.tﬁe operators themselves are spin 0perétors and
ﬁence Hé operates only in the .space of fhe’electronic.aﬂd‘nuclear spih

2,3

variables. The:derivatioh of Hs for atbms hés been treated by»Pr&ce,
and has been lucidly reviewed by Bleaney and S‘ceven’slL and again by Pake.5
Stone6 has showﬁ that this treatment cahnot be.applied directly to mole-
cules due to the fact that the theory is not invariant to a gauge trans-
forﬁation which éhangés the point in space.aboﬁt which thevelectronic
angular.momenta are referred. However, he has derived a similar theory .
for molecules which is gauge invarient.

The results of thesé treatmenté is that the Zeeman terﬁ_of the-spin‘

Hamiltdnign describing the interaction of the electronic magnetic moment

and an applied magnefiq field‘ﬁ is given by

E=eEeg-S (@



S

g

where B is the Bohr magnetron, S. is the electron spin operator, and g
ié avsecoﬁderank tensor which is derived from the theory and contains
orbital angular momentum matrix elements arising from the spin-orbit inter-

actions. In liquid systems the rapid tumbling of the paramagnetic species

"usually averages out ahy anisotropies in the %.tensor and it mayfusually

be replaced by a scalar, g.

In molecular radicals the low symmetry caused by the strong molecular

electric field almost completely qﬁenches any orbital magnetism, which re-

- sults in the complete removal of most orbital degeneracy. Any degeneracies

remaining due to whatever molecular symmetry exists tend: to be removed

by the Jahn-Teller e:f‘fect.7 The result of this-is that the g-value for

molecular radicals tends tb be very close tQ 2.00229, the g-value of the
free electron. While a theory8 has been developed to account for devia-
tions from the free electron g-value, very little information about the
electronic structure of the molecule can be obtainéd.from these extremely
small deviations.

The Hamiltonian for the interaction of the electronic and nuclear

angular momenta is expressed a59
S 80T 3(s_+x)(I_'r)
N . € n _ e n - _81_[ T . -
5=3 gegh'?,gn{lr -r |3 ERENE 3 %'ty 5..(re )y (3)
I “e 'n ’ € n S v o

The notation is standard and is defined in Ref. 9. The first two terms

in the brackets arise from the classical dipole-dipole interaction of

the electrohic and nucledr maghetic‘momentg. It has been shown by'Weissmanlo

that for molecules.uhdergoing_rapid tumbling in solution this part. oo
of the interaction vahiéhes._ The term remaining arises from thé'Férmi

contact interaction;l and 1s not averaged out by'any molecular motion.

S
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In organicl. pi-radicals the energy.splittings caused by this term are

extremely small (of the order of 10 mc.). However as noted above these:

radicals have very small spin-orbit couplingé and this produces 16ng re-
laxation times and a very highly resolved spectrum. Cdnéequently even
these smali splittings can be fully resolved ahdﬁa great deal of informa-
tion may'bé obtained.

| +t is easily seen that the effective.spin Hamiltonian consisting of

the Zeeman term and the Fermi contact term may be solved to define the

- position of the lines in the ESR spectrum in terms of a set of parameters

Ai’ the hyperfine coupling constants, where for the ith magnetic nucleus

81gB Hi : : :
Ayl ey , W

where _ »
o= <Yz §<?ki)skle>/sZ | N

. . - . : . .
In this expression S(nki> is the Dirac delta function of the distance
between electron k and nucleus i and Bi might be looked upon as the un-

paired spin density at the magnetic nucleus i. Thus from .the éxperimental

velue: of the coupling constant Ai one gets easily and accurately the

unpaired spin density at fhe ith magnetic nucleus.
Unfortunately for most pi-bonded molecules this is not a very inQ

teresting quantity in itself (with certain exceptions to be treated later).

The reason for thié is that almost all theoretical treatments of pi-bonded

molecules begin with an assumption that the pi-sigma separatioh approxima-

tion is valid. This approximation assumes that the total moiecuiar wave

function may be written as -

Pono g © . f



-6~
'where @ - ahd '@-H are functions of only the sigme and bnly the pi~-electron
' céor@inates_(space and spin) respectively-and“A is the antisymmetrization
operator with respect to pi and sigma electron interchangé.;? Since the ' a
unpaired electron in pi—radicals is a pi-electron'in this approximation

all the nuclei lie at a node of y

I and therefore the pi-sigma approximation

implies that Si and4Ai are both exactly zero.. The féct that there is ahy
hyperfine interaction ébserved at al; indicates a departure‘from pi-sigma
éeparability; Of course the minute energies invoived indiéate that the
pi-sigma interaction is very small, and.thatvits neglect is unimporfant
in comparisons with other approximationé fhat must bermaae ih ény molecular
theory.‘ Nonetheless in order to compare experimental coupling constants
with such a theory it is necessary to have an additional relationship'
between the.experimentél numbers and the wave_function K}H' '
This:relatiénship in aromatic protons was discussed bthcConnelll3’lA'
who theoretically examined.the hyperfine’interaction in é C—H.fragmeﬁt
of an aromatic hydrocarbon. He postulated aﬁ exchénge polarization
mechanism whereby thé unpairedbpi—elecfron onvihé carbon atom polarized
" the sigma-élecﬁrons in the C-H bond resulting in a- net unpairedAspin~
density at the prdton. His treatment involved admixing a small amount of -
an excited conffgﬁration ¢ with the ground state wave function. The con-
figuration ¢ involved the antibonding valence bond function where the two
sigma-electrons in.the C-H bond.héve parallel spins. This tfeatment léd

to the approximate relationship . : i

A, =ap, : o ik

i i 3
where pi is the probability of finding the unpaired electron on the < . 46
carbon atom to which'the ith pfoton is bonded (frequently refefred to as o £



l'*)
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the unpaired spin density at the ith’cafbon atom), and Q is a constant

" defining the sigma-pi interaction. In both a simple valence bond or

molecular orbital derivation-Q is proportional to the quantity (JpthpS)/E
where
| = |s

12

1P2> ) 8

Jps=<plsé
and E is the energy of the‘eXCited.configuration gbove the ground cbnfigura—
tiop. Here p is a Epzyatomic orbital ;entered on the carbon atom, h is
an sp2 hyﬁrid.orbital centered on the éarbon atom and directed toward.the
proton, and siis the 1s atomic orbital of the protonf A more complicated
exﬁression féf Q_haé been derived using a theory generalized to the case
of polyatomic pi-electron radical systems.15 ‘

.Colpa and Bolton;6 have extended the theory by considéring fhé C;H
fragment and including.the effect of excess charge‘in addition té that of
unpaired,sﬁin invattempt to explain certain anomalous treh&s which develop

when Eq. (7) is applied. Their derivation has. led to the relationship

Ay = Q) + ke doy (9)
where €i is the.excessvgharge density on the ith carbon atom and K is a;
theoretical constant; Glacometti et gi.lY havé tried to explain these
same anémalies by including nearest’neighbof»ihteractions7with the C-H
fragment. |

The first freatment.of h§pe;fine interaction due to magnetic nuélei.
othér thén-protons was by McLachlan et g;.lB who removéd a few’miﬁér re-
strictions from McConnell's theory and generalizéd.thisvtheory to include

all magnetic nuclei lying in the nodal plane of a pi-radical. The

particular importance of such a theory is that now C13 and Nlu splittings

£
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could also be reiated to the molecular electronic structure. Their theory

yielded the result that
= tr(g ) . : (10)

where o is the pi-electron spin‘density:matrix and Qilis a ﬁyperfine
coupling matrix wﬁose elements depend upon oaﬁ exchange integrals and>
excited sigma triplet statesf Aﬁ expanded theory which considered not only
the C-H fragment but in addition treated tﬁe'ls carbon electrons and ali

the electrons in the three bonds of the 5p2 hybridized carbon atom was.
developed by Karplus and Fraenkel. +9 This theory, which is appllcable to

any many-electron atom such as Nl , gave the prediction that
C g Jo + T Q. | (11)
QCin o QXFC J .

Here C is an sp2 h&bridized‘carbon atom that is bonded to three atoms;

xj (J =1,2,3) and p and Py (3 =1,2,3) are the pi-electron spin densities
on atoms C and varespectively. SC accounts for the centribution of the.
1s electrons of the carbon atom and the Q's for that bf the remaining
electrons. The theory can be used forvany atom, A; by defining a set

of ﬁarameters Q%C which result from the interaetion between the bond,BC:

and the pi-electron spin density on atom B.

‘B. . Previous Chemical Work

The first observed ESR spectra of radical anions were reported by

Weissman and co-workers in a series of papers prlmarlly concernlng the

20-22

naphthalene negatlve ion. .~ " Since then quite a large number of_papers

have appeared reporting the ESR spectra of Specific radicals. The litera- '

ture on this subject prior to 1958 has been summarlzed qulte nlcely by

.
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N

IngramQJ in his chapter on sﬁable free radicals (Chapter 5) - However much.

_of the high resolution work in thls field has been done since the publicatlon

of Ingram's book and unfortunately, to the best of the author's knowledge,

no single cbmpreﬁensive review of the literatﬁre since 1958‘has been Wriften.
A series of annual reviews covering'fhe previous year's work has been
publlshed 23-27 and in some ways helps to fill this gap. A recent fransla—
tion of the book By Al'téhﬁler and.Kozyrev28 givés a more recent review
although his teble of molecules studied is takeh vérbatim frqm Ingram.9
Carrington29 has written an introductory review of this area which contains

references to much of the most significant recent literature, but it is not

intended to be a complete listing of all recent work. A complete bibliogra-

phy of all ion-radicals studied (including subject or formula index) would

be of considerable use but is unfortunately outside the scope of this work.
Somewhat more to the point, there follows g brief review of the teéhniques
developed for the generation of radical anions.>

The first solutions of radical anions were prepared.ﬁy thevchemical
reduction of the parent species (A), by alkali metalS»(M).using an inert
ether solvent such as tetrahydrofuran (THF); The detailed expérimental
procedure for such chemical reductions has been described in‘the litefa#rzfu

30-31

ture. The equilibrium reaction involved is

A+M=A" +_M+ | - (12)

and in cases where the factor llmltlng the production of the anion is a

small electron afflnlty for A this technique .is still perhaps the best

' *.
avallable.

< . S o AT s .
Probably the best example of the extreme reducing power of these solutions

1ls the recent generation of the cyclopropane radical anion.

O

i A e g g v e e e
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N

On the other hand, in many cases, the production_of the anion.is
limited by other factors such as pqumerization or additional reactioh,
and in these cases direct chemical reduction leaves something toAbe
desired. The technique of electrolytic reduction waé first used by

33

. Geske and Maki for ﬁhevproduction of the nitrobenzene rédical anion and
represented a conéiderable impfovement for many interestihg cases. Geske
and Maki used an intra muros technique whereby the radicals were generated
in an electrblytic cell placed directly in the'microwave cavity of the ESR

3k

spectrometer. More recently Rieger et al. have carried out the electro—_ ' N
lysis outside the microwave cavity and transferred the electrélyéed.soluQ
tion to the cafity via a flow‘system.

The electrolytic method of generating negative ions has avnumber of
distinct advantages ovef the older technigque of chemical reductioq:

1). The possibility of hyperfiné_interaction between the unpaired
electron and the magnetic nucleus of the alkali hetal used as a reducing
agent is eliminateg since &ery large'cétions can be‘used;

2). The_complications of ion pairing are minimized by the use of
a solvent of high dielectricvconstént. _ | ‘ B L ' K

3). The potential at which the reduction is carried out is easiiy ' i
'and.continuously variable.

h). -The difficulty of purifying and manipulating small amounts bf

o g o g e

alkali metals is eliminated.

5). Continuous electrolysis offers the possibiliéy of generating

S

=
2

an dbservablevsteady state concentration of radicals that would otherwise
be too reactive to observe.

Electrolytic reductions are usually carried out in a glass cell

N Y §

=

between a mercury pool cathode and some reference anode, ‘frequently a

o

YRR

2
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' water,36 and ethanol-water mixtures
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saturated calomel electrode. In addition to a small amount (ca.le—.2 - 10"

' molar) of the parent molecule the solvent contains»sufficienﬁ supporting

electrolyte to make it conductive. The suppqrting elécfrolyte usually has-

a large cation, such as found in the tetra-alkylammonium salts, to reduce .

ion pairing. Tt is obvious that the choice of solvent is critical since

it represents the principle source of unwanted side reactions. Previous

33 dimethylformamide, 3t dimethyl sulfoxide,3”

37

to this work acetonitrile,

have been used as solvents. These

3

were chosen because they'wefe obtainable in high purity and were relatively

inert to the supporting electrolyte, the radical anion, and the.parent
molecule. Besides this they were capable of dissolving and dissociating

a large enough amount of a supporting electrolyte to make the resulting

difficulties involved with all of the solvents thus far mentioned. -First
the solventsvthemselves are reducible at the high reduction potentials

necessary to produce the more unstable radicals, and consequently the

radicals themselves are never generatedJ Second the relatively high freezing -

point of all these solvents makes it impossible to cool the solutions much’

below room temperature. It has long been known from chemical reduction

work that many radicals are stabilized by cooling énd are observable only - -

at low temperature.3l’32 Thus although the technique of electrolytic
reduction had many advantages of its own, it is_lacking the two principle
advantages of chemlcal reduction,;namely a‘lafge reduction potentiél and
the ability to coo; the reduéing éolutions; It was'the desire to combine
the advantages of both the chemical and electrolytic methods that léd‘us
to-examinejthe ﬁossibility of using liquidvammonia as an électrolyticv'

solvént.

’solution conductive. In spite of these advantages there are two essential

A rmema o + e s e e



-12-

ITI. AMMONIA SYSTEMS

A. Metal Ammonia Solutions

It has long been known that liquid ammonia will dissolve certain
metals (primarily the alkali and alkaline earth metals) to produce blue,

paramagnetic solutions. Beveral reviews of these fascinating solutions

have been written to which the reader is referred for a detailed discussion

38-41

of their properties. The discussion below is limited to a summary
of the various theories about the nature of the reducing species present

in these solutions.
One of the earliest models for the solution of a metal in ammonia
o _
was postulated by Kraush who suggested that the solution reaction be

represented by the equation

‘ (13)

+
Metalsolid‘—.M +.e

[

where both the metallic cation (M ) and the electron (e ) were solvated.
This model was based upon the fact that the dilute solutions are extremely
conductive and. that the negative carrier transference number is about-séven
times that of the positive éarrier, implying a very small mobile negative
* : . N :
carrier. . - :
Later measurements on bulk magnetic susceptibility43 showed that the

molar susceptibility decreased as the concentration of metal increased and

indicated that a further reaction was necessary to account for the pairihg

This model is still generally agreed to be correct for very diluﬁe

solutions, and Kréus’s electrochemical dataare prdbably the only dats

available on these solutions that is universally accepted as being accurate.
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- of spins. A model proposed by Oggm_y5 postulated fhatvthe uppaired

electron of Eq. (13) existed in a solvent cavity, and that a pairihg o
reaction

Ee--=‘e2_‘ | 1 o : (lh)-

produced singlet electron pairs inside a solvent cavity.
A more recent model by Bécker, Lindquist, and.Alderu6 postulates four
species in chemical equilibrium. The first two species are the metal ion -

and. solvated electron of the earlier theories. In addition they postulate

o

the existence of a "monomer", M, which consists of an alkali metal. ion ‘ W
surrounded by approximately six oriented ammonia molecules with an electron
circulating around the metal ion on the protons of the ammonia molecules.

The concentration of this monomer is governed by the equilibrium reaction
+ - ' ‘ :
M=M +e , _ (15)

Finally they postulate that two monomers can come together to form a-

singlet dimer, ME' "‘The reaction for the formation of the dimer is

M+M=M (16),'-

2
and is énaiggous to the formation of Na2 in‘fhe gas phase. The fact that :
the paramagnetic species has something tb do withvthe metal catioﬁ ﬁas ,
cénfirmed,by the NMR Knight shift measurements of McConneli and.others.uT’g8

Gold, Jolly, and Pitzerh9 have combined certain feétures of.the Ogg B §
and Becker models and héve proposed étill another moael‘for’these solu? . i
tions. Their model retains the concept of an'elecfron cavityiand proposés v
that the mdnpmer-of the'Becker médel is simply an ion pair between the _.; -
electron:cavity and a metal cation. The diamagnetic species analdgous | |

to the Becker dimer is a quadrupolar assembly consisting of two ion pairs

with the wave functions of the two electrons overlapping sufficiently to _ ¥
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produce a singlet ground efatee' This model was an attempt tevexplein
certain-SPectral data%Q indicating'thaﬁ'the absorption spectra foiiew'
Beer's law and:are independent of the alkali metal used.

From even a brief survey of the current literature it is obvioue
that none of these theories is conclusive and the issue is stili open to
considerable question. In order not to prejudice the argu@ent in the
following experimental description we shall follow the convention of;
Laitinen and Nymanso and refer to any and éll paremagnetic species in

these solutions by the single name "electron'.

B. Electrolysis in Liquid Ammonia.

Several workers have investigated the electrolysis of solutions of

51

measured

tetra-alkyl ammonium salts.in liquid ammonia. Forbes and Norton
the cathode potential for the reaction
¥R =R 4 (17)

where R was one of several different alkyl groups;. They found the cathode
potentlal to be essentlally 1ndependent of the alkyl group used and ‘came. to

“the conclu31on that the actual cathode reaction was

e_(solvated) = e (electrode) ' : | (18)

50

ILaitinen and ﬁyman _studied tﬁe polarography ef these sglts in ligquid
ammonia at both mercury and platinum electrodes.. They.found‘that a |
polarographic wavevﬁ}thvno limiting current oecufred,at essentially the -
same voltaée for all—thekqﬁarterhary salts studied; They came 4o the
conclusion that the only eathode reaction wes a dissolution of electfens
into the solution and they referred to this as the "elecfron electrode”.

50

Doyle studied the ESR spectrum of a frozen solution of electrolyzed
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tetramethyl ammonium iodide in liquid ammonié and found.thaﬁ.it was
paramaghetié and that the ESR séectrum consisted of a siﬁgle line with a
width of 2.5 gauss. We have taken the ESR spectra of'iiquia solutions of
electrolyzed tetramethyl ammonium iodide and found them to be similar to-

solutions of sodium in liquid ammonia (see below). These ESR experiments

along with the polarographic data show rather conclusively that the reduced

species in the tetra-alkyl ammonium salt solutions is similar to the

reduced species in the alkali metal solutions.

C. Chemical Reactions in Liquid Ammonia
The production of radical anions by dissolving organic molecules

in metal-ammonia solutions has long been postulated.by organic chemists.
Polymerization and hydrogen aﬁstraction reactiohs involving unsaturated
hydrocarbons have been assumed té proceed via a radical-anion meChanism;
and this type of reaction has been thofoughly studied,53’5u ‘In fact, in
his original dbsérvatiqﬁ of the ESR spectrum of arradical'anionee Weiésman
compared'the productionvof the anion in tetrahydrofuran ﬁith the solution
of sodium in ammonia. A thorough review of organic‘chemistry in liquid

5k

ammonia has recently been written. This review, which was brought to

the author's attention after the experiments described below were com-

pleted, anticipates many of the results described below and suggests many .

possibilities for future research.
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IV. EXPERIMENTAL TECHNIQUES.

A. Electrolysis Cell

A photograph of:the cell ahd Dewar‘ih wﬁich'the elgctfolysis was:
carried out is shown in Fig. 1 and a diagram of thisveéuipmenﬁlis_shOWHvin
Fig. 2. The platinum wiré cafhode_is sealed iﬁto thé léﬁer tube by a
pressure gléss-to—metal seal and made vacuum tight with epoxy resin:cemeht{
The lower tube, which is the only part of the cell that»is placed in the-
microwave cavity, is made of»quartz and is.connectéd to_the Pyrex part of
the'céll.witﬁ a graded segl. The ancde is contained in the inner tube and
consists of a cyliﬁder made of platinum foil and attached via a platinum
wire to the tunésten wire that is sealed into the glass at the top of the
_cell. There is a hole in the iﬁner tubg above .the level to the ammonia to
allow easy cleaning.of the anode compartment and to equalize the pressure
throughout the cell. The anode andicathode qOmpartments ére separated by
a élass frit fo prevent the iodiné produced at the anéde from diffusiﬁg
back into the cathode tuﬁe. The end of the lower tube_is raised slightly
from the'bottbm of thé Celi proper to prevent aﬁyvsolid sgpporting electro-
lyte from falling ihto-the lower tube. The cell is connectea to the vacuum

line through a ball and socket joint and is held in place in its supporting

Dewar by the large 5standard taper joint. The overall length of the cell is

roughly 30 cm. and the length gf the lower tube 1s roughly 10 cm..fWhen'

filled to the operating point the cell contains 5-10 ml. of solution.

* _ , :
Armstrong Products Company C-3 resin was used. Some care must be shown

in the selection and application of these cements since certain cements

~ are paramagnetic, and:all.cements are paramagnetic if insufficiently cured. v

%
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The electfolysis voltage was supplied by a vdltage regulated power
4supply. A simple potentiometer circuit was used to vary the electrolysis
‘voltage and either the voitage or current eould be continucusly monitored
by a voltmeter connected either across the cell or across a 1000 ohn re-

sistor which was in series with the cell.

