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ELECTRON SPIN RESONANCE STUDIES
OF RADICALS PRODUCED BY ELECTROLYSIS

Carolyn L. Talcott
Inorgenic Materials Research Division, Lawrence Radiation Laboratory,

and Department of Chemistry,
University of California, Berkeley, California

ABSTRACT

The. ESR spectra of the radical anions of pyridine, pyrimidine, and
pyrazine in liquid ammonia were measured. The coupling constants obtalned
from these spectra allowed values of the quantities QNN, QCNN’ and QCHH

to be determined without relying on calculated spin densities. The

. values found are: QNN = + 27.3 gauss, QCNN = -l.7 gauss, and QCHH = 24,5

gausse Theoretical values for the parameters QNN (pyridine, pyridine
' N N
on ! and QON were calculated

using configuration interaction in an Mvaramework.v

N-oxide, nitrosobenzene, and nitrobenzene), @

.The ESR spectra of several substituted pYridine.radical anions in
liquid ammonid are repbrted including: h-picoline, 3,5-1lutidine,
pyridine N-oxide, lt-picoline N-oxide, and 2,6-lutidine N-oxide. A series
of McLachlan type spin density calculations were carried out in order
to determine values of the variable parameters appropriate for the -

various N-heterocyclic radical anions. Excellent agreement between ex-

- perimental and calculated spin densities was obtained for the simple

heterocyclics and for the methyl substituted pyridines. The parameters
for the N-oxideé were not as well determined. USCF calculations in-
cluding an approximate doublet state projection operator were carried
out for the unsubstituted N-heterocyclies and for pyridine N-oxide with

the resulting spin densities slightly better than those calculated using
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'the'McLaéhlan approximation.

Thé ESR spectra of the radical énions of nitrosobenzene in DMSO
- and THF and of ortho- and para-nitrosotoluene and 2-nitroso-m-xylene
in liéuid ammonia were measured. The values of the coupling constants
‘determined for the methyl nitrosobenzenes corresponded to én assignment
of the larger ortho protpnvcoupling Constént obsefved in the nitroso-
.benzene radical anion to the proton'ﬁearest the oxygen atom. This is
- consistent with the assignment prédicted by inecluding non-neighbor
resonanée‘integrals in the.MD caiculations of spin densify distribution.
Ah addiﬁional mechanism whereby the lsN electrons are polarized by spin
density in the oxygen pi orbital was prqposed and values of the parameters

E
Qone and Qg

McTachlan calculations for‘the nitrosobenzene radical anions were

H ere estimated using simple three center MO's.

carried out using several models fo accépnt for the effects of restricted
'rotation, In each case it was i"Aound £hat several sets of parameters‘ gave
eQually good prediétions of the ring pbsition.spin densities, with wide
vvariation of the predicted distribution in the nitroso groﬁp. USCF
calculations were carried out for the nitroSobenzéne radical anlon and
.similar ambiguity in tﬁe choicé of parameters was found., In the absence
of non-neighbor integrals, the USCF wave functlons predict a larger spin

~density in the ortho carbon atom which is further from the oxygen atom.
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1. INTRODUCTION

: There is a relation that allows for the correlation of two important

quantities present in various fields of sclentiflc study. In the author's

- experience this relation seems quite valid, The important quantitles are

theory and experiment, related as: f(T) x f(E) ~ constant. In this ex-

preésion f(T) is a function of the amenability of a system to examination.
by theoretical techniques and f(E) 1s the corresponding function of thé
experiméﬁtal study of that system., Thils constant seems in fact to be a
function of time and presents a éhallenge both to experimenﬁélists and
theoreticians tq contribute to its increasing magnitude,

In the literature, there is a larée and growing number of organiec
rgdieal ions ﬁhat have been studied in solution by electron spin resonance
(ESR) spéctroscqpy. The greater part of these studies tend to treat the more

complicated systems arising from such cOmpoun@s as the fused ring and

“highly substituted aromatic compounds. Interest in the quantum mechanieal

tre&tment of conjugated pi eiectrcn systems has been notable since the
time of Hlickel, The study ¢f molecules‘containing unpaired elecfrons has
rgceived muéhvadditional attentiog since the advent of the ESR studies
§f fhese.molecules, although rigorous theoretical treatment has been
limited to small fragments. such as the hypothetical +CH radical.

| 'Areas.of interesﬁ common to both the theoretician and experimeﬁtalist
are'increésing és can be seen in ﬁhe studies of such simple radicals as
;OH, 'NHE, and -CH5 as well as the mor§ complicatéd systems including the
allyl radieal, butadiene radical anion, .and the much studied benzene

molecule. and its radical anion, Many molecules remain, however, that

have received much theoretical attention but have defied experimental efforts.
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With the development df'éxteéhnique'£0r production of radlcal anions by
. fqohtinubus'électrolysis'ih 1iquid ammonia,l many avenues for exploration
were bpened. This work was undertaken in order to test the limits and

capabilities of the llquld ammonia system with the hope of extending

o
the 1imits of mutual theoretical and experimental study.

1.1 Summary of ESR and Theorefical Studies of
Pi Conjugated Orgenic Radicals<

In 1953 W’eissman5 and his co-workers reported the ESR spectra of

.. radical anlons formed by treating a number of aromatic compounds with

" sodium in unreactive ether solvents such as-dimethoxyethane (DME) and
tetrahydrofuran (THF). The surprising feature of.the speétra was fhe
vcomplicated hyperfine strueture obsérved for the radical anions of
>naphthalene,‘anthracene, naphthacene, and some nitro substituted benzenes.
- The suggestion thaﬁ the hyperfine structure was due to interactioﬁs of the
unpalired electron with the protbns attached to the aromaiic rings 1n thé |
hydrocarﬁon céées was supported by work of Fraehkel and Venkataraman
_on some aromatic quinones and their methyl and' deuterium substitﬁted
derivatives., The radicals were produced by known chemical methods and
‘the use of a flow system to observe less stable radicals was proposed.'

5

Welssman and others a,b then reported'the ESR spectra of a large

numbei of aromatie radical anions ineluding the beniene radical anion,5b
,produced!by alkall metal reducfion in ethers. They also observed the - §‘A
ESR spectra of the radical cations of many of these compounds formed by .
dissblving the parent molécules in concentrated sulfuric acid;5a

Austen, et al.6 obgerved ESR‘signals from frozen dimethylformamidé ,

(DMF) solutions of anthracene, benzophenone, and anthraquinone. The

éamples were taken during polarographic experiments and corresponded to
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the products of one electron reductions. A technique for electrolysis
within the microwave cavity of an ESR spectrometer was later developed

by Meki and Geske.?

This technique allowed for continuoﬁs production

of radical anions whiie ESR spectra were being recorded,” The electrolyses
were carried out under polarographic conditions to insure production of
the desired species. The spectrum of the nitrobenzene radical anion in
acetonifrile was obtained with the resolut;on of more hyperfine lines
than observed in earlier experiments. Further ESR studies of nitro-
benzene radical anions generated electrolytically in agueous solutions
were carried out by Adams et al.8 who noted, that in conﬁrast to previous
general agreement among reports of the observed hyperfine patterns for
aromaticvhydrocarbons, there was a significant change in the spacing
between lines attributed to ilnteraction of the unpaired electron with theq

nitrogen nucleus, 'This effect was attributed toithe difference in solvents.

Fraenkel et al.9

polnted out that complete'and rapid reduction of
the'parent molecule was important in the production of well resolved
spectra. 'They developed a method for electrolysis outside of the
spectrometer using a cell with a large cathode surface area and deslgned
éo that the paramesgnetice solution could be transferred to the spectrometer.
Again the use of a rapid flow system Tor very unstable radlecals was
suggested. Additional advantages of the external production of radical
ions included the possibllity of observing color changes and the production
of gases in the solutions being studied. Many nitriles were studied by
this external electrolysls technilque. |

Interest in the nitrogen heterocyclic compounds arose rather quickly

with the nearly simultaneous publications of Carrington and dos Santos

1
Viegalo'and of Ward . reporting radical anions produced by alkali metal
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-feduqfiénfofxvﬁ?iéﬁs gi£g1eénd multifing; poly;nitrdgeh hetérocyclic
)lcompbunds énd by H’auserl2 feporting eleetfélytic redﬁction of phenazine Ay
- and dip?oto phenaziné. _Much'work in this area foliéwed and the recent |
article by Henning13 ineludes a review. ' | . v
Extension of‘electrolytic reduction to aromatic hyﬁrocarbons was

1k in their studies of azulene and

first reported by Fraenkel, et al,

mefhyl substituted azulenes. The.technique for electrol&tic production

of radical anions iﬁ liduid ammonia was developed by Levy and M’yers.l

Elecﬁrolysis in liguid ammonia differs frdm‘that in_most cher solvenfs :

becéuse reductionvby the.solvated electron 1s a homogeneous'reaction in -

contrast tq'the heterogeneoﬁs»reduction that occﬁrs at a controlled poteﬁtial'

electrode, The use of sodium and other alkali metals in liquid ammonia

vto produce'radiéal anions has been reported.15 The mechanisms,fér'alkgli

metal or electrolytic feductions are similar; Eiectrolysis is'not

‘ complicéted by the presence pf alkali cétions, allows for variation of the

electron’conqentration atiwill during an experiment, and provides for

continuous production of the. species being studied. Othervmethods of

radical production commonly employed in ESR studies include photolysiS’

;n alcohol.solutions,16 generation of hydroxyl radicals in the soiution

to be studied by the reaction of Ti+++ and Hé02’17 aﬁd reduction in alkaline

solution of sodium dlthionite." | | .
After noting the variety in avéil&ble data and the many possible »

ways for obtaining them, the question that remains is: How can these v

| . data be most meaningfully interpreted? The interactions of magnetie

specles with one another and with external static magnetic fields are

described by the following épin Hamiltonian,
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sptn = ¥z + Sp ) - (1)
MZ=geaes- H-g B I*H : ‘(la)
M, = -gpep, (I-8/x - 3(Iox)(s+x)/r”) (1)
Hpe = '8371 eBengxi B(ry) S (1)« T (1e)

HZ (1a) ié fhe Zeeman interaction between a magnetic moment and a static
magnetic-field,:HDP (1b) is the dipolar interaction between two magnetic
moments, and;HFC (le) is the Fermi contact interaction. The & function’
in (1c) when multiplied by 8, (k) implies that there must be electron spin
density at the nucleus in order for:ﬂFC to be non-zero; (For a diécuséion
of notation see Carrihgton,ea and additional discussions of spin
Hamiltonians may be found in references 19-2k,

In the high field 1limit, this Hamiltonlan when applied to a system
containing one electron and one nucleus and haviﬁg spherical symmetry

glves rise to the followlng energy levels:
E(MS" MI) = (geBeMS - ngxMi)Hz + MMM,

where MS and MI are the z components of the electron and nuclear spins,
respectively and A 18 a constant determined by the Fermi contact Ham
(1e). ESR transitions are those in which AMg = 1 and &AM, = O and there-
fore thegfrequencies of the transitions observed in an ESR>ekperiment

are

hv (MI) = g B H, + AM . | (2) ..

‘Weissman25 has shown that for molecules tumbling rapidly In solution

the average value of:HDP 1s zero. This glves the molecule an average
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| spherieél.éymmétfy,and to a good approkimation thévESﬁ sbectra of most
vradicals in solution can be deécribed by equa£ions-similar to (2).

The surprise encountered when hyperfine structure was observed in
the ESR spectra of aromatic radical anions was dug to the rather well
established approximation that the sigma énd the pi electrons of an
aromatic moleéule can be treated independently and that only the pi
electrons need be considered explicitly in the study of most eleetronie
proﬁerties.26 With the 0dd electron moving in a pl type orbital, the‘
eontact term was expected to be zero for nuclel in the'pi nodal plane,
Once it was détermined that the coupling was indeed due to protons
attached to the carbon atoms rings, various methods oflacCOunting for
spin density at the proton nuclel were tried. Qut of plane vibrations '
were ruled out by the lack of dependence of the coupling constant on
the hydrogen isdtopes':atomic wéightsvand also by calculstions wh;ch pre-
dicted the coupling to be orders of magnitude smaller than that obser#ed.h
Polafization of the ¢ electroné, which results when sigma and pi electrons
are allowed to interact, will also glve unpaired electron density at tﬁe
nucleus. The two common methods available to treat thls polarization arei»
configurational mixing ofrsigma exclted states with the ground state wéwe
fUngtion and the removal of the restriction that electrons of different
spin must occupy equlvalent spatial orbitals when the electronic Hamilton-
lan 1s solved. Tﬁe latter method results in wave functlions that are not
elgenfunctions of 82. Both methods depend on the inclusion of the electron-

electron repulsion term 1/r between sigma and pl parts of the wave

13
funetion., Although ‘the advantages of a single determinant wave function
are lost, the configuration interaction (CI) technique seems to be the

better of the two. The fact that the unrestricted Soiutions of the

s



~approximate unrestricted seif-consistent field (USCF) treatment
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electrbnic'Hhmiltonian are rot eigenfuhctions of 82 has been discussed

by many authors.27-29
: ' : 28,30-32
The proton hyperfine interaction has been extensively studied.
Mc:ConnellBOa proposed that the proton coupling constant is proportional

to the unpaired electron density in the pi atomic orbital of the carbon

atom to which the proton is bonded. This proportionality is expressed by
H

where the symbol.QXYz is taken to mean the polarization of s elections
on atom Z due to interaction of electrons in the XY bond with electron
density in the pi orbital of atom X. The proposal was based on CI
treatment of a CH fragment and was further verified by more thorough

50b,52 Applying thls technique in the valence-bond frame work,

153

studies.
Karplus and Fraenke arrived at a similar expression, Eq. (4), for the

hyperfine coupling of an spg hybridized C-13 atom.

13 c
A(C?) = (8" +3% q
% X

c) p.+ =
C x
i

1 1

4, © u
JQxic  °x, ()

In Eq. (4) the carbon atom is bonded to atoms X, 1 = 1,2,3) and the symbol
Sc represents the polarizatioﬁ of the ls electrons whereas the le'repre-
sent polarization of 28 electrons.

Mécénnell;s equation has proved to be a useful.toolvin correlating
measured coupling constants with spin density caleulations. These cal-
culations vary in degree of sophisticétion and complexity, from the
simplest Huckel molecular orbital (HMO) fbrmatBh through McLachlan's

35

and from



;open shell and closed shell SCF26 36’37 to the USCF calculations with

: rojection of the appropriate spin states.38

The_degree_of correlation
'fof calculated spin densities with experimental spin densities is not in

general a function of the degree of rigor involved in the calculation.

5p”Hﬁckel theory, in fact, has often provided the best results.

Although the dipolar part of the spin Hamiltonian does not affect

. the energy ofbthe ESR tranaitions, it has been shown that the anisotropy_

. of the electronic g-value arising from spin-orbit coupling and the
anisotropy of the electron-nuclear spin-spin interaction contribute to the
widths of the individual hyperfine lines. ' The result is a linewidth

function of the form:

-1
I, " =a+pMy + 7”?

v"where B is a function of the rate of tumbling, the magnetic field, and
vthe anisotropies of ‘the g-value and of the electron-nuclear coupling, and

"y is & function of the rate of tumbling and of the anisotropy in the
electron-nuclear coupling all squared.59 From this equation 1t is possible
" to determine the sign of a glven coupling constant, since this sign deter-
l minea whethef the +MI component or the -MI component will appear at the
high (o} low) field end of the ESR‘spectrum. The sign of the nitrogen

and carbon coupling constants have been determined in this manner in
several cases.59 ~h1 _

In addition to the interest in the theoretical interprepation_of
data obtained from ESR spectra, much of the interest is often there fOr"
' the chemistry. The study of paramagnetic intermediates in reaction mechanisme

~ has been fruitful in a number of cases as is exemplified by the work of

Russell and his co-workers,
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vThé phenomehon of ion‘pairing has been known to ESR spectroscoplsts
43 N

for some time -~ and data are available for a variety of radieal anions.
‘It'is esbecially prominent in the alkali metal-ether solutions where addi-
tional hyperfine structure is observed due to spin density on the metal
cation.hh The magnitude of the coupling in the ion-pair is determined by
* such factors as solvent, temperature, and the nature af the fLons.l'L5

Electron transfer processes involving paramagnetic specles are well
suited to ESR studies. Such simple processes as the transfer of an electroﬁ-
from an anion to the cprresponding neutral molecule have recently been
carried out on the stilbené-stilbene radical anion system.h6 If the rafe
and activation energy for such a reaction are known, Iinference about changes
in conformation (or lack thereof) ﬁpon reducation can be made. Studies of
‘electron transfer involving redﬁction of a neutral arometic compound by
the previousiy generated radical anion of a different compound have been
‘_carried out by Adgms and co-workershT in order to obtain furthervinformation
6n.oxidatioﬁ-reductioh reactions of aromatle systems.

Analysié of the ESR spectra of p-nitrobenzaldehyde and other para-
substituted benzaldehydes and acetophenonesh8 has shown that @he number of
~ unique proton coupling conétants is gfeater than that expected for molecules
having a 2-fo}d Symmetry axis, The lower.syﬁmetry is dvue to restricted ro-
tation of the aldehyde group., The effect of restrictéd rotation has also .

kg 50

~ been observed in the spectra of the stilbene, and nitroso- .

20,51

azobenzene,
benzene radical anions and in a number of iminoxy radicals.52 Other
‘structural and conformational information such as the degree of planarity
' and type of bonding can be obtained from the magnitude and number of

' 53

coupling constants.
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o ":1.2 Systems to be Considered
Tt was noted earlier that there has been considersble interest in the
ESR spectra of radicals derived from nitrogen heterocyclic compounds.

In particular, meny attempts have been made to observe the ESR spectrum of

5k

the pyridine radical anion. Kuwata” reports the evolution of gas and the

éppearance of a single broad ESR line when pyridine is'treated with sodium

55,56

in tetrahydrofuran (THF). Voevodskii and Solodovnikov obtained a

multi-lined ESR spectrum by reducing pyridine with potassium in dimethoxy-

ethane (DME), but they did not analyze the hyperfinevsplitting. Oﬁhers

including W’ard,lla Markau and M‘aier,57 and Carrington and dos Santos

Viegalo have identified the ESR spectrum obtained, by reduction of pyridine f

with an alkali metal in THF or DME, as that of the 4,4'-dipyridyl radical
‘anion, vSimilarly a spectrum of greater width and complexity than would
be predicted has been observed when pyrinidine is treated with alkali

10,11b The radical formed was not identified.

. metal in THF ér DME,
On fhe brighter side, Dodd and his co—worke£s58vhave reported thé
ultraviolet absorption (UV) spectra of the radical anions of pyridiné,' .
pyrimidine, pyrazine,vpyridazine, and h,h'-dipyridyl. These were formed |
by brief contact of a THF solution of the parent compound with a sodium -
mirror. Both the ESR59 and UV60 spectra of the 3,5-lutidine radical
anion have been observed. In each case the parent compound was reduced"’v
by potassium or sodium in DME.
The N-oxides of aromatic amines have received much attention from

chemists since the discovery of their remarksble chemlcal behavior. The -

reactions of the N-oxldes are well characterized and various UV, IR, and
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NMR spectroscople studles have been carried out.. To the author's
knowledge no attempts have been made previously to produce the radical

anions of these compounds. ESR offers a sensitive test of the electron

‘distribution. The spectra of the radical anions would provide data for

additional correlations with quantum mechanical predlctions and new-bonding

situations would shed light on the nitrogen spin polarization problem.

The ESR spectrum of the nitrosobenzene radical anion in liquid

ammonia and several other solvents has been reported.5l’6l-65 However;

the interpretation of the effects of restricted rotation on the proton

~ coupling constants remains ambiguous. A significant contribution would

be made if it were possible to assign each ortho proton coupling constant

 according to the position of the proton relative to the oxygen atom. The

observation that methyl group substitution tends to have littie effect
on the electron distribution.in nitroso and nitrobenzenes, combined with
the steric effects observed.in methyl substituted nitrobenzenes, suggests
that the ESR spectra of the appropriate combiﬁatioh of methyl substituted
nitrosobenzenes would allow such an assignment ﬁo be made.

Additional studies of the effects of various solvents and of methods

of,reduction on the radical anion of nitrosobenzene should provide more

information about the electron distribution and the hetero atom parameters

necessary for molecular orbital calculations,

t

.



2, EXPERTMENTAL

2,1 Chemicals

2;1.1 'Ni£rogen Heterocyclics

' ‘Reagent grade pyridine was refluxed over BaO, distilled at atmospheric

preSsﬁre onto CaHg, and transferred in a vacuum line, after degassing, to e
a cﬁpillgry tube of appropriate volume (2 to 8 pl). This sample could then
be distilled into the electrolytie celio
The remaining heterocyclic compoundé were purchased from the Aldrich

Chemical.Company. Pyrimidine and pyreazine wére used without further
purification. L_Picoline and 3,5~1utidine were stored over CaHE, distilled
once at atmospheric pressure and once in the vacuum liné. Commercial |
pyridine-N-oxide is & soupy solid and is about as hygroscopie as KOH
pellefs. It was dried for about a week over CaCleAih vacuo. No further~
blpurification was attempted. h-Picoline N-oxide was recrystallized from‘ _‘
' benzene. The commercial 2,6-lutidine N-oxide ﬁas a brown'highly_viscousw
. tar. Tt was stored overnight over BaO at about ioo°c. Distillation at

 gtmospheric pressure resulted in épparent decamposition, therefore tﬁe
tar was vacuum distilled at room temperature and about 0,75 cc was
| collecﬁed in a liquid nitrogen trap after 24 hours, This sample was'a
clear colorless liquid at room temperature. Due to its low vaﬁor préséure _

the lutidine N-oxide was transferred to the electrolytic cell with a

microliter syringe,

2y

2.1.2 Niérosobenzene and Substituted Nitrosobenzenes

e

Nitrosobenzene from the Aldrich Chemical Company was recrystallized

from 956 ethanol, dried over CaClE, and stored under refrigeration in a

CaCl2 desiccator, The methyl substituted nitrosobenzenes (o-nitrosotoluene,
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p-nitrosotoluene,.and 2Qnitroso-m-xy1ene) were prepargd from the corre-v
| sponding nitro compounds by standard reduction procedures.64’65 The
| crude products were separated by steam distillation and further purifi->

cation and storage was similar to that for nitrosobenzene,

2.1s5 Solvents and Electrolytes

o Pure, dry dimethylsulfoxide (DMSO) was obtained from the technical
‘grade solvent by its treatﬁent with NaOH followed by distillstion from

. moleculaf sieves. (The author'appieciates the generous gifts of purified
solvent from Mr, Willism Smyrl). Chromaﬁographic grade teﬁrahydrofuran; 7
(THF) was reflﬁxed over Na or X hetal, distilled onto CaH,, and transferred |
from the CaH2 under vacuum, Reagent grade liquid ammonla was purchased

from the Matheson Company and was used without further purification.

