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ELECTRON SPIN RESONANCE SPECTRA
OF ‘RADICALS IN SOLUTTONS

{Chia-Tung Raymond Pao

Inorganlc Materials Research. D1v1s1on Lawrence Radiation Laboratory

and Department of Chemlstry
iUnlver31ty of California, Berkeley, California
ABSTRACT | |
Radlcél anions of various organic znd inorganic compounds were

generated. by intra muros electrolyticvréduction in liquid ammbniéeor-other
nonequeous solvents. The RSR specrrcmetervwas modified'extenslvely with
a new optiohal high/low pcwef bridge neiwork, e NMRbfield trackiﬁg system,> v
and a digital data acquiSition system. A least squafes Curve’fittingv.
technique was used to assign the ESR parameters for mest of the spectra.
Since this technique requires a goodrline shape for.each hypetfihe com-
ponent, the limiting factors in the aprlicatioﬁ.of the least equafe fitting
technique are the dispersive camponent of the ESR sighals, the NME_.
tracking error, andvthe lihe width variations. This least eﬁ@afee;fittingv

technique cen be useful in accurately dssigning complicated ESR spectra.

We héve also successfully applied it te the'problem of the satellite signals

of. the low natural abundance isotopes in the presence of streng hyperfine
sighals. | |
Huekel, McLachlan, and Intermediate Neglect of Differential Overlap
(INDO) approximation molecular obrital calculations have been performed
for the various radical systeme. The lNDO calcﬁlation givesva fairly_
good reeult for the planar aromatic radicals, but gives only fair_or even

poor agreement'for'the nonplanar ones; Our results indicate_the,sehsitivity

- of the INDO'approximation towards geometrical factors. Hencé, the INDO

calculations can be used to predict the gebmetrical configurations of the

radical species.
H
[
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The radical anion'of 1,5;5-cyloocfa£fiene.éives a.camplicaﬁed;but
. well resolved ESR spactrum. The nonplanar equilibriﬁm éohfigﬁfatibn:of
the,eight—mémbered'ring was determined from the spectrum. The h&per—' j. ¥
conjugatioh of the eﬁdé methylene protbns was proven to be Very'imbarfant.

The 4,5 methylene phenanthrene radical anion was obser&ed.- The-‘
assigned protoa coupling.constants are much iargérvthan the'aPerSpoading
constants in the radical anion of unsubstituted phenanthrene. A la?ge
spin polarization parameter for the methylene-substituted radi¢al-was pro;'
?osed. This indicates that the geometrical structura of the fadical is
somewhat different.from that of the unsubstituted species. The.spin
polarizatiqﬁ parameter for the methylene protons is found'fo Bé.about -3
Gauss. | | o

The radical arions of aniline and p-phenylene diamine wéré aiso
generated in liquid ammonia. Their Sﬁect?a,Were assigned by computer
simulation techniques. Tﬁe observed NH2 splitting parametefé are:anly_.

congistent with geometrical structures in which the NH groups and benzene

2
rings are not coplanar.

The tetrasulfur tetranitride anion radical was‘genefated by electro-
vlytic reduction in tetrahydrofuran at -30 C. The least squafes adjusted
-curve fitting method gives an excellent'fit between the exﬁefimental and
theoretical spectra§ A Jahn-Teller distortion of this D, radical sbecies
is proposed. However, no S-33 signal was observed using our preéent

data reduction system.

>



I. INTRODUCTTION

Tﬁe:impo?tant charécteristiés of ESR spectrﬁ o?lradicalé in so}ution
are the coupling conStanté, line widfhs, and g factors. Thevahisétrbpy
of theug'faétors'énd coﬁpling constants éré averaged out due fé'motiénal

 vmodulation‘or tumbling of the radicals in solutiéns. bnly ?hé isétropic‘
nature of“the'unpaired electron aﬁd of the ﬁagnetic miclel contriﬁute
sigﬁificaﬁt information. In an isotropic spectrum line»width yariations
are %ensitive to thedynamic,prOCeSSes of rate effects occurihg during’
the measurement. | | |

NUmeroﬁs techniques have_been developed tp generate radiéals‘in solﬁ—
tions and the very high'sehsitivity'of ESR spectrometers allows chemists
to’study s$mall amounts of transient metastable radicals. ESR is a_unique
and useful tool fof the study of the kinebics and mechanisms of reactions
involving fadical é%eéies, and also for:the iﬁvestigation of tﬁe'correiatioh
of isotropic hyperfiﬁe coﬁpling constants with.fhe electronic structure
of radicals.

A gféat variety of érganic rédiéals havé been subjected fo'éxamihation
by ESR. fSignificant advaﬁces have been made during thé past fifteen yeals,
and important conclusions relating to the theory of eléétronic-strucﬁure
aﬁd kinetics have beén reached.

ESR §tﬁdies have furnished a greaf deal of data about'orgénié‘radicals
which is essential in‘the'developmehtvdf the theoriesbof molecular eleCtronié
structure. Experimental parametefs_obtained from radical.speéies-can_i |
also test fhe validity éf the closed‘shell and the one electrén'approxi-
mations. . ESR parémeters, in additioﬁ,"guide the theoretiéian iﬁ;améﬁding

controversial theories and deéveloping new approaches.
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Theoretical calcuiatioﬁs of molecular properties, eSpeéiaily Spiﬁ 
propertiés, are still quite approximate. ab initio, MO caléulatioﬁé.ére
. availablefénly for small molecules, aithoughcertain significant ad&éﬁceé
have occurrédbinvsemiempiriCal approaches. Sévé;él theoretical)éélcﬁlations
have been pérformed to éxblain and. predicf hyperfine coupiiﬁg‘éoﬁstqnfs.
Semiempirical molecular érbital calculétioﬁ with various approximatidns‘
give reasonable agreement. Conjugation'of.thé methyl and meth&léhé grbups
with pi béﬁds in molecules is an old.concepf. However, fhe develbpmént
of a unified-piCMUre of hyperconjugatioh has been plagued by éppérent=ﬁutual
inconsistenciesjn the ideas derived from several different areaé;l Despiée
the concentratéd efforts to find a satiSfactdry quantum.thebretical view,
one must admit that the conflict between the proponents and opppnénts:of
this simple concept has;not yet been settled satisfactorily. "This thesis
is_partly aﬁ attempt to justify and_interpfet the hypereonjﬁgafion.mpdel
for the»methyl and methlene coupling constants, and to cérreléﬁé-thié'.
model to fﬁe heutral‘molecules. 2

Valence bond theory has ?eVer been widely used because ofbthe teaious
manipﬁlations invdlved, although it sometimes gives interestingiresuits.
At préseﬁt, painstaking efforts in valence bond formulation of.éonjuééfed
.systems are getting ﬁuéh attention‘in the litefature.15;15 |

The limiting factor_in'the.use of ESR is the sensitivityvbffthéff
spectrometer. ‘Hence, the te;hnique‘used to produce radicals c&Qtinudﬁsly
in some suitable solvent mediumrmust give a steady state concenfféfién
‘which exceeds the minimum detectable radical concentration of the ESR spectro-
‘meter. For a particular radical; this steady state concentrafibh'is'

‘determined by both the lifetime and the rate of generation of the radical.

¥



ESR sﬁectra of radical ions in solution can be completely describgd :
by the coupling constants, line widths,‘liﬁe shapes, and the g value of
thé radical. In geherél, all the.hypérfine lines. in a radical spectrum
have thé.éame g Value and often the-same‘line width as weli as the-Saﬁe:
line sﬁape; therefore, the”ekiéteﬁce of anomoldus g values or variatiOHSf
iﬁ the liﬁé widths oy liﬁe shapesTcaﬁ yield additional information on the
. molecular réte pfocessés inithe_system.

Previously, the_techniqge used fo analyze ESR Spectra.was'rather
limited: The initial assignment of hyperfine splittings was done by
vinspectién._ These dssignments were often be checked through éither stick
diagrams or more sbphisticated computer simulated spéctra. The iﬁformation
~obtained in this way from specfra is somewhat limited, owing ﬂq the possible
existence of a low signal to noise ratio of the complex overlapping qf
lines." The subsegquent development of fhe digital data acqﬁisition énd
averaging techniqués soon overcome this limitation, but only during ths
past decade have égmputer.téchniques advanced sufficiently tbvmake their
application to ESR a practical method of-resolving compliCated'spectra.
The use of these methbas enables spectroscopists to obtain informétioh
fram the previously inaccessible weak signals. ILately, the lfﬁst squares
curve fitting technigue haé been applied to the assignment of specfra;
ESR pafameters can 5e accurately determined through the use Qf this techni-
que.  This method together with the com?uter smoothing program, not only
can obtain the information that a time averaging computer can;-but also |
can extract information about unresolvedAweak lines which are actually
buried cdﬁpletely ﬁﬁderneath the predominate lines. This thesis alsd

applies the least squéfes,adjusted fitting technigue to ESR speétroscopy.
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A, Theory of Hypérfine Coupling

Hyperfipe3coupiing is a magnetic interaction'bétween electron aﬁd ﬁﬁcléus
Which is described by a spin Hamiltonian (1). Sinée theﬁihteraction isf
vgenerally vefy Weak;_this spin Hamiltonian can be treated as a peturbation
of the spin ihdependent Hamiltonian. The spin dependent Hamiltonian operator
mayvbe diVided-into the 'sum of two terms: Hée’ an electrbﬁiC'term-including
Athe électronic Zeeman interactions and the interaction of éledtroh spins
with each oﬁher, andﬁHSﬁ, a huclear term involving the nuclgar ihtergctioh:

with magnetic field, H,5With other nuclei, and with electron spins.

H,, = BS-igh-‘H.+ S+D-8 (1_.)_

_—_—--‘+oo_'.o
By = S-T+I +I-Q:I - TI:U-8

(2)

The tensor operators gy D, T, Q, énd U depend on the eléctrbnic '
properties_ofvtﬁe paramagnetic species'and their environments.

fhe significant terms of radicals ESR in a liquid of low viscositj.
are the Zeeman term and the contact term, AT - S, which is the diagonél'7
_elements of the métrix IS T»- I. Various derivations of the céntact' :
term haﬁe beén reported,‘by using relati\.ristic2 or classical and semi-  '
.classical nonrelatiﬁistic treatments.o 2

There is a éimple way to get some insight into this_contac£ interaétion:
The nucleus is regarded as a uniformly magnetized sphere with a ﬁégnetié
- field B iﬁside the sphere, whereas it acts like a magnetic dipole cutside
the sphere. This dipole interacts with the outside electron in a éldssical
dipole—dipole interaction. The energy of the electron side the huciéus

is similar to the classical interaction of the magnetic field Brand a



magnetic'bdr‘rith magnetic mement T

B LB = eply(0)]? 1 5B )
where T is the volume of the nucleus, ‘w(O)IgT.bis the probabiiity_that
the odd eiectroﬁ is inside the_nucleusband S isven electron spin
operator. “Classical magnetism»requires that the magnefic infensity,ﬁrf

1n51de a magnetlzed sphere is equal to -hﬂM/B M is the nﬁclear magnet—

~ dzation and can be expressed in terms of nuclear spin T and nuclear g

factor gn:

. Therefore, the maghetic field B inside the nucleus is: =« - l

B =0+ i = 3-7TM‘=,§W'gNBN I/T . (5)

- and contact interaction energy for an electron and a nucleus is:

. ar | 2 - | | ) S o
me Logpe s L ()
The coupling constant A is defired as:

pe T ogpeenm IS

where 8(r) =,6(5G-EN) is the three dimensional Dirac delta function. -
In a many electron system the contact interaction:sheﬁld in--
volve.all the electrons and all the nuclei in the radical. The -

Hamlltonlan now has the form:
: N

LA }: JE >sK @)
where‘ N is the total number of eleétrons in the radical. When the
express1on 1saveraged over the ground state wave function ¢b y the '

term can be expressed as:

Zoan-s o ©
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: wher§ ¥y | i S(7y,) Skz| .2//0).__

Ay = L/3meB gy By —s , (w0

= 'L*/57rg8, gNi By P (’YNi)

Sszis the z component of the k-th electron spin operator. -

SZ is.the_z éombonent of the total spin operator:
The summa%ion of all electrons in the system may give a hyperfine splitt-
ings due to negative sbin density. It is obvicus that the contact
interaction is proportional to the difference between the élpha ahd;Beta
spin probabilities, b (VNﬁ)’ at the nucleus i, and also to the magni-
tudes of the magnetogyriC'lratio and nuclear spin of that nUcleusQ |

‘The electronic eﬂergy of a doublet radical in strohg magnétic field
H is thevéum ofvthe Zeeman and contact interaction energies: - |

+
epHM v a2 AN

(11)

An ESR transition between an electron spin of -1/2 state and one of the

+1/2 state results fram a perturbation due to the H1

_ field of the micro-

wave frequency vy The energy change during the transition is:

1 1 1

= + M
hv gb H z;_‘. A M , (12)
when vy is fixed and the magnetic field is weeped, the position of each
individual_absorption line can be deduced as:
' hy, A, S
= - M = A Y M_ '
Hi gpb Z gB I. ; i T, (l?>

where Ai‘ is in the magnetic field units, and Ho is the center of the
spectrum. - A typical hyperfine pattern versus magnetic field sweep is

shoWn in Fig. 1.
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In a Weli'resolved ESR spectrum thelfotal number of ab;orptién lines
is related t0 the’numbervof disfinguishableutypes of nuclei, m, and to
the numbe?:of equivalent ﬁuclei'of one type Ni bybthe relation:

Number of possible Lines = T (en, I, +1)

: . i=1

The magneticbfield’positién of an ESR spectrum 1is deferminedhby its g
factor. The g factor gives valuéBle information in the study of criéfals_ .
and the transition metal ions, but it gives very‘littie informtion about
organic fadicals. Because éf the large separation of the energy le&els
ana the small A value for light atoms, the deviation of the oréanic j
radical g factor from the free electron g factor is small unless the

radicaiicontains heavier atoms. In this work little attention will be

paid to the g walue because of this relatively smallvdeviation.

B. Hyperfine Interaction in Sigma. Radicals

‘Most:of'the éfganic radicals studied by ESR are pi radicals with‘ﬁhe
unpaired electron occupying a p-orbital. The stability of these radicals
is increased by delocalizatiqn of the unpaired electron into pi moleéular
orbitais.

In sane transient radicals or in radicals trapped into some suitable
matrix ﬁhe_unpaired electron may be stable enoughvto locate itself in a
particular p orbital without delocalization.

Radicals with the unpaired electron localized in an orbital of sigma
symmetfy have been observed recently.éjl%x Maﬁy distinctive facfsvof sigma
radicals héve been reportedf The beta protons of sigma radicals have
different hyperfine splittings at the cis andvﬁhe‘trans positions due to
the‘prefeiential transmission of the*spin dendity along the sigmé bonds

of the entire systemi The beta and gammé,proton coupling éonstants have a
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iarge angular dependence, and the coﬁpling is stroﬁgest when thé sigma

bond Systemvis planaf; In substituted arbmatic radicalsAfhe orfhd'proton

coupling constants is hot.affected by é substituent at théﬁparé ﬁdsition.' J
The_essgntial ﬁheorétical difficu}ties are”the_use of'the proéer.

and meaningful sigma orbital wavé functions explicitly in fhe calcuigtioﬁ;

hence, éigma radicais have received relativély little thebfetical attention,

15-15

and their modes of interaction are not well understood. Valence bond,

extend Huckellhfl6 =

and modified hypérconjugation method have‘all achieved
s ome suécess. CNDO/2 and UHF methods have been used in the calculation

?of sigma radicalsl7 with high accuracy.  For those well lécaliZed:sigma
:radicals, a simple proportionality relationship is reasonéblé in déaling

‘with the CHi bond function. The coupling constanf for i-th proton is:

A, = Q. p. | S (aw

i i7i
where Qi:= 508, 26G, for.protdn,' Py is dimensionlessvénd:is:the spin
density in an orbital w(ri) at hydrogen atom 1i. pg ,is»felatgd to the
ﬁﬁpaired électron density or épin density ét thé ngcle;s, p(fi); by
the relétion: p(r;)  =. Py lw(ri)fg .  S (15)
Spin déhsities at the nearest neighbor bonds may contribute to‘the pfoton
hyperfine éouplingS’in those radicals where the odd electron is nbg-éo
well localized. The coupling constant is related to the spin densities
by the formula: Ai = Qi o, + ng where pz is the spin.density;at the
carbon atom to which i=th proton is bondeq. D contalins exchange iﬁtegrals
involving other bonds. The values of Q. and D can bé found from-the least-
s quares fit of the experimental coupling constants and the calculated p

spin densities of the known sigma radicals:

Qi = 309.10 gauss, D = 12.91 gauss.
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C. IndifectvExchangé‘Coup;ingﬁ

The:sigﬁa—pi electron separability is not a satisfactory approximation .
fof expiéining pirradical ESR spectra. The contact term requires a nén—
vahishing‘ddd electron probability distribution at'a:nuéleus; hoWever the:.
pi électrbn approximation.predicts tFat fhe unpaired elecﬁfén wé&e func -

L ! : -
tion should possess a nodal plane at.the proton position in aq aromatic

~ planar radical. Neglecting the one or multicenter interaction between a

sigma énd é pi eléctron éauses a serioué deficiency in the theoretical'
'evaluati§n‘of molecular spin properties. |

Sigma-pi exchange coupling can be treated as a pertﬁrbation in most
moleéularvorbitallg?go or valence bomdl&él treatments. This éxchéngé
perturbafion is spin unSymmetric; hence, there is an ﬁngaired‘éléctron
‘density at the aromatic proton nucleus.

A linéér relation was foundl8 bétween the proton hyperfiné couplingv

constant,AH and the spin density of the odd electron_at the adjacent

carbon p=orbital, Pt

Ay = Qe '_-‘(16)
A general expression for the spin density at atan c is: '
s Mu) s |
L Mz ,
P, = : (17)
2 'Suz B '
H

where atomic delta funétion Ac(p) is zero unless the electron is in‘a
D, orbital centered on atom c. |

The4§roportionality factor Q measures the attemuation of the hypéf—
fine interaction from that of a free H atom.A%, as spin polarization
occurs along a CE fragment.. |

Q = -fAﬁ ' . (18)



-10-

Q is consbant within 10%, and its values is approximately 23—25.gausé§n-
The exbérimental.attenuatioﬂ'factor for aromatiC'radicéls ié feb;05.‘

I'rom a perfurbation tfeétment the spin attenuétion factor féf an uﬁpéired

carbon atoﬁ:éiectfon which is»exchanggvpolarizéd along a C-H fragment is:

£ =  -K_ . /2AE where K
Tr,

'7T,' tr

4y 1S the atomic exchange integral. The nume-

ratbr, AE, ié the average eleCtKDHic éxcitation energy from the'bqnding
orbital 2 to the antibonding orbital Z*. It is genérally believed that
the variation in Q mayvbe caused by either thé clange in hybridizétién .
or the change in excess charge density. - The éxchange integfal»changes
when the hybfidization is no longer puie'trigonal spg. Vaiehcé bond
calculatibns give a factor of two variation‘ih Q, but no detailgd study
of hybridization effects has been made using the MG approacﬁ. Théveffect
of excess charge on Q is a rathe: intéresting proposal and.has.recéﬁfly_
received a lot of attention. It is worthwhile to further‘di3cués:this
effect in a later section. | .
Q@ is roughly congtant for almost all aromatic radiéal aniéns; The
calculatéd unpaired electron spin density at each ring carbéﬁ,nthefefbre,
. is directlyvrelated to the assigned proton coupling constanté.'
The spectral width is related tovthe coupling constants, -hence £d

the Q value and spin densities in the following ways:

width = 3 |Ar] A
: - {(19)
= @0zl ] -3 le. M1 -
r r

where subscript r-is used to represent all carbon atoms in the radical
and subscript r! is used to repfésent only those carbon atoms without
adjacent protons. For a system with total spin S where no negative spin

density existd:
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Thérefore; the width becomes -Q (1 - 2 Tp?,[),: According ﬂo.this rélation,
the’épéthal_width may.be'less than'ﬁié Q value because of the ldss Qf
hyperfine spliﬁting due to the spin dénsitj at carbon at ans withﬁht adja-
éént progogsi' However, if there is a significant amount of negative spin
dénsity,“'Zjlpr]‘> [, the total spread In the'hyperfine splitting mdy no‘
exceed the Q@ walue, 1f the negative'spin-deﬁsity contribution is large
enough, (Z(pr) - Z'.lprrl) > . |
r r .
It is known that on each carbon aton of aromatic radical ions thére.
is a nonzero excess charge density besides nonzero spin déhsity;vvRelétiveIY'
few cation radicals have been observed in ESR; however,'fromrthe known
data the proton hyperfine coupling constants in cation radicals are larger
than those in anion radicals.22
The vélence bond met hod provides a qirect approach in explaining,this

difference in cation and anio_n'radicals.25 On the otherrhand,'the naive
HuckélvMO treatment or the more refined Hartree-Fock treatments based on
the pairing theorem predict equal spin deﬁsities in cation and anioﬁ
radicalé; Moreover, MO theory requires sigma electron orbitals to be
unaffected‘by the + or - charge on a C atom; a variation of the sigma-pi
polarization parameter Q with excess charge is s1;1ggested2LL to get around
the molecular ofbital deficiency.

' It.is»suggested that Q depends on the hybrid orbital and so on the
bond angies in the conjugated‘ﬁolecules. vExperimental evidence implies
that the &ariation of Q with bond angle is not pronoumced.

In the configuration interaction treatment two excited doublet states

are mixed into the ground state wave function. The resulting spin
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polarization parameter consists of a spin density termvand an exéessr
:charge térmf _
- ( £ Ke;) b, (e
where Qo'and K are constants.
ei'is tﬁe excess charge at atom i; it isﬁéquéi to’the differerice
v bétween abﬁnit charge and the- tétal pi electron density at the iftﬁ atmnf
Alternatiﬁely; the nearést neighbof oveflap térm is intrbduced26
instead of the excess charge term.
. .

A = Q c . tQ =

s o ki 17 k3 ki <21) |

c. . are the coefficients of the 2p atamic orbitals of ‘carbon -

Where Ckif K3

atom i, j in the k-th MO wave function of the unpéired électron. Recently,
it has been shown that this relation imples a Q dependencé only on'vafious

27 -

radicals, and not on different carbon position within the same radical.
( | - N :
Much attention has been paid to the excess charge term, and'thei

' - . 25,2732 S :
niearest-neighbor term. 5’ 7 3 . Huckel MOB; and unrestricted Hatree- -

Fock35

’caléulatibns_favbr the e#cessvcharge term, while a reStriétedf
Hatree—Fock'perfurﬁation calculé£i0h25 cbnclﬁdes tﬁat neithe?.of thé;tWO
above modified felations is better than the McConnell relatigh. _Thié
conclusion has beén challenged: Current Huckel MO treatment and:a étatis—
_fical anaiysis of the available experiméntal proton coupiing gonstanfs
_frdn even?alternat hydrocarbon ions27 demonstrate the neceséity of the
extrd‘terﬁ and show the choice of the excess chafge term seemé.to'be”v
ﬁore favorable.