B. Cooling System

When.in‘use the cell is placed in the unsilvered. quartz Dewarvand
the entire assembly'isvheld rigid in the mierOWaye ca&ity'by a Teflon
collet .and aluminum collar fifting onto the stacks of the cavity. Since A
the ammonig selutions are quite lossy if‘is important that the sample tubev |
be placed as nearly as ﬁossible in the node of the microwave electric
field. With the platinum cathode approximately half'way-into the eavity
a satisfacﬁory loaded cavity Q was possible. | |

A transfe?rDewar was coﬁnected to the lower stendard:taper of‘fhe
sample Dewar via a 5all‘joint elbdﬁ, and.cold.nitfegen éas was blown_l - ‘ v
‘.through.the Dewar, ﬁast the cell, endreut the'tqp. The.nitrogen'gas was
boiled from a reservoir of liquid nitrogeﬁ by'means_of an elec@ric immef— 1
sion heaﬁer, and the temperature of theecell was contrdiled ﬁy'the“amounf

of cuxrenﬁ passed through the heaterf The temperature of the cell for a
given heater power is of'course a fﬁnctioﬁ’of the heat less in the specific:
Dewar arrangement usea.: With’ﬁhevDewars'used in these experimentsva power.tj'
dissipation ef aﬁproximately 32 watts in the heater'would.maintein'the ..
cathode at the freezing point of the solutioﬁs used (appreximately -78°¢.).
- When neceesar& the ﬁempereture of:the'cafhode.was measufed‘by a fhermocouplev
iﬁrapped.around.the lower tube of the cell. .Quiﬁe large feﬁperatufe gradieﬁts

between the top and bottom of the cell were unavdidable but these did not" .

- prove inconvenient. Since the section of the‘Dewar»inSide5the cavity must . '
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be unsilvered there was considerable heat loss, and dry air was blown
through the cavity to prevent condensation of moisture. Ihe temperature.
variation with this systemwas less than one degree over the time necessary

to complete the measurement of a complete spectrum.

C. .ESR Spectrometer
The ESRvspectra were obtained on a conventional X-bénd.reflection

SPectrometer:employing 100 kc. magnetic field modulation and phase detec-
tion. With the exception of modifications mentioned below the spectrometer
~ has been previously described.Ss The DC magnetic field was pfovided by a .
Pacific Electric Motors twelve inch electromagnet dfiven by a curfent
stabilized power supply. The field homogeneity and power supply stability
~were such that there was less than a .OOl%_field variation over a cylinder
kvolume one inch in diameter. Of course, the effective sample volume in
the cavity was much less than this, and fiela homogeneity over the sample
was correspondingly higher. The magnetic field was slovly swept by a

Hewlett-Packard low frequency function generator which was modlfled 50

that sweeps as slow.as 2 hrs. per cycle (1 hr. per sweep) could be obtained

with no sacrifice in linearity. The sample was contained in a Varian

mode with a

rectangular cavity, Model V-4531, operating in the TEO12

loaded resonance freguency of approximateiy'9.2 gec.

Magnetic field intensity,meésurements_were maoe with a marginal
proton oscillatof using a water sample doped with 0.1 M copper ion. To |
prevent instability causediby mechanioal vibration, a rigid coaxial line
~was used between the oscillator and'the‘samplevcoil,vana the oscillator :
was remotely tuned by varying the bias voltage on a'varéctor-diode in the
oscillator ténk circuit. The dlode was thermally insulated to prevent

instability and the bias voltage was prov1ded by mercury cells. The

I
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position of a given line waé'measured‘by adjusting the magnetic field
until it was in the middle of the line; tuning”the NMR oscillator to fhe _
middle Qf fhe_proton resénance, énd coﬁnting the oscillator frequency .on
a Hewlett-Packardxfrequency counter. The oscillator was stable to several
parts in lOT over the period of time necessary to make a single measure-
ment and was consequently never a major soﬁrce of error. The pfinciple
source of error in measuring the position of a given line was in deter-
mining exactly the middle of the line.

In making g value measufements the microwave frequéncy waé.measuréd

with a Hewlett-Packard transfer oscillator and frequency counter.

‘D._ Typical Procedure

At the:start of each run a small amount of supporting electrolyte
was placed in the cell. When,tetramethylammoniﬁm iodide was used enough
was placed in the cell to produce a saturated solution (0.0023 M at -78°C.).
With the other salts used a saturated solution was probably obtained. At
this point the cell was conpected to the vacﬁum system and thoréughly.’
evacuated.v A calibrated volume was filled to a known'pressufe with
sample, and the cell was cooled almost to liquid nitrogen temperature.
Af this poiﬁt the ﬁacuum system was sealed off from.the pumps and the
sample was allowed to distill over inﬁb ﬁhe cell. The progress of the
distillation could be followed by monitoring the préssure on & thermocouplé
gauge attached tohthe vacuuhvsystem. _When a non-volatile sample was
involved. if wés‘placed directly in the cell befo:e evacuation. After the
distillation Qas complete g smali amount of qmmoﬁia was distiiled.into

the cell, the cell was warmed to somewhere beléw the freezing point of

ammonia, and the rest of the,ammonia was dist;lled.in.' It was.found

that if the ammonia was distilled into the ceéll at liquid nitrogen
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-temperatures, it tended_to crack the lower tube. After enough ammonia
"~ had been distilled over to cover the platinum anode, the cooling was shut _

off, the cell was allowed‘fo warm, and the solution was stirred by the

bubbles evolving from the bottom of the lower tube. When the solution had

been thoroughly stirred the cell was again cooled so that,the temperature
of the lower tip was just above-th¢ freezing point of-the‘solﬁtion. The
freezing and thawing could be follqwed bothfby'monitoringvthe current
through the cell and by dbserviné the change in cavity Q and frequency
produced when the sample froze. After the ceil was filled the system ﬁas'
allowed to sit unfil it had,réaqhed.thefmal equilibrium (approximateiy

20 minutes)‘and“the cavityvresohance frequency had stopped drifting.

The optimum électrblysis vbitage varied‘ﬁith the concentration. and
nature.of the samﬁle usedf ‘To obfain the best signal—to;noise réﬁio the
highest possible Volfage was used‘to produce %hé highest steady statevconj
centratiqn of radicals. Howeveriat too high a voltage there aré_two
mechanisms which tend to again_decfease the signal;to—noise ratio. Firét
the "electron" line which appears tends to'bverlép»and obscure the radical
spectrum. Second the highef éoncéhfration of eléctrohs produces the
diamégnetic dianioﬁ and réduces the radical concentrétioﬁ'by the'following
reaction.> |

v R_(paramagnetic)v%_e- = Rg_(diamagnetic) v ' “(19) -
‘ A typical éxample.of,vbltage”and.cohcentratioﬁ would.be a solutidﬁ
'0.00S M invbutadiene_electrolyzéd;ét'a potential of -éS &oits.

Because the radicals.examined.by this techﬁique ;re unstable soﬁe
care must be used.té optimize:the experimental condifioné. Extremely
émall steady state radical concenffgtions'are'generéted,under the best

of circumstances and it takes very little reactive impurity to reduce
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these concentrations to'the point where no signal is observed, Therefore'

all glassware must be scrupulously clean and the ammonia and supportlng

electrolyte must be of very high purity. After acqu1r1ng~an experlmental

technique the experiments on a given molecule under a given set of experi-

mental circumstances became quite reproducible. However the optimum

conditions varied widely from molecule to molecule and a good bit of trial

and error was necessary in order to achieve the best signal-to-noise ratio.

The choice of supporting electrolyte seemed to be particularly critical.

With butadiene the spectrum is almost unobservable when using sodium

'iodide although a very good signal-to-noise ratio could be obtained
- using tetramethylammonium iodide. With most of these radicals we were

operating at the limits of the spectrometer s sens1t1v1ty and. consequently

these con31deratlons determine not 51mply the dquality of the spectrum but

whether or not one sees any signal at all.

E. Chemicals

The tetramethyl-, tetraethyl-, and tetrabutylammonium‘iodides_were '

Southwestern Analytical Chemicals polarographic grade. Thevaerefstored -

contlnuously in wvacuo over magnesium perchlorate and were used without

further purlflcatlon. Some Eastman White Label tetramethylammonlum

. iodide was also used. It was recrystallized from a four to one ethanol-

¢

water mixture and also ‘stored.in vacuo. The tetra-n-propylammonium

' perchlorate was‘made by‘titratinguaﬁlo%ﬁaqueousxsolutionfOTwEastman

tetra—n-propylammonlum hydroxide with Baker and Adamson perchlorlc ac1d.
The water insoluble salt was thoroughly washed with cold water and drled
in vacuo. Baker and Adamson sodium iodide was dried at 110°C. and.used

without further purification.

v -
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Matheson reaéentvérade ammonia was used,withéut purification. .This:
grade 1s quoted as haviné a minimum:puriﬁy of 99.99% and,iﬁ the'éuthor'é.
‘experience this is probably fairly accurate. The dimetﬁyl ether;usedi
was Matheson_reseafch gradé and wﬁenvit‘was usedlas a miied.solvéntr
sufficient sbdium metal was added to the solution to produce the brbnzé
- metallic sodium-ammonia phase. The mixture was allowed to sit iﬁ contact
with the sodium overnight and was degassed before béing disﬁilled ihto.the
electrolysis ceil.

The deuterated cycldheptgtriene was prepared in the following manner.
-Eguimolar portions of cycloheptatriene and_triphenyl methyl bromide were
allowed to react in a liquid SO2 solution at approximately -17°C. After
the reaction was compietg the solvent was removed 5¥ vacuum distillation.v
The cy;loheptatrienyl bromide produced was dissolvéd4in dimethyl ether
and allowed to react overnight at dry ice temperature with lithium
aluminum deuteride. The product was distilléd off andfpurified.by bulb
to bulb distillation oh,the'vacuum line. A vapor phase.chromatogram
of the product showed‘only oﬁe peak with fhe same retention time as the

undeuterated material. An NMR spectrum of the deuterated material

o ’ : o *
matched that reported by Jensen and Smith56 for T-deuterocycloheptatriene.

The sources of other chemicals used are listed below. The volatile -
samples were purified by bulb to bulb distillatioﬂ on the vacuum liﬁe and
all others were used without further purification. |

" Butadiene - Phillips Petroleum Company Research Grade

Isoprene - Phillips Petroleum Company Research Grade

The author is indebted to Miss Carolyn Talcott for carrying out the

' synthesis of the deuterated cycloheptatriene, and to Proféssor F. R. .

Jensen for suggesting the method.

b

Y
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Cyclohexadiene - Matheson, Coleman, and‘Be;l Technical Grade

2,3 dimethyl butadiene - Matheson, Coleman, and Bell Practical Grade'

Nitrdbenzene‘~ Eastman Organic Chemicalé, White Labél i
Nitrosdbenzenev— Aldrich Chemicals :

Hexatriene - Aldrich Chemicals

Cyclooctatetraene - Aldrich Chemicals

Cycloheptatfiene - Prepared by Professor F. R. Jensen's research

*
group.

*

The author would like to thank Professor Jensen and his group for the

sample of cycloheptatrlene.
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V. RESULTS AND DISCUSSION

.A; Butadiene o , .: .

The ESR sﬁectrﬁm of the butadiene radical_aﬁion was dbtaiﬁed'by.
électroiyzing a5 X 10-3 M Solution-of,butadiene in liquid ammonia at &
-78°C. The solutibn was saturated with tetramethyiamménium iodide.* The
spectrum dbtaiﬁed and.the.numbering’of the atoms is shown in Fig. 3.

The spectfum is seen to consist of five groups of three lines each.
'If the two protons attached.to the end carbon atoms are equivalentlthen
opiy'fwo proton coupling constants could be éxpec%ed, 'Since the coupling
constant Al (=Ah) is greater than A2(=A3) then one would expect five sets
of triplets as 1s exﬁerimentally observed.

The spectrum was measured several times over a range of microwave
power and field4modulations and the coupling consfants‘in Table I were
obtained. The difference in field between Lines 1 and;2 were the same
as between Lines 14 and 15 thus showing tﬁat éecond,order terms in the_

spin Hamiltonian could be neglected. The field difference between the

points of maximum slope of the center line at -78°C. is 0.3 gauss.

The ESR spectrum of this solution without the butadiene consisted of
a single very intense line of 0.21 gauss halfwidth. The g value of the
line was 2.0007. When the electrolysis voltage was turned off the -

electron line slowly decayed following a zero order rate law.
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iTable I. Observed Data for 1,3-Butadiene
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A2 =

Q(Av.)

Linewidth

7.617 + 0.005

2.791 * 0.007

20.82

* 0.02

0.37

2.0024

gauss

gauss

gauss

gauss




*

~electron exchange with neutral butadiene, but it is possible that solute "

“solvent itself is possible and may be responsibie for these rather wide

 effect in this radical would be approximately the  same as the experimental
~uncertainty in the coupling constant measurements.92 Magnetié field

inhomogeniety was not a source of line width.

values of the proton coupling constants can be related to theoretical

20- ) | R

Using these_valués_andlassuming a‘Lorentzian lineshape a theoretical
Aspéctrum was calcﬁlated, ‘This calculation was berfofmed‘on én IBM TO9L
Computer and the results were plotted on a California Computér'Coméany
digital x-y plotter. The plot is showﬁ in Fig. k4 and as cén be seen the
agreement between the dbser&ed and calculéted.spectrum is excellent.
Details of the calculation are given in Appendix i.

The line width of the spectrum was not found to'vary'withrtemperatufe
within our experimental accuracy between -T78° and -68°C. The lifetime of
the radical anion was determined‘by'measuring the decay of the signal
after the removal of the electrolysis current. A% -78°C. the decay was
found to follow first-order kinetics with a,half-life of 2:sec. BSince
the signél-to-noisevratio depends greatly upon fhé experimental conditions,
thié impliés that the half—iife probably depends upon the temperature

and solute.. We have no indication fhat the observed line width is due to

concentration or other factors may be the primary source of line width.

Unlike éonventional solvents, in this medium chemical exchange with the

lines. It has been shown that an exchange mechanism of this sort can |
effect the apparént values of the coupling constan'ts.9l However, cal- . : .

culations performed on the butadiene radical anion show that the maximum : ¥

The molecule 1,3-butadiene has been considered57’sg‘as a model

system for pi-electron molecular orbital calculatidns. The observed
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spin densities with Eg. (7) if the Q values are known. . Recent evidence™
_ indicates that ‘the Q for every carbon‘position_muét be calculated taking
into account a variation of Q with charge density. In our case sinceuWev
.know the proton éoupling constant for every carbon atom an a&efage Q value

can be exactly determined. Thus by symmetry, we know that

g + P, = 0.5 . ~ (20)

" and so

i

QAv) = 2(Al + Az) 20.82 gauss . , (21)

This value is particularly small and is therefore consistenﬁ with

Eq. (9) where Q in radical anions should decrease with the charge density.

If one also considers the values of Q(08H8—)_; 25.6759

31

and Q(C6H6—) =
22.50, there appears to be a nearly linear decfease of Q with cﬁargé
density. The three radical anion Q values indicate that in Eq. (9), K ’
should be close to 40 and Q around 30.0 gauss whilé Colpa and.Boltonl6
obtained K = 17. and Qo = 31.2 gauss from other data. It i1s quite possible»
that changes in the hybridization of the C-H orbitals are partly respon-
sible for these low values of Q. The trend with charge density is
moderately'ciosé té that expected from Colpa and Bolton's equation, but
a rather large K value muét be assumed. | o

7

Giacometti et 9;.1 have obtained satisfactory agreement for the
radical ions considered by Coipa and Bolton and for C6H6-. In the later
case agreeméent was only-obtaihed_if ovérlap was included in the usual

Huckel treatment. If we apply the equatiohs reéommended by Giacometti

6 . B
et al. to the usual Huckel orbitals O_for butadiene radical anion, the

St TR
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'predicted‘éroﬁdﬁ coupling constants are A= 9.8 gauss and A, = 3.8 gauss.
These values are essentially unchanged,ﬁj the-incluéion of overlap as
recommended.By Giacometti gﬁigg. These coupling constaﬁtslare both about
25% larger than the observed.ones,_and it does not seem thaf this treat-

. ment has any advantage over that of Colpa and Bolton even if overlap 1is
included.

If we neglect the variation of Q with charge density, a direct
comparisoh of the experimentallValue of Al/AE Qith‘theoretical values of
Qi/bQ can be made. In Taﬁle IT such a cqmparison is-given for a series
of one-electron molecular orbital wave functions. It can'be seen that
simple Huckel theory gives a most satisfactory agreement.

The inclusibn of drofbitals by Sover and‘Kauzman6l is an interesting
extenéion'of Huckel theory. The d—orbitai value\in Table Ii ié the sum

of p and d-electron spin densities. Since the Q values would not be

expected to be identical for these two kinds of orbitals, the spin density

.ratio shown in Table II is of only qualitative significance. The three
SCF velues fall far short of thebmark and a considerable improvement
" must be @ade_in this theory to approach Huckel theory for spin density
calculations. |

Some inﬁeresting Valenée_bohd.structures»can be drawn for_our_‘
radical anion as follows: o |

e -

St-c-c=c . Ia
9...\ A. . . Ib

- C-C=C-C _ 7

- - o , v . N
Hayes62vhas performed a SCF calculation on the 5 electrqn pi system
for the butadiene radical anion ahd.gotten 3.39 and 2.97 as values for
the ratio pl/'p'2 for the cis and trans isomer respectively. The'author

does not know the details of this calculation.

&b



...33..

Table II. Comparison with Theory

Al/A2 (expt.) = 2.729 * 0.007

o,/0, (cal.)

Theory

Ref. 62

2.615 Simplé Huckel Theory
2.219 " Huckel Theory with
: variable B '
2.9 . Huckel Theory with
d-orbital®
1.9 SCF (Qithout net charge)b’
1.6 SCF (with net charge)®
2.97 SCF (with net chai'ge)d
® Ref. 17
P Rer. 1
¢ L. Goodman by private communicétion
3 : .

frmp e e wes L



-3k-

&-"C-G=C oII

Structures Ia_and Ib aré those of a §ubsti£u£ed_allyi radical and simple
FVélenée bond. arguments would predict that 01/02 ¥ 2. Siﬁce strucﬁures of
the type IT do not place the odd electron at éll on the middle carbon
" atoms, thé'inclusion of these structures can only incfease pl/pz, Since
simple resonance considerations wéuld give a greater importance to the
structures of Type I, one would predict that pl/pé > 2 and it should.not
be too far aboﬁe tﬁe lower 1limit. The valénce bond structures also pre--
dict.that‘the negative charge should be even more qoﬁcentrated‘on the end
carbon atoms than is the spin.

The simple Huckel theory can also be modified for the fact that
the radical an;on_should.havé two B values.6o Since thevbond‘between

[y

the middle carbon atoms is the longer one it should‘also have the smaller
resonance integrai; The assumption that B_is prqportionalAto the overlap
integral S wili'lead to.this type of variation. The bond.lengthidaﬁa‘

of Almenningen g&.gl.87’ anduthe.overlap integrals of Mulliken et E;.7O
lead to values of O;Q»and 1.1 for the values of the resonance integrals

of the end and middle carbén-carbon'bpnds résﬁectively. We have perfofmed
a Huckel calculation using these matrix elements and have found.that

this calculation gives a value of pl/pe = 2.219. This modification.is in
the wrong direction to cohpensate for a . correction based upon the varia-
.tion of Q with spin density where webexpect that.Ql<1Q2,'but at the

present time there is considerable undertainty about the variation of

Q with either charge density or spin dehsity.
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B. Methyl and Methylene Coupling Constants

: As we have seen the hyperfine splittings'due to protons attached to :

pi-bonded carbon atoms can be analyzed‘theoretically"by simple and

straightforward means (e.g. Egs. (7 & 9)). However splittings due to
X

A groups involve some additional theoretical considerations. There are two

problems that arise when one considers aliphatic substituents. .The first
is a question as to how anyvunpaired,spin denéity gets into the aiiphatic
group. The éeéond is that, given a mechanism for getting unpaired spin |
dénsity into the aliphatic group, how does one then calculate the hyper-
fine coupling constants from a knowledge of this:spin density distribution.
The model most recently usea.with considerab;e success63’6LL to
accounﬁ for methyl hypérfine splittings is that of hyperconjugation with

the methyl group itself. This model mixes the pi molecular orbitals of

the conjugated system with orbitals of the correct symmetry centered on

"the methyl group and this extends the conjugated system. The result is

a flow of electrons between the methyl group and the unsaturated.par£

of the molecule and & net unpaired spin density on the methyl group. An

“alternate model is that of spin exchange polarization similar to that

13

used by McConnell ~ to explain the produétion'of unpaired spin density

at the hydrpgen nuclei in the plane of a pi-radical. In this model the

- unpaired pi-electron remains'iﬁ_the unsaturated. part of the moleculeibut

produces unpaired spin density at the methyl protons via polarizationiof

*

3

Of course we are here referring to sp” bonded methylene carbons and -

2 Lo
not to sp carbonsiwhich<are a part of the pi-system such as in butadiene.

ALY e 13 v e taper
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the sigma electrons in the C-H methyl bond. This polarization may be
either direct or through a polarization of theAsigma-electrons in the
carbon-carbon bond. In this section we' shall assume,that the principle

mechanism for methyl and methylene coupling constants is hyperconjugation,

and that the €ffects of spin polarization may be accounted for by a small -

correction term. In the next section we shall provide some justification .

for this assﬁmption and‘éhall derive the correction term from expériments
on éycloheptatriene. |

As wasrmentioned in the last section, the simple Huckel molecular
orbital treatment of gonjugated systems hés bee%'remarkably suécessful
in intefpreting the ESR spectra of alternate Hydfocarbons. This theory
has been explained quite simply»by'Streitweiser6o whose notation we will
use in the following discussion. Beéause.of the éuccess of this method -
it is desirable to attempt to;include the hypérconjugation model within
the general Huckel framework. This was first done by Mulliken et §;.65
vin the following maﬁner. They assumed that the ls atomic orbitals of the
hydrogens éould-be combinéd in some manner to pfoduce a pseudo atomic
orbital,‘Z, which was centered on the hydrogens and was of the correct
symmetry to éombine with the 2pz atomic orbitals of thé unsaturated

carbon system. The H pSeﬁdo—atom was then considred-as a part of the

3

substituent group C'-C-H, where C' was the unsaturated carbon to which the

3

methyl group was éttached. Thus by assuming off-diagonal matrix elements
“connecting C' with C and C with H3, and on-diagonal elements for C and

H3 the hyperconjugating methyl group could be included.in the usual

Huckel calculation.