- Polarographic grade tetra-n-butylammonium perchlorate (TBAP) and tetra-n-
methylammonium iodide (TMAI) were obtained from the Southwestern Analytical

Company and were used without further purification.

2,2 General Procedure and Remarks Concerning Electrolysis in Liquid
", . Ammonisa

'The ESR spectrometer and electrolysis cell used in all experiments
have been previously described. An ammonla solution satufated with tetra-
'.methylammonium lodide and containing 10 to 100 micromoles of parent compound
per 10 cc of solution was electrolyzed at about -75°C to produce eéch of the
observed fadical anions. Current was passed through the cell starting at 1 pa
and was gradually increased until an ESR signal could be observed, The current
was then adjusted to maximize signal infensity and resolution., It was often
necessary for the "solvated.electron"-concentration to be so great as to
produce & single intense signal that appears slightly to the high field slde

of the center of the radicai anion spectrum in several of the figures,
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_.In theaaﬁine aha amineQN—oxide.spegtra no MI;lineQWidth dépendence.was
~ observeda The apparent variation in sigﬁal'intensity'between the high
and low field extrems in some of the spectre presented is due to a change
in radical concentration during the 20 to 30 minute period of the fleld
sweepes It waszs often found that the best spectra were obtained under
 'conditions of precarious and short lived dynamic balance among the con-
centrations of parent compound, radicel anion, and "solvated electron"
in the vicinity of the cathode., In contrast to pyridine and its deriva-
tives, nitrosobenzene and methyl substituted nitrosobenzenes fprm very |
stable radical anions in liquld ammonia and can consequently be studied
in the absence of a large excess in the solvated electron concentration.
The coupling'constants measured for the aminé and amine-N-oxide radical

anions with related data from other works are listed in Table I, Thé

corresponding date for the nitrosobenzenes are listed in Table IT. _Resulfsi

pertinent to each radical anion are discussed in the following sections{

2,3 Nitrogen Heterocyclic Radical Anions

2.3.1 .Pyridine |

The pyridine radlcal anion is first observed at ~ 26 pa with é spe§-
trum of 34 lines grouped in sets of 3 and 4. The number of lines oﬁserved
is less than the theoreticaily possible 54 because the coupling constants
A(N) andvA(h) happen to be linearly dependent on A(1) and A(2), Thé
individual line widths at this lOW'éurrent are gbout 0.5 gausé. When
the current is gradually raised to a maximum of 240 pa (the maximum current
was limited by the 110 volts avallablie from the power supbly and bj the
condﬁctivity of the solutionj there is an increase In signal intensiﬁy

and decrease of line width to 0.15 gauss, After 45 minutes of continuous

».’,
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Observed coupling constants for nitrogen heterocyclic

-15-

Table I

radical anions in liquid ammonia

Heterocyclic Compounda Atom Heterocyeclic N-Oxide
A (gauss) A (gauss)
Pyridine N 6.28 10.82
H(2 3.55 3.0k
HEB 0.82 0.47
| H(4 9. 70 8.61
k_Picoline N 5.67 9.89%0,3
(4-methylpyridine) H(2) 3.80 3.35
| H§3§ | 0,60 < 0.30_
CH3 b 11,38 9.89+0.3
3,5-Lutidine N | 7.l+o(b) ————
(3,5-dimethylpyridine ) . ngg 3.19 ————
' CHa 3 1.06 ——
(k) 8.9k
2,6-Iutidine N : () 9.85
(2 6- dimethylpyridine) CH &2) ———— 4,25
_ A jg ——— 0,47
H(4 —— 8.98
Pyrézine N , 7.22(d) ——
(1,4-dlazine) H 2,72 ———
Pyrimidine N 3,26 ———
(1,3~dlazine) H(2 0. T2 ——
H(L" 9.78 - -
H(5 1.31 ~——

(a) Rings numbered by standard convention,

See, for example, Handbook

of Chemistry and Physics, Chemical Rubber Publishing Co,, Cleveland,

 Ohio.,

using alkali metal reduction 1n dimethoxyethane.
obtained 6.12, 3.27, 0.92, and 8.70, respectively, under similar

conditions.

"(b) Reference 59a obtained 6.21, 3.41, 0.80 and 8.96, respectively,
Reference 59b

(e¢) A spectrum has been obtained using 2,6-lutlidine as the parent compound

but we have been unable to assign it.

(4) References 10, 11, 13, and 68 have obtained quite similar values in
’
a number of other solvents.
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Teble IT

,-Experimental coupling cénstants(a) for Nitrosébénzéne'type radlcal
) g - anlons S

Coupling Constants (in Gauss)

" Radical Reducing

Anion Medium - A(W) A(Ortho)(b) A(MEta) A(Para)
eis ’
trans}
M{j (c) = 7'97 5'991'15 10051.0 5'991'15
2'97 -
DMSO 7.60 3.82} 1.08 3,82
. , 2.71 .
- Nitroso-
benzene (d) _ ) .
© DMSO+ 8.0 3.9 1.1 3.9
+BuOK/tBuOH - _ 2.9} | R
™HF - 8.0 b, 0%,2 1.1 hote2
| o p |
Btoi/ma (8) 10.2 h.25} 126 - 5.76
p-Nitroso- 821 '3.9u} 1.2 4,28 *(f)
_ toluene o o 3.0k o
| 0-Nitroso~ . | 7T.66 4,05 ' 1.22 4,05
toluene NH} 2.20*} 0-99}
2-Nitroso- S 7.52  3.18° 1.1k k.21
m-xylene R c '

(a) Unless otherwise noted data were obtained from this work.
(b) Assignments based on arguments cited in text.

(¢) Ref. 61. '

(d) Ref. 51.

(e) Ref. 62 and 51 obtained A(o,P) = 4.02,A(0') = 3.65 and Ref. 63 obtained
A(o,P) = 3.9, A(o') = 4.2 under similar conditions.

(f) Starred quantities represent methyl group coupling constants,
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‘Table I

Observed coupling consfants for nitrogen heterocyclic
' radical anions in liquid ammonia

Heterocyclic Compouilda' Atom Heterocyelie N-Oxlde
A (gauss) A (gauss)

Pyridine N 6.28 10.82
H(2 3.55 3.0k
HéB 0.82 0. 47
H(L 9.T0 8.61

4-Picoline N 5467 9.89%0,3
(4-methylpyridine) H(2) 3.80 3.35
' HéBg 0,60 < 0430_

cns L 11.38 9.89+0.3
3,5-Lutidine N 7.ho(b) —
(3,5-dimethylpyridine) H 2; 3.19 _ —~———
CH% 3 1.06 ———-

. () 8.9k R—

2, 6-Iutidine , N (c) - 9.85
(2 6-dimethylpyridine) CH,(2) —— o hes
g 5 - ’ O, )47
H(k — 8.98
Pyrazine N 7.00(d) —
(1 4.diazine) H 2,72 ——-
Pyrimidlne N : 3,26 —
(1,3-diazine) H(2 , 0. 72 mae-
CH(4 9.78 |
H(5 1,31 e
(a) Rings nunbered by standard convention. See, for example, Handbook
of Chemistry and Physics, Chemical Rubber Publishing Co., Cleveland,
Ohio.

" (b) Reference 59a obtained 6,21, 3.41, 0,80 and 8.96, respectively,
using alkali metal reduction in dimethoxyethane. Reference 59b
obtained 6.12, 3. 27, 0,92, and 8.70, respectively, under similar
conditions. _

(e) A spectrum has been obtained using 2,6-lutidine as the parent compound
but we have been unable to assign it.
(d) References 10, 11, 13, and 68 have obtained quite similar values in

a number of other solvents,
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Teble IT

Experimental coupling constants( a) for Nitrosobenzene type radleal
anions- S

Coupling Constants (in Gauss)

Radieal Reducing

Anion Medium | - A(N) A(Ortho)(b> A(Meta) A(Para)
' cls
trans}
N (@) .07 3.99%:15] 105509 3.99%15
DMSO 7.60 3.82} 1.08 3,82
_ 2.77
Nitroso- -
benzene . C(a) . ‘ :
oMso+ ¢/ 8.0 3.9 L. , 3.9
tBuOK/tBuOH " ,2.9} o e .
THF . 8.0 L, 0%,2 11 h,ot,2
" EtOH/Na (e . 10.2 4.25} S 126 . 3.6
' , L 3476 Lo
. p-Nitroso- 8.1 15.9u} 112 hog MO
toluene _ B 340k AR L
0-Nitroso- S T.66 4,05 L2 4,05
toluene ' mﬁé » '2.20*} 0.99}
2-Nitroso- . . 7.52  3.18" E T .21
m—xylene - P v '

(a) Unless otherwise noted data were obtained from this work.
(b) Assignments based on arguments cited in text.

(e¢) Ref. 61.

(d) Ref. 51.

(e) Ref. 62 and 51 obtained A(o,P) = 4.02,A(0') = 3.65 and Ref. 63 obtained
A(o,P) = 3.9, A(o') = 4.2 under similar conditions.

(f) starred quantities represent methyl group coupling constants,

Py
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eleétroiysis at this currentvlevel the lines narrow further (80 milli-
gauss or iess) and additional splitting in.some of.the éentral lines is
obéerved. This splitting c;rrespdnds to the actual 1inear independence.
of A(4). A trace of the spectrum recorded under these conditions is shown
in Fige. l« Along with the increased resolution, at maximum cuirent a 25
ihcrease in conductivity is observed, then thé signal'bégins to decay and
is completely gone in 10 to 15 minuﬁes. If the voltage is turned off ﬁhe
signal reappears and reaches a maximum intensity in about 5 minutes, It
then decays wiﬁh a "half-life" of 1 tovl.5 minutés. Thé "half-life" for
decay at the 40 pa level is O.75Iminutesn All "half-lives' are taken as
the time necessary for the signal to decrease to one-half its original
infensity. Quantitative studies of decay rates were not undertaken,

it should be pointed out that current levels'quoted are only quali;'
tatively reproducible. The exact values depend on such factors as solute
- concentration and presencevof traces of 02, water, and other impurities,:
The exact values are mentioned only to giVe an idea of the type of ex-
periment performed.. |

2.3.,2 L-Picoline (4-Methylpyridine)

Lh_Picoline behaves in much the same way as pyridine in.liquid aiﬁoniéo
Reducﬁibn is observed at about 15 pa, There is a simiiér increase iﬁ
radical concentration and decrease in line width as the current is
increased, The spectrum as shown in Fig. 2 consists of 81 out of the -
theoreticél]y possible 108 lines. The strong central line, not expected
in a radical containing an odd number of equivalent protons, is due to |
the accidental equality A(CHz) =.2A(N). Continued electrolysis at meximum
current results in decay and eventual disappearance of the signai. After

the voltage 1s turned off the signal attains maximum strength within
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- H |
MUuB8-13101

Fig. 1 The ESR specfrum.of the radical anion of pyridine in liquid ammonia near -75°C.
The strong line 1s due to the "solvated electrons present in the system under

steady state electrolysis.

!
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Fig. 2 The ESR spectrum of the radical anion of 4-picoline, The intensity variations

from one end of this spectrum to the other are largely due to variations with
time, B

- 6‘[..
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'5 to 8 minutes and decays with a l minute "half~life".

.3.3 3, 5-Lut1dine (3,5 —Dimethylpyridine)

~ The 3, 5-lutidine radical anion was prepared in order to compare re-
sults obtained in liquld emmonia, with those obtalned by chemical reduction. 59&’

A slgnal is observed at 20 to 25 pa and the best spectrum, shown 1n Fig. 3,

is obtained at approximately T0 pa, Thils current is significantly less than
the corresponding'values for the pyridine and h-piooline radical anions.

‘The 1ine width varied from 0.5 to 0.2 gauss, but could not be further reduced.
bnly 50 of the 126 possible lines are resolved due to the fairly broad lines
and the near equalitles A(N) & 7 A(CHj) and A(2) 3A<CH3)° Continued
-electrolysis at or above 70 pa causes the signal to decrease and the con-

V ductivity'to increase, The signai'grows back when the voltage is shut off

and then decays with a U4 minute fhalf-life"; Tﬁe observations indicate
| that the 5,5;lutidine radical anion is somewhat more stable than the pyridine-

. or picoline radical anions. The difference.;n the hyperfine coupling cohsé.
.‘_tants,as measured in the tﬁo solvent systems (Table I) was at first sur--

vprising, eSpecially considering the good agreemeot in thevcase of pyrazine

f, radical.anion measured in a wide variety of systems. This point will be

discussed in section 4.2.

2.3.4 Pyrazine (1,L4-Diazine)

The pyrazine radical anion was also prepared in order to form a basls

'“! for comparing results obtained in liguld ammonlae with those obtelned using

:',1 other techniques

10,11,13,&5,59&,60,100 An observable quantity of

radical anion 1s formed when only 1 pa of current 1ls passed through the
B solution. bThe.best signael 1s obteined at 7 to 10 pa. The slgnal in-

"1tensity decreased when the current is raised above 10 pa but returns to the
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The ESR spectrum of the radical anion of 3,5=1utidine,

Hye

3 .CHS

2 Gauss

" wyei3noe
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’ original level if the current is reduced or set to zero. The pyrazine

- radical anion is. quite stable in liquld ammonia with no noticeable decay

of 1ts signal after two hours’ at zero current.

2,3.5 Pyrimidine (1,3-D1a21ne)

In contrast to pyrazine, pyrimidine radical anion is not observed
until the current is raised to 20 uau. Between 20 and 100 pa the spectrum
1.consists of nine broad lines which begin to show additional splitting
as the 100 pa level‘is apbroacned. Continued electrolysis at 125 pa
produces a well resolved spectrnm‘as shown in Fig. lUa that consists of
eleven equally speced quartetst

The fourblines of equal intensitv can be assigned to the two non-
~equivalent protons in positions:numbered Q‘and 5. Eleven equally spacediz:.
i,lines of relative intensities l}2:3:4¢5:6:5}h:3£2:l can be generated

1n two ways from two equivalent nitrogen nueclei and two equivalent

",»vhydrogen nuclei: a) if the observed spacing is equal to |A(H)| and

"A(N)'= 2|A(H)| or, b) if the obServed’spacing is equal to A(N) and
a(H)| =‘3A(N). The equalities are probably not exact and should be
.writtenx a) A(N) = 2|a(H)| +8 - |A(H)| or, b) |A(H)] = 5A(N) +8 «A(N),
'wnere the term & « A is too small (2 l/}vline width) to cause observable
splitting but may be detected in the distortion of the hyperfine lines.
Table III shows the statistical relative intensities and expected.
positions of the hyperfine components‘for eech'set (MI(N), MI(H)) for |
both cases. It is seen that fonr of the eleven lines in each case are .
made up of overlapping lines corresponding to different values of (MI(N)’

MI(H))' If the centers of the two components are not coincident, the

observed line will appear to be broadened. On the basis of the observed '
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Table III

Positions of hyperfine components for alternate assignments
~ " of the pyrimidine radical anlon ESR spectrum

a . b c
line( ) . u Mi(N) o Mi(H) o _]H-HOI/A(h) . 1(e)
la £ 2 Tl 5 + 28 1
1b * F L 5+ 8 1
28, .- 0 4 + 28
2b * F + B 2
| §a§ | * t1 3 + 28
+ F1 3
3 0 Fl 3
ha - x1 0 2+ 8
kb 1 Tl 2
5a§ - £ 1 £ 1+8 o
-0 F 1 .3
5b Fo 1 1+8 1
1 0 1 L
6a,b o 0 0 6
(a)  Observed lines numbered from extreme's to center of spectrum,
a =>[|A(H) = A the average separation between centers of
quartets and A(N) = -3A -5 + A,
b =>A(N) = Aand A(H) = -3A -3 + A,

0
()

,H-HO] i1s the distance from center of spectrum,
1 1s the relative intenslty of the component. :
1 = multiplicity of MI(N) * multiplicity of MI(H). .
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Fig. 4 éa The ESR speetrum of the radical anlon of pyrimidine.
- ‘ The calculated spectrum with A§N 2A(4) * 0.15 gauss.
N 1/3 A(k) * 0.18 gauss.

" Note the improved intensities in this case.

non

The caleulated spectrum with A



25-

deviations éf‘the ch ahd 5th groups of lines from the predicted intensity
ratios, the ébove assignment (b), where|A(H)| = 3A(N), was determined to be
the correct one. Figures Ub and lec show the calculatea spectra for both
cases which further confirm the assignment.

Increasing the current above the 125 na level resulted in a decrease
of signal strength. Original intensity was restored when the current
was dropped back to 125 pa., After several.hours of electrolysis new
lines began to apéear toward the center of the spectrum indicating the
formation of a new species. Thls second spectrum was not intense enough

to analyze or identify.v

2.3.6 Pyridine N-Oxide

The radieal anion is prdduced in an observable quantity at a current
level as low as 2vua.'This}is in pért*due to a high concentration of parent
compound (about ten times that of most of the other compounds run). The .
spectrum'consists of 14 lines each about 1 gauss wide. After sevefal
hours of electrolysis atﬁmaiimum curreﬁt (150 ua), these lines resolve
into triplets with a line width of 0.20 to 0.25 gauss. This spectrum is |
shown in Fig. 5. Eventually the conductivity of the solution increases
énd the radicél decays.‘ The signal grows back when the voltage is furned
off and then decays with a "half life" of 2 minutes. Prolonged electrolysié
results in the growth Qf‘additional sharp lines toward.the eenter of
the spectrum. The séparation of these lines is the same as for the
corresponding lines in the pyridine radical anion spectrum. It has been
previously observed that chemical riduction of pyridine N-oxide in liquid :

ammonia yields both pyridine and U,.! dipyridyl.66
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 2.3.7 b4-Picoline N-Oxide'

A signal is observed at 5 pa thét'coﬁsiéts of éix tfiplets with a
 line width bf about one gauss., Increasing the current to 100 Qa has no
effeét on the line width ér resolution. Sevéral attempts including pro-

. longed electrolysis at various cufrent‘leVelé and variation in parent
compound concentration failed to resolve the expected small‘triplet split-
tings o£.to resolve the near equality A(N) ~ A(CH35. Continued electrolysis
. at currents greater than lOO us yielded a new spectrum which could be
identified-as that of the 4-picoline radical anion. Comparison with éomputed
spectra indicate that it is reasonable to assume a smali unresolved triplet
splitting of 0.25 to 0.30 gausé and a difference of up to 0.5 gauss in the
values of A(N) and A(CHE). It was not possible to decide which of the two
isilarger, The spectrum is shown in Fig. 6.

2.3.8 2,6-Lutidine N-Oxide

A signal is observed at 5 to 10 pa that consists of eighteen lines
having a line width of ~1 gaﬁss., It was necessary to electrolyze at maximﬁm”
current (180'pé) for severaluhours before further splitting could be resolved.
,fhe spectrum iﬁ shown in Fig, 7. No decay of signal, increase in cohdﬁctivity

or production of 2,6-lutidine was observed at maximum current.

2.4 Nitrosobenzene Type Radical Anions

2.4,1 Methyl Substituted Nitrosobenzenes

Strong ESR signalsrare'obsefved at only 2 pe of current for thé*ortho '
and ?éra ﬁitrosotoluénes (o,p NOT). The éignals improved with increasing
f'cufrent to about 10 pa. At higher curreﬁt, the signals began to decrease
1gnd é single broéd 1ine with d g-valué. and total width about equal

to that of the resolved spectrum appeared. - Line width dependence
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The best ESR spectrum obtaine
h-plcoline N-oxide..

MUB 13107

Fig., 6

d for the radical anion of

.,
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Fig. 7 One-half of the ESR spectrum of the radical anion of
2,6~ lutidine N—oxide ,



-30- .
on the quantum number Mi N) was. noted for both of the NOT radical anions.
The ratio of the observed intensities of the outer equally probable

:i hyperfine components were averaged over a number of traces with the result

N that I(high field)/I(low field) = 0.83. The same result was found for

. either molecule. '
2eNitroso-m~xy1ene (NOX) did not reduce appreciebly until a current

level of 10 pa was reached.v The sample appeared to contain some nitroxylene
impurity; As a‘result three well separated‘groups of lines were superposed
on the nitroso spectrunu The higher g-value of the nitro radical anion
- causes about a 2 gauss down- field shift from that of the nitroso radical
anion at 9,0 Ge. When the solution containing the two radicals was

; allowed to sit for 6 hours with:no current passing through the cell, the
ZVYESR signals assigned to the.nitrosoxyiene remained and'the‘signal assigned”

} to the nitroxylene decayed.; MI(N) line width dependenee was again observed.
The ratio of the high fleld to low field intensities was found to be |
: O 79 for NOX.‘ .
The spectra of the three methyl substituted nitrosobenzenes are

o _shown in Figs. 8-10.

