PROTON SPLITTINGS IN
ELECTRON SPIN RESONANCE SPECTROSCOPY

W. ]. VAN DER HART







e e
Bibliotheel

1 chemisch DOratori:

PROTON SPLITTINGS IN
ELECTRON SPIN RESONANCE SPECTROSCOPY






PROTON SPLITTINGS IN
ELECTRON SPIN RESONANCE SPECTROSCOPY

PROEFSCHRIFT

TER VERKRIJGING VAN DE GRAAD VAN DOCTOR IN
DE WISKUNDE EN NATUURWETENSCHAPPEN AAN
DE RIJKSUNIVERSITEIT TE LEIDEN, OP GEZAG VAN
DE RECTOR MAGNIFICUS DR P. MUNTENDAM,
HOOGLERAAR IN DE FACULTEIT DER GENEESKUNDE,
TEN OVERSTAAN VAN EEN COMMISSIE UIT DE SENAAT
TE VERDEDIGEN OP DINSDAG 2 JULI 1968
TE KLOKKE 15.15 UUR

DOOR

WILHELMUS JACOBUS VAN DER HART

GEBOREN TE ROTTERDAM IN 1935

1968
BRONDER-OFFSET ROTTERDAM




PROMOTOR: PROF.DR L.J.OOSTERHOFF




Aan de nagedachtenis van
mijn Moeder

aan mijn Vader

aan Jopie en Hugo




CHAPTER 1

CHAPTER 1II

CHAPTER III

CONTENTS

page
INTRODUCTION 9
THEORY OF THE SPIN DENSITY IN THE o-BONDS
OF A n-ELECTRON RADICAL 14
A. Introduction 14
B. Wave functions for N-electron systems 19
1. The spin functions 19
2. The total wave function 21
3. The charge and spin density 23
C. o-bonds directly coupled to the m-electron system 28
1. The zeroth order wave functions 28
2. o-bonds in the nodal plane 34
3. o-bonds not located in the nodal plane 36
D. o-bonds coupled via another o-bond 39
1. The zeroth order wave functions 40
2. The matrix elements of the Hamiltonian 46
3. Introduction of the n-A interaction 50
4. Matrix elements of the spin density operator 51
5. The spin density in B 51
THE SPIN DENSITY IN THE n-ELECTRON SYSTEM 58
A. General formulas 58
B. Application in the molecular orbital theory 61
1. The wave functions 61

2. The calculation of the spin density distribution




CHAPTER IV

CHAPTER V

SUMMARY

3. Approximate expressions for the spin density
distribution

C. Comparison of some approximation methods

THE CALCULATION OF PROTON SPLITTINGS
A. The wave functions for the o-bonds
1. General formulas

2. The influence of a change in the m-electron
system

B, Protons in the nodal plane
C. o-protons of alkyl substituents
1

The first order term 2. 30

2. Evaluation of the complete formula 2. 32
3. Spin polarization versus charge transfer
4. The influence of the substituent on the spin

density distribution in the n-electron system

D. B-protons of alkyl substituents

ELECTRON SPIN RESONANCE OF TRIPHENYLMETHYL

AND RELATED COMPOUNDS
A. Introduction

B. Measurement and interpretation of the e. s. r. spectra

1. Preparation of the radicals

2. The measurement of the e.s.r. spectra

3. The e.s.r. spectra and their interpretation
C. Theoretical discussion

1. Unsubstituted radicals

2. Substituted radicals
D. Chichibabin's 'biradical

SAMENVATTING

page

67
70

76
79
86
87
88
99

100
103

108
108
109
109
110
111
129
129
133
136

145

148






CHAPTER 1

INTRODUCTION

Electron spin resonance (e.s.r.) has become an important tool in the
study of paramagnetic molecules and ions [1,2]. Besides the purely chemical
applications such as the detection and identification of free radicals occurring
in chemical reactions, it offers a possibility to investigate the electron dis-
tribution in paramagnetic molecules in a rather direct way. Especially the
hyperfine structure of e.s.r. spectra is a valuable addition to data obtained e.g.
from absorption spectroscopy in the ultraviolet and visible region.

In this thesis we shall give a critical survey and an extension of the theory of
proton splittings in the e.s.r. spectra of organic radicals in solution. This
will be followed by a discussion of the e.s.r. spectra of triphenylmethyl and

related compounds.

When a system containing an unpaired electron spin is placed in a magnetic

field H, the spin momentum will be quantized parallel or anti-parallel with

respect to the direction of the magnetic field. The energy difference between

these two states is

=gf H

where g is the spectroscopic splitting factor and B is the Bohr magneton.
Transitions between the two states can be induced by irradiation when the

radiation frequency v satisfies the condition

hv =AE=gpH




Instead of one single line, e.s.r. measurements usually give a number of lines
because of the additional dipole-dipole interaction between the magnetic moments
of the electron and nuclear spins. The corresponding term in the Hamiltonian
can be written

Hop = (g )iy T @ - 3¢ 8(F, Tl iy 1.1
where ;e and :N are the operators for the magnetic moments of electron and
nucleus respectively, r is the distance between electron and nucleus and
6(Fe —FN) is the Dirac delta function. The first term can only be used outside
a small sphere surrounding the nucleus which can be taken infinitely small
after the integrations in the calculation of matrix elements have been carried
out.
The last term in 1.1, which is called the Fermi contact interaction, is isotropic.
The first term is the anisotropic dipole-dipole interaction. For e.s.r. mea-
surements in solution, where the orientation of the molecules changes rapidly,
the first term averages out although it may influence the line widths in the
e.s.r. spectrum (see e.g. reference 3 for a review of line width effects). Then
the hyperfine structure depends on the second term only.

Because of the weakness of the hyperfine interaction, it will not have any
significant influence on the orbital motion of the electrons. Therefore it is
allowed to average the Hamiltonian over the orbital part of the wave function
whereby a spin-Hamiltonian remains containing spin-dependent operators
only. For measurements on solutions in strong magnetic fields 1.1 can be

written

H =a §"I 1.2

where S% and l; are the electron and nuclear spin angular momentum operators
in the direction of the magnetic field and aN is the splitting constant of nucleus N.
Because of the Dirac delta function in 1.1, aN is proportional to the electron
spin density p(FN) at the position of the nucleus where p(FN) is defined as the
probability of finding and electron with o-spin at N minus the probability of
finding an electron with 8-spin at ;N' When more than one nuclei are present,
equation 1.2 must be summed over all nuclei.

In most of the radicals studied in organic chemistry the unpaired spin is




part of the n-electron system. The wave function for the ground state is there-
fore antisymmetric with respect to a reflection in the nodal plane of the n-elec-
tron system and consequently the spin density in the nodal plane is zero. At
first sight one should expect that the splitting constants of nuclei in this nodal
plane vanish. This is not in agreement with the experiments, however. The
reason why this is so, is now well understood although there still remain dif-
ficulties in the actual calculation of splitting constants (see chapter 1V),

Besides the hyperfine structure due to nuclei in the nodal plane of the
m-electron system, further splittings can be observed caused by substituent
groups. This offers a possibility to study the interaction between a rn-electron
system and a substituent in a direct way. Usually substituent effects are studied
by an investigation of the influence of a substituent on the properties of the
n-electron system (or of the whole molecule). In e.s.r. measurements, however,
the splitting constants of the nuclei of substituents give a direct information
about the transmission of a property of the m-electron system (the unpaired spin)
into the substituent. This is especially important because it might give an
answer to the much discussed question of the significance of hyperconjugation
[4,5,6].

Hyperconjugation, which can be defined as the influence of the mixing of
the usual wave function for the ground state with wave functions in which an
electron is transferred between a m-electron system and an alkyl substituent,
is one of the possible explanations of the electron-donating character of a
methyl substituent. The electron-donating character will be more effective
in positive ions than in negative ions so, if hyperconjugation is the mechanism
which causes the spin density in the methyl group, we should expect that methyl
proton splittings are relatively larger in positive ions than in negative ions.
From the observed large differences between positive and negative ions Bolton,
Carrington and McLachlan [7] and Colpa and de Boer [8] concluded that the
hyperfine splitting due to methyl protons must be ascribed to hyperconjugation.
These authors calculated the splitting constants according to a molecular orbital
approximation for the complete system including n-electrons and electrons of the
methyl group. This type of approximation differs essentially from the usual theory
of the splitting constants of protons directly bonded to the unsaturated system
where the wave functions for the separated - and o-electron systems are
assumed to be calculated in the best possible way before the systems are
coupled together. From the comparison with the latter theory it will be clear

that the molecular orbital calculation of methyl proton splitting constants has
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several disadvantages:
1. It is often assumed that a valence bond approximation yields a better wave
function for a o-bond than a molecular orbital calculation. This can not be

taken into account in a molecular orbital calculation for the complete system.

2. Since the m-electron system and the methyl group are from the beginning
considered as one system, the calculation does not yield a simple relation between
the spin density in the methyl group and the spin density distribution in the
n-electron system. This applies especially for substituents bonded to atoms

for which the m-electron spin density is negative, e.g. the meta carbon atoms

in triphenylmethyl.

We have tried to evaluate a more general model in which the wave functions
for the - and c-systems are assumed to be calculated in the best possible way
before coupling effects due to the influence of charge transfer and mixing with
triplet states of the o-bonds are taken into account. The derivation of formulas
for the spin density in several types of c-bonds in organic radicals will be
discussed in chapter II. Because the derivation is rather lengthy and intricate,
we shall discuss a simple system in the introduction of chapter II.

Both the general formulas and the best possible wave functions for the
separated systems are too complicated for practical calculations. Therefore
approximations must be introduced. The approximations used in the calculations
for the m-electron system are discussed in chapter III.

In chapter IV we shall discuss the application of the formulas in the calculation
of the splitting constants of protons directly bonded to the unsaturated system
and of the o- and B-protons of alkyl substituents. In the literature a large num-
ber of papers on proton splittings have been published but in many of these
papers the theoretical foundation is rather questionable. Therefore the dis-

cussion in chapter IV is combined with a critical survey of the existing literature.

In chapter V we shall discuss the e.s.r. spectra of a number of substituted
triphenylmethyl radicals and corresponding 'biradicals'. This part of our in-
vestigations is an extension of Lupinski's study of triphenylmethyl radicals [9].
The improvement of e.s.r. spectrometers since the time of Lupinski's mea-
surements enabled us to obtain much more accurate conclusions from the ob-

served spectra .
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CHAPTER II

THEORY OF THE SPIN DENSITY IN THE o -BONDS
OF A n-ELECTRON RADICAL

A. INTRODUCTION

For many organic radicals the wave function for the ground state is anti-
symmetric with respect to reflection in the plane of the molecule. These
radicals are usually described as consisting of a n-electron system having an
odd number of electrons and of a number of o-bonds each containing two elec-
trons with opposite spin. In this description the spin density on nuclei in the
nodal plane of the m-electron system vanishes because the m-electron density
is zero whereas in the o-bonds the probability of finding an electron with o-spin
is equal to the probability of finding an electron with g-spin. As has been re-
marked in chapter I, the hyperfine structure of e.s.r. spectra in solution
depends on the spin density on the nuclei so for radicals such as the naphtalene
anion, where all nuclei are in the nodal plane, we should expect one single line
without hyperfine structure. Experimentally, however, a complex hyperfine
structure is observed which must be attributed to the hydrogen nuclei of the
naphtalene anion [1].

In order to explain this splitting several mechanisms might be proposed:

1. A non-zero spin density on the nuclei due to the out-of-plane vibrations.

2. Spin-orbit coupling effects.

3. A change of the spin density distribution in the c-bonds due to the presence
of an unpaired spin in the n-electron system (spin polarization).

These possibilities will be discussed in some more detail:

14




1. The amplitude of the out-of-plane vibrations depends on the mass of
the nuclei so from this explanation of the hyperfine structure we should expect
that deuterium splittings are relatively smaller than hydrogen splittings. Exper-
imentally, however, it appears that the ratio of corresponding hydrogen and
deuterium splittings is nearly equal to the ratio of the gyromagnetic factors of
these nuclei [27]. Therefore it is generally assumed that the influence of the
out-of-plane vibrations is of minor importance. In recent publications it has
been shown that this effect is not entirely negligible because it migh‘ explain the
slightly anomalous ratio of hydrogen and deuterium splittings and the temperature
dependence of the hyperfine structure which is observed e.g. in the methyl radical
(see references 3 and 4 and references cited therein).

2. McConnell and Chesnut [5] have discussed the possible influence of
pseudo-hyperfine interactions, i.e. cross terms obtained from the coupling
between the electron orbital momentum and the electron spin and nuclear spin.
For radicals containing only light nuclei this term is negligible but in other
cases it may be of some importance [6].

Besides, one might wonder whether the electron-spin electron-orbit coupling
could mix the wave function for the ground state with wave functions in which
the number of o-electrons is odd. This mixing yields in second order a spin
density in the o-bond. With a crude estimate it can easily be shown, however,
that the calculated splitting is much smaller than the observed one.

3. Spin polarization is generally accepted to be the correct explanation.

In the theoretical treatment of this effect the wave function for the ground state
is mixed with wave functions in which the o-part is a triplet function [5,7]. In
these theories the zeroth order wave functions are written as products of the
wave functions for the separated - and o-electron systems which are assumed
to be calculated in the best possible way. The mixing of these wave functions

is obtained by introduction of the m-o exchange interaction.

Besides splittings due to nuclei within the nodal plane, splittings are
observed caused by other nuclei such as the protons of a methyl substituent. In
this case the value of the m-electron wave functions at the position of the nuclei
does not vanish but a simple calculation shows that this explanation of the ob-
served splitting constants is wholly unsatisfactory. Bolton, Carrington and
McLachlan [8] and Colpa and de Boer [9] have shown that the sign and the
magnitude of methyl proton splittings provide strong evidence for the importance

of hyperconjugation. It is noteworthy that a calculation according to the hyper-
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conjugation model differs essentially from the calculation of the splitting con-
stants of nuclei within the nodal plane mentioned above. In the latter case the
wave functions for the n- and o-electron systems are calculated in the best
possible way before the systems are coupled together. In the hyperconjugation
method, however, the interaction within the n- and og-systems and the inter-
action between the two systems are introduced simultaneously. In view of the
smallness of the interaction between a  -electron system and a methyl substi-
tuent we should expect that a more realistic model is obtained when the calcu-
lation of splitting constants of methyl protons is also performed by calculating
the wave functions for the 7~ and c-systems in the best possible way before

the interaction between the separated systems is introduced. The theoretical

evaluation of this model is presented in this chapter.

In order to illustrate the essential points in the rather lengthy discussion,
we first consider a simple system consisting of a carbon 2pz -orbital and a
CH-bond which will be described with the bonding and antibonding molecular

orbitals ¢ and oc*. The wave function for the ground state is

3 a (1) {o(2)B(3) - B(2)(3)
Yo = P(1)o(2)(3) 2
N2
where %7 is the antisymmetrization operator and v and B are the spin functions

for one electron.

As has been remarked above, the spin density in a o-bond in the nodal plane is

obtained from the mixing of with a doublet wave function in which the o-part

Yo
is a triplet function:

_ oz PM{o2)o*(3) - g*(2)0(3)} {2B(1)ar(2)ar(3) - (1)a(2)B(3) - o (1)B(2)(3) ]

]
L 2 Ve

For o-bonds which are not located within the nodal plane ¥, can also mix with
wave functions in which an electron is transferred from the c-bond to the 2pz—

orbital or vice versa:

- {o(1)B(2) - B(1)a(2) } A3)
p-ﬂwmmmum .

B

(o]

*pc = __5/0*(1)0(2)0(3) 0’(1){0'(2)5[(_3) - B8(2)a(3) §
V2




The final wave function

R L PRE D¢ + + }
¥ JF“O s TG

where N is the normalizationconstant, is easily calculated with second order

perturbation theory. The spin density becomes
p= (¥ Icop|w>

where Dop' the spin density operator, is defined by

Z
I X

p.(r) =% 8(r,~T )28
1

in which the Dirac delta function E(Fi—Fx) yields the probability of finding electron
iat ;‘( whereas the operator ZSiZ multiplies this probability by +1 when electron
i has o-spin and by -1 when electron i has B-spin.
The spin density contribution due to the mixing of Y depends on the matrix
element
il 2N
w0 Ioopl ¢(T‘
and is therefore proportional to A. The spin density matrix elements of w‘p and
o)
wp_ with other wave functions are negligibly small for the protons of a methyl

substituent so, in this case, contributions are obtained from

Cv. o v and (|

ap!°op!Yop oo Popl¥po’

only. These contributions are proportional to u,2 and 'JL respectively. Besides,
the introduction of ’!"qp and vpc causes a change in the coefficient )\ of ¥ because
of the mixing of ¥ via the interaction with v:p and vpc . The corresponding
term in the spin density has a magnitude comparable to the magnitude of the

2 2
terms proportional to u~ and v".

For a real radical with a larger number (N, say) of m-electrons and a
more complicated wave function for the o-bond the calculation becomes more
difficult. The main reason for this is the fact that wave functions for a system
having more than two electrons can not be written as a simple product of space

and spin functions.




Consider e.g. the interaction between ¢0 and wcp' Apart from the differences
in the spin functions, these wave functions differ by a replacement of o(2) in
Yo by p(2) in ‘I‘op so the interaction depends on the resonance integral apo. A
simple calculation of the necessary overlap integrals of spin functions shows
that in fact

(v H Iw0p> = -<p'HOp|O> =-B

P po

In a general case the product p(1)e (1) in Yo is replaced by the wave function

for the ground state of the m-electron system
no(l. .N) = ﬁ nO,p.(l' .N) Xu(l' .N)

where ¥ LL(1. .N) is one of the possible spin functions for N electrons.

In the same way, the product

{omB(2) - Ma(2)}
V2

p(1)p(2)

in wop is replaced by a function

e N = B my (LN (1 N4

which is the wave function for one of the possible (ground and excited) states of
the system of (N+1) electrons.
In the calculation of the matrix element

(¥ lHoplwo p>
the overlap integrals of the spin functions were easily calculated. In the general
case this is not possible without a further specification of the spin functions
Xu(l' .N) and xv(l. .N+1). This problem can be solved by choosing the
xv(l. . N+1) to be built up from the spin functions xu(l. .N) by a combination
with the spin functions for one electron (section B.1). Inthis way a relation
between spin functions for different numbers of electrons is obtained which
enables a straightforward calculation of the overlap integrals.

In the further evaluation of the matrix elements we obtain instead of Bp" an
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interaction between functions of the type

1..N)m, (1..N+1)dr
ju 1

d'rN

23. (N+1) = J‘HO. u(

and corresponding functions for the o-systems. The exact form of the functions
Bj— is given insection B. 2 where they are written cpJ_. In the same way the matrix
elements between wo and yp can be reduced to an interaction between functions
C.{). and corresponding functions for the o-systems.

l_n section C it will be shown that the derivation of formulas for the spin density
in the o-bond can now be performed in the same way as for the simple system
discussed above. First the choice of the zeroth order wave functions will be
considered (C.1). Insection C. 2 the formula for o-bonds within the nodal plane

of the m-electron system is derived. Our result is practically identical with

the formula given by McLachlan, Dearman and Lefebvre [7] but their deriva-
tion dlffers from ours in so far as their wave functions are not eigenfunctions of
the total S -operator.

The formula for an arbitrary o-bond is derived in section C. 3.

A simple formula for the spin density distribution in the r -electron system in
terms of the functions g; and g._ is derived in section B. 3. A comparison of this
formula with the formula for the spin density in an arbitrary oc-bond shows that
a clear relation exists between the spin density in the o-bond and the spin

density distribution in the w-electron system.