It was pointed out by Coulson anderawford66 that because the C-H3 B

bond was so short, the assumption that Sij = Sij (Bij is the Kronecker



.delta), usually made in the Huckel approximation, is no longer valid
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', and that the calculation should be carried out using the complete overlap.

~

matrix, S. They made the assumption.that the off-diagonal S and H matrix

elements were proportional to each other and that both were proportional

to bond length. With the S and H values thus derived and with some fairly

arbitrary values for the on-diagonal H matrix elements they performed a
series of calculations.
Bolton anﬂ co—workers63 modified Coulsonfs‘method in an attempt to
be able to include the effects of non-vanishing overlap eiemenfs in the
methyl group without adding the additional computational difficulties
that are encountered when overlap is.inc;uded'fqr-the entire pi—systém.
They formed two molecular~orbitais for the methyl group by combining the

atomic orbitals on C and H, using overlap and the parameters of Coulson

3
and Crawford. This of course involved only two by two matrices:andwwas
a fairly simple calculation even including overlap. It turned out that.

the resulting anti-bonding molecular orbital was so high in energy that

- they felt it could be neglectedJ This meant that the methyl group could

be treated as a heterocatom where the bonding molecular orbital now became

- the pseudo atdmic orbital. = The prévious calculatioh provided the matrix’

elements connecting it to the unsaturated.systém,'and the usual Huckel
-éalculation.coﬁld bé performed with neglect of overlap since the overlap
oflthe methyl group had already'beén inciuded;

Colpa,énd d}eBoe:r'6LL examined the absolﬁte magnitudés of the coupiing

constants predicted by the theory of Bolton et al and came to the éon-

clusion that the neglect of the anti-bonding molecular‘orbital was

unjustified since it led to values of the coupling constants which were

considerably lower than those'observed.experimentally. Théir contention

<.
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was that the only reasonable way td treat the hyperconjugation model was
to perform the full overlap calculation of Coulsoh and. Crawford. The’

calculation starts with the matrix eigenvalue equation

oY 2 Y VO V)

HC = SCE - ' - (22)

Following the method of Lowdin67 ve can reafrangerEq. (22) to the

1following form

H'C' = C'E o _ (23)
where
L1 : - .
H' = 5725872 ' (2k)
and. )
L ' - : .
ect oo (25)

Thus the problem is reduced to the usual Huckel form and the transforma-
1 ' . .
tion S 2 can be used to transform the resulting eigenvector matrix ct

: 1 :
“into the molecular eigenvector matrix C. The matrix S = may either be

computed from the series expansion as-was done by Lowdin or by application

. 68
of a quite general theorem. The theorem states that for any matrix A
which can be diagonalized by a transformation; T, according to the

following equation,

e ay e
any function f(A) is given by
Te(ap)TL = £(a) e

-

‘where -

(f(A_D))@= f(..g%);a)'_ o ()

for all values of a.

~ :

A
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In spite of the success of'simple Huckel theory‘there are-certain

effects which it éannot.explain. .The principle effect is that of negative

spin density in which the clbsed shell/pi-electrons are polarized by the
odd electron to produce a net negative spin,density1at points in the
moleculé where the unpaired.electrpn wave function ié small or vanishing.
This cérrelation effect arises from the electron-electron repulsion term
in the molecular Hémiltonian which is neglécted completely by‘Huckel
theory. In ordef‘to.account for négative épin dénsity and‘othef electron

69

correlation effects McLachlan ~ proposed an approximate self-consistent
field theory which took electron correlation into account in a simple
ahd,straightforWard‘manner. His theory led to the following formula for

the spin density:

p =2¢C ~-AZTT ¢ . o (29)

where Cro is .the Huckel coefficient'of the odd orbital on atoms r, Hrs is
the mutual polarizability'of atoms r and s, and X(is a constant derived

Lo

from the theory to be‘about equal to 1. We have c§mbined the theory of

McLachlan with the hyperconjugation model of Muliiken65 in an attempt to

account for correlation éffectsvin the methyl group.
Once one has calculated thé electronic ﬁave function with one of thé

above methods there still remains the problem of caiculating the hyperfine

coupling constant for comparison with experiment. Colpa and deBoer

have touched briefly on this problem but thelr treatment is sketchy and

the method they ﬁsed to obtaih their results is not obvious.. We have

extended their treatment to provide a specific formula for the coupling
constants of methyl and.methyléne protons.

We first consider the case of methylene protons. The methylene

PR LT B
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group éonsists inone hydrogen atom above the nodal plane of the.

pi-system and one hydrogen atom below the nodal plane. If we denote the"

normalized 1ls atomic orbitals centered on these two atoms as ¢§s and

¢is respectively we can combine them to form one pseudo atomic orbital

of the correct symmetry to combine with the pi-orbitalé of the rest of .

the molecule. - This pseudo atomic orbital is

HH ='N(¢gs i ¢is).

‘where the normalization consStant N is given by

N - L - .83y

[
Vg(l‘,smf

The overlap integral SUL

(30)

.<3i)'

is taken from the tables of overlap integrals

0 L .
of Mulliken et 2;.7 and assumes the bond lengths and angles shown in

Fig. 5.

In the LCAO approximation the molecular orbital in which the'unpaired

electron moves is given by

(32)

where the‘+J5’s are the atomic orbitals including the 2pz o;bitals on

each of the carbons énd the pseudo atomic orbital HH on the hydrogens.

Then_the spin density at'éither of the methylene protons is

1,m

p(p) = Z c ¢ V() W (o)

o om

in the casg'where 6verlap is included or by

olo) =2 c2, W ()

1

given by

.

(33)
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where the assumption of Zero diﬁferential overlap is made. Using the

' atomic orbitals listed in Table IIX an'éxpression for_the total spin deﬁ-v

sity at the proton can be evaluated. In order to convert this to a coupling

constant one must multiply the total spin density by

A » S

Hydrogen Atom _ 508 gauss _ o

—I = = - = 235.1 -~ (35)
[9, ()] 2.161

vThe.only important terms in the series expressions given by Egs. (33 & 34)

are those evolviﬁg the'coefficients of fhe pseudo ofbital.(CH), the -
vmethyleﬁe carbon (CC), and the two carbons to which the'methylenebis
attached (Cy, and C,u). Of these terms the CC% and:Cé% terms are also
negligible. The resulting expression for methylene coupling constaﬁts
is given by

2 L2
= 327C," + 19.8CC +~16lcCcH

»

_Amethylene

+ (5.950H + l,uécc)(cc, + CCn)rgauss (369

If ovgrlap has been neglectéd‘only the first two terms of this ekpressioni
need be used.

The theory of methyl group coupling constantsAis simiiarltb that of
methylene except that the lack of symmetry with respect fo ﬁhe nodal'plane

of the pi system complicates things somewhat. These complicatiohs‘have

71

,ubeen,workedpoyﬁ_guipeigxplicitly by Chesnut = who has accounted for the

chemical equivalence of the methyl protons by averaging over various

‘ static configurations of'the_methylvgroup. We have used Chésnut's method.'

to provide a formula for evaluating methyl group coupling constants from

a knowledge of spin distribution. Our values: for the significaﬁt T.matrix

\

~elements (defined in Ref. 7Tl) are given in Table IV and ‘the formula to

-

TR e 4 o g Sy = gy e 3, 2
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- ‘ ‘Table III. Atomic Orbitals.

I
'2 - . -1.891‘
™ LIJ = l -—-];—- ,g aO = l.)-,-'—( /6 .
' , . 1s JI ) '

‘3.25r
' : -CO . P
\+é =Nz £ o sin © = 9.32 r sin &4
o, | :

Z

-3.08 r

Table IV. Important I Matrile Elements

1 0.0007T 0.0020T. 0.

2 | 0.05%6 - 0.

gy e emgia o swe e e s



Lh-
which they lead is

- 2 2 o
Arotnyy = B19-80 # 13.17C, + 10776400 + 3.997CCo

+ O.973CCCC, gauss . : o _ - (37)

Here again if‘overiap is neglected only the first two- terms need.be
éonsidered; |

In order to test the above theories several methyl or methyléne con-
taining radical anibns were prepared and their ESR spectra measured; 'Thé o A
raaical énion of‘2,3—dimethyl l,3—5utadiene was prepared.byvelectrblysis 
‘of a 0.01 M solution of the parent hydrocarbon dissolved in a solution of
liquid ammonia saturafed<with tetramethylammonium iodide. At low voltages
(e.g. 10 volﬁs) the spectrum consisted of fiQe septets of rather wide
linés. As th¢ VOltage was réised (e.g.v3b volts) the lines‘narrowed and
the lines of ﬁhe'inner sepfets were further split tovgiQe‘thevspeétruh
shown in Fig, 6. If the voltage was raised even further (e.g; lOOvvolts) o ;
the line width remained roughly cdnstant but the spectrum became con-
sidefably‘weaker. If the volfage were at this poiht.reduced to thé inter-
mediate level the spectrum woﬁld grow»vef&-répidly and then‘decay to.
the level it originally héd when the voltége wés ét an intermediate (e.g.
.30 volt)_level. - We interpret this behavior as evi@ence for the formation
of a relatively étable diamagnetic dianion which is in equilibrium wiﬁh o {

the electron and the radical anion according to the following equation: : !
™=K +e B (38)
As the voltage is raised the production of excess electrons shifts the
-.equilibrium to the left 'and causes the rédical.anion concentration to

N
N
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" decrease and the éteady staté dianion concentration to increase to'quite
.ka high level. When the voltage is agéin reducéd %he.prodﬁction of elec—
trons is decreased, the steady state concentration of electrons drops,

and the equilibrium shifts rapidiy'to ﬁhe right. The initial high éoncen—
tration of the diapion represents an excellent-reduéing agent and a high

concentration of the radical anion results via the equilibrium

R + R = 2R | (39)

Eventually the supply of excess of dianion is exhausted and the concentra-

tion of the radical anion is governed by the equilibrium

R+e =R ' ‘ (ko)

and drops to itérdriginal value.

The line widﬁh versﬁs electrolysis voltage charac@erisﬁics of this
system raisé some'intéresting questions as to the source of linefwidth in
this radical. _Unlike butadiene and most other radicéls iﬁvestigated,”the

source of line width in fairly concentrated solutions (0.0l-M)_appears to

be due to an electron exchange relaxation mechanism between the radicalv

»

and the neutral parent molecule similar to that occurtripg'in more:conven-

tionai solventsf' The effect of increasing the voltage is td lower the

concegtration of the néutral moiecule in the immediate vicinity of the
electrode* vié equilibria 38-40. When the neutrai species concentration
is decreased the line width also decreases. Just why thé mechanism that

produces the relatively large line widths in most other speciés does not

* N .
In most of these radicals the lifetimes are so short that they can

diffuse only a very short distance from.theAelectrode.before-being des-
troyed, Consequently the ESR spectrum is a measure of éonditions in the

immediate vicinity of the cathode.




‘Fessendon and Schuler

7

0pérate here is open fp question. If the prinéipal source ofvline width
in ammonia solutions is électron exchange With‘thélsolvent of the solute
cation, it may'be that the effect of the methyi groups in thi; molecule.
is to sterically block ﬁhe approéch of soivent or solute moleéulés,and
thus inhibit this source of relaxation.

The fact that the linewidth_of‘dimethylbutaaiené is far narrower than
that of any other radical we have observed in ammonia solufion is at least

not incongistent with such a theory.

A spectrum consisting of five septets could be readily assigned to

" thé splittings éauSed by four equivalent methylene protons and six

equivalent methyl protons. However the additional small splittings of

the inner septets can only be accounted for by assuming a slight in-

equivalence of the methylene protons which produces two sets of two equiva- -

lent protpns. On that basis the spectrum can be completely assigned with
the coupling constaﬁts given in.Table‘V. .The theoreticél spectrum cal;
culated from these.coupling constants is shown in Fig. 7.

The usual treatments for hyperfine coupling consfants asrgiven‘in__‘

Egs. (7 & 9) predict a single pi-sigma interaction parameter for any

given carbon and consequently imply that all protons attached to a given

carbon should have the same coupling constant even if they aré,geomeﬁrically

uvnequivalent. This conclusion is generally true and only one other case

of unéquivalent protons attached to the same carbon has been reporfed.

T2

have nqted.that the two methylene proton coupling

‘constants in the allyl radical differ by 0.10 gauss. In order to explain

a .
this phenomenon an extension of the usual treatments of sigma-pi inter-

action is necessary.

G - P,
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Table V. Observed Data for 2,3-Dimethylbutadiene

A, = 7.033  0.003 gausg"
Ai = 7.241 * 0.003 gauss
A, = 1.200 * 0.002 . gauss
Lineﬁidthv; 6.699 ‘ gauss

g = 2.0020

see Fig. 12 for numbering

inasmuch as the 2pZ—atomic4orbitalé'of carbon are'invariaﬁ# té any
arbitrary rotation about an axis normal to the molecular plane, no molecular
orbitai scheﬁe involYiné only these,EpZ-ofbitals'as basis functiqns can
explain the obéerved differencg. The most straightforward.exp?hsiqn of
the basis set to include.functions of the appropriate symmetry.would‘be
%o include the éarﬁon afomié d,brbitalsias was done b& Sovers and Kauzmann.
'They considered only the efféct of the d orbitals on the electron distribﬁr
-tion in the pi-system itself énd‘neglécﬁed their effect on.the,pi;sigma
vinteractions. Thus their calculations cannot explain the différent
coupling constants but can'serve as the starting point for fufther _
éalculationé of the effect of d'orbiﬁals on the sigma system.

It c;n be shown6l that of the five d-orbitals only two, fhe dxz and
dyz’ gré of the‘correct symmetry'fo combine with the 2pz—orbitals;>,Thus'
the molecular orbital in which thé odd elect?on mo&es can be expressed. -
és | : : . . : _

N o - ) . . . ) v B . ) - . : .
B RS VN (o T A oL SO s LS B IR (L1)
- ° 1=; Ol'vpz ot 'dyz . oL, dXZ ' v ,
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By considerihg enly the CHQ-fragment composed‘of eerbOn atom jvand tﬁo
hydrogens it is_cleer-that there exists a cooraiﬁate system euch fhaf
eithef ¢g or ¢§ -vanishes. This is of course equivalent to transform—.
ing the cggffiCieﬁis_C’ and C" from the arbitfary coordinate system in
-which they were originally defined to a new coordinate system which‘in
general is not £he same as the coordinate systemldefined by the two C-H
bonds. This produces the ahisotropy'which can account forﬂthe.different
coupling conetants.

Using Sovers ahd Kauzmann;s values for the coefficieﬁts of.the d
orbitals of butadiene, the principle d.exis system is rotated from the

3 has shown that by making

Bond‘axis system by abproximately 3°. Myers
certain reasonable assumptions the 3° anisotropy would produce.a difference
in coupling constants on the order of 0.05 gauss in butadiene. This
difference would have been too small tQ.even produce & measurable iine
intensity anomoly with the limited resolution we were able to achieve with
butadiene. |

There are two mechanismsIWhich could account‘fer the larger aniso-
tropies in dimethylbutadiene. First of all the methyi groups, through a
- hyperconjugation or inductiﬁe effect,'will distort the .pi system and alter
the d orbital coefficients. By this mechenism the pfincipal axis system
of the 4 orbitals might be further shifted from the beﬁd-axisrsystem. The
second mechgnism whieh.mightjbe important would be the sferic effect of
the methyl groﬁps. This steric effect would‘tend to.diStort the moleculer
geometry itself and thus prOdﬁce furthef ‘anisotropy. The first effect

might be looked upon as a shifting of the d orbital principal axis system,

e

and the second eéffect might be looked upon as a shifting of the bond axis syc

system. Since the ﬁotal anisotropy depends ﬁpon_the difference between

i

o A

5 2




- the lines in the triplet and a not unreasonablé guess for a second coup-

ling constant would be the distance between the.first and fourth lines.

S5

these two either could produce the observed effect. Unfortunately all of

the usual techniques for measuring bond angles and distances give very

little information about carbon hydrogen bond angles, and the second_effecf

.would be éifficult to measure with the methods now available.b‘Calculations

“are in progress to determine the magnitude of the first mechanism in

dimethylbutadiene and to_see how large a geometric distortion would be -
necessary to account for the observed differences.

The radicalvanion bf 1,3-cyclohexadiene was prepared by electrolyzing
a 3—millimolar solution of cyclohexadiene in liquid ammonia. TheISOIution
was saturated with tetramethyiammonium iodide. -In this case the optimum
signal-to~noise ratio was produced with a rathér high electrolysis voltage
(ca. 60 volts). The resulting spectrum with the electron superimposed is
shown in Fig. 8. At first sight the spectrum appears quite complex but
the.assignmght is aided by the fact thét only three distinct cbupling
constants are{involved, The total width of the spectrum impoées the con-~ f
straint thaﬁ . |

Total width = £ I.A . (42)
~ n=1 o1

where In and An are the spin and coupling constant of theinth.hagnetic
nucleus respectively. This constraint allows oné to determine'the 3rd
coupliﬁgvconstant if thé first two are known so the problem of assigning
the sPéctrum‘is really a two parameter problem. The outermost triplet

indicates that one of the coupling constants is given by the spacing of

The coupling constants derived from this assignment are given in Table VI

and the theoretical spectrum calculated from them and.shown in Fig. O

o T ;‘.\‘
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Teble VI, - Observed Data for Cyclohexadiene

A = 17996 + 0.009 . gauss’
A2 = 8.212 + 0.011 gauss
A, = 11;114 + 0.012 gauss
Linewidth = 0.233 . ~ gauss
g = 2.0025

See Fig. 12 for numbering

is seen to agree with‘the experimental spéctrum.
_ The radical anion of isoprene was prepared by electrolyzing a
0.01 M solution-of the parent molecule in liquidkammonié. Enéugh tetra-
ethylammonium iodide was added to producé a saturatea solution. Since
teﬁraethyl‘ammonium iodide is much more solgble'iﬁ liqﬁid ammonia than
the tetramefhyl salt, the resulting'sdturated,solution is more condugﬁivg;}; 
- The best spectrum shown in Fié. 10 was produced at'father_high electrolysié
‘voltages (ca. 80 volts). At these:voltagesfa largé-electrdn line is |
superimposed upon the isoprene spectrum. By lowering_the»eleqtrolysis:
voltage the electron line could be eliminated and this‘did not‘changev£hé
radical anion sPectium. | A A | | |
Unfortunately in this case the assighment of the spectfum is not a
trivial matter. Assuming that the protons on any givén methyl or meﬁhylene
. group are equivalent or almost equivalent the spectfum should be ahle to -
be assigned with four coupling constants. After considerablé effort to

assign the spectrum by.,the usual intuitive method an attempt was made at

a systematic approach to the problem. To begin with it is clear from the

[
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spin Hamiltonian that in general every distinet coﬁpling constant in any

given radical is represented by the distance between the outermost line : ?4?‘
in the spectrum and one of the interior lines.( The constraint imposed by
Eq. (42) places an upper limit on the value of the largest coupling constant.
In the case of isoprene this limit requires the largest coupling conétantv
to be repreéented byrthe distancé bétween the outermost Iine and one of
.the interior lines up to and includiné line npmber 23. Thus the four
coupling constants must bé choseg from the set of éé numbers given by the
positions of the lines 2 through é3 (defining,the.position of line 1 as ) ’ :
zero). This limits the numﬁer of possible assignments to around 10° and |
the problem of checking each of them (with the.aid of a compﬁter) becomes
tractable.

‘Most of the combinations are ruled oﬁt becauée they do not satisfy
Eq. (k2). Eéch of the 10° combinations were checked aﬁd only those which
produced a total spectrum width within the range (experimental width + R)
were saved. With R = 2% of the experimentél widthiﬁhere were'208 combina-
tions that satisfied this criterion. Seven specific critical lines were
chosen in the experimental spectrum and each of the 208 remaining chbina-'
tions.were tested to see 1f they would.prédict a line af eaéh of the . : .
seven expefimental positions * R'. -With R' = 1% of the total spectrum
;idth only three combinatibns Safisfied thiévcriteriOn.' The éomplete_ o _ :
spectrum predictéd by each of’these‘thrée combinations was calculafed and
none of them agreed with the experimental spectrum. Thus.within.the

accuracy of the experimentalrdatavthere was no possible assignment of four

“Ey

coupling constants that would,predictAall the lines in the'spectrum, I : L
The cause of the difficulty is lines L4 and 5,'indicated by arrows I ,f

in Fig. 10. If the éxistence of these lines 1is ignored a very gobd
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v‘eseighmentlean be made fer the rest of the spectrum with the coupling
constants listed"in Table VIf. The theoretical spectrum based on theee
vcoupling constants is shown in Fig. 11 an@ @ay'be seen tp'be in'excellent
'egreement with the rest of the'experimentel spectruﬁ.‘ This ercelient fit
and the fact that the assignment agrees so well with the predictions of
'molecular‘orbital theory (see below) have 1led us to the conclusion that
linestfour ana five'are.anomalous, perhaps caused by impurities, and
~that thevaesignment given.in Table ViIuiSaindeedccorrect.- ’

We have_perfdrmed a series of calcuiations:on the three molecules
mentioned‘ab0ve and oﬁ eeveral other molecules contaiﬁing methyl or
methylene groups for which experimental data exists in-the literature.

:t For each molecule we have done'a‘simple Huckel hynercenjugation calcula~
tion both 1nclud1ng and neglectlng overlap. a]modlfled overlap calcula-
tlon,63 and an approximate self con51stent fie&d calculatlon.é? In all
of these calculatlons we have. started w1th the methyl parameters of. .
| Coulson and Crawford§6 which are given in.Table VIII. The.numberlng of»
the atoms is shown in Fig. 12 and the results for the four.dlfferent
calculatlons are given in Tables IX-XII. The computer.program used to.
.vperform these calculetlons is discussed in Appendix II.

| Using the reeults Qf these'calculations'one can calculate the pre-
dicted theoretical couplihg constants. The hyperconjﬁgatidn contrrbutioe
to the methyl and methylene  coupling conetants, AH;.is given by Egs. -
(36 & 37). In addition to this one must consider the contribution of

" spin exchange polarlzatlon, AP. Follow1ng the treatments of McConnelllS‘

6
and Colpa h ‘we' shall a3sume that thls contrlbutlon takes the form

JjA"=-Q o' I . | | (3)
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Table VII. Observed.Data for Isoprene

A = 7.91% + .03 gauss
A2 = 3.42 *+ .03 gauss -
A5‘= 3.10 ¢ .03' gauss
Ag = 6.50% £ .03 ' gauss

Assigned on the basis of theoretical calculation.