2,4.,2 Nitrosobenzene

The radical anion of nitrosobenzene (4NO) was prepared in DMSO aﬁa:ff
in THF electrolyticaliy using TBAP as:the supporting eiectrolyte. For
:the_ﬁMSO’experiment, 0.03 mﬁoles of nitrosooenzene and 0.5 mmoles of .
TEAvaere dissolved in 10 mi offDMSO and put into the same electrolytic
’cell that was used fbr the ammonie experiments. The mixing and transfer =
were carried out in a nitrogen dtmosphere. -The solution was cooled and

a vacuum applied in ordervto re@ove traces of oxygen. The best spectrum
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Fig. 8 The ESR spectrum of the radieal anion of p-nitrosotoluene

XBL677-3460 . )
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Fig. 9 The ESR spectrum of the radical anion of o-nitrosotoluene
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Fig. 10 The ESR spectrum of the radical anion of 2-nitroso-m-xylene
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conéiSting éf 30 lines was obtained in DMSO”with3abouL 2 volts across the
platiﬁﬁm.eiéétr;des. The center line of the outermost 1:211 triplet is
broadened due fo a small nonequivalence of the two protons causing the
triplet splitting.

Fof the THF experiment, the eiectrolysis cell contalning 0.02 mmoles
- of nitrosobenzene and 1 m@ole TBAP was evacuated and 10 ml of dry THF was
distilled in. ESR signals were observed at 5.6 volts, however, it was
found that an improved signal resulted when the voltage waé raised to as
much as 15 volts, At rocm temperature the spectrum in THF shows a vefy
pronounced broadening of the high field lines. The ratio of intensitiles
of low field to high field for equally probable lines 1s about 2 to 1.

As the solution temperature is lowered slightly, the high field lines

' becéme broader until eventually the hyperfine structure is no longer
discernible in the outer two groups. In the room temperature spectrum a
difference of about 0,25 gauss in the sﬁrongest 1:2:1 triplet is resolved
where some of the inner lines are not brogdened by other overlap or other
splittings,

In either DMSO or THF the radical begins to deca& as soon as the
‘voltage is turned off. This 4s in contfast td the liquid ammonia system
in which the nitrosobenzene radical anions are quite stable.61 Figure |
lla,b shows the spectra recorded in DMSO and THF;

2.5 Discussion of Phenomena Observed
in Liquid Ammonia Electrolyses

In the liquid ammonia electrolyses described above, most of the.
interesting reactions occur in a small area sbove the cathode (a platinum'
bead sealed in the bottom of a 4 mm quartz tube), The volume involved

is roughly 2% of the total solutioﬁ volume. The processes of interest
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Fig. 11 The ESR spectyum of the radical
anion of nitrosobenzene (a) in
DMSO (b) in THF
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' where A feﬁrésénfs thé_parent'coﬁpohndgcfsihﬁérésﬁﬁand e?‘fis_the_.'~"
nn "solvated electron” in all of its possible qums. 'There are also the
virreversible”décay‘processés such as:

' A:_-*B“. f,.' S (e) ' -

A=__;c" I € )

1,’Thé products - are in general unknown; but the importance of these proceSSé§; f;; { {g

is to cause additional decrease iq conégntraﬁions of A” snd A”. Thevgon-_iﬂ: ;v‘7°

~7Centrationvof e’ can be controlled by adjﬁsting‘the current paésingfthrough',j;" o

¥ the electrdlytic cell, Thé’parenf compound concentration at the cathode is .

S ‘. determined variously by the initial concentration, the rate at.which it is

being used up and the rate of diffusion from the bulk solution into the

" cathode area, Constants for the equilibria (a)'— (c) are functions 6f._b

* the reduction potentials and solVation‘energies of the speéies involveds - .

With preceding considerétions as a guide, one canfpropose probabie

' ‘2€1explanations of the phenomena‘observed during electrolyses of the various éy'fT

’ i‘nitrogeh heterqcyciiés. The decféasé'iﬁ'rgdigal anion concentration at
“higher curfentzlevels can be attfibuted to dianion'formétion. An'increasé'

fv: in e;éctron concenﬁration coupled with.an inérease.in thé concentration

‘ ;§f iadical anion and/or-é deéreéée in parenﬁ compound concentration in

sufficient amount would favor reaction (b) instead of (a). The dianion
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is eiso a'iikely'species te Yield the monoaﬁion when the election con-
centration 1s drastically reduced. The deca& of the dianion could pro-
ceed either by (b) reversed or by (c). Both are possible depending upqﬁ
the relative amount of A. Another question of interest concerns the
formation of pyridine and picoline from the respective N—oxides.. The.
high current level necessary to bring about the deoxygenatioh together
with the proposal that prolonged electrolysis at a'high current level
results_in the formation of the dianion suggest that the dianion 1s an
intermediate in this process.
The width of the lines in an ESR spectrum'can eften give information
about the processes goiﬁg on in a solution., If the exchange reaction (d)
~took place with a frequency on the order of 106 sec"l it would meke &
significant contribution to the.line width of many organic radical anions
(which typically have line widths of 0.l to 1 me). If the concentration
of parent molecule were to decrease by a large factor the exchange rate
’-quuld also drep and there would be a cbrresbonding decrease in the line
width of the spectrum. The decrease in line width in the spectra of
'radieal anions in liquid ammonisa observed at increasing current levels

is evidence for a line width contribution of this sort.
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'3, NITROGEN HYPERFINE COUPLING PARAMETERS
'5;1‘.ExPefimental Determination of the.Parameters QNN and Q N '"-f;’:';f.'

The equation (Bq. 4) derived by Karplus and F:c'za.enkel35 for the inter- : i

_pretatlon of C 13 hyperfine coupling constants have been adapted to explain =
13,67,68

','N lh coupling in a varlety of situations, .For molecules in which

pthe nitrogen atom 1s bonded to two carbon atoms the N- 1k hyperfine splitting

. is to first order bilinear in,qN (the electron spin density on the nitrogen7_ff”,f7
atom) and e * pc' (the electron spinvdensities on the carbon atoms bonded

' to the nitrogen) and can be written

) = (" +2a ) oy +agy” (og + e - 0)

. vhere sV repfesents'the contribution of.nonbonding‘electrons'including

”:hthe_lsﬁ andvthe lone pair electronso The constant QﬁcN'repfesents the_"
2 contribution due to electrons associated ﬁith the cerbon-nitrogen'bonds.t
‘.'We shall neplace the quantlty (SN + EQNCN) by a_single symbol QNN since h_:ll
 the two contributions are not separable in the present series of compounds. - -
‘v-.The quantity QNN would have different components and hence a different |
numerical value if derived for a nitrogen atom in a different molecular
framework and possibly in very different solvents.
There ane many determinations of the paremeters-QNN and QCNN in theru
) 1iterature. These are summarized ln Table IV. These calculations all
~ involved data from molecules contalning one or more positions of unknown.
spin density. The numbers presented are therefofe dependent'on the .;'f»éij ;n
;reliability of molecular-orbital calculations and on an estimate of - .

L Q the parameter in McConnell's Eq. (3).
. CH ’



Table IV.

Experimental determinations of nitrogen spin pblarization paremeters.

Nitrogen N N N '
Framework W Son QON Data and Methpd Referenge
Gauss Radical Anions of':
42512 ~0 - pyrazine, 4, 4? ~dipyridyl, phenazine Carrington and dos ;
' quin0321ne,tetraazaanthracine: . Santos Veiga (10).
+21 +7 -- pyrazine, 4,4t dipyridyl Ward (11)
: CH
.e +28,.4 -1.5 - pyrazine,3,5 lutidine:QCH &Q 5 Atherton et. al. (59&)
C/N\C oL . ' S : : ;
+19,1 +g.1 - pyrazine, U, 4 gipyridyl ' ) 3
. S 1,4~ and 1,5-dlazanaphthylene Henning (13) %
+30,9%2 -2k -- * pyrazine, phenazine ' Stone and Maki (68)
() 4 -— 2,2' dipyrimidine ceske (17)
+27.3 §1,7 - pyridine, pyrazine, pyrimidine This work (6)
+36 _— +é'gg to diphenylnitroxide solvent Ayscough and Sargent (62)
-? e effect data . o
+50%8 765425  pyridine N-oxide, L4-picoline : :
~ ' N-oxide, 2,6-lutidine N-oxide This work
? +99 —_— 36 substituted nitrobenZenes Reiger and Fraenkel (67)
0”0 - - +5‘7 Pannell (82)

solvent effect. p-substituted
nitro benzenes :




. Table IV. (Continuved)
Nitrogen ‘ ¥ . N | N ' ' , R ’ S E
Framework R Qe Qon Data and Methpd R L Reference
C/N\O “+ 25 - -0.96 monophenyl nitroxide: solvent  Ayscough and Sargent (62)
- R effect L R AR
¢ ™o + 21*(0) - _2_(c) nitroso benzene solvent - This W,°1"kv' T

T4 lg(d) -- +9(d) _effect

\T/ - == -3-'% - NO3 | A - o Gross and Symdné (81) .

Q) = 47 to 20 deduced from . | . .
mtroxides, nitroaromatics . Co .
and NO2 -2 ; -

(a)
(v)
(e)
()

Assumed value of Ref. 17.

Using only Eqs. (6) and (7) and assuming that A(B) <0 for pyridine Which gives QCH =-24.5 gauss.

Using "B" effect type calculation.

‘Uslng "Q" effect type calculation.

.4:"01(" .' f‘
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Using only the coupling constants for the pyridine, pyrazine and pyrimidine

radieal anions it is possible to calculate values for QN and QCN ; as
well as to determine a value for QCH#’ The major assumption underlylng

' this determination is the validity of Eqs. (3,5). The caleulation in--

volved the simultaneqﬁs solution of equations of the type:
A = o (1- 2 A(i‘-)/QCHH) toy EAEgD  (8)
A(N) =1/2 QN (1-2 A1) ag) + Qg (@ A(s)/agy B

where 1 1s summed over all carbon atoms in the ring and s is summed over |
"the carbon atoms adjacent to the nitrogen atom in question, Equation
(6) applies to the pyridine radical anion and Eq. (7) applies to the

- pyrazine and pyrimidine radical anions. The assumption that 2p, =1

, J
v (J 1s summed over all atoms in the ring) 1s implicit in the derivation
of Egs. (6) and (7).
; In these equations one must know the sign of each coupling constant

while the ESR data only determine thé magnitudes. It 1s well known

that QGHH 1s negative and the sign of A(N) appears t§ be positiveBg’Ao
b'in most situations.' In the case of the pyrimidine radical anion, simple
Huckel theory places a node at carbons 2 and 5, but calculations using
: McLaéhlan USCF -approximations yield a . small negative spin
“density. It.was éssumed that A(2) and A(5) ‘are positive for pyrimi-
dine, The only.other positions wheré the sign of A 1s questionable are
the 3,5 positions of pyridine. Hlckel and USCF type calculations give

‘contradictory answers. If Eqs. (6) and (7) are solved assuming A(3) >0

N

for pyrldine one obtalns QNN = +27.7, QCN

= +6.h gnd QCHH = -1T7.5 gauss.



| Jdiga
‘ While the nlfrogen Q valués are reas§nable, QCH isvndt.‘ On the other
| hand, if A(}) <0 for pyridine is assumed, then one obteins the values
listed in Table II together with a very reasonable Q = -24,5 gauss. .  v@i_f
Additlonal insight into the probable errors, involved when one or : L
more parameters nust be estimated, is shown in Fig. 12. The three
:%i fadical anions, pyridine, pyrazine, and pyrimidine.are utilized in pairs :§1ff

in Eqs. (6) and (7) to solve for QNN.and QCNN as a function of QCHH. Iﬁ:vl_fjjf R

~ can be seen that the pairs pyrimidine and pyrazine for QNN and pyrimidine R
and pyridine for QCNN give so;utions which are largely ihdependent of

. H
Q’CH °

This increases the confidence within the accuracy of Egs. (3) and
 f: (5), in the values of QNN and QCNN' A second pair, as shown in Fig. 12,

selects with some precision the exact value of QCHH = -2#,5 gauss. - The

. value of QCNN is very close to zero and it confirms the approximate deter-;fg‘”? o

13

."1;minations of References 10, 59, 68, and 69. (Henning™~ obtained the

"larger positive value for QCNN using "corrected" Hilckel spin densities.) . -

"E_Since<the above determinations are essentially independent of any molecular'fix&

7:Q;:’orbital fheory and are only a test of Egs. (3) and (5), it would seem that_ﬁ$hyfi'ff

- the best possible values for QNN and QCNN for this type of nitrogen

heterocyclic compound have now been established.

3.2 Theoretieal Calculation of the Parameters

Q’N N’ and Q’ON

In addition to the variety of experimental determinations of the

. parameters QNN and QCNN that has been previously discussed, there are bf‘ff . .
many and more diverse estimates of the parameters QONN adn QNN for molecules ,figkﬁy

containing nitrogen oxygen bonds. (See Table IV.) The number of unknown
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Fig. 12 The determination of Q values by pair-
wise solution of Eqs. (3) and (4)-
===  Pyridine plus pyrimidine

Pyrazine plus pyrimidine

o =e=~ Pyridine plus pyrazine
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» quaﬁtitiés involved in the determinatipn of nitrogen-hyperfine coupling
pafdmetérs.increases when 6xygen atoﬁs.are #dded to the éystem, and no
additional data aie-éwailable since the common oxygen isotope does not
have & nuclear sping |

Since therebappearS'to_be no attempt at a systematic theoretical

examination of the hyperfine coupling parameters'ofinitrogen other thgn';

| in the 'Nﬂé or 'NH3+ radiqals, it seemed appropriate to attgmpt such a -
‘calculation. Four types of molecules were consildered: pyridine, pyridiné f
N-oxide, nitrosobenzene, and nitrobenzene. The usual approximation, that
it is only neceésa?y to consider the nitrogen atom and the 2 or 3 atoms
to which it 1s bonded, was invoked.

The coupling constant A(%) due to interaction of the unpaired elec-
tron with any magnetie nuecleus X, as measured in an ESR spectrum 1s equalv
to the separation between hypérfine lines ecorresponding to a différence_
of * 1 in the nuclear magnetic quantum number Mi(i), It can be seen from

 Eqs{ (1c) and (2) that A(x%) can be expressed in terms of the ground state o

;f f:;:3;t;i£ ; - ‘wave function ¥ as follows
Az) = a(x)/2 W12 8(x )8, (k)/gl9) . i.w)'f

a(x) = 161/3 g B g B.

eexx

My

My = (wl% Sk('z')|z// Y/ Wl Y) end B (rﬂ)'is the Dirac delta function of the

1s the total electron z component of the ground state wave functionz\;:'fff f]

distance between electron ¥kf,and the nueleus %, The term
<¢|§ S(er) 8, (k)/MSIW) measures the electron spin density at the nucleus _ °

" Reo
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3.2.1 Format for the Calculation

Calculation of A(x) was carried out using ICAO0-MO formalism.. Slater
type atomic orbitals, with and without orthogonalized 28 orbitals (STO |
. and STOf) and hydrogen like orbifals (HO), were employed at various stages
as ﬁill 5e indicated. The exact fdrmé.of these orbitalé for nitrogen,
carbon, and oxygen afoms are giVen in.Appendix I. Tor each atom sp2
hybridization with all'anglés equal to 120° was aséumed. The internuclear
distances assumed for the four mplecules are shown in Fig. 13 (Appendix I).
The nitrogen atomlc orbitals, nx, ny, n,, are the hybrid orbitals directed
toward atoms s, Yy, and z (nu is the orbital bccupied by.the loné pair in
pyridine and nitrosobenzene) and,cn, ox, are the cafboﬁ and oxygen hybrids

'i directedbtoward the nitrogen atom, Bondingland antibonding orbitals (Eq.9)‘

+ x %

n - ' n -x ‘
X n . X n
(e+es )L/? (e-2s_ )2

: were formed from the atomic hybrids assuming purely covalent bonds.. This
reduces the complexity of the problem and the introduction of small amounts
of lonic character does not appear to have significant effect on the re-

© sults, 8 __ 1s the overlap iﬁtegral (n_|x ) between the orbitals n_ and x_.
: _ nx x'"n ' x ‘n

The zero order ground state wave function (Eq. 10) was taken to be an

antisymmetrized product of spin orbitals. -

wo h ”lsnlsncnaanacnb nbancancﬂb” , (10)

The double vertical bars represent a Slater determinant, ﬂbiis the pi

molecular orbital occupied by the odd electron, and the spln orbitals

® and & are functions with the spatial character described above, having '
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C | - XBL 679-4946
. Fig, 13 Geometries (a) Pyridine, (b) Pyridine-N-oxide,

(e) Nitrosobenzene, (d) Nitrobenzene. Distances are
in atomie units: 1 au = 0.529A, All interior angles

are assumed to be 120° except < CNO for nitrosobenzene
- which is taken as 116° in the USCF calculations.
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eigenvalues of S 2 equal to :tl/é s respectively,  (For pyridine and nitro-
sobenzene Te 1s replaced by nu.;) o _

Many authors have observed that the use of ¢, in Eq. (8) results
in the predigtion that A(X) = 0, Therefore s configuration interaction
was employed using lst order perturbation theory and the J./ri 3 term of
the Hamiltonlen to mix excited states with Yoo

When only configurations involving single excitatlons of the type

*
o (=0, n orils )-o are considered, each excitation gives rise
x nx’ “u n ny -
~ to two doublet states only one of whieh contributes to the spin density
at the nueleus. By replacing the sigma part of the wave function, not

" involved in the excitation, by Z(x - y) this doublet can be writtent

Ux > y) = fé“ {eletey)o o Foll-I2te )50, 0 mol-IZG v)a g mol } . -
(1)
‘The ground state wave function now becomes
\/?llo 2=l y(x-y) |
V=9 -2 = CUxoy) s L (12)

(x¢) AEx->y)

where AE(x — y) is the excitation energy corresponding to the proceés -
%7 %ny .
By combining Egqs. (8) and (12) and writing T, in terms of the

atomlc pi orbitals My = 3 aoij, the expression for A(N) reduces to:

s s N
A0 = () 2 (oid& =l o y>) )

where



8.

Qlfj(x -»y) = GAE ix » y)ﬂ'j | (GX(I‘N =‘ 0) *a (I‘N ='0))

P13 = %0105 R | ";(l'h)l

“;;n"a' |
<¢> @lw>—< (1) (a)\l 1@ (1)@ <e>>

The calculation ean nOW‘be divided into three parts; evaluation of

L the integrals (c Sy ﬂi) ’ estimation of the excitation energies

e AE (x —ay), and determination of the quantity (c (ry = v) cn = O)).‘-5.5'5;
“The results are shown in Table V and a discusslon of the above problems

follows.

T 3.2.2 Evaluation of Two Electron Integrals
It was necessary to determine the valﬁés for: four: sets of héterb- o
Z7T.nuclegr diatomic integrals: PyridinelN;C integrals (rN.c = 2357‘a.u;);f
| - Pyrldine N-oxide N-O integrals (rNo'é 2,57 a.u;), Nitrosobenzene N-C
» integrals (r =2, Th a.u.),.and Nitrosobenzene N-O integrals (r e

2430 A4l Yo Hybrid integrals were approximated using Mulligan 8 adapta__.ujVj"”
TO :71

Fan tion of the Sklar approximatlon for heteronuclearvdiatomic molecules.

:}_'The‘approximation is formulated as followsx ”l,L e
A la"’> \ s
(0 a k o RN
Goomid PR Gomsy o
&1 a j a ia j 8 : ! C

7[f'wheré z¢i 1s the atomic orbital (i) centered on atom (a) with orbital v’_v;fagfil

f:vexponent (a). In cases where the overlap integral isvzero, for example

"when k = 23 and 2 =P et the overlap integral'is replaced by'the Xz



Table V3 Theoretical calculation -of nitrogen spin polarization parameters.

Parts Ia-IVa: Contributions of excited conngurations to @ values for specific molecules.(a)
Parts Ib-IVb: Determination of Q wvalues. -

Part Ta: Pyridine

I II . III - v VI VII
¥ * * *
ox o AE(g, Oy o (r, =0)* L <GxP7TNI Uy (o P Clc (o P |gny Py
’ T ( ) (o =0, (or o *)

H0 } - % Oy cc* % 7 ny 0" % %ny

STof} ot stot

HO HO § HO }
M 0.0331 .. -0.0291 ——
c. o. 1olk 1.205 0.028 0402} —
Ne e ‘ 0.545 0.0125 ~0.0108 e
* 0,00975 -0.00423 ———
n e 0,25=0,30 2.36 0. 084 ~04036 ——
u 1.06 0.038 -0.016 ———
| . o 0.00985 — —
lsy Oye 16.8 ~1T7445 ~0,0102 ———— —
-11.05 -0, 0065 e ———

\ . :

N : Jo 0, 0268 -0.0015 ——-
o a 1.73 1.205 0.0187 ~0,0010 ————
NCNC ' 0.543 0.0084 -0.0005 ————

- 61.(-



Table V '(conﬁirﬁmed)

Part ITa: Pyridine N-oxide .

v

VI

VIO

0.466

0.035

“Oo 013

I T III
- M o o 0.0331 ~ -0,0291 ~0,0002 - -
‘e “xc 1,44 1.205° 0,028 -0.02h -0.0002 -
P 0,543 10,0125 . ~0.,0108 - ~0,0001 " .
: "* : _ S - 0,0398 -0.0008 -0.,0457
oo "o © 133 1.07 - 0.032 -~0,0006 -0.034 .
, . 0, 482 0,01k -040003 -0,017 -
sy O 16.8 1T b5 ~0.0102 —— ————
S IR -11.05 -0.0065 ° ——— ———
. —eff*76 0,013 ——— —
ls. "« 15.6 R ¢ -0,012 —— ————
N X - - 9.33 -0.0078 ——— | ———
Dt S 0.0268 -0.0015 -0.0022
ovc  ne LT3 1.205 - - 0,019 -0,0010 -0,0015
- . o 0,543 - ~ 0,0084 ~0.0005 . =0,0007
e e o 0.01h7 -0.0215 -0.0011 .
c Oy 2469 - 1.25 0.0068 ~04010 -0.0005 .
NO. ¢ T 0.562 0.0031 - -0.0045 -0.0002
. - NN 0.033h -0.0123 ©-0.0011
o %§o 0445 1.036 0,077 -0.028 -0.0025 -

-0.0011

-Og;
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Tablé>Vb(Continued)

I II III v \'s VI VII
Part IITa: Nitrosobenzene.
% : 0.0367 ~0,0306 0.0003
o %o 1.89 1.113 0,022 -0.018 . 0.0002
: 0,502 0.010 -0.008 0.0001
o % 00371 040007 - 20,0393
%o “wo o.h1 1,142 0.018 -0.0003 -0.019
: : 0.515 0.008 ~0.,0001 -0.0084
% 0.0137 -0,0031 0.0002
n, o O 0.25-0,30 1.003 0.050 -0,011 0.0008
0451 0.023 -0,005 0.000k4
% '0.021k -0,0021 0.0009
n, Oy  0-25-0.30 1.0b 0.080 -0.008 0.0035
0467 04038 -0.0036 0.0016
% ’ 000115 i 0 - o
sy O 17.2 -15.5 -0,0102 _— —
-9.82 -0,0064 _— ——
* O‘O:L'LE . - o ——
IsN %o 16.3 -16.02 -0.011" —— m~——
- -10.16 -0.0069 — —
% o 0.0303 === -0.0016
S %o 1.37 1,18 0,026 -—— -0.001h4
_ . 0.531 0.012 _— -0.0006
% 0.0206 -0,0011 ~0.0009
o ONe 3,63 1,105 0.0062 -0,0003 -0.0003
: : 01497 0.0028 -0.0001 -0.,0001

-G~



Table V (continued)

I II III v _ v - VI - VII

Part IVa: Nitrobenzene .
| o . 1 0.0367 © -0.0306 0.0003
e e 1.89 - 1.113 _ 0.022 g -0.018 0.0002
- L - 0.502 '0.010 _ -0.008" 0.0001 -

| S S 0.0357L - =0.0007  -0.0393

%o cﬁo 2.4 1.1482 - ' 0.018 - -0,0003 -0.019 -
: _ = ' 0.515 - : ' .0.008 ' -0.0001 -0.008k

SE R 0.0113 S -—— o

7.2 -15.5 -0.0102 e -
- =982 : - -0.006k e —

Is G.