In several cases splittings have been observed due to protons for which
the direct interaction with the m-electron system is very small e.g. the protons
of tert. butyl substituents. A formula for the spin density on these protons, in
which both the direct interaction with the m -electron system and the interaction
via other o-bonds is included, has been derived by a straightforward but lengthy

calculation. This is discussed in section D.
B. WAVE FUNCTIONS FOR N-ELECTRON SYSTEMS
1. The spin functions
We consider a system of N electrons for which the wave functions are

eigenfunctions of the S2 and S* operators (in the matrix elements of these

operators the factors h/2m will always be omitted). For each value of m = (SZ)
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the number of linearly independent spin funcuons X is [10]

(2S+1)N!

N o (XN '
(5 9)! (FSH)!

n(S, N) =

These spin functions will be constructed from orthogonal spin functions for
systems consisting of a smaller number of electrons according to the theory

of angular momentum [11]. In this theory it is shown that, when two systems
of K and L electrons with spin quantum numbers S1 and S2 are coupled together,

the spin functions for the total system can be written

S W S, m,
XP(1..K+L) = T E C(S,,8,,8m;,my,m) “x ~(1..K) X (K+1, .. K+L)
W mj my A %
2.2

in which the coefficients C(Sl,S 53 sm,, m,, ,m), which are called Clebsch-Gordan

coefficients, are zero unless S takes one of the values IS g2l .(S1 *Sz) and

m = ml-fmz. The values for S2 = 1/2 and for 62 =1 are given in tables 2.1 and

2.2.

m,, = 1/2 m, = -1/2

/S +m+1/2 Sl-m'*1/2

S = Sl+l/2 S 1 A —_2S1F——1
—m+1/2 Sl+m+1/2

i Wl - G

Table 2.1. Clebsch-Gordan coefficients for §_ = 1/2.
“

mz'—l m2 =0 mz—-l

(S, +m)(S, +m+1) (S -m'-l)(Slfmﬂ) (Sl—m)(S -m+1)
§=8§,+1 = 1q+ 1§+ S_+1 ozs+1ls+1
1 ~(251*1)(~1 1) (2~1 1)(‘1 ) 2( 1 ) 1 )
Dol 1 (S1 *m)(Sl~m+1) v J—_l— (Sl—m)(Slfmﬂ)
1 N 25,(S,+1) $,6,1) v 28,(8,+1)
-m)(S. - -m)(S, + [(S S.+m+
o /Tsl m)(s1 m+1) ) /(s1 m)( : m) (8,*m) (S, *m 1)
1 25,(5,+1) S,@28,*1) 25, (28, +1)

Clebsch=Gordan coefficients for §_ = 1.

Table 2, 2.




For a system which can be described as consisting of two or more sub-

systems, e.g. the - and o-systems of an aromatic radical, the total spin

functions are calculated from the spin functions for the sub-systems according

to equation 2. 2. The spin functions for the sub-systems are obtained from the

spin functions o and 8 for one electron by successively adding one electron,

each time calculating the new spin function with the coefficients given in table 2.1.

2.

The total wave function

&

Since the total wave function is an eigenfunction of S™ and S we may write

it as a linear combination of the n(S,N) possible spin functions [10]. The space

dependent part of the wave function is then given by the coefficients of the spin

functions.

ml

y(1..N) =

7 Z ¢ (1..N)x (1..N) 2.3
n=1 B e

v

S ¢ ¢ A
We shall introduce as a rule that the spin functions “x (1..N) in this expansion
u

S-1/2 -
are obtained from the p spin functions Bty % (1..N-1) for , = 1..p and from
5 o V)
the q spin functions 5+1/“x _p(l. .N-1) for y = p+1,..pt+q, where p+tq = n.

From the Pauli principle

§(..N) = 6, Py(1..N)

in which P is a permutation operator

ép = +1 for even permutations

5 -1 for odd permutations

Pa

we obtain by multiplying by X, and integrating

n
= { \NPe 9
Py p 021 \pquxv/ﬂpo it
which yields
{ >'§ﬂ’l> Yx 1Py )< low.) 2.5
Np\/lwu. o= eil ¥ x’Jlx'v .Xu, XB \vfi \95/ ri3h

On summing over all permutations the left-hand side is multiplied by N!. The

right-hand side can be simplified with the orthogonality relations from group
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theory [10,12].

N!

. Nl
z, (P P == 8
> ( xalx\))(xul x5> g TP
inwhichéae=0 if a#8
=1 if o=8
Equation 2. 5 then becomes
(p_|9)
n Y
q =g g LG
<~p\)|wu> BV =1 n

which states that the q)u are orthogonal and (:pu|:pu) is independent of . This
result can of course also be obtained from a direct application of group theory
to the ¢ . The ¢ constitute an irreducible set of eigenfunctions of the spinless
Hamiltok:\ian whicuh must be combined with an irreducible set of spin functions
having the same dimension to obtain the completely antisymmetric total wave

function. When we take
(e =
ol =l 2.6

then {(1..N) will be normalized.

On a permutation of the electron numbers 1..N the ¢ (1..N) are transform-
ed into each other according to 2.4. When the :.pu(l. .N) ar: divided in groups
dependent on the multiplicity of the spin functions xv(l. .N-1) from which
xu.(l' .N) is built up, then a permutation of the electron numbers 1..N-1 will
cause a similar transformation within these groups. For functions ¢ (1..N)
belonging to the same group we then obtain besides 2. 6 %

vanishes if 4 #v whereas the 2.7

L T
'hu (L. Ny (1. Ndr...drye o

integral is independent of .

if =V

whereas for integrals over products of N- and (N-1)-electron functions

rtp (1..N)p (1..N-1)d'-’1...dTN 1 vanishes if Xu.(l”N) is not 2.8
o g v -
built up from xv(l. .N-1) whereas
the integral is independent of .
if x (1..N) is built up from
"
%, (1. . N-1)




wave functions. Therefore we introduce a short-hand notation for these integrals.

In our calculations on n-electron radicals we shall use for integrals over

m-electron functions

w;(N) =Vl—i ,r1$

4 %, 1

o (N+1) -V/—N+l [ 143, y

2 J wl(l..l\) P .

..N) "o
R S

or 9 (N+1) =] LG) e

1

(N+1)-electron system.

The coefficients in 2.9 and 2. 10 are chosen in such a way that simple formulas

will be obtained for the spin density distribution.

For integrals over the c-bonds the indices are altered somewhat:

o, 0 BT L
%s(? ff (1,2) "o (1)dr

/

o e 1/2
%2 - [ o(1,2) *“o(1)dr,

55® =[5 [ o0 % 12,94 4,

4

s Ll o 1/a 2 N dr
7p(3) ./2[ 1.2) %, .2, 90 dr,

3. The charge and spin density

The charge density Q( F‘) is defined as the probability
tron at Fx' The spin density s(i:‘) is the difference between the probability of
finding an electron with o-spin and the probability of finding an electron with

B-spin. The corresponding operators for a system of N electrons are

The integrals in 2. 8 are very important in calculations with charge-transfer

¥ _ [N o ol .
oq® =/ J‘\,jyl(l..l\ 1)/ 4, (.. Ndr ..

(1..N-1)"g (1. N)dr,...dr

.l .d’TN for singlet j

(Les N+l)(hl. .

in which j enumerates the possible singlet and triplet states of the (N-1)- and

.dTN_l for singlet j

2.9

dr for triplet j

2.10

.drN for triplet j

of finding an elec-




8 (rj - rx)

Z

i

- N i
pop(rx) = j§1 6(rj—rx)ZS
in which 6(;j_;x) is the Dirac delta function.

Because all electrons are equivalent, the matrix elements can be written
Qij(rx) =N Wi(l-'N)Ié(rN-rx)lvj(l- -N))
T ) = i e A \
pij( l‘x) ZN\wi(l' N 6(ry rx)SNNj(l. .N))

The charge and spin densities in a particular state are given by the corre-
sponding diagonal matrix elements. The non-diagonal matrix elements are
usually called transition charge densities and transition spin densities. Because
Qop is independent of spin, transition charge densities can only be obtained
between states having the same multiplicity. Transition spin densities may
exist between states of different multiplicity when the spin functions are partly
built up from the same spin functions Xu(l' .N-1) as is the case e.g. for singlets
and triplets.

On substitution of the wave function 2. 3 and application of 2. 7 we obtain for the

(transition) charge densities
Q.7) == (p(p: (.. N)sE -9, ;(1..N)
3oox . prtgs | i Mhiats o @8 W e
2.13
(e e
*Cl\&i,pﬂ(l.-l"ﬂé(rN rx)le,pﬂ(l.-N))}

whereas (transition) spin densities between states of the same multiplicity are

given by
=\ _ 2N ¢ - = &
oij(rx) < {p/\@i‘l(l- -N)lé(rN-rx)lfpj,l(l. N)) (x4 (1. NS x, (1.. N))
2.14a
Pt S Z
+ q<_¢.;i'p+1(1. .N)Ié(rN-rx)|@j,p+l(1. .N)) \xpﬂ(l. ; N)lSlepfl(l. .N))}

and transition spin densities between states of different multiplicity by




2N

P - T (S— SV S { (Y - Ty .. N))
"ij(rx) o ta ) toota) LP; ¢ i‘1(1 N)[6(ry rx)l»J,p_ﬂ(l ))
Py 79,7 Py Ty ) 2.14b

(1..N)] 5(T~N- FX)I:;.

i 1(1...\')*

, nia NN 4 Lon
X f,\xl,’1(1..I\)ISN|xj'pj+l(l..I\)/* qi‘vi.pi“l

7 < NS 3
X \Xi,pi*l(l.‘N)lsl\.l/\j,l(l“:\)/'

The values of p and q can be substituted from 2.1 when the multiplicity of the

wave functions is known.

Instead of 2.13 and 2. 14 it is more practical to use density matrices [13]. The

(transition) charge density matrix (or spinless one-particle density matrix) is
defined by

V ? 1
Q.M ==lp [ 5 (o,

o (1..N-1,N),

; 1(1. . N-1, M)

* 9y 1. N-1,N)g, (1..N-1, M) }dr,...dry

(S
p—
3]

= ,
t = 18 .. N=-1, N)eo, .« N-1, M
a[3 (9, pra (e - N1, Ny (1. N-1, M)

, ptl

oy (L N-1LN)gp,

j,pHl o l(l..I\—l,M)jdrl...d

|
T N-1-

The (transition) spin density matrix is defined in an analogous way. Instead of
the general formula we shall give the formulas for some special cases. These
are obtained from 2.14 by substitution of spin functions ¥ (1..N) which are
calculated from spin functions xu(l, .N-1) according to 2. E The values for

p and q were calculated from 2. 1.

The (transition) spin density matrix for doublets i and j becomes

N+3 17
Py N> M) (4_) [‘ L,

1,1(1..1\-1,N);7j'1(1. .N-1,M)

+ ¢

?5,11--N-1,Ng, ,(1..N-1,M)}dr,...dry ,
2.16
_(1\4—1) r%{.ﬁ_ (1..1\*—1,N)@j

9, ptl (1..N-1,M)

, ptl

(1..N—l,1\')ci +

t o .«N- |
j, ptl ) 1(1 N 1'M)Mhl dr

N-1




N, M) =
pij(.x)

For i and j triplet states with m = +1 we obtain

&2 (1 (9, 1. -N-1,Npg

5 .N-1, M)

s 1(1.

+9; 1 (1..N-1,N)g; (1. N-1,M) Jdr...dr

N-2) 1, -
3 r g @ pr1(l - N1 Ny 1y
+ :'pj,p?'l(l..l\_lyN)ci,p*'l

(1..N-1,M)} dr,...dr

N-1

(1..N-1, M)

N-1

The transition spin density matrix between a singlet and a triplet with m = 0

becomes

- [N(N+4) r1 .0 re ks
LAY SR (2%, ja..N-1mY,

0
{ 1

j’l

(1..1\1-1,1\30»\0i (1. N=1,M)}dr_...dr

(1..N-1, M)

no

.18

N-1

In the following we shall prove that for a doublet state p (N, M) can also be

written

in which

2.19 can easily be proved by expanding the functions

set of functions P (355 N—l);q(f\’). The proof of 2. 20, however, is more difficult.
e £

N,M) =% 6,9, (N) o, (M
p(N, M) = 60/ (N) ; (M)

xS 5

o(N,M) = £ 8.5, (N) ¢, (M
( ) : H()_J(x)

§. = +1 for singlet j
= -1 for triplet j

(3]

&9

‘(1. .N-1,N) in a complete

First p(N, M) is expressed in terms of a complete set of one-electron functions

Q..

p(N,M) = ;L crscr(N)wS(M)

M




. j p(N, M)Cpr(N);pS(M)d‘r NdT M

T2 (9, (1. N-1, Mg (N[, (1. . N-1, Nig_(M))

(N_l) ¥ “ J T\
i (~Pp+1(1--N-I,M)wr(N)pr,,l(l-~I\-1,I\)~PS(M)>

Next the functions ¢(1..N-1, M):pr(N) and o(1..N-1, N)cps(M) are expanded in a

complete set of (N+1)-electron singlet and triplet functions. In general this is

not possible because these functions are not wave functions so the Pauli prin-

ciple does not hold. When @u(l. .N-1, M) is written in terms of products of one-

electron functions, then terms will occur in q)u(l. +N-1, M)c,or(N) in which B

contains three electrons. From the orthogonality of Pp and Pg it follows that

these terms can only give contributions for r =s. From a calculation for N = 3

it appears that the contributions from the two terms cancel out. The expansion

in terms of (N+1)-electron functions is therefore permitted.

l(1. «N-1, M):.pr(N)| (pj,l(l' .N-1,M, N))

(o 3 / ¢ = e on \
X \“?j 1(1..N 1,M,N)|~.pk,1(1..N 1,N,M))(cpk,1(1..h l,N,M)le(l..I\ l,N)cpS(M)/

_(N-1) % A A
T ;23 <wp+1(1..N I,M)wr(N)ij,pﬂ(l..N 1,M,N))

ol

X (@) pr1 - N-LMNjgy o (1..N-1,N, M)

X (wk, p+1(1' .N-1,N, M) 'iPpﬂ(l- .N-1, N)q;S(M))
The second integral in both terms vanishes for j #k. From 2.8 we then obtain

Pog = ;: (9, (1. N-1, Myp_(N)| 95,13 - N-1, M, N)) (g, (1. . N-1, N, )| p; (1. N-1, N)op _(M))

2.21

(N+3) % ! IR
x{ 7 (@1 N-LM,Ng, (L. N-1,N, M)

(N-1) , % : N }
7y \rpj,p+1(1..N l,M,N)I\aj'pﬂ(l..N 1,N, M))

The overlap terms between brackets are calculated from the overlap of the

corresponding spin functions. The two functions in the integrals differ by an
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odd number of permutations so, according to 2.4 and 2. 6, the overlap is opposite

to the overlap of the spin functions. After construction of the spin functions ac-

cording to 2.2 we obtain

for singlet j ::»j 1(1..N—1.M,N)|’;j 1(1..N-1.N,M)) =+1
,;;j,pﬂ(l,.l\—l,M,l\)!;j,pfl(l..N—l,I\,M)) = ~1

]
|
—_—

for triplet j (1..N-1,M, N)|p; (L. N-1,N, M)

:’j 1

-1/3

]

(P, (1..N-1,N, M))

(1..N-1, M, N) .
jsptl g, p

+1

After substitution 2. 21 can be written

0 6, -,or(Nngj'u\'); QEJ.-(A\I)I‘:.,S(M))

rs:-Z
9

Because Py is the representation of p in the complete set PPy it follows

immediately that 2.20 holds.

It can easily be shown that analogous to 2.19 the charge density matrix for

a doublet state can be written
QN,M) =2 ¢ u;j'(N)oj*(M) 2.22
j < L

in which ej = +1 for singlet j

= +3 for triplet j

An equation analogous to 2. 20 could not be obtained because in this case the

expansion in a complete set of (N+1)-electron functions is not possible.
C. ©-BONDS DIRECTLY COUPLED TO THE n-ELECTRON SYSTEM
1. The zeroth order wave functions

We consider a doublet r-electron system of N electrons and a o -bond A
which will be regarded as a two-electron system.

According to the branching diagram [10]
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singlet (N-1)
(p)

o
\/\

singlet (N+1)
(p+a) \
doublet (N+2)
/ (2p*3qtr)
triplet (N+1)

(p+2qtr)

doublet (N)
(ptq)

triplet (N-1)
()

k.
s,

quadruplet (N)
(gtr)

ot

quintuplet (N-1)
(r)

we obtain from the p singlet and q triplet functions for (N-1) electrons (2p+3q)
doublet spin functions for the (N+2)-electron system. The total wave functions
will be written in terms of the following expressions for these spin functions.

0

= xu(l..N-l)a(N)(’X(Nn,N-rz)

1 -
X

+1 , =4 : S ACIO e
L N-DBM) =42 5 (L. N-Da(N)} X (N+1,N+2)

= Jr—f‘
X9 1/N6{2

[ (91

0 $ /
= Ox (. N-1) 1/ 60-2800 v, o) +4 @ ()X Ove1, o) )

~ 10 K
Xg, = 1/V3(- x__p(l..N—l)a(N)IXO(NH,N*Z) " 1xufp(1..N-l)s(N)lx’l(N+—1.N+2)

" lxﬂp(l..N—l)q(N)lx'l(I\'d.NfZ);
%
2 510 ) =
xg, = 1/V6{2 1 pu..N-l)au\)lx'l(Ml.NoZ) 2 lx”pu..1\'-1)5(N>1X‘)<N+1,N.2)
5, = s
1 +1 2 CAY 1 -1

=X (L N=D)a(N) XN+, Ne2) + xu_p(l..N-1)o~(N)1x"1(N+1,N+2);

ot 9

in which u = 1...p for X and X?u
W .

= p*l,...p*q for o, Xgq, and Xi')u

The functions Xl 3 xo : X3 and 1/ 31x4 +A ?X-. } may be regarded as being
built up from doublel spin functions for N electrons whereas 1/V3 {\1 2 X4u_x5uj
can be obtained from the quadruplet functions for N electrons which are built

up from the triplet functions for N-1 electrons.

In our calculations use will be made of the transformation matrix for a transposition
of electrons N and N+2 and of the matrix elements of the operators Zbl\, 281\&1
and 2 SN* o- These are given in 2.23 and 2.24a, b and c.







On combination of the wave functions for the ground states of the separated

systems the total wave function becomes

P prq 0
, = 2—( % (1..N)0A(I\’41,N*2)y‘1 £ R (LN AN N2y, )
V(ptq) w=l ¥ Poopmptl B Sy

v

The combination of the ground state of the n-electron system with the triplet ex-

cited state of the o-bond yields

¢

$+Af¢

o |
>

5]
P

P Ptq X
bS] & (1..N)1A(N+1.N+2)x3‘ + T (L. N AN, Neg)—2i

Vptg) ‘w1 * By e CL

w

On transfer of one electron from the n-electron system to the c-bond a doublet
function for the total system can be obtained in four different ways:

1. m(l..N-1) singlet and A(N+1, N+2, N) doublet

2. n(1..N-1) triplet and A(N+1,N+2, N) doublet

3. m(1..N-1) triplet and A(N+1, N+2, N) quadruplet

4. n(1..N-1) quintuplet and A(N+1, N+2, N) quadruplet

From 2.8 it is obvious that

[ 0A(l, 2 3/2A(1, 2, 3)d71d~‘) =0

From the further calculations it may be inferred that in consequence of this
result the wave functions corresponding to 3. and 4. do not mix with ¥ and
can be neglected. The wave functions corresponding to 1. and 2. are

P

L3 0 @.Na) (A (N+1,N+2, N)x, -A_(N+1,N+2,N)x, }
A 2p H':1 Ju 1 IU- “ 3LL
o

{x4 -2 X5, }
= m _ (1..N-1) {Al(Nfl,N+2,N)x2 - A, (N+1,N+2, N) 4 Sy
] .V' zq Ll:p+1 J, =P %Y & ;’3

On transfer of one electron from the o-bond to the 1 -electron system a doublet
function for the total system is obtained from the combination of the A(N+1)
doublet functions with the (1. . N, N+2) singlet and triplet functions. The corre-

sponding wave functions are




% NS X +
. { § O (..N,Ne2)AN+) " "3g” , Pd 0
'u=1 Ju

Voo = (1..N, N+2)A(N+1)
1 \p+q 2 weptl ¥

X

{X2u+ X, * 2 xsu}}

2
(-3 ]
i G | i g e O
Yo === Z ", (L.N,N+2)A(N+l) —= 2l 4 "5 m (1..N, N+2)
6j Npt2qtr =1 Jp B u=pt+l Jp

-8%g, *X4,*V2 % }  pF2gir
- b+ 3 { quadruplet (N) terms}}
2N 3 w=prqt+l

X A(N+1)

The wave functions ¥qee w6j are not antisymmetrized with respect to the per-
mutation of o and r1 electrons. The antisymmetrized wave functions shall be
written ._C/‘yl. e .,.Q/wej. In this antisymmetrization and in all further calculations
the overlap integrals between o- and n-functions will be neglected. A further
approximation is the neglect of all wave functions in which the o-system is
excited (except the lowest triplet state in wz) and of all wave functions in which

two electrons are transferred.