See Fig. 12 for numbering.

Table VIII. Methyl Group Parameters

Parameter : Coulson & Crawford Value
H, -0.5
HC ) ‘ ) -0.1
-c 2.00
Hy oo 0.75
Hij/sijvl:% J _ : .4.0 :

& Rer. 66
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Fig. 11

MU-35056
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9- methyl anthracene

MU-35078

Fig. 1l2c
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9,10 dimethyl anthracene

MU-35079

Fig. 12 d
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Table IX.

Overlap For Radical Anions .

Huckel Molecular Orbital Coefficients Neglectlng

C. .
oTi 1 .

Eigégal 1 2 3 b 5 6 7 8 9 10

2,3 dimethyl | 50080 ' |-.36243 [-:00793 |.13976

butadiene | . - . .

Tsoprene . |.59852 | -.36850 |-.00822. L1415 | -.36539 |.59346

1,3 cyclo- 1-.35438" .56933 | .00193 .-.22390

he:cadieng- RN R , S .

ﬁbluené? : 00000 5.5oooo‘ .50000 | .00000 ; . 00000 - 00000

Cyclohexa- | 5p765 |-.02131 |-.52593 | .08395 | .hoos2 |-

dlenylo

omxyleneS 28743 |-.57119 | 27646 | 02869 |-.11778
mexylene® | 55930 |-.2759k |-.28703 | .58177 |-.02975 |.12206

p-xylens® - 50000 o o - 0
 Acenapthene  [0.00000  |-.hishh | .osu3s | .e5072 |-.h1355 [0.00000 |-.00875 |.15599

Pyracene 25154  |-.hok21 | .00000  |-.00816 | .15257

9 methyl -.43215 | .09000 | .30679  |-.21779 [-.21608 |.30779. .08787 -.434%0 :0068L .16399
___anthracene _ . ' D

9,10 dimethyl |-.21416 | .30389: | .0869k  |-.k2717 | .00655 |.16128

anthracene - o -

" Bee Fig. 12 for numbering
a) Antisymmetric orbitals

b) Not an anion;

.

Symmetric orbital

- . . R - b e .
O e« S e St DRl T R
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Tabié X. McLachlana SCF Spin Densities for Radical Anions

- A L i
Ez%g;al 1 ‘ o . 3 L . 5 6 il T _ 8 | 9 s lO‘
2,3 dimethyl |.4hogt .05582 | -.0061k .00935
butadiene | ’ ' B
Isoprene 45253 .06020 |-.00639 | .0099% |.05365 |.L3005
1,3 eyclo- . : ol o
readione . 06382 . .391h2 L01433 | .05909 |
“ - bl.38308 .03610 | .05824 .37253 | -.01122 |.06693
Toluene o -.38378 .h6268' 45230 ~.37998 | -.0026k -. 06357
Cyclohexa- 35912 —,10667" .36L18 -.03949 -1653k
dieny1d :
o-xylene® -.07091 | .6881k |-.09%63  |-.00476 |-.0168k
m-xylene® .66512 {-.10156 |-.068Th .71951 |-.00483 ;.01é17”
tere” P .0k739 | .35360 [-.0107h .06236 -
prxyiene c| .b611k  |-.36083 |-.00214  |-.05932 .
Acénapthéne -.03k97 21409 | .04k325 | . 05130 20478 |-.03361 |-.00672 .02759
Pyracene | 04699 .19858 |-.0321L -. 00640 . 02691
¢ methyl -1 .24k110  {-.02193 | .11243 | .0337h .03296 .11293  |-.02163 .23740 -.00799 | .03249
anthracene i - . X . »
9,10 dimethyl o -
anthraceng :.03281 , .11021° '}.02073 .23137 .00769 | .03172

a) Ref. 69. A =1.00; b) Antisymmetric orbital; c) Symmetric orbital; d) Not an anion
See Fig. 12 for numbering :
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Table XI. Bolton et al.? Modified Overlap Molecular

Orbital Coefficients for Radical Anions

C. .
1 1
hmton 1 2 3 A 5 6 7 8 9 10
2,3 dimethyl | s58phy .38633 | .06282 .05587
butadiene L
Isoprene 56883 [-.36376 | .05986 | .0532h | -.39355 | .615h2
© 1,3 cyclo- - o - '
texadiene .35163 59989 | 07507 .o6§76
_ Toluene’ .00000 .50000" ;50000_ . 00000 .00000 | .00000
Cyclohexa- 5&575 07020 5é77h 21499 19119
dienyl® : : : ’ . ’
‘o—xyieneb_ 4}28169 | .56989 | -.30137 .0k158 .03698
‘m—xyleneb .580917 ‘.30095 -.28171 . 55150 .03889 | .03459 _
pxylene®  |-.50000 |..00000 | .00000 |.00000
Acenaptheﬁé | -00000 L0673 .28365 .20851 -. 42935 - 00000 . 09450 . 0840k
Pyracene 4298 |-.26220 |-.34023 | .OSHTS .0h869
9 methyl ' V
anthracene .h1132. 09225 | -.30925 .23096 .20566 -.3233; -.06069 | hhe6T -.08058 |-.0T7166
9,10 dimethyl |-.21782 .32198 . - .0638L -.41635 - | .07455 . 06630 R '
anthracene "

a) Ref. 63; b)

Antisymmetric orbital; 'c) Not an anion.

_€9_



Table

XIT.

Huckel Molecular Orbital Coefficients Including

Overlap for Radical Anions

R

i i
 Radi - . . '
pdical” 1 2 3 b 5 6 7 8 9 10
2,3 dimethyl | .64084 |-.39121 |-:01423 |.152L0 |
butadiene | . - . '
Isoprene 65178 |-.hoo27 | -.01L489 .1560k .39465 | 64263
1,3 cyclo-- .38223 | .6111L | .02136  |-.2u583
hexadiene : :
Toluene® 0 -.57735 | 57735 J 0 0
Cyclohexa- | 52769 L.02089 |-.s52603 .08230 | .40056
dienvl C
o-xylene" '.33o9h -.65647. .31482 .04208 - 1-.13879
m—xylenec_ ";63862 -.31384 |-.33016 67182 .0kLos .145&5
 p-xylene® 57735 0 0 0 |
Acenapthene . 00000 -.45033 | .27405 v.28356 . L4661 1.00000 -.01550 |.16788
" Pyracene .27219 43550 | .00000 .01433  |-.16373
9 methyl - 45672 |-.00u80 |-.32346 22908 | .22836 |-.32388 ]-.09391 45766 |-.00286 |-.17345
anthracene _ - : :
9,10 dimethyl ey . : ; .
SO pmmethyl L.2o539 7| .31015° | 09263 |-.hs031 [..00273 | .17067

a) Antisymmetric orbital;

b) DNot an anion;

¢) Symmetric orbital

N v s
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where p' is the total spin density on the unsaturated carbon to which the
methyl or meﬁhylene gfoup is attached. Of course in thé case of. a
methylene group one must add the spin densities on the two carbon atoms

to Whichvthé gréup isjaftached.to get the total spin dehsity p'. As is
shown in the next section a good estimate for QP in the.case of a methjlene
group would be 2.78 gauss, and we assume that this is also &alid foi a
methyl group. Since, as showﬁ by Colpa,6u the hyperconjugation and spin
polarization mechanisms act with opposite sigﬁs_the total theofetiéal

coupling constant A is given by
4 _
lal = Jlagl - iagl (k)
Using this eqﬁation we have calculated the series of theoretical cdupiing

constants shown in Table XIII.

The methyl substituted benzenes (toluene and the xyleneé) present

an additional coﬁplication. It is well known that the six-fqld.symmetry

- of benzene requires that the first two anti-bonding molecular orbitals

be degenerate. In this case the molecular wave function‘of the unpaired
eléctron can be described.only by a linear combination of the two
degenerate orbitals. The méthyl group in toluene and the xylenes can be
looked,ﬁpon és a pefturbatidn on the sixffold,symgetry, and the effect .
of this perturbation is to 1ift the deggneracy of these two levels. The.

magnitude of the perturbation is such, however, that the two levels are

not split'very much (e.g. 0.025 BO in toluene) and there is still a

~vibronic mixing of these two near degenerate states. For simplicity we

‘have ignored this additional mixing with the following exceptions. The
approximations <in these caléulations are such that the inaccuracies in

energy of the molecular orbitals are far largér than the splitting between

G e g
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Table XIII. Calculated and Experimental Methyl and
Methylene Coupling Constants for Radical Anions

Huckel

anthracene

a Huckel '
Radical Bxpt. without McLachlan E:iiig with
Anion | . overlap ; P , overlap
2,3 dimethyl '
butadiene: 1.200 3.61 1.82 59, L.22
Isoprene {3.h42) 3.73 1.94 «55 L.h2
1,3 c&clo— ; ) | :
hexadiene 11.11h4 1k.30 17.99 1.09 16.98
» 75 b
Toluene 0.79 0.00 (0.57) -~ 0.00 0.00
6L o
Cyclohexa- v o
dienylC br.7 53.83 51.26 19.47 53.68
Tk |
o-xylene 2.00 2.36 3.50 .18 3.19
' 5
~ m-xylene 2.26 2.5k 2.55 .16 3.51
p-xylene 0.10 0.00 (.52) 0.00 0.00
| 6k | |
Acenapthene 7.53 6.89 8.34 3.0L 7.80
| e | K
Pyracene 6.58 6.60 8.14 .99 7,44
O-methyl 63. . . '
anthracene h.27 2.e2 6.38 1.13 T
, 63
9,10 dimethyl 5 gg 5.05 6.23 .95 5.58

a) Superscripts give reference number.

b) Computed from p =

c) DNot an anion

gAntisymmetric psymmetric

ey

L LR F T e
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the two near degenerate orbitals. Coneequently the calculation is unable
to predict which of the two is reaily lower in energy. We have ﬁherefore
in eachvcase chosen tﬁe one that gives the best fit to the.experimental
data not only at the methyl groups but at the various ring protons. It
turns out that there is never any ambiguity as to which is the "best"
orbi%al. The implication of this is that whiie the simple calculation
cannot predict ﬁhich'ofbital is lower there is still not very mucﬁ mixing,
and that one of the orbitals etill gives a fair apbroximation té the true
wave function.SS The only exception to this is the self consistent field
calculation bﬁ toluene and paraxylene. These two molecules to g Ffirst
approximation‘have nodes throughbthe methyl groups - and the inclusion of
electfon-electron interactions leads to two near degenerate orbitals such
that neither of them provide even an approximate description of the un-

paired orbital. In this case only, we have calculated the methyl group

coupling constant from a wave function‘+’ where

Y-yt )

‘andl+i anqug are the two near degenerate orbitals. These approximations

represent a simple approach te a quite complicated subject that has been
con51dered in detall elsewhere.93
The results listed in Table XIII -are qulte gratlfylng and 1ndicate
that the 51mple Huckel theory is capable of predlcting not only rlng
coupllng constants but also those due to methyl and methylene protons.

Of the cases considered with simple Huckel theory none are widdly in

error and most proVide better agreement with experiment than would be

expected from such a simple theory. Tt is interesting to note that with

but one exception thelHuckel theory predicts coupling constants slightly

© larger than those 'actually observed., This indlecates that the calculation



-68-

could be further improved by altering the paraméters of Coulson and
Crawford to feduce the extent of.the hyperconjugétioﬁ somewhat. Thié is
‘not terribly surprising since these parameters are quite arbitrary and
would be_expecﬁed té be somgwhat in error. The utility éf the theory
lies in the fact fhat—it—is—not-very;senSitive fo the choice of matrix
elemeﬁts, and that any reasonéble selection can be expected to lead to
reasonable results. An'example of this may be seen in the fact that even
. with this inaccuratevchoice'of matrix elements the'calculation is very
successful in predicting the relative magnitudes of éoupling constants in
several pairs of similar moleculgs (e.g. ortho and meta #yleﬁe, methyl
and dimethyl anthracene, methyl- and dimethylbﬁtadiene, pyracene and
acenapthene, etc.).. | |
The inclusion of the effeFt of electron-electron‘répulsion in the
MclLachlan calculation does not seem to lead to a significant improvement
in agreement. Here again the effects of hyperconjugation seem to'be o
somewhat ovefeﬁphasiéed énd an adjgstmeht of the ?arameters so as 1o
scale doWﬁithis effect would probably'bé in order. .The one case in which
the McLachlan calculation doésvéffer a significant‘improvémeﬁt over the
-gimple Huckel'theqry is\that of dimethylbutadiene where  the McLachlén
calculétion more ﬁéarly predictsbthe quite small methyl.Qoupling_éonstant.
One obvious concluéioh of.thesevcalculations is that the theory of

“Bolton et 31.63 does indeed predict coupling constants.that afe far lower
than those actuallyiébéerved. »This'behavior was predicted by Colpa and
deBoe‘:c‘6lL and certainly‘éeems_tdxbe‘born out by com@@riSon with a large
number of experimental:coupiing constant;. Thus if one wishes to ihciude>
- the effects .of oveflép the only‘effecti§e methqd appears to be.the éompleté

overlap calculation including’overlap between the unsaturated carbon atoms.



';69_

However the inclusionhof.overldp in any form appears to add little to ﬁhe
calculation and in fact seems to give a somewhat worse fit than the same
calculation performed while neglecting overiap. This has generélly been
the case for purely aromatic calculations and seems to carry over to the
case of hyperconjugation. |

Using McConnell's relatioﬂship (Eq. (7)) one can also compare the
unsaturated proton.coupling constants with the predictions of the -above
calculations if the value of the parameter Q is knowﬁ. Assuming that Q
hés the same value as in the éase of butadiene (20.82) we have calculated
the predicted values for the unsaturated pfotons.of dimeﬁhylbutadiene,
isopréne, and cyclohexadiene, There are shown in Table XIV. Here again
a fair agreement can be obtaine@ with any of the theories used. Since \
the Huckel, overlap, and modified overlap theories differ primarily in
how they treat the effect of the methyl substituént'one would expect them
to give essentially iden£ical results for the unsaturated protons and
this is seen to be the case. The McLachlan éélf—consistenf field calculation
in many éaées corrects the simple Huckel theory in the proper direction
_ but tends to overcorrect. More satisfacﬁofy results could probably be
obtéined by lowering the value of lémbda used in this calculation thus
reducing the effécts of electron correlation. It should be noﬁed that
the Huckel aﬁd Bolton theOries give different pfedictions as to which of
the methylene groups in isopfene have the larger coupliné constant. It
would be of some iﬁﬁerest to measure the spectrum of the deuterated
molecule (if it can be prepared) to:deﬁermine expefimentally which is
B larger. |
The calculations describea above can also be pérformed for the case

of the radical cation. Unfortunately we have no new experimental data to
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Table XIV. Caléulated and ExperimentalAUnsaturated

Coupling Constants fo# Radical Anions® .
b , Tickel | Bolton  Huckel
Molecule Position Expt. without = McLachlan overlap with
overlap B overlap D e
¥ ‘ v o
butadiene 1 T.137 .27 9. | 1. - T v
Isoprene 1 .90 T.46 9.4 6.74 7.49 ;
5 3.10 2.78 1.29 - 3.22 2.7h :
6 6,50 7.33 8.95 7.89 T-28
Cyclohexa- 1 1.99 - 2.61 ~  1.33  2.57 2.59 ‘
diene _' ‘ ' - .
2 8.212  6.75 - 8.15 T7.k9 6.61 !

a) Calculated aésuming Q = 20.82

b) ‘See Fig. 12 for numbering

offer in a field distinguished by a lack of such data and the results of

these calculations afe therefore consigned to Appendix ITI.

C. Justification of the Hyperconjugation Model:. Cycloheptatriene

In the last section we showed that methyl and methylene proton -
~coupling constants could be satisfactorily explained by a hyperconjugation
model. Several investigators>have offered arguments to support the

theory that the hyperconjugation model is the only model that can explain

63

these coupling constants. Bolton and co-workers postulated that the

pairing principle of Huckel theox"y,76"77 which predicts that the radical :
cations and anions of a given alternate hydrocarbon should have very ' i

similar ESR spectra, would be carried over to methyl coupling constants - :
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if these coupling constants arose via a spin polarization mechanism.

. However if hyperconjugation were the principle mechanism there would be

no reason for cation ahd anion methyl coupling constants to be equal.
They took the experimental fact that they are not equgl as evidence that
the principle mechanism was indeed hyperconjugation.  From their calcula-

which were in good

. . . . + ' g =
tion #hey pred}cted a series of ratlos_Amethyl/Amethyl

agreement with the experimental ratios. However, as we have seen, the

‘absolute magnitude of their coupling constants. is éeriously iﬁ error and

this throws some doubt on their whole theory.

Colpa and deBber6%.used a corrected hyperconjugatibn theory and were
able to sucéessfully predict both the anion/cation ratios. and the absolute
magnitude of tﬁe coupling constants‘in a number of»casés.  in addition, -
they performed a configuration inﬁeraction calculaﬁidn on the C'-CH2
fragment (C' being the unsaturated carbon to which the ﬁethylene group
is attached) to obtain an estimate of the magnitude of the.spin exchange

polarization mechanism. They found that the spin polarization contribution

to methylene coupling constants could be given by
A= QSP pct = -1.1 pcq ’ | : (LJ-6)

and that this Q.value was far too small to account for the large coupling

constahts observed. They point out that the approximations in sﬁch a

caleulation naturally leave the numerical results in some doubt. Noné-

'thelessmthey felt that the order of magnitude of the results substantiated

their main argument.

.The ESR spectrum;of the cycloﬁeptatriene’radical anion offefs‘a
striking expefimehﬁal cohfirmation of the importance éf hyperconjugation.
Moreoever from the hyperfine coupling éonstants it‘is possible to obtain

a qpantitatiVe measure of the magnitude of QSP’ This is brought about
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by the fact fhat symmeﬁry considerations require the first anti—boﬁding
molecular orbital,of cycloheptatriene to have a node:passing down the
symmetry axils which goes through the meﬁhylene oérbon. Thiévmeans that
for reasons of symmetry there»cen be no,hyperconjugation contfibution to
the methylene coupling consfant,‘and eonsequentiy any resulting coupling
constant can only be the result of spin polarizaﬁion or electron correlation.

We have prepared the cycloheptatriene radioal anion by electrolyéing
a three millimolar solution of the pafent hydrocarboo dissolved in a -
solution of liquid ammonia. The solution was saturated with tetfamethyl-»
ammonium iodide; No electron'appeared at.e;ectrolysis voltages up to
100 volts but at the.higher volteges a bubbiing‘occurred at the'cethodee
presumably due to some decomposition reaetion. The spectrum obtained ié :
shown in Fig. 13. |

The'spectrum is moderately eomplicated but the assignment is made
considerably easief by éhe fact that the two outefmostiﬁriplets are so
well resolved. As in the case of cyclohexadiene a reasonable guess would
be that one coupling constant ié given by the distance .between the two
triplets.and one coupling constant is given by the spacing within either
triplet.> Sincere there are only four coupling constants in the problem
these guesses plus™ the total width constraint. leaves but one coupling
- constant undetermined. This laet coupling cohstent may then be determined
by trial and error with very little difficulty. The resulting aseignment
is given ih Table XV, and the theoretical spectrum oalculated from_thiev
assignment is shown in Fig. 14. As can be seen.there is‘ekcellent agree-
‘ment between the theoret;cad and experimentel.specﬁrum;

'With no_further_experiﬁents it is impossible to assign which of the

coupling»qoﬁstents in Table XV afe associated with which protons.
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CYOLOHEPTATRIENE

MU-38057

Fig. 14
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Table XV. Observed Coupling Constants for

Cycloheptatriene
A, = 2.16 * 0.03 gauss
A3 = 7.64% + 0.02 gauss
A = 0.59%* £ 0.03 gauss
A, =Lb.90® + 0,01 gauss

Assigned on the basis of theoretical calculation

.Seé Fig. 15 for numbering

be seen from Fig. 15 the molecule contains four: sets of two symmetrically
eQuivaleht‘protons each. In order to determine which coupling constant.-

. i H 7
. was associated with the methylene protons we prepared the radical anion

of cycloheptatriéne in which one of the methylene protons had been replaced

by a deuterium. The ESR spectrum of this deuteratéd species is shown in
Fig. 16. The coupling. constant of a deuteron is given by
Ay === T A, =0.1535 A, o (b))

[y

where the fi's aré the magnetic moments as fhey are commonly'fabulatéd,
the -I's are.the.spins.of the deuteron and proton, and.AH is the“cqupling 
cogstant fof a‘proton cccupying the same position in the mdlecule. Frém.
this it is possiﬁle to calculate the four possible spectra exﬁected.from

‘the'deuterated species. These are shown in Fig. 17, A comparison of
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(2)C

(1 H,

-MU-35083

Fig. 15
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MUB-4950

A

Fig. 16
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y , l {a)

Ameth.” 0.59 to)
Ameth” 4.90 (c)
Ameth, = 7.64 L

MUB-4951
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Figs. 16 and 17 clearly shows that the methylene proton coupling constant is
2.16 gauss; The othér coﬁpling constants cannot be assigned directly from
the.experimental spectra but can be assigned with considerable confidence
from the following theoretical considerations. )

We have performed the same series of calculations that was described
in thg last section on cycloheptatriene. The numbering_system used is
shown in Fig. 15 and the results of these calculations are given in Table
XvI. of course; since there is a node at the methylene group the results
of the three non-correiation calculations will be the same since they >
differ énly in their freatment of hyperconjugation. These caglculations
indicate that there is a lafge spin density on the two carbon atoms to
which the methyléne is attached, gnd thé largést experimental coupling
constant tends to confinm this fact. If spin learizatiﬁn were the
g principle mechanism for producing unpaired spin density on the methyléne
groups of gll radicals we would expect a very large methylene coupling f
constant in the cycléﬁeptatriene radical anién similar to that which one |
finds in cyclohexadienyl, cyclbhexadiene, and similar radicals. The fact
_'that the methylene coupling constant is only 2.16 gauss confirms the fact
that hyperconjugation, which in,this case is absent, is generally the
principle mechaﬁism for méthyleﬁe coupling constants.