N S e .01 e
sy ay, 16.3 -16.02 -0.011 ) L e ' -
. SRR -10.16 | -0.0069 _ R X -

o T : '0;0323 - e -0.0012'
6 . © 1.37 1.18 0.026 - s : -0.0016 -

I : - 0.0206" -0.0011 -0.0002
%o 3.63 1.65 _ 0.0062 -0.0003 - © -0.000k
o © o 0.boT ~ 0.0028 -0.0001 ' ~0.0002
e ’ | 0.0252 « - -0.0021 -0.000k

%o nor® 2.61 1.1k2 0.0110 - -0.0009 . ~0.0002
‘ ' - .0.515 " 0.0050. . -0.0004 .. ~0.0001 "

-ag; }




Table V (Continued) _

VIII | IX X
N, Exnrem sion = | Q ' N, Ex ression = Q N Expresslon =
O pres = cy ¢ P oy @ fxpression =
Caleulated Value (in Gauss) Calculated Value (in Gauss) Calculated Value (in Gauss)
Part Ib: Pyridine
* * * *
2 One = e )+ 2By = oy ) Uceloge = e )+ Qpe(my = oy )
- * Sy _ : *
H20(Ley = oyg ) + 2Qpogy = oyt ) + Quglogg = Iygr )
' '
= 55 (STOJ‘), 2Lk (HO). = -12+(ST§), ~6e 4(HO) & ‘3
Part IIb: Pyridine n-oxide
VIII _ X X
* * % ' % . * *
+
229 = e ) * Um0 = o ) Qcloge = Oe ) * Qpeloyo = oy ) 2250 7yc = e ) + Qgoloyg = oo )

2q (1 X : *) ( *y 4 a. (0. >
2Q(Lsy = oo )+ Qpllsy = oy ol ~ Yxo cc' %o e

20 ( )
2O\ e 7 et

= 60(STO?), 25(HO) = «15(_3:0*), ~645(HO),

*

)

#2Q0( Oy = Oy ) +2Q00( 0y = Iy )

- —10(sT0"), ~4.8(H0).




Table V (Continued)

. vIII L
Part IIIb: Nitrosobenzeneé

Qe O ™)+ Qg

X D | x

CC(G —;crN ) QCC(U ->UNO) OO(G - oy

) +Q (qN

*y -
0~ wo )

W (n s o )+QNN(UN.N Holn o o )+Qcc(n->cNO) ool © C*)-+Q om0 )
e Lsyr oy ) + Quy{ ey ayy™) cc(°' & oxc ) oo(° = oo ) * Qoo( ™ ne )
A oye o) * O e ) o -

- k2(sro’), 18(HO). | = -8.7(stoh), - 3.7(H0). = -3.7(sTo™), -1.7(x0).

Part IVb: Niifdbenzéﬁe;- | | S

U oo e+ Py oy Qcc(U > & *) + 20q5(oygo o wo¥) ol oyg oy *) + Quol oy o )
(s o) + ZQNN(ls "200( g wo?) * 2Qq (o o™ *Qoo(" - o)+ Qg Oy e *)

+2Q,N.N(c - G *}+2Q,NN(0 "’GC

+2Q,NN(O' —>UO,)
= 26(sT0"), 1o(HO).

o
oo( "°No )e

= -h.9(STO+),v-2.l(HO),,

- -4.8(st0™), -2.2(HO).. ...

a) All integfals and densities of Columns III-VII are in atom units 1 a.u,

Q(Gaugs) = 233 Q(a.u.)..

= 27.2 e.v.
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moment integral (p|xz|¢!) for the corresponding charge distribution.
All two electron, two center, homonuclear integralsvwere taken from .

T2 T3 Th

the tables of Kbpineck, Kotani, '~ and Preuss. The overlap and moment
integrals were calculated using a two center expansion of the atomic
orbitals in eliptical coordinates. (Bee Roothan,75 Rudenberg,76 or
Iofthus! (%),

In a similar manner the heteronuclear exchange integrals were

5 1% s . < ¢ilb¢>><<1> |b¢jZ .
b73 2k b7 AN ECA B¢g><¢ tb¢><5¢kl%> 1/2

x (<¢i %, 1%, b>< . bo,l %k P, )1/2 ‘ <i6)

The exact values for all the pyridine carbon-nitrogen integrais were

epproximated by the relatilon:

o

caleulated using the diatomic molecule integral program of Corbato and
Switendick,78 revised for use on the Bky 7094 by R, N. Kortzeborn., The
exact values for the nitrogen-oxygen integrals of NO (rNO = 2,20 a,u. )

(e

 have been reported by Brion et al. The differences noted betweeﬁ exact
and approximate values of the hybrid and exchange integrals are similar

.in both cases. Therefore adjustment of the approximete values of all

four sets of integrals were made, assuming the relative differences betweén
- exact and approximate Integrals to be constant over the four sets.

In order to determine the heteronuclear coulomb integrals, the

assumption was made that the quantity



:'f for NO was quite good and the approximation was felt to be reasonable.‘
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: is constant over the range of parameters involved. This ratio was

?determined using the exact values of the pyridine nitrogen-carbon integrals '
for each set (i,J,k,!)‘not involving lsn. - The values for the remaining

~ sets of integrals were then computed, Agreement with the exact integrals:"i~* ;

lFormulae for computing the two center couwlomb integrals are a.vailable,75 75_;{};}

~however, the approximate nature of the calculation did not geem to Justify

"'_'their use., Coulomb integrals inVolving'lsn were computed using Roothan's

;fvformulae75 because the difference in orbitalvexponents is much Jarger

'ithan for'any of the cases not involving lsn electrons,

‘ rAll the one center two electron integrals were obtained from the‘l

tables of Brion et als or‘those of Milligen. 'O Three and four center._{yvf%:fJ
integrals were neglected, The two electron integral computations in-liryﬁ;“fff-
nolved primarily tne use of STO's, It was found that fhe difference be-" hl?ng’
.tween integrals calculated using STO's and those caleulated'using STOf's

o vas small in most cases, The significant exceptions were integrals

involving the product lsn ;'an and for those integrals,vthe values

i calculated using.STO+'s were taken %o be more accurate. : E 'l:,f=ﬁf{

%¢2¢3 Evaluation of Excltation Energies and of Magnitudes of Wave '
Functions at the Nitrogen Nucleus , o

The energy of exci’cation was calculated for each set x -y

M;.using‘the equationt



AE(x - ¥) = (Plx->y) B 9z 5)) - (Y, I3 [4) (18)
where # is the one electron Hamiltonlan %("% Vﬁ - % §§~) and #' 1is the
& .
two electron repulsion term X l/r 15° For the specific types of wave
ig ‘

functions being considered, the expression for AE(x-y) becomes

5(ew) = (o,n o) - (oo + (oo lo,y o) -

¥* #*
(oxaxlaxcrx) (cny Oy = O ITr m) + 1/2 {a

ny OI ny O + (19)

)

3/2 (0,70l o gry) - (crxcnf,l chn;
‘plus small terms involving Z(x—ay) which were neglecteds The one center
integrals were again taken from the papers of Brion and of Mulligan and
the two center one electron terms were computed using the formulae of
Lofthus77b and of Roothan.75 The energies found for the excltations
e cn; and lsn-a q:y were used in the final calculation of the Q's.‘
However, it was found that the energy of the orbltal occupied by the lone
‘pair electrons of pyridine and nltrosobenzene was close to, and in some
cases greater thén, the energy of the antibonding orbitals. The sﬁectfo-
scopic data availableSo indicate that there are transitlons in the region
of 0.25 to 0.5 a.u, that correspond to n —» 0* type transitions and this
energy range was used for AE(nc - qn;).

The quantity chx(rN =0) * Gn; (rN = 0) was evaluated using both
'STO*ﬁs and HO's., The value obtained using s10T*s was in general sbout
twice as great as that obtained using the HO's. Sinee there is no

a priori reason for choosing one set over the other, the numbers for both

cases are included In Table V.
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B 2 h Discussion of Results

: The largest contribution to QN for pyridine and nitrosobenzene ?
 comes from the term that corresponds to the n- v type excltatlons, f.__

3 the contributions from the o — 0 type terms being only 1/3 to 1/4 asgin
:gréat, In pyridine N~okidé,_wnicﬁ does not have any unpaired electrons.

_; on niﬁrogen, the'major contribution cnmes from the cross excltation

'r'u = a * because of the predicted small energy difference between the :

- NC . NO ,
. two orbitals. This does not oeccur in nitrobenzene and all of the con-

tributions are of similar magnitude with the largest contribution pre-

" Qicted to be at most only three times the smallest. In all cases, the . . '

contributions from the ls electrons are of comparable magnitude to the
- d*, but of opposite sign.
For pyridine, the contributions to QNN can be grouped in two terms'v
R SN and 2Q_N, s includes the n - o and ls, 5 o contributions
Q'I\IC' c * Q’NC
1s the sum of the remaining g - o tenms involving one of the carbon-
' nitrogen bonds. From the table it can be seen that S accounts for 60

 to T0% of QNN and QQNCN is about 30 to 40%. Stone and MAki68 sorted out

';vthe_values for several of the nitrogen parameters from the coupling congn”V'w”!

. stents of the radical anions of s-tetrazine, pyridazine, phthalaziné,

- phenazine, and the radical cation of di~protopyridazine., They found
that Q" = 31 * 2 gauss, sV =11 2 gauss, Qo =10 * 2 gauss, |
U (ls - *) =5 * 6 gauss, and Qe N 222 gauss. With the uncer—
- tainty in ‘the ls contribution SN could account for as much as 50% of QN
Considering the wide range of parameter variations possible in the
' - calculation of theoretical_values, the agreement is encouraging, The.
percentages énd magnitudes.of the values calculated using HO's are closernv

to the experimental values than those calculated using STO*'S. The
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percehtagé agreement . can bé improved - elther byv an_incredse of;.
LE(n - U*) or a decrease of AE(c — c*), both of which seem reasonable,
The sign predicted for the lsn_contribution is in agreement with the
sign predictéd by Karplus and Fraenkel for the lsc contribution to the
’ Cl5 hyperfine interaction and the experimental value quotedrabove gives
little evlidence to the contrary.

The negative gign predicted for QCNN is iﬁ agreement with the results
of Stone and Maki and with results reported in section 3.1 of this
thesis. The magnitude predicted is sbout twice as large relative to
'QNN as the value experlmentally deduced., The relative magnitude is.fairly.

insensitive to variation of excitation energies, but is dependent on

ratios of the type:

<§c2ﬁn‘nc3ﬂ;>> " CnPﬂn‘cnPnn>>
.<écPﬂc‘ncP";> - <énPﬂclcnPn€:>

The magnitudes predicted for all Q's for nitroso- and nitrobenzene

are smaller than the corresponding values for pyridine and pyridine N-oxide.
~ This is due, in the calculation, to the increased excitatlion energiles
' * - *
determined for both the d - ¢ and the o - o« terms as well as
ne ne no no

the cross excitation terms. These changes are probably exaggerated and
it seems uniikely that the smaller Q's are of any great significance.
The value predicted for the parameter QONN is similar to that predicted
for QCNN for all cases. |

The value of QNN(¢NO) of 18 to 25 gauss (see section 5,5 ) and
the values determined by Ayscough et al.6o for QNN (¢NHO) = 25 gauss

T . : . .
and QN\I (¢2NO) = %6 gauss can be compared with the theoretical results



 pyridine value. Gross and Symons81 sorted out the parameter QNON from
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for“nitrOSebenzene and pyridine N-oxides Some difference between QNN (én0) .

- and QN (¢NHO) would be expected due to the difference between the contri-

]

bution of the unpalred electrons and that of the electrons in the NH bond.-

waever, it probably 1s not large. QN for pyridine N-oxide has also been ff ;:;f

- estimated to be ~50 gauss using the ESR date in liquid ammonie combined
‘with MO calculations (see Section 3.3.,3). Both theoretical and.experi-
. mental results indicate that QNN (pyridine N-oxide) is larger than

QNN(pyridiné). QNN ($NO) seems to be less than or about equal to the

data on a variety of radicals and redical iohs thaxbcontéiﬁed nitrogen;‘Likifff!h
.Hoxygen bonds. Assuming the ls contributlon to be ~6.5 gauss in all e
~ cases (estlmated from Q(ls )(SN/gc), they determined values for QNO
| of about 10 to 20 gauss. Comblnlng these data with Maki's estimations
of QNC ‘and of the lone pair contrlbution, QN (¢NO) = (S + QNC + QNO
s esplmated to be 30 % 10 gauss. Similarly, QN (¢wo,) is estimatea to
v;f'be';35 * 10 gauss in contrast toithe estimate of Reiger and'Fraenkel62
:”f _of ~100 gauss for QNN (¢N02). The experimental estimates seem to cen— IR
- firm the.earlier suggestion that theoretical predictions that QNN (¢NO )t(££ iﬁjei:

and QN (#NO) are less than QN (pyridine) or QN (pyridine N- oxide) are.

not of great 51gniflcance.

The experimental estlmates of Q N include Reiger end Fraenkel's
vof -56 gauss, Ayscough et al. and of Gross and Symons' of =4 to +2 gauss;
'Pannell’58 of ~ +37 gauss, and the values -65 gauss (pyridine-N—oxide), 2 ;7E'§;e
-2 to +O’gauss ($NO) of this work, Pannel, Ayscough and this author B
(for  $NO values) used the variable oxygen Cquiomb integral model for the_i

MO calculations in conjunction with the variation of A(N) with solvent in»-e,
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order ﬁo determine QONN‘
The above discrepancies among experimentally determined values for
 Athe nhitrogen hyperfine coupling parameters has been explained by some

authors6o’8l

as being due in part to variations in the configuration of
the nitrogen atom between planar and pyramidal hybfidization. This is
reasonable for small deviations, Eﬁt is unlikely to account for the spread
. of values of QONN or even for values of QNN (¢N02) ranging from 35 to 100
gaués, especially since values at both extremes were determined from

QSNO2 data. From the theoretical polnt of view, it is likely that not all

mechanisms, whereby pl electron density on the oxygen atom polarizes the

'_ nitrogen s electrons, have been considered in this simple model.

The factors that multiply the off dlagonal spin density matrix
elements oy (1 #3) in expression (13) for A(N) were not included in
Table V. They are in general positive and of about the same magnitude
as QCNS and QONN' Terms of this order of megnitude may not be negligible
in fhe interpretation of coupling constants, but the author feels that a
much more elaborate treatment of the problem would be necessary in order

to make the inclusion of such terms meaningful.
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" L, THEORETICAL SPIN DENSITIES FOR NITROGEN
HETEROCYCLIC RADICAL ANIONS

4,1 Unsubstituted Nitrogen Hbtérocyclics

4,1.1 Mclachlan and Restricted Self Consistent Field Approximations o

i A.number of molecular orbital calculations were carried out using

3h

'both Huckel and McLachlan approximations »32 in order to-see how well

:'simple theory correlates with the experimentally determined spin den- . T

sities. For the unsubstituted N-heterdcyclics the two necessary para—"
" meters are Bﬁ which messures the difference between the carbon and nitfb?ff;;*;if

gen coulomb attraction integrals, and BCN the carbon-nitrogen resonance

- integral, both in units of the_carbonFcarbon resonance integral. Cal-7' :;f;ffT”

' culations reported in the literature-for'excited stateg and radlcal

. anlons of similar molecules use values of 8, ranging from 0.2 to 1.0

83

:'3]_:and of 5CN from 0.8 to 1.2. Pariser and Parr ~ determined a semi-

'»s'empérical.value for By = 1,076 by fitting caleulations to the elec-

L trbnic spectra ofvbenzene and s-triazine. Using a value of A = 1 fpr7 B

“the McLachlan parameter, spin densities were caleulated for 0.5 < SN l;d.; B

“and 0,8 < ch < 1.2, The Pariser-Parr value for BCN seemed to glve the A

.~best 6verall results, with the best value of BN = O.80; It was obsérved,;;1
i‘f that the difference in the Hiickel and Mclachlan spin densities corres-
| ponded to an over-estimation of the importance of the splitting in the
lower "doubly'occﬁpied" orbltala. Since the MclLachlan parameter A is
.fairly érbitrary, N ﬁas reduced to 0.75. This improves the'agreement .v:,j£  ;:"
ipbétween theofy and experiment.“In fact, any of the experimentgl spin |
xidensities-can be ieproduced quite well Wiﬁh only small variations from
the "beét" set of parameters. TheOretical McLachlan spin densities

along with those calculated from experimental coupling constants using f
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| the experimentally determined Q #alues are listed in Table VI. The‘agree-
' ﬁent is excellent.

A'number of oﬁher SCF calculatioﬁs havevappeared in.the literature
treating pyridine, pyrazlne and pyfimidine. N:Lshimo’coB)+ lists wave func-
tions for pyridine, pyrazine and s-triazine calculated using an LCAO MO
SCF framework in the form proposed by Pople85 with BCN = 1,076, core
integrals estimated from lonization pcrtentials, and two center coulomb.
repulsion integrals based on an inverse separatlon approximation. Spin
densities for the pyridine radlcal anion can be calculated from the lowest o
unoccupied orbital of the set using the so-called virtual orbital (vo)
approximation, Nagakura6o has used these ﬁave funcﬁions as a basls set
for a configuration interaction approximation to the orbitals for the
pyridire radical anion., The CI calculation has very little effect on

the spin density distribution, although it does improve energy calculations.

Miller et al.86 have calculated spin densities for the pyridine and pyrimi-
dine radical anions using both the VO approximation and an open shell (0S)
calce;ation based on SCF orbitals determined for the neutral molecu;es.
Their neutral molecule_calculation differs from that of Nishimoto in the
inclusion of penetration integrals in the estimation ef diagonal matrix
elements, theoretical calculation of two cenﬁer coulomb integrals ueing
Slater type orbitals with adjustable exponent (semiemperically determined),
and an exponential expression for B adjusted to fit the Pariser-Parr values‘
for 600(1.59 A) and BCN(1.56 A). Bond distances were determined as a
function of bond order and iterated to self-consistency for the neutral
molecule, Hinchliffe87 has calculated spin densities for various radicals
- including the pyrazine radical anion. He reports values obtained both

from open shell SCF and open shell SCF plus CI approximations using core



Table VI. -Experimental and Theoreﬁicai Spin Densities in N-Heterocyclic Radical Anions . -

Radical
Anion

Thedry ’

: Uscp(°)~' "~ Others

Pyridine =

Pyrazine

Pyrimidine
4.-Picoline

3,5-Lutidine

Position

o0 E

o

FWRE U

~
(@]
N

e

~N

&
N
~—

Expt. (8)

‘o.2h7

0.145

0.033
- 0.395

d.ih}w _
-0.029

0.398

- =0.055

0.227

0.155
0.024

0.287

- 0.130

0.0k4L
0.364

McLach.(b)

0.275
0.15%
0.007

0ko3

0.201 .
0.105

0.151
-0.028
0.h02
-0.078

L 0.263 .
0.160

-0,004 "
0.433

0.282

0.163

0.012"f‘:'
0.367

TR0 W@ g®
0265 . 0.273  0.228  0.206

0.1k2 0.114 - -~ 0.120 0.079 -
0.019 0.0Th. . 0.071 ‘ 0.082
0516  0.346  0.390 - 0.476 1

o "’_Qg(_f)  ogeer®

0.297 - QQ%"’ 0.336 OJ@.