In the usual theories for the spin density in o-bonds within the nodal plane
the zeroth order wave functions are assumed to be calculated with neglect of
all o-mr exchange integrals. In our method this is not necessary.

We consider two systems with wave functions

Bt

._
=

él 1..N)x (1..N)
e ]

851
Z =y, (N+L,..N+M)x (N+1,..N+M)
V=1 /s 1v v

which are coupled together. The wave function for the total system becomes

r S 1
@1(1..N+M) = % z

p,=1 v=1 "/T_S

Qlu(l..N) ¥y, N+, .. N+M) X,y (Lo NM)




in which x _ is the spin function obtained from ¥ and X, by application of 2. 2.
v P
The wave function for the $-system will now be calculated in such a way that a

wave function

(1..N+M) : 5 2 (
e.(1.. N*+M) = T s = !
j u=1 v=1 /r_s Ju

in which the $-system is excited without a change of the spin function, does not

V

1..N) g, (N+1,..N+M) x _(1..N+M)

mix in first order with @,1 which means

e [H|. ./:,j; 0

Because in L-;j all electrons within the & - and ¢ -system are equivalent we may

write this

( 01|H’ ':,j," - NM(/{ €, HT N, N+M cj ) =0
in which 'I‘N N+M is the operator for a transposition of electrons N and N+M.
Higher order permutations do not contribute because the two systems are
supposed to be orthogonal.

On substitution of the Hamiltonian

N N+M

H(1..N+M) =H_(1..N) + H (N+1,..N+M) + % z e
’ v i=1 j=N+1 rij
we obtain as condition for the calculation of él:
r S8 NMm 1
(3..Hlg..)+ T = — (3 Y, |—3. ¥, )
11 j1 L=1 v=1 rs 1p"1v lN,N+M ju'lv
2.25
NM I 8 1 i
Slcdvp g ety et st e ¥ Mx [Ty ) =
rs 0 vljl 1 "1v rN,N*M N,N+M| ju " 1v Xuvl I\,NH\/IP(;L\,

In terms of charge density matrices the second term becomes

(PR s

. Qlj(l, 1) e ‘ Qll(2, 2)dr1d72
12

The evaluation of the third term depends on the multiplicity of ¢, ¢ and @. As

an example we shall discuss the calculation of the zeroth order wave functions
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¥ and wz.
For singlet-singlet, doublet-singlet and singlet-doublet combinations 2.25
becomes after substitution of the spin functions calculated from 2. 2

v

¢ 1 Irat 1 ¥ .
(¢11|H|¢j1) +fQ1j(1,1)—r12 Q,4(2,2)dr dr, 2JQIj(l,Z) T1s Q,;,(1,2)drdry, =0

2.26

This formula, which is the formula used in the theory of separated electron
pairs [14] and in McWeeny's group function method [138], is assumed to be
used in an iterative process for the calculation of the ground state of the m- and
o-systems.

For a triplet-doublet combination, for which the total wave function is a doublet
function, the condition for the calculation of the triplet state becomes

1y [u]® ¢ 0 11 q¥ ) PO ey
oIl ey + [ofa £y O (2 Dy, AT

(1, 2)dr. dr
J 12 11 12

2.27

8 1y a
+folj(1,2) i o (1, 2)dr dr, = 0

The triplet excited state of the o-bond is assumed to be calculated from 2. 27.
In this calculation the wave function for the m-system is taken to be the one
obtained from 2. 26.

The charge transfer wave functions can be calculated in a similar way.
2. o-bonds in the nodal plane

For o-bonds in the nodal plane the interaction between d;l and w3j' as ij
vanishes for symmetry reasons. The spin density is therefore determined
solely by ¥y and ¥o and becomes in first order
<;._§a’/,',-1|H|..C/q;2) (.S«/wzlpl .L/¢1>

(E,-E))

A~ _
p (rx)— 2

in which E_ = (‘Q/\I;llﬂl .a/¢11>

E

2 (.<-V'w2|}1|.cz/¢2>




The Hamiltonian matrix element in the numerator

(g |0 Hyp) = (4 [H]vy) - 2NCy [H Ty noof V)

becomes on substitution of the wave functions, evaluation of the integrals over

the spin functions with the values given in 2. 23 and application of 2.7

1

my (1. N-1, N+2)PA(N+1, N))
TN, N+2

_Npy3 : 05 s :
=g (mp (e N-1, N AN+, N+2)

2.28

_ NqVs_, - iy o e sikant oy
3(ptQ) \np’fl(l"N 1,N) A(N+1, N+2) A .p+1(1..1\ 1, N+2)"A(N+1,N))

According to 2.16 and 2. 18 this is identical to

s ol % A S 3 5, Sl PR | A s
(St [H] y,) = - 518 jo 1,2 T pp(Ls 2)dr dr,

in which g 18 the transition spin density matrix between the singlet and triplet

state of the o-bond.

In the calculation of the matrix element of the spin density operator the permu-
tations between - and o -electrons can be omitted because oop is a sum of one-

electron terms. From the integral values given in 2. 24c we obtain

2 [z 0 2000
(St o] ) = - 23A0H1, N[5y, - F )] AN, N2))

Substitution of the matrix elements yields for the spin density

o™, 2) r—l— pg,r(l, 2)dr,dr,
pE) =-2 . COAN+, N+2)| 6
2 AE,

O y
Neg~Ty)| AN+ N+2))

T
in which AEA = E2-E1, the triplet excitation energy of the o-bond



In terms of spin density matrices this becomes

m 1 A
[0"1,2) == 0 g1, 2)drdr,
A o 12
~ (112) - ,r

AE o

This formula can be generalized by a summation of the right-hand side over all

possible triplet states of bond A.
3. o -bonds not located in the nodal plane

For o-bonds which are not located in the nodal plane the = - and o-functions
are no longer orthogonal. The first order term 2.29 must therefore be used in
a more general form in which the l/r12 operator is replaced by the complete

Hamiltonian. This is especially important in valence bond calculations.

n A
.‘-c (1,2) H CST(I,Z)d ld.

A 2" A
Arp’ (1,2) = = Pamil, 2) 2.30
I B | ST
E 5

It must be noted that for an exact calculation the integral in the numerator must
be regarded as a short-hand notation of the complete term which is obtained
from z[is by replacing l/rN’ N+2 by the complete Hamiltonian and multiplying
by - 24/3/3. In the usual valence bond approximation, however, 2.30 may be
regarded as the correct expression.

Besides 2. 30, contributions will be obtained from the charge-transfer
wave functions -;3].. o ",'6].. In a first order approximation matrix elements of
the spin density operator between o- and n-functions occur. In calculations of
the spin density on methyl protons these terms are usually neglected but it is
by no means sure that this is correct for all types of c-bonds. Therefore,
this term will also be considered. Second order terms are obtained from the
diagonal matrix elements of the spin density for ""3j' o VGj and from the mixing
of ‘32 via .I'.Bj' e ""Gj with ¥y Second order terms from the mixing of 3§" " ij
via ",'2 and from the direct mixing of ¥o with y, are neglected with respect to
the first order term 2. 30.

On neglect of the overlap integrals of o- and r-functions the contribution from

the charge-transfer wave functions is then given by




‘1.,;%1[1{]..01\;1» 2
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> 216
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2,31
(.Cs/@l [H| "{:/vij Nile (‘/wij [H| .-Z‘/vz} (.;-’./«gzlpl ,".‘/v;l )
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In the calculation of the matrix elements between ¥y ~','2 and ""3," 5 -qu it
is important to note that the number of permutations with respect to which the

wave functions are already antisymmetrized is not the same for all wave func-

tions. These numbers are for

Yeov - Y17 Y2 e
4 = & T_1\! a9t
Voo Va5 Vaj (N-1)! 3!
] J (N+1)!

o~ Y55’ V65
The energy matrix elements are obtained as follows

N-1
{ S e NG 82 -
( Sy, IHI Sy ) /_1\'—2" \"covl““ =

= -y we obtain
cov

nMY

Tyl ¥ o)

From Iijcov

\ -

{ W’Wco\-m' "(’/"'r:-.:> ;‘V‘/3N<‘;’co\‘llll .‘y*w)

whereas
( S RoL = I(Nﬂ)! (d r "
o Ucovml 'X/Jcﬂ) N! 2! "co»‘lH(1 T3\1*’1,1\'*2)' va>

28 a3al
= \/2(N+1) <¢COVIH| Vo)

Now we assume that in the evaluation of these matrix elements the Hamiltonian
operator may be approximated by an effective one-electron operator (this is
identical with neglect of differential overlap). In this way we obtain on sub-

stitution of 2.9, 2.10, 2.11 and 2.12




(S H Y ) = oy [H]Ag) (o 1] ) = (m; HIAg)

m
& + - o Y +

(S ) = VB (HAD (L) = VS (g HIAY)
+ B L +

(B Sy = S G [BATY (A, ) = A AL
- + = . - +

(A, [H ) = (m [H| A (SyylHl. S ye> = (o H|Ap)

The spin density matrix elements between "1 and “31' % '36j are obtained in the

same way:

<‘S‘%{’cov Pl 'gywnc> s @ wcov |p| Yoo ?

<"chov Pl M*on> mANNED <Wcov PlLY s n>
which yields
+ o - -
(&/\yllm.&%&sj} = <11] (Dlé(rl—!‘x)lés(l))

o7a = . - -
A OREE 13 (o (6 -7 )| A0

. s - - - +
(S IP1F V) = - (my 86 -1 )| Ag (1)

Sy, [0 gy) = - 1A'3 (o )]6@,-T )| Ag ()

In the diagonal matrix elements of the spin density operator for v3j' A ¢6j only
the contributions in the o-bond are of importance. In terms of spin density

matrices these are

(.,s:/w3j|p| Mvsj) : pg(1,2)
(Sl Hiyy) = -1/3 og‘u,z)
(S 1ol Hg)) p(1,2)
(Mvsjwl .Mv6j> : -1/3 p‘f‘(l,Z)

in which °1 and Pg are the spin density matrices according to 2.16 for N=1 and

N=3 respectively.

The excitation energies of the charge-transfer states are approximated for

+

v3j'w4j as In-EA+AEj +ch
= + 2

v5j’v6j as IA Eﬁ AEJ.+CAj




in which In P A the ionization energies of the m and A system
En, EA the electron affinities of the m and A system
AE;, AE.  the excitation energies of the n-electron system
after charge transfer
CjA' CAj correction terms for the difference in Coulomb

energy before and after charge transfer

On substitution in 2. 31 and combination with 2. 30 the spin density in the o-bonds

becomes in terms of spin density matrices:

(o I AG); [ (DAG) + A (@)}

pA(1,2):-2; 8 -
i (I -E,+0E; +cj a)
- S + + < + -2
(m; HIA Q) 5 {m (DAG(2) + Ag(D)m, (2) } (m, H|Ag)
+23 6]’ i 572 "4 I—\S_ s A +'3 6j & %S > pA3(1’2)
i i A—Eﬂ+AEj +Cyy b la-E A*AEJ- +cj "
= +.2 + - - +
(m; H|AL) (m, [H| A (AT H )
I8, p‘?(1,2)+2{—_25. ik T 2. 32
i B 2 : i & T
(IA-ETT +AEj +CAj) (Iﬂ-EA+A Ej +CJ.A)AEA
= + + - A
(m; [HAL) (A Hl 1, ) pT(1,2) H pam(l,2)dr. dr
gy ASARL | kLN
j (IA—En +A Ej +CAj)AEA A EA

The application of this formula to actual problems and the relation to more

usual methods such as hyperconjugation will be discussed in chapter IV.

D. o-BONDS COUPLED VIA ANOTHER o-BOND

We consider a system consisting of N n-electrons, 2 o-electrons inbond A
and 2 c-electrons in bond B. The n-B interaction is assumed to be much smaller
than the m-A interaction. Consequently the spin density in B is calculated by
first taking into account the m-A interaction and then coupling B to the n-A
system.



1. The zeroth order wave functions

fn the calculation of the spin density in B the following wave functions will

be considered:

the wave functions given in section C multiplied by the singlet

¥1--- Vg
ground state wave function of B

Yoqo - V12 wave functions obtained from LRERR by excitation of B to the
lowest triplet state

V13’ Y14 n—B charge-transfer wave functions

¥15° ¥16 B-m charge-transfer wave functions

Y170 ¥18 A~ B charge-transfer wave functions

¥19° WZO B- A charge-transfer wave functions

In ¥1g° " Y16 the o-bond A is in its singlet ground state; in ¥17- Y20 the

n-electron system is in its ground state. ¥17 and Y19 will be chosen in such a
way that the n-A system is in a singlet state whereas in ';18 and ¥20 itisina
triplet state. From the ground state of the m-A system, which is calculated
from ¥y-v-¥g 28 in section C, wave functions can be obtained by transfer of
one electron in which A contains zero or four electrons and wave functions

in which the n-system contains (N-2) or (N+2) electrons. These are neglected.

From the p singlet and q triplet spin functions for (N-1) electrons (5p+9q)
doublet spin functions for (N+4) electrons can be built up. These are given in
table 2. 3. The total wave functions expressed in terms of these spin functions

are given in table 2. 4.
Table 2.3. Spin functions for(N+4) electrons built up from singlet and triplet spin functions for (N-1) electrons
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- Oxu(l. N-1) TA6 (=28 005 (N+1,N+2) 12 o) N+ 1,N+2)) S (N+3, N+4)
Xgy ° 1ABELO @ -1 v, Ne2y el (1. N-1)x NN 2)
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%13,

%14,

=1/6{2 e N-1)N5 v+ 1, N+ 2 e 3, N+4) o lxg_ (L N-D)B)
1+ 10 gL+
x5 av N2 v Nk i (1L N 18 N+, No2)h (N+3,N+4)
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A v, Ne2)h v, Ne gy +6r2 x L N- 1) a5 N1, N+ 2) (N+3,N+4)
3 lxo_pu. N-1)odNY X (N+1,N+2) (N+3, N+4)-3 lx;_ (L N-1)otN)

x5 0mv+1, 8+ 2) v s Ny +2 K t .- 1)) N+ N+2) v+ 3, N+4)

+25%C_(1 N0y’ (VLN N3N+ 50 (1L N-1)0
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10 =
-85 _ 1. -1 (N1, Ne2) 5 (N3, N+4))

Table 2.4. Wave functions used in the calculation of the spin density in B.
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2. The matrix elements of the Hamiltonian

In the matrix elements of the Hamiltonian terms arise which are deter-
mined by the n-A, n-B and A-B interaction butbesides these, terms occur which
are dependent on integrals such as (nA|H|Br). In order to simplify the calcu-
lations, the latter terms are neglected. In this case the non-diagonal matrix
elements between the wave functions ¥pe e ij are equal to the ones given in
section C whereas the matrix elements between the wave functions Yoo w12j

can be obtained by setting

(S By ) = ( Ay, .y o

6

for r,s =17...12j

The matrix elements between these two groups of functions are dependent on
B-(m-A) exchange integrals. The exact form of these terms is not needed because
the spin density in B caused by these matrix elements can be calculated directly
from the formulas given in section C. The remaining non-diagonal matrix ele-
ments as far as they are used in our calculations are given in table 2. 5.

The approximation of the excitation energies introduced in section C will be
used for the wave functions ¥or - lej' For V17 and ¥18 and for Y19 and Y20

this would give equal excitation energies. In the spin density in B, however,

terms arise which are dependent on

1 1 1 1

4 and R
(E,,7E)) (E;g7Ey) (E;9-Ey) (Egy~E

7

respectively. In these terms the differences (E17-E18) and (Elg—EZO) must be
taken into account. In all other terms we assume
B rE1=Eg By =1) ~Eg*Cpup

Ejg-E; =Egy B, =Ig-Ep*Cq

A

E17_E18 and E19—E20 can be calculated in a general way. In the molecular
orbital theory the energy difference between corresponding singlet and triplet
states depends on the exchange integral between the singly occupied orbitals.

In our case a similar relation holds:
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Suppose two doublet systems with wave functions R(1..N) and S(N+1,...N+M) are
coupled together. Then the total wave function is a singlet wl(l. .N+M) or a
triplet wn(l. . N+M)

s : 2
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The energy difference becomes
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X Cx (1 Ny (N+1,. NM)| Ty ] X, (- NI (N+1,. N+M))

From the calculation of the integrals over the spin functions as in previous
sections we obtain

. R S
E -E =2 u[p (1,2) H p”(1, 2)dr dr,
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Non~diagonal matrix
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3. Introduction of the mw-A interaction
From the matrix elements given insectionD. 2 it may be inferred that on
introduction of the m-A interaction the following combinations of wave functions

are obtained.

The ground state wave function before the coupling with B is

1 2 oy 5 ) Z Sy .
1:3 (E i=3 j (Eij_El) ij

( Sy, H| Ay, ( 4, 8| Sy L Q/
=3 (Eij—El)(Ez—El) A

in which, as in the calculation of the spin density in A, the second order terms

obtained from the interaction between \32 and ¥, are neglected.

The corresponding wave function in which B is excited to the triplet state

becomes
e D b o
;12 ...c/|;~7|11| ""/Vi'> 12 (S H
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From the charge-transfer wave functions \‘;13j and w” we obtain

o ={1- i ’/V13 Bl “‘/‘17 }{ Sy gl oy }
Y135 R 2 Y135 E E.) U
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The pairs of wave functions (V14j’ ""18)’ wlSj’ wlq) and lej’ WZO) combine in a

similar way.




4, Matrix elements of the spin density operator

The spin density obtained from the first order mixing of -'4'13j. ko -;,"20 with

w'l depends on matrix elements of the spin density operator between m and B

functions and between A and B functions. In the calculation of proton splittings

we may neglect the matrix elements between A and B functions but matrix

elements between m and B functions can easily be of importance e.g. for the

protons of tert. butyl substituents. Then the matrix elements needed in the

first order calculation are:
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(..,Q/w‘lj 0] -

<.,c{w4j o] 2

<1;(1)|5 -7 )|Bg() ete.

- + +
\/6/2(% |8l §{~‘,>
Ty s +
\12/G<I;j |8] 1_35>

1/‘\/2(1_7]. Iéll}S)

= -1/\/6<%'|e|§{;>

*/6/2(7_11._|61 By)

V2/6(x 161 Bg)

w!
‘Y20

leads (among others) to terms dependent on matrix elements between B functions.