Iﬁ any event, although the mechanism of this controversial effect

remains uncertain, an additional term must be retained. A cmparison

of the Hyperfine splitting of the radical anions and cations requireé that



13-

‘both Q@ and ¢ variation should contribute signifiéantly to‘the difference
in coupling constahts:

" D. Hyperfine Interaction of an
Electron with Nuclei Other than H

-Theispin of magnet ic nﬁclei other than potons can be.couéled witﬁ the
unﬁéired‘eiectron spin to give hyperfine splittjngs; Thé'interprefaﬁion
of thenspliﬁtings is quite‘complicated; becausé of the COupliﬁg cohstanté
épend on the spin density on the atom itself and also on the spin densities
~on the adjacent atams. |
, The magnetic.nucleus obtains unpaired spin distributidn in”ifs_s
orbitalé and yields hyperfine splittings through two mechanigms: .A.
direct mechanism results from the exchange polariiatidn betWeen the ﬁn;
paired electron in a p orbital and the 2s valence electrons'and/or 15
inner shell electrons: In addition, an indirect mechanism is caused‘by
sigma;bond polarization due to the unpaired electron distribution af
adjacent atams. This interpretation for the C-13 hyperfine splitfings
is expréssed in the form:Bh' | | .
c s

5 | _. C
c c o :
A = (g° f ifl chi) o5 . (22)

where Sc_and Q's are, respectively, the sigma-pl interaction pafameters
.fbr lsvand 2s electrons with the odd electron. The sigma-pi intéraction
parametéré_depend on the bond length, type of hybridization% and,ﬁhé
nature of the bonding atoms. The superscript is the atom.af.which the
splittings occur. The subscript CXi means the spin polarizafion 6f ﬁhe
CXi bond due to the unpaired electron at the C atan. Pi electronuspin
densities on adjacent atdms are included explicity to gccount for thé

variation of the spin polarization with different bonds and also to
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.-_accdunﬁ for the possibility that the sigma eélectron spin density at =
opposite ends of a bond may not have the same magnitude, that is

]nglilQi Hence, the'explanation of hjperfiné splittings reQuires a

| .
c
knowledge,bf the sigma-pl intéraction parameters and tﬁe pi_eiectroh'
spin density at each atom. |

Carbon—;} isotope hyperfine couplings are extrémely sensitive to’the
pi electron gpin densities and to the accuracy of the sigma}pi'interaction
parameters. Furthérmore, in a nonplanaf'radical fragment the unpaifed
"‘electron.occupies a hybrid orbital which has s-orbital charaétef. The
sigma-pl parameters are susceptible to the extent of this hybridizétioh.
Hence, the variation in hybridization'can cause additional_ccnplications
in the.interpretation of the spectfa.

Many experimental efforts have been made to determine nitrbgeg_spih
polafization parameters. The three paiameters can be e&aluatedrfrén
the knoﬁn coupling constanté and the spin densities froﬁ thréé of nble
épectra.' The coupling constants are obtained frém thevexperimental.
spectrum, and the spin densities are yielded by é&ither valence.bénd'or
| molecular orbital calculations. Tn this method the détérmination relies
upon'the gccurate theorétical evaluation 6f the spin densitieé; theré;
Tore the'obtained parameters are even less accufate thén those fro@,f
approximate quantum mechanical calculations. |

55

A refined determination”™ based only on experimental daté should.
éive more reliable parameters, if the choice of data ha.s bee:fmade
carefuliy; Spectra of pyridine, pyfazine and pyrimidine radical anibns
have been used for an entirely experimental evaluation. The‘necessary

assumption  1s that each of three nitrogen coupling parameters in these

three radicals are identicadl. It is a reasonable assumption that the



.pitrogén bond angles and hybridization are unchénged in this series.
| Wheﬁ 8 deuterium atam ié substituted for a hydrogen atom in a radical, .
ﬁhe magnitudé of the deuterium couplihg congtant is expected to be .
reduced_ffbm the unsubstituted proton coupiing éohstant by a factor of

the magnetpgyric ratio of D to H. This ratio>is 1/6.51k, In general,

one would not expect the isotropic substitution té alter the épin density
distribution, bﬁt in somevcases, the isotopic substitution does cause

8 slight:ch@nge in the spin density. This effect may have many different
causes in éifferenﬁ radicals. Persumably, deutérium hag some position
inductive effect and withdraws more electron density from the conjugated
fragment.36 Deuterium sﬁbstitution may also fésult in é‘lifting ofvthe

57

orbital degeneracy of the ground state, the substitution will cause
further separation in energy and reduce the effectiveness of the mixing
between the low lying excited state and the ground stéte,58 The pertur-
bation of the C-H stretching_vibrationt or of the out of plane vibration

may be expected from D substitution in the radicals characterized by strong

vibronic interactions.

E. Alpha Proton Hyperfine Coupling Constants
In Olefins

Thé alpha @roton is defined_conventionally as the proton which is
attached to a sp2 hybrid carbon atom. The hyperfine interaction of this
proton is éimilarithhat of the aromatic proton. The exchange polar£2a~‘
tion meéhanism'is the only important imteractior Wwhich causes the.cqntactv
interaction on the alpha proton. It is believed that the relation in.

Eq. 16 is equally applicable to the olefin alpha proton.
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F} Hyperfine Coupling in Beta Prohans

A beta proton in aromatic or oleflnlc radlcals is a profon on elther

L a methyl or methylene group attached to an_alpha carbon atom."The lso—
tropic hyperfine coupling of.the beta.proton is e direc£ meaegfement.
of the spin_dehsityvpreseht on the aliphatic proton. Aliphatic protong

- do not lie in the pi electron nodel plane. However, the spin polerization”
'mechanlsm‘alone will no longer satisfactorily explain the therflne spllt-

9,418 .

- tings. The hyperconjugation mechanlsm is believed to be,very-

important. It arises when the unpaired pi electron overlaps dlrectly
~with the alkyl proton through the congugatlon effect. h9,50
Spln polarlzatlon of alkyl substituted berizene or olefln radleels
'arlses exclu51vely through 31gma-p1 electron exchange coupllng.’ In alkyl—
substituted radicals the exchenge interaction ceﬁ'present.itself through
;wo mechenisms:u6 a direct exchange polarization and an indirect pOléri—
zation. .The direct process arises from the exchange pOlarizetion df the
odd eleetron directlvaith the C-H bond electrms of the alkyl greﬁp;
The indlrect process originates from two c¢onsecutive exchange,inferaeﬁions:
exchange coupling first through the sp2C - Sbsc bond and thenfthe alkyl
CH bond. Cwing to the differeht polarization steps, the ‘direct mechanism
will causes a negative spin density, whereas the indirectvpreceSS_ﬁill
give a positive spin density at the alkyl beta proton. A theOretieal
estimation of:the direct exchange parameter using C-C-H redicel fregment
gives -1.76 gauss through the first order perturbation'term end +O:83
gauss'ffom the second order term. This estimation seems to be Valid'for

alkyl group protons lying inside and also oﬁtside of the odd electron

nodal plane.
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The_overall hyperfine-splitting.fron the spin'polarizatioh meckaﬁism
is ‘ . | |
ACHB, - O-9bc | , , (23)
where pc 1g the spin density at the alpha carbon. ‘

A experimental e&aluation of this overall spin polarization parameter
is repofﬁéd for the cycloheptatriene radical anion.5l .The mﬁlecule is
expected to be in its tub Eonformation_with methylene protoné attached
on C7f "from MO symmetry consideration and neglecting élegtrgn correlation,
the odd éleétron'wave function has a nodal plane across C7 alqng the
reflection symnetric plane. No significant hyperéonjugation cbntributes
to the methylene proton splitting because of this node. The totél
methyléﬁe‘hyperfine splitting in this radical is the sum of a.smail
hypercdﬁjugation contribution and a relatively large spin poiarizatién
contribution. chm thié radical anion spectrum and a Coulson.and.Crgw—
ford type hyperconjugation caicﬁlation, the hyperconjugaﬁion‘portion of
the splitting is 0.38 gauss, which leaves 1.78 gauss as the spin 
polarization contribution to the hyperfine splitting. The sigma—pi _
interaction parameter obtained from.this experiment has a value of -2.78
gauss, which seems ﬁo agree with the calculated value for.the C-C-H
fragment. |

Many workers have notices the relation of beta proton couling cons-
tant s to the dihedral angle between the alpha-carbon 2pZ orbital and
52-57

the plane containing the beta-proton C-H bond. The splittings are

roughly proportional to the square of the cosine of the dihedral angle:

H H 2 : :
A = QCCH p. cos 2] B (2k)
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Where QCCHZ'ls a congtant chardcterizing the C-C-H system. The estimation
of QCCH is difficult because of the uncertainty of ﬁhe'spin’poiarization
contrlbutlon and . dlfflculty in evaluatlng the spin den31ty Py A'generally”'

acceptable value is QCCH = 50 gauss.

Anothez'empleral formila to account for both q;ln polarlaatlon and .
hypercongugatlon effect is often used:

H - 2 oo
- + - : (s
Ay ‘B, + B, cos” 8 o (25)

where Bl = U gauss, B2'= 50 gauss.

This equatlon can be applled to explaln the 1nternal zotatlon of a

methyl group in a radical. When the rotation about the C - CB bond is

rapdi compared with the ESR time of measurement. A ig the average-value

up
f or all_possible'cdnformations with their appropriate wéighing factors.
- Accordingly, a rotational energy barrier can be calculated from_the

temperature dependence study of A

HB'

T coupling constant yields information on the stereochemistry of the

The negnitude of the beta proton

radical. Hence, conformation analysis is an important application of ESR

techniqué to physical organic chemistry.

G. Hyperéonjugation Mechanism of the Hyperfine Couplirg
ESR spéctroscopy is rather important in the study of hyperconjugation,
" there Weré conflicting views regarding its significance. ESE studies
proVide unambiguous evidence thatvonly with the inclusion othypércon-
Jjugation Can one well explain the beta proton hyperfine couplings..vAll
alternative explainations of the coupling constanfs gi#e less agreement

with the expérimental findings.
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Any-model which explains the beta proton splittings cohstant must

account‘for the observed ESR facts: (1) The hyperfine. coupling constants

for beta protoﬁS-are positive in sign and usually larger than those for

* alpha protons; (2) they depend upon the conformation of the alkyl group

' .

' relative to the alpha carbon p, orbital; And‘(B) the coupling varies

with the_charge on the radical ion, with the cation>radical giving
larger'beté splittingsvthan the anion.

Spin‘po;arizatioh is suitable for explaining alpha proton splittingé.
chéver,’for beﬁa protons the attenuation which is expectéd‘froﬁ éxchange
polariﬁéfioh is not observed along the alkyl.chain.‘ An alk&i éubsfifuent |

59-6k Since the alkyl group is

will_resulﬁ in several distinct effects.
saturated and has four localized bonds, no electron delocalization should

be anticipated either fram or to the alkyl group. However, any calculation

which is based on this assumption simply does not agree. with the experimental

results from spectroscopic thermodynamic or kinetic measurenents.
An inductive model for the methyl substituent can be treated.byva

first order perturbation on Coulomb parameters of alternatevéystem.

. Calculations show there is no first order effect on the orbital enérgy

difference, however, the UV result&: show a bathchromic shift for a methyl
substituted benzene. |

In a pseudo atom model where three protons are treated aé oné atom
HB, the methyl group contributes two pil electrons to the coﬁjugated.
system. The pseudo atom is described by three group orbitais which.
are formed from the symmetric combinations of three hydrogen 1s AOfsj

ha’ hb? hc' The LCAO gives three orthonomal group orbitals:65
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w' = eha -‘hb - hc. | W= 'hb _ hc
G - > -
- J6-6s Jaoes,
SRS |  (26)
by Phy*h '

Yy = 5=
3 '_«/5 + 6 S,

One gfgwp orbital; ¢3'shas sigma'symmetry,rélative.tovthe c-C sigma bond.
The ofhéf_two éfoﬁ§ 8fhi£a1s; wi apd wé have either a.bondinglor an
antibonding pi symmééry relative to the sigma,bond. ‘The methyl gfcuﬁ .
carbén Qan.also be described in tefms of twb sb hybrid AO's.and twof2b
AO'é, .The resultanﬁvmethyl group orbitalslcan be fofmed with'ﬁﬁe.tWO
sigma bond orbitalstand‘two ﬁi Bohd orbitais from carbon and the.pseudo
atom group orbitals with the ap?ropriéte symmetry;‘ For the ﬁethyl group,

fwoisigma bonding group orbitals are:
’ : 2.

¢z.f:}1”~7 y spo + A, sp 0
I+ VIt
while the two pi bonding group orbitals are:
Vit Vot
>
~2( 1+Sch) v2(T+sch)
where ?he overlap integral S, = f wcl wldT = J WEE wé d?', Accord-

ing"to-éymmetry; only one of these group orbitals can participate in the

pl conjugation. "Hence, the MO for the.entire molecule is

¥ = f Cre % T O P T O e Prie
, | (27)
This conjugation phenomenon between the pi system and a methyi group is
’knownvas_hyperconjugation. Tt involves a non-bond proton resonance
 structure in a canonical_structure; .

 The influences of methyl substitution on the aromstic compounds
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numeréﬁé, although most bf the influences on righ prope?ties afe quite
“weak. The changes in dipble'moment,;heat of formatién, cheﬂﬁéa¥ reactivity;‘
ionizéfion;energy, aﬁd spebtroscépic propertieslcan all be used for empiri-
cal adjustmént of‘théofeticél parameters. |
_Coﬁlson aﬁd.Crawf§rd's method50 has beén‘applied to vafiouslradical
«systems. Usihg this appfoaéh, Levqu-erked.out formulas fof thé éal-
‘ culatioﬁ_éf cqupling conéfants for methylrand methylene groips. |
Cvolpét» and de Boer claim that the antibonding orbitals of.'t_he.—methyl
or meth&lene group are important, since the neglect of fhese anﬁiboﬁdingv’
orbitalsﬁleads:to an error in the véldé fof the spin dénsity ét the:beta':
protons. In Coulsoh,and‘Crawford's framework the inglusibn of antibdhd;'
ing brbitals means %he.importéncé of the following group orbitals: V
Vit oo Yoo

, “(28)‘

A unpérturbed wave fundﬁion utilizing linear combinations of bonding
ané antibqnding gfoup grbitals as well as the carbon PZ orbiﬁal in»fhe
conjugated fragment is adequate té deScri?e hypercohjﬁgatioh._ In oéher
words, hyperconjugation can be described in terms of a configurafioh
intéractibn between the ground state configuration and singly exéited
configﬁrations of the proper pi symmeﬁry; ‘

Although there is little doubfvthat the hyperconjugafion effect
exists in the radiéal and in the excited state of the alkyl éutstituted_
conjﬁggted system,'%he present status-of the hypefconjugation conéept and
its-iﬁportance‘in the neutral organic molecule 1s still controveréial.
ankeliMélecular Orbital'Theory may 0verémphasize_the role,inthis-con_.

cept, eSpecially in,thezground state.  Symmetry arguments favor hyper-

il .
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conjugation;.but the effects which Huékel_MO théory ascfibes to hypér— 
‘ aanjugation"may be just due to the suppressed electronic interaction.
Only the accurate sélfmconsistent;field_caléulation can estimate the

importance of ‘the hyperconjugation effect;

H. Molecular Orbital Theory of Spin -
' Properties of Conjugated Systems

Theré_are tWo‘markédly different apbroaches of utilizing the molé—
_cular orbitéi theory tovcalcuiate the electronic structure of;moleéules;
Tﬁe firsf, the éh.iEiEiQ calculation, gives a highly accuraté>éndvquéﬁti-‘
tative treatment of small molecules, whilé the‘;econd gives a.éemieﬁﬁirical
treatment of large molecules. The sémiempirical method involves manyi
‘crudevappfokimatiéns, ﬁhich are saetimes unjustifiable. | '

N In the semiempirical calculations, it is necessary to_sélect emi_.
empificai.parameters_carefully by fiﬁting values of the numefical.ihﬁé—’
grals tovthe'known atomic sﬁeﬁtroscopic data. Subsequently, the best -
values of these integrals are‘uséd fdr other similar calculations}

1. HMo'Méthod'

| ‘The naive Huckel Tﬁebry has enjoyéd abwell_deséfQéd popﬁlarity for
ifs handj‘éigma—pi separation approximatioﬁ, and for its useful conceptual
frémework'fbr the s%ﬁdy of}planar gnsatUrated aromatic organié'molecules.
In the simply Huckel LCAO;MO method,66-68 the pi electron repulsion
terms are averaged and aré not explicitly included in the onéeelectron
éffective Hamiltonian. Only effective Coulombic integrals, rééon@née
integfals and sometimes overlap integrals are included. The_highlyt
simplified formalism of Huckel theory‘is capable of elucidating many
‘ qhemiCal énd’physical properties of'conjuéated molecules, élthough the

neglecf of the electron-electron repulsion term causes difficulties in
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‘properly accounting for spectroscopic properties.
The révised and extended calculations, which are based on- the

69 employ anti—symmetrizéd

origiﬁa1 wofk of_Goéppeft;Mayer and Sklar,
products of molééular orbitals. 1In ﬁhese calculations, pil electrbn wave .
functions in determinantal form are used and ail the energy integrals
including'electronic'repulsion are retained. .

A general SCF-LCAO-MO theory was developed by Roothaan.?o ‘Later,
Roothaan's method was simpiified and modified by introduéing.various
semiempifical integrals and was applied to pi electron calculatién ﬁy
Pariser and Parr7l and also by Pople.72' Their}pi‘electroh calculatipns, .
which includes the approximation of Zero Differential Overlap.(ZDO) :
were suécessful‘not only in planar molecﬁles but also in some ndﬁblaﬁar
molecules as well. Their methods are often refe;red ﬁo as the Géneralized
Huckel method or the SCF-like LCAO-MO method. These methods give some
success in caiéulatihg the prpperties of conjugated'molecuies; neVérthé—
less, many attempts'have been made recently to extend calculgtions.to
include éll valence electrons. | ‘ | |

The spin density at atom J calculated from the Huckel MO,without
including overlap is;.
= o ,l? . (29)

Pr 1J

given that .
Y= 20
where the odd electron cccupies the i-th molecular orbital. No negative
spin dehsity is expected from this calculation, and the spin densiﬁy is
‘everywhere positive.
In order ﬁo»include the overlab'phenomenon, the coefficients of a
givgn-moleculaf orbital must be renormalized. The overlap integral can

‘|ﬁ
i
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be introduced‘into the Huckel MO calculation without eXcessiﬁely‘conpii—
Cating the célculatibﬁ.‘ When the overlap integraIS‘age retained,.thev
béiring property of_orbitals is no longervfound; i.e._for.evéry orbitél
' of ene?g&”a + miB théfe‘is no longer found a cérfesponding éfbifal bf 
.eﬁergy o - ﬁiB. fvThg Qrbifal_coéfficiéﬁfé C;j in this approximatidﬁ'can
élso be_computed from the:Huékel coefficients—cij by the relation

| o Gy ,

13 o (l—Sm.)l 2
i

The spin.dehsities, which ére calculated from both methods, afe réiatea‘
to each other by a factor (l—Smi);: Nevertheless, the rafio of thé:ééin
densities.amdng différent atoms in the molecule is unchanged'whether'ér
nof overlap is included.

Hetéroatoms may be tfeated in the'Huckel MO formﬁlism by appfopriate
changes in the empirical parameters of the Coulombic, a§, and resqngﬁée
integfais, B;X, to account.for the different ihductive and resonance
effects. Some semiquantitative tfeatments and theif heteroaﬁpm pafameters
afe listed for convenienée.67 |

2. Restricted Hartree Fock Method

The doublet state;ofvany radical ion cén be described by a Slater
" determinant formed from doubly occupied orbitals, plus a singly occupied

% P15
%o

orbital, The Restricted HF wave_functions.do not gi&e any good
acéount;;n the spin properties of conjugated systems. The spin denéity‘
has the same form as that in Eq. 29, in HMO method. The Restricted HF
approach pfedicts zero spin density on every alternate carbon_ato@ of

the odd-alternant radical system, as HMO approach does. Nevertheless,

the configuration interaction mixes the ground state with othér excited
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states. The;self-conéistent condition.reQuires that the first order
variation Qf the total eﬁergy by‘zero, when an unoccupied orbital mixes
into oﬁe of ﬁhe occupied ones. The resultant wave functioﬁ can be
expreSsed és the ground state functiﬁn éwo, plus a pérfurbed excited state
function, 2¢i='2¢0 + KQWi. { |

To avfirst order approximation, the wave fungtion can be decomposed

into two determinants:

R S B 2) e
I@i * JE _CDK ®; - JE O ®n’+ J6 lq’i ®K®n|

(30)
where the first, the spin polarized déterminant,76 contribuﬁes‘spin polari-

zatlon in the first order. On the other hand, the second determinant

: dlffers from the ground state wave function by two spin orbltals and

consequently has no flrst order contrlbutlon to one electron spin operators.
In these determinants only three excitation schemes are being-considered:
First, the electron infa:singly océupied orbital is ekcitéd inﬁé_an émpty
orbital, @ ;»Q kn+l < K). Secondly, the.eiectron in any occupied-
orbital is excited into an empty spin orbltal @ —a@ Thirdly, that
electron is. excited into a singly occupied orbltal @ —>® (l <t < n)

The total spin denslty can be obtained by simply algebrglcally
summing the contributions from the various spin orbitals of tﬂe.firstv
determinant: _
Do) o) ... (Y

2
P, = @ (r)+

This expression shows that the configuration interaction produces a first

order change in the spin density. This change can be used to explain the

regative spin dens1t1es and the blgma-pl polarized spin densities at the

uclel of planar hydrocarbon radlcals. A similar expression can be obtsined
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if.thevofbitals are»writteﬁ as linear combinations.of atomic orbiﬁals:

®i = Z Cir 7//r' ' » ' |
r _ - o (32)
v 5 n 2n+tl . {(oi|Xo) L
pr = COI‘ +2 3 3 T R 'Cir CKI‘
| =1 K=nt2 E' - E_ S

‘5~, Spin Densities Calculated by Pertﬁrbation'Method_in MO Theory.

Coulson and Longuet—Higgins have shown that it ie possible‘to.eelcu-
late ceftain changes in molecular properties'by perturbation-methods._ The
perturbeﬁion schemevhas been successfully applied in calcuiating_the spihv

™ McLachlan shows that the exchange field of the

'properties of molecules.
_odd electren can be treated as a small perturbation acting on the'eleetronic
- wave fﬁnctiens.‘ The electronssof different epins movee in slighﬁly‘f
different.orbitals becaﬁse oflthis exchange field pezturbatieﬁé. |
In:Huekel frameﬁork, the perturbation 5% thie exehange fieid ié
. equivaieht fova small attraction acting preferentially on thoee eleetrons
with the same spins as the odd electron. The effective Hamiltoeian'fer
these electrons, is no longer the same as that for those eleetfqﬁs=‘
véossessing oﬁposite'Spiﬁ to the odd electron;‘i.e}'Heff is hew replaéed

by He - (K-K'), where K, K' is the exchange integral betweengtheeodd

f
‘;electron and the electrons with the same or epposite spin respeetiVely.

- Hence, the unpaired spin density is modified.throﬁgh changes in-therCoulom—
bic and'resorance integrals.‘ Mclachlan shows that the Spih density at

atom j—th is now related to the coefficients of the wave fﬁnctionS,>A

.Cij’ in the following way: | |
LS B CIJ2 _(1/2},' i ’%Trt érJE v:.(i.ﬁ)

where,ﬂrt is the mutual polarizability of the two atom, r and s; ahd Y

N

w
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is the electronic repulsion. integral. An -adjustable parameter A cen be

introduced into the eqﬁatien to replace %y:

_ o 2 ' o
Py T iy T f(ﬁﬂﬁ) C.g L)

Spin density calculations based on the Extended HF wave functions instead

of HMO can be etaluated‘from the above equation as well.