©.0.100 ©  0.102 - 0.082 - 0.061

ol

0137 . - o0.8L 0.187
. -0.015 0.000 0.000

008 - . 0.318 0.313

- -0.07TL - 0.000 0,000 -

oo

_H_ﬁg__5 



Table VI. (Continued)

Radical ' ' | Theory
adica : B A
Anion _Position Expt. (3) . Melach, (P) USCF. -
e @) o6 o oo
N—Oxide - N . ‘ M - : _ .
‘ 2 - 0.12%F - 0.126 0.126 ' .129
3 0.019 S ~ 0.015 0.012° 2001
L 0.351 0.360 _ 0.398 .358
L_Picoline ox } 0.350%,012 - : { 0.058 o
N-oxide N : _ 0.284
R 2 0.136° ' 0.135
3 0.008+,002 - -0.002
h(CHB) 0.362+,010 0.392
i ' - | (1) 5, 036(3)
P ) cemaw o {GHT 0
2(CHs) 0.160%,005 _ g.ézg - 8'3§$ :
3 . 0.019 0% .
4 0.366 0.370 0.378

a) Experimental spin densitles are calculated from the coupling constants using Q =-2h, 5 gauss,
Q§§ = 27.3 gauss and QCNN;.‘l 7 gauss along ‘with the restriction that p total = 1. ﬁg 25 gauss
was used Pr the N-oxides.,

b) See text for discussion of parameters used. _ ‘

c) Calculation for unsubstituted N-heterocyclics ‘done with BW' = 1,63, See text for further discussion

, of method. v _ . 4

d) References 60 and 8k,

e) Reference 86

f) Reference 87

g) Calculated using &w. = 8.33; By = 2.1, = 1.2,
h) Calculated using dwy, = 7.9, dw_ = 2.5, BNO = 1.2.
i) Calculated using 50 = 1.5, L

j) Calculated using 60 = 2.0. ‘

-g9-
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-integrals estimated from ionization potentials, B values and two center

83

°°“l°mb integrals as Proposed by Pariser and Parr, and starting orbitalsf

calcu_.lated by Mickel theory with 6 = 0.5 and By = 0+8+ The various SCF R

N
.‘f spin densities ere:also included in Table VI.
| There are ~some relevant observations that can be made about the MO .
lcalculatlons. First it should be pointed out that spin densities cal-
.- culated from eclosed shell SCF wave functions using‘VOis cen be closely's
reproduced b& Hﬁcnelvorbitels celculated with core'integrals related to

~  those used in the SCF calculation, Configuration interaction seems to “;l

'i-p'have very little effect on spin density distribution in a closed shellngw

o approximation, while Hinchliffe's calculation seems to indicete that thef

o correction is in ‘the wrong direction in an open shell basis.' Similarly

'>‘g,'the open shell calculation of Miller et al. compared with VO's calculatedf

"*fff.using the same parameters yields'a correction in the wrong direction for'fff

" both radical anions considered.

ILVJQ"kh 1.2 Unrestricted Self Consistent Field Approximation

The success of McLachlan ] approximate USCF

calculations in the treatment of heteroatom containing redlcalfanions ;;;,“

 encouraged further investigation of the USCF treatment Of such'systemsa;f’ﬁfygafi

“ff The method of USCF calculations using LCAO- MO basis functions has been ;if,{i

36,88-90 -

| dlscussed by a number-of authors. The dlstingulshing feature

is that it allows electrons of different spin to oecupy different spatiali}@*,;}i
”_orbitals, thus accounting for the effects of spin correlation. Applying ::;ff;fﬁ
this method to a basis set consisting of pi atomic orbitals, ¢r’ +two setg‘vif”f“u

~ of spin molecular orbitals (SMO's) can be formed:



T, = Sb ff) o .(20)

The coefficlents a

ri and ;br 4 are determined by solving the matrix

e_quations: } L A
. = —> ’ L= . = - :
3 ai%ei zj ay andx)"'»b'j—_e'j J b,j_ (21)

Ei aﬁd 5)3 are célumn vectors hafmg components ari'a.nd ‘?rd.' E)i* and ?J*'-
.are the corresponding row vectors. ,J 1s the overlap matrix which will '
be taken as the unit matrix in the following Idevelopment. This is con- -
- sistent with the usual zero differential overlap approximatioﬂ made in

MO calculations for pi syste_ms.26 The elements of F and .‘7'. are determined "

by the following equations:

t=r

Frs = Hrs - Prs 'yrs + 61‘5 tZ (Ptt + Q‘tt) w:z*t: .(228‘) .
Fre = Pps - Qrs Yrg * 6rs - (Ptt * Q‘tt) ‘yr_t (220)

where ! E
1 oce J oce
rs _<qbz"327(corew)s.>

(@.,0,.10.0,)

<2
It It

(o4
|

—l,r=s,6rs=0,r;és

‘10 and ,?é.re the pl electron density matrices for electrons having spin
of + 1/2 and - 1/2, respectively. :ﬂcore is the effective one electron |

Hamiltontan:
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. -1/2 VQ Z Z /r + terms accounting for -
-..core » '

interaction with uncharged nuclei and the ;.":r?:ﬁﬁv.
slgma corews |
irThe sum ‘over t includes all nuclei contributing pi electrons end Zt is
‘the number of pi electrons contrlbuted by atom te _ : 3
" 8lngle determinant wave functions having the form of antisymmetrized 5
bproducts of unrestricted molecular orbitals (ASP-USCF-MD) are eigenfunc-»‘

‘ tions of the spln operator Sz’ but not of theroperatorSSQ;n The ASP-USCF%MOf;i'Q
wave_function can be expressed as a sum of single determinant wave functions:flni.

that are eigenfunctions of 82 For & wave function having S = l/é the

Ef"vmajor components of the summation are. those corresponding to doublet and

:}'quartet states (82 = 3/4, and S 15/&) A wave function‘corresponding

: to a nearly pure doublet state can be projected out of the ASPUSCF~MO
"b-uSing a quartet state annihilation operator, ‘Amos‘and'Snyder29’9l have 3~A3fj*b
f‘derived expressions for the electron density matrices! and‘%' corre-

sponding to the projected doubletfstate wave function.

A program.was written (see appendix ll)»to solve thec?bequations‘v_l
by’iteration starting with and*; computed'from Hiickel orbitals and le}fj_ﬁff”
to compute spin densities for the projected doublet states using the |

;»equations of Amos and Snyder.

In this 1nitial venture into USCF studies of heteroatom radical _;f
v banions itjseemed practical to use simple and time_testedvSemiempiricalp
values for the various integrals in the equations for the F matrices‘..'

'; Hir was assumed to have the form:

H =bw - % Zy Vs ' . (23)' o
rr r t;ér :
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where Swi 1s Ythe difference in electron affinity between core atom r and
aromatic carbon core atom, His was set equal to 5rs and the values of

33

Pariser and Parr - were taken for Brs and Vrs' The velue of Swi was
taken to be a wvariable parameter,_aithough experimental electron affini-._
ties and ionization potentilals were.consulted as a first guess. The
nitrogen heteroeyclic calculations were carried out for 0.75 < B <16
(SW-N in units of Bcc)' | |

The initial HMO calculations were done using the relatlon proposed
by MhWéeney92 to correlate Huckel type calculations with closed shell
SCF calculationss Thils allows a value for SN to be determined from thev

values assumed for 6WN’ ZN’ and Yax?

| By = By - 1/221\1(71\11\1 - Vcc) . (24)
. For the nitrogen heteroecyeclies; SN = SWﬁ = 037
"The‘best overall results were found for 6WN = 1,63, Thelspin den;

_sities computed for thils value are Included in Table VI, It can be seen
~ that the general agreement 1s only slightly better than that for the best
set of MeLachlan calculations. However the MeLachlan caiculation involved
“more adjustable parametersy Varying SWN from the "best overall" value iﬁ
- 1s found that the experimental pyrazine spin densitles can be prediéted
exactly using SWN = 1,88. Similar agreement is found in the McLachlan

approximation using & _ = 0.87. Using dw_ = 1.68 for pyridine or By = 1.55

N N

for pyrimidine, the USCF spin densities predict the experimehtal values
closer than 1s possible using the three variable parameters in the
McLachlan calculation.

Considering the simple approximations made for the F matrix elements

and the use of only one variable parameter, the success of these USCF
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Acalculetions'ie eneouraging. There‘are many poésible variatione to'end ;
exteusionshof this simple treatment;.most of which have been included»iu _
‘closed shell SCF caleulations or the USCF treatment of hydrocarbon radi-
cels; The term His could be treated more rigorously with fhe inclusiou
of peﬁetration integrals and a more aceurate treatment of the interaction o
with the charged core atoms represented by the term Z{Y 26, 86 Self
- consistent bond orders with Brs,a function of the bond order and computaév.dtgi;l
eion offyft using exact formulae or semiempirical approximations sueh =
'Vas those of Nishimoto and M'ategaeh are also possibllities. Successful
calculations of electronic properties have been reported by authors usingvislffﬁu
'vxf.various combinatlons of these approximstions. L
Another factor to be considered is the validity of the McConnell or o

" Karplus and Fraenkel equations for relating experimental coupling constantsfl

L t0 the computed spin densities. Amos and Snyder” - carried out USCF cal-

' culations for many hydrocarbon radicals and radical ions. They found that»f

the computed spin densities were able to_predict the proton coupling con- d;f'f-?

stants more consistently using either of two modificetions of McConnellt's

u>equation. Colpa and Boltong)

proposed that the coupling constant should -~ "'
be dependent on charge density as well as spin density and arrived at an. =
equation of the form:,v

A(H) = (@ + (g - 1)) 0y (25)

" where Q 'and K are constants and 9 is the'ﬁotel pl electron denéity
on the carbon atom, Theoretical values of Q and K were determined by
extending MhConnell;s_treatment to include second order effects in the
perturbed ane funetion. Bolton93b has since pointed out errors iu the

treatment and has redetermined the charge dependenee from vhich he finds
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the form of Eq. (25) to be valid. Glacomettl et al.9h suggested that
the proton coupling constant should be = function of the off diagonal

spin density terms pcc' in the foilowing manner

A(H) = Qo + K 2 p!  (26)
C o

" where ageln Q and X are constants and the sum 1s over allrcore atoms
bonded to the carbon atom in question. An expréssion of fhis.form’can be
derived by including the pi orbitals of adjacent atoms in the simple
McConnell treatment of the CH fragment, |
As was mentioned earlier, there.has been much discussion as to the
usefulness of wave functions that are not elgenfunctions of S2 for deter-
-mining electronic proﬁerties. In order to demonstrate the effects of electrbh
spin correlation and the effects of the presence of higher spin states
on the spin properties of nitrogen heterocyelic radical anions, the spin
densities éomputed for pyrazine, pyridine, and pyrimidine radical anilons
(with'8wN = 1.6) using Huckel,ASP-USCF-MO and projected doublet state wave
functions are shown in Table VII. The spin densities computed before
annihilation of the quartet component corresponds to an over-estimation
of the importance of spin correlation, This 1s as expected, since -the
electrons should be more highly spin correlated in the highef épin states. -
A similar effect was‘nofed in the McLachlan apéroxiﬁation .and. was correc;

ted by adjusting the value of A.

4,2 Methyl-Substituted Pyridines: McLachlan Approximations

It can be seen from Table I that methyl group substitution brings
about gome changes in the spin density distribution of the pyridine

framework., Since the McLachlan theory gives a good description of the



 Table VII.' Effects of spin correlation and high spin components .. -
- on spin densities calculated for N-heterocyclic radical anions.

L .‘ Thédry(b) .
| Rigigil Position Expﬁ.(a) " HMO ~ USCFBA USCFAA _f; ;;5f
. N 2k .162 W29k - .268
rame 5 o2 B ko
L 2395 326 Jksh b5
| . x s Lo 156 '{,I Sk
Cmemame  foo T SR N TR
l 5 =053 000 e TR =070
"nyazinéf o 5 .278 E:, A75 .28 o2

JA11. . 162 0 L0866 .099

a) See Table VI.

”'b) USCF wave functions correspond to vy = 1.6

USCFBA, USCFAA spin denslties before and after annihilation of B
'quartet state components respectively. : . . ;

- HMO wave functions calculated using SN = 5WN - 0.37T = 1.2%.
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unsubstltuted radical anions, it is logical to try to ineclude the
effects of the methyl groups in this type of caiculation.' A numbérvof
models were tested., For the simple Inductive model'the parameter SC'

for the carbon gtom to which the methyl group is attached was varied over

the range -0.1<6 j}O.h For the hyperconjugation model without inductive

95

C

effect the parameters of Coulson and Crawford: BCC’ = 0,76, ﬁC'H = 2,00,

50' = -0.1 and SH = ~0.5 were used. Here methyl group carbon atom is desig-
nated by C' and H i1s the pl type orbital formed from the hydrogen ls
orbitals. To include the inductive effect in the hyperconjugation

model SC was varied from -O.1 to -0.,5. It was found that the best

agreement was obtained when the changes in spin density due to the methyl
group were predicted using the hyperconjugation model with Sc = ~0.24

"The calculated spin densities are included in Table VI,

The calculation of methyl proton hyperfine splittings 1s still the
subject of some controversy. McLachlan96 has suggested that‘A(CHé) is
proﬁortion&l to the spin density on the pl system carbon atom to which
the methyl group is bonded. Using valence bond calculations he predicted
the proportioﬁality constant to be on the order of 23 gauss. Values '
ranging from 15 to 30 gauss have been found necessary to explain'the
v. observed ‘coupling constants.: Levy97 derived equations for caleulating
methyl and methylene group coupling constants from spin densities compufed
using the hyperconjugation model. Methyl coupling constants were calculated
using Levy's equations over the ranges of parameters discussed above,

The quantity QCH5 = A(CHB)/pt was computed for each case. A(CHB).is

the caleulated coupling constant and p, is the total spin density

t

agsoclated with the methyl group: pt = Pa + Par + Py Levy's theory
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-__predicts-that-Q HBishould be nearly the same for all the substituted -

' pyridine radical anions with an average'velue of 25 gauss. The corre-en

pondlng Q's calculated for the radical cations are predicted to be much

'larger (on the order of 50 gauss)e It has often been found experimentally

that for methyl substituted radical cations and radical anions different
o

The variatioh in QcH3 might be explained by the fact that the value

values of Q

- ' predicted by Levy's equations is strongly dependent on the amount of spin rwﬂf*"

- density in the hydrogen pi orbital. The spin density calculated using

a the hyperconjugation model is dependent on the shape of the waﬁe functichr';‘f

© which is quite different for the pyridine radical cation and anion. An
. ,

.

are necessary to explain the observed coupling constants,. R

vexperimental value for Q can be found u51ng the previously determined 5th’i"

:i-?fvvalues of QN QCN ; and QCH to compute the spin densities in the

CH

’ gauss; whereas, the 3,5- lutidine radical’ anion glves Q 3 .24.1 gauss.

Although the range is greater than that predicted by‘simple theory, the o

. average of 25.7 gauss is in good agreement with the theoretical value.
”i The diserepancy could in fact be an indication of deviation from the

 relations assumed in Eqs. (3) and (5).

The variations observed in the 3,5-lutidine radieal anion couplingd x-f:ﬁﬁ”

"f‘constants in electrolytic and chemical reduction systems remain to -

be considered. It has been proposedlla,98

that the dimerization of vl
pyridine observed in alkeli metal/ether systems ihvolves complexesbsuch:;
v-as I and IXL. Although the diﬁerization of 5,5-lutidine is made
lsterically unfavorable by the the presence Qf the/methyl groups,

it is not unlikely that a complex 1ike I would form in the presehce_

5 - ; radical anions. Date. for the h—picoline radlcal ‘anion glve Q 5 = 2T.3 R
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of an dikali metal cation. PFurther evidence of a nitrogen lone pair. ,
electron / aikali metal interaction has been reported by Zahlan et al.99
They observed the ESR spectrum of a sodium 2,2'-dipyridyl complex which
they suggested has the strueture III. _This type of interaetion would
certalnly perturb the spin‘density distribution and would also change
the value of QNN; Donation of the lone palr electron to a nitrogen
alkall metal bond would in simple theory have the effect of increasiné
BN. With this variation, McLachlan theory does predict chgnges-in spin
density in the appropriate.directions.

On the other hand,Athe system pyrazine/alkaline metal/ether has been
extensively studied by a number of workers?5a’b’ 29, 100 1y 45 found
that the pyrazine radicalianion coupling constants are indépendent of
- cation, temperature, and choice of solvent, ILine width alteration and
othef theoretical and experimental considerations have led to the ﬁroposal
that the cation is abo#e (or below) the plane of the radical anion rather
than in the plane of the anion as 1s suggested for pyridine and 2,2'—dipyfi-

dyl. Cdleulatlions by AthertonlOl

indicate that the interaction 1s pre-
dominantly with the pi-electrons rather than with the nitrogen lone pair
~electrons., If this 1s the case, the effect on QNﬁ and on the spin density>,'

distribution would be considerably smaller,
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4,3 Pyridine N-Oxides

4.3,1 MbLachlen'Approximation

e

The calculation of spin densities in the N-oxide radicel_aniOns.
involves the evaluation of a number of parameters. In order to set

y and 60 Eq. (25) was used. ‘USingi:
the valence staﬁe ionization potentials for values of dw of'Pritchard_”

A e
, 102 : . \ 103
and Skinner and values of VAA calculated by Orloff and Sinanoglu,

reasonable limits on the values of &

the following estimates for & and 60 were made.

N
8(Zy = 1) = 0.8
5 (Zy = 2) =2.0
ao(zO =1) = L.75
bo(Zo = 2) =35

"e:Tﬁ'In the MO calculations, i1t was assumed that the oxygeh.etom>dbnafes:£ﬁe'}’ y
electrons to the pl system. This effect is partlally cancelled by the |
: donatlon of nitrogen lone pair electrons to the oxygen in the o bond
formatlon and BN and-&o would be expected to lie between the extremes of.
Z =1and Z =
Nishimoto and Fbresterlon have worked‘out equations relating ﬁhe
E quantities BCC’ BCN’ and B, to the pi bond order. Aseuming'thatvthe
quantlty BXY can be approximated by an average of ﬁXX and Byy’ a s1milar.
relation for the dependence of BNO on the pl bond order was worked out,_ ;fﬂ N
with the result that Pro should lie between 1.1 and 1.2 for pi bopd ordere”}» ﬁ: '
of 1/u to 1/2. o R

The pyrldine N-oxide radical anion spin densitles were determined for .

the following ranges of the semiempirical parameters: O.75~§|6N S_Q.O,v



1;5 <8y < 2.5, vo.8 < Byo S 1.4 with Boy = 1.0 and 1,076, Corresponding
caléulations weré carried ouf for thg ﬁethyl_substituted pyridine N-oxides
using ﬁhe methyl group parameters determined for methyl substituted

- pyridines. | |

At values of BNO > 1.4 a low lying unoccupied orbital with a node

passing through the N-0 bond drops below the orbital occupied by the unpaired

electron thus placing an upper 1limit on the value of,BNo. It was necessary
to approach this limit‘in order to account for the large spin density
observed in the N=O entity, therefore BNO was set equal to 1.2, With

BCN = 1,076, the spin densities in the 4 positions were much too large,
so a value of 1,00 was used. The choice of SN and 60 was somewhat less

well defined. Several sets of (bN, 56} in the ranges 1.0 < BN

<'2.0 predicted reasonable spin densities. The best description

1.5 and.
1.5 < 60
of the p&ridine N-oxide and the L4-picoline N-oxide radical anions corre-
épondéd to SN = l.1 and 60 = 1,5 but the agreement for the 2, 6~lutidiné
N—oxide radical anlon was considerably improved by lncreasing 6 to 2.0.

.The value of Q 3 for methyl substituted pyridine N-oxldes was taken to
be 25 gauss., This is in accord wilth the application of Levy’s hypercon-
"Jugation model to these compounds. The theoretical and experimental spin
densities are listed in Table VI.

Previous MO studies of the aromatic amine N~oxides are limited.

1O5-compared the reactivities of the ring positions in pyridine and

Jaffe
pyridine N-oxide using HMO wave functions., He determined the parameters
5N and 50 semiempirically using Hammett substituent constants, Barﬁes
carried out similar calculations treating BNO as 8 Variable parameter, The

final choice of a value for BNO was based on the best calculation of the

*
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'.pyridihegN—oiide dipole mbment. Tsouéarislo7 rebbrtedfcalculations of = N

"dhdrge denslty distribufions,’dipole moments, bond orders, basicities,

IR épectra'and chemical reactivities for pyridine N-oxide, a number of

ANHé and -Noé.derivatives,'and some fused ring amine N-oxides. The values

of the parameters assumed in the above amine N§oxide calculations are -
. collected in Table VIII, All the calculations were moderately successful fvﬁ'fjf
in rationalizing the chemlcal béhaVior of pyridine-N-oxide and in predictingvf;f

o the dipole moment. Barnes calculated the charge density in the alpha

position (carbon atom No. 2) to be-greaﬁef than that in the beta position

(carbon atom No. 3). The calculations of Tsoucaris and neutral molecule

caleulations using the parameters from this work predict that the reverse _’fﬁ]-j

is true. NMR datalo8 indicate that the beta chérge density is in fact

‘greater than the alpha charge density.

L, e 2 Unrestricted Self Consistent Field Approx1matlon

USCF caleulations were also carried out for the unsubstituted pyridine-i@"

' N-oxide radical anion., Three ways to account for the three electrons

donated to the pi system by the N-0 entity were considered. The values

0’ YNN’VOO’ N and §wo for each case are listgd below.
Case 1 ZN =1, ZO =2, Vi = -541, 700 = -7,88
dwy = 1,25 or 2,50, dw, = 6. 25 or 8 ko
Case 21 4ZN =2, Zy'=1, Vo = -6.9, VOO -6.h§,.
Buy = k2 or 6,25, Bw, = 1.67 or 2.50

| vCa,se 31 Zy = 1.5, Zy = 1.5, Vg = -6.0{ Yoo = -T-15 "

Bup = 2.9 or 5.0, By = 3.35 or 54kt

. The values of Buq @nd Py were again those of Pariser and Parr-and-eaéhz,'

'cgléulation‘was done for 6NO = 1,0 and ﬁNO = 1.2, The integrals Yyt Were
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Table VIIXI. Survey of parameters used in MO
: calculations for pyridine N-oxide

80 SN 5NO ﬁCN Reference

1.0 2,0 1.0 1.0 JaffetO?
1.0 0.6 0.75 1.0 BarnesO®

1.2 0.8 1.0 1.0 Tsoucaris™ o
1e5 1.1 1.2 1.0 This work

: déteimined using the spherical charge approximati§n26 extrapolated o
the appropriate values of Vrr and th as listed above. The set of cal-
culations resulted in s variety of predictéd spin density distributibns.
which are given in Appendix III, It was noted immediatelj thatbcése 2
where ZN % 2 giyes unreasonable results.v The values predicted forvp3 .
" are much greater than for 92. The spin densities cqmputed for case’ :
0'= 8.4 or case 3 (ZN = 1.5) with-SﬁN =
= 5.&, howevér, are promising, Distributions ihterpolated

| 1(zN = 1) with dwy = 2,5 and dv

5.0 and ow,

between the calculated points with the restriction that 92U (the USCF
doublet state spin density) = pee (the experimentally determined spin
density) are included in Table VI, The decisioh to fit the calculated
spinvdénsities to the alphea position was arbitrary, but it gives a starting
point for examination of the effects of parameter variation. It is |
notable that the sum SWN plus 6wo is equal to 10.4 for each of the sets

.of parameters satisfying the restriction p2U = pee. In fact it appears .
that this restriction can be satisfied using any set of valueé for dw

N

and 5wo satisfying the constraints: 0dw, < Bwo and SWN,+ Bw, = 10.4

N 0
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.with only small variations in BNO necessary (Table IX) Using‘the'seﬁ B

;'*."[Bw = 2 l Bw = 8, 5, BNO = l 2}, the value calculated for 0,0 1s 1n lt,iif;}ffv

3

k ‘li_better agreement with the experimental value than in the other cases,, but

:ph is too large., USing the set {5W‘ = 2,5, SW' = 7.9, 6NO = 1.2}, phU

1.."is much too small, Using {BWN = 5,0, 5w, = 5.4, Pro = 1 O} the values 'fffu;i;;i

’liof phU and p3U are a compromise of the values determined using ‘the

i'previous two sets of parameters while if BNO is increased to 1.2, p3U

’ and phu have values corr65ponding to the best values found for the .