In terms of spin density matrices the contributions in B are

1AB pgp(l,2)

B
93(1.2)

S
¥iqd ¥377
(¥1glel ¥ig”

1 !
(Vigylel ¥1gy” 3
! ! -
W14j |el ¢14j> 1/8 pg(1,2)

1 Al 2! B
(Wigylel 41557 » (Higlel ¥3g) 0, (1,2)

1 1 1 1 B
(¥1g;P ¥1657 » (Voo lol Vo) -1/3 p,(1,2)

5. The spin density in B

The first order term obtained from the interaction of W!, with v'l can be

written down immediately from the general formula 2. 30




", 2) + o%a,2) 1 pgr1, 20ar dr, g

i P2 = T PaT
Ep

(1,2) 2.33

in which pA(l, 2) is the spin density in A according to 2. 32.

In the calculation of the spin density contributions caused by the intro-

duction of the wave functions v13 53 terms of different order in the m-A,

¥
20
n-B and A-B interaction are obtained. Of each type of term only the lowest

order contribution will be considered, e.g. terms in (r [H| B) (B|p| n) (n IHIA)2
are neglected with respect to terms in (rn|H|B){B|p|m) .

In this approximation the normalization constants of W'13j can be omitted

30 "]J' :
16j

itati : DL ! -BE') e :

and the excitation energies (IZ13j El)' s (Elﬁj El) can be set equal to

(E 13] “Eg)s. . (E 16§
must be taken into account whereas e.g. for V'17 the energy becomes

El) respectively. For ‘3'17’ St v;zo the normalization constants

2
<-W’v17lﬂlﬂwl3ﬁ
(E13] i

= -
I‘17 I.:17

i 17)

The spin density obtained from the first order mixing of w'13j' > 42 with ‘,,' is
Hly!
1 20 " <‘U i V.
é,}p e -(—E,—,J—w' pley?

1=

Substitution of the Hamiltonian matrix elements given in table 2.5 and of the

spin density matrix elements given in section D. 4 yields

(1 B : % oMl <nJ Ih] Ag) (Ag Il Bg
ACTD (1;2)_-2.‘ e ‘\Ej H_I%) P
) Ry taB3Csp) (I, -E5*C, p)
5
(m, Ml AQ) (AglH| B
: B
- =) } iy (I)B ~(2) + (l)n 2)}
(Iﬂ-hA+qu+CJA)
’ (oo <o HIAD CAGIH| Bo)
+ % L<% |H|§S> oo %

ACpA)

j (IB—En+ALj+C ) (Ig-E,*C

Bj




(x - H| Ag ><A |Hl B
" B } (g (1)Bg(2) + (l)rv @)
(I,-E_*+oE, +CA)

|Hl_s>\A IH| By

1)BZ(2) + Bo(1)m.
Lju (2) + Bg()m; (2) ]

3 z :
J (IA LB AB)(I -E ‘AE +L

(ny Bl Ag) (Ag I BY)
-3, =l A 1;(1)13 @) + By ()]
J (l LA+L BA)(IH—LA*AIzj +(,jA)

In the same way the second order charge-transfer contribution

| YL LR
\wIIHI 4}1)(4”1}” V7

z C¥blel ¥y
3 M TN T { 1
i (B};~E}(EL-E})

becomes on substitution of the matrix elements

+ = - + + -
(m, HIAZ) 4.A, [H] n. ) (m, BIAL) (A JHl 7))
sy o2 = {- £ 6,— = Lerpe, 12— 1
i g -E +u,lfc WAE, § V@, -E +aETeC, )0E,
[070,2) H oA a,2)dr.dr S Il AT (A% BY)
I e ST ' 1 2 } [ Bs s 5 03(1,2)
2 T S
AP.A A-[;B+CAB)

<B luIA ) (AgH| BY

B
— °1 (1,2 +{
= (1,-E5*C, D)AE

/RN + + - / - + / + > -

(Bg |H| Ag ) (A IH| B>+ (B [H Ag) (A H By)
=

B

(Ig-

|H|A Y(A, |IiIB ) + /B IHIA ) (A IHI

B
- - } ps.l.(l.z)]
(IB—EA+CBA)AE,B :

r. A - +.2
. [o7,2) B o1, 200r dr,  (BGIHIAD o,
- e i

IA-Eg*Cypp) I ERCaR

- + + o~
(BgHIAg) <¢\_S|HI B.)
- T Pp(l, 2} +

(I,-Eg*Cp)oEy
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B Cap

IHIAS>{<A It Bg) (Bl + (AgIHI B (BGIHIn) ]
j o
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(m, m|A )(A [HI B

- - A 2 - + + + .
( { b) )
\% Hl Ag) (A [HI B,..) . HIAL) (Ag HI B, )

; 'g}{(n IHl BY) -

(Ig-E *Cgp) Ia

(IA il*._xhjﬂ‘C Aj
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Lo mereakanst 45 M1 2525, i Tak T 11‘ -]of.r(l.z)
£ -3 i ) <P > +C o -t b
) (Ig-Ep*Ca) 0, LA+AEj *Cia)0Ep

B(1,2) =K(1,2) + L(1,2) + M(1, 2) + N(1, 2)
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(67,2 + p%(1,2)) H pgr(1, 2)dr dr
K(1,2) =* £

2 B
PsT
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g
M‘B

-E_+AE +C
m ]

K(1,2) is the spin density obtained from the first order mixing of the B triplet

L(1,2) is the charge-transfer contribution in the spin density in B caused by

Ay

On combination of 2. 33, 2. 34 and 2. 35 the total spin density in B can be written

. 36

the spin density terms in A which are obtained from the first and second order

mixing of the A triplet state:

141,2) =
(my - Il A (A7 |n|r ) (m 1] AS) (AT, I o,
2{- Z 6j T T X 6j T
j ([T_-]-,A+AEJ. +CjA)¢\IuA j (IA—En+ALj +C Aj)ALA
r - .+ g -
RO LR [(1 2)dr, dr 2} <§S|H1AT>«QS|HIES> By
2 AE X (1 +C, o) e
A A" Ep'CaB
"
(BgHIAL) (ASHIBY) (BgIH| Ag) (AL 18I BL) + (B IHI ALY (AT IHI BL)
‘3 o 0p,2) + {2 —= T
(Ig-Ep*Cpy) (I5-Eg*CppliEg
(Bg IHIA A IHIB )+ (B |H|A ) (Aq [HIB )
1 B
‘2 . per(l,2)]
(Ig-E,+Cp)AEL

M(1, 2) is the spin density in B obtained from the energy differences (E

18
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and (Elg—Ezo):

M(1,2) =

m A o - +,2
[6"@,2) H o1, 2)ar dr, o (BHAD? 4
- - | = po1,2)
(I,-Eg*Cpp) (I,-ER*Cpp
(BZ|H| ALY (A~ [H| B}
(Bg|H|A5)(AgH|Br) 5
-2 T Pgptlid}
(1,-E JAEg o
A EB*CaB
T e A b i it -2
[oha.m ha,nanar, | BgHAp?
- ‘ 2 > o(1,2)
(Ig-E,*Chy) (I5-E,+Cp,)

+ = - +
(BglHIAG) (AJHIBL) 5
: T— Pgp(L 2}

(1,-E JoEg B3
B A BA \

On inspection of the remaining terms it appears that most of them can be ob- i
tained from the charge-transfer terms in the formula for a c-bond A directly I

coupled to the rn-electron system (2. 32) by replacing A by B and

+ i + , +
+ " o (my HIAG) &g (@ IH1AG) Ag
5 5 X N
(I,~E5+C,p) (1 -E +0E;+Cyy)
|
o (m HIAD AL (m; HIAL) AL
le- - e 8’58 oy Mg

(IB-I‘,A+C BA) (IA~Lﬂ+ALj +C z\j)
We now assume that this substitution in the formula for one o-bond is a reasonable |
approximation of term N. In this way a relatively simple formula is obtained
which can easily be generalized for systems having a larger number of o-bonds.
The application of formula 2. 36 in the calculation of g-alkyl proton splittings

will be discussed in chapter IV.




REFERENCES

1. S.I. Weissman, J. Townsend, D.E. Paul and G. E. Pake, J. Chem. Phys.
21, 2227 (1953)

. B. Venkataraman and G.K. Fraenkel, J. Chem. Phys. 24, 737 (1956)

3. D.M. Schrader, J. Chem. Phys. 46, 3895 (1967)

. R.G. lLawler, J.R. Bolton, M. Karplus and G.K. Fraenkel, J. Chem. Phys.
47, 2149 (1967)

. H.M. McConnell and D. B. Chesnut, J. Chem. Phys. 28, 107 (1958)
. R. Lefebvre, Mol. Phys. 12, 417 (1967)

. A.D. McLachlan, H.H. Dearman and R. Lefebvre, J. Chem. Phys. 33,
65 (1960)

. J.R. Bolton, A. Carrington and A.D. McLachlan, Mol. Phys. 5, 31 (1962)
. J.P. Colpa and E. de Boer, Mol. Phys. 7, 333 (1963-64)

. M. Kotani, A. Amemiya, E. Ishiguro and T. Kimura, Table of molecular
integrals, Maruzen Co., Ltd., Tokyo (1955)

. M. E. Rose, Elementary theory of angular momentum, John Wiley and Sons,
Inc., New York (1957)

. M. Hamermesh, Group theory, Pergamon Press, New York (1962)

. R. McWeeny, Rev. Mod. Phys. 32, 335 (1960)

. R.G. Parr, Quantum theory of molecular electronic structure, W. A.

Benjamin, Inc., New York (1963)




CHAPTER I

THE SPIN DENSITY IN THE n-ELECTRON SYSTEM

In chapter II it has been shown that the functions . and m, and the spin
density distribution in the nm-electron system c”(l, 2) p;]ly an ir;]lp()rl:ml role in
the calculation of the spin density in the c-bonds of a n-electron radical. In
this chapter we shall discuss how g;, Ej_ and p'(1,2) can be obtained from
n-electron wave functions which are written as linear combinations of Slater
determinants. This will be applied to wave functions obtained from approximation
methods within the molecular orbital theory. The relative validity of these
methods will be investigated by calculation of the spin density distribution in

naphtalene anion and in benzyl.
A. GENERAL FORMULAS

In calculations on m-electron systems the wave functions are usually
written as linear combinations of antisymmetrized products of space and spin
functions. In this notation the ground state of the N-electron system and the

ground and excited states of the (N-1)- and (N+1)-electronsystem are

1/2",}0(1._1\.) o Ty c: S (L. Ny (L. . N)

0,1 N-1

jr
N

*1, o7
le .>d/1'lt (.. N+1)xt (1..N+1)

Wj(l--N'l) =~ 5; c (/nr(l..N-l)xr(l..N—])

0’1‘g-j(l..N+1) =

-

We assume that the antisymmetrized products in these wave functions are eigen-
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are symmetric or antisym-

2
functions of the S™-operator and that M T and m

metric with respect to the permutations for which the corresponding spin func-

tions are antisymmetric or symmetric respectively. For all other permutations

we assume

(P ) =
(Pmr|Rm) 6I’R

Then the functions m introduced in chapter II are
"

1/2'_ (1..N) = /mﬁ T CN (g)'é Prn (1 N){(Px (1 N)'X (1..N))
\‘“" eed A N! s P P s .. }QS .. i .o /

S

n(STI\;-l)\v r_1(N-1)
0,1 *ﬁ 5 ‘N‘l W o} I-1){P - -
of (N-1)! Ljr I}; 6P Inr(]..N 1)\Ixr(1..N 1)| )\u(l..I\ 1))

n(S,N+1)v 1o (N+1)
0,1 - =0 e S o e A Y1y /D 7 \
njp(l..l\*rl) N i,cjt % bp Int(l..l\w*l)\l )(1(1..1\+1)| ,&u(l..N*l)/

where VN® VN-1 and VN4 ATe the number of permutations for which the spin

m (1..N-1) =
Ju

e 3 >

functions are transformed into itself. The N! permutations for N electrons

can be divided in groups of VN permutations which give an equal term in ”,;(1' . N).
In the summation over P we consider only one permutation out of each group.

This has been denoted by the prime on the summation symbol.

On substitution in 2.9 we obtain for singlet j

m = /23 (0 (@, N-1)m (1. Nydr,...dr
—j 4 J lj,l .o d 1 . |1... N—l

2y 3 N+§ 2 3 :
O NTY 5 .rnj*(l..N Dn (1. Ndr...dr

/(N+3) n(1/2,Njve 1 vy n
“4 Tan(0,N-D NI (N-D)! X

N-1

_1 (N-1) (N)
N N1 5 vy g
s jr P R

o2 e
wlr.s

% ¢ P)(T(l. N-1)| xu(l. .N—l))(xu(l. .N)les(l. .N))IPnr(l. .N-1) Rns(l. .N)d11. ’ 'dTN-l
The summation over u can be removed by substitution of
Py (1..N-1 1..N-1)) =«(P o 3N 1 )
(P ( M ¢ ) = (P (.. N)ix (1..N)

where Xr(l' . N) is the doublet spin function obtained from xr(l. . N-1) by combi-
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nation with the spin function for one electron according to the method described

in section B.1 of chapter II. Then the summation over u becomes an expansion

in a complete set of N-electron spin functions. On removal of this set, substi-
: -1

tution of P "R = Q and application of 2.1 we obtain

N N N-1 ()

+ ; N)
g_j(N)— T }ézs_ Cg cjr % 5Q<x_r(1..N)|st(1..N))

x [n (1. N-1) Qu .. Nydr,. . dry

Because of the fact that the numbers of electron-pairs in y(1..N-1) and in
¢(1..N) are equal, the wave functions are in general chosen in such a way that

=y hence for singlet j

YN VYNV
+ap=z 2 oN N1 The (x (t..x 1 N
M-I eg ey 2aglx (L. )lQx( M) [ (@..N-1) Qn (1. Nydr,...dry

3.1a

In the same way it can be shown that for triplet j

1 N N-1 )
m (N) = FIZ% oy % 6Q{x_r(1..N)|QxS(1..N))Inr(l..N—l) Q1. Nydr, . .dry

'1{*’1

A

3.1b

In the calculation of %— it must be noted that we have one more electron-pair in
] j(1. .N+1) than in y(1..N), so VN#T ZvN. For both singlet and triplet j we
obtain

& oy N+1 N (N+1)
ILj(N*‘l)—%g c]t cS Q' 6Q(x (1. N+1)|th(1 N+1))J.r‘ (1..N) Qn(l N+1)d'r N

3.2

In many calculations the wave functions are written as linear combinations
of antisymTetrized products of one-electron functions Qk. From these the
functions g] can easily be obtained by adding a 'ghost' orbital éx to the (N-1)-
electron system in such a way that the total wave function is a doublet (see
section B.1 of chapter II) and calculation of the overlap of this doublet
function with Yo (1..N).

When vo(l .N), w (1..N-1)and ¢.(1..N+1)are expressed in terms of the same
set of one- electron functions, then the overlap has the form

g =% 3 |3
j ka3k<kl>




Equation 3.1 can now be rewritten as

for singlet j

b OO for triplet j

Pon L
A M

%_ is calculated by adding the 'ghost' orbital to y(1..N). For both singlet and
triplet j equation 3. 2 becomes

o AAY

i = el 3.4
3 hk Kk

The factor 1A/2 arises from the fact that VNHL 2vN.

The spin density distribution p"(1, 2) is calculated from "_; or Ej_ by appli-

cation of 2.19 or 2. 20 respectively.

These formulas can be used for wave functions obtained from both molec-
ular orbital and valence bond methods. In the following we shall restrict our-

selves to molecular orbital methods.
B. APPLICATION IN THE MOLECULAR ORBITAL THEORY
1. The wave functions

We consider a system of an odd number (N) of m-electrons moving over m

atomic orbitals f of 2pz-type. From the molecular orbitals
"8

which are calculated by a Hiickel or self consistent field approximation, the
ground state wave function is constructed as an antisymmetrized product function

(Slater determinant):

/ =| & 3 3
Vol . N =| &,8,...8 8



in which ¢1 represents Ql(j)o»(j)
51 represents &, (j)8(J)

Qa is the singly occupied orbital

The singly excited states are [1]

wave function for the ground state becomes

e
2
=a

a-1
.0
p=1 pa

A A
V] +
pa q

B B
. Ay
+1 29 aq

¥o=C Vo " ;

until 684 for tri-p-biphenylylmethyl. These

approximation:

Wo=¥o-2
B j

The matrix elements in this expression are
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A 3 . b N
VoM = i f ., e
B > i =
Voqd:-N ey, 18|
v .M =L(led...88...5 & |+ [8F...88...5 &]|)
pPq V/é’ 151 P a a-1"a i g qp a-1"a
MW e 1 3 S PR SN Y T O Tk SO S
pPq V(; p 73 | pa a-lql 11"pq"a—1al
gl SO TR ST LR

where lgp<a

a<qg<m

After inclusion of configuration interaction with the singly excited states, the

m C ,C m D D

c & c
p:l q:a+1 Pq " pPq p:l q:a-f-l Pq " pq

a-1 a-1
x o B

In an exact calculation the wave functions in which two or more electrons are
excited must also be considered but in practice this is impossible. For large
radicals it is even impossible to calculate the mixing of the singly excited states
by a diagonalization of the Hamiltonian matrix. E.g. for the radicals we have

studied the number of singly excited states varies from 180 for triphenylmethyl

numbers are much too large for

practical calculations. Therefore, Yo is usually calculated by a first order

WYy




A | - :
'\\,’/U"H'.Dpa> - hpa - ('pa + (pallaa)
B
(¢, H ) : + G
'VOI Waq' haq aq
W HIC ) = AB{h_ +G_ + (panga) - 1/2(pataq)
Yo pq’ SV opg pq Palide \PRRazd
D >
(d ) N :
-‘.u(,lﬂlqu V6/2 (payaq)

where h is the operator for the kinetic energy and the interaction with the core
(nuclei and oc-electrons),

(pallaq) = [& (e (@ ——2_(1)&_(2)dr dr

\Paaqs = | 2% a q 2

12

a-1

= T {2(pija) - (ipuaid}
Pq i=1

On substitution v() becomes

x F i || ad + G |
¥ ; ail {hpa : Cpa FApasaa)) t}zA . B {ha( Gag’ WB
o Yo o A g P2 o=a+l (ED -F aq
I (ECaEo) Q= (B, Eo)

3.5

.
o V2{h_ +G__ + (panqa) - 1/2{panaq) - V6(panaq)
a-1 m {hg * Cpq * (paiig panaq) } c _al m paliaq)

£ z 2 y ——
PEL gvahl &’ -E Pd  p=1 g=a+1 2(E° -E,) P9
Pq pq 0

o
The further evaluation of this wave function depends on the method which has been
used for the calculation of the molecular orbitals. For radicals different types

of self consistent field operators have been proposed in the literature:

Molecular orbitals calculated according to Longuet-Higgins and Pople's method

[1] satisfy the condition

1 ;
e aillal). - (aiiis B i
hij s Gl] t3 {2 (aillaj) - (aillja)} fori# j

so, the matrix elements become

W) = (pataa)
Wy o) = ~(aalaq)
WoHIWE) = 0

Wolly ) = 32@<pa"aq>
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If Roothaan's method [2] is used, then
: TR B, _ Gy _
& Olﬂlwpa> Wo'“"”aq) (Vo H wpq> 0

D, _6

WolHIV ) =5 (pallag)

For calculations on positive and negative radical-ions it may be advantageous
to use the self consistent field orbitals for the neutral molecule. In this case

we have the conditions
hij + Gij + 2 (ialija) - (iallaj) =0 for positive ions

h,.+G,. =0 for negative ions
1j 1)

from which the formulas for the matrix elements are easily obtained.