.»In'the;above eqﬁatiens the first order spin density is expressed in
terms of mutual polarizapility coefficients. The readily available-
1polarizability coefficients'make the‘spin density easy to be‘computed. ‘
: Furthermere, the perturbation seheme gives better spin density‘resulte than

the unrestricted HF without annihilation operations:does.

L. Unrestricted Hatree-Fock Method

In the restricted Hartree-Fock method correlation of electronsrwith
opposite spins is not allowed, nevertheless, there-are two‘we&s to_eter—
-.cane.this!diffieulty; One is‘the‘cenfiguration interaction ﬁethod which
has been'diéeussed in the last section. It allows a small admixture of
excited configurations through a ~small exchange perturbation. Altherna-

' 78579

tively; the unrestricted Hartree-Fock method uses a single determinant

with different orbitals for alpha and beta spins and‘leads;to the same

pi—electron spin distribution. An extended Hartree-Fock method involves
an unrestricted procedure to set up a determinantal wave functioh and.to
apply the projection operator before ﬁsing the veriation methed. :The un-
restrictéd Hartree-Fock method has been applied to radicals, iens, and
triplet states of alternant moleeular systems. The unrestricted HF method
uses a sgingle determinentel wave fﬁnction, and has &an extra degree of
freedom iplthe doubly occupied orbitals, i.e. different orbitals for

il : B ST Co
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different'spiné are used to treat'the correlation between eiedtron'with
different spin explicitily.’

Although wUHF is an eigenfunction of SZ satiszing

S, Vo = V2000 Uy (39

where p-g=1 for radical anion with one uhpaired elec¢tron.
| ¢hHF is not a spin eiéenstate of SE: |
Yo = °o¢bs+qfé§ Yosaz T v - - |  v.(§6>
where for radical anion or cation 2stl = 2, Certain_molecular propérties,
_éuch as charge density,'cah be derived from the unprojééted WQVe funétion
difettl&, ﬁheréas moléc;lar parameters fdriépin properties must bé'~
selectédffrom the pure spin state by thé proJjection opefaforffecﬁhiqué.
,'The projection technique préjects the'pure spin state after ahniﬁilation
Qf thosé.contaminated spin states: |
o N/2 > L - S
.Wum_r. =I_:§+l [s” -r(r+1) ] Yy S (?7)‘
If is known.thét the major component in the UHF wave fupéfibnzéf a
fadiéalraﬁion.is a doublet, but the quaitet is also importaﬁt;vwhereés
-the relative weight of the sextet is negligible. In order tQ_ﬁaké ¢bﬁF
a pure dbubiet spin state, projection operators must be used. vThe | |
vquartet annihilation operator (SZ- 15/4), when applied to wUHf’ will
v:emove the quértet component, whille (82 - 35/4) will remove;ﬁhe”sexﬁet.
| Technicaliy, it is difficult to derive spin densities frcm MO'fhe5ry'after
the appliéation of projection operators to the wave function;‘vGenerﬁlly,
the major contamination componeht is quartet spin state. It'might be

. sufficiently accurate just to remove the quartet state for general pur-

poses, and, therefore simplify the annihilation procedure considerably.
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The new wave function after quarfet annihilation of the 2s+3,

quartet, spin eigenstate is:

Aoy Vg = (-G (5] Y | O
where - v ' . 7
Ay = 1/2 W (N-) -1/ fj Pij - (s+l)(s+2)j

énd the p?j operator interchanges the spin of the i-th and j-th electron.

'The wave function after projection is no longer a single determinant but

a sum of determinants.. It will be closed to a pure spin state. It has

been show that such a prodedure may lead to small error when spin dehsities'

are calcﬁlated. Annihilation mkes an imporﬁant change in spin density

'>-_calculations out little change in charge densities and energies.

Synder and Ambs79b formed formulas for spin and charge densities.
Their‘values for the spin properties agree with experimehtal values.
Unrestricted bond order matrices.for alpha spin, P, and beta spin, Q,

are introduced. If the basis sets of the atomic orbitals for alpha

and beta spins are 2p2 carbon atomic orbitals, then the diagonal elements

of P-Q and PH) matrices will be the pi spin densities and charge'densitjes
at the carbon atoms.

From the pairing fheorem, there are relations between the bond

' order matrices for the positive and negative radicals for_alﬁernant mole-

vculés. Theréfore, the gcmputatiohs became much simpler.

"‘The spin densities calculated directly for wUHF are not meaningful

. and annihilation must be made before correct spin densities can be can-

puted. The calculated spin densities can be compared to experimehtal

coupling constants through the McConnell relation.  Spin densities after
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aﬁnihilatibn generallybagree’with the experiment. Hence, this method.is
superior to the reétricted Hartree-Fock method which predicts no negative_
bspin density in radicals without admittance of_the confiéuration inter-
action technique.' |

The above molecular orbital calculation can be extended from
calCdlationé involving just pi-electrons‘to those involving all the‘.

80:83

valence electrons. The applicability of the MO calculation_is‘hence
greatly‘increased, because the method permits a Tull treatmentlof éigma—
and pi-electrons in planar molecules, and because it also alloWs:usdto
handle a great many ﬁolecules where sigma-pi separation is irrelevapt.

| Lately, Pople and his cowprkers proposed various apprOXimations
based on the neglect of differential overlap 1ntegrals, and on the in-
variance oftransformation of the atomic orbital basis set. In theirj
complete_neglect of differential overlap_approximatiori,8l CNDOQ-the’i
product of.pairs of different atomic orbitals in'the'electroo-interactiop
'integials are omitted completely. All'of the remaining parameters are
determiﬂed semiempirically. Many physical properties have beeﬁ computed
with this approkimation. "It has satisfactorily reproduced the bond angles,
bond length bending force, and even molecular geometry.

A refinevmethod,82 CNDO/2 in which certain atomic and»penetration
parameters'are’modified; allows the calculation to be successful in
predictingvelectronic gspectra and also gives improved ionizatidnlpoteﬁ—
tials. Nevertheless,.this approximation gives unsatisfactory spin: |
density results, even if the unrestricted Hartree-Fock orbitals are.used
in CNDO/E. The neglectfof exchange integrals between the sigma- and pi-

electrons makes it impossible to correlate any spin properties.
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Both of ‘these approkimations rééroduce‘the correct stereo-chemistry
of molecnlar_ground states.‘ However, they are incapable of-reproducing
spin properties for the use of ESR or otherfmolecﬁlar'spectroscopies.;.v ,
since they can not resolve the degeneracy’of many open shell'configurations.
These kindsiof treatmenttare intermediate in complexity between the ‘full .
ICAO- SCF calculations for pi- electrons and the very simple Huckel approach '
which does not handle electron interaction in any explicit manner.

HNeglect of Diatomic Differential Overlaps‘NDDO,g is a more compli-
catedvap?roximation. ~In this approximation products or orbitals on |
different atoms are neglectea in the_electron repulsion integrals. .In
as much as_this elegant theory_réquires the inclusion of all~exchange
integrals, where each of the two electrons under consideration:haseto
be in the'same center, it requires thehcalculation of a much larger number
of two center integrals; The immed iate application of this: method is,
therefore, limited to small molecules only.

Dlxon suggested an EMZDO method, Bk a method modifying the zero
‘differential overlap approx1mation by the inclusion of one center. exchange
integrals. Most of the approximations in CNDO are still preserved, but
the theory_is extended fﬁrther to account for the electron correlation
problem between electrons with the same spins. The EMZDO method»mainly
differs,from the CNDO method in two features: First, the inclusion of
one—center two—electron exchange integrals; and, secordly, the possihle
orbital dependence of one center Coulombic integrals. The closed shell
and the open shell calculations within th&s EMZDO approximation give in
most cases reproducible eguilibrium valence angles in the groﬁnd state

and excited states. Definite improvements have been made oﬁér CNDO and
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CNDO/Q'in:theivalence angie and dipolé momeﬁt'calcﬁlatioﬁs; Without
uéing too maﬁy empirical’parameters in‘the calculafions, this methodv
overestima%és tranéition energies, inversion barriers and coﬁfiguzafional,
splittings., Dixon propbsed a possible computational'method'for largé
molécuieé; Unfortunately, no spin properties‘have ever been mehtioned
in hi;'briginal paper; hence avdirectvapplication to ESR is.impossible.

| An approximation which is intermediate in.comblexity bétween the
CNDO and NDDO treatments has been propoSéd latély. The‘meﬁhod is quite
similar to Dixon's theory and is referred to as the Intermediate Negleét
of Differential OVerlaﬁ (INDO) apprdximationf85’86 It heglects all of
the differenﬁial overlap.intégrals except.thbse which afe oﬁéfcenter, but
retains the,invariagce4properties. IheAformalism of this meﬁﬁod is like
that of ﬁhé ﬁsual unfesﬁriéted Haftfee-Fock séheme, with the Lowaiﬁ‘:
prbjectiOnIOperatorsvanhihilating the major cﬁntaiminating spin'comﬁonent.
Such as‘method.ié particuiarly'uséful in applications to the‘spinkprd;

perties, of open shell s¥stems. | _

Most of the INDd:approximations paraliel_those éf CNDO.method.‘ The
general aﬁpyoximations in the Negiéct of Differential Overlap méthods are
the followiﬁg; First, in the computation of HF matrix elemenﬁs; certain

-lesseimportént electron repulsion integrals are neglected; for example,
three3aﬁd féur-center électron repulsion integrals are all éliminated

'in oraer.to substantially reduce the corpusation time and effort. Tﬁere-
fore, the calculations on large polyatamic molecules are feasible. Many
t%o—center integrals are also eliminated, but Coulombic integrals are

still retained so that polar and ionic effécts can still be considered

Cexplicitly.
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Secondly, invariance crlterla for the rotatlon and the hybrldl—

zation are taken into cons1deratlon, so that the approx1mate orbltal

wave function will have some of the same transformatlon propertles as’
the;wave functlon computed. by ab initio calculatlpn.' The rotatlonal
ihvériﬁnge require s that the approximate‘methbds of calculatién are
invariant to the rotation of local atomic'coordinate gystems;.fhe hybri-

dizgtional invariance requires that these methods are invariant to the

‘hybridization of the atomic functions of any constituent atom.'

" Thirdly, only those electrons in the valence shell are treated’

‘explicitly;.the inner-shell electrons are treated as a nonpolafizable

core.

Fourthly, somé quantities can bé readily calculated with the above

‘ appfoximétibn methods but can also be: easily determined from the

experimental'daté on.étomic systems; hence, calibrationsvof these methods
by using the exﬁérimental,data can help compensate fqu$ome‘errors éro_
duced b& the approximations. | »

The advantage of these NDO épproximations is that thej afe simple

enough to handle calculations of moderately large polyatomic molecules.

‘without excessive canputational effort. However,'the wave functions used

.in these NDO approximations still possess the important phyéical pro- '

pertieslof the molecule; thelr treatments of all the valence electrons

are sufficiently general and explicit to give some physical insigHtsjinto

" the nature of various interaction.

5, INDO Computational Method
. -

The INDO approximation ' describes the open shell molecular orbitals

as two orthonormal sets of linear. cambinations of atomic orbitals:
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" where thé b¢ffs are atomic orbitals cénter?d bn the component .atoms -of

B

the molecule, and the coefficients CLi and c.i are the eigenvectors of the
Hartree-FQck matrices. .

The unréstriéted LCAO-SCF molecular wave function fof n electrons

'(p of which have alpha spin and g, beta spin) has the form: .
LA o« : R
v o= (D) e v 0)ale) Hlpr)e(ee) ..
P e ()
These.molecularvorbitais are eigenfUnctions of a Hamiltonian operator.
In order to find two sets of coefficients that give the best values for

the orbital energies, the linear variational method is used. Hence, -the

- linear expansion coefficients should satisfy the matrix equations:
o _
P - e PP o wePRP (41)

Lo . - ' L a N
~where F , Fs are the Hartree-Fock Hamiltonian matrices, C and CB are

B

the matricés of.the linear expansion coefficients, Ea and E  are ﬁhe
diégdﬁél ﬁatricés of orbital energies, and.S is - the overlap matrix.k.
In TNDO c#lculatioﬁs differential oVer.lap is neglected in all -
multicenter inter-electron repulsion integrals-but_one-center atomic
exchangé.integrals are retained. The overlap inteérals are requiréd:
fbr all pairs of the atomic orbital basis fundtiéns? wherevthe'atomic.

orbital wave functions consist of Slater-type orbitals for the valence

shell:

B(50,9) = vy e (g1 Y, (6,9) ()
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given that n Zé, and m are the principal, azimuithal andfmaghetic_
guantum humbers, respectively, and Ea is ﬁhé orbital exponent. N is the
radical*ﬁormalization constant.

Y,. is normalized spherical harmonics. The overlap integrals,

faym
’which are evaluated from thesé basig functions fOrm'thevelemehtswof'an
overlap matrix'referred to the coordinate system of ‘the molecular frame.‘
The calcﬁlatidh picks pairs of atoms each time and computés all of the
overlap integrals>between the sets of atpnﬁc_functions centered on the
two atoms undér consideration in the local atomic frame. Thgn the over-
“lap iﬁtégfals in this frame are transformed back to_the molecuiar frame
.by-orthogonal transforﬁatidns, |
Nékt, the Coulombic‘integrdls are éalculated usingjthe?apprOXimations
for:the diagonal elements formed from - (I+A)/2 and the off—diéggnal
1elemeﬁts-fgrmed from (QZ + B;) Srs/g' |
The initial Fock matriqes, which are constructed ﬁhde;;the zZero-

fdifferential—overlap,extended Huckel approximation, are then diagonalized,

and two initial density matrices are constructed:

P g o a B
S S S SR A - (43)
; rs . i ri S1 rs i ri Sl ‘.

The Hamiltonian is then modified by five INDO approximations in the

, evalua%ion of the new Fock matrices.v These approximatiéns are:

(1). _The overlap integrals, Srs, between any pair of orbitals are
néglected;.except fhat the one -center overlap integral is set equal;.;
to L. (2) All ofthe two electron multi-center integrals, except that
in the two-center integrals, the nonzero integrals, (rr|ss) and {(rs|rs),
can be further expanded in terms of the Slater-Condon parameters; F, Gl,
and Fg, whose vaiues are obtained from atomic spectroscopic data.

bl
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(5). lDiagonal corg-matrix elements aié céiéﬁlated by separétiﬁg fhé 
 'interacﬁiQns of fhezorbital (centefed’bn atom A) into thoéé,ﬁith fhé.

COre_of atoﬁ,A and with each of thevcoresvof éther atons;'aThe aﬁproﬁi-
_ﬁation is_incorporated intothe egquation és: | |

H;gre = Uiire - =z '(erB]r)”7_ o (Lk)

re

where U;i . is a one-center core integral and (r[VB[r) is approximated

. by ZBFO; (4) Two-center core-matrix elements are taken aé;zero-if ¢r'

¢ y = + '
.agd ¢ are gentered on the same atom, whereas H (BA BB) Srs/2
if‘qSr and ¢S are centered on different atoms A and B. - The 32 and,B%
'arebﬂreatedvéé adjustiblé parameters. Under fhe above approximations,
“the Fock matrix in the INDO foérmulation with the 's and ) atonic orbitals

vrﬂas_the basis functions should have the form:

o core ' ”a
Frs = Hrs * Z [Prs<tuirs) " Prs (tr[us)] : :
tu C )
B core , : N B :
Fos = Ha + 5 [Prs (tu[rs) - P (tr]us)]
o tu : .
where B ' : .
' ge°re - y. - s (ylrs, |s)
rs ) rs B(+A) B

(5) One -center atanlc exchange integfals are also expanded in terms of
Slater-Condon parameters as those integrals i'nAp'proxir'nation.2

p

After the initial matrices, F and F© are diégonalizediand the
vdehsiﬁy matrices, Pa’and PB, are constructed, new Fock matriées cén be
.formed from the dehsity matrices uéing the above approximatiohs. Tﬁe.‘
_iteration procedure is repeated until the electronic energy canVerges

"~ to certain tolerable limit. Then Pré’ the total charge density-bond

order matrix, and the spih density matrix, Prs’ are computed from the
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‘charge density-bond order matrices for alpha and beta spin:

p o=+ p o p* PPy
rs rs . rs rs rs rs g

The expéétation Vaiue of the sﬁin density operator is:

Wlo (FPlW) = = o, ¢ (7)) ¢ (7)) R ¢ 2)

' ’ . : rs ' : .
and the.iéotropic hyperfine coupling congtant, A, of the Hagnetic nucleus
Of‘a radipai'is related to the electronié wave functibn by Eg. 10.

The iNDO open shell wave functions,accbunt forvbdth the exchénge
polarization and the hyperconjugation delocalizaﬁion of the_unpéired
eleétron.in aliphatic radiéals. .The INDO compﬁtation showsithaflmost
of the un@aired spin density still rémains localized in thefcafbbﬁ .
2pz atOmiQIOPEital and that ohly a small amount of it contributes to
the sigha system. The finite probability of the unpaired electron distri-
butioh at'the.éigma carbon or prbton nuélei accdunﬂs for the isotropic
hypeffine% interaction. Therefore, the signs and magnitudes .of the coup-
ling cohs’_cénts_ can be deduced unambiguously. The INDO methéd handles
sigma elecfrons explicitly in the calculation without introducing addi;
tional assumptions. In this LCAO-SCF-INDO treatment of all valence
electrons, numerous lsotropic hyperfine cdupling consfants fér various
nmuclei are correlated with calculated spin densities. Also in alkyl
s;bstitufed fadicals the relative weights of the mechanisms of‘the beta
hyperfine couplings can be determined by choosing a set ofICOUfofmationé.,.
An extensive study of ﬁhe hyperconjugation effect is possible within'
the approximation. | |

Thé INDO method‘seems to be useful invpredicting spin_deﬁéities

and hyperfine coupling constants. Tt is a definite improvement over
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"CNDO because of 1ts beuter accommodatlon of spln den51ty and atomlc ‘term
‘ level spllttlnge. With its moaerate canplex1ty and reasonable approx1-

hﬁtlons, 1t 1s valuable for predlctlrs and explalnlng ESR spectra Much

-attentlon w1ll be glven to its. further appllcatlons to ESR spectrcscopy

~in uhe future.

TS
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ITT. EXPERIMENTAL TECHNIQUES

A. Generation of Radical Tons

iMuch-attention has been given to radical chemistry'since‘the‘eétabliéh;
ment of thé ESR technique. A radicai anion or cation is a mbiecular.species
possessing‘a negative or positive charge as well as an odd electron. A
relatively stéble‘anion radical is formed if the molecule has a low-lying.
empty orbitél which the captured electron may occupy. On the other hand,
the cation radical is formed from tﬁe‘parentvmolecule'by fémoiing én
electron from the higheét oécupied orbital. The annihilationvintefaction
bf a radical with surroﬁdning species is sometimes rather rapid.‘yin genefal
.é cation fadical has greater reactivity than an anion radical:doés. Nega -
tive ions may be formed in'soiution by the attachment of solvated eléétrons
tovparént*ﬁolecules. - Radiolysis and photolysis methods of generatinéi
radical anions have been reported. Chemical reductioné»of éuitablév
electron.éCceptors aré also feasible; alkali‘and alkaline-earth metals
are often.used as‘the reducing agents. Alternatively, radical anionsﬁ
can be générdted by'an’electroh transfer process among radical anion and
other neutral molecules. The disproporfionations_of dianions can also
pfoduce radical anions. Eleétrolytic reduction may be perfgrmed tojférm
fadical ions. Among ail these'téchniqﬁes, the liquid ammonia—alkali..
metal system has the advantage to be a powerful reducing agent,.wheféas
the potential of the electrolysis is comtrollable. |

Liquid ammonia88 is one of the important basic, ionizing solvents.
It has a relativély high dielectric constant and dipole moment as well
as high van der Waals forces. Because of its strong van der Waals forces,

liquid ammoriia is able to dissolve covalent substances and even some
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 -ionic onés With highly polarizable ions; therefore most of the olefinic
énd aromatic.hydrocarbons'are'slightiy séluble in liquid;ammonia.* Parti—
cularly, it is aﬁ.exce&lent solveﬁt'for certainﬂgrganic ammoniﬁm,salts;
these.saits‘are good supporting electrblytes in ammonia; Since éiéctro—
lyte solutions can'bé produced'from ammonia and a wide rénge of Organic
solutes, iiquid ammonia is an excellent medium to éonduct redox reactions
for organié compounds.

Hexamethylphosphoramide is also a powerful aprotic solvent and is

capable of dissolving alkali and alkaline earth metals to_form?blue solutims.

This solvent is easy to handle because of its highést boilihg point, but
it also suffers a big,disadvantage in low temperature ESR becauée bf i£s>
high freezihg point and high viscosity.
| It is known that blue éolutions are férméd at the cathodeiéﬁriné the
electrolyéisvbf tetr@alkyl ammonium salts in liquid'ammonia.‘ The blue
_solutioné are believed tovreSemble the blue sOlutioﬂs of alkali‘metélé.in
ammonia,{ﬁhich have been regarded as conﬁaining métal cations and solvated .
electrons. The tetraalkylammonium ions and solvated e19ctrons,‘presuﬁed‘on'
the same basis, are pfeéent in thevsoiutions of aﬁmonia and sdme tétfaalkyl
amménium,salt during electrolysis.
In the presence of the solvated electrons and some reactivé;compound

in liquid ammonia, the radical anion may be generated. The eleCﬁrolyti-

90

cally generated radical anions have been successfully deteéted by ESR.
Liquid ammonia is used in the most of this thesis work as the solvent

v becagse of its high purity and low freezing poinﬁ, and also because of
ité inertness to radical anions and supporting eiectrolytes,_and its own

high reducing potential.

89



The excellence of cbntinuous eleétrolysis and thevadvantages of
liquid ammbﬁia as the solvent permits us to carry our‘study of radicai'
anlons further ﬁy usingAeleﬁtrolytic reduction éf organic_compounds in
liquid amménia.91—95 |

Radical ioﬂs‘in‘solution may undérgo vafipus reactions‘to.annihiiate
themselves.v.Some of the tjpical radical anioﬁ réactionS'which may océur
duriné the'generation of'radicals.by electrolysié in.liquidvammonia'are:
equilibrium between radicals and theif parent molecules, radical'anion

disproportionation, dimerization of’radicél ions and initiation.éf addi -
tion poiymerization, and electron transfer reaction between radical ions

' aﬁd theif'parent molecules. All of these reactions.may affect the éﬁist—:"
ence of a radical épecies and its steady-state concentration, relaxation
time,-iine width and line shape.

B. Modifications in the Spectrometer .

A conventional X-band 100 kHz spectrometer is used in this work. The
spectrometer was constructed by Levy and McCain, and'hasvbeen-used by

2
Levy9

-and Talcott95 previously. Nevertheless, several modifications have
been made to accomodate this work, and these are described in the follow-
ing sections. The block diagram of the modified spectrometer is shown -

in Fig. 2. ..