.i"~fiprevious two sets but the value of peU is too small. The distribution e

"birvhave solid estimates of the spin density distribution in the NO entity L

: ”“?*beforefavmeaningful decision can be made regarding which is the best_setl!

~ of the remaining electron spin density between the oxygen and nitrogen:_;:liiilff

7‘atoms is very sensitive to changes in SWN and Swo, and somewhat less

: dependent on changes in Byoe: For this reason it would be necessary tO'&de~'

t

“of parsmeters,

'f*4;§.5 'Theorefical'Spin Densities Uéed to Determine‘thenParameters"'

QN (Pyridine N-oxide) and QON _

Part of the interest in the calculation of spin densities for the 7‘:ﬁﬁ~'

. Neoxide radical enions resulted from an interest in the nitrogenvhyperyv'
‘ .fineec¢UPling parameters. The nitrogen coupling constant for pyridine - = .

'f;'N;oxide can be written:

¥

A = (S’ " 2Q e QNON) Py * QONN Po * QCNN (pc + pc') (27) N E

where.s&,represents only the lsN contribution. The quantity

N,, N ‘ o N oo ) '
' (S& +.2QNC;V+nQN0 ) is replaced by the symbol Q (pyridine N—onide) sincev;;,;

the individual quantities are not separable.
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o Table IX. Comparison of experimental and USCF spin'densities'
ot _ : e for the Pyridine N-Oxide Radical Anion with
' ' : ' selected parameter values. L

Theory

" Position expt.(a) 1 2 .3 - L
0 o LosT 155 .075 .107
S 2363 ' : . ' :
2 ek L1296 J29 0 L1e2 ,100
5 . L, .02 . .0l - .0k o1
b 351 398 358 378 355
user [ Bw, 8.3 7.9 5.4 RS
Variable ‘ : . :
Paraméters: -SWN 2,1 2.5 : 540 - . 2-0
Bio 1.2 1.2 1.0 L2

a) See Table VI.
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ld»i;bQﬁN and QON were determined using the experimental values of A(N)

"'f:;listed in Table I, the values of pN and po predicted in the McLachlan

:ltype calculations (see Table VI), the experimental values of Py )3,k

i e

dlisted in Table VI, and the value of_QCNN already determined. The values";f?%*,“

 obtained are: . QNN = 150 18 gauss and,QONN 365 325 gauss. The large

luncerteinty is in part due to the uncertainty in the 4-picoline N-oxide 1jf"

_ ‘coupling constants'and to the fact that the three equations for A(NW)

’ bjiffere nearly linearly dependent -In addltlon, the results of the USCF
o calculation indicate that the ratio pN/pO is not well determined in the T'dff

:qgn_theoretical calculations. It wou]d be of considerable value to determine f{ﬁ

,; coupling constants for N-oxides not so closely related to pyrldine so
f?that the linear dependence of the A(N) equations could be removed and

= fbetter Q values could be determined. o
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5. NITROSOBENZENES

5.1 Assignment of the Ortho Proton Coupling Constants

The microwave spectrnm of ¢NO109 indicates that the neutral molecule

~ is planar with the ONC angle equal to about 116°. Many organic molecules

undergo one-electron reduction without sighificanﬁ change of conformation
and it can be argued that resonance stabilization of the added eiectron
increases the tendency of pi conjugated substituents to be coplanar with

the aromatic ring. Additional eVidence is available in infrared studies of
110 |

'nitrobenzene derivatives and the corresponding radical anions. No- shift

"in the frequency of the symmetric or asymmetric NO vibrations was ob-

served for any of the compounds in going from the neutral molecule to its

1_ :radical anion. If any large conformatlon change has occurred, frequency

111

s changes would be expected‘

: If the radical anion of ¢NO is on the average planar and 1f the ro- f

tation of the NO group about the C-N bond is slower than ~lO7 cps,. the

-~ ESR spectrum observed would correspond to that of an unsymmetrical mole-

_cule. The number of unique proton couplingvconstants observed wifhvgood '

resolution does indeed correspond to the unsymmetrical situation although
two of these coupling.constants are almost equivalent, There are, however,
conflicting reports in the literature as to the assignment of the three
largest proton coupling constants to specific ring positiongs. Levy and
Myerslb’6i assigned the larger two coupling constants of 3.94*,15 gauss

to the ortho protons and the small couplingvconstant of 2.97 gauss to the‘
para proton, Their assignment was based on McLachlan type MO calculations

including either the "a" or the "B" effect. The "o effect was first



. using s

" Russell and eo-workers~

. ffethat the large proton’ coupling constant unresolved in their spectra, i

R

o fﬁproposed by Reiger and Fraenkel112 to account for the asymmetries observed :

2 -in substituted benzaldehydes and interprets the effect of the prox1mity :

' of an oxygen atom.by}including-a small negatlve value for & (C—cis

C~cis
is the ortho carbon atom elosest to the oxygen atom). Stone and Maki

.'V;ivused the "o" effect and also proposed the use of a small non-neighbor

. resonance integral BC eis,0 in additional studies of aromatie aldehydes,';*j

C-cis 0'07_°r BC-cis,o

"infthe ortho proton coupiing'eonstants was predicted and a separation oftig:

f‘ff_~1ugauss between the ortho proton couplingvconstants seemed uniikely;

50

~fi~and-concludedgfrom the ESR spectrs of their corresponding radical anlons o

’mowas due to one ortho and one para proton having nearly equivalent coupling.ri

'nn‘constants and that_the smaller doublet splitting_was due to the remaining b

V?fiortho proton.
Additional data from the ESR spectra of the radical anions of para

::_substituted nitrosobenzenes, including p- chloro ¢>NO5 0,62 and p-nitroso-

{:fg.ftoluene (Table II), show a splitting of “ gauss between the ortho proton i

115 .».-

prepared a nunmber of,seleétively deuterated ¢NOiSffx

0.05, a difference of about 0.3 gauss" R

coupling constants that further confirms the conclusions of Russell et al._]ﬁc.,ﬂf

Stone and Maki observed that the "o" and "B" effects predict changes .;‘;
" in spin density of comparable magnitude but opposite sign in ring positions” :55 3

' _’that would be equivalent in the absence of hindered rotation. Celculetions:'

" for the nitrosobenzene radical anion show similar results with the "o"
effect predicting that A(H-trans) is larger than A(H-cis). Since the two
nodels for ineluding the:effects of hindered'rotation in an HMO framework
rere not entirely equivalent, it would be of interest to determine which

- of the two is the more relevant, Using the coupling constant data from

.
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' ' i : ° o .
Table II, an assignment of each of the three larger proton coupling -
constants to specific positions in the ring relative to the oxygen atom
can be‘madé.

The coupling constants for ¢NO and'é—NOT radical anions in liquid

ammonia indicate that the methyl'group has very little effect on the
.basic ¢NO electrdn,distribution. This is consistent with the ultra-violet

65,114

~ spectra of the neutral molecules which show absorptions at nearly
~equal frequencies with the same extinction coefficlents. The melting
* point, absence of.a tendency to form dimers (prominent in ¢NO and NOT), '

and Very weak UV spectra of 2-nitroso-m-xy'lene65 indicate a definite'

éteric effect and 1t has been proposed that the NO group is forced out of "

vthe plane of the benzene ring. The ESR spectrum of the 2-nitroso—m-xyléné
radical anion shows that the two methyl groups are equivalent. The A
appearance of éyﬁmetry implies that the nitroso group is either positioned
symmetrically'or thet it moves rapidly between équivalent positions,
Fromlthese considerations, it is clear that theré is no Strong mefhyl
group-oxygen Interaction that ﬁould stabllize an ésymmetric configuratibn
for times longer than lO-v7 sec, The physical and'spectroscopic properties
of o-N’OT65 are very similar ﬁo those of ¢NO which indicate that subétitu-
tion of'a single methyl group in ﬁhe ortho position causes no major
perturbation. |

The ESR spectrum of the radical‘anion producéd from o-NOT can be
completely gssigned to a single species. Steric considerations indicate
that the configuration with the methyl group trans to the oxygen would
be highly favored. The coupling constant for the ortho protbn is very

close in value to the larger of the two coupling constants assigned to
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-ortho protons in ¢NO and p-NOT. The remaining proton coupling constants = "= =~

o are also similar to those in ¢NO and p-NOT; therefore, it seems reasonable © . -

.'_to assigﬁ the larger ortho coupling constant to the proton cis to the

' oxygen atom, This 1s consistent with thé‘assignment predicted by the "B"

effect, and with assignments made for simllar asymmetries observed in the . . -

52

‘ prdton coupling constants of iminoxy radicals.

The similarity of the 2-nitroso-m-xylene coupling constants with

" those of the remaining ¢NO's was surprising. If the NO group is indeed . i -

twisted out of the plane of the ring, there should be significant_de-

coupling and MO theory predicts that the odd electron would tend £o~residefv ?3fg 

" in the NO entity. This is observed in nitrqbenzehes where A(N) is about 50% f ff7

greater~fpr-the 2-ni£ro-mq§ﬂeneradical anioh'than for the hitrobenzéne
v‘radical anion and the ring proton coupling constants are abouﬁ 30% less. .
. However, subsfitution of two methyl groups ortho to the nitroxyl group )
V.(;NH(=O)) in the mono-phenylnitroxide radical results in oﬁly a sméli
"decfease in the nitrogén coupling constant and in a negligible decrease
in the para proton coupling constant. The methyl coupling constant 18
'about 30% smaller than the corresponding pfoton coupling constant which
may or may ﬁot indicate a.decrease in the ortho posiﬁion spin density..
Other authors:(réf.lloland references therein);: haVé‘menﬁibﬁedﬁth@tvthe
angle of twist (6) necessary to account for the observed spin density.
distributions using a resonance integral proportional to cos 6 does ﬁot.
égree_in all cases with the angles'used in semi-empirical treatments of
UV and IR data. There are apparently differiné mechanisms for out of
',plane distortions rand other perturbations.caused by steric hindrance to™

which ESR measurements are sensitive.
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5.2 Theoretical Spin Densitless McILachlan Approximation Inecluding Alpha
and Beta Effects

67

~ Reiger and Fraenkel ' noted that there were several sets of the

parameters (d } that gave equally good results in the

w %02 Pew’ Pyo

calculation of nitrobenzene radlcal anlon spin densities. Similar results
‘have been obtained for the nitrosobenzene radical anion with the distribu-
»_tion of the spin density in the NO entity being dependent on the exaéﬁ
choice of parameters. |

The first step was to determine more generally the values of
dpy = 0300 ogg 0 30~cié, 0 =0) = 0By g0 Booc1g, 0 £ 0) tober:
“expected when the‘Wx" or "B" effeect is ineluded in a McLachlan type

calculation. For different sets of values of BN’ o} , and BNO that

0’ BNC

give a reasonable prediction of the average experimental spin densities, o

ta . - . , ¢
the dpi s were nearly constant. For 6C-cis = -0,30, the values qf dpi

aret AP ~ 4015, APy ~ (015, AP, .~ +.025, ~e025, AP o~ =005,

N
; ~ ¥ . : = [ ( ~
and dpmeta +.0l, For BC—cis,.O 0.2, the values of dpi are: dpox .015,

dptrans

~ ‘ ~ ‘ ~ Ni
ae -020, 4P, .028, 4Py ons ~F +025, dp .015, and dp 0L,

N ‘pars meta

For the purpose of determining the appropriate set(s) of the parameters

{5 , experimental spin densities were determined for the

N’ 50’ aCN’ BNO}
hypothetlcal symmetrical molecule from the coupling constants of nitroso-

benzene radical anion in liquid ammonia, using QCHH = 24,5 and taking

the posy@ to be the average of the two experimental ortho spin densities.

When the values of d "are determined for the symmétrical .

, N’ 6O’ BCN’ 6NO
case, SC-cis or ﬁC—cis, o °an be included giving the correct ring spin

densities for the unsymmetrical case.
McLachlan calculations with A = 1 were carried out for parameters in

the following ranges: 0.6 <38, < 1.40, 0.5 <& <1.00, 1.00 < By, < 2.0,

0] N
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09 < sCN < 1.2, It was found that for any combination of Bey, By

» ';‘within the approximate limits 1.0 < By < < 1.2 and 1.,k < 5No < 1.6 there L

“ .0.87 <8, < 1.1;5 and 0,5 <&

"--and 8, under the constraint of maintaining.constant spin densities in.

. nitrosobenzene are independent of the choice of bhasic ¢NO parameters,

for the methyl substituted pyridines (Section 4,2 ) and was found to be

88

s a unique set of values {SN, 50 3} that predicts the experimental ring

position spin_densitles quite well.‘ The overall variations in 8 and 50 7rfﬁlﬁ,

N < 11l..0, are two to three times as large as

: . the variations in B,. or B Results of this caleulation for several
- NO . CN*"

selected values of Byo and By are glven in Appendix IV. It can be seen BN

that experimental knowledge of the distributlon of spin density in the NO ;iﬁﬁﬂ7;ﬂ
'vv'ehtity would allow a rather precise choice of a value for BCN. waever,_ljtfeea

- for any particular value of BCN, simulteneous variation of Bﬁo, with SN

0

~ the ring,vhas much less effect on the NO density distribution. Even so; wf“f;;flb

the concern is with a difference of only 0.2 units in BNO which is

‘:probably trivial compared to variations in the parameters necessary to

| account for different types of spectroscopic data.

Calculations were carried out for the methyl substituted ¢NO radical

:h.ianions that were studied, using the methyl group parameters determined for ;;*f? o

the methyl_substituted pyridines and the same sets of Values'(BN,so’QCngNo}"__}f,
as for the unsubstituted $NO, The results are included in Appendix IV, Cen e

It :can be seen that the changes predicted for each methyl substituted

CH

. The proportionality constant, Q s was determined in the manner described

2k,2 * 0,2 gauss. The experimental spin densities fbr the radical anions_

V':of ¢NO, o0,p-NOT, and NOX along w1th the theoretical spin densities pre-

dicted by including the "a'" or the "B" effect in MeLachlan type calculations
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with BNO = 1.5 and BCN = 141 are shown in Table X, The spin densities
calculated for the methyl nltrosobenzenes generally glve good agreement
with-the experimental observatlons. For p-NOT, the methyl coupling
constant 1s predicted to be close to the corresponding proton.coupling
constant as is observed. A very small increase in the ortho position
spin densities and an increase in A(N) are also predicted and observed.
The o-NOT calculations give additional evidence for preference of the

"g" effect over the "a" effect. A single methyl group in the ortho

position produces some splitting of the ortho poéition spin densities

in the symmetrical molecule calculations. Inclusion of 3 ,  tends to

C-cis

bring the ortho position spin densities back together, while inclusion-

of B increases the separation. This is consistent with the fact

C-ecis,O
that the observed ortho position coupling constants for o-NOT are
separated by nearly twice the amount that the corresponding coupling
constgnts for the $NO radical anion are separated. Even accounting

CH

for variations in Q E this increase is gignificant. The expected

change in A(N) is unclear due to the uncertainties in QNN and QONN

and the fact that equal magnitude changes are predicted for Pox and Py
by the o-NOT and the NOX calculations. Since both molecules show a |
decrease in A(N) that is much larger than predicted for any reasonable
Q values, it may be that the change in A(N) caused by ortho methyl
groups is due to a distortion of the nitroso group rather than to
inductive or hyperconjugative effects. The poorest agreement noted

is for the'methyl coupling constants in nitrosoxylene. The observed

coupling constaht corresponds more closely to the smaller of the ortho



Teble X. Experimental and theorétical spin densities for nitrosobenzene type radical anions |

Bigigil Model | Pox Py o (eis) | po(tréns)‘ gm(cis)(e). pm(trang): | '1-:b§'<'
eXpt.Ezg - - .163%,006 .121 .Oli3%, 004 ) .165% .006
Nitroso- Alpha .302 3h2 .120 164 -.033 - . -.05% . .167
benzene ? 3(0) L3040 L34 L162 .120 -.050 -.035 . J157
qld 1k .226 .120 .120 =037 -.037 - L1610
- Cexpt. - - - .161 .18k ~0l6 ok apt®
p-Nitroso- Alpha « 304 .350 122 .161 ~.03%6 -.051 : .168%
toluene Beta .29k .355 . L16L .122 -.052 -.038 <156%
Q 415 .246 126 126 -.0l3 -.0L3 156"

. expt. -- - .165 .o91% -.050 -.0ko .165
o-Nitroso- Alpha .299 345 .133 .156% -.038 -.045 L167
toluene Beta .290 351 L1720 127 -+053 -. 027 LA5h

Q .4o5 .236 .14 105" -.046 -.02h .161
expt. — - 1.131* : -~ 047 172
(g) .296 .3h7 .1&6 " -.0k0 167
Q +396 J24h .129% -. 03k 165

a) Exptl. spin densities

determined for coupling constants measured in ! NHz using Eq. (3) with Q Ho ol 5 gauss.f; >

b) Cale'd. using MclLachlan approximation with x=1.0, Box=1.2, Oy=0.7T, Byo=L+5, Bey=l-1 and B cis""'e'
¢) BSanme as (b) with ® = 0.12. ‘ '

) . s ( ) w C—CiS,O A ‘ e .
d) Calculated using McLachlan approximation with A = 1.0, 80x

e) Sign and assignment of o, are based on MO calculations.

f) Starred ﬁ;

. c
using Q

= 24,2 gauss, theoretical spin densxty pt

conjugation parameters 6H = ~o,5,

g) Same as (b) with &

C-cis
£

= Oc-OU -

antities represent methyl group spin densitles.

C] = "'Ool’

= of8, By = 0.8, By = 1.5, Boy = 1.1.

Experimental methyl spin densities determined

=0, + P, + p with p.,, p,, determined using hyper- o
C c 6 C 2 go .

= =042, Bpgr = 0.7 Bc g = .

-
.




91

proton coupling constants in the nitfosobenzene radical ahion than to the
average coupling constant predicted in the absence of hindered rotation
effects, while the meta and para positlon spin densities are in godd
agreement with experiment.

An additional discrepancy is that for values of BC els.0 OF BC cis
-cls, -

large enough to predict the observed separation of ortho coupling constants, -

the meta position splitting 1is predicted to be more than twice observed

value, It should also be noted that the values of &
. C- -cis,0

cis and 6C

assumed in the above caleculations are much larger than can be rationalized
by simple considerations.
5¢3 The "Q" Effect: Theoretical Calculation of the Parameters

i i )
Qo 8nd Aoy

It has been proposed that reactlons Involving the N-O group of
iminoxy radicals occur through 6-membered ring intermediates forﬁéd.w
by ;HciS"’-O bonding.llsnlAithird mechanism for accounting'for the "«
Observed asymmetries 1in ESR spectra of radicals containing an X=0 group
that exhibits hindered rotatlon can be formulated by considering the
effect of additional polarization of the hydrogén 1ls electrons by electron
'spin density in the oxygen pi orbital. A rough calculation was doﬁe to
determiné the effeet of suchban interaction. The method used was
completely analogous to that described in Seetion 3.2.

A set of sigma molecular orbitalsv(¢i} can be formed from the CH

A *
bonding and antibondling orbitals, (GCH and O oh ), and an oxygen lone paixr
orbital, oxh,vusing the one electron Hamiltonian: -1/2 Vi - E Zx/rxk.

Since the CH bond orbitals are nearly elgenfunctions of this Hamiltonlan,

the basis set was combined according to perturbation theory. The matrix



. carbonvatoms, internuclear distances r

" expressed in terms of AE., and AE

“elements (¢iﬂi l¢j) were again calculated using the formulae of

‘ Roothan75 and of LofthusTTb assuming sp hybridization for the oxygen and';c‘l;“'

g = 2.0 a.u. and Tog = 4,5 a.ue

and an angle of 30° between the OH axis and the direction of the orbital

. . e . . = +
ox, The resulﬁing approx1mate wave functions, ¢i bihlsh bicch +

bio°¥h’ are!

O = 0,26 lsh + 0452 e, + 0.66 o:ch- '

o =040 1sy +0MO ¢ = OB ox . (28)
.¢3._‘= 1.16‘ lsh - 1‘1§ ey + 0'1,6 ox,_ | i

' = The sigma system being considered consists of four electrons with the -
~ zero order wave functlon written as an antisymmetrized product of the pi =

”v;and sigma molecular orbitals as follows:

- lo.3.9,5, ol @

o There.ére two single'slgma<excitations allowed in this basis set1
:¢i f§¢3 andv¢é —a¢3. The appropriate doublet states have the same form

: ‘as those of Eq. (11).