2. The calculation of the spin density distribution

The functions lr*and _1_7;-

The functions n.+ and g‘j_ are defined as integrals of products of the exact
wave functions for the (N-1)-, N- and (N+1)-electron systems. However, the
exact wave functions can not be calculated. When the wave function for the N-
electron system is obtained from a Hiickel-approximation, then it is reasonable
to use the same method in the calculation of the wave functions for the (N-1)-
and (N+1)-electron system. In our calculation of the wave function for the N-
electron system we use first order configuration interaction. In this case the
choice of the wave functions for the (N-1)- and (N+1)-electron system is less
obvious. We shall assume that a good approximation of the functions 1'1.+ and
gj' is obtained when both ¥;d..N-1), ¥ N) and ¥j(1. . N+1) are calculated
with first order configuration interaction starting with a common set of
molecular orbitals.

In order to illustrate the calculation of n.+ and n, we consider the wave
function for the ground state of the (N-1)-electron system before configuration

interaction:




Combination with a 'ghost' orbital Q‘( according to the method discussed in

section A.1 of chapter II yields

3

o

o |

L P

The overlap of this function with ','0(1. .N) is

m {h,l +G'1 3
(3 _[8.)- £ —24_ 34 (5 1)
al’e " ggia T (B e,y alx
aqg 0

+
+ Oy
(N-1)-electron system

so, according to 3.3

becomes on neglect of configuration interaction in the

3 m (b, +G,_ ]
n=3% - £ —4 24 , 3.6
B T

aq 0

In the same way we can obtain functions r_x:)a from the ép - @a singlet and triplet
excited states of the (N-1)-electron system. The contribution of other excited
states in the spin density appears to be negligible in a first order approximation.
The functions g(; and r_v;q are obtained in a similar way by adding the 'ghost'
orbital to \l,ro(l. .N).

Inclusion of configuration interaction in the (N-1)- and (N+1)-electron
systems leads to a mixing of these functions. This mixing can easily be calcu-
lated from the well-known formulas for the matrix elements for a closed-shell
system [3]. In order to simplify the calculations, we shall neglect the influence
of the charge in the o-bond. Then the functions g]:- after first order configuration

interaction become

a-1 {h_+G_ +(pallaa) | {h +G_ +(qallaa
o +qzl{pa B\an >;§_ m (b saqq >}¢
a =1 A P =a+1 2 _pT q
1% (Lpa LO) q (haq LO)
& 1 r{haqmaqj 2[haq+(zaq+<qallaa)j
Baq "t T L (EP-E) ES -E)) *a
i aq 0 <aq 0
+\;~__a£1 {hpq+qu+(pa(|:qa>-1/2<Paﬂaq>J i i 3\5 a}-:l (pallaq) 5 3
n 4 = D
2 p=1 E’ -E P p=1 (E_ -E P
p= ( pq o ( pq 0o
3. 7
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+Gqs+<qallsa> + (qallas) }

b s=a+l E_-E>) e

h +G_} a-1 {h_+G_+(pa|ga)-1/2 (pa|aq)}
w':ir¢+i_a§_acL¢+}__,_{pq g’ Palia p«uq,é
BV Y (an-EO) 2 o p7l (qu—EO) P

+G  +(qa|lsa) - as)}
s Cgs .qalisa) -{qajas) } :
EI ) s
aq

: (E, -
s#q as

= T
where EO’ Ezslq and qu are the energies of the ground state and the g, - %

singlet and triplet excited states of the (N+1)-electron system.

+
For the functions Zj similar formulas can be derived.

The spin density distribution p™(1,2)
By application of 2.19 or 2. 20, pﬁ(l, 2) appears to be

a-1 {hpa+Gpa+<pallaa>} 1

m " - 1
p (1,2) = éa(l)éa(Z) + 2 pgl i 5 {@a(l)ép(2) + Qp(l)%(z)}
(E_,-Ep
pa 0
s ihagmag} 1 .
e 5 (5,02 () + & (e @)

+1 B -7
(an Ey

a-1 m
vz x 3z palad) 1y 1y (2) + 5 (18 (2)
=1 g=a*l (B -E ) . QP

Usually pﬂ(l, 2) is written in terms of an atomic orbital spin density matrix:

i

o {fo(l)fB(Z) t fs(l)fa(Z)}

m cap
9(1.2)—50 8

f () 2+ = p"
o o (Q'B o
where p;a, the spin density in atomic orbital fo + 118
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(pallaa) {h+G_ 3}

m 2 e hpa+c a (pajiaa) ]} s B ‘haq Cag‘
Pacr ~ Cag T 2 < b aa®po ~ q*—‘%*l B g aa®qa

p (P,lm-l,o) (EaqEg)

a-1 m
z %

p=l g=atl (E” -E
Pq

(pajiaq) . 3.9
po qo

0

)

This formula for o
(6%

has first been derived by Hoytink [4].

:’-5 might be called the overlap (or bond) spin density
o

4 a-1 th_+G _+(pajjaa)] m {h +G_ ]

R S N L — Dk ele _+e 0. }-2 "5 0484

oB ax ap p=1 (FA -E.) 2 Vag pB pa ap’ q=a+l (EB “E,)
pa 0 a 0

3.10
a-1 m (e YR |
x%fc 01 Sbg ”C'lB} 2 S YRS _g;_;_%lnaq 5140 Can O, 0 g’
2 *"ax B qo @ p=1 g=a+1 (qu_Eo) 2 " "pr g8 “qu p

3. Approximate expressions for the spin density distribution

For molecular orbitals calculated according to Longuet-Higgins and Pople's
method [1] equation 3.9 becomes

m o _ 2 23zl (pajaa) 'l‘ {qallaa)
p c D 2 ot e i ki Q. O
oo Ay = BUEPA  omatl (D ao qo
p=1 (E> -E ) g=a+l (E° -E )
pa 0 aqg 0

3.11
a-1 m
£ B pubelag) o

=7 o= A o8 o o
P=1 gq=a+l (g~ -E Px q
( Pq 0)

From 3.10 a similar expression for the overlap spin densities can be derived.
On neglect of differential overlap and replacement of the excitation energies by

the differences in orbital energy, p;l and DZB become
pr =o'
o aq

2 P
_21

(v)

0o =

T
T

e n c._c
oL Vu,u. ay Ol,u-\/yuv ay av

3.12
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™ s T and 1 are quantities introduced
sy’ B W o, uv

where Vu\* = (uvlluy ). ﬂO’u-’
by Coulson and Longuet-Higgins [5,6]. For systems of an odd number of elec-

trons they are defined by

Cj()lckaij u.cku, 3

¢, ¢ _eC._¢C
ko ao ky a
ie-e;
k "a

2 & l
el om %850 00,0 0G0 | et %309, 19, %y T, %!
ﬂ =-4 X z ) -2 Z
oy UV =1 k=a+1 (ek—ej =1 (ea—ej)

c

}

(]
ay kv

e e, 6. &
'{‘ ao ko ku av

2 ) (atom-bond polarizability) 3.13b
k=a+1 (€k_ ea

(bond-atom polarizability) 3.13c

a-l m {og, g, Ogd 105,00 O]

n. oe-8p 8 ey 3.13d
@By v j=1 k=a+1 %%

~ a;:l [Cjocaewao’("js} {Cjucav+capcjv} g '; {ckacasmaozckaj [ckuca\/*cauckv;
=1 (ea_ej) k=a+1 (6 -¢p)

(bond-bond polarizability)

For molecular orbitals calculated according to Roothaan's method [2],
the second and third term of 3.11 have to be omitted. It is then also possible
to use 3.12 provided the polarizabilities are defined by the first term of 3.13
only.

For calculations of the spin density distribution in radical-ions from the self
consistent field orbitals of the neutral molecule the polarizabilities of the
neutral molecule have to be substituted in 3.12. These can be obtained from
3.13 by considering the first term only and taking j to be the orbitals which

are occupied in the neutral molecule and k to be the unoccupied orbitals.

It can easily be shown that for alternant hydrocarbons I 0if w and v
7

’




do not belong to the same set. The contribution of the third term in pgq will

therefore be small and is usually neglected. The value of p:; is especially

B
important for « and 8 nearest neighbours. In this case the second term

vanishes; the third term will be considered for ; and v nearest neighbours only.

Assuming y and y  to be independent of y and v and introducing
(EA8 v

we obtain from 3.12

c_¢© + A 2 T c.¢C
ac a 2 (U.V) off,uv ay av

wheren  and are expressed in units 1/g.
oL P, uv

The formula for o;a‘ has first been derived by McLachlan [7] from an approx-
imated unrestricted Hartree-Fock wave function.

It is usually assumed that these formulas can also be used for Hiickel-
orbitals. In these calculations the Hiickel-orbitals must be regarded as an
approximation of self consistent field orbitals according to Longuet-Higgins
and Pople for neutral radicals and as an approximation of the self consistent

field orbitals for the neutral molecule in the case of radical-ions.

According to the pairing principle [8] simple relations must exist between
the spin densities in positive and negative ions of alternant hydrocarbons. From

the pairing properties of the molecular orbitals it can easily be shown that

(o’)r.‘r)positive ion (paa)negﬂlive ion

o ")

oaEB)DOSitive ion off negative ion

(

whereas for neutral alternant radicals




m
=0 3.16
PaB

+ =
For the functions 1, and 1, an approximation similar to 3.14 can be used.
In chapter II it has been shown that in the spin density in the c-bonds these
functions appear in terms of the type

|n>(n_]|

e TAE T,
]

In the approximations used above the singlet and triplet excitation energies for

i

an excitation Qa - @q in the (N+1)-electron system can be written eq-ea and

eq =4 2 {(qa|laq) respectively. After substitution the terms for corresponding
singlets and triplets can be added together. Then a formula is obtained in which
the same approximation for the exchange integrals can be introduced as has
been used in 3.14. This has been applied for the calculations of o-alkyl proton

splittings in chapter IV.

COMPARISON OF SOME APPROXIMATION METHODS

C.

In order to investigate the reliability of the simplified formulas 3.14, we

have calculated the values of p;a for naphtalene anion and benzyl according to

several approximation methods.
Naphtalene anion

The spin density in naphtalene anion (which, in our approximation, is equal

to the one in the cation) has been calculated according to the following methods:

1. Configuration interaction with all singly excited states starting with the self
consistent field orbitals of the neutral molecule.

2. In a second calculation we have included the doubly excited states which, in
terms of differences in orbital energy, have the same excitation energy as
one of the singly excited states.

3. First order configuration interaction starting with the self consistent field
orbitals for the neutral molecule (equation 3. 9).

4. McLachlan's formula 3. 14 applied to Hiickel-orbitals. The constant Al has |
been given the usual value of 1. 2.

5. Hiickel approximation without configuration interaction.

The resulting spin densities are collected in table 3. 1.
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1

2 3 4 5

™

P11 0.232 0.232 0.222 0. 229 0.181

m

péz 0. 040 0.041 0.049 0.043 0. 069

pgg -0.045 -0.044 -0.041  -0.044 0

Table 3.1.

Calculated spin densities in naphtalene anion

From previously published calculations it appears that for ions of alternant
hydrocarbons the spin densities calculated according to McLachlan's formula
are in very good agreement with the ones obtained from first order configuration
interaction. From our results it seems quite reasonable to assume that
McLachlan's formula is also a good approximation of a calculation in which con-
figuration interaction is taken into account by diagonalization of the Hamiltonian
matrix. It is not quite clear if this will also be true for non-alternant hydrocar-
bons. It is usually assumed that in this case MeLachlan's formula is less correct
but calculations on fluoranthene and acenaphtalene according to McLachlan's
formula or with first order configuration interaction do not give largely different
results (see references 7 and 9).

Benzyl

The spin density in benzyl has been calculated from self consistent field
orbitals obtained according to Roothaan's method and from Hiickel-orbitals in
the following approximations:

1. Configuration interaction with all singly excited states starting with self
consistent field orbitals.

2. First order configuration interaction starting with self consistent field
orbitals.

3. McLachlan's formula applied to self consistent field orbitals (see text after
equation 3.13).




4. McLachlan's formula applied to Hiickel-orbitals.

The resulting spin densities are shown in table 3. 2.

Bie” 9 7
4 ] CH,
1 2 3 4
p;l -0.101 -0. 092 -0. 096 -0.123
pgz 0.183 0.123 0.121 0.164
pg3 -0.065 -0.039 -0.031 -0.075
p:4 0.160 0.084 0.077 0.137
p;7 0. 706 0. 848 0. 842 0. 810

Table 3.2. Cailculated spin densities in benzyl

From the spin densities given in table 3.2 (which are in good agreement
with values given by Carrington and Smith [10]) it appears that McLachlan's
formula applied to self consistent field orbitals, calculated according to
Roothaan, is in good agreement with first order configuration interaction. In
this case, however, the agreement with the complete calculation is much less
satisfactory. In fact, McLachlan's formula applied to Hiickel-orbitals is a
much better approximation of the complete calculation. As Hiickel-orbitals
can be regarded as an approximation of self consistent field orbitals according
to Longuet-Higgins and Pople, this could mean that these orbitals are superior

to the ones obtained according to Roothaan's method.

From the calculations on naphtalene anion and on benzyl we may conclude
that for ions of alternant hydrocarbons and for neutral alternant radicals
equation 3. 14 applied to Hiickel-orbitals is a good approximation of spin densi-
ties obtained from configuration interaction methods. This formula will there-

fore be used in all further calculations.
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CHAPTER IV

THE CALCULATION OF PROTON SPLITTINGS

In chapter II formulas have been derived for the spin density in the oc-bonds
of a m-electron radical. In this chapter we shall discuss the application of these
formulas in the calculation of the splitting constants of protons in the nodal plane

of the m-electron system and of o- and 8-protons of alkyl substituents.
A. THE WAVE FUNCTIONS FOR THE ¢-BONDS
1. General formulas

As in many theoretical discussions we assume that c-bonds can be described
in a sufficiently accurate way with wave functions which are calculated in a basis
of two atomic orbitals. Then, molecular orbitals can be chosen such that the
best wave functions for the one- and three-electron systems consist of one Slater
determinant. In general, the sets of molecular orbitals for the one- and three-
electron systems are different e.g. by differences in the coefficients of the
atomic orbitals and by differences in the effective nuclear charges for the atomic

orbitals. Writing the bonding and antibonding orbitals ¢ , ¢* and & , &*
D tad =5 P
for the one- and three-electron system respectively, we obtain from the for-

mulas given in section III. A for the functions introduced in chapter II

o) =3, (M) 4.1
1




[2 1
0,(1,2,3) =NV {&_ (1)3_ (2)8* (3) -3 &_ (1)&* (208 (3)
1 3 03 03 03 2 03 03 (o

3
1
-5%% ()& 2)2_ (3)} 4,2
2 03 03 03
1 Y
05(1,2,8) =— {& (1)&_ (2)&_ (3) - &_ (1)&* (2)&_ (3)}
4 F g 10 iGgindy Ugr- g 0" <G

The singlet ground state wave function for the two-electron system is a linear

combination of the three possible singlet functions

0 A
0(1,2) = ¢ WM& (2 +—{&_ ()& (2) + & (&_ (2} +v 8* (1)&* (2)
" o, % 02{ S g Zaire 29 i 9 9

4.3

In addition there is only one possible triplet function

(2} 4.4

la,2) =L (e* (2 - o
,\/—' 02, 02, (0] 21

2

'(l)éo

2

The molecular orbitals for the singlet and triplet functions may be different,

e.g. by differences in the effective nuclear charges for the atomic orbitals.

In a molecular orbital approximation without configuration interaction the
coefficients in 4.3 are =1, A=v=0 whereas, when the coefficients of the atomic

orbitals in §_are equal, the covalent valence bond wave function can be obtained
by substitution of

if the overlap is neglected and substitution of

T 118 v =- L]::S)~ A=0
«/(2+2s2) \/(2+2sz)

if the overlap is included.

It is always possible to choose molecular orbitals in such a way that A = 0

in the exact wave function for the ground state. For a symmetric o-bond the




coefficients of the atomic orbitals in these molecular orbitals are equal to
the coefficients in the molecular orbitals for the one- and three-electron
system. For bonds having a small polarity, as is usually assumed to be the
case for all normal oc-bonds, it seems quite reasonable to suppose that the
coefficients in the molecular orbitals for the one- and three-electron system
can be set equal to the coefficients in the molecular orbitals for the two-
electron system for which A = 0. Because this assumption greatly simplifies the
calculations, we shall use this approximation in most applications.

If we assume the molecular orbitals in 4.1 until 4. 4 to be identical, then we
obtain on substitution in 2.11, 2.12, 2.16 and 2. 18

wd* -3

g ,\/2—(7

+ A =
% T8t = %

g ,\/2— g

T

'\/2_5

& -

19
- +
Q *
1Q
ot

p 1,2 =g (13 _2)

pg(l,Z) = gX(1)8* (2) 4.6
o _ (v-p) . <
pgpils2) = —EL {3 (Mex@) + M @] + A {3 (D8 _(2) - 8 (1)&4@)]

where A= 0 in most applications.

When we assume that the molecular orbitals for the one-, two- and three-
electron systems are different because of differences in the effective nuclear
charges for the atomic orbitals, then the factors u, A and v in 4.5 and 4.6

must be multiplied by overlap integrals such as (QO l % ) . In practice, how-
1 2

ever, these integrals can be set equal to 1. The error introduced in this way
is very small, e.g. the overlap integral between hydrogen 1s-orbitals with

effective nuclear charges of 1.0 and 1.2 is 0.98.

2. The influence of a change in the m-electron system

In section C.1 of chapter II it has been remarked that the wave functions

for the o-bonds are assumed to be calculated in the presence of the n-electron
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system (and, of course, of all other o-bonds). Therefore the wave functions

for the oc-bonds are dependent on the charge and spin density distribution in

the nm-electron system according to equations 2.26 and 2. 27. In the following

we shall calculate the influence of a change AQﬂ(l, 2) and Apn(l, 2) on the wave

functions for the o-bonds with first order perturbation theory. In this calculation

we assume that the atomic orbitals in the perturbed and unperturbed wave

functions are identical. The molecular orbitals are chosen such that A = 0 in

the wave function for the unperturbed ground state:
¢« = * *

¥ = b, (ME @)+ v S1)EER)
The perturbation causes a mixing of the wave functions for the excited states

with wl. The wave functions for the excited states are assumed to be

Vo = v 8. (13 (2) - ¥ (1)87 (2)

HVZL
3 \e

{%(DQ;(Z) + 8218 (2)]

These wave functions are exactly correct for a symmetric g-bond such as a C-C

bond in benzene. For C-H bonds this will not be true but in a first order calcu-

lation the errors introduced in this way will be small.

The matrix elements of the perturbation operator are calculated from 2. 26 to
be

oy 1y = = adTy (20 (oolion) - 1 (oollo) + 2% G¥afo*s) - v (o*allpo"))
o B

(y,H14,) =2 g Aq:e uv {2 (oolio) - (oallBo) -2 (c*alla™*B) + (a*a]|Bo *)]
o

W, 114y =2 £ aq". Y (5 Golo*s) - (oallBo*))
1 3 o B O’B

V2

where AQ"(1,2) is written in terms of the charge-density bond-order matrix
q;B . From 2. 27 the first order correction in the energy of the triplet state
appears to be

Il

Fo, 21 Y0(1,2)) = £ £ a7, [(oaloB) - = Gafigc) + (o*alo*B) - o= *allgo™®)]
o B o B - 2 2

+T T bp. . [{oollgo) + (o*oll po*)}
o B oB



After substitution of the matrix elements in the first order formula
\| '
;i Ky )
Ll R 5 § 5 Ay (A
j=2,3 :

the coefficients in the singlet ground state wave function become

2
W= - e T T Aq L, {2 @llop) - (oa fIBo) =2 (o*a llo*B) + (o*alBa*)]
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€, E) 5g  of : - ' .

from which we obtain on substitution in 4. 6

(p3pt. 20 =2 (5 er@ + e (@)

N2
. (J;,_v 55 que[@%ﬁ (2 (oalloB) - (cflfo) -2 (c*aljo*B)
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The excitation energy of the triplet state becomes

2 2
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B.