1. Microwave bridge

The bridge network has been substantially modified. The @iéroﬁéves
generated from»the LFE klystron oscillator are transmittied info the bridge
network through an isolator and a HP X375A varidble attenuéfor. ‘The 
microwaves are then}diVided into two portions at the ams of the magic

tee. One portion coming from the magic tee propagates tﬁrough anot her
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varisble fl‘avp‘ attenuator to ‘the arm No. 1 of o three port ci;'culafér; |
“the microwaves come ouﬁ bfsarm No. 2 of the ciréulator; andfare fea iﬁto
the resoﬁanf cévity affer passing through a direqtional coupler.' The
réflected microwa#ég from the caviﬁ& prbpagatedfbagkward to arm‘No..évéf
'thé circulator. This.portion of the microwavéS|cones_out of No. 3 arm.
of 'the ciréulator, and suberimposes aﬁ the detector arm‘with the other.‘
portion of the ﬁiérpwavés‘which cbme from the magic tee and propagates
4through_a HP X382A precision ﬁariable attenuétor and a HP_X885A waveguide
- phase shifter. The deteétor arm consists of a 10 dB directioﬂél.coupler, 
an isolator; and a crystal holder. When the impedance ofvthese two
sectiéns éf fhe network are matched and the two protions of the RF are '
adjusted to be exactly 180° oﬁt of phase withvéach othér, no microwaves
will appear at the detector crystal. Usually, a proper mismaféhingvéf the j,
i@pedancé is necessary.to give enough RF power for the crystal bias.
With tﬁis microwave bridge configuration, the RF power inéident on tﬁe
| resonant‘cavity may be varied without changing the detector biés.-_Hence,
this bridgé neﬁWérk can fully utilize. the maximum sensitivityAbf'the.crystal
~and, yet, suppress the dispersioﬁ mode of the'signal. | |

2. Phage sengitive detector.

A PAR model 121 phase sensiﬁive detector is used for demodulatioh
of the 100 kHz Zeeman-modulated signai and amplificatién‘of thé dc signal.
This 16ck in amplifier gives a more stable output and betﬁer linéarity o
(iO.l%) than the previously used amplifief. In the new setup,‘the output
first.derivative signals can be fed into either a y-t or a x-y reco%def
.for recording an analog spectrum, and can also be set'into a diéital volt-

meter for recording a.digital spectrum.'
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3. NMR tracking sysfem
The magnetic field can be measured through its interaction with other
physical observables. In particular, the interactions of the magnetic

7

field with nuclear magnetic moments, such as those of Hl and Li ,_éan be
'employed as field indicators. NMR gives accurate field readings and is
able . to be ﬁsed over a wide range of magnetic fields. Proton magnetic
resonancé givesra strong signal in the 3 kG region; therefore, it is ideal
for measuring the fiéldtin organic radicai ESR experiments. In our experi-

. ments, a water éample'probe has 5een used in the NMR magnetometer. A NMR
signal~canvbe.@?oduced dﬁring the swéeping of the.field dnly;if fhe proton

~ resonance condition is satisfied. Therefore, the infofmation‘obtained
about the field is limited to several frequéncy readings during each scan .
af thé magnétic field. Interpolation of the field,is necessary in order to
analyze the analog spectrum. This interpolation .relies on the accuracies
of the limited nﬁmber of méasurements and on the linearity of the field- |
sweep. In order to remedy these short comings, a tracking system was
bllilt so that the proton signal can be lbcked-in at the reéonaﬁxe varies
in accordance with the field variation; hence, the resonance is maintained
during the cémplete period of the experiment. This system giﬁes numerou.s
and accurafe field reddihgs so that thé'above difficulties are oVercome;

The NMR tracking system constructed in this laboratory. _It-consists '

of a fast loop trackihg ﬁnit and a slow loop tracking unit. The NMR mar;
ginal oséillator unit with a copper-doped water sample probe is used . as

- before. In the pfesent setup, the fast loop can lock a NMR signal.té-
the magnetic field within a range of 3 gauss; the slow-loop can track over

a 50 gauss width. Both loops has a set of two high Q voltage variable
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v'capacitOrs Which'arevparallelfcoupled to'étherfLC‘cifcuité in théfﬁetwdrk.
‘The biases on these varactors determine theif_effective éépacifancéé;._The
v.NMR osciliétiqn fféquency is determined bybthe overall'reécfance:of these
v 1lc networké; When the magnetic field is sweéping over thé sééctrum-region
and.the NMR oséillator_is locked-in t§ the field, the sServo éyétem coﬁ;
pares a éommand signal and a feedback NMR signai; an error_signdl.is pré—
- duced, ifvthere is any significan% diffefence between the two.signals.
.'The.modﬁlated 200 Hz error signal is detectéd,;démodulated, and amplified
| . by a-. phase aetector in the fast loop. Tts -output de signal is then fed '_into..
both thevsléw lbop sebtion'aﬂd the fast loop varactor bias nethrk;_bThe
MR frequerncy will change duve to the fast loop's var&étdr bias changéj
~on the other hand, the output fram the fast loop phase detector will
"alSo driveva slow loop de amplifier of a servémechanism, whicﬂviﬁ‘tﬁrn'
drives a 40O turn helipét in the voltage divider circuit; The_éhéngevéf
the biages of the slow loop varéctbrs shifts the osciilation fféquencﬁ'
- unitl no sighificant error signal remains in the wholelservo-Syétem.. _
This traékihg system gives an automatic magnetic field indicatibniiﬁ;;
 the‘f6rm of a NMR frequegcy reading from the HP\cdunter. The “accuracy
bf the tracking system can be as good as 5 milligauss. In_oréef.to'track
‘a wide range with great acéuracy, careful adjustments of the fast.loop phase
: detector énd slow loop dc amplifier are needed besidés the prbperlfuﬁiﬁg
of the marginal oscillator's level and gain controls. | |

L. Digital data acquisition system

A Honeywell-EI Automatic Data Loggin System Model S6114 is attached
to the spectrometer. The unit consists of . a HP. 5245, electronic counter,

a Honeywell EI 6308 digital multimeter, a Honeywell model 825 Oﬁtput
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Control unit and a Kennedy 1400 incremental.magnetic tape recorder;. This
daté aéquisition system is designed to record integrated ESR dc voltages
and NMR frequenéy measurement s simultaneously at the rate of six_measure—‘
ments per secbnd. The maximum resolution is 10 microvolts in the voltmeter
and_lOHz/sec. in the HP counter. Thevduﬁput céntrol unit takes t%e data 7
on parallelvlines from the digital voltmeter and the'counter. When it
receives priht camands both from the voltmetef and ffom the counter, the
ocutput cohtroi serializes and converts the data into 7—level BCD codes.
Each measurementvﬁakes up a 14 character word, and the data ié recorded on
the magnetic fape in recofds consisting of 80 words or less. The 1248 ABC
codes.of'the datavon thevmagnetic tape arecompatible-with bbth.IBM 1k01
and CDC 6600vcomputers uséd in the Radiation Laboratory for general tape.
handling ahd computationaivpurpose‘respectively. , : A

5. Computer programs for data handling

The‘digital spectra recorded on the magnetic tape Canvbevéummed and
‘averaged.to improve the signal to noise ratio. A special suming aﬁd
averagihg_Fortran program (SUMTAP) was written by A. Baudef for “these
purposes§ﬂ¥Moreover, a mathematical curve smoothing technique is also
included in this program. The summing routine improves thé S/N’by the
factor of theVSQuare root of the number of scans due to the incéherent
nature of the noise.: A least squares adjusted fitting program for ESR
organic radical anion spectra has been written by A. Bauderfp'This Fortran
program (ORGRAD) is useful in the assignment of the ESR spectruﬁ; the
parameters, such as coupling constants, line width, and spectrum center,

can be accurately determined. The extraction of C-13 or other isotopic

information from the spectrum may also be feasible. This program requires
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,thgjinput:péfameters in~thé spectrum center, intensity;Aline_widﬁh, éoupiing
'constanté} baseliné'shift, and_baseiine'drift. It also neéds-thé number
of-the différenf kinds of nuclei, their spih quantum.number,_and the equi-
:valent'nuﬁbéf 5f each kind of nuclei; The ﬁrégh&m requires iﬁput data on
th% experimenfal digitized spectrum which can bé produced. from the’SUMTAP
progfam. iQRGRAD cOnstructs‘the theoretical spectrum from the inpuﬁ para-
meters with the assumption of a Lorentzian lineshape for each of the
individual first derivative signals. The program_subsequéhﬁly adjusfé these
_parameters by thé leaét—squaré procedure procedés,until'the adjusted‘para—
meters'give'a theoreticé].spectrum which fits to‘the actual digi#al_spectrum
within the present limit. This process involves the inversion of a matrix
of the order of the nmumber of total ESR lines; therefore, the time,cén-
sumption in the CDC 6600 central processés increases dfastically‘as'ﬁhev

.number-of;mégnetic nuclei in the radical species increases. The finai

adjﬁsted fitting'paramefers'can be‘plotted into.the spectrum by'CélfComp
Plot or CRT Plot.v A typical plot is presented in Fig. 3, where.thg theo-
retical'spectrum is given by the solid-cﬁrve and the experimental spéctruﬁ
bj the cfosses; the difference of the two spectra is presented on tﬁe

bottom of_tﬁé plot with a magnification factor at the left hand cOrnéf;
The above modifications of the spectrometer were essentiéi fof the
detection of ESR signals and the improvement of the spéctral-qUality.

'The use of the circulator instead of the magicvtee in the Bridge increases
the sensitivity of the spectrometer. The line shape distortioh ié ﬁiﬁi-
mized due to the high linearity of the phase detector. The dispgréive
slgnal can be easily reduced because of the ease in tuning the ﬁiCrowave

bridge. The MR tracking system gives accurate field readings during the
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scanhing of the spectrumi Further digital data handling techniques may

be used along with the availablé, sophisticated computer:prograns.
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V. 'RESULTS'AND‘DISCUSSIONS

A, 1,5,5-Cycldoctatriene

l,};ﬁ-cyclooctatriene is not available comﬁericdlly; This is'pre-

sumably because, of its ihstability to alr oxidation and polymerization.
; . : :
| .

It] is. prepared frcm'cycloogtatetraene (COT) by zinc dust reduction _

in .alcoholic potassium hydroxide at steam bath temperature.loo cor

obtained'from J.T. Baker Co., or donated by B%dische Anilin apd Soda Fabrik.
A.G., s 0.1% hydroquinone as stabilizer. Filtration and vacuum
distillafign of COT immédiafely before use are necessafy. ,Thé féduction
of COT is cdrried out under a nitrogen atomsphere,.and é,few dropévof
aléoholic platinum chloride must be.added before any noticeable reaction
can occur. After a five hour reatction period.with_occasional sﬁirring,'
the préduct is first cooled to room temperature. n-péntane is‘uséd for
soivent'éxtraction, and the solvent is evaporéied under ﬁacuum:at room
temperature with a rotary evéporator. Vacuum fractionation with a lb
inch»columﬁ paéked with glass helices gives cyclooctatrienes ésltﬁe maih
200nstituents at Mo_mmvpressure and 60°C. The produet is yellowish in:
color and Containé 1,5,5—cyclootétriene and 1,5,6-cyclootatriené in
addition té a small COT chtaminatibn.' Further pufification ié'necéssary
to separate.the,CYCiooctatrienes from each other and from COT.

Varian Aerograph Model 90-P3 gaé cﬂfomatograph (G.C,) is'us¢§ Qith
a Carbowax-20M 5' 3/8" column and a He flow rate of AO ml/min. The: 
column temperature is set to about 90°C, énd the temperature of the in-
jector and collector are set around 200°C. Several.U-shaped glass tubing
traps immersed in a diy icexacetone bLth ére used for COllecfing of the
diffefent separated fractions. The retention time of each ccmponenf depends

'
¢



.

upon the flow rate, oven temperature, injection temperature, and
'_collector.temperaﬁure, and particularly upon the length of the éolumn and
its stationary phase. >Caréful selection.of the ccnditions and the
packing material will give good separatioh. Under the above G.C. pperating
condifions; i£ is essential to re-inject the collected sample into tﬁe'G. C.
foruhigher:purity. Usually, the twice purified material will be suitable
for ESR purposes. - | |
l,5,5-éyéiooctatriene is alscaprepared/from l,5—cyclooctadiene.lol
Research grade l,5-¢yclooctadiene from Aldrich Chemical Co. undergoes
allyic bromination by refluxing with N—bromosuccimide and sane benzoyl
zperoxide in carbon tetraéhloriae for ﬁhree ﬁou%s. Thé mixture,is_Cooled
.an&filteréd,vahd.the filtrare is then washed with dilute soaium carbonate
sclution and then with warm watgf. The carbon ﬁétfachloride is.év3porated,
,'.;énd the‘mohobromocyclooctadiene separated out by vacuum distillafion ?t
60°C and 1 mm pressure. . Dehydrobromination of the monobromocyclooctadiene
is performed -in a t-butanol solution. Potassium metal is added to an éx-
cess amount of t-butanol to form potassium t—butoiide in the sQlutioﬁ of
t—butanol.. The solution of monobromocjclooctadiene in t-butanol is theg
slowly added into the k t-butoxide solution at the reflux temperature.
After -two hours of refluxing, the mixture is cooled and filtefed.A Then
ﬁhe solvent‘is evaporated, and the mixture is diétilled uﬁder vacuuﬁ.
The distillate of 1,3,5—cyclooctatrigne can be further purifiéd by gas'
chromatography. This synthesis gives l,5,5—cyclooctatriene.freé from |
the contamination of 1,3,6-isomer and COT. Tt is, therefore, good for

ESR purposes, since any trace amount of COT may interfere with the genera, -

tion of triene radicals because of the Llow reducing potential of COT and
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and ﬁhé‘high sfability of ifs radical;anion relative to the radicai'anions
of~the'triené; |
ESR experiment ié carried out by tfansferfipg 10 mg of 1,3,5fcyclooctra—

triehe into_a precooled electrolytic ceil under ;acuﬁm, This cell already
contains tetramethylaﬁﬁonium iodide, which was piaced in'the cell béfore
eVQCUation.' Mathesonvreagent grade liqgid ammonia is next transfered into
~the cell. Thé éolution is well-mixéd by rising the cell-temperature.
slightly above the boiling point of fhe liqﬁid ammonia. After: subsequently
cooiiﬂg the.system down to about +60°CQ the cell resistence shbuia‘be of
the order of magnitude of l.megohm;u If the conductance is much lower
than this}Vélue, one'shbuld repeat the above mixing procedure ﬁo expel

any possible gas bubbles within the cathodé region Qf the cell.‘ The
'velectroiytic reduction of éyclooctatriene is carried out inside thé ESR
cavity undér vacuum.at'—606C. In order to search fér theranion radical,
the:magnetic field is swept cbntinuously near 3 kG and the éleétrolytic
vvoltage is gradually increased after‘each scamuntil ESR signals sfart

to appéar; vReadjustménts of the electrolytic vbltagé and carefﬁl tuning
of the spectfometer are necessary to obtain a well-resolved Spectruﬁ;
In.order to get a spectrum with symmetric first derivatiye éignals,

the microwave Bridge needs to be well-balanced by impedanée and phase
matchingé, and the klystron frequency‘must be stabilized on tﬁe sémple
cavity. In this case, the disperéion signal is iocked out, and only the
absorption'.component will be observed; Unfortunately, in our p?eseht
spectrograph, the reference cavity lock method is used;_therefoxe;vany
deviati&h of the phase adjustment in the birdge network or resonant fre-

dquency change in the sample cavity may give a certain amount of the
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dispersive component. The line shape and Widtn may:also,be altered by
improper choice of the modulation and normalized time const.ant99 inbthe
detection'cirouit. In the-recorder presentetion of the spectrum, line
Shape distortion'is not .a serious problem, whereas Eensitivity mav be
important; so selection of a'normalized filter time congstant about equal
to the peak—to—peek line width gives the best seneitivity for the spectrum.
‘Alternatively a digital spectrum mav be taken for data reduction. In
this case,ian undistorted line shape and the best reproducibility are.
highly desired; eo a filter time constant Which.is much smaller tnan the
line'Width has to be used. ”

An EBR - spectrum (Fig 3) taken at an electrolytic potential of 12 volts
gives the best Signal-to—noise ratio. The'spectral width is over.hovgauss,
and 125 out of a'poesibie 2&5 lines are observed in the spectrum;i Five
vsets of'coupling constants have been'assigned to the spectrum. Each
coupling constant shows a 1:2:1 intensity ratio pattern' therefore; five
sets of tWo magnetically equivalent: protons are present according.to the
spectrum. - The 1n1tial assignment is 51mulated by the ESR v computer
progran described in Appendix 1 of Levy s the31s.92

A digital.spectrum was recorded by the Data Logging System. After
the supming and smoothing manipulations of the SUMTAP program, an inter;
mediate output tape is produced for further datavreductionf‘ Tne'ORGRAD
least-squares fit program is used to improve the initial assignmentr'

The inversion of a 243 by 243 matrix during 2ach least square iteration’
. brocedure is quite time consuming even by the CDC -6600 computation._ A

good first order estimation of the input parameters;always take less itera-

tion steps to bring the fitting into convergence. The improved ass ignments

1
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~ of the coupling dohstahts and line width are listed in Table 1 along with
the initial:assignments for compariéon. The least squares adjusted
fitted spectfum is shown in Fig. 3..

Although this spectrum is well resolwved and the'cbupling_constant

¥
\

éssignment is unambiguous, scmé uncértainties still exist in the position
éssigﬁmént'of the coupling constants. Since neither Huckel né}.McLachlan
SCF giveé é good estimation for methylene proton coupling cohstanfs, simple
theoretiédl position assignment is imposéible<unless the recent INDO f"v
treaﬁment?is'used. 'The INDO method seéﬁs(to_be able to solve this ambi-
guity iﬁ,pbéition assignment. Nevertheless, a further éxperimental con-

firmation‘of'the assignments of the methylene%pyotoﬁ coﬁpling constants

‘is desireable.

B. -Di-deutero—l,B,5—cyciooctatriene
d2-cyclooctatriene may be préparéd.by deuteration of COT. The cor
" dianion is formed when Cdi is added to a THF potassium medium. Excess
deuterium oxide“of‘99.8% ﬁurity frﬁm Bio—Rad,Léb; ié then added fo react
with the COT dianion; The 1,2 addition of the deuterium gives>d271,5’5_
cyglqp tatriene and ﬁhe 1,4 addition of the deuterium produces the dé—

=@fclooctatriene isometer. A large amount of ice water is then

l’ 5,
slowly added fo the solution; the products are extracted and purified

as in the previous case. Spectroscopic data show that 80% ofﬂthe;product
is the 1,3,5-isomer and 20% is the 1,3,6-isomer. A close look étvtheir'
conformations and stereochémistry shows that both isomers are noﬁpianar;
hence, cis;trans deuterated .isomers may result from the deuteration of COT.
Furthermore, there areiendo.and exo types of isomers among the cis‘con—

formation of the 7,8-dideutero—l,5,5-cyclooctatriene, Within the presently
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available techniqués; the separatidn of_thésé cis-trans or stereo-isomers
iévnot_feasilbe.A An intramolecular l,5‘hydrog¢n shif't b&,thexmal'isomeri,
zation has Béeh observed in thése combéunds:' This process éanvaiso shift =
the deﬁterium to replace vinyl hydrogen in the ﬁolecule; fhéreforg; the‘
pfoduéfé can‘get evén more compiex. . |
The radical anion of the deuterated l,B,Smcyclooctatfiene has beeﬁ
generated by the procedure described in the last section. The ESR spectrhm'
‘is poorly resolved and has a comparativély smallér spectral width thén
t he undeutérated spectfﬁm. vThe_small ﬁégnetogyric'rétio and lafée nuclear
: spin give more ESR lines in a‘smaller.spectral widfh region. Nevertheless,
the main cause of the unresolved.spectrum lies in the-many.kinds of pdssible
isomérs.',Fbrtunately; the contraction of the ESR spectral width after
chutération 5till gives a qualitative picfure of the methylene prbton
coupling Qonétants. In order to compare the speﬁtrum’before and after the
deuteriumvsubstitution, a d2—1,5,5-cy¢looctatriene rédical anion ESR spec-
trum is presénted in Fig. L.. |
1,3,5-cyclooctatriene has a tub conformation (see Fig.d7). The com-

€6-110 and thermally

10%-106

. pound undergoes inﬁramolecular 1,5 shift of hydrogen

- equilibrates to bicyclo(4,2,0) octa 2,4, -diene valence tautomer.
Since the eight—membered ring is not in the planar conformation, the
ring may interconvert between the two possible tub forms by a ring inyer-
sion process. The energy barrier'for the ring inversion is, in genérél,
low. Hence, the ring flipﬁing process at room temperature is fast and
easy. Under this circumstance two identical atoms or groups, Which are
attached to_a'common atom, are offen~assumed to be indistinguishable. Ag

we lower the experimental?température and shorten the Qetection interval,
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these two aﬂoms may be magnetically distingushéble. No exact energy
barrier for the ring flipping has been determined for 1,3,5 cjcloocta;
triene; but it ié expected that the barrier is.about the same order of
magnitude as for COT, that is, about 7T kéal/mole; This is a reasonable
éstimatigg aécordiﬁg to two determining‘factors'in stefeochemistry, ile.
aﬁgle strain and non-bond interacfién. |

The ESR experiment is ideal for revealing information about the
ring conformaﬁion of the radical species. The'spectrum of the anion
fadical of 1,3,5-cyclooctatriene obtainéd at —60°C shows no quintet
pattern éf.intensity ratio 1:4:6:L4:1 existing ahywhere.in the spectrum.
This;resﬁlt'rules Quf the existence of four equ%valent‘ﬁéthyiene protbns
in the radical. This gives‘a strong evidence that the raéical anion in
.solution does have thé nonplanar ring conformatidn. It élso shdws that
the rate of inversion at -60°C is slow compared with thé_frequenéy separa-
tion between the.multiplets in the ESR spectrum, since the modﬁlation_
of the methylene proton hyperfine coupling constants by the ring inver-
sion processlis ﬁbt observable from the spectrum.