Sample calculations showed that tlie amount of mixing of the three

components in the expressions for ¢i cdéuld be varied considerdbly withouﬁf:ﬂJ,i7.
‘great changes in +the resultihg predietinns, However the energles of each.f1; ;?_

-ﬂ'of the orbitals 1s a significant factor. Coneidering the difficulties

already noted in predicting reasonable energy levels using limited basis

*sets and simple Hamiltonians, the values >f QOHCH and QCHOH were flrst

as fo.lows?
\

13 23



S H  =5.1 to -T.1 ( 03 ) .
Q ~ , 1 +—= | gauss © (30)
cHo " T A%, E o

Q. o
OHC Aﬁé3' E15

& .
H -5.1 to -T7.1 (l- 23 ) gauss
It can be seen from Eq. (28) that ¢3 is predominantly the C-H‘antibonding
orbital while-¢l and ¢é are mixtures of ox, and g The mixing of oxhv
and oy will push ¢2 closer to ¢3 and ¢l farther away., The quantity
H H =
AE23/AE15 is thus less than } giving QOHC gnd QCHO the same sign. ‘Simple
.caleulations of excitation energles using AEiJ = (¢3FH|¢3) - <¢1FHI¢3> :

show that AE23 ~'0.5 t0.0.7.8,u. and AE13 ~ 1.5 a,u. that glves values

H - H
of Qg ~ -16 gauss and e - -7 gauss, MO calculations (Table X)
- 1
i i8 A~ = . . 3
indicate that po s 5 Pox meking the contributions of e, and pox:tO'the'uﬂal -

coupling constant nearly equal, From these rough estimations, 1t appears
that the proposed mechanism of hydrogen 1s electron polarization by the

oxygen pi electron density ("Q" effect) is indeed a very reasonable one.

5.4 Theoretical Spin Densities: McLachlan Approximation
‘ Assuming "Q" Effect

One major difference between the "' and "B" effects and the "Q"
effect 1s that the former lnvoke a significant perturbation of the spin 3
density distribution when hindered rotation ls present; whereas, the |
latter effect can be employed assuming an essentially symmetrical spin
density distribution,

In view of thils difference additional McLachlan type calculafions
were carried out for the nitrosobenzene radical anion in order to find

the necessary combination(s) of {SN, 80, BNO,VBCN}lto predict the
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"experimental spin den81ties assuming p to be that measured for the

trans ortho position, i.e., the ortho proton having the small coupling

'constant. It was again found that for each set of values{BNO, BNC}there

s . Ais a ‘unique set of values for(BN, O}that predlcts exactly the ortho and

para spin densities. These caleculations are 1ncluded in Appendix IV,

e The agreement for the meta position spln density is not as close-as ;n
’the'previous set of calculations, but it is still quite good. The

';correspondihg calculations were carried out for the methyl substituted N

»_veffect calculations for BNO = 1,5 and B -'l.l.,

The changes predicted due to methyl sdbstitution are the same as

.”“H”fﬂ?fhose predicted in the Previous calculations. ‘The point to be noted is . 7

b5pii-that the predicted methyl couplingvcohstant in NOX is_ﬁoweeonsistentb g
.QeWith experiment contrary to the previous predictionﬂ- There i1s &iSO a ST
__fjiarge inérease in p__ partly at the expense of porth and partly at the

P‘['expehse of PN- The ratio pox/pN is again more strongly a function_Of_f,L,vfiF';.

NO®

The small ineéuivalence of ﬁhe meta proton coupling'constanf observeéafﬁﬁ;rh

‘v'_in some cases is sot treated in the basic Q effect; however, ﬁore sephis- A

"e ﬁiceted MD.calcuiations that allOW‘ihciusion of geometry in the basiec
."matrix elements‘do indeed prediet a2 small anmunt of asymmetry in the
”_sbin deﬁsity (See Section. 5;6 o It is also likely that the non-neighbo;“i

: resonance integrais do contribute to the asymmetry of the wave functions,

5.5 Solvent Effects

The coupling constants that are compiled in Table II for the radical o

-anion of ¢NO were measured in a variety of selVents and show significant

©* . ¢NO's with the results shown in Appendix IV. Teble X includes the "Q" - . . .

T
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variationé both in A(N) and A(Ho,p)° The effect of & change in‘solvent
characteristics on the coupling constants of radicals and radical ions
was first included in a MO framework.by Gendell, Freed, and Fraenkelll6
in studies of aromatic quinones. They proposed that the interaction was
predominantly betﬁeen the solvent and the functional éroup and could be
accounted for by varying the oxygen coulomb parameter 80. This technique
has also been applied to nitroxide radicals and to radical anions of
nitrobenzene and its derivatives with reasonable successo6?’67'

o Were‘detei-

mined for several of the sets of parameters determined for the ®NO radical

The dependence qf Pox? P Po? anq pp on the value of B

~anion., The shape of each of the curves(pi Vs 80) was independent of the

choice of parameters, The Py and Py CUrves slope in'opposite directions

and the value of 8, at which the two cross does depend on the values of

0
SN"BNO’ and BCN' The same is true of the curves for Py and.pp. Threg

sets of curves are shown in Fig, 1l4. The higher values of 80 corre-

spond to the water/alcohol end of the solvent scale‘inAaccord with con-

‘vention and other authors. The predicted decrease in A(Hp) and increase

in A(Ho) for increasing 8 __ are consistent with experimental cbservations.
Assuming that Ayscough's assignment of the coupling constant 3.76 gau;s to
one ortho and one para position is correct and that the trans ortﬁo pro- |
ton still has the smaller coupling cohstant, the increase observed for

A(Hcis) is about 1/2 that of A(Ht ) over the range of solvents. This

rans

is consistent with the predictions of the Q effect, since the value computed

for p _ decreases about 5 times as rapidly as that computed for p increases.
ox » 0

62,82

Several authors have used coupling constants measured in quite
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AFig. _ 1’+ Solvent- effect on spin density distrlbutlon in nitrOSObenzene
-~ redical anion calculated using variable b.,, (a) average o or

B effect model with 8y = 0.8, Byy = 1.6, BCN =1,1; (b) same.

as (a) with 8y = 0.5, Byg = 1. 15, Bew = ’1.5 (e) Q effect
“model with 61\1 = 0.8, Byo = 15, Bey = L.1. ‘I’he asterisk
-indicates value of 50x that corresponds to the [NH3 data in

eaCh Case. - pN, s -o.—co— pox) po,—o.-—a-——o .—....,.pp e
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different solvents together with spin densities determined using a
variable 50 to determine hyperfine coupling parameters. Although the

accuracy of the values of the parameters determined in this manner 1s

questionable, a knowledge of what the predictions are, correlated with
other data as they become available will certainly provide a test of the
validity of the theory underlying such a determination. In particular,
for the nitrosobenzene radical anion, a bilinear relation, A(N) =
N N . SR - N N )
QN Py *+ QON P, 1s assunmed with the parameters QN and QON being in-
dependent of the solvent. It 1s also assumed that the change in spin .
density‘distribution in various solvents can be accurately described by .
. N N . :
varying Soxf Values of QN ~2k gauss, QON ~ -2 gauss are dgtermlned
using o or B effect spin density calculations while values of QNN ~18 gauss

and Q N ~ +9 gauss are determined using the Q effect model.
ON .

5.6 Theoretical Spin Densities: Unrestricted

Self Consistent Field Approximations

The UCSF method of calculating spin density distributions includes
differences between rotational or other conformational isomers in.thg
Yot dependence of the integrals Yt that appear in the F matrices. The
symmetry of the spin density distribution is quite sensitive to. small
asymmetries in ﬁhe values of Vot ® Calculations using the USCF framework
described in Section h,1.2 were carriéd out for the nitroéobenzene radical
anion assuming the geometry shown in Fig. 13. The values of Yoy Were deter-
mined again using the spherical chargg approximation extrapolated to jbC =
-k ko, Yy = 015 and vy = -6.145, The parameters &w,,Bw,8, ., and B, were

~varied over the following ranges: L.67 < &, < 5.0, 0.85 < By < 1.6,



N parameters that allowed prediction of ‘the experlmental spin densities : L
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"f 1.2 < BNO < 1.6 and 0.8 < BCN <1, 2. The variation in each of the\

is ~ * 0.15 units, similar to ranges noted in the MeclLachlan type calcula—x-

tions. Results for 4 sets of parameters chosen to fit the experimental '-'fftﬁ"v

 yalues of p° = 0,12 and O; = 0,16 are shown in Table XI. The variating ‘§l3'

trans

j- in N-O spin density distribution is smaller than that in thevcorresponding |
>  MeLachlan calculation. The total denéity'in the NO group is not constant
irin the USCF éalculations. The changes are absorbed by the spin dénsity
R in the carbon atom to which the NO group is bonded. The dehsity In this
- position is In any case predicted by the UCSF calculations to be ~0.,07
i';bto 0.1 in contrast to the small constant value ~ 0,02 determined-in the_
'MbLachlan calculations. The meta position spin densities are sim;laf fbrv;'

. each of the four ecases. The magnitudes are somewhat smaller than those

observed, but the magnitude of the separation predicted is close to that

f?“y;observed. Also to be noted is that the trans position is predicted to have

a larger spin density than the els, contrary to the experimental assign-

ment of coupling constants. The lower value of pcis doeé-hot, however,

'-eliminate the possibility_of the Q effect accounting for the larger cils

'cdupling constant.

The additional set of spin dehsities included in iable XI was fitted
to the coﬁplihg constants as observed without regard.té specific assignment
of cis and trans coupling constants. .The agreement is surprisingly good
.in regard to the magnitudes; however, the trans coupling constant is agaln
predicted t§ be larger. This phenomeﬁon was found fdf any of the sets of
parametérs used. The discrepancy between experiment and theory can in

part be rationalized by the fact that non-neighbor resonance ihtegrals
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Table XI, Compariéon'of experimental and USCF spin densities
for the nitrosobenzenevradical“anionn_

Theory"

Position Expt.(a) L 2 3 b 5
ox - 325 .395 345 .390 164
N - .250 .220 »200 165 1480
cis'..z L1653 .095 .100 097 . L105 . .136
trans 121 .120 ,120 .120 120 161
ortho : : ' . .
cia. : O3 " -.019 -,019 @ -.016. -.016 -.035
mis z : : , -
trans - .0b3 -0k -3k -03k 0 -.033 - -.052
p 163 160,160 160 .60 .155
USCF B, 2,97 2.68 2.84 2,64 5.0
verlable  } sw, 105 115 1.20 - 135 | L.6
parameters o ‘ _
' Bro 1.4 1.b 1.6 1.6 - L.k
Bon 1.0 1.2 1.0 1.2 L2

a) See Table X.
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- vere péglééted in the determination of_#he férﬁs.yré.Ana FfSlﬁhiie_
non-néighbor repuisioh integralsvwére iﬁgluded.~ Thésé infegrals are:
of oppoéite sign.; It is the "8" effect in the MﬁLachlan.calculatiohs;'.
that predicts the observed directidn of splitting invthe ortho spin

densities, and this effect essentially corrects for neglect of non-

neighbor interactions. Inclusion of the non-neighbo} resonance integralﬂji¢f*‘f

" in the USCF calculation of spin densities is likely to partially cancel

the asymmetries in the spin density distribution predicted in the above . SR

calculations, leéving the Q effect to accountAfdr the difference in
coupling constants.
The above discussion points out the necessity for greater care in

making approximations to the F matrices in the USCF type calculations.

The deficiencies may not be obvious in cases where the symmetfy of the ;‘,; ”

" matrices allows cancellation of errors (one of the reasons for the

E sucéess of Hickel calculations). These deficlencies however make them_i» 'jvv’V

selves known in the present case) and 1t seems likely that the situatidh“’,'f;

~would repeat itself withouf propervcaution.
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' APFENDIX I
'if'Atdmic'Orbitals Used in Calculation

- of Spin Polarization Parameters

: A General forms of 1s, 2s, and 2p orbitals

A
AT | | - B

2s_(8T0) ={%§a2)5/2/(3n)1/2]re 2a

ESB(SHO) ={E§a255/2/ﬁl/é}e'§2ar(§eaf ) ;>

- esa(STo+) (1-8. . 2y¥2 (o _(510) - sl 20

la, 2a 1s (STO))_FF

S = (lsa(STO)|25a(STO)>

la,2a

Fou ”[“a?ﬁ/g/“l/z]“_gazr s 0

e } [(§52)5/2/ﬁ1/é]r e agr‘sin ¢} -.{ :
Pra = T : sin¢ ..

E.ﬂ.Vélue of orbital exponents:L and overlap integrals  }v;__-

a Ca1 Cor 51a,28
Ho . . 10 _' - R

C o 5.7 | 1.625 0.2205
SN o 6.7 195 . 0.2279
0T C2.275 - 0.233k

.. 1. Orbital éxponents determined using Slater's rules.
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_APPENDIX II

Program USCFMO

USCFMO is a Fortran IV program written for the CDC 6600 computer;
The fuﬁction of the program 1s to calculate energy levels and wave.
functions for systems containing any number of electrons of spin +1/2‘-
and -1/2 (within the limits of the program dimension) using the unrestric;
ted SCF LCAO MO formalism. There is also provisioh for computing spin |
densities which correspond to projected doublet state wave functions for
cases where the number of electrons with spin +1/2 is one greater than
the number of electrons wifh spin -1/2.

The subroutine FCALC calculates the USCF Hamlltonian matrix elements;
Variations to the FCALC routine may be substituted according to the
~ approximatlons desired for thé various terms of the Hamiltonian., HDIAG
is a JACVAT program for diagonalizing symmetrical matrices  written by
aDr. R. N. Kortzeborn. ANIH is thé subroutine that computes the electronj .
density matrices corresponding to wave functiohs having the quartet spin
.statés annihilated. The formulae used are those of Snyder and Am.os.9l |

The input variables are described below: .
ANAMEfI! is the problem label and is printed at the beginning of ﬁhe

output for each calculation. ANAME may have up to T2 characters.

N is the fotal number atomlc orbitals being consldered. N must be
lesé than 50, |

NA is the number of electrons héving~sz =+ 1/2, NA must be less»than'
50.

EE' is the number of electrons having S, = -1/2, NB_ﬁust be less than

-~ 50.



HQIZJZ is the Qhé electron Hamiltonian matrix element between atomic

ialoh->b

o g;g prescribes the maximum number of iterations that the program will -

-_exééute.

orbitals I and J. L ':Z'iv';-;’“
G(I,J) is the two electron Hamiltonian matrix element betﬁeen atomic -  ;1,;lff‘f:

orbitals I and J,.

ZQI} is the number of electrons donated to the system from the atom

conﬁaining atomic orbital I,
SPIN is the total z component of the electron spin for the system. 

©  The data deck for each pfoblem consists of the following set of

. cards: _
Varisble © Fomms
ANAME(I), I =1,8 : ' . TA10, A2

N, NA, NB, NIT o   _' 1+12+

H deck: one card for eachrv

non zero H(I,J) with variables!"' | _
I, J, H(I,J) o - 214, Féh,10
Blank card |

G Deck: one card for each

‘non zero G(I,J) with variables: |

I, J, H(I,J) ' 21k, F6L4.10

' : T - % :
7z(1), I =1,N 12F6.3%
SPIN - ; | F12.6 T

The calculations mey be stacked dlrectly and the program will repeat °

itself as many times és necessary.

- ¥ The format statement for 7(I) limits the value of N to 12; for larger

- values of N, an appropriate change in the statement is necessary,
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PRCGRAM USCFAUlLPUT, CUTPUT) . -
CCLNMMON HiSU, 500, hh(5Q, 50), G{50s 5C), A(50, 50),

1 BUSUs BUle  LE50) e  ALPHA(50, 50)y DBETA(S50, 50}
é RHULYus2uU)y ANAMELB), P(90,50), Q(S50,50), U(50,50),
3 ASAP (DU ¢5U) s ASAW(50950) s ASARHUIS0), AAP(50,50), AALQ(S50,50U),
4 AARKG(90), AAKALD0) 5  3URRUCSO) o
] PRILOeoU) s WP DUs50) e PUP(50,5C)y GPUI5C50), PRPU(H0,50),
€ WPGPLDUL5U) y PUPLUP (504990}, GPLPGILI50,450C)
1¢ €C 11 1 = Ly 50
CL 11 J = Ly »u

H{TIsJ) = UL
HE(ly,Jd) = U0
11 Gllsd) = Vo0
RELU 1y (ANAAC(T)e [=1,8)
12 FURMAT (7A10, A2}
REAU 13,y o NAy indy NIT
13 FLRMAT ‘4[4)
IFIN) 14, 99, L@
14 FHRINT 1%, (ANAMECLL)y 1 = 1,y 8)
LECFURNMATY ( «iHL UNRESTRICTED SCF LCAD MU LALCULAT[GN UF
1 TAlu, A2)
PRINT 10
16 FURMAT { LHU, L5A, 42HKON-ZERO tLtMENTS IN ONE-ELECTRON H ~MATR1X)
17 RELU 1Y, 1y Jo ML, J)
18 FLENMAT (ci4y Fu4.lu)
IFUE)Y 19, 21y LY
16 HGJy 1) = ntly J)
PRINT 20, &y Jy Hily J) :
Z2C FURBAT € 2UXRe zitrile 12, LHyy 12, 4H) = 4, F9,5 )
6L TG L7
el PRINKT 22 .
£2 FURMAT { Lnuse 1uX, QCHTAL“tLtCTRLA couLums REPULSIDN INTEGRALS)
23 RLAL 18, Ly Jr oGll,4d)
{FLL) 24426424
24 GlJal) = Glled) -
PRINT 254 1o Jds UGlI4J) -
25 FULRMAT | 20X, 2Huly 124 LHey 12 4H)} = 4 F9,5)

C 6L To 23 ' : )
& PRINT 27 . i
ZICFCREAT ( L0y 195Ke  53HNUMOBLR OF ELECTRONS UONATED OT PI SYSTEM BY

1 1TH ATCHM ) ) ’ o ’
RLAL 28, (2841)y 1 = 1, N}
28 FURMAT (1Z2Fo0.3) ’
PRINT 29, 01y LUE))s T = 14N)
29 FURMAT  (1UXy 12y Foe3,y 11(2Xy 12, F643)})
READ 99  dSPLNs WMo
S FTCLRMAT (¢rtLleo )

NGIM = 50

23C DC 31 1 = 1. N
LL 31 4 = Ls N
ICEL = 1
JUEL = J

31 Hh{lsd) = HULl,J) - AUEL(IDEL,JDEL)*(Z(ID*G(!.J)'- 10.53)/72.0
CALL Hulauvlnde Nulty Ny Qy A)
CALL hCRO{HE, Ay W)

PRINT ol
€10 FCRMAT {1r0, 19X, T4HHUCKEL GRBITYAL tNtRGltS WITH ENERGY ZEROU SUC
1d- THAT E(CAKOUN £PLY IS LERU )

FRINT 624 (ke HHCI,D) )y [ = 14 K)
€2 FURMAT  ( 20Ky 2HE( 4 12, 4h) = 4 F9.5 )
DC 32 I = LN :
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=106~

DG 32 J = 1s N
32 B(1,d) = AlLI,J)
KIY =1 S
3¢ CALL PANUG (As By KITy9 NBy N3y N» P Ge RHT) .
' " OFRINT o3 I . : v : ' ' o
£3C FURMAT (1rdy 15Xy TORALPHA SPIN ORSBITAL CENSITY MATRIX FROM HUCK
O lEL WAVE FUnCTluind . } -
69  FLKMAT ( LuXe. L2FLO.4 ) '
CU 64 | = 1, N
. FRINT 69, §P{Ly J)g J = 1, N)
€4 CONTINUE -
PRINT o4 ) o ’
€5C FURMAT 1O, LuX, 70hBCTA SPIN ORBITAL CENSITY MATRIX FRCM HUCKE
1L WAVE FunCTiUNG ’ } '
.- LL 66 1=l N '
) PRINT o9y {uilledle J = Ly N}
66 CLCNTINUE
’ PRINT 36, K1T
36 FORMAT ( 19Xy  43MHELECTRGN SPIN DENS[TV IN ITH ATOMIC ORUITAL
| 2UX loHi TEAATIOCN NUMBER 13 )
PKINT 37, {Uhy RHULE, KIT) ), I = 1, N ) -
271C  FUKMAT ( 2110y 20Xy 4KREQ( 4 12y 4kR) = 4 F9.5, 10Xy 4HRHOL
» 1 [2y 4H) = 4 FY9.57) ’
S BL 4l K o= 2: NIT
KIT = K )
Call FCALUIlMy ws 2y Py Qy Ny ALPHA, HETA)
CALL HUIALL ALPHA, nNulMy Ny O, A)
CaLll HURY (ALPHA, Ay NI}
CALL RCOIaL{BET Ay NDIM, Ny Oy v)
CALL HCRU(UBETAY by N}
LALL PANUG( Ay by KiTy NAy NBy Ny Py Qs RHO}
FRINT 36, ®IT : -
PRINT 37, (1, wHAU{ls KIT})y I = 1y, N } S S ‘.
CALL TLSTURRNUy KITy Ny TESTHM) B ) '
. IF{TESTM = UsUUD) 42y 42y 41
.41 CUNTINUE
42 LG 49 I

[

e ) . T s “
KHOCLKLET) ' ’

FRINT 71
L11C FORMAT (1HOe 15Xy 88HUSCF UGRUITAL ENERGIES FOK ALPHA AND BETA §
IPIN BEFURe ANIHILATION UF QUARTET CCMPONENTS : )

FRINT 724 {1y ALPHALLI, 1), 1, BETA(I,i)})s I = 1, N)
1260 FGRMAT { 20X, (HEALPHAL 4 {24 4H) = » F9.5, 20X, O6HEBETA( ,
1 12, 4an) = , F9.5 ) )

PRINT 73
130 FURMAT (L1Hd, LLX,; TdHALPHA SPIN CRBITAL DENSITY MATRIX FRUM USC
IF wWAVE FUNCTiUNS oerURE ANIHILAT ION }

LG 14 I = Ly N
ERINT 03, (P{Llyd)y J = 1¢ N}
74 CONTINUE

PKINT 74
15C FCAMAT (LMY, 10Ky 78RBETA SPIN OREITAL CENSITY MATRIX FROM USCF
ITWAVE FUNLTIGHS strurkbt ANIHILATION )

LG 76 1 = 1o N

PRINT o4y twlled)y J = Ly N)
16 CUNTILINLE

PRINT 57, (EE,SURRCLED ), I = 1y NI

CALL  AwlH © Nay NBe Ny SPIN)

FRINT 43 ' ' :
43C  FURMAT (Llndy 15Xe HO6HSPIN GLNSITY IN THE [-TH ATUMIL URH[TAL AF

ITEK HALE ANNEHTLATION CF WUARTLT CUMPUNENTS )
FRINT 37, ((Le ASARHCOLY)Yy § = Ly N)
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CPRINT 81 ' -

E1C FURMAT {L1HUs 19X, TGHALPHA SPIN ORBITAL DENSITY MATRIX FROM USCF

IWAVE FUNCTLUNS AFTER ANIMILATION T
CL 82 [ = 1o N _ .
FRINT 69, (AAP{lsd)e 4 = 1y N)
€2 CUNTINUE
PRINY 83 ’ . ] )
830 FURMAT (LHUs 15X: 76HBETA SPIN ORBITAL DENSITY MATRIX FRUM USCF W
fAVE FUNCTIUNS AFTER ANIHILATION )
CU B4 I = Ls N
FRINT b9, {AAGLL W d)e J = 1o NI
€4 CUANTINUE :
: FRINT %4 :
44C FURMAT (1HUe 15Xs BOHSPIN DENSITY IN THE [-TH ATOMIC ORBITAL AF
LTER TUTAL ANNIHILATICN GF QUARTET CCMPONENTS )
. PRINT 3¢s (lis AARHCIL1))y I = 1oN) . .
52 GG 10 Lo
55 PRINI 50 _
56  FGRMAT ( id0, 10X, 18HENL OF DATA CECK )
CALL EXIT
ENC

FUNCTIUN ADEL (1,J)
[F {1 - 4) oul, 6U2, 601
6CL ACEL.= 0.0
" RETURN
€02 ALEL = l.u
" RETURN
ENC

SLEROUTINE FCALLC Hy Gy Zy Py Qy Ny ALPHA, BETA) ‘ '
CUINKENSIUN HI{50,50), GU50450), P(50,50), Q(50,50), ALPHA({50,50),

o1 . BETALSQ50) .« GAMUIS0), ~ 2(50) ... . .. ..
DC 501 | = L+ N
0C 50 J =1, N
11=1
Jd=Jd

1F(IT = JJ)  5U24503,502

5C2 ALPHA(LJd) = HU1ad) = PLEWJI*GLI N J) .