The fact that hyperconjugation is not éffective in this radical
allows us to obtain an experimental value fér‘the constant QSP' The
McLachlan calculation predicts that essentially all thé spin density is
'in ﬁhe unsaturated part of the moleculé and that the spin density at
: positién 4 is négative. Aséuming that this is correct we canvobtain_a

value for Q given by .
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Table XVI. Molecular Orbital Coefficients and Calculated
Spin Densities in Cyclcheptatriene Radical Anion

i

Position™ : | Huckel Coefficient g;?icgiizity
1 : | 0 -0.00095
2 - _ - 0 ' -0.00338
3 : ‘ -0.52112 - 0.35819
. . © 0.23192 ' -0.02280
5 0.41791 | . 0.16677

a) See Fig. 15 for numbering

b) Reference 69. X\ = 1.00

5 ‘ : .
Q=25 A =23.90 (48)

Using.this Q, the experimenfal coupling constant A3, and Eq. (7) one

finds that the unpaired spin density on carbon 3 is 0.320 and the tofal_
unpaired spin density adjacent to the methylene group is 0.639. The total
methylene cbupling constant consists of a small hypefconjugation part and
a larger spin polarization part. Usiﬁg the spin densities predicted by
the Mclachlan calculation and Eq. (36) we can estimate the electron corre-
- latién induced hyperconjugation contribution to be 0.38 gauss. As has
been mentioned thé spin polarization and hyperconjugation coupling con-
stants are ordinarily‘of bpposite sign, but in fhis case the hypercoﬁjuga—
tion is caused by a negative spin density, the two effects add, and the

spin polarization coupling constant is -
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lag,] = la

total-Ahyperconjugation] = 1.78 gauss (L9)

This céupling constant and the adjacent spin density determined abov?

may be inserted intc Eq. (46) to give the value Up = 22778 gauss. This
is remarkably close to Colpa and deBoer's calculated value of -1.1 when.
one considers the appréximate nature of theilr calculation. It has been

78-80

suggested that aliphatic coupling constants are a function of the
angle © between the normal to the pi system nodal plane and the C'-C-H

plane, and that the relationship is given by
A=3B + B, cos” © . (50)

The parameter BO in thié formula is the same as our QSP and to the best .
of the author's knowledge this is ﬁhe first experimental'determiﬁation
of this quantity.

Using the Q value given in Egq. (48), the theoretical spin densities,
and McConnell's relationship one can calculate a set of theoretical
coupling constants for the unsaturated part of thé cyclopheptatriene

radical anion. This has been done and the results are shown in Table

XVII. As can be seen there is a reasonable agreement between theory and eirii:

experimént. The self—ébnsistent field theory is pérticularly useful‘fo
explain the quite low coupling constant of carbon number 4, although
again one gets the feeling that perhaps the value of’%;shOuld-be¢Teduéed
to reduce the eléctron correlation effect. |

An obvious expgriment that suggests itself is to measure the ESR
spectrum of the 1,3,5-hexatriene radical anion.‘ Here again one could
take advantage of the fact that the hyperconjugation in cycloheptatriene

is symmetry forbidden. Thus the only difference between the pi-electron

-

-
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Table XVII. Calculated and Observed Unsaturated Coupling
Constants for Cycloheptatriene Radical Anion®

Positionb Expt. Buckel McLachlan
3 , T.6k4 6.49 _' 8.56 .
Lo 0.59 1.29 0.5k
5 h.90 CohaTt . 3.99

a) Calculated assuming Q = 23.90

b) See Fig. 15 for numbering

distribution in hexatriené and cycloheptatriene would bé the inductive

effect of the methylene group. In most methyl -or methylene groups the

electfon distribution is perturbed by combined hyperconjugation and in- f
ductive effects and the separating of ﬁhese two effects is a matter of
considerable theoretical interest. In-'this pair of molecules the hyper-
conjugation effect is ﬁbnexistent and. a comparison of the unsaturated
proton coupling constants in the two molecules should providé an experi-
mental measurement of the inductive effect aloné.

Unfortunately our efforts in this direction have been only partiallyv
successful. Wé.have éttémpted to prepare the radical anion of‘hexatriene
by electrolysing éolutions of héxatriene dissolvéd in various concentrations
in liquid a@monia. Va%ious supporting electrolytes were used in an
attempt to increase thé lifetime of the radical. In this series of
experimenté only ohe succeeded in producing efen a weak spectrum and even

this one was not reproducible. A very rough measurement indicated that
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the two largest coupling constants were 7.3 and 4.2 gauss; The lack of
resolution and sensitivity.made the measurementlof the third coupling
constant very difficulf but the lack of readily observable splittihgs
probably places an upper limit of 0.5 gauss dn it. There are some very
poorly resclved lines that could be thé result of a coupling constant of
around 0.5 gauss.

No really quantitative conclusions can be drawn from these very poor
data. The fact that the hexatriene coupling constants seem to be so close
to the cycloheptatriene coupling constants indicatés that the inductive
effect of the methylene group is small. This is not unresasonable in view
of the fact that the model used in the previous section completely neglec-
ted any inductive effects and was still relatively successful in predicting
unsaturated coupling constants. The fact that both large coupling constants
in he#atriene are smaller than the corresponding cycloheptatriene coupling
constants is interesting. The change is probably large enough to be real
and not Jjust an_experimental error and it could be caused by one of two
effects. First of all the sigma-pl interaction could have changed in
such é manner as to lower the Q valﬁe. If this were the case and 1f the
third coupling constant were étill 0.6 and caused by negative spin density
the Q for hexatriene would have-to be around 21.8. Changes in Q of this
crder are certainly not impossible but it seems to be a rather large
shift for two sugh similar molecules.. The more likely explanation would
be that the effect of eliminating the methylene group was to rearrange the
pi-electron density.such that the spin density at position 4 (position 2
in hexatriene) was no.longer negative. A positiVe spin density éoupling_
constantiof 0.4 gauss at position 2 would be sufficient to account for the

shifts in the larger coupling constants without any change in the wvalue
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of Q. The-coméarison of Huckel, McLachlan, and experimenfal coupling con-
sféntS'in Table -XVII. indicates that electron correlation has a considerable
effect in cycloheptatriehe, and it would ndt be surprising that this
correlation effect would be sensitive to the removal of the methylene

group. Obviously better data are needed for more quantitative arguments

and further work along this line is in progress.

D. Nitrosobenzene and Nitrobenzene

We have prepared the radical anions of nitroéobehéene (C6H5NO) and
»nitrobenzehe (C6H5N02) by electrolysis in liquid ammonia solution.- The
nitrbsobenzene radical anion shows two ortho and two meta proton coupling
constants whichhcan be gxpléined by simple theoretical models. The
nitrobenzene radical anion was prepared in liquid ammonia as a reference
and to compare solvent shifts.

The cbserved spectrum of the reddish-brown nitrosobenzene radical
anion is shown in Fig. 18. This radical appears to be guite stable at
-78°C. in liquid ammonia solution. It is far more stable than any of
the other radicals so far discussed and is probably more stable than even
nitrobenzene. The spectrum consists of 30 principsl lines which are
further split by small amounts. On the basis‘of the 30 principal lines
one can readily determine the Nlh, the single para proton, and average
values for both the ortho and meta coupling constants. Tﬁe larger value
can be assigned to the ortho protons in analogy to nitrobenzene. - The
additiohal splittings can only be accounted for if it is assumed that
nitrosobenzene has two ortho protons differing by 0.30 gauss. 'A similar
difference for the meta protons of 0.18 gauss can be determihed from the

intensity ratios within its triplets. The calculated spectrum in Fig. 19

s
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Fig. 18
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shows the excellent agreement with experiment for the coupling constants
given in Table XVIIT.

The two ortho and two meta coupling constants must arise from the
effects of a non-linear C-N-O group. This group must be held fairly rigidly
in & planar conformation or else the difference in coupling constants would
be éveraged out by rapid internal rotation. This is similar to the case
of nitrobenzene, but the symmetry of nitrobenzene does not allow us to
determine directly the effects of the N-O bond on the coupling of the
- ring protons.

A theoretical interpretation of this\effect can be included in a
Huckel LCAO molecular orbital calculation of the spin densities ' in either
of two ways. One can either utilize a small resonance integral between
the oxygen and.the,nearby ortho carbon (between positions 1 and 8) or
describe the polarization effects of the nitroso group by changing the
Coulomb integral of one ortho carbon atom. Rieger and Flmelera_‘t{el@L used
the latter method and Stone and Makig)+ used both methods to account for
similar asymmétries in substituted benzaldehydes. Stone and Maki referred to
these as the B- and a-effects respectively. If one uses the approximate
configuration treatment of McLachléan with the parémeters recémmended by

Reiger andFraenke18l but with 8N = % 5N 60

and with Yig = 0.05 or
88 = ~-0.07 then one obtains the theoretical proton coupling constants given
for nitrosobenzene in Table XVIII.

It can be seen from Table XVIII that elther a small value for the
resonance ‘integral between the oxygen and its neafby ortho carbon or a
small chaﬁge in the nearby ortho carbon Coulomb integral yields a satis-

factory explanation of the two ortho and meta coupling constants. As

previously observed8h these two effects are seen to work in opposite direc-

tions and we are unable to distinguish between them. An erbitrary
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Table XVIII. Coupling Constants for Nitrosobenzene
and Nitrobenzene Radical Anions?

Position Obs. ST Cal.© .
B effect a effect .
‘Nitrogen-2 CT.97.01. - v -
Para H-6 2.97+.02 h.oLh3 L.5k
Ortho H-L4 ( 3.8h+.02 3.68 L.o2
-8 { L.1h=.02 L.o3 ' 3.67
Meta H-5 {’o.96t.02 1.08 . 1.22 N
-7 [ 1.1kt.02 1.22 - : 1.06
& Absolute magnitudes in gauss
P Bracketed values may be interchanged
¢ 7 = 7 ‘= = = I
Calculated with 50 = 1.k, 6N 0.733, YNO 1.67, YCN 1.2, and
QCHH = 23.7. The meta. . positions have negative spin density.
d Using Y,y = 0.05 between positions 1 and 8. Py = 0.2629, o = 0.3138,
= 0.0086. '
°3

1l

Using 68 = -0.07. »p

0.0026.

1

= 0.2652, p, = 0.3121,'p3

adjustment of'parameters can improve the agreement with the values in Table
XVIIT particulafly for the para position. This effect may be seen in

Table XIX where we have listed the results obtained by performing the . Lk

McLachlan calculation with various values of 8N

.
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Table XIX. Calculatedb Proton Coupling Constants

for Nitrosobenzene Radical Anion®

o ‘ Position
Value of 6N ‘ i 5 6 7 8
' 0.80 3.59 1.07 L.26 1.23 '3,99

1.00 Co3 k41 1.08 3.81 1.22 3.77
1.20 : 3.20 1.07 3.36 1.20 3.53
1.40 _ 2.97 1.07 2.92 ©1.18 3.28
1.60 - 2.74 1.07 2.49 1.16 3.02
1.80 2,51 1.07 2.06 . . 1.15 2.76
2.00° 2.29 1.08 1.64  1.15 2.51
2.20 2.10 1.10 1.24 1.15 2.28
Expt.. 3.84 0.96 2.97 1.1h L1k

Absolute magnitudés in gauss. 7

Calcﬁlated With SO =.l°h‘; Y. = 1-67, VCN = 1'2; Q = 23'7; and

NO
Yl8 = 0006.

P

.
REVRIFL L%
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In Table XX we give our observed values for the radical anion of
nitrobenzene in liquid ammonia. The radical .anion was prepared by the

3

electrolytic reduction of a 5X10° M solution O.l-M in sodium iodide. -

The spectrum was indeperdent of temperature from -LO to -78°C. Also given
are values for nitrobenzene dissolved in dimethylformamide,Bl acetonitrile,33

and 50% water in acetonitrile,82 respectively. It can be seen from Table

XX that the solvent shift for nitrobenzene in liquid ammonia is inter-

mediate between acetonitrile and 50% water in acetonitrile;

Ludwig et §;.82 have recently related the iarge solvent shifts.for A
nitrobenzene radical anion to the‘formation of hydrogen bonds with thé
solvent. OSince acetonitrile and liguid ammonia have éssentially the same
value for their dielectric constants the shift cannot be explained entirely
by the simple polarity of the solvent. Since liquid ammonia is a more
.protic solvent than is acetonitrile, its position in the solvent shifts
in Table XX is consistent with some type of hyérogeh bonding. However,
it can also be seen from Table XX that the calculation of Reiger and
Fraenkel8l which is based upon a variable oxygen coulomb integral is a
very satisfactory gqualitative interpretation Qf the shift in the nitrogen

and. proton coupling constants in a wide variety of solvents.

E. Cyclooctatetraene

By far the most dramatic solvent effect which we have observed in !
liquid ammonia is in the radical anion of cyclooctatetraene. This radical ;

83

has been prepared by Katz and Stralss ~ by alkali metal reduction in tetra-
hydrofuran. They observed a spectrum due to eight equivalent protons® T
with a coupling constant of 3.209+0.007 gauss. From the intensity of the

radical spectrum they concluded that the equilibrium for the dispropor-

tionation reaction

Panemer
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Table XX. Nitrobenzene Radical Anion Coupling
 Constant Solvent Shifts

- 5  50% H,0
Position Ammonia Dimethyl- Acetonitrile < in o
formamided CH3CN
N 11.46 - 9.70 0 10.32 13.59
Para 3.89 4.03 _ 3.97 : 3.54
Ortho - 3.k2 : 3.36 . 3.39 3.4k ,
Meta, 1.11 .07 1.09 1.2 ’
& Rer. 81
Ref. 33
¢ Ref. 82 ]
- O '
2R™ = R + R (51)

was shifted far to‘the right.

We have prepared the radical anion of cyclooctatetraene by elec-
trolysis of a dilute solution of the hydrocarbon in iiquid ammonia. The
solutiog was saturated with tetramethylammonium ilodide. The spectrum.was
found to'bevfhat of eight equivalent protons with coupling constant .
3.278+0.004 gauss. The one striking feature of the spectrum was its

' * .
high intensity and extreme stability. Although no quantitative measurements

The radical spectrum was so strong. that trace amounts of hydrocarbon
vremaining in the vacuum system contaminated the system, and nothing but

cyclootatetraene spectra could be produced.fof several days. after the

initial experiment.

i
t
v
1
: i
: 1
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were made it seems safe Fo conciude that the effect of switching solvents
l from tetrahydrofuran to ammonia was to shift equilibrium Sl‘drastically to
theileft. The effect was sovpronounced.that it is doubtful that this can
be looked upon as a solvent perturﬁation. It seems more likely that the
entire chemisfry including ion dissociation and perhaps even geometry of
the molecular species changes when ammonia is used,v Further work on the
chemiétry of this system is now in progress.89
One additional interesting feature of\this system is the change in

. coupling constant of 0.069 gauss.. Although far larger coupling constant
solvent shifts have been previously observed,al symmetry considerations

ih this molecule require a different mechanism than is usually thought to
be responsible. Ordinary solvent shifts arevusually regarded as arising
from a redistribution of the unpaired pi-electron spin density caused by
solvent perturbations. Since coupling constants are related to unpaired
spin density distribution by Eq. (7) this would bring about a coupling
constant shift. In this molecule however symmetry_consiaerations require
that one-eighth of the odd electron reside on éach carbon atém. Thus the
quantity effectéd.by the solvent perturbation is. the sigma-pi interéction
parameter Q. This Q-shift is small (AQ = 0.55 gauss) as would be expected
ﬁut is certainly larger than experimental error. A variation of the Q

of the benzéne raaical anion with temperature has been observed.by
Fegsenden and Ogawa.go The variation in this case is about the same order
of magnitude as we havé observed in cyclooctatetraene and is in the
‘direction of producing lower Q values at lower .temperatures. Although a.
detailed theoretical consideration of these effects is complex aﬁd quite
outside the scope of this work, we note that a mééhanism involving ion
palring would be consistent with the direction of the shift in both of

thege ceses.

o
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APPENDIX I
Fortran II Computer Program ESR IV

The theoretical calculations-and drawings in chapter.four were done
with the aid of the computer program ESR IV. This program uses the same
basic method ofrcalculation as the program ESR III developed by Stone
and Maki8LL with the exception that ESR III will handle directly only L
equivalent I = % and 3 equivalent I .= 1 nuclei while ESR IV will handle
any number of equivalent nuclei.* The prihcipal difference is in the

output .

ESR IV has deleted the three types of output available in ESR ITI

and uses a California Computer Co. digital x-y plotter as an output device.

: 8
The program makes use of the binary subroutine.package J6 XYP2 MOD >

which is usable only on an IBM 7094 computer. The TO94 produces a tape
which is used as input to an IBM 1401 (or 1&60) computer which drives the
plotter. The 1401 is under control of the IBM 1401 PARASITE PLOT Program
and any future changes in this program will probably require changes in.
ESR 1V.

There are two basic outputs availablé with ESR Iv. The fifst pro-
duces a plot of the spectrum with the name of the problem lettered above
it foriidentification and nothing else. All input iﬁformation is written
on the 7094 monitor print tape for ordinéry 1403 frihting. The second
output in addition provides a one-inch grid with the horizontal axis
labeled in gauss and prints the input data on the graph itself to the
right of the spegtrum if the spectrum involves only one species. if more
than one species is involved, the program leaves room for printed data

to be stapled next to the spectrum and prints the input data on the 1L03.

The suthor would like to thank Drs. Stone and Maki for a listing and
deck of their program.

.
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The second output’ is rather elegant but uses a great deal of plotter
time (up tovlS minutes per graph) to draw the grid.and print the input
data. The first output is not gquite as pleasing but probably uses a
maximum of 30 seconds of plotter time. 'In regard to TO9% time, ESR IV
-is somewhat faster than ESR ;II regardless of wﬁich output is used.

The data cards are divided into group A, which applies to the entire
problem, and group B, which apblies to one speciés. There must be a set
of group B for each species to be superimposed, and‘théy are stacked in°.
’ény order gfter group A. Definitions of all input variables are given N
"éfter the following list of data cards. DIach card must be included unless

otherwise indicated.

FORMAT . CONTENTS COMMENTS

| Group A
(1246) ANAME(T), I = 1,12
(214 ) | NSPEX, KSHAPE | N
(eF12.6, T12) . GPI, HIY, LETTER

Group B

(12A6) BNAME(T), T = 1,12
(21k) ' '~ NA, NB |
(3F12.6) WEIGHT, WLINE, -PHASE
(6(14, ¥8.3)) NQA(I), A(I), I =1, NA AMayvbe omitted if NA = O
(6(1k4, ¥8.3)) © NQB(I), A(I),-I =1, NB .May be omitted if NB = O

As many caiculations may be stacked on top of each other as desired.

At the end of the entire data deck there must be two blank cards.




- ANAME
NSPEX
KSHAPE

GPI

HIY
LETTER

BNAME -

WEIGHT"

WLINE

‘PHASE
NQA(T)

A(T)

NQB(I)
B(I) }

-0l

Definitions of Input Variables

The name of the problem. This will be lettered across
the top of the graph. |

The total number of speéieé whose spectra are to be -
superimposed.

If zero, Lorentzian lineshape selected; Gaﬁssian
lineshape for non-zero.

Horizontal scale of spectrum in gauss per inch.»
Height of largest peak of experimental spectrum in
inches. Must be léss than ten.

If zero, output consists of spectrum énd title only.
If non-zero, grid and input data plotted.

The name of each species. Will be printed or typed
above the input data for that species.

The total number of different coupling constants with
-1 |

The total number of different coupling constants with
I=1.

The relative abundance of the species} If there is
only one species any positi&e number may be used.

The linewidth in gauss.

If +1.0 lines will look.like this:-2ﬂw'

Tf -1.0 lines will look like this:- “Jlf“

The number of equivalent I ='% nuclei having the Ith

coupling constant.

The Tth coupling constant for nuclei with I = %, in gauss.

The corresponding variables for nucleil with I = 1.
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Example: The use of ESR IV is illustrated by the following example.

The experimental speétrﬁm appears to consist of 2 speéies with the same
g-factor. Species A, in 20% abundance has hyperfine structure from 5
equivalent nitrogens with A = 2.35 gauss; The linewidtﬂ is 0.135 gauss.
Species B, in 80% abundance, has hyperfine structure from 2 eqﬁivalent
proépns, with A = 3.59 gauss. The linewidth is 0.180 gauss. The highést
line measures 4.25 inches peak-to-peak, and the total width of the spec-

trum is 14.72 inches. Full output is desired, and the lines look like

A

A

this: m»xf._. N
The data cards will appear exactly as shown below, where - represents a
blank space.

-FICTITIOUS-EXAMPLE

S-S
------- 0.399-cmomouh 250 oo]
-SPECIES-A
O |
------- 2.000-======0.135-2m=m-m=t1.0
---5---2.350
~-SPECIES-B
amsl---0
------- 8.000-------0.1805~===c224+1.0
--~2---3.590 ‘
Blank | ,
; (if this is the only spectrum being run)
Blank : ‘

It will be noted that with clever handling of the input data one can

produce the full spectrum, deal with nuclear spins greater than 1, deal

o

wor
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with two or more species of different g value, and do various other
things not explicitly written into the program.