Aﬁother.interesting feature of the radical is its ESR‘spectrai width.
The spectrum has a width of 46.7 gauss,.which is much lérger than the width
of cyclooctatetraiene ;adical anion (25.6 Gauss). The possible éxiétence
of the negative Spin-density and the hyperconjugation fram the methyléne groups
contribute to thevwidth of the triene radical spectrum considefably. The -
main contribution to the extraordinafily large spectral width comes from
the presénce-of the methylene groups. The contribution from ﬁhe p¢ssible
exiétence of ‘negative épin dens ity in this alternant system is, in géneral,

~

small; whereas the methylene group coulping constants depend upon the
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radical_conformétion. "This radical appears to ﬁave large métﬁyiene proﬁon
. : ‘ o B

couplihg constants than that of_cycloheptatriene;‘ In the éyclooctatriene

'radicél>ahion; the nodal plane of the odd eiectron wave function ié betwgen

the two methyléne grdupsvwhile,in cycloheptatriené_if is coincident with

: _ S |

its single methylene group. Hence, @helhyperconjﬁgation:effect“m?y play

an imﬁortaﬁt role in éycloocfatriene radical anion. The difference.

between ﬁhe spectral width of thé cyclooctatriene and that bfvcyclohepta—

triene radical anionvshould be.mainly‘due to hyperconjugation. - .
The.angular'dependence'of the beta proton coupling.éohétant is an-

othér reéuits of the hypercdnjugation efféct. In 1,5, 5—cyclooétatriene

radical ahion; thé endo- and exb‘pfotons give.significaﬁtly différeﬁt

coupling'goﬁstanté. The endo— proton is believed to have a, larger coup-

' iingvconsféntvthan the exomethylene proton. If the‘hypércOnjugafidnvof

the mefh&lene groups‘cones m@inly from the bz orbitals of.the aléha’car_

bons, Edg. 24 or Eq. 25 should give a reasonable estimation of the dihedral

1 and hydrogen atoms on C8' An order of:magnitude

angles between the C
calculationvcén be carried ou£ from Eq.‘Qh, if the spin polarization
‘pérameter Qris equal to 2&.9,Gauss and the coupling'constants’ére aéSigned
according to Table I. The dihedral angles calculated from the above 
'assumptioh’aré 7h°, for the exomethylene proton and 55.5° for the éndo
proton.. .From. Fig.5-: the pfojection of the .bond angle (£ HCH):'of ‘the
methylene group to the plane perpendicular to the CS—Cl‘bond éﬁoulﬁ be

=}

1207, but the above calculation gives the angle 108°. Hence, there must
be some important contribution to the beta hyperfine splitting elsewhere
which has been neglected. One possible contribution is the transannular

interaction between the methylene protons and theirwnonadjécént carbonvpz
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orbitals. The tub conformation of the radical leads.to a largevihtefaction
from thevéz orbitgls of CB-and Chf Tﬂis.type of interacfion does not

~commonly oédur in most of the aliphatic chain.QQ}eéules, but i£ has been
thserved in'ﬁany of "the ring compounds. A similar ESR result has been
igported fér the nine membered ring cgmpopnd;\ The radical anion of.lithium

o; potassiumvmonohomocyclooctatetriene ér that'5f cyclononatetraenglhas
ah,ESR spectral width well over 4O gauss;vand the coupling constant for
the enddvmethyléne proton is distinétly different'from that of the exo
methylene”protoﬁ is distinétly different from that of the exo methylene
proton, with a fétio of 2.6 between them. It is also'peportedvﬁhat the
temperatufe»&ariation from —90°C to -30°C give$ gnly siight éhange in fhe
: éoupling_constants of the methylene protons.. The total splitting ffom
the 51efihié protons is ca. 26 gauss which is about the sane splitting as
we observed in the ESR spectrum of the radical anion of cyclootatriene.
The spin polarization contribution to the‘methylene proton hypérfine
splitting,ié estimated to be 0.25 gaués according té Eq..25; but a value
of 0.77 gauss is obtained from the gigma-pi interaction pafameter of }2.78
gauss,'ﬁhich was experimentally evaluated from the radical anion spgétrum

51

of cycloheptatriene. The above calculation shows that spin polarization

plays only a minor role in the total hyperfine splittings of ﬁhe;methylene
protons. |
Deuteration is, 1n general, not a stereospecific reaction. -Alkali

metal reduction of cyclooctatetraene followed by addition of the deutérium

104,110,111

oxide gives a mixture of d,-1,3,5 cyclooctatrienes. _»Both'cis—

2

and trané-?,S—dideuterated isomers are present in the solution. Thermal

isomerization can further shift the .labile deuterium to the vinyl positions.



When the rate of 1nver31on is slow at iow temperatures, the endo and exo
p031t10ns of the methylene groups are ﬁagnetlcally nonequlvalent.l This
féct has been found in the'NMR'expériment on C8H8D ahd COT—métal cafbonyl.
A strikinély‘large chémical shift between. the endo and‘exb—methylene :
protons is>obs¢rved. The ESR spectrum of the radical anioms in the mix-
ture giveé iittle detailed information.abOut the coupling constants}
Fortuhately, the tétal spectral width'can_étill be accurately meaéured
fran the two outermost liﬁes. Careful selection éf the high purity of

the deuterlum oxide can minimize the presence of the C8 10° .Low tempera -
turp prparafLon and purlflcatlon can reduce the rate of the 1, 5 deuferlum
cshift by thermal isomerization. The 7,8~ dldeutero 1,5,5=~ cyclooctatrleneo
congist ofvthree species which are designated accordlng to the deuterlum
.location: +trans, endo-cisy and exé-cis isomers. The ESR spectrum of
the.trans-7,8—dideuterated radical anion should give five sets of proton
coupling coﬁstants, whereas each of the endo-cis and exo-cis specieé should
vgive four‘proton coupling constants.and one deuterium coupling éonstént.
' The overlapkof these three spectra give the totél oﬁserved'spectrﬁm}

The measufement of the total width.of‘the spectrum shows the e%ten£ of

the shrinkage of the hyperfine splittings due to the substitution of
protbns'bj deuteriums. If either of the cis forms gives the predéminate
spectrum, the shrinkage can be employed to assing one of the éoﬁpling
‘constants to the methylene groubs; On the other hand, both of the ﬁethy-
lene proton coupling constants can be assigned, if the trans.cbﬁformation
is the}méjor camporent in the mixture. - The chemical reductibn‘by_potassium,
in fact, favors the transl,2-addition of the deuteri@ms. Henée,'béﬁh of

the proton coupling congtants of the methylene groﬁ;s can be'éssigned,
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The déﬁtefatéd i,B;B—cyclooctatfiene'rédical ahibn has an ESR
'épectrum-with é width of about 34 gaﬁss;itherefore,Jthe-poéitioﬁ aséign-
~ment based-dhﬂthe'knownvihformation_ffom.the cycloheptatriene agreeé
-~ with the deutération experiment very well, The-methyléne-pfotqns have

ﬁwo coupling constants of 9.6 gauss and 1.0 gauss.»'The noneqivalence of

the methylene protonvcoupling constaﬁts caﬁ not be explained by Huckel
MO method; and the angular dependénce relation aione is still unable

to explain the splittings quantitatively. A refined quantitative all-
valencefelectron éalculatioh is needed to further confirm the assignment.
Poplefs'INDO compu£ation has sucéessfully prédicted-many hyperfine splitt—“v
'ings in.variOus kinds of radicals; therefore, it is a worthwhile effortv
to examine the INDO calculation fOr.this.partiéﬁlarly iﬁteresﬁing ring
compound.. The result should be a crucial test for the validi£y'of this
cOmputétionql method.

In the INDO approximation of‘the HF;SCF-LCAO-MO caiculatiﬁn the
proton hyperfine coupiing constants arevacéounted for in terms of spin
densities; The calculated results by Pople ana his cowbrkefs agfee
very'weli'with the experimental ESR data in most of.the planar aromatic
radicals. ‘Initheir calculations the sigma-pi interéc£ion parémeter of the
McConnell relation could be examined from the spin densities at‘the pro-
ton andvat"its adjacent carbon. The relation is observea to hold remark;
ably well‘in most 5f the planar aromatic radicals; and the Q value is
found to be -22 Gauss. In order to apply the INDO method to fhe éystémv
1,5,5—cyélooctatriene anion radical, a géometrical model of the radical
.must belassﬁmed.- The uncertainties in the equilibrium conformation can

greatly diminish the significance of the theoretical calculation. Never-
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'thelesé; iﬁlis reésénablé'to assume tﬂat the radica;'possesses the same
conformationlds its parent molecule for the INDO calculation. The INDO
calculation of_the”radicél anion of 1,3,5—cycldoctatriéhe-is based on the
model of‘thevneutral moleéule (see Fig; l?j. The‘input coordinates fér N
“the carbon atoms and the hydroéen atoms were roughly estiﬁatéd from the

'mddelév_‘In the model, the bond lengihs for the carbon-carbon bond
between “ﬁhe'sp2 carbon atoms are i;hOA, and the bond iength between two
sp5 carboh atoms or between the sp2 and spB'carbon atans 1is aﬁdut 14k A,
All thé'C-H bonds are assumed to have the bond lengtﬁ 1.08 A; ,The cg1_
culated'proton coupling constanté by INbO method are listed in'Tébie
alqng’with fhe experimental_cou?ling constanté for ﬁémparison.  Based on

- the assuﬁed ﬁodel, the INDO calculatién overestimates both tﬁéAt0t§¥vSpec;
trum width énd the coupling constants at protoné H(2) and H(5). It also
predicts a large coupling constant at H(3) or H(L) which is negativé in
sign. Howevér, the. calculation indicateé quite different values for
coupling constants of the exo and endo methyiene protbné. It predicfs
a small'hegative.coupliﬁgvconstant for the exo methylene protons ahd.

- a relatively largé and positive coupling constant for thé endo methylene
protons. The INDO method clearly points out the role of the hypercénju—
'gation mechanism for the hyperfine splitting of the endo methylene protons,
whereasbqnly a small gpin polarization effect causes the splitting of the
exo méthylene protons. However, the calculated splitfings for.ﬁhe methylene
protons are still smaller than the experiméntally observed oneé. The fa ilure
of the INDO calculation to predict the correct coupling constants'fér the
vinyl type protoﬁs does not.necessarilyvreflect the shortcomihg‘of the

INDO approximation, since the actual cohformation of the rddical anion
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may be QQitevdifférent from the:model.uséd in our calculation. Ne§¢fthéiess,
it does indicéte that where the sﬁin dénsities calculation by INDO méthod
is Qefy sengitive to the‘geometrical model of ﬁhe fadical speciés. .Any
slight erfér in estimatihg the confofmatién for the,iNDO calculation méy
vﬁéad to the false hybridization of the carbon orbitals and, thereforé,
a large deiwation in the spin density. Pople's result in some of the non-
plaﬁar or nonbenzenoid oiefinic radicals reflects the importance of the
 radical geametry. The calculated methylene proﬁons coupling’cbnstanté
of cyclohexadienyl fadical ig much lérger than the Qbsefved>§ne; énd‘the
'protons atbthe alpha, carbohs have a coupling constant and opposite invsign.
It is believed that :a better agreement between the ébéerved couplihg
constants and the INDO calculated ones may be‘bﬁtained, if a more pré—
cise mbdel can be selected for the calculation. The geometfical |
| difficulﬁies associated with this calculations is discussed in.Appendix
Since the INDO.calculation of a planar cyclooctatetraene radical
anion giveé a reasonable coupling constant for its proﬁons, one may be
interested in evaluating the coupling constants for the protons in 1,3,5-
cycloctatriene radical anion with the assumption of a planar conformation
of the ring. The bond lengths of C-C Bonds were all assumed to be equal
to 1.40 A as the Pople's Model B and ih this planar model the coupling
constants evaluated from the INDO method aré equivalent for the endo and
exo protons. This model als predicts large coupling constants for the .
protons at C-3 and C-4. All the vinyl protons except the protons'at'C-E
and C-5 have negative coupling constants, whereas the methylene protons
mve posifive coupling constants. Although the agreement with observed

coupling constants if fairly poor for the planar model the INDO method

“



TABLE I. Proton Hyperfine Coupling Constants of 1,3,5-Cyclooctatriene Radical Anion

Position HMO " Mclachlan | -b moo - Exp.t ]
b c :

H(1,6) -5.61 | - 7k ok s "_6'..8'7_5' l'

H(2,5)7 . -1.5% - o, o6 2.0 o ‘1‘.502.

H(3, k) S o -hsg 8.2 7.8 o hshT

H(7,8) +o.77d | +i.02d | 3.5 3.5 - 9.581

H(T',8") ‘ +o.77él +1.oe.d -O.‘vl 3.5 . 1.01;2"

Experlmental Assignment of the coupling constants based on the 7,8- dldeuterated 1,3%,5-
cyclooctatriene and the assignment for the spectrum of 1, 5,5~ cycloheptatrlene The magnltudes
of all coupllng constants are in Gauss.

bINDO calculation based on the Model of the neutral molecule (see Fig.l7).

“INDO calculation for the radical assumed to be in its planar confomation.

dUsing Levy's method for hyperconjugation.
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.does givé & close prediction of the total spectral widih. »T_h.e. INDO
.ﬁethod based on the planar model with a C—vaoﬁd length of i.MO_A'gives
) gauss for the total épectral ﬁidth, which is very'close fo the
experimental total width. | -
| The basic Huckel MO calculation gives no.infornation about the spin
densitieé,at the methylene groups. Levy's formula incorpofated'with the
HMO methoa yields some information about thé spin densities at vinyl pro-
tons as wéll és at methylene protons. Unlike the INDO method, the Huckel
écheme does ﬁot consider the geometrical faétors explicitly;vit,alSO_
‘possesses numerous adjustable input parameteré. Hence, it gives good,
agreemeht_to thevopsgrved coupling constants ?f olefinié»protons,.if
the variafion>of the B value is from 0.8 to 0.9. Since the B falue can
be related to the overlap intergral, which is a function of the bond ais-,
tance and. a function of the twisted angle of the p-orbitals from.théir
coplanarity, the approximate geametry can be estimated from the calcula—:
tion. The values of 0.8 or 0.9 for B imply that there is about 30° twist,

between the_pz'orbitals at the Cé and C, atoms. Levy's formila is 1ess

3
useful in our case, because thé f amula is based'én the concept qf group
orbitals‘for.fhe methylene group. In our case the radical possesses -
nonequivalent protons at the methylene positions, but Levy's formula

can predict only the equivalent coupling constants for the endo and exo
methylene protons. Thewcalculated reéult shows that Levy's formula giveé
a close prediction for the coupling constant of éxo protons but much £00
small a prediction for the hyperfine splittings at endo protons. Lévy’s

-formula incorporated with the McLachlan approximation gives an improved

results for the methylene protons at exo positions; it also gives better
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agreement for the coupling constant at the C-1 and Cc-6 positions.

c.: Carbon-15 Satellites in Cyclooctatetraene

A cyclooctatetraéne radical anion spectrum has been recorded by Katz
and Strauss.‘ The radical anion gpectrum in DME or in THF using lithium

98

as the reduéing agent exhibits some satellifes. Strauss -and Fraenkel
éoncluded that they afise from C-13 splitﬁings. No satellite Eas been
obéerved invliquid-ammonia.92 In the liguid ammonia system the exchange
the exchange and line broadening effects increase the line width considerf
ably; hence, these broad proton lines obscure the C-13 information completely
in tﬁe anéiog spectrum.’ However, the least-squares adjusted fitting'pro-
gram cdn bé'used to extract satellite informatioh ffom the predoﬁinate
proton signals, underneath which C-13 satellites are buried. |
Thevcyclootatetraene radical anion is generated in liquid-ammonia
or the THF. In a THF solution, the satellites appear on the sboulders
of the main proton lines in the analog spectrum. The proper paranefers
are found for the simulated plot by least-squares iteration proceduzés.
The simulated specﬁrum'contains only the informatioh for the protoné accord-
ing to fhe spin Hamiltoniam.of protons. Hence, the difference of fhe simx
lated from the experimental digital spectrum contains the inférmation
abour the C-13 satellites and any other discrepanciesvwhich exist between
the experimental results and the theoretical computations. For the COT
radical anion in THF the application of the ORGRAD program revééls the
centef location of the satellite without height and width corrections.
Oh the‘other hand, the ORGRAD program applied to thevsystem_in ammonisa,
gives more fruitful results. The existence of the C-13 satellites appears

only after the substraction of the theoretical proton absorption signals.

H SR
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" Nevertheless, thevtgchniqué has its limitations due to the existehce-of.
vdiscrepahcies in thehleastgéquares fittingt These discrepéncieé fesult
from fhe presence of a dispérsion signal as well as the abSorptioh |

. signal. Their minimum intensites of the dispéréion signais were about‘
fB% of the absorption signal intensitiés’when the magic tee.bridge nétwork
{in the previous spectraneter setup was used. After the modifications of
the bridge ﬁetWork and introduction of the PAR phasebdetector; the tuning
of the-spectometer became simple. The dispersion signals are suppressed
to the limit of 1 to 2% of the absorption signals. The inclusion of the
d ispersive‘ccmponents of the Lorentzian lines into the least-squafes fit
procedures has a.slight but noticeable improvement. .This seems ﬁo be.one
.of the shorﬁcomings.of the present spectrcmetér;' Part of the discrepancy
nﬁy.also bé from the NMR tracking error. This maybe a major soﬁrce of
error; the reduction of the scan speed may very well eliminate this
tracking erro considerably. For comparison purposeé, cor radical anion
spectra in-THF and ammonia are shown in Fig. 6 and Fig. 7 respectiwely.
From eithér Fig. 6,or Fig. 7 one may notice that the‘discrepanciesA
between the theoretical and experimental spectrum are more pfonbunced
underneath the stréng derivative signals. This noise seems tb be de-
pendent on the field and élso the singla intensity. One may also
notice tha£ the noise'becomesvlarge where the slope of the first deriva-
tive signal is steepest. The noise which superimposes on the strong

ESR signals may result from the uncertainty in the field measﬁrement.by
NMR tracking uniﬁ br it could be from the presence of the dispersive
éompOnent of the ESR signal. The dispersion signals can be éuppressed

to 2% of the absorption signais, if the present microwave network of



our spectromefer‘iS'weil balanced; The noise shown in'the'errof curve

of the.leést¥sqﬁares adjusted fitting spectrum are’at leaétva féétor'

of two strbﬁger,than what the dispersive components‘mayucontribute. SOn
the other.hand, if the MR tracking system has a un_cértainty,of‘ 15 mG, ‘it
can generate enqugh noige at the locations'of ﬁhe cénters of'thé lines
to‘sméar{but any significant information at thoSé location of the épec-
trum. The uncertainty of 15 mG in the NME wnit considerably 1 limits
the usefulness of our digital data.acquisition system, althoﬁgh thévNMR

oscillatof alone can have. very accurate frequency stability.

D. P-cyano-pyridine-N-oxide

.Thé Sample of M—cyand—pyridine—N—oxide was bbtained from‘Reilly_‘
Tar and Chemical Corp. and used without further purifiéation; A.lO@g.
sample‘waé.ﬁsed for electrolysis in liquid ammonia at -60 C. ‘No ESR signals
 can be observed until the applied electrolysis véltage is'gradually increased
and reaches léO volts. At this voltage setting, the ESR signais increase
in intensity rapidly and tﬁen begin to decrease. At tﬁe mean time,
~a gingle ESR signal éppears and gradually increases in inténsity. This
-singlg ESR signal resemblesvthe signal observed in metal-ammonia systen&
and ié.identified as a solvdted electron signal. Whenvthe applied‘vcﬂtage
is lowefed gradually, the electron signal stops growing, but. the rédical
anion spectrum does not begin to recover its intensity untilftﬁe voltage -
ig lowered below 50 volts. The best radical anion spectrum is.obtaiﬁed
in the presence of a solvatedveleétron signal at 30 volts of the applied
electrolytic potential. The spectrum has a width of about 30 gauss.and
consists  of three equally intenze groups. Each group has a large 1l:1:1

triplet which is further split into a multiplet structure by two 1:2:1

\’!‘

! ﬂ . . ) . Pu
0
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- TABLE II. P—cyano—pyridine N-oxide Radical Anion in Liquid Ammonia

‘Poéiticn B | Coupling Constants (Gauss)
Experimental HMo© © MclLachlan™ @ - 1mo d
N(ring)f; | - 9.31 50 9.k : '10.26
H(2,6) | - 0.85 2.7 . 3.l ' o.éo
03,5 . 2. ' 0.72 0.77 Lok
N(e=w) 1.8k | 130 1.64 o ‘; 1:97

®¢ factor of the radical anion 2.0034+0.0001.

bposition assignment based on INDO calculation. -
5

_ N(rlng)coupllng constant calculatlon based on Ayscough and Sargent J. Chem '
Soc. (B), 903, 907 (1966) .

_dLambda value for Mclachlan calculation is set to .1.
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tripiet.pétterns. vWith‘the above observation the analysis end the essign—
ment of the*spectrum.becomes eimple Four coupllng constants have been
assigned,tc the spectrum. . The trlplet spllttlngs with thé 1:1:1 inten-
eityvpattern come from the hyperfine interactions of the nitrogen nuclei
with the unpalred electron; the 1:2:1. trlpletc are a031gned to the proton
'hyperflne coupllngs w1th the odd electron. 'The dlgltal data can be

handled by SUMTAP program and then th e spectrum parameter‘can be fitted
by.ORGRAD‘p.rogram.~ The fitted spectrum is shown in Fig. 8 and the coupllng
vconqtants are llsted in Table IT along with the Jnltlal‘aSSJgnments made
without the use of the data acQuisition system.

Since the cyano éroup lies in the symmetric plane of the ring, no
ineéuality of the ortho or meta protohs is'eXpected; this has been con-
flrmed from our experlmental observation. On the other'hand “one alSo
expects thatlthere is a nodal plane of the first antibonding orbital of the
pi electron thlch coincides with the symmetric plane across ,-l and C.k.
Hence a‘small hyperfine splittings are.expected for:two nitrogen gtoms,
However;'it isvfound that heterocyclic nitrogen‘cucleus gives arlargef

coupling'conStant. This may be qualitatively explained by the etrong
electron withdrawing effect of the nitrogen due to the N-oxide bbnding;

the nitrogen donates its lone pair electron to the oxyéen and;

therefore, both its conjﬁgation and its inductive abilities are increased
ccneiderably. Hence, a large portion of the spin density is.ioeated at-

NO fragment of the radical. The spin polarization parameter, Qﬁ, off nitro—
gen may'alsoVincreasevcoﬁsiderably. This fact has been observed by Tal-

cctt in the Qg of pyrindine N-oxide comparing to that of pyridine.

\
'
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In‘fhe.tﬁeoretical evaluation of the spin densities by the HMO
and MeLeehian methods, the Q values derived by Ayscough and.Sargent
were ﬁsed. The McLachlen method gi&es good coupling chstanfs.. The
Huckel MO_method evaluates smaller coupling chStents then the experi-
‘ﬁmental valbes. -Alternatively, Q values derived by Talcott.are used ih
the ealeUIatiens, Sihce these Q values are censidefably larger than
‘_the Q_values derived by Ayscough's method,'A smaller spin density-at:
}nitrogen:er oxygen atom than the value calculated from the MeLaehlan
method is.needed to match with the experimental nitrogen coﬁpling con -
| stant;‘vTﬁe HMO methodeith Talcott's Q parameters giveS‘an A(I) of about
1h Gauss,'which'ié not too far from the expeﬁimental coﬁpling'coﬂstent.
Accordingfto either the HMO or McLachlaﬁ metﬂod, in the ekperimenfale
assignment of the coupling constants of the ring protons A(é;6) |
should be greater than A(5;5) rather than the present assignment;‘ Hows= -
ever, tﬂe highly appreximate nature ef the HMO and McLaehlen.method
mkes us_belieQe the more quantitative INDO method. vThe INDO.methed
gives suprieingly good agreement with the eﬁperimental coupliﬁg COn;fv
.stants! but it disagrees with the HMO and Mclachlan methods in the
position'assignment of the ring proton coupling constants. Ueing tﬂose
bond lengths in Model B of Pople's calculation and‘a piéﬁar éeemetrie
‘model for the radiéai, The calculations were performed witﬁ the
assumption of standard sp2 and spl bond angles. INDOC can differentiate
between the two protons at the 2,6 position and also theppretons efuthe
v5,5.poéitioﬁ in the ring. Experimenfally, the line width of O.lhh 
-~ gauss smears out any possible difference between the protonlcoupliﬁg

constants at 2,6 position (and at %,5 position). This is an evidence of
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the usefulness of the'unnastrictéd MO-SCF calculation with INDO approxi-
mations.in predicting and assigning the.ESR spectrum.
E. Pyrazine
ESR spectra of the pyrazine radical anion have been previously
95-96

‘reported in THF and DME with potassium reduction, in acetonitrile

with electrochemical reductién;96 in DMSO,97 and also in liquid ammonia.
Stone and'Makivobserved the carbon—iB isotope signais in natural abundance.
They uselfhe conVentional method of the detection of.tﬁe isétope satellites:
bdostihg_the gain setting of the spectrometer.’ The'measuremént of'thé
séteilife coupling constant éhould involve height énd ﬁidth corrections
because ofthe presénce of -the strong profon hyperfine signals,9$  Iﬁ
should be easy to extract.the satellite information directly from the
:digiﬁél spectrum by using the ddigital'data,acquisition systém and sophis-
ticated éqmputer programs.