PROTONS IN THE NODAL PLANE

The spin density in o-bonds in the nodal plane of a n-electron radical is
given by equation 2.28. Writing the spin density distribution in the rr-electron
system in terms of the atomic orbital spin density matrix, we obtain on sub-
stitution of 4. 6 (with 1= 0)

2

Ors Lo 2V « i Loro .

p(1,2) -——AET ,f; g Pos (oo llga*) 3 {,0(1)¢;(2) + ¢;(1)¢0(2)} 4.9
a

In the calculation of splitting constants of protons bonded to unsaturated carbon
atoms usually only the terms arising from the spin density p;a on the carbon
atom C_ to which the proton is bonded are considered. In this approximation

o

pc(l , 2) becomes

! A8
g, (1,2) :2(—;31,& (oa]|ac*) % fe_(Mer@) + e 1)e ()] p;a 4.10

In order to obtain an impression which terms are important in 4. 10 we assume
s
o /?G

1
g o== 0t 1]
o & e
N*

o
]

(£ +1,)

where fc, fh are the atomic orbitals and '\/No = '\/N; are the normalization con-
stants. On substitution in 4. 10 we obtain

2
iy 1,2) = 202l [(aofca) - (abfha) JE, W, (2) - £,0)6, @)} 67

N
< S o i

In the calculation of the proton splitting, which depends on the spin density at
the nucleus, the contribution of the spin density in the carbon orbital is usually
neglected. Usual (semi-empirical) values for the exchange integrals are, e.g.

in a valence bond calculation with neglect of overlap [1]

1.26 eV
0.79 eV

(aclca)
{oh||ha )




From these figures it is clear that the interaction of far with the hydrogen orbital
is very important and can not be neglected. On substitution of the integral values
the spin density in the hydrogen orbital appears to be negative for positive values
of pga. This is in agreement with experimental results [2].

If it is assumed that the properties of the C-H bond will be the same in

different molecules, then the splitting constant as can be calculated from

a, =Q p;a 4.11
where the coupling constant Q is about -28 gauss. 4.11 is usually called
McConnell's formula [3,4].

A comparison of this formula with experimental results is very difficult
because possible deviations might also be caused by errors in the calculated
n-electron spin densities. Two problems in the calculation of proton splittings
will be discussed in some detail:

a. The differences between the splitting constants of positive and negative ions
of alternant hydrocarbons.

b. The influence of configuration interaction in the m-electron system on the
calculated splitting constants of ions of alternant hydrocarbons.

a. The differences between the splitting constants of positive and negative
ions of alternant hydrocarbons

As has been discussed in chapter III (equation 3. 15), the spin densities
p:n in positive and negative ions of alternant hydrocarbons should be equal
according to the pairing principle. Experimentally, however, the splitting
constants appear to be different (see table 4.1). The experimental results
are usually summarized by saying that the splitting constants are larger in the
positive ion than in the negative ion but this is not completely correct because
for some of the small splitting constants the reverse is found. It is very un-
likely that the differences between positive and negative ions can be explained
completely by differences in p;a . If we assume, e.g. for the anthracene ions,
that Q is a constant, then it follows from the experimental splitting constants
that the difference in p;a for the carbon atoms C11 until C14 must be about
0.03. This seems to be almost impossible in view of the fact that p;} itself
is 0. 008 according to a Hiickel approximation and -0. 023 if first order confi-

guration interaction is included. Moreover, Bolton and Fraenkel [8] have
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Table 4,1. Splitting constants and spin densities in positive and negative ions of alternant hydrocarbons

H . HO® H 1 " m
a  cation | a anion a P P Qexp. Qexp. -Qexp.
averaged | Hiickel | McLachlan | first order | Hiickel | McLachlan | first order

:\1 =31.17 conf. int. conf. int.

ref. 6 ref. 7

anthracene
0,112

0. 040
0.242

9 1

tetracene

perylene 3

2

% 1
3 -

pyrene 3

g 4




shown that the differences in the 130 splitting constants of the anthracene ions
are much smaller than the differences in the proton splittings which, according
to these authors, is most readily interpreted as implying that the pairing
theorem is valid to a high degree of approximation.

In the literature two formulas have been proposed which give a difference I

in the proton splittings without a difference in the n-electron spin densities: ‘

Colpa and Bolton’s formula

Colpa and Bolton [9] and Higuchi [10] have discussed the influence of the
charge density distribution in the n-electron system on the relation between
ag and p;a in a molecular orbital approximation. Their calculations can be
repeated in a somewhat more general way by substitution of 4.7 and 4. 8 in 2. 28,
When we restrict ourselves to terms in Aq;Q and neglect terms in ApZ@, which

are equal for positive and negative ions, then we obtain instead of 4.10

2,
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day, [{oafac*)

x {8,(18_(2) - M)&* @)} + {{oaflac) - (o*alloc*) ]

X

Do |-

{3 (82 + g e _2]]

All charge dependent terms in this expression are proportional to (vtu) so they
vanish in a covalent valence bond approximation with neglect of overlap. If the
overlap is included, however, the results from a molecular orbital and a
valence bond calculation will have the same order of magnitude. From Higuchi's

calculations we should conclude that the charge dependent terms are not negligible.
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The resulting splitting constants, however, are larger for negative ions than
for positive ions which is not in agreement with the experiments.

In our opinion the charge effect is much more complicated than is assumed
in Colpa and Bolton's and Higuchi's papers (and in the derivation of 4. 12). The
magnitude of this effect is dependent on the shift of charge in the C-H bond
caused by the charge in the 2pz -orbital. According to Higuchi's calculation this
shift is about 0.2 electron per unit change of charge in the 2pZ -orbital (from
Colpa and Bolton's figures the same order of magnitude can be calculated). If
we assume this to be correct, then we should, in many cases, expect about the
same shift in the C-C bonds, e.g. for the (J”Q-C11 and C9—C14 bonds in the
anthracene ions where the charge on C9 is much larger than the charge on
C11 and Cl4' Then, in view of the large magnitude of the shift, the Coulomb
interaction between the o-bonds would considerably reduce the magnitude of
the calculated effect for the proton bonded to C9. On the other hand, no shift
17C2
bond a shift of charge from Cl to C2 is expected because the charge on C1 is

is expected in the C2—C3 bond for reasons of symmetry whereas in the C

larger than the charge on 02' Therefore the charge effect for the proton bonded
to 02 is not reduced by the interaction between the o-bonds and will be more
important than the effect for the proton bonded to Cg. This might explain the
fact that the splitting of the proton bonded to C2 is larger in the negative ion

than in the positive ion but this conclusion must await further investigations.

Due to a sign error, Colpa and Bolton assumed that the charge dependent
terms discussed above should give larger splittings for positive ions. Instead of
McConnell's formula they therefore proposed

;40 m m
aa—(Q+Kew)om
4.13

m
o (o4

where ¢ =1 - q
(%Y
In a later paper Bolton [11] has derived this formula by assuming that the
effective nuclear charge for the carbon atomic orbitals is smaller in the
negative ion than in the positive ion. In this way larger splittings for positive
ions are obtained [11,12].
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Giacometti, Nordio and Pavan'’s formula

Giacometti, Nordio and Pavan [13] ascribed the differences between
positive and negative ions to the overlap spin densities pZﬁ which are opposite

for positive and negative ions for ch and C_ nearest neighbours (see chapter III).

B
They therefore proposed

. - G
aor = Q1 paa

m

of 4.14

+Z Q,p
g 2

It can easily be shown from the secular equations that in a Hiickel approximation

4.14 can also be written

;) B 2
8, =9t man) Caq

where m, is the coefficient of the resonance integral in the energy of the singly
occupied orbital @a. In a Hiickel approximation the splitting constants will there-
fore be larger for positive ions than for negative ions whereas the coupling
constant Q in 4.11 is a constant within one radical-ion. If configuration inter-
action is included, however, 4.15 is not correct. It is difficult to see whether it
is possible that in some cases configuration interaction should give larger
splitting constants for negative ions. Because this could explain the difference
e.g. for the 2-position in the anthracene ions, we have calculated (p\;2 + 923)
in the anthracene positive ion according to 3.14 from Hiickel-orbitals. The
inclusion of configuration interaction yielded a smaller value for (pTl'2 + pgs)
than is obtained from the coefficients in the singly occupied orbital but the
correction was too small to explain the experimental differences for the

2-position.

Besides the charge dependent terms and the overlap spin densities several
other effects might influence the difference between positive and negative ions.
The e.s.r. spectra of these ions are measured in strongly different solvents;
negative ions in solvents such as dimethoxyethane and positive ions in sulfuric
acid or dichloromethane-SbCls. It is therefore not impossible that solvent effects
are of importance.

In all mechanisms discussed before it is assumed that, apart from the effects
studied, the o-bonds in positive and negative ions have equal properties. How-

ever, differences e.g. in the bond lengths could easily cause differences in the
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splitting constants. The theoretical values for {chllha) for C-H bond lengths of
1.09 and 1.11 & are 0.71 and 0. 68 eV respectively. From the figures given
before it can be seen that, though the difference between these two values is
small, it yields a difference in the splitting constants of 5 to 10%. One might
of course consider this to be negligible but the experimental differences are

not very much larger.

From comparisons of 4.11, 4.13 and 4. 14 with experimental splittings it
has been concluded that 4.13 and 4. 14 predict splitting constants equally well
[7,14,157. Bloor, Gilson and Daykin [7] even conclude that the extra terms
in 4.13 and 4. 14 do not improve the agreement with the experiments obtained
from 4.11. Their conclusions have been criticized by Bolton [16,17].

For a further study of the differences between positive and negative ions
itwould be of importance to know more about the 13C splittings. A correctinter-
pretation of the differences in the proton splittings must also explain why the

differences in the 13

C splittings in the anthracene ions are much smaller. It is
difficult to see how Bolton's explanation of the differences in the proton splittings
can be in accordance with the observed differences in the 13C splittings. The
influence of the overlap spin densities, however, may be different for H and

13C splittings (compare e.g. the influence of the overlap spin densities on
nitrogen splittings as discussed by Henning [18,19]). At present, however,

the theory of 13C splittings [1] is insufficiently developed to draw reliable

conclusions from the experimental observations.

b. The influence of configuration interaction in the m-electron system on the

calculated splitting constants of ions of alternant hydrocarbons

Besides the differences between positive and negative ions, a second
problem in the calculation of the splitting constants of ions of alternant hydro-
carbons has been discussed in several papers. For the negative ion of naphtalene
the spin densities obtained from a Hiickel calculation show a better agreement
with the experimental splittings than spin densities obtained from more accurate
methods [207]. According to Colpa and Bolton [9] this could be due to the effects
causing the differences between positive and negative ions but, when we assume
that these effects are opposite for these ions, we can exclude this possibility

by comparing the theoretical results with the averaged splittings. The experi-
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mental Q-values in table 4.1 are calculated from these averaged splittings and
from spin densities obtained from several approximation methods. In a Hiickel
approximation no negative spin densities can be obtained but for atoms having
a positive spin density the experimental Q-values show smaller deviations from

a constant value than Q-values obtained from more accurate calculations.

The reason for this discrepancy, which occurs especially at the 2-position
in the anthracene and tetracene ions, is not clear. According to Schug, Brown
and Karplus [21,22] a valence bond approximation should give better results
but their calculations are of a very approximate nature and it is easily possible
that an improvement would give the same difficulties as are encountered in
the molecular orbital theory. These authors suggest that parameter changes in
the molecular orbital calculation which cause a reduction of the qa/qe ratio in
the naphtalene ions might improve the agreement with the experimental splittings.
It must be noted, however, that this is only correct for parameter changes which
do not alter the alternant character of the neutral hydrocarbon, i.e. variations
in the g-values. If we assume B to be proportional to the overlap, then a calcu-
lation for the naphtalene anion based on the bond lengths in naphtalene does not
show a significant improvement in the agreement with the experimental splittings.
A variation of the o-value for atoms bonded to three other carbons has a negli-
gible effect on the spin density distribution because these atoms are in a nodal
plane of the singly occupied orbital. For the other atoms a change in the v-value
which reduces the q()//qB ratio leads to an increase of the pa/ (N ratio whereas
the opposite change is opposite to the variations which are usually accepted, e.g.

in w-technique calculations [23].

From these considerations it is clear that it is at present impossible to
predict splitting constants very accurately. On the other hand, in view of the
crude approximations in even the most accurate calculations, the agreement

with the experimental splittings is surprisingly good.
C. o-PROTONS OF ALKYL SUBSTITUENTS

In the calculation of the spin density on the ¢-hydrogen atoms of alkyl
substituents in m-electron radicals the most important terms will be caused by
the direct interaction of the C-H bond with the n-electron system. Besides,
terms will occur in which the spin density is transferred via another o-bond of

the substituent. The latter terms are assumed to be negligible. Consequently
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the spin density will be calculated according to equation 2. 32.

In the following we shall first discuss the questionwhether it is possible to
calculate the spin density from the first order term 2. 30 only. After this the
complete formula 2. 32 will be considered and finally some remarks will be
made about the question spin polarization versus charge transfer and about the
influence of the substituent on the spin density distribution in the m -electron

system.
1. The first order term 2.30

On neglect of the charge transfer wave functions, the spin density in the
C-H bond depends on the first order term 2. 30 only. This type of approximation
has been used by McLachlan [24] in his valence bond discussion of the splitting
constants of the protons of methyl substituents. In this calculation the usual
assumption has been made that, due to the o-m overlap, the exchange integrals
between o~ and n-orbitals are negative. A positive spin density on the carbon
atom to which the substituent is bonded then leads to a positive spin density
on the hydrogen atom. This is in agreement with the experimental observations
[25]. According to McLachlan the magnitude of the calculated splitting also
agrees with the experiments. On closer inspection, however, it appears that
the first order term 2. 30 is not sufficient for an explanation of the observed
splittings:

a. In McLachlan's calculation the interaction of the m-electron wave
function with the hydrogen orbital is completely neglected. In the preceding
section it has been shown that this is certainly not correct for protons directly
bonded to the unsaturated system. For methyl protons the w-H interaction is
probably even more important because the difference between the distances from
the carbon and hydrogen orbitals to the m-electron functions is relatively smaller
than in the former case. Therefore the inclusion of the 7-H interaction should
considerably reduce the proton splittings calculated by Mc Lachlan.

b. From 2. 30 we should conclude that a formula similar to McConnell's
formula 4.11 is valid e.g. for the protons of freely rotating methyl substituents.
As will be shown later, this is not in agreement with the experimental e. s. r.
spectra e.g. of the ions of methyl substituted alternant hydrocarbons and of
methyl substituted triphenylmethyl radicals.

c. In the derivation of the contribution of the charge transfer wave functions

in 2. 32 the overlap of the o and nm wave functions has been neglected. It can
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easily be shown that on inclusion of the overlap a first order charge transfer
term is obtained which has a magnitude comparable to the value obtained from
2. 30.

2. Evaluation of the complete formula 2.32

It is important to note that the overlap has been neglected in the derivation
of the charge transfer contribution in 2. 32. As has been remarked above, the
inclusion of overlap leads to a first order term comparable to 2. 30. Because
a calculation without neglect of overlap is very complicated, we shall assume
that the o and n wave functions have been orthogonalized. Consequently we
shall also assume that the exchange integrals in the first order term 2. 30
are positive. Then the spin density in the hydrogen orbital due to this term has
a negligibly small negative value. For a-alkyl protons the value of the n-electron
wave functions at the proton will be small so the first order charge transfer
contributions in 2. 32 are also neglected.

After expansion of the functions 11; and %- in atomic orbitals, the Hamil-
tonian matrix elements with the oc-functions are calculated by neglecting all
terms except those involving the 2pZ -orbital fg of the carbon atom CQ, to which
the substituent is bonded. The interaction of far with the o-functions is assumed
to vary as the cosine of the angle § between the plane of the C-H bond and the
Cg—Cu lky] bond and the plane of the z-axis of fa and the Ca_calkyl bond.
Equation 2. 32 then becomes
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gja, g‘jcr are the coefficients of fa in Ty and %a respectively.

In the calculation of the splitting constants it is in general necessary to average
OZ (1, 2) over all possible orientations of the C-H bond. When we assume that
the energy terms in the denominator are independent of the orientation, then
pZ(l, 2) can be averaged by taking the averaged value of cos26 . For a freely
rotating methyl substituent cos™8 = 1/2 but for other substituents the averaging
is more difficult, e.g. for ethyl substituents it has been observed in several
radicals that the a-hydrogen splitting is about 50% of the splitting constant of
the protons in a corresponding methyl substituent. This is usually interpreted
as being caused by a preferred orientation of the ethyl-group such that coszv
for the two C-H bonds has its minimum value of 1/4 which means that & = + 60°
or +120° (see e.g. ref. 26).

In the following we shall discuss some general properties of equation 4. 16.

After this some simplified approximation methods will be considered.
a. The influence of differences in the excitation energies

If for a number of radicals the ionization energies, the electron affinities
and the correction terms in the Coulomb energies are nearly equal and the
contribution of the terms for which j # 0 is small, then it follows from 2.19 and
2.20 that McConnell's formula 4.11 should be valid e.g. for the protons of
freely rotating methyl substituents in these radicals. In this case the coupling
constant Q has a positive value but the magnitude of Q will be different for
different series of radicals. An example of a series of radicals for which
McConnell's formula is valid is the series of symmetrically substituted dimethyl-
naphtalene anions [27,28,29]. In general, however, McConnell's formula will
not be valid for methyl protons. Important deviations are expected for radicals
where configuration interaction can not be neglected in the calculation of the
m-electron spin density distribution, e.g. methyl substituted triphenylmethyl
radicals, and in comparisons of radicals having a large difference in the energy
terms in the denominator, e.g. positive and negative ions of methyl substituted

alternant hydrocarbons. These two examples will be discussed in more detail.
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Methyl substituted neutral alternant radicals

From the formulas given in section B. 2 of chapter III it follows that the
functions _r_r; and %. for j # 0 are closely related to the configuration interaction
terms in the m-electron wave functions. Then, according to 4.16, the configuration
interaction terms in the m-electron spin density distribution will have an influence
on the spin density in the o-bond which is different from the influence of the
m-electron spin density distribution before configuration interaction (i.e. the
distribution in the singly occupied orbital). This effect is clearly demonstrated
by the e.s.r. spectra of methyl substituted triphenylmethyl radicals. As will be
shown in chapter V, the m-electron spin density distribution in unsubstituted,
mono- and tri-para-substituted and mono-meta-substituted triphenylmethyl is
almost equal. In the spin density on the para position the contribution of the
singly occupied orbital is the most important one whereas the spin density on
the meta position depends on configuration interaction terms only. Therefore
we should expect from 4.16 that the meta- and para-methyl proton splittings
correspond to different Q-values. This is in agreement with the observed ratios
of the methyl proton splittings and the corresponding ring proton splittings in the
unsubstituted radical (table 4. 2).

aHin all - /aH
ring methyl methyl’ “ring

unsubstituted }
|

para (from mono-para) 2.80 2.97 1.06
para (from tri-para) 2.80 2.93 1.05 ‘
meta (from mono-meta) 1:18 0.84 0.74 \
\

Table 4.2. Methyl proton splittings (gauss) of substituted triphenylmethyl radicals

Positive and negative ions of methyl substituted alternant hydrocarbons

It is usually assumed that a methyl substituent is an electron-donor in a
neutral molecule. Because the electron-donating properties will be more im-
portant in positive than in negative ions, we should expect that methyl proton
splittings are larger in positive than in negative ions. This conclusion can not
be derived from 4.16 in a general way but it is certainly more probable than
the opposite possibility. Bolton, Carrington and Mc Lachlan [30] and Colpa and

90




de Boer [ 317 have shown that, indeed, o -alkyl proton splittings are larger
in positive than in negative ions (see table 4. 3.).

positive ion negative ion
9,10-dimethylanthracene [30] 8.00 3.88
9-methylanthracene [30] 7.79 4.27

pyracene [31] 12. 80 6. 58

Table 4.3. o -alkyl proton splittings of ions of substituted alternant hydrocarbons

It must be noted that the observed differences can not be explained with an
inductive effect. Calculations show that this should cause a much smaller diffe-
rence between positive and negative ions. Moreover, the inductive effect leads
in many cases to a larger splitting in the negative ion, e.g. in pyracene.