The listing of the Fortran program is as follows:
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s 4002GC7 LPR : 3 OCN LEVY

L]

LABEL

CEPRIV SPECTRUM SIMGLATCR PROGRAM

C STATEMENT NUMBERS USED IN THE FCLGWING PROCRAM ARE 1-18C, 230-232, ‘551,
C 610-61%, 711, 1001-1035, 110L, L1C6, Llill-1112, 1201-1207, 13Cl-1302,

C 130
¢ 310

4=-1307, 14CLl-1416, 1751, 1R01=-18006, 2601-2610, 280L, 2802, 3001-301G,
1=-3105, 3107, 50ClL, 5006, 6001=600%, 700L-7410, BULLI-8U23, 9C03-9018

CDIMENSION ANAME(13), YA(3,6000), BNAME({1ls)}, NQA(S5C), A(50),

INGB(5CG), B(%u)y SCALE(2), HOLO{22), ALPHA[LZ)

FROGUENCY 612(3235)22(0,1510),27(C53,1)528(0,1,10),

136(4) 34300 93,10,4401) +58(320),840041,10),6504),71(3000),
L72(8,10434510),78(8,105551),79(1,025),82(14Ce5)+834(1+38,5),87(1,0,5),
18502, 0e8) 390 {LeCs2) 594 (1,095),90(L2:C,5),968(1,Cs2)5,4C001s0,9),
11120093610 211301 1L9(300U0),120{(0,04+5),128(05C,5),129(1,0,5),
LIB10Ls0425) 9134030 95)»136(19055)138(1,0,5),140(1,0,5),143(1,G,5),
114501 ,0,35) 514710 95) 2149 Lo0,5) o510 (1,0,5),153(1,0,51,166(50001},
1174(5C00) 4 L79{5C0¢)7L1L(0,1,10) .
FREQUENCY 2602(5), 2604(10,1,2), 30G2(1), 3004010, L, 2},

1210L{¢, L5, 1)y 3102(Us 2, 1)y 3103(0y 15, L)» 3104(Cs15,1),

2

)
[

G e N D W N

13105(Cs1951), 9CLS5(4,L,2)y 90L7(C,Ls5), QUCBLLIO), 3107{IsLlsl),
LSCOL(G)J’l)v 80C7(0vl511)v 3014(O'lll0)1 8015(9)1 7005(09L1100)y
18C18(0y3,1)y 8OL9(L)y 7007(041,100), 60C2(20), 1BOLISLOD),
1 1406(0, L, LY, L40T7(0s 15 1), 14C8{0Gy Ly L)y 14UGLI{C, L, 2
1 14C2(0, Ly 1) L403(0,y Ly L)y 14G4(0s 1y 1)y 14C5(C, 1, i
1 1409(0, 1y 1) . , .
PRINT 11 .
FCRMAT (23H MOUNT BLANK TAPC UN 85 )
CALL PAUSS
CALL CALSEY (15)
CFORMAT (3F12.6)

ANAME(131=606060C7G230 ,

FGRMAT( L2A6) wr

READ INPUT TAPE 2,4, {ANAME(I),1=2,13)

REZAD INPUY TAPTE 2,8, NSPEXs KSHAPE

IF (NSPEX) 231, 231, 9

"READ INPUT TARE 2, 12, GPl, HIY, LETTER

IF (NSPEX - L) 1401, 1401, 6

I[F (LETYER) 10, 6, 10

WRITE OUTPUT TAPE 3, 2800

FORMAT (LLIHLINPUT DATA )

WRITE OUTPUT TAPE 3, 2802

FOGRMAT (2H ) .

WRITE QUTPUT TAPE 3,4,{ANAME(l),I=2,13)

FORMAT (214) '

BNAME(L1) = 606060070230

FORMAY {2F12.6, [12 )

NSPEC=0
NHAFMX=0 :

DC 16 1=1,6C00 - | P -
YA(3,1)=0.0 - B . ,
NSPEC=NSPLC+1 ,

READ INPUT TAPE 2,4, (BNAMYE(I),1=2,13)

IfF (NSPEX = 1) 14{2, 1402, 19

IF(LETTER) 20, 19,.20

WRITE CQUTPUT TAPE 3.4, (BNAME(L), 1=2,13)

READ (NPUT TAPE 23s89¢NAJNB .

'
\
iy




READ 'INPUY TAPE 2,2, WEIGHT, WLINC, PHASE

IF (NA) 27,27,23 ,

READ [NPUT TAPE 2,24, (NCALLI)ALL),1=140A)
FORMAT(O([4,F843))

IF (NSPEX ~ 1) 1403, L1403, 25

IF (LETTER) 2601, 25, 2601

WRITE CUTPUT TAPE 3,206, {(NRA(L),A{L),I=1,NA}

FCRMAT (10X, 13,27+ CQUIVALENT, [=0.%, wlITH A= ,F1l2.6,6H GAUSS
STATEYENTS NUMRERED TWENTY-SIX HUNDRED TAKE CARE OF ThE
POSSIRLITY OF MCRY THAN 4, I[=0.5, ECQUIVALENT CODUPLING CUNSTANTS
NTA=NA

DO 2610 L=1, NTA

NTEMP = NUA(L) -4

IF (NTEMP) 2610, 26L0, 2605

NQALL) = NQA{L) = 4

NA = NA + 1

NCA(NA) = 4

A{NA) = A(L)

GO TO 2603

CONTINUE

IF (NR) 3101, 3101, 28

READ INPUT TAPE 2,24,(NCB(1),B{I),[=1,NB)

{F (NSPEX = 1) laud, 1404, 29

IF (LETTER) 3001, 29, 3001

WRITE QUTPUT TAPE 3,30,{NCB{I).,B(1),I=1,NB)

L FCRMAT (10X, 13,271t CQUIVALENT, I=1.0, WITH A= ,F12.6,6H GAUSS )

STATEMENTS NUMBLRED JHREL THOUSAND TAKE CARE UF THE POSSIBILITY
OFf MOKE THAN 3 EQUIVALENT, I=1s CUUPLING CUNSTANTS
NTB = N8
0C 3016 L=l, NTB
NTEMP = NGRIL) = 3
IE(NTEMP) 301G,301G,3005 1.
NGR(L) = NQP(L} - 3 Fa
N8 = NB + L :
NCBINB) = 3
B(NR) = BI(L)
GC 70 3003
CONTINUE
IF (NSPEX = 1) 14u5, 1405, 31
If (LETTER). 33, 31, 32
WRITE QUTPUT TAPE 3,32,WEIGHT,KLINE
FORMAT{LOXy LSHSPECIES WEIGHT= FLl2.6,15H AND LINEWIDTH= FlZ.6,

16H GAUSS )

DO 35 I=1.+2
D0 35 J=1,60C0

YA{I,d )=C.0

Wilp=0.0 -

TENS=1.0

IF (NA) 43,43,39

OC 42 I=L.NA

ANQ=NGA ()
WID=WID+{(ANQesA(]))}
FTENS=TENS®»(2.CaaANG)
IF (Nn) 48,48,44

0C 47 I=1,NB

SNQ=NQR (1)



N ele

46 WID=WID+{2.G=BNG=1{[))
47 TENS=TENS®(3.0s«8%G)
48 HAF=WID/2.0
49 NI=WLINE/D.005
50 NGEN=16=NI
51 NCORG=&aNI .
52 ORIGIN=0.CO5FLCAIF {NORG)
53 NHAF=SRORGHIR(HAF/C.00%)
.54 W=WLINE .
S5 TENFAC=PHASE#WEIGHT/TENS
551 IF (KSHAPE) G6Gil.50,611
56 TA==lo.u{Wan3)
S7 TR=3.#{Wre2)
58 DO 61 [=1,NGEM
59 X[=1
60 XA={X120.005)=-0RIGIN
61 YA(L, 1) =(TENEACETABXA) /{{4aa{XARu2)+T)ua2)
610 G0 TO 62
611 TA= —(Wee2)
612 DO 61% [=1,NCEN
613 Xi=I
614 XA={(X[#0.005)=CGRIGIN
615 YA(l,I)-TLNCAcﬁ(XA/TA)GEXPF((XA@EZ)/TA)
52 LENGTH=NGEN' '
63 NY=1
64 IF. (NA) 112,112,565
6% 00 111 K=1,NA
66 NEQ=NGA(K)
67 KUPL=A({K}/0.0C5
68 LENGTH=LENGTH+ (NEG#KUPL}
69 LENGTH=XMIMOF {LCNGTH,NHAF)
70 AK=A(K) . 7
7L D0 100 I=LsLENGTH O oo
72 GO TO (76,575,744, 73) 4NEQ . i
73 [4=[-IR{4.8AK/.CO5)} ) '
74 13=I-IR{3.2AK/.G05)
75 12=I-{R(2.%AK/.C05%} -
76 [1=1-1R{AK/.0Q05)
77 YPLUS=0.0
78 GO TO (79,82:87 994 ) 4NEQ
79 IF(IL1) 102+,10.,80
30 YPLUS=YA(NY,{1)
a1 GO 10 102 ,
82 IF. (It) 102,102,83
83 YPLUS= 2.#YA(NY,[1)
84 IF ([2) 102,1C2,85
‘85 YPLUS= YPLUS+YAINY,[2)
86 GO TU 1¢C2
87 IF (I11) 102,102,858
88 YPLUS=3.2YA{NY,IL)
89 IF (I12) 102,1C2,94
90 YPLUS=YPLUS+3.2YA(NY,12)
91 IF ([3) 102,1G2,92
92 YPLUSSYPLUS+YA(NY, I3}
%3 60 TO 102
94 IF (I1) 102,162,95




134

135

i306
137

138

139
140
141

T l42

143
144
145
146
147
148
149

150
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YPLUS=4,2YA(NY, 1)

IF (12) 102,102,997
YPLUS=YPLUS+6.2YA{NY,[2)
IF (I3) 102,102,499
YPLUS=YPLUS+4.#YA(NY,[3)
[F {([4) 1C2,1C241. 1
YPLUS=YPLUS+YA(NY,[4)

GO TO. (1CS55,103) ¢NY
YA(LsI)=YA(2,1)+YPLUS
GC 70 10Ge6
YA{2,1)=YA{Ll,1)+YPLUS
CONTINUE

GG TO (108,110) »NY

NY=2

GO TO 111

NY=1

CONTINUEC .

IF (NIt} 165,165,113

DO 164 K=1,NB

NCG=NQB(K)
KUPL=13 (K} /.0US5
LENGTH=LENGYH+2+NEQeKUPL
LENGTH=XMINCF{LENG THyNHAF)
BK=R{K) .

D0 159 [=1l,LEKGTH

GO IO (125,123,121).NEC
16=[~[R{b6.28K/.CO5)
[5=1=1R(5.=3K/.C05)
[4=]=-1R(4.#BK/.CU)
[3=1-1R{3.=8K/.00Y)
12=[=-1R{2.%BK/.C0%3)
[1=I-{R{BK/.OUS)
YPLUS=0.0

GG TO (129,134,143),NCG
IF (11)155,15%,13¢
YPLUS=YA{NY,[1)

I (1) 159,155,132
YPLUS=YPLLL+YA(NY,12)

GO 70 L55

IF (I1) 155,155,135
YPLUS=2.2YA{NY,I1l)

I (I2) 155,155,157
YPLUS=YPLUS+3. % YA{NY,[2)
IF (13) 155,155,139
YPLUS=YPLUS+2.=YA(NY,[3)
IF (I4) L55,155,141
YPLUS=YPLUS+YA(NY,[4)

GO TO 155

IF {Ii) 155,155,144
YPLUS=3.2YA{NY, 1)

IF ([2) 155,155,146
YPLUS=YPLUS+S.2YA{NY 12}
IF ([3) 155,155,148
YPLUS=YPLUS+T7.eYA(NY,(3)
IF (14) 195,1554150
YPLUS=YPLUS+OL. o YAINY 1L 4)
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151 IF (I5) 155,155,152

152 YPLUS=YPLUS+3.=2YAINY,[5)

153 [F ([6) 15%5,155,1%4

154 YPLUS=YPLUS+YA(NY,106)

155 GG TO (158,156} 4NY

156 YA{L,L1)=YA{2,1)+YPLUS

L7 60 TO 159

198 YA(2,1)=YA{l1}+YPLUS

159 CONTINUE ’

160 GU TO (L61,103),NY

161 NY=2

162 GC 70 164

163 NY=)

164 CONTINUE

155 IREAD=NHAF<¢]

166 DU 165 1=1,NHAF

167 IREAD=IREAD-1

168 YA{3,I)=YA(3,1)eYA(NY,IRZAD)
169 I[F (NhAF=NHAFMX) 172,172,170
170 NHAFMX=NHAF

‘171 NORGMX=NORG

172 IF (NSPEX-NSPIC) 173,173,117
173 YMAX=0.0 .

174 DO 178 1=1,NHAFMX

175 YY=YA(3,I)
1751 YY=ABSF(YY)

176 IF (YY~YMAX) 178,178,177

177 YMAX=YY

178 CONTINUE

179 00 18U [=1,NHAFMX

CAMULY = HIY/(2.0=2YMAX)
180 YA(3,01) = AMULTeYA(3,1) + 5.0 .
1806 GRALN=FLOATF (NHAF¥X)=C.0052(1.0/GPIY+1.0
STATEMENTS 90i4-2718, 901LL LETTER THE PRGBLEM NAME ACROSS
THE TOP OF THE GRAPH

SOL4 LETHIT=XFIXF{10.05xGRALN/TZ.0)
S015 IF(LETHIT—4) 9C17, 9017, 9016

G016 LETHIT = 4
. GOL7 [F(LETHIT) 9018, 9018, 9003

9018 LETHEIT=1 .
$003 CALL SETGPH(GRALN, 10.0, 3G.50)
1466 I (LETTER) 9004, 9612, 9304
9004 CALL FRAME {0.1C, C.1Q)
S0C5 DO 9007 I=143, 2
9006 CALL XLN(GC.O, GRALN, FLCATF{I), 0.0)
CALL XLN {(GRALN, CaCp FLOATF(L + 1)y 0.C)
SOU7 CONTINUE .
00 111 I = 6, 8, 2
CALL XLN { C.Cls ORALNy FLOATF(L), 0.0)
CALL XLN (GRALN, C.Cs FLOATF(IL ¢ 1), 0.0)
1111 CONTINUE
S0L2 JEND = XFIXF{GRALN) = 1
1467 1F {(LETTER) 9008, 9C1L, 9508
9008 D0 9010 (=1, JEND, 2 ,
SGU9 CALL YLN (0.0, 10.0, FLOATF(I), 0.()
o CALL YLN{10.0y C.ly FLOATF(L + L)y 0.0)
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GOLO CONTINUE-
C3107 IF(JEND - 2%(JEAD/Z)) 1112, Ll1l2, 9011
1112 CALL YLN{Q.0, 1C.iy FLOATF(JENG + 1), C.C)
9011 CALL LTR{C.U, 1C.ly LETHIT, 0, ANAME) '
1408 IF [LSYTER) 8001, 1409, 8901 )
C STATEXENTS S0GLl-8G23 PUT THE REST OF THE LETTERING,8UT NONT OF THE
C HOLERITH NUMBERING, ON THE GRAPH ’
80GL IFf (KSHAPE) 100GL, 100<, 1001
81001 ALPHA(L) NLL1033272164

8 ALPHA(2) = (26231214560
£ ALPHA(3) = 433145256230
B ALPHA{4) = 214725¢06060

80C2 CALL LTR{ GRALN + 1.0, 10.3; 1, 0, ALPHA)

8003 GO YO 1402
81002 ALPHA(L) 020030434651
e ALPHA(2) 254563713121
‘8 ALPHA(3) 456043314525
8 ALPHA(4) 623021472560

GRALN + 1.0 10.3y L, Oy ALPFA)
031030504651

8004 CALL LTR
81003 ALPHA{L)
8

I TR VT A VR T [ TR B I

ALPHA{2) 317146456321
B ALPHA(3) 436062432143
8 ALPHA(4) 25136060606C
B ALPHA(S5) 606060272164
8 ALPHALO) 626260472551
8 ALPHA(T) 603145£33060

§0C5 CALL LTR (GRALN + 1.0, 10.1y Ly Gy ALPHRA)
5001 CALL LTRNUM (GPI, GRALN *+ 2.7, 10.1s 1, 0)
5006 CALL LTRNUM (HIY, GRALN + 2.3y 9.9, 1, O)

8 ALPHA[L) = G31130432151
£ ALPHA(2) = 272562636043
B ALPHA{3) = 314525136069 ;
8 ALPHA{4) = 606050606031 N
8 ALPHA{S) = 452330.56200 ;
8 ALPHA(G) = 4725214214063
B ALPHA(T7) = 461447252142

8006 CALL I.TR (GRALN + L.0, 9.9, 1, 0, ALPHA)
8007 {F(NSPEX-1) 8008, 8013, 8208

§008 CALL YLN {(0.0; 10.0, GRALN ¢+ 7.0+ U0.0)
80Q9 CALL YLN (0.0, 10.C, GRALN + 22.0, 0.0)

8 ALPHA(1) = 030730634646
8 CALPHA(2) =.6044214570606
8 ALPHA(3) ‘= 624725233125
8 ALPHA(4) = 626063466043
8 ALPHA(S) = 2563632551460
8 ALPHA(O) = 314547446360
B ALPHA(T) = 2421632156060
80L0 CALL LTR {(GRALN # 9.0, S.6, 3, 0y ALPHA)
8 ALPHA(L) = 0210300626321
B8 ALPHA(2) = 4743255606370
B ALPHA(3) = 472524403145
B ALPHAL4) = 476463602421
B ALPHA(S5) = 632160302551 )
8 ALPHA(6) = 256060606060

8011 CALL LTR (GRALN + 8.8y 6.2y 35 Oy ALPHA)
8012 GO TO L1004



8013
8014
7001
7002
8015
7G03
7004
7005
7006

DPIETZROE

8C16

1201-

12¢2

1203
B1204
1205
1206
1207
§C17
8018
80L9
70037
70¢C8
7009
7010

TR T ®E

. 8020
1301
1302

81304
1305
1306
1307
8021

B1005

[+ v =204 cike ]

8022
11C6
8023

CALL LTR .(GRALN ¢ 1.0, S.Us l» O, OBNANME)

IF(NA) 7001
WIDTH = GRA
DEPTH = 8.6
0O 8017 I =
[F(DEPTH ~

DEPTH = 8.8
WIDTH = wWID
DEPTH = DEP
ALPHALL)
ALPHA(2)
ALPRA(3)
ALPHA(4)
ALPHA(Y)
ALPHA(6)
ALPHAL(T)
ALPHA(8)

ihunon

[E TN L | A S I I [ 1}

CALL LTR (WIDTH, LEPTHs; L, Oy ALPHA)

CALL 2INCON

WRITE OUTPUT TAPE 3,

FORMAT (16
SCALE(L>) =
SCALE{(2) =
CALL LVR (W
CALL LTRNUM
CONT L .0UE
IF(NB) BOLl9
DN 8021 I=1
[F {(DFPTH -
DEPTH
WIDTH
DEPTH
ALPEA(L)
ALPHA(2)
ALPHAL{3)
ALPHA(4)
ALPHAL(S)
ALPHA(6)
ALPHA(T)
ALPHA{ 8}
CALL LTR (W
CALL D INCON
WRITc OUTPU
SCALE(Ll) =
SCALE(2) =
CALL LTR (W
CALL LTRNUM
CONTINUE
ALPHALL)
ALPHA(?Z)
ALPHA(3)
ALPHA(4)
ALPHA(S) =
CALL LTR (6
CALL LTRNUM
CALL YLN (0O

0odlon
=
o
O -

DEP

W a g n

yonoohon
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2 8018,7C01L
LN + 2.C

1y NA

1.G) 70C4, 7004,

TH + 6.0

TH - 0.2

0402305060060
2550064316521
432545637360
311300335572
606631653000
211360006040
606060002721
646252606060

(HOLD)
)

60606060C630
HOLD (1)

IDTH = 0.4, DEPTH, 1, G, SCALE)
(A(I), WIDTH + 3.0,

y LOC5, 8019
+ NB

1.0) 7008,7008,7010

TH - 0.2
0402304606060
255064316521
432545637360
31130133C073
6006316330690
211360606000
606060602721
646262606060
[DTH, ULEPTH,
- (HOLD)

T TAPE 3, 1203,

60606060C6350
HOLD(1}

IDTH - 0.4, DEPTH,

1203,

1y 0y ALPHA)

0)

{(8{1), WICTH + 3.0, DEPTH, L, 0}

G20330433145
25663146330
136060606060
606060272164
626260606066

RALN + Llol, 848s 1y Oy ALPHA)
{WLIND, GRALN + 2.1,
«Cy 1L0.0, wiDTH + B8e0y

)



PSSR he

£E1004
B
£ocCl

e0u2
eGC3
€0C4
6005
1419
1409
1410
1411
lal8
l4al2
1413
lal4a
1415
1416

C 1417

9013
1801
1802
1803
1804
1805

230
231
232

[
O VO NCWU DN -

[ev]
VD WN -

~104- T

1

ALPHA(L) G530CC33C000

ALPHA{2) CC60604606060

CALL LTR (~0.05, J.25+ Ly l¢ ALPHA}
JEND = JEND + 1

OC 60C5 I=ls JEND »
BER = FLOATF{1)=6PI N
CALL LTRNUM (BERS FLOATF({) +C.1S5, 0.15, 1, L) e e
CONTINUE

GO TO 90L3

IF (KSHAPE) 141C, 1412, l41lC

[T}

WRITE OQUTPUT TAPZ 3, l4ll : ~
FORMAT { LSH GAUSSIAN LINZSHAPE )
GO TO 1414

WRITEZ CUTPUT TAPE 3, L413

FORMAT ( 21H LORENTZIAN LINESHAPE )

WRITE OUTPUT TAPE 3, 1415, GOl .