The anion radical is generatéd in liquid ammonia (or DMSO).by electro-
vly%ic reduétion, using 0.001M pyrazine with added tetramethylammonium
iddide (or tétrabﬁtylammonium perchlorate) as the supporting electrolyte.
ESR signals start to appear and begin‘to build up iniintensity shortly
“after l'volt is applied across the sample cell. The digitial épecfrum
obtained at 10 volts has a good signal—fo—noise ratio:and is shom in
Fig.9 (and Fig.]iD. .The weak C-13 linés are bbserVea.at bothsides of

: thé'proton éignal. With 1.1% natﬁral abundance, C-13 has a magnetic
mohentvof Of7021 nuclear magnetons and_a spin of 1/2. The study of the
C-13 satellites becomes intersting bﬁt quite simple because all four
carbon atoms are equivalent. |

The spectrum of the radical in liguid ammpnié (Fig. 9) shows that
'onLy opé of the two carbon-13 signals is observéd ahd it lies mi@way

'
'y
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between ééch.of tﬁé fwo méin préton hyperfine.lines. The C-13 Has é
coupling constant of_2.82 gauss with a line width paféméter of 0.292'
gauss. The proton cbuplihg constant.fdund,in“the spe¢trum of the radical
in ammOnia'ﬁas a value of 2.709 gauss. The closeness of the proton aﬁd
ﬂQ—lB coﬁpling:constantS'énd the lérgé line width céntribﬁte to the acciﬁ
dental 1ine”overiapping.of the two C-13 satellites.

.Wheh'theAexperimehts afe carried out in:diemthylsulfoxide, tetrabutyl-
ammonium perchlorate'ié used as the supporting eléctrolyte.j'A detaéhable
Side—armhtube is designed to serve the purposes of éondensing'and mixing
:0f the sample and the solvent. It also serves as a swit;h between fhe
‘electrblyéis cell and the vacuum system to avoid any_exposufé of.thé |
solutién_tb the atmésphere duringvthé entifele%periment. The DMSO
used for ESR purpbses must be pqrifiéd'by bulb to bulb distillation from
LiAlHu._'During the transfer of the sinple or the,solvént, thé sidé;
arm tubé'ié cooled by liguid nitrogen. The ééndensed,sample‘énd the
solVent;arg then'allowed to warm up for qﬁxing.pprpbseslpriqr to the
transfef into the cell. The cell containing the soiution_is thén réady for
 electfolysis. The.rémaining piocedures are.the same. a8 in thé liquid.
ammpnia eXperiment. |

| In the solution of DMSO, the line widths of both the proton and C-1%
hyperfine signals are narrOWer;.moreover, the.proton coupling consténts
is reduced to 2;639_gauss; The combined factoré of the line'widt.h_‘i
and céupiing constant yield resolved C-13 satellites with littie‘ovef—
lap. The perturbation of the coupling constants and line widthé by the

solvent causes the interesting observation of the change in spectral

- patterns. A variation in sigma-pl interaction parameter Q is also observed
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beéépse of the solvent perturbgtion.

>IﬁjMaki’s experiment, the coupliﬁg constant of C-13 satéllites
can be'rdughly mea sured by inteipolation of the magnetic'field.measurement;
the intéﬂsity of the satellites, thus,_caﬁ,be éstimated from the line
width of-the_éatellites.. A large uhcertaintyvmayroccur in the intenéity
bmeasurementvof the C-13 sigﬁalsbbécause of the rough meésﬁrement in the
line.width. Since ﬁhe present data acquisition_system and data,reduction
méthods»give a'reliable‘field'measurement and the intensity méasurenent
Becoméslmuch éccurate>with the accurate fieid indication and éxpahded
error.bgrve in the least-squared-adjusted fitting spectrum,(Fig..lO).
Although Maki ét al. give the C~13‘satellite coupling constaﬁts 2.88‘gauss
with aﬁ error‘0.0Q gauss, our result indicates the C-l5 coupling | |
constant isi2.8OGin DMSO and 2.8% in liquid ammonia system with an error
lessvthén-onezpercent. Digital data,écquistion system and off-line
computér for data feduction assistkéxperimental chemist to extract
information out of a complicated spéctfum; the data acquisition systgm

or the computer assisted ESR spectrometer will certainly be a necessary

‘and convenient tool for data reduction and analysis.

F. M,5—metﬁylene—phenahthrene
Thebsubstituted phenathrane sample was obtained from Aldrich Cheﬁical
Co. A lO_EM solution of the methylene phenathrane in liguid ammonia is
electrdlyzed at -60°C. Some Weak‘sigﬁals start ﬁo appear at 2 voité;

and they grow in intensity as the applied voltage is increased. Electro-

lysis at 11 volts for up to 6 hours gives a partially resolved spectrum.

An ESR spectrum of better resolution is obtained after another 15 hours
of continuous electrolysis ; also, the observed line width is drastically

j
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TABLE III. Coupling Constants of PyrazineARadi‘calAnicna

Solvent | . A(W) O A(R) T - A(C13)
mr 7.2 :'2.66“5}

DMSO 7.213 2839 2.88_

- Ammonia “ | o 7.2086 ‘ v2.7105 281

Dﬁdso | ~7.173%8 ’ 2'.623‘9 . 2.80

aAll the coupling constants are measured in . Gauss.




-3 -

reduced. Nevertheieés, the solvated-elgctroﬁ>signal sfill appéars'in.the
spectrum, The optimum spectrum consists of more than 70 resclved. lines
with a solvated electron sighal suﬁerimposed ohbthe spectrum. Five -
coupling_cbnétants should be assigned to the protons, as one expected from
the molecular struéture.. The'eXperimental specﬁrum recorded after contin-
uous eleCtrolysié fbr 20 hours is shown in Fig. ll.“The experimental
spectrﬁm is very complex. The solvated electron signal appears in the
spectrum, and it overlaps with a portion of the radical spectrum.. By
Jjudging frémrthe spectrum, one finds that .the radical possesses a slightly
larger g value than the solvated electron. In:Fig. 11, the.portion"of the
spectrﬁm-containing the solvated eléctron.signal is,omifted. The assign-
_ments of the coupling constants from'the Spectrum is not triVial, Only
the septet patterns at both ends of the spectrum can.be recoghized. How-
eyer,vthe,septet results from two different coupling cohstants of l.l?G
‘and 0.52G. The At=2A reiation»gives the septet a intensity fafio;
1:2:3:4:3:2:1. The large 1:2:1 triplet splitting at.thé center of the
spectrum can be assiéned a coupling constant of 8.0G. A triplet spiitting
at each end of the spectrum is assighed a coupling constant of 2,6Gf
'Using the relation that total spectral width should be equal to the
summatioﬁ over the hyperfine splittiﬁgs, the fifth cbupling constants
is 6.5G.f'The assignment was checked through the simulation plét by
varying each coupling constant glightly. The simulatéd plot using the
final sét,of coupling constants is shown in Fig. 12 and the constants
are listed in Table IV.
The assignment of the ring proton coupling constants shownvin Table

IV are based on the MéLachlan MO calculation along with the hyperconju-

th
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gatlon formulas derived by Levy glves a small negative: hyperflne coupllng
c onstant for the methylene protons. The B value for the bond C9 clo
.was assumed to have a value which is O 6 of that of the Cl2 C 13 bond and
a value whlch is 0.75 of the B value of any other bond in the polycycllc
.rlngs . This set of parameters glves a good Dredlctlon of the coupllng _
ctnstants, lf the Q value is %36.8 Gauss. This radical has a much larger
spectra width‘than the unsubstituted phenanthrene radieal'anion. Since
lthe MO calculation gives no negative spin dengity at any atomuin the rings
‘and a small hyperfine splitting for the methylene protons;jthe large
spectral width must,be attributed to a large Q value. The.large spinv
polarization'parameter may be due to the change of theknnlecular gecmetry
by the constraint of the methylene substituent; ;Our McLachlan MO calcula-
tion.lndicates.good agreement between the,experimental and theoretical¢
data, if the B values for C12-C13 and C9-C10 are vaiied slightly frdn

the standard valuehof 1.0. The.result implies that %the bond“length
3of C12-Cl% is shorter and that of C9-Cl0 is longer than the normal aro-
matlc C—C bond length; hence, the overlap between the orbitals at 012

and ClB ;ncreases and the overlap between the orbltals at Cco and_ClO
decreasest} The change in the bond length or bond angle requires a_change
in the’hvbridization of the carhon atans, so the Q value differs consider—
ably fram the normal 25 Gauss.

In the anion radical ofvh,5-methylene phenanthrene, the odd electron

occupies the first antibonding orbital which possesses seven nodal planes,
:and one of these nodes lies across the methylene group and biSects»the
C9—ClO bond. The coupling constant for the methylene protonsviéfofrthe

same order of magnitude as that of l,3,5-cycloheptatriene. The MO method
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TABLE IV. Coupling Constantq for U, 5—methylene Phenanthrene Radlcal Anlon and
Related Radical Anlons .

u,5-me£hy1ene | ~Phenanthrene” 4, 5-phenanthry®
phenanthrene | | |  -lene
-Calcﬁiatedb EXDp.
1(1,8) _»5;u6' 6.5 . 3.6 ' o 3.06
1(2,7) 1,18 | 112 ) .0.72 . o 0.0%
H(3,6) 379 2.6 | 2.88 | 2.2
H(é,lo)' 9.08 « 8.i5 S u;az T o0
:H(Methylene)c o 0.52 o o | -

a) all the coupling constants are in Gauss

b)  McLachlan calculatwon is uséd, Huckel MO gives similar results assumed .

B(9,10)=0.758, B(12,13)=1.258.

S e) Levy 5 formula is used to estlmated the hypercongugatlon contrlbutlon
0.2 Gauss. = i : :

'd) S. H. Glarm and L. S. Synder, J.. Chem. Phys. gg 2089 (1962).

‘e) R. Dehl and G. X. Fraenkel, J. Chem. Phys. 39, 179% (1963).
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prédicts'that}the spin density at Ch or C5 is 0.05.  If one uses a Q
value of‘-5,099128 thé obsérVed coupling constant: for the'ﬁetkwleﬁe
pfotons;eStimatea from - the equétion A(observed)=A(Hyperconjugation)+A
(sbin polﬁfiiatioh), is équal to -0.4 Géusé,'with'an A(hypefconjugation)
kOf -0.25 Gauss estimated from the McLachlan MO caiculation. If Q=+A.35G
is used, the estimated A(bbServed).is -0.0kGauss. From the experimental
result, the mefhylene proton coupling cbnstant_is assigned as 0.52G.

"Hence, our experimental data favors a Q valué'of -3.09 Gauss, despite

the fact that Morton's data129 support the +4.33 Gauss value.

G. 1,4 phenylene diamine

The amine sample from Eastman Kodak Co. w@é‘used‘without fufther
fpurificatién. The radical was generated by iﬁ-éitu eleétrolysis in
'7 1iquid-ammonia, but only a single broad ESR sighal was observed in the
cathode region at 15 volts. This single ESR line‘is believed to consist
of contributions from the unreéolved éolvated electron and radical ion
. signals; Aﬁout five minutés éfter the appliéd electrolytic poteﬁtial
is shut off, the single line broadens out and a canplicated épectrum
begins to ébpear.v’TLe sﬁpectrum gradually grows in the next tenvminutes,
and then the sigmals start to decay. The estimate of the radicaigconcen—
-Watién from the ESR intensity measufeme?t gives the half-life.of the radical
as aboﬁt fifteen minutes, provided that the g ignal décay due to diffusion
is insignificant.

The_reéorded spectrum has more than 63 resolved first-derivative 1ines.
Three coupling constants can be obtained by inspection. The spéctrum

consists of only quintet patterns with an intensity ratio of either

1:2:3:2:1 or 1:4:6:4:1. These observations imply that the radical has
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two magnétically equivalent nifrogen-lh nuclei and two sets of»four magneti-
cally eqniVQlent-prntons.' The ESR‘IV énmputer program was used for épec—
trum simnlafion; and the ORGRAD program was used for the least-sQua:és
adjusted fitting. The désignment.is liéted in Table V,  and thé digital

_spectrum in shown in Fig. 13. | | .

Numerous radical ioné'of'benzené derivatives ha ve been-reported.

The aminé~snbstituted benzene derivative radinals whiqh‘haVefbeen reported

afe tné.cafion radicals of p-phenylene diamine and its‘éubstifuted deri-

vativesnand some anion radicals of polynitro-substituted amines. Using
the technique of electrolysis, Maki et al. first rénofted the nation-

I{adical.épectrum nf p-phenylene diamine and madé a reasonabie assign-

- ment of the coupling constants. However, no raaical anion spectrun of
p—phenylene diamine has been previonsly réported. The'conﬁinuous
electrolysié technidue in ligquid ammonia is excelient for.generating
the radical anion of p—phenyléne'diamine.

The observation of the ESR spectra of both anion and:cafion radicais
is significant for the theoretical understnnding of the hypeffiner'

'splitﬁinés of the radicals. A comparison of the coupling constants of

cation and anion radicals is desired for further understanding of the

24-32

mechanism of the spin distribution. The MO pairing.theorem'de—
mands the inclusion of a charge therm in the McConnell Equation in nrder
to‘explain’the differences in the observed coupling constants of the
anion»and cation radicals. On the other hand, most valence bond calcu-
lations predict different spin densities for cation and anion radicals
even without any extra charge term. The méasurement of the ESR spectra

of both cation and anion radicals prbvides a test of the importancé of

the excess chdrge term in the McConnell Equation.
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Iﬁ tﬁis expefimeht the radicai énion is sucégésfully:géneratedfih'
é liquid ammonia mediuﬁ by electrolysis at the céﬁhode fégibn §f thé'electrdc
lytic céll. vThe radical ESR spectrum has a width of about'SOﬂgauss'and
~can be assigned by using three coupiing‘constants. The simulaféd épec—
“trum based on a éiﬁgle line width parameter'(Fig.vlh) and‘tﬁe’e%perif
mental one (Fig. 13) have féir agreément, although there afe,some
noticeable diécrepancies in theif hyperfine componénts. The_least-
squapésfadJUSted fitting program, ORGRAD, gives little,imprbveﬁent
to the predicted input parameters. Using féur or évén'fiv$~é¢té'qf
" coupling éénstants, 6ne.does nqt get any great improvement iﬁ thé'
agreement'befween the theoretiéally predicted and the expefimental" i
spectfé;-'An obvious difference is two miSSiﬁg hypérfiné_cémpdnénts.
- near the upper and lower ends of the,experimeﬁtal spéétrum,  Alsd,‘our
_ assignment.with a'single.line width parameter predicts‘strongéf:
intensitiés for same hypérfine canponents than the\experiméntal épéétrum
does. ffhe:intensitieé of the theoreﬁical hyﬁerfine lines ére pfoporﬁibnal
to the:degeneracies of their corfespondingvnuclear'spin'Staté'énd _&
inversély proportional to the squaré of the iine-width in a derivat%ﬁe
spectrum. These discrepancies between the expefimental.and thegietical
spectrarcan be explained by the effect of line width variations. The
change of line width can be measured by the quantity (I/D)l/g.whgréJI
is the absorption intensity of the hyperfine line and D is the aeggne— o
-racy of the corresponding line. The ieast squares adjusted curve fiﬁting
: computer program, ORGRAD, uses a single parameter for thé‘l}neiﬁidths

of all the hyperfine camponents. Hence the program is not suitable for

handling the spectrum with variable line widths.
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The line width Varieﬁien effect greatly influences the'intensi@y pattern

of the radical anion spectrum of p;phenylene diamine. Furthermere;>the’

- ring proton and amino proton hyperfine splittings may be modulated, if the

spin dengity throughout the molecule is.redistributed by the modulation

of the nitrogen hyperfine couplings in amino groups. This phenomenon.

~in turn causes the hyperfine splitting of the ring proions to fluctuate

with time, as one observed in 1,4-dinitrobenzene anion radical. The

anomalous intensity pattern of the ESR spectrum of p-phenylene diamine
. ’ ’ 1

“can be'explained_by the line width variations of the hyperfine lines

of protons. [

The line widths of the hyperfine canponents of radicalS'in;solutiOn

T dependence:

AH = ot M ¥ w/MIE+ R : (49)

o

where ‘H is the line width parameter, MI is the reeultant épiﬁ quantum

. number projected along the direction of the megnetic field Holfor nuclei

: . . i
I, and @, B,Y etc. are parameters which depend upon the’radi%al and its

various environmental factors. For many radicals the first term is

daminant and there is little or no noticeable line‘widthfvarietioh with
MI' A cemmon cifcumstance is to have the first two terms domiﬁant so
that the high field or low field lines are broadened. A less common
circumstance is for the first and thifd term to be dominant SO thet both
the high and low field lines are equally broadened.

For radicals with mere than one hyperfine interaction one can”either
have a.series of terms for each nucleus like Eg. kg or other types of
equationSv are possible. Freed and Fraenkel, for example, haverexamined

the case of alternating line widths; they have shown that for some

radicals with two equivalent N-14 nuclei that every other N-14 hyperfine
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components appears to'bepbroadened. Thisvnas been explained by tnem as
being'duekto an in—phase‘correlation'oftthe relaxation of the two Ngih
nuclei;fand tne lines in which MI(l)p'MI(é)'are proadened. Tnis-does
not seem to be the case for prhenylene diamine radical anion; since the
hyperfmne broadening is best explalned by two series like Eg. 49 for tw0
different kinds of nuclel but both with || <« I8l .
A computer program, IMITATE. was written by J. J. Chang to simulate
. ESR spectra with variable line widths. Each hyperfine conponent can be
assigned‘a different line width in the simulated spectrum by.IMITATE.
The comparison between the experimental spectrum and the simulated
:@ectrum from the IMITATE program can be very useful in designating the
MIvvalnes corresponding to each hyperfine splittings. The simulated
’ spectrum w1th a single line width parameter for all the hyperflne compo—
nents does not give accurate agreement in the 1nten31ty patterns of the
spectrum,_especially for the hyperfine components near the_high and low
fieid limits of the spectrum. Tne ﬁollowing simulation.efforts have
been done to study the effect of line width variation: (i), One of the
possible factors wnich could influence the line width would be tnat the
two nitrogen nuclei could have slightly different coupling constants.
The apparent line widths of the outer hyperfine ccmponents are 1nfluenced
_more than the line widths of the hyperfine components at the center. of
.the spectrum, if the nitrogen coupling were different. However,”a-s1mula—
tion based on difference in coupling constants gives little°improvement
to the agreement'with the experimental results. It indicates thatv

the-factor of two slightly different nitrogen coupling'constants‘is not

a doninant effect for the line widthvvariation of the radical anion

spectrum of p—phenylene diamine.

e
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(2) A common phenomenon in the line width variation is that the

line width varys linearly with the designated MI values:-

AH = constant X Mo +a (50)
wheré-AH is the increment of the line width, ahdhis eqUal to ot+p
when Mi

some improvements both in the center -of the spectrum and at the ends

is unity.-fOur simulation effort based on this relation gives

of the épectrum. However some intensity discrepéncies still exist' in the
spectrum. When the line wildths of the hyperfine componenté'with‘thé
coupling constants of 1.966 G or 7.446G in the simulated specffum‘are
éllanedvtolvary from O.lBG.for the narrowest hyperfine components with

M = (0,0,0) %o 0.24G or 0.36G for the line with M_= (2,2,2), the

I .
orresponding lines with M.=1, or 2 for the splittings of 1.966G or 7.4L6C

I

in thevéimulated spectrum decrease their intensities considerably in
accordance with the experimental spectrum. When the 5.167d_components are
allowed to vary, the simulation plot does rnot give any better agreement
than the single line width .plot. These facts imply that thé.5,167G hyper-
fine components have a less pronounced effect in the line width varia-
tion: thaﬁ either the hyperfine campoments of 1.966G or 7.4k6G, ﬁhé spectra
.are simulated with the line width variation: |

Line Width = 0.18G + C (MI + MI,); where I and I' designate the nuclei
with 1.966G and T7.446G hyperfine splittings respectively, and CQO;OMG..
The simulated plot based on this line width variation equatién variés
£00 rapidly for the center linéé and, therefore, broadens many resolvable
hyperfine components. Hence, ‘the lineafvdependence of the 1ine'width

variation is too much for the center of spectrum and too little for the

lines at the ends of the gspectrum.
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(35 .We infend to simulate gvvariable.lihe'Width»spectrum'With
modefate line.width'variation inrthe center of the spectrgm and mdfe
drastic line width variation at the endé of the épectrum. A posSiBle
relation is the My

o 2 2 . : :
Line width = 0.18G + CM,~ + CM.,  where C=0.03G, ve can obtain the

proper_lihe width variation for lines at the center and the ends of

2 dependent form. If the relation has the form:

the spectrum. The outer lines of simulated spectrumvéppear Weéker than
.theAexperimental ones; howevér, the.lines which'arevﬁissing in the
expérimental spectrum appear much weaker in the simulated‘séectrum.
Othér'than these discrepancies, there is general agreemenf betwéeﬁ
the theoretiéél and the experimental spectrum. Any more refined treat-
ment may involves rather complicated mathemétical expressiéﬁs for the
_line width vafiation equatioh. | |

‘Sincé all of the hyperfine splittings in fhe éxperimental"spectrum
vafé formed in the qunitet pattern. If is especially diffiucltitp
distingﬁiéh the intensity pattern with 2:&:6;&:2 or l:h:6:h;l. Hence,

it is uncertain to aséign the 5.167G coupling constant as the splitting

 from the nitrogen nuclei. Nevertheless our position assignment of

.thebcoupling constants is based on:that of the cation radiéal spectrum.
In addition, our simulation plot with the line width Variationvgiyes
better,égreement to the experimental spectrum and much of‘the predicted
hyperfihe structure agrees with the experimental pattérns;,if,the-"
nitrogen nuclel are assigned the 5.167G coupliﬁg constants: Our final
assignﬁent for the coupling constants are listed in Table V .. The

simulated variable line width spectrum is shown in Fig. 15.
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The INDO qalculations for the two radical spééiéé of p—phén&lene dia—
mine'are;vefy sensiti?ebto.the rélative orientation of the fing‘and the
NH2 gfoupsf Table V shows that the agreement With the observed hyperfine
splittings for the radical cation is very satisfactory, if an ordinary ..
planar Dgh‘geometry is assumed. If a nonplanar D2h geometfy,'with the -
NI, groups perpendicular to the plane of the benzene ring, is assumed

the céupling constant for the H(ring) is much too large. The prediction,
in thiévcase, is thatvthe cation would be a sigma radical with électron
| removed from the lone pair instead of the pi system of the benzene ring.
According tovthe INDO calculations and the experimental daté, the.cation
radical of prphenylene diamine should be in a‘Dgh geometry with the NH2
groups-coplanar'with the benzene ring. Furthermore, if indicéfés the
nitrogen atoms of the amino groups are sp2 hybridized with the Bond
angle (H-N-H) 120°. |

for'the radical anion,vTable V. shows that.thevhyperfihe sblittings
calculated from the INDO methéd are not in good agreement with thé
eiperimental ones for an assumed planar DEh geometry. Both.the céiculated
splittings for H(NHQ) and N(NHE) are much too small inbthe'planar.model,-
whereas the coupling constant for the ring protons is too_largé. If

either a D2h or C nonplanar geometry is assumed, the INDO values for

2v
these NH2 splittings care greatly increased as shown in Tgble.v. ‘The -
small Splittings for the NH2 groups in the radicalAanion a?evaléo predicted
by,a médified Huckel calculation. In this case the nitrogens lie in the
nodal plane of the odd electron and thus one expects very_smgll NHE

splittings. The INDO calculations indicates that the different geometries

of the amino groups pertrubs the two degenerate energy levels of the
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in-elecorons of-the.benzene-quite»differently.> lhe coplanar conflguraﬁion .
: of'the amino-gfoupq perturbq the‘pi—electron ehergy levels so;that £he
state” w1th nodal plane across the Cc-1 and C -4 has the lower energy level
. On the othcr hand, the nonplanar conflguratlon of the anlon radlcal of
prphenylene dlamlpe favors the state without the nodal plane pa351ng
| fhroughfthe.C—l and C-L4. This seems.quite reasonable according to the
conjﬁéation effeot and the weak elecfron with drawing ability of the
NH2 groups. The planar model allows the nitrogen lone pairs to'conju— ,
gete with the pi-system of the ring, so tﬁat it increases'the'eleotron
dens1ty in the rlng.  The nonplanar model deétroys the conjﬁgetion
,between the lone pairs of the nitrogen atoms and the ring, but 1t allows
protons in the amino groups to hyperconjugate with the pi—system of
the ring. |
Cohsequently, the radical cation of p—phenylene diamine tends:to

have its planar geometry, whereas the anioﬁ radicalltends to-havelits
nonplanar geometly. The actual geometry of the radical anim of.; |
p-phenylene:diamine should bevsomewhere between the planaf'Dgh éeometry
and ﬁonplanar D2h of 02V oonfiguration, according to the experimental
coﬁpling constants for the amino groups and the INDO caloulated fésults.