BETACL 4J) = HIL,d) = GlI,d1%GL1,9)

. GL TO 501

5C3 CAM(I) = v.0

DC 505 L = L, N

LL=L :
o0 JFULD = LL)Y  5U44505,.504 _ o e e
5C4 GAN(I) = GAMIL) + (P{L,L) + QUL,L) ~2(LYIBGEI,L)
5C5 CCNTINGUE '

ALEHALL 1) = Bl141) ¢ QUI,1)%G(I,1) + GAMLI)

BLTAUL 1) = HULy L) + PULEIRGLLL 1) + GAMOD)
5C1 CLNTINUE

RE TURN

ENC
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. SUBROUTINE PANUGLAs By Ki NAy NBs Ny Py @y RHO) . s R ST e
FQBIMENSION  Al50530), B(50450), PL50,50)s (50450} RHO(50,50) ' .
DG 301 I = 1. N : S : , . T e
DL 301
P(I+d)
[MEEIE
0L 3C2 L
3€2 PUL, )
oG 303
303 wil.d)
I =1
da = J : . o L
IF (11 = JJ) 304,305, 304 ‘ S _ ‘ : o L
304 PlLasI) = PLLsY) oL P - S
Gldsl) = wiled) Lo Do T e ’ . [P A
: GL TG 301 : ' L PR o » S
3C5 RLCUIsK) = Pllel) = GULL D)
3C1 CONTINUE
RETLRN
ENC

o

Iy v : ' ' . B ' . L
0 o n e :

V]
Q

Ly NA ) oL . . : e e
Pllsd) + ALl L)2A0340L) . ’ ) o

= 1, NB - . . ’ o .,_-.w-..,“.u,;-__,v..
Wlled) + BULIMI®B(I4M) . RN U

=

we sl T ‘. SUBRCUTINE HURO(Hs Uy NI R : o S L e
R S SR DIMENSEUN  HI50+50)s U(50+50) ' - S : i S SR i
CNENG = N=- L L
A e DL 20L I = 1+ NENU
s 100 = 1 + 1
Co nl . DG 201 3 = vy e N ' Lo
T T I (HUT LY = HEed)) 201y 201, 202
LT T T ey T T 202 TEMP = ALl v ST e e :
oL oL hUtEel) = RN B T S VT
H{S9d) = HTEAP S S
DG 201 L = Ly W
UTEMP = UlL.])
UlLel) = UlLed)
- UlLyd) = UTEMP
S2C1 CONVINUE o o

-
nou

. SLBROUTINE TEST (RHu, KIT, No TESTM) .
DIMENSECN  HRHULD0450) ¢ DR 50450)
.. -DC A0L I = le N..- ... S et i
-4C1 ORUI4KET) ABSFUKHOUUIL,KET)Y = RHO(I,KIT =11} : IR ] . v
©'DC 403 9 = 24 W - ' ' B AT
IF(DR{ly KIT) — UR(J,KITI) 402, 403, 403 : : . T e
4C2 DTEMP = URI(L1+KIT) ) . oL e . I PO
CRULZKIT) = UR(JKIT) ' o S e A B
.. CRUJKIT) = OTEMP . . - . e T e
4C3 CUNTINUE S . L . A
4C4 TLSTM = DR{L,KLT)

RETURN

ENC

ba7g
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cCon oo

aon

[aRa¥akal

1C4
111

1Cs

113

114

115

117

118

-109=

SUBRUUTINE HUlAuG (Ay NOIMs Ns TEGEN: EIVR)
ThIs IS Jalvar
UIMENSIUN A(NUIMoNUIM), ELVRUINDIMoNCEM)
TEAN=1)} 24241t
EIVR(1,1)=1l.u
RE TURN
TFCIEGEN) 1024999102
JCG 101 J=1l.N
DG 100 I=1l.N
EIVR{I4d)=0.0
EIVR(J,di=1.0

FINC THE AuSULUTELY LARGEST ELEMENT CF A

ATCP=Q,.
DL 111 I=14N
0 11lld=1.N

IF(ATOP~ABSEAL 2 d) ) ) 1044111101
ATCP=ABS(ALL,3))

CCNTINUE

IFCATOP)1U9 410902l

RETLRN

CALCULATE TAE STOPPING CRITERICN -- DSTDP‘

AVCEF=FLOAT (N*{N~1))%,55
U=C.0

CC 1l4a JJ=2sn

DL 114 Il=2+4y
S=ALLI=-1,dJ)/ATUP
D=S#5+40
DSTGP=(1l.£~0a) %

CALCULATE THe THRESHOLD, THRSH
THRSH = SWRILOZAVGF)®ATOP

START A SWEEP

"IFLAG=0

0C 130 JCUL=24N
JCCL1=JCOL=1

DL 130 IKuw=1,4LULlL
ALJ=A{IRUNJCUL)

CUMPAKE THE LFF=ulAGONAL ELEMENT WITH THRSH

IF(ADBSLALII-THRSHIL3C 130,117
AL I=A( I RUNWy LRUW)

ASJd=ALJCUL, JLGL)

S=AJYJ-ALL

CHECK TO stk 1¥ THE CHOSEN RUTATION IS LESS THAN THE ROUNDEING tRRDR.

IF SG o JTdEN VU NUT ROTATE.

TF(ABS(ALU)-1.E~UY*ABSIS) 113041304118
IFLAG=1

*IF THE R/UTATAUN- IS VERY CLUSE TO 45 DEGREES,
TG L/4UUr 2).

SET SIN AND COS

XBL 679-4951



. . =110~
iR 1u«Aﬁs(A1a:-au5(syt115,119.119
11s $=,7071C6781 R R g L
e T get . . N T : - I
et R G T0I020 T ”,.;;“Wﬁ.muﬂmﬂh;m“m _— , R

CALCULATIUN UF SIN AND Cus FOR RCTAT!ON THAT IS NQT' VERY CLOSE
TG 45 UEGREES . -

LXaXaks}

&

116 T=AL4/S
$=C.25/SURT(0.25¢T%T)

€as = L o SIn= §

coo.

C=SGRT(0.04S) . S _ L s I
$=2.%#7#8/C S : _ ; R S

oo

CALCULATIUN UF THE NEW ELEMENTS OF MATRIX A

12C DC 121 1=1+1R0W
T=AU1,1RUW)
u=AaLL «JCUL) o : R , O
e AL IROWY=CRT=S%Y s
S ¥1) A(l JCULI=S*T+C%y : :
: =1ROW+2
lf(lz ~JCOL 1127, 127, 123 , : : Y
127 CLNTINGE . o e e
U0 122 1=12+400L S Lo T
CTEALE=L 0000y L e il
U=AtiROW,I=1) S e T E '
, ACT=1, JOULI=5RU+CRT |
122 ACIRGWyI=-1)=C¥U->%T :
123 ALJCUL,JCUL ) =S*ALJ+L3AJS - ‘
©  AUIRCWy Ikuw)= L*Allkuwochwl-S#(C*AlJ S#AJJ!
DU 124 J=JCULWN
T=AULIRCHJ )
L=A(JCO0L,J)
: ACIRUW, I} =L & [=5%y
124 ALJCGL Y =5%T iRy

RUTAT luN CUMPLETED. - '
SEE IF EIGLNVELTORS ARE uANTec BY USER

ocama - F

LFCIEGEN) 120,131,126
- 131 DU 129 1=1+N
T=E1VR{Linun} . )
L EIVRET g IRUW)=CRT=-ELVRETyJCOL) S .
l¢5 ETVRUT ¢ JOULI=S*T+ELVR{T,JC0L)%C

c . . B S VS PVM S SR
c CALCULATE THt NEW NORM O AND COMPARE WITH DSTOP
c “ [

“126 CUATINUE ‘ n . o
L USEALISATUP i

“L=L-$%s
CIEO-USTUP) LU0 1294129

RECALCULATE USTUP AND THRSH TC DISCARD ROUNDING ERRORS

con

‘DG 128 JI=24N

0C 128 11=2.4J .

S=ACII-1,ud)/ATOP : T L
128 U=S5%5+0 - _ _ S s

_126C D=Co__ . o _ ; : o R
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USTCP={1l.L~00} 2%
129 ThRSH=SUKT(U/AVGF 1 =ATUP
13C COATINUE

IF(1FLAG) L15.134,4110
134 RETURN

ENC

"SUBRCUTINE  ANEH ( NAy, NBy N» SPIN )} C
CCOLMMON Hi50, 5SU), HH{S0, 50}y GU(50¢ 50}, A(50, 50},
. B8{50y 90}y LI50)s ALPHALSU, 50), . BETA(S50, 50). .
RHU{20+90) ¢ ARAME(B), PL50,50) QGL50+50), U(H50+501},
ASAP(5U+50) e ASAWLS50+50), ASARHULS50) s AAP(50:50) s AAQ(50,50),
AARHO(5U) s AARA(50) , SODRHO(50)
PLUISU5U)y WPL3U.50), PUP(D50,5C), QPAT5C50) PQPQI50,50),
QPEPL50,50) s PUPCP(50,50), GPRPQ{50,5C)
CALL MULT (Py Wy Ny PG)
CALL MULT (Wy Py Ny QP)
CCALL MULT (P4, P, N, PGP)
CALL MULT (WP, Qs Ny wP4)
CALL MULT (PUPy dy Ny PGPQ)
CALL MULT (WPWy #¢ Ny CPQP)
CALL MULT (PyuPuws Py Ny PRPUIP)
Catl MULY (WPury wy Ny LPGPQ)
CALL TRAC(PWy Ne TRPQ)
CALL TRAL(PUPW, vy, TRPJPW)
EN = FLUAT(N)
ENA FLUAT INA)
... ENB ELUAT (B )
C XNU (SPIN + LeO)*(SPIN + 2.0} - R 25°(BNA - ﬂNB)**Z
1 =~ U.b#(uNA + ONB) + TRPQ
CU 761 | = 1y
11 =1
DO 01 U =1y N
cedd =Y . ) e e e
ASAP(L ) Pllad) = (PGPLEsd) = Q0 5%[PRLL4J) + UPLIZJ))I/ZXNOD
ASAQLT L 4) Wlled) =~ (QPULL4J) = 05%(PQUfsJ) + QPLILJI))I/XNO
1FCIE-J3)  Tul, (03, 7C1
7€3 ASARKHEG (L) = ADAPUL]) - ASAW(I,I}
7C1 COCNnTINUL
AN = UNo — Z.U%{SPIN + 1. 0) .
ANDRM = AnN%%2 + (2.0 — 2.0%AN - BNH‘TRPC + BNASBNB
t 2JUR{TRPG¥%2 - TRPYPQ)
FCOP = LAN¥%Z + (3,0 = BN - 2,0%AN}*TRPQ + BNAXBNB - HBNB
+ 2JU¥(TRPG*%2 ~ TRPYPU) ) Z7ANCRM
PLOC = (UNA = TKPWI/ZANGRHM
.. FCOPGP = (BN = 4,u%TRPQ - 3.0 + 2,0%AN)/ANUORM
FCOAPG = (2%TRPW = BNA + 1.0 - AN}/ANORM
¢ QCOG = (AN**2 + (3.0 - BN — 2.0%AN)*TRPQ + BNA*BNB -~ BNA
1 + 2 U TRPW*%2 — THKPLPW) )/ ANCRM
CLGP = (BNB — 1RPU}/ANURM
CCOQEPQ = PLuUPQP
. GCCAPQ = (2.0%TKPy - BNB + 1.0 — AN)/ANORM
CG 704 I = 4+ N
It = 1
G 104 J = Le N
Jd = J

W DWW N

nRon

- g N
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G AAP(INJ) = PCUPHPLILJ) + PCOQ*Q(1,J) + QPQ(T,J)ZANORM _ e T
1+ PCOPGPEPGP{1,J) + PCOAPQS(PQUId) + QPUI4J)). TR P IR AN
Sz - 2.0%(PGPUlE,d) + QPAPLL,4) - 2. 0*PGCPAP L1yd) ) 7ANORM T
€ AAQUILJ) = WCUWEQ(lsd) +QCAPEP(1,J) +PQPL1,J)/ANURM. .
1 + QCOWPURPULT 4J) + QCUAPGQR(PQII,d) + QPLI,J)) o
2 = 2.0%(PUPQLL,JY + QPQPLL,J) = 2.0%QPGPALT, 1)) /ANGRM . ?
: IF (1I-JJ). 704, 106, 704
7CE& . AARHO( L) = AAPLL.1) ~ AAQLL,I) .
""7¢4 " COGNTINUE
C XNORM = (SPIN + 1.0)%(SPIN + 2.0) — 0.25%(8NA - 8NB)**2
1 = 0.5%BN + TPy
et =1eN :
! 7¢7 T UAARALTY = PUIL ) - QUILI) ~ Z. 0*(PQP(I 1) =QPQ{I,1)1/XNOKM
P RE TURN :
! EI\D
é :
!
B
]
- : -l . . |
PO e e S SUBRDUTINE. MULT(Xe Yy Ny XY) S S
D e CIMENSION X(50,50)s. ¥(50450)s XY(50,50) , o o
ot e e B0 8AL L= ke N P A U
GBS e T "o 801 J = L, N ' : :
Pl e e e T XY (L e d) = 04000
T LG 8GL L = 1y N
P T s BEL T XYL d) ® XY{Led) + XU L)*Y(LoJl
=7 . RETURN E R X
END . . L . . R e e e

i ll.7 SUBROUTINE TRACIXe Ne TRXY
o ) CIMENSIUN X(:U.bo) ‘ SRR - P .
e IR =000 e e e 2 e e e e e s e
o 1:0.90’.[=1.N
9C1 - TRX = TRX + X{l})
. RETURN :
" END
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APPENDIX III

USCF Calculation of Spin Densities in the

Pyridine-N-Oxide Radical Anilon:

Parameter Varlation

1.5

031

Parameters Positions
5
0
Zy 8N§ Pro Pox  Pn Py Ps Py .
6.25) 1.0 312,325 .,002 L,054 257
1.25 1.2 £350  J327 -.018 .06l 238
| 6.25§ 1.0 534 L2113 ..02hk .019  .168
2,50 1.2 L546 225 012 ,023 .159
1.0 .

8.55% 1.0 .0k3 337 ,,076 .038 .390
1.25 1.2 062 ,3h49 .060 046 «3T9
8,33£ 1.0 L0%38 .21k ,173 -,008 a8
2,50 1.2 L055. .226  ,159 -,00hk ko8
' 1.67§ 1.0 .032 ,223  -,066 .208 @ LL460
17 1.2. L0366 ,181  -,061 ,218 469
1.67$ 1.0 LA79  J48 -,029 LOT0 262
6.25 1.2 .208 451 .04l .080 263
. 2.50} 1.0 L022 261 -,069 ,200 153
b,17 1.2 L026  ,222  .,065 ,L210 163
2,50 1,0 +096 ;531 -0l 062 276
6.25 L2 .22 512 -.026 LOTL  .276
5.55£ 1.0 L2Lhh 38k _,06k 11k . 300
2,90 1.2 261 328  -,073 .126  ,30h
3.35% 1.0 675,192 -.015 .027  .110
5.00 1.2 654 212 .,021 .115



‘ "j_v—11h;

" APPENDIX ITI - Continued

Parameters - ‘ Positions -
: 0
Z ' 5 $ p P 8 P

N W 5 %

L5

5440 ‘Lo T —
2.90 1.2 L068 LM -.038  L107T L3852

5.&02 1.0 L075  .296 22 .ooﬁ 378
5,00y

L2 .07 316 .:100 .01 .35
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- APPENDIX IV

MbLachlan Approximate Spin'béhsities for‘Nitroébbenzene

‘Type Radical Anions: Parameter Variations

Parameters ? E?yl Pbsitions(b) _
[T
BNO} _ 80} ;g 2 pox pN Po : pm pp
Bon Oy g2
A 238 2393 .139 -0k 166
145 B 241 11 Lake -0 L1653
0.50 c 231 03 L1U5T -.038  L170
_ D 235 +398 [ 159, [-. okg  .167
.5 122 -.029
1,0 A «359 286,120 -.036 L.157
0.95 B 362 30k 12k .0k L153%
0,70 c .348 301 LJ126%  -.0%2  L161
D J35%  .293  [L141 [-.043 L1588
[.10&*_ [-.022
A «312 « 337 Jho - 0k :,160
1,10 B W313  .355  J1h3 0 .08 L15TF
0,62 c .298 +350 JAk6* S 0k0 L2166
| ' D .306 .3hh E16O . [-.050 .162
: J2h* |-, 0%2
L.k
1.1 A .19 221  ,120 ~037 4159
0.70 B 20 239 125 -0k - 156
0.70 c . 1oo 238 .128%  -,0%33  .166
D o410 «230 [ 143 [-. oks  ,161

* L1ok* | .,023 .

. A .308 2335 WA -.0bk (163
1.5 1.20 B . 310 352 L1k - 048  ,159%
1.1 0.70 Cc .296 L3h7 .1k6* -0k 167

D $303 L34 . 164

[. 161 [—. 050
125%  1.,0%2




- Appendix IV (contimsed)

uee

" Parameters

Radical .

Anions

}

B Positions

ox

pO. ‘ pm

~ 0.80
.;0.80'

U Q w o>

kb
'».415
.396

ko5

.226

o LoL6
2
.236

»120  -.037
126 -,043

. 129* e 03)-1- .

- 02k

’.161

. 156%

L16L L LT

Y-
. 0.9%

.  1‘25..
0.80

U aw > |

LT

<320

«505
2

321
.338
.53k
. .328

139 -.0h3

. lh‘B ~e O)+8
L1h5* 1,039

[. 160 [-. 050
,123%

-.030

.16k i

L160%

168

165 -

9 Q@ W >

ko5

388

395

_ ’2’63 3
.260

253

L1235 -,038 .
.128° -.043

.130%  -.033

L 1h5 [-.oh5
.107* [-.022

°15u*'t Q§fJ[jft
Lk el

0159

1.2

" 0,87
0.72

U o w >

.380

- «357
369

.250
.268

C 266
.258

. L1139 -.043
bk -,048

LI48%  _.oko
[.161' [-.050

.123* |-.031

<167

L165F L
ATh

.170

1.5
1.2

1,08
0,90 -

U Q- w o>

0572
<372

‘0552 .
) -563 '

.291
. 308
<3505

Wl - 0k6

145  -,050

o cl)*l-B* -‘-0)4-2v

.162  [-.052
[. 124* [

~.03h

<157

a53¢
W63
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Appendix IV (continued)

L

S Parameters , - : ' Positions
- ida
: : NO 0 B2 .
' . ‘ Box } By 5 & 2 Pox ~ Px ® P o
o o | A 463 L1590 L1200 -.036 .165
1.5 0.60 B Ju6h 175 .125  -.0k2  L164*
1.2 0.90 C CJMaou1rs L128% 0 -033 L1Th
- D JAs2 ,167  [akk [L0b5 169
| [;102* [-.022
, A 578,278 L1400 -.0b5  ,158
1.6 1,12 B 379 .295 .1k .odg. L155"
1.2 1.00 ¢ 360 .292  L1k7* -0k .165
. D I3T0 4285 ['.161 ~.051 .16l
L124% [—.033 |
- (a) A= Nitrosobenzene, B =Vp-Nitrosotoluene, C = 2-Nitroso§m-Xylene
N D = O-Nitrosotoluene

: ) (b) starred quantities denote: p, for a methyl group: Py =:0q + Pyt + Ppe
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