FORMAT ( 20H HORIZGNTAL SCALE = » F12.6, 1SH GAUSS PER INCH )
WRITE DBUTPUT TAPE 3, 1417, HIY

FORMAT { loH LARGLST LINE = , FL2.6, 2GH INCHES PiLAK=TU-PLAK )
CALL CURVE(C, G, .0y Os 0.05; GRALN, (.Cy Ll0.0s LI}

DO 1805 I=1, NHAFMX

XPT = 1.0/GPEe0.0uS«FLOATF (L)

YPT = YA{3,1)

CALL PLOTPTIXPT, YPT)

CONTINUE

GC TU 3

CatL NDPLQOT

CALL LXIT

END

‘LAREL : i

FUNCTION [R{X)
Y=INTE{X)
D=ABSF{X~Y}

IF {U=a5) 5,747
IR=Y

RETURN

IF (X) 8,10,1C
IR=Y-1.

RETUR™Y

. [R=Y+l.

RETURN
END

LABEL
SUBROUTINE LTRNUM (ANUM, XBEG, YBEG, LRIGH, LINE)D
DIMENLION SCALE(Z), HOLD(22)
CALL RINCUN (HGOLD)
WRITE OUTPUT TAPE 3, 3, ANMUM
FCRMAT (Fé.3)
SCALE(L) = 606060600630
SCALZ(2) = HOLUL (1)
CALL LTR (XBEG, Y®EG, LHIGH, LINE, SCALE)
RETURN
END
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APPENDIX IT

Fortran IV Computer Program MO -

‘ The four different molecular orbital ealculatione described in
chapter four were performed with the Fortran IV program package MO. This
program will perform a Huckel LCAO calculation (with or without overlap)
or a McLaehlan SCF'calculatien depending on the values of the input data.
It will also calculate<methyl,vmethylene, or ring coupling constants from
the calculated.wavefuﬁctions.

The heart of the program is the SHARE subroutine.HDIAG which performs )
the matrix diagonalizatidns. The routine has been changed from Fortran II
to Fortran IV and the statements from lOOO.through 1001 inclusive have been
added but other than that the routine is unchanged. The subroutine METHYL
contains the formulae for calculating the mefhyl,and methylene coupling |
constants and the date on wﬁichithese formulae were last changed,” The
date appears on the output and allows one to easily keep track of which
formulae were used in any given calculation. Tﬁe subroutines XEMERR and
SETFPT are monitor subroutines which supress the error comments which are
ordinarily printed out on underflows. These foutines are specifically
designed for the'LRL 70kl IBSYS monitor86 and may be superfluous or unde-
fined with a different monitor.

The input data for a single calculation consists of two control
eards and the input H and S matrix cards. The fifet card contains the ‘ ‘ "i
namé of the molecule and has the format 12A6. The sebend ¢ard defines . %

the type of calculation and contains the following data fields:

FIELD ' _ CONTENTS
2 N
F6.3 ATAM | - :
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F6.3 | - Q
12 : TORBIT
8(L12) (rH(1), 1C(I), ICPRM(I), ICDPRM(I), I=121,8) .

The definitioms of these input variables are as follows:

N The order of the H and S matrices.

ATAM . ' The value of lambda in the MclLachlan SCF
calculation: If zero, no Mclachlan cal-
culation is performed.

Q ' The value of the sigma-pi interaction
parameter from which ring coupling con-

stants are calculated. If zero, ring ‘
coupling constants are not calculated. )

JORBIT » The orbital of the odd electron in the
. radical cation. If zero, IORBIT is assumed
to be N/2 if N is even, N/Q - % if N is odd.

TH(I) ' The number of the hydrogen atom in the Ith
methyl or methylene group.

(1) The number of the carbon atom in the Ith
methyl or methylene group.

TCPRM(I) The number of the carbon atom to which the
' : Ith methyl or methylene group is attached.

ICDPRM(I) The number of the second carbon atom to
which the Ith methylene group i1s attached.

If the Ith group is a methyl this is left
blank or set equal to zero.

As stated, all of this information goes on a single card whose format
statement is (I2, 2F6.3, 36I2). |

After the two control cards there follows thé stack of cards giving
the input H~matrix. Eaeh non-zero matrix elemgnt Hij is listed on a
separate card with format (214, F 6L4.10). The first two fields contaiﬁ
the values of I and J respectively and the third field contains the value
of the matrix element. At the end of the H-matrix deck a blank card. is

inserted. If an overlap calculation is to be done the S-matrix deck follows
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the H matrix deck in the same manner. Only the off-diagconal o?erlap
elements need be given. If the calculation is to be done neglecting overlap
a blank card is inserted in place of the overlap deck. Of course when doing
a McLachlan calculation there must be no overlap deck. |

Ag an example of the use of this program.we consider an overlap
calculation performed on the molecule 2—mefhylcycloh¢xadiene—l,3 using
the parameters of Cqulson and Crawford. We wish to do a Huckel calculation
both with and wiéhout overlap and a McLachlan calculation with lambda
egual to 1.0. Further we wish to calculate all methyl and méthylene couﬁ—
ling constants and all unsaturated proton coupling constants assuming a
Q of 20.0. The‘numbering of the atoms'is shown in Fig. 20. The.data
" cards will appear exactly as shown below, where - represents a blank
space .
2-METHYLCYCLOHEXADIENE-1,3. SAMPLE CALCULATION.-

10--1.60--20.0---8-7-2--10-5-4-6-9-6-5-1

SR T M 0.5
===9===9-=--- 0.5
-=10-=10-===~ 0.5
S T Ty gRuR 0.1
SO SR S T0.1
m==5=-=5-mmn 0.1
SR TP S o.76»
___5___6;;_-_0.76
ST P SR 0.76
SR> U, S 0.76
SRS e MO 2.00

S 14




-108-

(8) Hy

MU-35086

Fig. 20



S S )
- —e=3e-beeoi1.00-
- N 1.

cmelem@emao-1,

blank

blank

' 2-METHYLCYCLOHEXADIENE-2, 3.

00

00

00

-169-

OVERLAP CALCULATION.

10-=mmcamm 20.0---8-7-2--10-5-4-6-9-6-5-1

S T

~==9===9m=n-- 0.5

--10--10--~-- "0.5

===b--u5e----0.
-==5===6-----0.
mmelmmebmmeee 0.
-y (R
~==5==10====- 2.
STt o NymppE 2.
e LT < My~
'---3---u---Q-1.
T~ S, [

mmelemRemmn],

blank

S TR Ry

R SR S N

76
76

6

76
00

00

00

00 .

00

00

19
19
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emele=-Ben---0.19

--=2-=-T-----0.19

-e=b==-9-==--0.50
aeeTmee8enean0.50
~=-3-=-b-----0.25
-—=Pe=r3-=--=0.25

P [T > PR 0.25

blank

blank

The listing of the Fortran program is as follows: -




S
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$I0  4CCT2L4MU,2C,LEVY
$18JUB
SIRFTC MO ‘
c HUCKEL HOLLCULAR GRE[FAL LALCULATICH [NCLUDING OVIRLAP
-C THIS WROGPRAM RECULRES THE SUBRCUTINGS HULAG, MULT, MCTHYL, AND XEMERR

DIMIMGION 104l yal) sUla L&), ANARCLLZY»NUM(AL) 4 &(4L) 9504141,
1C(alsaldy 10L(SY, L1H{I), 1CPRM(T), ICUPRNM(9), CRKRULA4L), HP(41,41)
COMMO™ 1E, AH, AC, ACP, ACUP, CONST, NMCNTH, I[0AY, IYCAR
LCALL SEIFPT(USG U, ‘ .
CALL FETIHYL .
C © THE STATEMENTS CUAN T AND INCLUDING 3861 SET CVERYTHING TMPORTANT TO ZERQ
161.00 1C.. f=1, 4l V
CHKRO{IT) = 5u.0

102 NUM{D) = [ . : 40GCO8S
L DO 3 [ = Ly4l :
200 3y = 1,4l —
HP({1yd) = 0.0 . : ,
3 H{l,d) = G.0 S 4000116,
ICARDS = @

0T 3CGL 1 = L.4al
U0 3651 J = L,4l
IF(1-J) SBUC, 5201, 5HLO E
5600 S{1,d4) = (.C
50 TU 3001
S8CL S(I,J) = 1.0G9
3001 CONTINUE

C ThE STATEMENTS CUWN FL 3009 RLAD AXD PRINT THE INPUT MATRICES
4 READ  {2,9) {ANAFF(L), 1 = L,y 12) : ’ 40CC150
5 EURMAY (L2AG) ) 4000160
6 READ(Z TINJALARM N, ICREIT, (IH{LD) L IC (1) ICHRF(T ), LCPRMUT ), [21,8)
T FORMAT{I2,2F0.3, 56121 ' S .
8 IFIN) 15, 55, 15 o . 40GCLIO
15 WRAITE (3,16) (ANANS(L) s I = 1412} - L 40GC20¢
8CL WRALTE (3,802) ! . 40CC21e
8C2 SORMAT (Lh:0, 10Xy 39HNCN=LCRD TLLCMLNTS IN NIGINAL F=-MATRIX ) 4000220
9 READ (2,10)1, J, HCLL : 40Cu23u
1C FORMAT ([4, 14, Fu4.lC) . 4CCL240
1L OIF(L) 12,3C02,12 ' 4CGC250
12 H(I, J) = HOLU ) : 4000260
' HP(1,d4) = HOLD ’ _ . .
H{J,1) = H{l,J) ’ o 4000270
HP(J,[) = HOLLR
1201 WRITE (34120201, Js HUl, J) 400028t
1262 FORMAT(LI3Xy ZHH(y 12,y tHy o102, 4H) = , FY9.5) o 40CC290

13 6C TG 9 . v . 46CC 300
3002 READ{<, LC) I, U, HCLE ' .

IF(HOLD.LT. L.0CC-UB) GO £0 3029

WRITE{S, 20063) - :

ALAM = 0.0
GG 70 3006

30C3 FCRMAT(1InG, LUX, S3HNGN=Z28R0 CFE=CIAGONAL CLENINTS (N ORIGINAL $-M
LATR X ) E :

30C4 RCAD  (2,10)1, Jy HOLU . N ) 40CC33¢C

20085 IF(1) 3006,14,3000 ' 40CC34L




3006

3007

3008
3009

14

is
3010
3011
3¢12
LOL2
30L4a

- 3015

C

3016
3017

3618

3034
3639

22
23
231
74
<5
26
27
8
29
30
31
32
23
34
35
391

-112-

o

S(1,4) = HULD

Stdeld = SUT,0)

WRITE (3,3008)1s Jdy SUL,U

ICARDS = [CARGS + L

FORMATL LS X, ZHS( {24l ,oldsatt) = 4 FOOH)

60 10 3004 ' :
THE STATEMENTS COWN T 3033 DG THE ACTUAL CALCULAYICLHN
CALL mbLIAUL {5, Ny O, U,y Ng)

FORMAL (3511 SGLELULAR CREITAL CALCULATION OF 1 L2A0)
WRITL (3,3C1L1)

FORMAT(FHG, 1CXKy cURSID) ELOMINTS )
00 30L3 [=1,N

W ITE (230 1a)s1,5(1,1)

FURMAT(LoXy 2Haly (zy Iteel2, aH) & 4 F945)

0N 3086 1 =1\

S(IL1) = S{l,yt)ea(=0ab)

CALL #AULT{U,S5+CeN)

NFRO = M-l

00 3022 I = L, AERD

NIRU = [ 4+ 1

O 3Ge2 4 = NIRD » N

HOLD = Utl,9)

Ullyd) =U(J11)

U 1) = HOLD

CALL FULTIC sU,S N}

CALL MULT(SH,CoN)

CALL “ULT(C,SyH,N)

CALL HUITAU{H N, LW aNR)

CALL UL Y (SvUvCrﬁ)

WRITE (3,1%) - .
FORMAT {1HGs 10X, YZHFNERGY = ALPHA + {LAMBLCA)Y(BETA). ALGEDRRAICAL

ILY LARGEST LAMEDA CURAESPURDS TO LCWEST ENERGY. )
ITCICARDS)Y 3034, 2, 30134 7

WRITEF (3,3G3%) s

FGRMAT {(1HG, Xy IHHLTWSIN CRLITALS ! )

4000350
4CLL360
4CCO370

4GCL38C
45CC380

40C0400G

4GCC4 30
H40CUH 4
ACLL450
4C0CL46Y
40C0470
40004810
40C0490
4CCLSCE
4CGC51¢C
4CCLS20
4GCCO30
4GCGH4G
40CGS5L
40C0560

. 4CCCHT0

40CG580
4000990
4CCLLOU
4006610
40GG620
46CU650
4060660
406C670

40000 30

THE STAYEMEMTS TU 451 CROCR THE CIGENVECTORS IN OKUER OF INCREASING ENCRGY

DG 23 1 = 1,H

K(Iy = 1

ISTOP = W = 1

DG 24 1 = 1, 1STU7

IST = 1 + 1 .

0 34 J = IST, N

IF {H(I+1) = 1{d,J)) &6 34 24
ATEMP = W1, 1)

11FHP = K1)

HII 1) = H{J.J)

K(1) = K(J)

H{dsJd) = ATLCHY

K(J) = [TCHP

CONT UL

NEND = 2= (0/2)

D) 45 1 = L, MNENDL, 2 .

1HF STATEMENTS TG 4912 WRITE GUT THR ENRRGIES AND- wAVYE FURTTIONRS
WRITE (3,37)H{1,1), H{I+1, [+1)

FORMAL (L, 99X, LoH LAMIUA = 5, FElaS, 35Xy  9HLAMBLA = , F1l.5)
DG 45 J = 1, N

4Q0CC680G -

4000690

4CCL70C

 400GTLD

40CCT720

‘40CLT3C

4Q0C074¢C
4060750
4CCCT60

40CO77C

4000780
40GCC790
400C80C
40C081C
400082C .
406C830

4000840
4046C85G
40CC86C



L

)

39 INDA = K(1)'
40 INOB = K(I + 1)
41 RHEOA = UlJ, INUA)==2
42 RHEOB = U(Jd, [1iDB)e=2
43 WRITE {(3,44)NUE(J) s ULJINUAY, NUNLUJ), RHGA, NUM{J), UlJ,
. 1 INDGJI s NUM{J), RaGH o )
G4 FORMAT {14X, 3H C( , 12, ¢H)= , F8.5, TX, 4hRRUL , [2, ZH)= ,F8.5,
1L7Xy 3H Cl 5 12, £R)= 4, FB.5, TXy 4HRHRC(O , {2, 2i1)= , F3.5)
“45 CUNTInUE ]
46 IF(N=NEMD) 47, 17, &7 .
41 WAITE (3,48 H{N,N)
48 FORMAT (1HU, 9X, LOH LAMBUA = , Flle5)
49 DG S1 J = Ly N
S0 INGA = RIN) .
501 RHDA = UlJd, INDA)seg . . .
5L wRITE (3,512)NUMIJ), UlJdy INDAY, NUM{J), RBCA
512 FORMAL {l4X, 3H C( , 2, 2R}z , FS.5, 7X, aH’HO( , 12, 2H)= ,F8.5]
L7 IF{ICARUS) 90UL, 52, 901 :
SOLL WRITEL3,9002) .
GOU2 FORMAI{LHG, 35X, 2 HIRANSFURMILU ORUITALS )
4351 VO «Uab 1 = 1, NOHG, 2
4036 WRITE (3,403Tin{L, 1), R{I+L1, [+1)
4057 FORMAT (110, GX, 10H LAMSDA = , FLlL.S5, 35X, YtLAMBLA = , F11.5)
4038 DO 4045 J= Ly N
4039 [NDA = K{[) _
4GA0 INUR = K{I + 1)
4041 REGA = C{J, INDA)=ep
40462 REUB = C(Jy iNUH)«=Z
4643 WRITE (3,4G44)INLMId), CUJ,INDAYY NUNM(J)y RAOA, . NUM{J), CH{
1ds INUGR)Y, NUM{J), RIOA i
4064 FORMATL (14X, 3H Cl o, 12, 2HY= , Fi.%, 7X, 4HRHO( , I2, dH)= 4F8.5,
LLTX, 3H C( 5 12, 7H)= , F3.5, TX, 4HRnCL , [2, 2H)= 4 F8.5)
404% COMTIIUE .
4046 [F (N=-NENL) 4047, %2, 4C47 s
4CHT WRITT (3,4048)H(N,N)
4048 FUIMAT (1HO, 49X, LCH LAMBUA = , Fllab)
4049 D0 4031 J = L, N :
4050 INDA = K(N)
4501 RHOA = C(J, INDA)wwl- .
4G31 wRITE (3,43L23NUMIJd0, CTlJy INGA), NUM(J), RIGA .
4512 FORMAT (14X, 3H Cl , 12, ¢H)= , FL.3, TX, 4BHO( , 12, 2H)= ,F8.5)
52 wRITE {3,537 NR o
53 FUAMAT (LIiG, 10Xy 28HNUMBIR GF 2 Y 2 RCTATIONS = » o)
THE STATEMCNTS NUSBERIU GU00 CALCULATE THE COUPLING CUMBTANTS
€GLL TEST = 1.00E-05
GOCZ IF(Q.uLTLTEST) GC TG 3900
063 IF(IHCL)Y) 5904, 954, 39CC
S9CC WRITE (3, s9Cl) . : .
SO0UL FORMAT(IHG,///7/ 1%, T8HTHE CCUPLING CCASTANTS LISTED BLILUW AKE BA
LSECD O THL FOLLCAING ASSUMPTICNS, )
5902 IF(QLLTLTEST) GC 16 5909
5903 WRITL(3, 59CG4) &
5904 FURMAI (LDX,y3HG =4 F5e2) ' -
59(% DG 5913 | = 1,8
59G6 IF(IR(I)) 5907, S5%l4, 5907
S0%, 5711y 59G8

S9CT IF(ICUPRMIL)) &

40CCe70
40LlG88U
4CCCB9C
406GCs0C
4GUCSLE
40CLY920
40CCT30
40094
4000950

4CCCITC
400098¢C
4000590
4CC1L0G
40CLOLC
4001020
40C1C30

4001C4HL
4CCLO5G
40C1060G
4GCLGTT
4CCLGRO
40C1C90
40CL10C
4001110
4001120
400113¢C
4001140
4001150
4GCilo0
4001176
40C118C
4CC 1150
40¢ 1200
4CC1210
4001220
40C 1230
4051240
4001250



SOUB WRITE {3y 59Cu) [#(L1)s IH{L),1200) 1CFrM{T), ICOPRM(I)

5909 FORMAT(LISX,2HA(, 12, %9H) IS GUE TO A METRYLEND GrOUP (RYLROGINS N
LUMBERCD s 13y L7H, CAROGN NUMRERDS, 13, Z1H) ATTACHEL TO CARRONS,
213, 4r AND, 13, Lli. )

5910 GO TO w913 :

5911 WRITE(3, 5912) Iit(l), tH{L1), LC(L), ICPRM(L) : )

5912 FORMAI(LOX,2HAL, 12, 46H) [S LUZ TC A FETHYL GiOUP (HYUROGLINS NUMB
LERFD, [3s L7k, CAXDCN NUMRERCUs 13, 20R) A1TACHED TC CARDBUN, 13,
215, ) :

5913 CONTLIUE

SGL4 IFCIH{L)) S6CU, HLG4, 5006

S6GC wRITEL3, 59013) MUiiThy [DAY, {YCAR

S91S FLRMAT(19X, YEHNVLTHYL AND MCTrYLEAh. COUPLING CONSTANTS CALCULATED
LwlTH THE FURMULAE 1% UBRUUTINE MEIMYL CA 21201/ s 1201lH/yidy1Ha )

60GCH DG 6019 11 = 1,2 :

00 604C I = ly4l
6040 CHKRO(I) = 50.0

FIORRITIGN28, 6LL5, 6022
&005 NURP = N/JZ2 = & + 11 )
o GD TC 606C6

EGZB NORR = [0ROIT - L o+ I

&0CLE I[NDA = K(NORE)

GOCT IF(LL = 1) 6011,6.08,6011

CO08 wPITE(3, 6U0M)

6509 FORMAT(LHG, LUX, 34HPOSITIVE [CN LGUPLING CONSTANMTS )

GGLO GO TU 6GLL3 '

COLL WRITC(3, 6012)

6012 ECRMAT(1HC, 10X, S4HNEGATIVE ION CUUPLING CONSTANTS )

6013 DG 6UsL I = 1,8

COLA LFUIR(L)) 6ULS, 6 32, 6015

OUGLS IA = QiH(I)

¢ore Iv = 10(1)

&OLT 10 = [CerM(T) 1,
6018 Iz =

[COPRN(T) ;o
CO19 HLM(In) = v . ‘
NUS (L) =«
E£G26 AH = L{1A,[NDA)
60zl AC = L{i8,INDA)
LG22 ACP = CUIU,INUA)
COL3 IFLIE) GU24400:25,6024
6024 ACUP = C(IC,I%0A)
€025 CALL METHYL
6026 WRITCU(3, 6G27) 1A, CONST
6527 FORMAT(LSX, 2HA(, 12, 4H) = , F8.3, 6H GALDY )
031 CONTINUL , :
£G32 IF(G-LT.TEST) GG TG 6039
6033 DD 609 I = L,N -
€034 IF{NUM({I)}) 6035, LG9, 6035
€035 LUC 6036 J = L,N
€036 IF{(AGSIULL,INDA)Yex2=CHKRT{JY L) LTLITEST) GG TQO 6039
6C37 CFKRO{T) = Ul IniA)en2 4
60738 CONST = ABS(CHKRT{I)=GL)
WRITE3,6027) L, CCNST
6039 CONTINUE
54 [F(ALAFLLT.TEST) 56 Tg 101
WRITE (3,432) ALAN



40C
432
L4
4uS5
Hi6
4T

43

466G
408
4e9
41C
411
412
413
414
415
416
417
418
419
42C
421
422
42

424

425

426
427
428
429
430

431

432
433
1
434
435

456
437
438
439

440

441
442
443

115

[F(G.NE.0.0) WRITT (3,434) &
CONTINUE
IF(IOUBITLEG.C) TOR3IT = N/2

CONTINUE

00 407 1 = "1,N

INDA = KI{I)

UG 4CT J = 1K

Cldy L} = UlJpINDA)

DC 442 108 = 1,2
WRITE(3,435) LORDT

CC 469 1 = Lyl

DO 46U J = 1N

H{I,d) = HP{1,J)

GO 400 1 = LN

HETyeI) = H{L,0l) + 2.08ALAMs(C{Ll,IORRIT }R22)
CALL ADIAG(H M0 UyNR)
DG 412 1 = 1,0

K{I) - 1

DG 425 1 = 1y,1S8TUF

IST = 1 + 1

DC 423 J = [ST,N : : -
[FIH(L, 1) = H{JyJ)) 4LT, 423, @23 :
AVEMP = H{I,1J

[TEMP = KI{I)

H{I,1) = H{J,J)
KDY = KD
H{JdsJ) = ATEMP
K{J) = [TE#P
CONT IS

DO 427 | = 1,N

INDA = KI(1}.