Table VI illustrates the effect of variations in the C-N distarnces
for nonplanar geometrles of the radical anion of p-phenylene diamine.

In the calculations, the nonplanar D., geametry requires the nitrogen

2h
. 2 : !
valence orbitals to the sp trigonal hybridized, and the nonplanar C2v

3

geometry was assumed to have gsp” tetrahedral hybridized valence -
orbitals for the nitrogen atoms. In most cases, the hyperfine splittings

fof the ring protons and nitrogen atoms have no significant ehanges,



TABLE V. Hyperfine splittings for the Radical Anion and Cation of p-Phenylene Diamined

- Radical Cation : ‘ Radical Anion
| H(ring)  W(WHy) H(WHy) - H(ring) | () o H_(_NHQ)-'
-.Experimentala 7 S 2.13 - 5.29 . 5.88 _ . _ S o
N 5 10 5.12 , 5.67 ¢ °1.966%0.003  5.167:0.002 7.4k6x0.003
Plamar Dy . <L 52 6.3 - 6.7 w02k 0.1
Nohplanar Doy - 18.0 7.16 - -9.83 ) ' 1.0k b0 32.5
' Nonplanar'C2 - S - o B .1, 32 4 | -3.h7 50k

. v v . . A . ) —O %an ) .

a) Maki’e result.
b) Piette's result.

c) this work -

d). calculations based on a C-N bond length of 1,37A or 1. 5A and N-H bond length of 1. OQA or 1.08A

all the values are in the unit of Gauss

. o
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TABLE VI. Intermedlate Neglect: of Differential Overlap Approx1matlon Calcu—
' ’ lation for P-Phenylene Dlamlne Radical Anlon

Hyperfinevspiiftingsa) “H(ring) ~N(NH) H(Nng)
EXperi@ental - o 2,00 ° 5.17 7.45
{ " R A L
'52h Nonplanar ’
C-N 1.3A°7 . ) -0.99 , -h.70 - 39.0
1378 “1.0h -4.03 525
L.koa -1.05 ' 3.7 28.5
1.50A - . -1.05 o -2.99 - 18.0
I.ssa ~1.0k | -2.76 L
1.60A : -1.04 - -2.60 C11.1
CEv Nohplanar , ) »
C-N 1.37A -1.31 and -3.148 _ 50,4
-0.46 . . . :
1.45A -1.41 and -3.00 35.5
, , —O.)-i-9 N _ - v
1.654 . ~0.45 and 2k 137
o -5 ' :

a)  all the values in Gauss

) AC-N bond lengths are all in the unit of Angstron
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: while that of the amino'protons changes quite rapidly.r This is.not
subrising:at‘ail,‘gince conjugation or -the inductive &ffect éhould
decreaée when the subgtituent is moved further away from the ring.

-However, these caldﬁlation do indicate C-N bond length affects the
cdupliné constant ofvaﬁino protqn‘relati&ely more than does.the H-N-H
bond angle. | |

H. Aniline.

.Iﬁ'contrast to phényléhe diamine, aniline is not easily redﬁcéd into
axradical species;v‘Thé ACS reagent gradé aniline sémpie froh_Matﬁeson
wa s fraétionally distilled once before.ﬁse. The sample can be further
purified by a distillation fram Zn dust to remove any oxidized impurity.
Four drdps of purified_aniliné from a diséosable pipette were then trans-
fered intothe electrolytic cell. Tﬁe electrolysis was-carriéd out in
iiquid;ammonia in the presence of TMAI and avslight amountwof sqdamide.
The cell was placed in the vacuum'systeﬁ, and was cooled to -80°C before
évacuating the air from the cell. Maintenance of the cell at this low
temperature miﬁiﬁizes‘the loss of the sampie due to eVapofaﬁion during
the eQacuation. Liquid amménia is subsequently condensed ihtothe cell,
and the contents were well mixed before the electrolysis was started.

No ESR signal was.observed at low eléctrolytic volta.ge.s. « When
the applied voltage wa.s increased to 90 volts, a single broad line appeared
and gradually grew. Further increasé in voltage may cause the
appearance of the sovlated electron iine. The solvated electron‘signal
disappears when the voltage is reéet‘to 90 volts. However, there are
no other observable’signals besides the broad single liﬁe for the next

few hours of elecﬁroiysis. After 1% hours of electrolysis at @O‘vdlts
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and 0.2 milliamperes, a complex spectrum begihs to show up. The
_ spectra were taken 17 hours after the'electrol&sis began. Elecﬁroleis
withoﬁt using sodamide requires a longer period of time té obtain a
spec%rum of similar quality. The obfained‘sﬁectrum.has.only a fiar
'ﬂ'signal té noise ratio; thiémay increa se the'difficulty of recognizing
the outermost lines of the spectrum and, thereforé, céusevmuéh amiguity
>‘in the agsignment of thé spectrum.
Sqlvated electron signal was observed in some of the experimerital
spedtra, when the electrolysis voltage was higher than éO_volts. The
radiéal possesses a. higher g value than the solvated electron. Hence,
the electron éignai appeérs at Slightly'higher field than'the center
ofbthé>radical spectrum: By lowering the apbiied electrolytic vqltage
down balow 90 volts,'oné obtains a speétrumvwithout the presence of the .
éolvaféd electron signal. Figure 16 -shows the observed spegtrum of the
.radical.épeCies; The low fieid end of.thé spectrum apﬁears more cbmpiex
than'fhe‘highvfield end of the spectrﬁm. Some extra'hyperfiﬁe‘sighals are
apparently observed in the low field:énd of thevspectrum, and aré abéent
in:the’high field_éﬁd, This would indicate thatithe spectrum.éhoﬁld be
‘a superimposed spectrum of morevthan one radical species. The radical,
speéies with the wgak WV signals has the smaller g value. The center of
the spectrum was first assigned to be at 3235,63 Gauss, since the hypers
fine cémponent at this field has the strongest signal in the entire
spéctfum and it appears to be symmetri; to the hyperfine éohpbnents”
a£ high and low fields. Based on this observaﬁion four céuﬁling
constants correspOﬁding to triplets can be assigned to the spectrum to
.pfedict most the hyperfiﬁe components at the high field side of the

_sbécﬁrum; However a number of lines at both the high fieldcand low field
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could not be predicted. Their asSignment was believed to be incorrect,

" s ince the aﬁil;ﬁe should possesses at 1east.four coqpling constants of
triplet patterﬁ and a coupling of aoubiet'patternf An additionél coupliné
éonstant of doublet 1:1 intensity pattérn.is obtained by m?asuring the

1diffe£énée between hyperfine componehfs in the spectrum at high fiéld

| : -
side. ,Tﬁe similation plot (Fig. 19) gives a gobd prediction of the
hyperfine components at highe} field side. Interestingiy énough;

" the center of the spectrum now appears to be at a slightly lower field
of 5255.52'Géﬁss, 'There is a doublet which appea?s ét'the'CEnter'OT‘the

sfectrum. This doubletvalsd appeérs at the high field énd of:the experi—
mental,spectrum.f 0wing to the accidental overiap by the cbincidencésj
of thelqoupling cqnstant,ﬁfhe doublet of intensity l:1 does nét éppear
anywhere élsé in thevépectrum.» In the low field side of tﬁe spectrum |
hyperfine_compoﬁents afe not easily recognized because their intensities
are mﬁch‘weaker than those of the high field side. . It is not known
whether the decay of the.radical or the line widtﬁ broadening effecﬁ”is
the main contribution for this obsefvation. We are also unable to'idéntify

| the spectrum of fhe radigal of low_cbncentrétion except avfew hype rfine
cﬁmponenﬁs. Our pfésént assignment of the Spectrﬁm of £he,radical with
high éoncentration caﬁ.explain most:éf the low field lines by ﬁhe symmetric
criteria bf the spectrum.
[ ‘ :

,The_poéition assignment of the coupling constant is'notbtriVial

in this case. Four coupliﬁg cdﬁstants cbrresponding to triplet patterns

must be assigned to three sets of two,equivalent protons and_one nitrogen,,

atom in the radical anibn. The doublet péttérnbof the splitting



0.65 Gauss, ié assigﬁed to the para proton. The ﬁitrogen atom coupling

constant can be selécted from the simulation plot, sihce it has the 1:1:1
intensity pattern. The position assignment of the rest of the three

coupling constants are based upon MO thebry, If the NH, group is co-

2

. planar to the benzeﬁe ring, the INDO calculation predicts large coupling
constaﬁts for the riﬂg protons,‘especially for the metal and‘ortholprotoné.
The-préton at the para position haé a sign opposite to that of the others.
This_implies thatvthe INDO method prédicts a largé negafive spin density
at ihe para position. In this model;'the INDO calculation gives very

snmll‘coupling constants for NH, group. It predicts that a node lies

2
.faifiy close to the amino group..'If_the ra@ical aﬁion has a nonplanar
configuration such that the NH,, groub isvperbendiculér to the_benzene
ring;_the-INDO calculation predicts a very large coupling conétant for
_ the'prqtoﬁs of the amino group. The‘INDO calculations of both the planar
an&vnbnplanar radical geomeﬁrieé indicate the meta protons should have
slightly bigger céﬁpling éﬁnstant than the ortho portaoms. Invaddition
thé coup1ing coﬂstant aésignment of the radical anion of ﬁhebphenyiene
diamine indicates the H(NHQ) and N(NHE) should have comparablé magnitude s
of the coupling constént; Hence, we assighed the H(NHQ) équplingvconstaht
tﬁ;be 2.96 Gauss. The coupling consfant for the meta protons was
éssigned to'be 7.89 Gauss, which is slightly larger than ﬁhe coupling
constant of the ortho protons, (5.0l Gauss). The INDO célculations as
Wéll as the HMO calculation overestimate the spiitting for the para
proton, and all these calculation do not closely predict the splitting

for the amino group. The study of the radical anion of per-deuterate ani-
. I



TABLE VII. Coupling Constants of the Radical Anion of Aniline

a

‘Exp.® Huckel MO INDO
planar nonplanar
N(NH,) 2.0 - -0.22 - 3.0
.H(NHQ)_v 2.956 - 0.0k . 26.0
‘H(meta) ‘7‘900 0.93 -6.8 . -2.9
1(0rtho) L8l 2.2 6.0 0.7

H(paré) ' 0.650 ‘ 5.3 2.h L 8.6
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‘liné céﬁ:fuithef confirm the_present‘position assignmeﬁt éf thevéoupling
constants. The;equilibrium cbhfiguratiqn of.the NHQAgroup may be'neither
.coplanar nor perpendicular to the benzene fing;l The_INDO calbulations
.show‘thaﬁbthe NHe‘coupling constants correlaté.to the equilibrium

configuration of the NH. groups (s) in the radical anions of aniline

2

and prhénylene diamine.

I;‘ Radical Anion of Tetrasulfur Tetranitride

Sﬁlfur—hitrogen Chemistfy is an interesting topic inlihgrgahic
chemist?y. The structure of the SMNA molecule has: been prpvgd fé be an
e ight membered ring with a'coplanar nitrogen structure and with ng
symmefry as shown in Fig. 26. SuNu'may be fegarded t§>p5§séss sqmé aramatt
character. Hence, the electronic strﬁcturg of thé SMNM @olgcule'cén be
qualitafively explained by its résonaﬁt hybrids. A cyclié deioéalization

model for the SﬁNh molecule was. proposed by Craig‘llh;ll5

In:this model
the sulfur 3d orbitals effectivély overlap with the nitrogenﬂ2p'orbitals
in.théupi-electron'system.' The Huckel MO and extended HMO célcﬁlationé
haveubeen performed by Bratermanll6 and Turner aﬁd Martirﬂerll7 re spectively.
_The_calculationlof the extended HMO approximation confirmedithe coplanar
nitrogen structure. |

. The pi radical anion of SHNA should be fairly stable because 'of

’ thé.moderate conjugatidn of its pi-electrons.  The ESRVspeqfruﬁ of
the SMNA radical anion should give some ihsight iﬁtb its electronic
structure. Chapman and Masseyll8 observed a nine line specfrum after
the chemical reduction at room temperature. The intensity ratio for
the hyperfine components is l:h:lO:l6:l9:l6:lth:l and its g value is

2.006. Their observed A value for nitrogen nuclei is 3.22 gauss. Meinzer

#pr
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et a1.11? obtained a nine line spectrum with different characteristics
at -BOOC. The é value is 2.0006 and tﬁe A value is 1.185 gauss. PRased
bn the g value predicted from ESR theory and the observed chemistry,
vMeinzer,-ératt and Myersleo identified fﬁe spectrum recorded at low teﬁ-
perature as the spectrum from SANM r;dical anion.

Since the SuNu'molecule has a ng symmetry, it possesses several
alternative but strictly equivalent resonance structures. The fundamental
resénancé theory requifes a molecule adopting a configuration which is
‘intermediate between several alternative 5ut equivalent canohical.struc—

113

tures. However, Jahn and Teller héve chown that in a nonlinear mole-
cule with degenerate_wavé functions there is always at leasf one non-
totally‘symmeﬁric normal coordinate that causes a splitting of the potential
function such that "the potential minima are not in the symmetrical
position." Althéugh?Jahﬁ Teller distortions have been predicted for a
mmber of éonjuggted sy;tems, vefy little experimental evidence hés been
observed thét clearly points to a Jahn-Teller distortion. If the energy
ihcrease in the.Jahn-Teller distortion is of the same order of mégnitude
és the zero-point energy of a normal mode vibration,rfhe familiar Born-
Oppenheimér approximation will break down. The electronic motion may
couple with the normal mode of vibration, which can distort the molecule.
The relativevmagnitude of the zero-point energy of the lowest vibrational
mode With respect to the static distortion energy determines whether
a static or a dynamic process of distortion will occur.

?he SMNﬁ radical anion possesses a degenerate.ground electronié
statelin the ﬁuckel picture, but it is not trully degenerate if the
electronic repulsion is completely taken into account. As in the open

121

shell C) H) ~cyclic compounds . distortions may still occur in SNy,
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radical énion, which has a véry-low lying ekcited eléctronic stote
instead of aovorbitally degeneraﬁe éround étate, These aistortions .
ére somefimes referred as pseudo Jahn-Teller effects, and thé Jahn—Tellér
cage may. be regarded as a special case with the iow;lying exéiﬁéd
el%ctronicbstété._ Information about the Jahn-feller distortibn somofimés
cao bejobtaihed from the ESR spectrum. The ESR spectrum of théVSuNu
radicai_gnion should give indifect evidence of the Jahn-Teller distortion.
Thé obsefvation of the distortion last_a'sufficiéntly long time oomoéred
with the ESR measurement time. The observed ShNh radical anion spectrum
(see Fig;_l), shows a uniform spin density at nitrogen nuclei but Wifh
jarge ESR line widths. If the static electron distortion energy of tetra-
Vsulfur:totranitridevradical anion is much smallef than the zero4poiht
energy of‘tﬁe lowest &ibfatiooal mode Which causes the distortion, the
1argé lino width of the nitrogen hyperfine lines indicates ﬁhe.probébility
.of‘a,dynqmio distortioh. However, this fact is true only if the opin
latticeorelaxation_is primarily causes by the dynamic Jahn-Teller diotor—
. tion. In this case, the rapid time-dependent fluctuations of the‘Spin :
vc@lensitylgz1L éyerage out the possible nonuniofmr spin density and broaden
the hyperfine lines. The large line width may be alsovcausedfby the'
spin ofbital interaction between the épin and the orbital motion of the

unpaired electron aroaand the ring.1'26’127

If the distortion does occur
from the rapid dynamic procéss, the observation of tﬁe distoftion'from .
the ESR spectrum of SuNu radical anion requires a temberature dependence
~of the line widths at low temperatures.
On the.other hand, it is possible that the static électrdnic.
distortion of the anion radical of SMNM is lower than or just about the
same order of magnitudé as thé lowest zero-point vibrational energy.

f ' : .

i 1
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The distortion may exist as a static précess, or a slow dynamic.prbcess
compared with the time scale of the ESR medsuremeht. In this cese the

possibiliﬁy of the observation of the distortion depends upon the geometry

of the distorted SMNh radical anion. Since the'ShNn molecule possessesh

Dog

in the first approximation. The four sulfur atoms occupy. the cofners of

a tetrahedrom and the four nitrogen atoms are located at the corners of

symmetry, the radical anion of SMNM has a degenerate ground. state

a square'plane. In a displaced pc$ition.’of the antisymmetric'vibration,

o the degeneracy of the E state is split into'Bl and Bg' This_can‘deduced

! |

. by the correlation table of the group theory. Since the undiStorted SMNh
: [

has two nonbonding orbitals with e symmetry, each orbital possesses-a

nodal plane perpendicular to the Nh square‘plane; The distorted radical

anion has C symmetry, the

symmetry. Hence, the E state goes into B2

2v
ESR speCtrum‘should possess the charécteristic of four equivalent’nitrd—
gen and four equivalent sulfur atoms. On the bther hand, a Bl,distortion
may gi&e an ESR spectrum which is characteristic of two sets of two equi-~
valent nitrogen nuclei.122 Unfortunately, the sulfur in its natural
~abundance c ontents primarily the S-32 isotope which pdssesses no magnetic
.moment. Hence, no hyperfine splittiﬁgé of sulfur are obsefvéd-in‘the
spectrum of the ShNh rgdical anion. Since the S-33 isotope has a nuclear
spin ofv3/2 and orly 0.7% natural abundance, the S-33 satellites in the
ESR spectrum of SMNH radical anion should have an intensity of,O.7% of :b
the N-14 hyperfine components. With such a weak intensity, the.S—Bﬁ
signal cannot be.easily detected vy ESR, especially since the coupling

- constant(s) of $-33 nuclei may be small compared with the N-14 hyperfine

splittings. Although our present data acquisition system and the summing,
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-smoothlng,:and lest squares adJusted as31gnment computer programs should
e _be Ldeal to apply to the extraction of the weak L“otoplc ES R satell;tes
from the predomlnate N-1k signals. The llmltaﬁjon off the signal exﬁraotion
is the.accuraey of the field reading from our NMR'fieldvtracking onit-and
-: the dispersive components of the ESR signals. Aﬁ present the~aCcuracy
of the magnetlc fleld measurement is limited fo the order of magnltude
_about lQ_milligauss, This tracking noise is field dependent and has the
intensityeof approximately 1/20 ofeach N-1k signal. This trécking noise
can be_averaged‘out'by suﬁming enough spectra. It is the diséefsion
signal which prohibits any successful éxtraction of'S—33 signals from
the natural abundance 8-35 sample of tetrasulfu?'tetranitride anion |
»radical. In order to study the S-33% ESR signals; The improvement_of
the sensitiVity'and the accuracy of the NMR fracking system shouid be
needed: a_betfer bridge network and sample cavity lock-in scheme are
Aalso reoommended to suppress anyvresidual dispersive componepts of the
~ESR signals. In the present set-up: ah enriched S-33 samplevoflsetfasul—
fur tetranitride with the abundance of 155 or gfeater is needed to be
: able to detect the hyperfine splittings of the sulfur-33 nuciei:
:Aecording to Jahn-Teller theorem, the SMNM radical anion should
be distorted intothe form with either Bl or B2 symmetry. Hoﬁever, no
ealcﬁlation of the zero point energies of the distortions has been'made;
and the static electronic stabiligation energy has not been reported.
Nevertheless, an order of magnitoée estimation can be quite usef@l to
determihe the possibility of the observation of the Jahn-Teller dis-
“tortion. ' It is assumed that the ShNﬁ anion fadical is similar:to the

eight-membered ring compound of cyclooctatetraene anion radical. - Hence,
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the Bi distortion should have a zero point energy around 650 cm—l; "This
estimationcrules out the poséibiiity.of the static distortim of the
Jahn-Teller effect. Synder usés'é bond orderbond length éuf&e to cal=.
- culate thé stable equilibrium cdnfiguratioh. The caléulation regquires
the bond lengths for the symmetric configgiétion. .ﬁuring;each calcu-
iation a’ﬁew set of atomic orbital éoefficients and bond orders are ob-
tained by solving the secular requations with knowledge of the reséﬁénce
integrals. The boﬁd lengths are then estimated from the Morse curve
function and a new cycle of calculation stérts. -The.cycleé-dontinued
until self—consistency»is attained in the bond lengths; or until the
total energy reaches its minimum. " In the galculation Of-CgHg'?,the
total energy for pi-electrons is -4.5 kcal/mole and the]total'sigma'
electron energy is 2.69 kcal/mole, if the angular strain is neglected
during the calculation the energy diffefence fpffthe distorted and undis-
torted configuration is -7.2 kcal/mole C8H8 anion radical. HoWevef;
the stabilization energy is.decreaséd to -1 kcal/mole, if,ﬁhe eleétfonic
repulsioﬁ is taken into consideration auringbthe calculation. |