The possibility that the effects, which cause the differences between the
ring proton splittings in the unsubstituted ions, are also of importance can not
be excluded. However, these effects are not well understood so a correction
is impossible. Moreover, the differences in the o-alkyl proton splittings are
much larger than the differences in the ring proton splittings so the neglect

of these effects seems to be reasonable.

b. Comparison of the spin densities in the carbon and hydrogen orbitals of the
C-H bond

In their discussion of a-alkyl proton splittings Colpa and de Boer [31]
have compared Mulliken's hyperconjugation model and the pseudo-hetero-atom
approximation (these methods will be discussed later) by calculation of the
ratio of the spin densities in the carbon and hydrogen orbitals of the C-H bond.
The magnitude of this ratio is strongly dependent on the choice of the parameters
in 4.16.
In order to illustrate this, we consider a radical for which the configuration
interaction terms in the n-electron spin density distribution can be neglected
so only terms for j = 0 are taken into account. In a molecular orbital approxi-
mation for the C-H bond is 4 =1 and v =0 whereas the excitation energies can
be approximated as
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where ¢_, ¢ _, and €, are the orbital energies of the bonding and antibonding
o-orbital and the singly occupied 1 -orbital respectively. From these figures

it is clear that in this approximation

On substitution in 4.16 pc (1,1) for a freely rotating methyl substituent becomes

o
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From the usual assumption that the polarity of a C-H bond is small it follows that
> e : ~ - 40 is te ative; ici 3
oo PPOLH and Coxe Coxp * Conpy 18 aken to be negative; the other coefficients
are positive. If we assume ’aac|> lsahl’ e.g. from the overlap integrals for

Slater orbitals [32]

S = 0.157 cosé®
ac

S = 0.082 cosb
ah

then Ea: and sy,* will be negative. It follows that the spin density in the
hydrogen orbital depends on the sum of two positive terms whereas the spin
density in the carbon orbital depends on the difference of these terms. There-
fore the spin density in the carbon orbital will have a value somewhere between
zero and a value in the neighbourhood of the spin density in the hydrogen orbital.

In a better approximation for the C-H bond v will be negative so
2
wlp=v)>pu
Besides, it seems reasonable to assume

AET < 1 -E_+Cy +I ~E_+C_,




If this is taken into account, the ratio of the spin densities in the carbon and

hydrogen orbitals becomes smaller than the value obtained from 4.17. It might

even be possible that the spin density in the carbon orbital is negative.

From these considerations it is clear that for a correct choice of the

parameters in 4.16 the spin density in the carbon orbital is of equal importance

as the spin density in the hydrogen orbital. From e.s.r. spectra, however,

only the spin density in the hydrogen orbital can be obtained. Therefore the

choice of a set of parameters, which allows a reliable prediction of the spin

density in the carbon orbital, is very difficult.

c. Simplified approximation methods.

The splitting constants of o -alkyl protons are usually calculated in a

molecular orbital approximation for the complete system of = -electrons and

o -bond. Two different methods have been used in the literature, the pseudo-

hetero-atom approximation and Mulliken's hyperconjugation model. The calcu-

lations are carried out by a diagonalization of the Hiickel or s.c.f. matrix or by

application of perturbation theory. These two procedures yield comparable

results (see e.g. reference 33).
The pseudo-hetero-atom approximation

In the pseudo-hetero-atom approximation the wave functions in which an
electron is transferred to the o-bond are completely neglected. This is achieved
by replacing the methyl group by one pseudo-atomic orbital of -symmetry
which contributes two electrons in the ground state of the molecule. A charge
transfer to the methyl group then becomes impossible. In this approximation
equation 4.16 reduces to

2.2
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Bolton, Carrington and McLachlan [30] have used this model in a discussion
of the e.s.r. spectra of the ions of 9- and 9, 10-methyl substituted anthracenes.
Their parameters were calculated from the Coulson-Crawford parameters [34]
for the hyperconjugation model. In this way a qualitative description of the
methyl proton splittings could be obtained but the absolute magnitude of the




calculated splittings is too small [ 31] whereas the ratio of the splittings in
the positive and negative ion is too large. For these reasons Colpa and Bolton [31]
rejected the pseudo-hetero-atom approximation.

We have tried to obtain a better agreement with the observed splittings
by parameter changes. From calculations in which we assumed u2=l and
neglected terms for j # 0 and the correction terms in the Coulomb energy,
we obtained an 'experimental' value Bao a~ 1. 2580 where BO is the value of the
resonance integral in m-electron calculations. By substitution of the overlap
integrals given in the preceding section in the usual formula g = 4550 we ob-
tained on neglect of the overlap in the o-bond aoo = 0. 780 which is much smaller
than the 'experimental' value. So, 4.18 is not sufficient for a calculation of the

splitting constants.
Mulliken's hyperconjugation model

The hyperconjugation model [35,36] is essentially a molecular orbital
calculation for the complete system of n-electrons and methyl substituent. This
calculation is simplified by replacing the original atomic orbitals by linear com-
binations. Because of the trigonal symmetry of the methyl group, both the three
carbon orbitals and the three hydrogen orbitals of the C-H bonds can be combined
to one totally symmetric orbital and one degenerate pair of orbitals. For the
latter the combinations are chosen which are symmetric and antisymmetric
with respect to the nodal plane of the -electron system. In this way the three
C-H bonds can be replaced by two pseudo-o-bonds and one pseudo-m-bond. In
the calculations only the pseudo-rm-bond is considered because, for reasons of
symmetry, the pseudo-o-bonds do not mix with the m-electron wave functions.
An essential point in the hyperconjugation treatment is that this choice of
pseudo-atomic orbitals is combined with a rather strong interaction between the
C-H bonds. This leads to a higher energy for the pseudo-m-bond and one of
the pseudo-o-bonds whereas the energy of the totally symmetric pseudo-o-bond
is lowered with respect to the energy of the original C-H bonds.

In many hyperconjugation calculations a set of parameters proposed by
Coulson and Crawford [ 34] has been used:

B g  =0.19 Byer =0 768 o, =ap = 0.18;
Sah' i Bon' ~ ¢ %' T % " 0-58
Sy = 0625 B = 2-58,
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where c' and h' represent the pseudo-r atomic orbitals for carbon and hydrogen
respectively.

Colpa and de Boer [31] have used these parameters (except Sc'h' and
ac'h' which were chosen to be 0.5 and 250) in a calculation of the ow-alkyl proton
splittings of the ions of pyracene and acenaphtene and of cyclohexadienyl. A
good agreement with the experimental splittings was obtained. As we have seen
before, the pseudo-hetero-atom approximation could also give a good agree-
ment with the experimental splittings but has been rejected because the necessary
parameter values were assumed to be not very realistic. In our opinion this is
also the case for the parameters used in the hyperconjugation model.

In the hyperconjugation model it is assumed that, due to the interaction
between the C-H bonds, Iac,|< [%o| Ior 1|< |a0| and Ipc,h,i< Ischl' If the
interaction between the C-H bonds is neglected, then the calculated splittings
would be larger for negative ions than for positive ions because both |ac| and
|°‘h| are larger than lcxo‘. Moreover, the change in ec,h,would lead toa smaller
averaged splitting. In view of the magnitude of the calculated splittings, it is
therefore clear that in the hyperconjugation model the splitting constants are
strongly dependent on the interaction between the C-H bonds: It is difficult to
give an exact value of the magnitude of this interaction because this also depends on
parameter values for an isolated C-H bond. In a crude estimate, however,
the interaction between the bonding orbitals of the C-H bonds is about half the
interaction within a bond. Because this value seems to be very large, we shall
discuss the interaction between the C-H bonds in some more detail.

The ground state wave function for a system of N m-electrons and two
o-bonds A and B, which are symmetrically located with respect to the nodal
plane of the nm-electron system, can be written

0 0
¥ = r(l..N) 0 5 (N+1, N+2) o o (N+3, N+4) X4 (1. . N+4)
The o -+ m charge transfer wave functions are
- 0
¥ = (1. .N, N+2)o AN*1) 0 p(N+3, N+4) x (1. . N+4)
e 0
V3= (1. .N,N+4) o ANFL, N+2)0 o (N+3) ¥ (1. . N+4)

The interaction between the o-bonds is introduced via the mixing of ¥o and ‘V3-

This mixing leads to a change in the charge transfer excitation energy which is
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equal to

+ + 2

where a and b represent the bonding orbitals @o as introduced in equation 4. 3
for A and B respectively (this change in the charge transfer excitation energy
corresponds to the lifting of the energy of the pseudo-m orbital in the hyper-
conjugation model). The function Oc (1,2) in 4. 3 is the best possible one of
this particular form. In calculations on the hydrogen molecule a variation of
the effective nuclear charge for the hydrogen orbitals leads to ZH = 1.2 instead
of ZH =1 (see e.g. table XVIII-1 in reference 37). It is often assumed that this
value should also give a better wave function for C-H bonds. In the same way
it seems reasonable to suppose that the effective nuclear charge for the carbon
orbital is larger than the value for the 2pz-orbitals. Due to this contraction of
the atomic orbitals the interaction between the c-bonds will be smaller than is
assumed in the hyperconjugation model, even if we take u2 =1.

From these considerations it will be clear that the explanation of the
differences between the o -alkyl proton splittings in positive and negative ions

according to the hyperconjugation model is not correct.

A much simpler explanation is obtained on introduction of the w-H inter-
action which is neglected in the hyperconjugation model. For Slater orbitals

S 25 . so, on neglect of the overlap within the o-bond, Bao P 3500*. This

d?f?erenc:l;n the B-values causes a stronger mixing with the o -~ charge transfer
wave functions than with the m — o charge transfer wave functions which leads

to larger splitting constants in the positive ion. (if the overlap within the o-bond
is not neglected sac « Will be nearly equal to B o but then (I1_r -EO) > (Io —En)
which has the same effect). It is of course not certain that the interaction be-
tween the o-bonds is completely negligible, therefore IG and Ec in 4.16 must

be regarded as semi-empirical parameters for a C-H bond in a substituent
instead of the values for an isolated C-H bond. For a methyl substituent Io

can be set equal to the ionization energy of methane but, in view of the fact

that the ground state of the methane anion will be totally symmetric, Ec must

be regarded as the second electron affinity of methane. The semi-empirical
parameters may be different for different alkyl substituents. It has been observed
in some cases (see e.g. reference 38) that the a-alkyl proton splitting of an

ethyl substituent in a positive ion is smaller than the minimum value of half the
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corresponding methyl proton splitting. This may be due to the interaction be-
tween the o-bonds of the substituent in which case ITT and Ec must be given
other values than for a methyl substituent.

One might argue that the contraction of the c-electron wave functions also
leads to a smaller interaction between the o-bond and the m-electron system.
This effect, however, is compensated by the proportionality of the splitting
constant with Zg In order to illustrate this we have calculated S(thI3_l

H =1, 52 hZf{ = 0.0067 whereas for ZH = 1.2 the even slightly larger value
of 0.0085 was obtained.

For

A semi-empirical formula for o-alkyl proton splittings

From the assumption 'Bnol >iam*| it follows that in equation 4. 16 the first
term can be neglected with respect to the third term. If the overlap in the
o-bond is neglected, then the second and fourth terms will have about the same
magnitude. However, as has been remarked above, the inclusion of overlap
leads to Bno ~ Bﬂo* and (11_T -Eg) > (Ic -En). Therefore, we also neglect the
second term. Then we obtain from 4.16 for the splitting constant of «-alkyl
protons
A A
ag = cos26 z b (g,j-o,)2 { 4 o 2 ~ } 4.19

- + -
i (I-E_+AE j) (1,-E_+AE j)

where A1 and A2 are constants and the terms ch have been neglected.

For a calculation of the splitting constants three parameters are needed. For
methyl protons we have tried the formula

al =7 s B &5, o w— 1} 4.20
Zimy (2-¢ 0~b¢; 4% (Z-GO—Aej)

where g;a is calculated as discussed in chapter III and € and Ae; are the orbital
energy of the singly occupied orbital and the excitation energy of the negative
ion in units Bo.

For methylene protons as in pyracene and in acenaphtene c0526 = 3/4 instead

of 1/2. For these protons 4.20 must be multiplied by 1.5. For methylene
substituents bonded to two unsaturated carbon atoms o and 8, -Qj-a must be
replaced by (gja B (_:j B). This is important for molecules such as cyclohexadienyl
and cycloheptatriene anion.
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In this way we have calculated the w-alkyl proton splitting constants for a num-

ber of radicals. The results are given in table 4.4. The terms for j # 0 have
been neglected for all radicals except diphenyl-m-tolylmethyl and cyclohepta-
triene anion where the terms for j=0 do not contribute.

In the case of the cycloheptatriene anion our result differs essentially from

the splitting constant obtained by application of McLachlan's formula 3. 14 to
molecular orbitals calculated according to the hyperconjugation model. Accor-
ding to Levy an Myers [39] the latter method yields a small negative splitting
constant whereas in our approximation a positive splitting constant is obtained.
The influence of the substituent on the spin density distribution in the 1 -electron
system has been included by introduction of an inductive effect of -0. 350 (see
section C. 4).

experimental equation 4. 20
9-methylanthracene cation [30] 7.79 8.2
anion [30] 4,27 5.2
9, 10-dimethylanthracene cation [30] 8.00 2
anion [30] 3.88 4,2
pyracene cation [31] 12.80 12.2
anion [381] 6. 58 6.2
acenaphtene anion [31] 7.53 6.7
1-methylnaphtalene anion [40] 3.86 4,0
2-methylnaphtalene anion [40] 1.81 1.27
diphenyl-p-tolylmethyl 2.93 2.4 2)
diphenyl-m-tolylmethyl 0.84 0.87 1) 2)
tri-p-tolylaminium ion 3.89 3. 2) 4)
di-p-tolylnitrogen [41] 4.70 6. 3) 4)
cyclohexadienyl [31] 47.7 60. 5)
cycloheptatriene anion [39] 2.16 4.3 1)

1) Terms for i# 0 included

2) Phenyl rings 30° rotated out of the plane of the three central bonds
3) Calculated for the planar radical

4) Nitrogen parameters: oy =Y # 1.560: BCN = BCC

5) In view of the large spin density on the methylene protons it might be better to renormalize the spin

density. The calculated splitting then reduces to about 56 gauss.

Table 4.4. ~-alkyl protou splittings (gauss) calculated according to equation 4. 20




3. Spin polarization versus charge transfer

In several papers the question has been discussed whether the spin
density on o-alkyl protons is caused by spin polarization or by charge transfer
effects. In most of these papers, however, different definitions of spin polari-
zation have been used.

From the correspondence between the equations 2. 28 and 2. 30 it seems
reasonable to define spin polarization for a-alkyl protons as the first order
mixing leading to 2. 30. This definition has been used by Bolton, Carrington
and McLachlan [30]. As we have shown before, this term might give a small
contribution in calculations in which the overlap between o- and m-orbitals is
included but 2. 30 alone is insufficient to explain the splitting constants of o -alkyl
protons. Because Bolton, Carrington and McLachlan accepted Mc Lachlan's
valence bond calculation of 2. 30, which leads to a non-negligible contribution,
they have used the experimentally observed differences between positive and
negative ions as an argument for the importance of charge transfer effects.

In other papers [39,42] it has been argued that the influence of charge transfer
effects can be investigated by a measurement of the e.s.r. spectra of compounds
such as cyclobutenyl and cycloheptatriene anion where the methylene protons
are in a nodal plane of the singly occupied orbital. For these molecules charge
transfer will have a very small influence on the splitting of the methylene
protons whereas a spin polarization formula aH = Q(pa + pa ), where o and g
are the two atoms to which the methylene group is bonded, predicts a large
splitting. In cycloheptatriene anion a small splitting is observed [39], which
has been considered as a proof of the charge transfer mechanism. This, how-
ever, is not correct because a spin polarization mechanism should also lead

to a small splitting. From equation 2. 30 it follows that the spin polarization
contribution depends on

(oeomyo [H] ...o*na) =02 (...a0 [H ...0%a) +¢ {¢...c0 |H|...o*g) +

c
ao ao ap

+(...po|H|...0%x)} 28t

as(...BclHl ...0%B)

where the spin density in the m-electron system is approximated as the electron
distribution in the singly occupied orbital ¢ . The formula aH = Q(pa +p. )18
based on the neglect of the integrals (...ao IHI ...0*g) and (...Bo |H| «s s 0%a).
This is certainly correct for orthogonal n- and c-orbitals. However, the spin
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density on o-alkyl protons is known to be positive for positive m-electron spin
densities. Therefore the overlap terms within the exchange integrals can not
be neglected and the exchange integrals will be negative. In this case the four
integrals will have about the same value so for radicals where PR caa
spin polarization also predicts a very small splitting.

Colpa and de Boer [31] define spin polarization as the interaction of the
m-electron system with the pseudo-c bonds of the hyperconjugation model. In
this case spin polarization yields a very small splitting (the corresponding
term for ring protons is always neglected). In a discussion which compares two
possible mechanisms this definition does not give a reasonable alternative for
charge transfer effects because a spin polarization of the pseudo-m bond is
neglected. Moreover, a splitting in pseudo-n and pseudo-c bonds can only be
correct in molecular orbital calculations. Therefore this definition can not be
used in a general discussion.

In Lazdins and Karplus' definition [33] the second order terms in equation
2. 32 which are dependent on the triplet state of the C-H bond are considered
as spin polarization terms. From our derivation of equation 4.17 it is obvious
that in this case a large part of the charge transfer terms is called spin polar-
ization even when the charge transfer terms are calculated in the hyperconju-
gation approximation. Therefore it is incorrect to conclude from Lazdins and
Karplus' discussion that charge transfer effects can only explain about 50% of the
experimental splitting constants (in a later paper with Colpa and de Boer [43]
Lazdins and Karplus have corrected their original conclusion). If one adopts
equation 4. 20, it might be possible to consider the first term as the spin density
obtained from a pseudo-hetero-atom approximation and the second term as the
spin polarization contribution as defined by Lazdins and Karplus. This, how-
ever, is somewhat dangerous because a clear separation into two non-over-
lapping terms is only possible when the m - o charge transfer terms are

completely neglected.

4. The influence of the substituent on the spin density dis-

tribution in the nm-electron system

The influence of substituents on the wave functions for the n-electron sys-
tem is usually discussed in terms of inductive and conjugative effects. An in-
ductive effect is introduced by a change 6u. Bo in the a-value for the carbon
atom(s) Cu to which the substituent is bonded. This change causes a mixing of the
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molecular orbitals for the unsubstituted system. In first order we obtain

C.