VC 421 J = 14N - v o
StJdsl) = UGJ,INCA) “

00 442 1 = L,n i

RC = LUl IURRIT)a%2 ;

JSTCP = [GRELT - 1

OC 432 J = LlsJSTuw :

RO = RO + S{l,Jdtee2 = C{[,d)esl

FCRMUAT LN 9/ /77010 X240 HYCLACHLAN SCF 3PIN UFNSITILS ASSUMING, v/
15X, SHLAMBUA = , Fo.3) C :

ECRMAT(LBX, 4hi = 5 Fu.3) . ’

FURMAT{LHGC, lUX, L4HUNPA{RED CLECTRON [N CREIT NURMEER v 12)

ACUP = ABS{@=RG)

[FIGQ) 437, 44Uy 45

WRITE(3, 438). 1, BG 5, LI, ACUP ) )

FORMAL (159X s 4HREC(,1254H) = 3F8.9,LUX2RAL,12,40) = ,FL.nyEH GAUSS)

Gh TO 442 )

v.’Rth(J, l,lyl) lv :¢C

FORMAT(L5X, 4HRHGE, [Zy 4H) = » Fo.35)

CUNTINUE : : )

ICRBLT = [GRBIT + 1

GG TG 131

WRITE {(3,%06)

FCRMAT (9HLIFINISHIU )

CALL =XxXIT

END

4G0C128C
40CL29C
4CCL300
4CC131LC
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L IBFTC MULT v ,

SUBRNLTING MULT(A,¢,C,%N) - ol

DIMENLIION Aflals4al)y B{4Ll,41), Clal,ald}
1 GG S5 I=1,M 004s
2 DU S =1, oSG
3 ClL,d) = G.C ool
4 DG 5 L=1,N GCTC
S Clled) = ClI,J) + AlI,L)ern{L,Jd) 068C
6 RCTURN GC9¢

) , . ¢LoC

$IBFTC XEMESR
SUBRUUTINE XEMERR (ERRND)
INTEGUR LRRNQ
IF{30-ERRNC) 10C, L, 100
L CALL #XEM({Ti,1)
GG TO LLOC
LOG CALL <XeEM({T71, C)
L1300 RETURY
£ENC '

~

$I07FTC MITHYL
SURRDBUTING METHYL .
COMMUYL (5, AH, AC, ACP, ACDP, CONST, MCATR, IDAY, [YEAR
C STATESENTS 6~3 GiveE DATE ON WhICH FCRMULAS WwERL LAST CHANGEC
MONIH = 12 :
1oAY = 11
IYEAR = 64 .
IF(IT)Y 2, 4, 2
o STATEMENT 2 [S THI FORNULA FCOR CALCULATING A METHYLEN:z COUPLING CONSTANT
2 CONST = ABS(327.C sAH=#2 + 161.0 & AC & Al + 15.8 % AC##2 +
1{5.95.%# AN + 1.4 & AC) # (ACP + ACDP) ~ 2.782(ACPew2 + ACLPe#2))
. 360 10 5 : :
C STATEMEMNT &4 [$ Tol FORMULA FOR CALCULATING A MUTHYL COUPLING CONSTART
4 CONST = ABS(219.8 = Anwes2 + L13.17 » ACw#w2 + 1CT7.7 = Ap » AC +
.1 3.997 @ AR @ ACP + C.973 # AC. = ACP = Z.T7HeACPwR2)
5 RETURY
END

— ~ O
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$IBFTC HULAG

[aXaRalsNaNoleNoaNaNnlaNaNaNaNoReNaN e aN ol el e el el olie Wl

(2]

(e aNaNal o

10

11

12
L4

15

17

20

30

SLeKCUTINE HOLAG (Ry N, JEGEN,UoNR)

MIHDIL, FORTRAN DL SIAGONALIZATION OF A REAL SYMMuTRIC S8TRIX BY .

THy: JACQEL MLTiGU.
MeY 1%, 19959 . :
CALLLIGC SECUENCE TCR DIAGLONALIZATIUN
CALL HULAGE by N, [EGIN, U, NR)
WHIRC H 13 Thé ARRAY TG PE ULAGONALIZED.
M OIS FHD GADER CF THE MATRIX, H.

.IEGCN MUST BE SET UNZIUAL T ZERU IF GALY CIGENVALUES ARE

T 8L COMPLIED. .
LEGEN MUST RE SET ZQUAL TC ZERG IF LIGEAVALUES aily EILCEANVECTORS
ARG TC BE LNMPUTLO. .
U IS THE URNITARY LATRIX USEC FGR FGRMATICKN GF TeFE CIGUNVECTURS.
NR IS THE NUMCCR F ROGTATICNS.

A DIMrNSfUN STATERENT MUST 85 INSCRTED [N THE SUBRGUT INE.
CGIMENOLIUN HINGN)» UINGN), XINY, IG(N)

THC SUBKRCUTINE CPIRATES CNLY CN Tl FLEMINTS UF H THAT ARO T THE

RIGHT CF ImC MAIN ClAGUNAL. THUS,y ONLY A TRIANGULAR
SECTICN NEYD o STCRED IN ThHO ARRAY H. '

DIMENSION H{4l,41), UlAal,=1), X(4l)y 1G(41L)
IF (N= L) 100G, LleCUs 9

IFr (IEGECN) 12, 10, 15

0C 14 [=11N

OG 14 J=1,N i
LE(I=0)12v11,12 ;
Ul{lsdli=l.0C '

“GU YO 14

Ullsd}=CaC.
COGNTI UL

N = o

SCAN FOR LARGEST itFF DIAGGNAL ESLEMINT [N CACH Ridw
X{IL) CONTAINS. LARGEST ELEMENT IN ITH RCa
I () HOLNS . SICONL SUBSCRIPT LEFINING PCSITION NF ELOMENT

NMIL=N=-1 :
DO 30 I=L,NMIL

X(I[) = Ca(

[PL1=121

DO 30 J=[PLL,N v

IF ( X(1) = ABS{ ti(l,d3)) 2C,20,3C
X{I)=\BS{H{L,J)) . .

IQ(I)-J

CONTI UL ' . -

CGtLei

cez2¢

Q03¢
CCac

LCSC
Q06T
cere.
Qcec
090
Clou
Giic
gl2¢
QL3¢

- Clal

Olse
Gl6C
ul7¢
cles
Gled
G2CC
G211
G220
G230
024¢C
c25¢
G260
G270
U280

c31¢

Tgs2ce

€333
C34C
G354
C36u
C37¢
¢38¢C
G39¢
C4Gl
Calcl
G420
C43l
0440
C450
G460
0Vae70
048¢C
Ca9L
CSCG
051¢
cs2¢
v530
054G
C55¢
€560



[aNalaNal

40
45

60

70

60
85

100G

11¢C

148

15¢

SR HTCMP

SET IMDICATOR FCR SHUT-CFF.RAP=282— ¢7 Ng=Nli. [F RGTATIONS
RAP=.745058L59E=-04

HDTEST=1.(E38

FING ~AXIMUM OF X(1) S FOR PIVET ELEMENT AND
TCST FOR END CGF PWCOLL M '

Ut 7o I=Ll,NMIL

IF (I-1) &Cy06U,45

IE (| AMAX= X[{I1}) LUaTCs7C
AMAX=A(1) .

IPLlval

JPIvV=IQ(L)

COMT iUk

IS MAK. X(I) CQUAL 0 ZZR3J, IF LESS THAN KUTOST, ROVISE HLUTEST
IF { 4MAK) 1OCU,LUOL,.BC : )

IF (HUTECST) 20450, 85

IF (X*AX = HDTCST) 90,490,148

HDIMIYN = A2S{ HiL,1) )

VO 11 (= 2,

IF (HLIMIN= AZSL Wi(I,00))
HCIMIMN=ABSi{I,1))
CONTINUL

3

1102104100

HUTCSI=HDIMIN®RAP S
RETUKH [F MAXort{1,J)LESS THAN(2#%=27)AESF(1i{K, K} =HIN)
IF (HUTEST— XiZAX) 148,10300,1004

NR = iR+l

COMPUIL TAUGENT, SINE AND COSINE HUI,[)aH{JeJd)

TANG=NIGN (2.0, tHUIPIV,IPIV)I=H{JIPIV, JPIV’))‘H(IP[V,JPIV)/(ACS(h(IPl'
LV, 1Py ) =H{JPIV,JPIVI)#3QRT((H(IPL1Y,[PIV)- h(J9IV|JVlV))"Z*N.O*H(IP

2IVydrtVvierc))
CUSINC=L1aC/SURT (L U+TANGeR2)
SINE=TAHL=CGSINE
HIT=H(IPIV,1PLV])

H{TIP IV, [PIV)=COSInN L*'sﬁlHllﬁTAhb*(é CoF(IPIV,JPIVI+TANG*H(JPIV,JPI

v)))

H(JPIJ,J?IV)'LUSI“t*ﬂzi(H(JPlv JPlV)-TANG*(&.u!H(IPIV,JPIV)‘TANb'H.

1 I1))
HUIPIV, JPIV)=0. C

PSECULD .RANK THe TI1GEMVALUES . :
ADJUST SINE ANLC COS FOR JOMPUTATICN GF R{IK) AND ULIK)
IF (o {IPIVLIPIV) = HUJPIVJPIV)) L52,153,153
HIEMP = H{IrIvV,IPLIV]
H{IPIV,IPIV) = HIJIPIV,JdPIV])
H{JPIV,JPIV) = hi{ MP
RECIMPUTE SINE ANL COS s
= SIGN{Ll.Uy, =SINF) = COSINE

" COSINI = ABS(SINE)

SINE = HTEMP ‘
CenTIMUL . ’

0S4
058¢C
0590
0600
Cole
062¢
C630
Co4au
C6S50
CoHOU
C(}?O
0480
o690
C7CO
0710
072¢
G736
Q74¢C
G750
G76C
C770
u78n
0790
CBOG
0810
QB2C
083¢
084 .
0850

0860
c870
088¢C
QE90
c90¢C
C91lC
920
0930
C94C
G95C
0960
G910
C58C
C99C
10060
101G
1C2¢

103¢C
LG40
1C50
166C
LO7¢
108¢
1090
11006
11106
112¢C



[aN e el

C [MSPECT THE IGS BLTWELN I+l ANU N=L TC BIETERMING 1130
C WHETHZR A MEW MAXIMUM VALUE SHCULL BE COMPUTED SINCE +114cC
C THE PRESENT MaAXIMUM IS [N THE § OR J RCw. » 11%¢
C 1160
D0 35. l=1,MMI1 ’ 117¢
IF(I=1PIVIZIC,350,200 L1136
20C IF(I=JPIV)I210,35C,210 119¢
210 IFCIQUIY=1PIVIZ3U,2640,230 1260
230 IF(LGUE)=JPIV) 35,240,350 L 1216
240  K=1Q(1) ' , 122
250 HTEMP=H([,K) , _ 1230
H{I.K)=0.0 , . 1240
1PL e+l o . 1250
X(1) =0.0 . ' L2t
. ' : 127¢
SEARCH IN DEPLLCTEU ROw FOR ANEW MAXINUN 128¢C
: . 1290
D0 320 J=[PLL,.N 1306 .
IF ( AUI)= aBS{ H{I,Jd)) ) 300,430GC,320 1310
300 - XK(I) = ABS{H(1,J)) . 1320
1IQUI)=J 133G
220 CCNTI..UE 1340
H{I,K)=HTEMP . : 1350
350 CCMTINUEF : © 1360
¢ ' . L37¢
A{IeIv) =C.C 138C
X{(JPIv) =0C.C 1390
¢ . 140G
C CHANGT THI GTHCR: JLEMINTS CF H - 1418
C ) 142¢C
060 53, 1=1,N . L1438
[ . 144¢
) IE(I=-(PIV)370,53u,420 ' : 145¢
BT7C HTILCNP = H{L,IPIV) ' : 1460
H{I,IPIV) = CUSIHIaHTIMP ¢ SINE#H([,JPIV) 1470
IF ( 2(l) = A235( B{I,IPIV)) 1380,39C,29C : 14835
38C X1} = ABS(H(LI,IPLV)) 1493
IC(I) = IPlv 150¢
390 HI{I,JPIV) = =SINS=2H{ENP + CCSINIeH(I,JPIV) : ' . 151¢
' IF { X(1) - aBsl R{I,JPIv)) )} 408,530,530 : 152¢
400 X({I) = ASS(H(I,JrPivV)) ' , 1530
IS00) = uply 154¢
GO TU 530 : o : 155G
C ' . ‘ 1560
420 - IF(I=JPIVI43U,530,480 . 1570
430 HTEMP = H{IPIv,1) 1580
H{IPIV,I) = CUSINaHTENMP ¢ SINZeH({,JdPIV) 1590
IF ( <(IPIVY = APS(E a1 (IPIVeI)) ) «404450,450 1600
44 X(IPIV) = ARS{H({IPIV,1)) , : 161C
1G(IPIV) = L6206
450 H{I,JPIV) = =SINEeRTEYDP + COSINEeR{{,JFIV) 16306
TF (O X(I) .= ABRS(E H{I,JPIV)) ) 400,530,530 ) 164y
C . ' : . 165¢
480, HITMP = H{IPLIV,I) ‘ . : - 1660
C HUIPIV,I) = COSINTaHTLMP ¢ SINE®H{JPIV,1) 1670

[F { A{IPIV) = TAYS(C @i(IPLIV,I)) ) 490,500,500 : 168G



490}

1001

XUIPIvY = ARS{R{IPIV,1))
[eiirivy = |

H{JP IV, 1) = =SINE=HTEMP + CCSINE®H(JIPLIV, 1)
IF { a{JPLIV) = ALS( R{JPIV,I)) ) DL3,550,530

X(JPLv) = ABS{H{I2LV,1))
[ClurPtv) = 1
CNTINUE

TEST FOR COMPUTATIUN UF EIGENVECTULRS

IFUIELENIAC, 540,40
DO 55T =L,

HTEMP=U(1,1P1V) :
ULy Lo LV) =COSINE e TEMP+S INCoU (L, 3P LV)
UlL,9riV)==SIREsrIENP+COSINGRU(L, P (V)
50 TG 4C
NG o= v o- )

OG 10wl I = L,4NO
NST = 1L+ ]

V0 1031 4 = NST, «
H{J, 1) = H(1,J)
RETURY

EnD

1690
1700
L71C
1726
T30
L1740
175¢
1760
177¢
178G
179¢
1800
181¢
1820
183¢
184¢C

Y
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APPENDIX IITI

CALCULATIONS ON RADICAL CATIONS

>



Table XXI. ;Huckel Molegulér Orbital Coefficients Neglecting Overlap for Radical Cations

AR

¢ . i
Radical ) )
“Cation 1 G A R D S R B
2,3 dimethyl _ A
butadiene -. 5948 .33853 . 0837k .15666
Isoprene | .62503 36928 1-.09430 -.17290 |-.33518 |-.56731
1,3 cyclo- -.35303 |-.51963 | .14187 .291 9L
hezadiene-
: : a 0 -.5000 |-.5000 0 -0 0
Toluene b| .52865 | .2376h |-.31500  |-.52084 |.21281 30423
T TIERGg | -L 5656 SIS (10992 [-15162
o-xyleme | 41703 |-.06327 |--hT070  |.17723  |.26290
. @ 0 48830 | 42189 0 -.16288 1-.23883
m-xylene b |-.51267 - |-.24151 | .28513  |.60526  |-.12515 |-.17356
pexylene” P [7+90000 0 -0 0 -
) a| .27218 L9607 1-.17937 -.27125
Acenapthene 0 - ko673 | L2186k -.28914  |-.37416 0 11573 22306
Pyracene .24963 36743 0 -.10031 |-.28643
9 methyl - 4ho87 {-.08705 | .30418 | .20h76 |-.22hgk  |-.20181 | .11201 42220 -.07T97T | -.17986
anthracene T
9,10 dimethyl |.,21008 |-.28564 | .1073k 43159 |-.07822  |-.18198 :
anthracene : :

See Fig. 12 for numbering

Antisymmetric orbital

P Symmetric orbital




. ,A\’I}
-

" Table XXII.: McLachlana.SCF Spih Densities for Radical Cations

i

anbhracene

Radical ' -
“Cation L 2 3 b 5 6 7 8 9 10
2,3 dimethyl T )
” putadiene .u3u97 .07868 .01kk9g .00LTh
Isoprene 555 .11289 {-.01800  |.00k16  |.06006  |.3953k
1,3 cyclo- A
L adiene .11043 .35451 .02937 . 05542
- b |-.03704 .2731h .26970 -.00988 {-.01882 {-.0L994
Toluene c|.62725 |-.1700k |-.07h8Y .58898 | .07809 | .19%6k
e b | .06983 39687 | 07006 |-.02623  |-.01052
o-xylene o | o7468  [-.33664 | .L4OT798 03728 | .11670
, . B -.9BhTs | ko6l | 26783 |-.39368 | .02329 . |.OTT49
m-xylene c| -35716 .04903 | .08879 3637 . |~ 02721 -.00738
eyvlenet ¢ | -27263  {-.01966 |-.01151 | -.0LL09 '
PrAyEne | o556k |-.00215 | .31373 06639 .
Acenapthene -.03566 | .20813 -03333 . 08281 .17130 -.02691 | -.00Lk62 .0Lk035
Pyracene .0587h .16852 1 -.027T71L -.00309 | .03968
cthyl oo ' | | .
? e eene | 27247 |-.01977 |.1001k [-03112 | .0k55 :08o1k |-.00820 | .23077 | -.00485 |.03366
9,10 dimethyl | 03572 -'.0877u4 -, 00994 .2h281 -.00509 . 03523 :

a)  Ref. 69.

A= 1.00; b) Antisymmétric orbital; c) Symmetric orbital.

See Fig. 12 for numbering.

¥€aT5



Table XXITIT.

Huckel Molecular Orbital Coefficiénts Including Overlap
‘ for Radical Cations . *

i i
Badical
Cation 1 2 | 3 I 5 6 7 8 9 10
2,3 dimethyl | ., 55488 [-.31372 | .08391L 4773
bhutadiene .

Isoprene . 58433 .34384 |-.09540  |-.16420  |-.30950 . 52596

1,3 cyclo- _ : .

P ondiene -.32088 .u8299 .14135 27740

o 2 a 0 -Jhhrer |- bl 0 0 0

Toluene b | -.h7o0k |-.20854 | .28k99 L6143 -.21123 28196

~a|-.25088 |-.50512 | -.21677 .11025 BUSEIN

o-xylene ) 36876 | .0619L | .h2028 R.17h31L | -.2L4276
_ -~ a 0 .43890. .37324 o} -.15987 .21950

m-xylene 4 | 15080 | .21051 | -.25420 . F.54436 12601 | .16369

s-xylene & | -#bT21 0 0 0 5

pryRene b | ~-.24h6k |- 44184 17517 h2hkoo2

‘Acenapthene -0 .37835 | .20073 -.27185 | -.3449%6 - 0 .11689 .21313

Pyracene 1.23326 .34089 0 -.09995 | -.19615

9 methyl -.42953  |-.08276 | .28968 19439 | -.21k77 | -.27715 | .10796 | .hko1s52 | -.08052 |.17251

anthracene : ) ’
9,10 dimethyl | 2001k .27150 | -.10332 -.h1167 L0787k LLThT6
anthracene : . ‘

aAntisymmetric orbital

bSymmetric orbital

_-}18'[-
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FIGURE CAPTIONS

Cell and Dewar for Electrolysis in LiquidvAmmonia.

Diagram of Cell and Dewar for Electrolysis in Liquid Ammonia.
Experimental ESR Spectrum'of 1,3;Butadiene.

Calculated ESR Spectrum of 1,3-Butadiene.

Bond Lengths and Angles of Methylene.

Experimental ESR Spectrum of 2,3-Dimethyl Butadiene.
Calculated ESR Spectrum of 2,3—Dimethyl‘Butadiene;
Experimental ESR Spectrum of 1,3-Cyclohexadiene.

Calculated ESR Spectrum of 1,3-Cyclchexadiene.

Experimental ESR Spectrum of Isoprene. Arrows indicate anomolous lines.

Calculated ESR Spectrum of Isoprene.

Numbering System for Molecular Orbital Calculations.
Experimen+al ESR Spectrum of 1,3,5-Cycloheptatriene.
Calculated ESR Spectrum of 1,3,5-Cycloheptatriene.

Numbering System for Cycloheyptatriene.

Experimental ESR Spectrum of Monodeuterated 1,3,5-Cycloheptatriene.

Calculated ESR Spectra of the Four Possible Monodeuterated 1,3,5-Cyclo-

heptatrienes.
Experimental ESR Spectrum of Nitrosobenzene.
Calculated ESR Spectrum of Nitrosobenzene.

Numbering System for 2-Methylcyclohexadiene.
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