~If the tetrasulfur fetranitride radical anion has a stabilization
energy close to -1 kcal/mole, the observation of the distortion by ESR
techniques should be likely only»at liquid nitrogen or liquid helium
temperature. Additional complications éxist in the SuNu'system, becauée
the d orbitals in the sulfur atoms have the greater tendenciesxto.§VErlap
with‘One gnother across the ring that the b, orbitals in C8H8 system.
If £he'stabilization energy of the SANA radical anion does not‘changp
considerably with the consideration of‘the d orbital overlapping, the

polycrystalline spectra may give same information about the distortion
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onlyvfromfbbe g,value. Single crystal work is'necesssry for the enalyz;'
'ving.a resoivable*hypeffine structure.‘ However, the'experimentel ﬁork  ‘ .
is dlffncult because 1t 1nvolves the doplng of the radical enlon of
enriched S—BB Sh L into the hosts The instability of the Sh I radical
anion prohibits any such attempts. A new method in‘generatingbthe_enicnk

’ |

radlcal of Sh h in the 31ngle crystal 1s needed in order to solve the

interesting Jahn-Teller distortion problem in this system
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APPENDTX

MOLECULAR ORBITAL CALCULATION BY THE INDO APPROXIMATION

Thé INDb computer program was writtenbby P.A. Dobosh and it was
Obfgined from the Quantum Chemistry Program Exchange at the Indiana
thiversity.- The program‘can perform wither fhe Intermediate Neglect
of Differential OVerlap calculations or the Complete Negelect of Diffe-
rential Overlap MO calculation. There are two versions of the program
avaiiable in the Quantum Chemistry Pfogram Eichange. One version is written
in FORTRAN 63 language and designed Tor the use on a CDC 160k digital
computer; the other version_is written in FORTRAN IV languagé'and designed
Ifor the use on an IDM 360 computer. |

The FORTRAN 63 version of the program consists pf sevéral overlays
and segments. Rach segmeﬁt of the program is loaded and linked as a
uﬁit; a group of subprogram may be deiinked and removed as a unit later,
upon reéﬁest. -The program generates overlays out to a gspecific file in
absolute format and loads these overlays by a smaller but faster version
of ?he loader. The purpose of segmentation of the program is to use
much smaller field length during compilation and execution by aiiowing
the programer to add programs as they are required and to eliminate thése '
no longer required during the execution of the job. The loader provides
the facility of subdividing a large task into portions called overlays,
and‘writing them out in absolute form. These oveflays can then be:
loaded ét execution time without a relocatable loading operation. In
the IBM 560/65 version, no overlay or segmentation structure islused.
But most of the floating point Variéble are assigned as doublé precision

variables.
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The’pfbbiem with applying the INDO method of 1;3,5Fcyél§octétriené'
.5 mainlyvthe evaluation.of accurate‘input parameteré for»a‘honpldﬁar
riné systeﬁ. There afevmany‘constraihts to the_geometrical parameters.
_ Sevefél sets.of bond distanées and bond angles were assumed and great diffi-

cdltieé'arOSe‘when fhe final input parameters were evaluated; Table %
lists ouf.final input parémeters_for our best nonplanar model; Table B lists
similarvinbut parameters; and the résults.iﬁdicates-héw sensitive the
3coupling cqnstanﬁs are towards the slight vafiatién in geometfy.of,
the fadical accbfding to the INDO calculatioris. Table C lisﬁs'fhe,input
parametérs for our planar model. |

" Since the CDC 6600 canputers used a the Lawrence Rédiation Laboratcry
have 60.bitsvperwora and a large memory of 5MOkioctal locations available
to the users, a simpler.version of the progrém haé been'used; 'The'vefsion
for CDC 66@0 computer was converted from the FORTRAN 65.ver$ion? and
has been éxtenéively tesfed by ﬁsing the available testloupufvsupplied
by QCPE. The multiplet annihilation subprogram, which is not included
in the IBM.56O FORTRAN IV version, is included in the CDC version as
an option; it is called the Density subroutine as in FORTEAN:63,version,

MoSf §f our INDO calculations were based on Pople's crude schéﬁé.of

evaluating the geometrical model 'B','in which;thg interatoﬁié distance
chosen depends entifely upon the two kinds of-atoms invalved. This crude
 model works supriéingiy well for the arpmatic'pianar'radicals. Néver—'
theless, Pople et al. reported that a ﬁdmber of éxceptions to this standard
model Wefe necessary in evaluating the coordinates from the. bond lengths

and bond angles
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TABLE A. Input Parameters for the Coordinates for Nenplanar Model 6f
1,3,5-Cyclooctatriene® " :

c(1) | 0.70000 - | 1.41ghs 0.0
o(2) - ! -o.?oooo o =195 o 0.0
(%) , ~1.37222 | -0.70972 1.00
c(h) - S1.37222 : 0.70972 1.bQ
0(5)' co '50.700 V | ' 1.41945 0.0
G 0.700 1.41945 0.0
c(7) o 1.50k45 | 0.71945 0.91589
c(8) | 1.59&&5_ S 0. 71945 0.91389
H(1) - o v_l.goguj | | Li.85167 | ~0.850k
' H(éj ' s 11.20945 . -1.83167 ©-0.859k
CH(3) . . -1.7805 ' -1.20556 ' 1.86917
. Y ; -1.7805 1.20556 1;86917
H(5) : -1.20945 1.83167 -0.850k
H(6) | 1.20945 1.83167 1.93470
H(T7) | 1.26389 : 0.83611 ' 1.93&72
H(T) o 2.56667 1.05 0.58%%3
H(8) ' 1.26589 -0.83611 1.93472
',H(8) 2.56667 - - -1.05 | 0458533 :

a) Calculated coupling constants are listed in column b of Table I.

Ll . o i
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TABLE B .

Input pafameteré for theJCOOrdinates of l,5,5-cyciooctatriene .

Q-0

C o
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L S N Y T Y
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........

.........
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B CHORGRONORGRORS]

HeRkeieReoNoNe!

ooFFoo AT T

-----------

= AV ‘e e ANO I et and o 6 Ko 0]

e W g e g e g

Rasiy«niieaiianiiiesijaniicn e ilanies

Calculated Hyperfine Coupling constants in Gauss

H(1)
H(2)
H(3)
H(T)

- H(7)
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TABLE C. 'Inpﬁt'parameters for EPe‘coordinates.for the planar model of .
1,3,5-Cyclooctatriene = -

Atoms | X A ¥ - z

c(1) _5:[. " 0.70 f SR | 0.0
c(2) | -0.70 . : -1.91 - 0.0
C(5) o -1.91 . -0.70 0.0
ol - -1.91 0.70 0.0
-0(5) o 0.70 1.91 : 0.0
c(6) - 0.70 1.1 0.0
c(7) 1o 0.0 0.0
c8) 1.91 - -0.70 - .o.o}
- H(1) . 1.24 | .8 0.0
uf2) ..., 1.2 ' _-2)8& 0.0
H(3) 2.h5 | L iles 0.0
(k) ) 2.k45 | ~1.63 . 0.0
H(5) | 1.24 - -2.84 . | 0.0
H(E) 1.2k _ ©2.8l v’o.o -
H('7) 2.0 ' 1.10 | 0.80
Wy o 2.10 1.10 : 0.80
H(8) '» 2.0 . 1.0 1 0.80
H(8). 2110 , -1.10 | -0.80

a) Calculated coupling constants are listed in Column C of Table I.




_104-

ACKNOWLEDGEMENT'S
I wiéh;to express my gratitude to Proféssﬁr Rollie Myers for_his
constant éndouragemeht.and suggestions dﬁring bﬁe course of this research.
Mahy thahks'to my colleagues: Mr. Jim Chéng'fOr his valuable assisténce

J : v .
in| instrumentation and data handling techniques; Mr. Akira Jindo for'

his discussion in Jéhn—TEller distortion'problem; Dr. Alfred Béudérvfér
_:his summiﬂé and leas£ squares cur#e.fitting computer programs; Dr. Diék
Meinzef éhder{ Mike Coggiolla for théir construction of the_NMR field
tracking units; and Miss Joyce Tevebaugh for hér special assistance in
editing. the manuscript. |
T would like to express my appreciation tc>my wife for her assistance
in preparing the manu;cript I alco gratefully.ackn0W1edge the'Séience
:FellOWShlp awarded by the University of Callfornla in 1967.
Flnally, I would like to thank JanevBall for her eff1c1ent work
'1n typing this thesis.

This1work was conducted under the auspices of. the United States:

Atomic Energy Commission.



N

10.

11.
12,
15.
1h.

-105-

REFFRENCES
B. Bleaney and K. W. H. Stevens, Report Prog. Phys, 16 108 (1953).
W. A. Nierenberg, Ann. Rev. Nucl. Sci. 7 349 (1957)..

E. Fermi, Z. Phisik 60 320 (1930).

. F. J. Milford, Am. J. Phys. 28, 521 (1960).

H. Bethe and E. E. Salpeter, Quantum Mechanics of One and Two
Electrons System

R. A. Farrell, Am. J. Phys. 28, 484 (1960).

R. Fessenden and R. H. Schuler, J. Chem. Phys. 39, 21h7 (1963).

F. J. Adrian, F. L. Cochran and V. A. Bowers, J. Chem. Phys. 36,

11661 (1962).

E. L. Cochran, F. J. Adrian and V. A. Bowers, ibid. ko, 213 (1964)
ibid. 43, 462 (1965), ibid. M 4626 (1966).

K. D. J. Root, M.C. R. Symons and B; C. Weatherléy,'Mol. Phys.

11, 161 (1966). |

K. D. J. Root, M. C. R. Symons and D. J. A. Tinling, J. Chem. Phys.

(1967).

J. R. Morton, Cand. J. Chem. 43, 1948 (1965) .

J. E. Bennett, B Mile, and A. Thomas, Proc. R. Soc. A293, 246 (1966).

B. C. Gilbert and R.0. C. Morman, J. Chem. Soc. B, 86.(1966), ibid.
B, ko2 (1966). |

M. McMillan and W. A. Waters, J. A. C. S. 90 , 7155 (1968); :

D. J. Krusic, and J. K. Kochi, J. A. C. S. 91, 3940 (1969).

F. J. Adrian and M. Karpulus, J. Chem. Phys. 41, 56 (196L4).

G. A. Peterson and A. D. McLachlan, J. Chem. Phys. L5 628 (1966).



15.
_16-
17
18,

- 19.

-20.

21.
22,
2k,
.‘25.
26,

o7,
. 28.

29.

55.

106~

W. T. Dixon, Mol. Phys. g, 201 (1965)
R. Hof fmann, J. Chem. Phys. 39, 1397 (1963).
Na M. Atherton and A. Hichliffe, Mol. Phys. 12, 3k9 (1967)

H. M. McConnell, J. Chem. Phys. g&, 633 76k (1956)5

' H. M. McConnell and H. H. Dearman ibid 28, 51 (1958).

H. M. McConnell and B. D. Chesnut, ibid. 28, 107 (1958).

R. Bersohn, J. Chem. Phys. 1066, 2L, (1956).
S. I. Weissman, J. Chem. Phys. 25, 890 (19%6).

D. B. Chesnut, J. Chem. Phys. 29, 43 (1958).

H. S. Jarrett, J. Chem. Phys. 26, 1289 (1957).

J. R. Bolton and G. K. Fraenkel, J. Chem.. Phys. Mo,'3307 (1961) .

T. H. Brown and M ‘Karplus, J. Chen. Phyq L6, 870'(1967).'

J. P. Colpa and J. K. Bolton Mo. Phys. 275, 6'(1965)

J. E. Bloor and B. E. Gllson, J. Phys. Chem. 71, 3100 (1967)

G Glacomettl, P. L. Nordio and M. V. Pavan, Theor Ch1m Acta _l_, .hOh.
ﬁ. E. Moss and G. K. Fraenkel,wJ. Chem. Phys. 252, gg, (1969).:
J,3R.5Bolﬁon,'J. Chem. Phys. 43, 309 (1965). L

J. E. Bloor, B. R. Gilson and P. N. Daykin, J. Phy,s.. ,Clr;em. @,'.,

1&5?'(1966).

. K. G. Kay, and H. J. Silverstone, J. Chem. Phys. 46. 2854 (1967).

J. R. Bolton, J. Phys. Chem., TL, 3702 (1967), 3099 12, (1967)§
I C. Lewis and L. S. Singer, J. Chem. Phys. 43. o712 (1965).

L. 8. Synder and‘T. Amos, J. Chem. Phys. 42, 3670 (1965); |

M. Karpulus, and G. K. Fracnkel, J. Chem. Phys. 35, 1312 (1961),
G. K. Fraenkel, Pure and Applied Chem., 143, (1962).

C. L. Taléott, PhD Thesis University of Cal., Berkeley, UCRL-17743 (1967).



- 36.
37.

38,
39.

k0.
b

’Ae.
Lz,
ik
45,

he.

L.
48,

ho,
 50-
51.
52.
.55.
5k,

W

-107-

R Gﬂ;Lawler; J. R. Bolton, G. K. Fraenkel and T. H. Browm, JACS 86,
520 (1961) . | |

M. T; Jonés,'A Cairnvross and D. W. Wiley, J. Chem. Phys. 43, 3L03
551 , ' :

M. R. Das and G. K. Fraenkel, J. Chem. Phys. 42, 792 (1965).
A.kCarrington; H. C. Longuett Higgins, R. E. Moss and P. F. Todd
Mol. Phys. 9, 187 (1965).

M. ‘Karplus, R.:GL Lawlef and G. K. Fraenkel, J. A. C.S. 87, 5260
(1965). | |

M.‘Rossi,'P. L. Nordio and G. Giacometti, Theor. Chim. Acta;-ggb

265 (1968) .

M. C. R. Symons, Tetrahedron 18, 333 (1962).

A. S. McLachlan, Mol. Phys. 233 (1959).

A. KAono and J. Higuchi, Prog. Thero. Phys. 589, 28, (1962).

J. R. Boltoﬁ, A. D. MclLachlan and A. Carrington, Mol. Phys. 5, -31

.(1962).'

J. P. Colpa and E. De Boer, Mol. Phys. 333 (196L).

D. H. Levy, Mol. Phys. 10, 233 (1966).

P. Nordio, M. V. Pavan and G. Giacometti; Theor. Chim. Acta,

302 (1963).

L}-‘

R. S. Mulliken, C. A. Riekerand W. Brown, J.A.C.S. 63. 41 (1941).
C. A. Coulson and V. A. Crawford, J.A.C.S. 2052 (1953). '

D. H. Levy, and R. J. Mygrs; J. Chem. Phys. 43. 3063 (1965).

- C. Heller and H. M. McConnell, J. Chem. Phys. 32, 1535 (1965).

J. R. Motton and A. Horasfield, -J. Chem. Phys. 35, 11k2 (1961).

D. Pooley and D. H. Whiffen, Mol. Phys. 81 (1962).



56;
oT-
-?8;
- 59.

60.
61.
6e.
6l
65.
6.

v67.
8.
"69,
0.
T1.

': 2.
B
'_7A.
75.

76.

T
T8.

' 2108-'

. A. Horsfield, .J. E. Morton and D. H. Whiffen, 5, 25 Mol. Phys.

(1962).

ibid. 5, 115, (1962).

C-:Heller, J. Chem. Phys. 175 36 (1962). |

D. H. -Geske, Progress in Phys. Org. Chem., & 125 Inter301ence (1967)
V. A Crawford, Quart. Rev 3, 226 (1949).

Hyperconjugation Conference, Tetrahedron 2, iO5—27A.
Hyperconjugation; J. W. Baker, Clarendom Press, Oxford (l95é);

Hyperconjugation, M.J. S. Dewar, Ronald Press Co. , New York (1962).

“R. 8. Mulliken, J. C. P. 7, 339 (1939).

C. A. Coulson, Quart. Rev. 1, ihh (1947) .

:M:'Gloppert-Mayer and A. L. Sklar, J. Chem. Phys. 6, 6M5v(i958).
E. Huckel, z Phys1k 19, 20k (19%1), ibid. 76, 628 (1932) . '
A. Streltwelsser, Molecular Orbltal Theory for Organlc Chemlsts (1962).
'R. Daudel, R. Levebvre and C. Moser, Quantum Chemlstry (1959) .
M._Goeppert—Mayer and A. L. Sklar,lJ. Chem; Ph&s. 6, 645 (1938) .
C. C. Roothaan, Revs. Modern Phys. 23, 69 (1951).' -

R. Fariser and R. G. Parr, J. Chem. Phys. 21, 466 (1953), ibid.

21, 767 (1953).

J. A. Pople, Trans. Faraday Soc. 49, 1375 (1953).

J. E; Lennard-Jones, Proc. Roy. Soc. A198, 1k (l9h9).
R;'MCWeeny; ibid. A2h1l, 239 (1957).

C. C. Roothaan, Rev. Modern Phys. 32, 179 (1960).

R. E. Watson and A. J. Freeman, Phys. Rev. 120, 1125 (1960).
A. D. McLachlan, Mol. Phys. 3, 233 (1960). |

A. T. Amos and G. G. Hall, Proc. Roy. Soc. A263, L83 (1961).



9.
80.
81.

" 82.

85.

8L,
85.

86.

87.
88.

89.

90.

-109- -

L. C. Synder and A. T. Amos,.J. A. C. S. 86, 1647 (1964).

H. H. Jaffe, Acc. of Chem.'ﬁesearch 2, 136 (1968).

J. A. Pople, D. P. Santry and G. A, Segal J. Chem. Phys. L3, S129
(1965), ibid. 43, 8136 (1965)

J. A. Pople and G. A. Segal, J. Chem. Phys. kL, 3289 (1966).

J.A. Pople, D. L. Beveridge and N. §. Ostlund, Internatiomal J. of

Quantum Chem. 1, 293 (1967).

R. N. Dixon, Mol. Phys. 12, 85 (1967).

J;vA.bPople, D. C;Bevéfidge and R. A. Dobosh, J. Chem. Phys;_&?:
2026 (1967). B
I A Pople, D. L. Beveridge and P. A. Dobosh, J. A. C. 8. 29;
4201 (1968). | | |
P;VA; Dobosh, Qu@ntum Chem. Program Exchange No. 141 and No; l&Q.
H. Smith, Chemistryvin Anhydrous Liquid Ammonia, Vol. I, Part 2.
Organic Reactions in Liquid Ammonia (1963), also Peit 1, Inéfganic
and General Chemistry in Liquid Ammonia (1966). Edited by G.

Jander, H. Spandau and C. C. Addison (in German), C. H. Hutchison

“and R. C. Pastor, J. Chem. Phys. 21, 1959 (1953), R. Catterall

and M. C. R. Symons, p. 277-285 in "Solutions Metal-Ammoniac,

‘Properties Phy31coch1m1ques," (l96h)

G. Fraenkel S. H. Ellis and D. T. Dix, J. A. C. S. 87, 1&06 (1965).
E. Franta, J. Chaudhuri, A. Cserhegyi, J. Jagur-Grodzinski and

M. Szwre, J. A. C.S. 89, 7129 (1967).

A. H. Maki and D. H. Geske, Anal. Chem. 31, 1450 (1959); J. Chem.

Phys. 30, 1356 (1959); J. A. C.S. 83, 1852 (1961).



91.

| 92."

93.
9k,

95.

97.
98.

99.

100.

101.

1o02.

105.

104.

le5.

106.

107.

108.

109.

-110-

D. H. Tevy and R. J. Myers, J. Chem. Phys. 41, 1062 (196L).

D; H. LeVy, Ph.D. Thesis, University'of California (1965).

C. L. Talcott, Ph.D. Thesis, Unlver31ty of Calif arnia (1967)

' A..Bauder and R. J. Myers, U.C. Radiation Lab Report (1967) UCRL- 17829.

A. Carrlngton and J. Dos Santos—Veoga, Mdl. Phys. 5, 21 (1962)

3. C. M. Hennlng,;J. Chem. Phys. 35, 2058 (1961).

E. W. Stone and A. H. Maki, J. Chem.vPhysf 39, 1635 (1963)

H. L. Strauss and G. Fraenkel, J. Chem. Phys. 35, 1738 (1061)

.C. P. Poole, Electron Spin Resonance, Intersc1ence (196()

W..0. Jones, J. Chem. Soc., 1808 (1954). W. Sanne and O. Schlichting,
Angew. Chem. 75, 156 (1965) L. E. Craig, Chem. Rev., 49, 120 (1951).

A. C. Copé, C. L. Stevens and F. A. Hochstein, J. A. C. §. T2,

2510 (1950)

L. E. Cralg, R. M. Elofson and I. J. Ressa, J. A. c. s. 75, h80 1
(1953) ,

E. Vogel, Angew. Chem. Tk, 836 (1962).

W.vR.VRoth ana B. Peltzer, Liebigs Ann. Chem. §§g,v56(1965);

A. C. Cope, A. C. Haven, F. L. Ramp and E. R. Trumbull, J. &. C. S.

4 4867 (1952).

D. 8. ‘Glass, J. W. H. Wattey and S. Wlnsteln, Tetrahedron (L)

| 577 (1965).

J. Zirner and S. Weinstein, J. Chem. Soc. Proc., 235 (1964)."
D. S. Glass, J. Zirner and S. Winstein, J. Chem. Soc. Proc., 276
(1963).

A. P. Ter Borg, H. Kloosterziel, and N. Van Meurs, J. Chem. Soc.

‘Proc., 359, (1963).



110.
111,
112.

115.

114

115.

116.

117.

118."

119.
120.
121.

122,

125.

12k,

125.
126.
127.
128.

129.

-111-

H. Kloosterziel and A. P. Ter Borg, Recueil 84, 1305 (1965).

Vo W. R. Roth, Ann. Chem. 671, 25 (196L).

F. Smenthowski, R. Owens, and B. Daubion, J.A.C.S., 82, 1537 (1968).

'T. J. Katz and C. Talcott, J.A.C.S. 88, h732, (1966).

D. P. Craig, J.A.C.S. 997 (1959).

ibid, 1376 (1962). |

Braterman, J. A. C. S., 2297 (1965).

Mortimer, Inorg. Chem. 5, 906 (1966).

Chapman and Messey Trans. Farad. Soc. 58, 1679 (1962).

MeinZer, Pratt, Myérs,'Submitted to J.A.C.S., UCRL-19007 (1969).

Salem, Molecular Orbital Theory, Chapter 8.

G. Herzberg, Electronic Spectra of Polyatomic Molecules, Chapt. 1,

‘Section 2.

H. A. Jahn and E. Teller, Proc. Roy. Soc. (London) A161 (1937).

D. W. Pratt, Ph.D. Thesis University of California, UCRL-17406, (1967).

0. P. Craig, Theoretical Orgahic Chemistry, (Keckule Symposium) p. 20

1960 Butterworth, London.
H. M. McConnell and A. D. McLachlan, J. Chem. Phys. 34, 1 (1961).
H. M. McConnell, J. Chem. Phys. 3L, 13 (1961).

S. Basa, j. Chem. Phys. 41. 1453 (196L).

| D. H. Levy and R. J. Myers, J. Chem. Phys. 43, %063 (1965).

J. R. Morton, J. Chem. Phys. 41, 2956 (196L).



Fig._l;
Fig. 2.
- Fig. 3.
Fig. k.

Fig. 5.

Fig. 6.
Fig. 7.
Fig. 8.
Fig. O.
Fig.lQ;
Fig.11.
Fig.lE.
Fig.13.
Fig.1lh.

Fig.15.

Fig.16.
Fig.l7.
Fig.18.
Pig.l19.

Fig.20.

112,
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Radical Anion XBL 6912-6750

Figure¥ll ESR Spectrum of 4 ,S-methylené phenanthrene
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. eXo=cis form
PN o w

endo~-cis form

trans form

Fig-17 7,8-dideutero-1,3,5-cyclooctatriene

lsomers
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,

* apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report. :

As used in the above, "person acting on behalf of the Commission’
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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