65
g=3 - zﬁ—_——
: A %) )

el =¢ +32 c2 & B

1xu_mu.0

For simplicity we consider a radical where the electron distribution in the

singly occupied orbital is a good approximation of the spin density distribution
in the n-electron system. Then the spin density in the 2pz -orbital of carbon
atom C becomes
c. e.'c..e. 88
(c! )2=02 _2'2 T ay J(IJ- "-IVJ)VLLO
av av j#a u ej €

A conjugative effect causes in first order a mixing of m- and o-electron
wave functions whereas in second order a mixing of the m-electron wave func-
tions via the o-functions is obtained. When we assume that the wave functions
for the o-bonds are calculated in a molecular orbital approximation, then the

molecular orbitals for the perturbed m-electron system become

r 2
e B ..® C. C..B- - @
@{:éi_zz lu-ru-l' o*’_Z_ZX 1:- Ju pr )
= Apr S %
rop (e:C7 €.) J (e:U <-:i)(e:j ei)
20512
1 i Pur &
R R
Rl (€;-€i>

where r enumerates the o-orbitals.
The spin density in the perturbed system becomes
2 2 2
o c_. B e, c. B
(("'1‘)“ N j J’1 -B% - J; wr*l +2Z L ;l‘—"—']“ BVEIVE
av av \ r u (€,‘€.l) r W j#e (e‘ -€, )(ej_e )




The coefficient of cfw in this formula assures the normalization of the spin

density. As has been remarked by Bolton, Carrington and McLachlan [30],
the remaining terms can also be obtained from the formula for an inductive
effect by substitution of

In the hyperconjugation model

2 2
Bu-v 3¢ gt Bul‘
= T

(65 =% (e,-¢y)

where (-r) represents the antibonding c-orbital which corresponds to the bonding
orbital Qg . As has been remarked by de Waard [28] this means that in the
hyperconjugation model the influence of the substituent on the spin density dis-
tribution in the n-electron system is negligibly small.

If we assume, as before, that lau.l‘l > Isu‘ -] then the mixing via the
antibonding orbitals can be neglected. For methyl substituents the mixing via
the three bonding orbitals can be replaced by the mixing via one linear combi-
nation of m-symmetry. So, the influence of the substituent on the n-electron

spin density distribution can be calculated in the pseudo-hetero-atom approx-

imation. From equation 4. 20 it is obvious that in this approximation the

energy of the o-orbital is o, + 250. If we assume Z 1 1.2, then it follows

from 4.20 that B _ will be 0(?6 to 0. 6550. On substit}ution of these values it
appears that for naphtalene anions these parameters correspond to an inductive
effect of -0.15 to -0. 2080. For the ring proton splittings of dimethyl substituted
naphtalene anions a good agreement is obtained with an inductive effect of

-0. 350 [27,28,29], so to the pseudo-hetero-atom parameters an inductive
effect of -0.10 to -0, 1580 mustbe added. For naphtalene cations this combination
of parameters corresponds to an inductive effect of -0. 450. For calculations

of spin density distributions the difference between the pseudo-hetero-atom
approximation and an inductive-effect-calculation will therefore be small.

In our calculations in section C. 2 we have used an inductive effect only because

in this case a smaller number of parameters is needed.




D. g-PROTONS OF ALKYL SUBSTITUENTS

For o-bonds having a weak interaction with the m -electron system the
coupling via other o-bonds might also be of importance. Therefore the spin
density in these bonds can not be calculated from equation 2. 32 but a more
general formula is needed which also contains the interaction via other o-bonds.
In equation 2. 36 we have included the interaction via one o-bond A. The
derivation of a more general formula is practically impossible therefore we
assume that 2. 36 may be generalized by summing over all possible o-bonds A.
Even in this case a reasonable calculation of the spin density is very difficult
because, as can easily be shown, the different terms in 2. 36 may give both
positive and negative contributions in the final spin density on the proton. More-
over, the averaging of the spin density over all possible orientations of the

C-H bond is much more complicated than for o -alkyl protons. These problems
are clearly demonstrated by the measurements of de Boer and Mac Lean [40]

and of Hausser, Brunner and Jochims [44] (table 4. 5), which show that the
splitting constants of g -alkyl protons may have positive and negative values with-
out a difference in the sign of the m-electron spin density on the carbon atom to
which the substituent is bonded.

Splitting constant (milligauss) of protons
in position
o B v )

naphtalene anions [40] sl =

l—CH3 + 3860

1-C2H5 + 3280 - 74

1-C3H7 + 2670 - 212 + 64

1—C4I{9 + 2800 - 155 + 45 + 35

2-CH3 + 1810

2—C2}{5 + 1130 + 32

2-CH, + 1080 < 2 + 27

2—C4H9 + 1050 - - + 20
di-t-butylnitroxide [44] - 107
2,4, 6-tri-t. butylphenoxyl [44] + 72
(protons of 2- and 6-substituents)

Table 4.5. Splitting constants of alkyl protons




Fig. 4.1. Numbering of o ~-bonds in alkyl substituents

Due to this difference in sign it is rather dangerous to neglect one of the

terms in 2. 36. In a first approximation, however, it seems reasonable to
negleet all terms depending on (IA—EB) or (IB—EA). Equation 2. 36 then reduces
to the terms K(1, 2) and N(1, 2).

In the evaluation of K(1,2), which may be called the spin polarization
contribution, we assume that all terms except the spin polarization due to the

spin density in the neighbouring C-C bond a (see fig. 4.1) can be neglected.

Consequently
[0%,2) H 03101, 20dr ar
b 2 Bprc 12 . d
K(1,2) = T pgp(ls2)
LE4

From the orthogonality of the hybrid orbitals on one atom and the sign of the
spin density in bond a it follows that the spin density on the proton due to K(1,2)
is negative for a positive value of the m-electron spin density on the carbon
atom to which the substituent is bonded. Because the spin density in a varies as
cos26 , K(1,2) will also be proportional to cosze.

In N(1, 2) we neglect the m—a charge transfer wave functions as before. The
n—d terms, however, are not negligible because it might easily be possible
that for some orientations of the+C -H bond Iano‘J >|BTT o' . Consequently N(1, 2)
can be calculated by replacing gj and n_3 in equation 2. 32 by

- +
nf and . <Hj lHlé;:> éb

—J 3 A=a,b,c (I,-E_+AE_+C
A j

A

respectively. An actual calculation, however, is very difficult. The direct
interaction of bond d with the n-electron system is not negligible. When we
consider this term only, then for many orientations of the C-H bond the same

difficulties are encountered as in the calculation of the spin density in the
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Moreover, in the calcu-

carbon orbital of «-CH bonds because now IBnhI> |a

ﬁC‘ 5
lation of the interaction with the n-electron system a restriction to the 2pz-

orbital of the carbon atom, to which the substituent is bonded, is highly ques-
tionable. Finally it must be noted that for a conformation, in which bond a is in
the nodal plane of the m-electron system, the direct interaction and the coupling
via bond b and bond ¢ do not vanish so, even for freely rotating substituents,
the contribution of N(1, 2) is not proportional to cosze.

If we assume that the contribution from N(1, 2) is positive and has a smaller
variation with 8 than K(1,2), then we should conclude that the contribution of the
negative terms becomes more important when bond a is lifted out of the nodal
plane of the n-electrons. It is easy toshow that a smaller probability of a con-
formation where bond a is in the nodal plane leads to a smaller averaged split-
ting of the o-alkyl protons. Therefore we should expect that a smaller value
of the a-alkyl proton splitting is coupled with a more negative value of the
B-alkyl proton splitting. This is in agreement with the observed variations of
the splitting constants of 1-alkyl substituents in naphtalene anions (see table 4. 5).
In the same way the difference in sign between the g-proton splittings of 1- and
2-alkyl substituents can be attributed to the steric interference of a 1-alkyl
substituent with the proton at C8 which makes one of the two conformations,
where bond a is in the nodal plane, very unlikely. On the other hand, from this
interpretation we should expect a relatively larger splitting of the o-protons of
the 2-alkyl substituents which is not in agreement with the experimental values.

From these considerations it will be clear that a reliable calculation of
B -proton splittings is at present practically impossible. It might be, however,
that a reasonable approximation becomes possible when more experimental
values of B-alkyl proton splittings are known. Especially a knowledge of the

sign of these splittings will be of importance.
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CHAPTER V

ELECTRON SPIN RESONANCE OF TRIPHENYLMETHYL
AND RELATED COMPOUNDS

A. INTRODUCTION

Triphenylmethyl, the first known free radical [1], was one of the first
radicals being studied by electron spin resonance [2]. The most important
result from these early investigations was the serious discrepancy between the
observed hyperfine structure and spin densities obtained from the simple
molecular orbital theory. This problem could be solved by a valence bond
approximation [3,4] and by molecular orbital calculations including configuration
interaction [5,6] from which a negative spin density in the 2pZ -orbital of the

meta carbon atoms was obtained.

A further study of triphenylmethyl radicals is interesting for several reasons:

1. As has been discussed in chapter IV, the splitting constants of positive

. and negative ions of alternant hydrocarbons are different. These differences

are usually ascribed to effects which are opposite for positive and negative
ions and vanish in neutral alternant radicals. From these theories one should
therefore expect that McConnell's formula 4. 11 is accurately valid for neutral
alternant radicals. This has never been proved to be correct.

2. As will be shown later, the influence of substituents on the spin density
distribution in the m-electron system of neutral alternant radicals is small.
These radicals are therefore very well suited for a study of the propagation of

spin density into the substituent. A second advantage of neutral alternant radicals
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in these investigations is the occurrence of negative spin densities in the -
electron system; the propagation of a negative spin density can not be calculated
with simple molecular orbital theory.

3. Finally it may be hoped that the e.s.r. spectra of substituted triphenyl-
methyl radicals give important information about the influence of substituents

on the sterical structure.

Despite the large number of investigations on triphenylmethyl itself,
relatively little is known about the e.s.r. spectra of substituted triphenylmethyl
radicals. In our laboratory Lupinski [7] has measured the e.s.r. spectra of
some of these compounds but at that time the technique of obtaining highly
resolved spectra was insufficiently developed to obtain reliable sets of splitting
constants. In later papers some spectra have been published (see table 5.1) but
only Sinclair [ 8] has discussed the e.s.r. spectra of a larger series of (halogen-)
substituted radicals.

In section B of this chapter we shall discuss the measurement and inter-
pretation of the e.s.r. spectra of a number of phenyl-, alkyl-, chlorine- and
methoxyl-substituted radicals. A theoretical discussion of the resulting splitting
constants is presented in section C. In section D the e.s.r. spectra of 'biradicals'

related to triphenylmethyl will be considered.
B. MEASUREMENT AND INTERPRETATION OF THE E.S.R. SPECTRA
1. Preparation of the radicals

The triarylmethyl radicals were prepared from the corresponding triaryl-

methanols according to

CH 3COC1 Ag
Ar3C-OH — ArSC -C1 —_— Ar3C' = (Ar:}C)2

Tri-p-biphenylylmethanol, tris(p-tert. butylphenyl)methanol, tris(p-ethylphenyl)-
methanol and 9-mesitylfluorenol were obtained from the department of physical
chemistry to which they were given by Prof. Theilacker. The other triaryl-
methanols were available at the laboratory or were prepared from substituted
benzophenones or benzoic acids by Grignard methods [13].

In the preparation of the chloromethanes the alcohols were boiled with

acetylchloride for one hour. In many cases the chloromethane was not isolated
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but a solution in acetylchloridc was prepared from a few milligrams of the
alcohol, transferred to apparatus B (see below) and converted into the radical.

The radicals were prepared in vacuum (10_5 torr) in toluene solution.

P

/ vacuum line
I

e.s.r. tube

Fig. 5.1. Apparatus for the preparation of radical solutions

Toluene (Merck, p.a.) was dried on molecular seeves, refluxed on sodium for
one hour and transferred to the storage vessel A (fig. 5.1). After dissolving
some triphenylchloromethane, nitrogen was passed through and some silver
(B.D.H. silver precipitated) was added. The storage vessel was connected to
the vacuum line and the toluene was thoroughly degassed by freezing and melting.
The dissolved radical removes the last traces of impurities. The solvent can

be used as long as the colour of the radical is visible.

The radicals were prepared in apparatus B (fig. 5.1). After introduction of

2 mg of the chloromethane and 100 mg of silver B was connected to the vacuum
line. In order to remove traces of acetylchloride and water as much as possible,
B was evacuated for several hours. By cooling B with liquid nitrogen a few ml
of the solvent were distilled from A after which B was sealed off at the con-

striction. The radicals were prepared by shaking for 10 to 15 minutes.

2. The measurement of the e.s.r. spectra

The e.s.r. spectra were taken on a super-heterodyne spectrometer
equipped with a Varian 12-inch magnet. The principles of this apparatus have
been described by Lupinski [7] but later on important improvements were

introduced by Horsman [14]. At the time of most of our measurements no
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reliable method for the measurement of differences in magnetic field was
present in the laboratory. Therefore the spectra were calibrated by comparison
with the spectrum of triphenylmethyl for which the splitting constants were
taken from the literature [ 15,16]. In order to obtain a correct calibration,
the central parts of the spectrum of triphenylmethyl and of the spectrum which
has to be calibrated were measured several times in exactly the same way
(including the past history of the magnet). From later measurements of the
magnetic field we obtained splitting constants for triphenylmethyl which are
slightly different from the values reported in the literature. All spectra were
recalibrated with these new values except the spectra for tris(p-chlorophenyl)-
methyl and diphenyl(p-chlorophenyl)methyl which were calibrated directly from
measurements of the magnetic field.

The e.s.r. spectra were measured on solutions in the e.s.r. tube of
apparatus B (fig. 5.1). In order to obtain highly resolved spectra of sufficient
intensity, the concentration of the solutions was varied by distillation of solvent
from the side tube of B. The final concentrations are not known but are probably
of the order of 107> to 107 Mol/I1.

In several papers [15,16,17] it is assumed that highly’ resolved spectra
of triarylmethyl radicals can only be obtained at temperatures of -20 to -50°C.
The observed effect of temperature on the line width is caused by the fact that
in these investigations the radical concentration at room temperature was too
large to obtain a high resolution. At lower temperatures the concentration will
be less because of the smaller dissociation of the dimer (for a recent discussion
of the structure of the dimer of triphenylmethyl see reference 18). We have
observed that by dilution the line width in the spectrum of triphenylmethyl can

be reduced to about 25 milligauss. This value remains unaltered on cooling

to about -25°C which is in agreement with the observed temperature-indepen-

dence of the line width in the spectrum of tris(p-nitrophenyl)methyl [9]. The

spectra discussed in this chapter are measured at room temperature.

3. The e.s.r. spectra and their interpretation

For most of the radicals, we have studied, highly resolved e.s.r. spectra
could be obtained. As usual we have tried to analyse these spectra by trial and
error. From the observed spectrum and other data, e.g. the splitting constants
of similar radicals, a set of splitting constants was assumed and the corre-

sponding derivative spectrum was calculated with a computer program. When
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the agreement with the observed spectrum was considered to be insufficient.

then the calculation was repeated with a new set of splitting constants. For

radicals having a small number of different splitting constants the computed

spectrum is almost identical to the observed one. An example has been given

in fig. 5.18. For radicals with a large number of splitting constants each line

in the observed spectrum is a superposition of a large number of lines. There-

fore the form of the spectrum and the intensity of the individual lines can only

0.66
OZN C

1.14 2,55 2.

1.14 2,50

1.13 2.70

1.15 2,61

.8

3

1.

0.21
Cl C 2,75 2.8

Table 5.1.

2
0.14 -
OCH,
C
OCH,
'3

— 1.61 2. 76
F F
6. 80
F C
F F
£ ey
1.09 2,64
.85 C
2.64
F
1.56 3
2.611.15
6.45
F
1.1 2.6 2.61.1
e
2
3.17 0.89
0
0 C
(6)

Literature values [8,9,10,11,12] of the splitting constants of some substituted
112 triphenylmethyl radicals




be reproduced exactly with very accurate values of the splitting constants. In
practice this means that an exact reproduction is unfeasible. An example of a
computed spectrum, which we assumed to be in agreement with the observed
one, is given in fig. 5.4. In this case the final interpretation of the spectrum

is based both on the computed spectrum and on the splitting constants of similar
radicals so, in our opinion, the final set of splitting constants is correct. In

a more general case, however, it is not certain that other sets of splitting
constants can be excluded. For phenyl(p-methoxyphenyl)-p-biphenylylmethyl

we could obtain two different sets of splitting constants for which the computed
spectrum shows a clear resemblance with the observed one (fig. 5.19). One of
the two possibilities seems to be in slightly better agreement with the observed
spectrum but the differences are too small to allow of a definite conclusion.

The possible error in the final splitting constants is estimated to be 1% for
values larger than 2 gauss whereas smaller splittings will be somewhat less
accurate. In table 5.1 we have collected some literature values for other
triphenylmethyl radicals.

In the following the interpretation of the e.s.r. spectra will be discussed

in more detail.
Triphenylmethyl

A completely resolved spectrum for triphenylmethyl (fig. 5.2) has first
been obtained by Chesnut and Sloan [15]. According to these authors the split-
ting constants are 2. 77, 2.53 and 1.11 gauss for para, ortho and meta protons
respectively. From ENDOR measurements Hyde [19] obtained values which

are 3 to 4% larger. Our values:

1.13 2.57

.8 Cc

are between these two results. The usual assignment of the splitting constants
for ortho and meta protons is based on theoretical arguments. A clear exper-
imental proof is obtained by comparison with the splitting constants of ortho-

and meta-substituted radicals.
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Fig. 5.2. E.s.r. spectrum of triphenylmethyl (high-field half)

Tri-p-biphenylylmethyl and diphenyl-p-biphenylylmethyl

The splitting constants of tri-p-biphenylylmethyl:
0.18 0.42 1.13 2.49

.4 C

2.49 gauss

5 Cocror i
o

Fig. 5.3. E.s.r. spectrum of tri=p-biphenylylmethyl (high-field half)
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are easily found from the observed spectrum (fig. 5.3). The assignment of
the splitting constants has been made from the assumption that the spin density
distribution in the different rings of this radical is analogous to the distribution
in the rings of triphenylmethyl.

In the spectrum of diphenyl-p-biphenylylmethyl (fig. 5.4) a large number
of lines with a relatively small difference in intensity is observed. In general

it is very difficult to analyse this type of spectrum without a further knowledge

of the spin density distribution. In this case, however, we may assume that the

R
3

-

Fig. 5.4. Experimental and calculated e.s.r. spectra of diphenyl-p-biphenylylmethyl
(high-field half)




splitting constants will not differ very much from those in triphenylmethyl and
tri-p-biphenylylmethyl. After several less successful estimations a good agree-
ment between calculated and observed spectrum was obtained with a set of

splitting constants which can be interpreted in two different ways:

1.08 2.45 2.65 1.22 0.48 0.20
iy C 0.48
2
1.08 2.45 2.73 1.22 0.48 0.20
2

These two interpretations differ in the assignment of the splitting constants 2. 65
and 2. 73 gauss. A choice between the two possibilities is impossible because

the difference is too small.

Para-methyl substituted radicals

The splitting constants of tri-p-tolylmethyl and diphenyl-p-tolylmethyl:

1.12 2.56 1.13 2.57 2.57 1.13

2.93 2.97
}Isc C 2. 8 C CH3

3 2

can easily be found from the observed spectra (figs. 5.5 and 5. 6). Our values

for diphenyl-p-tolylmethyl are about 2% smaller than the values given by

Sinclair [8].

In order to compare the splitting constants of the methyl protons we have

also measured the e.s.r. spectrum of tri-p-tolylaminium ion (fig. 5.7). In

this spectrum the line width is not a constant. The calculation of the spectrum

from assumed splitting constants has therefore been carried out with a variant

of the usual program. In this calculation we assumed that the line width

depends on the magnetic quantum number of the nitrogen nucleus. Van Willigen

(207 has observed the same asymmetry in the spectrum of the triphenylaminium
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Fig. 5.5. E.s.r. spectrum of tri-p-tolylmethyl (high-field half)
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Fig. 5.6. E.s.r. spectrum of diphenyl-p-tolylmethyl (high-field half)

q. 89 gauss

Fig. 5.7. E.s.r. spectrum of tri-p~tolylaminium ion




ion from which he concluded that the spin density on the nitrogen nucleus is

positive. Our values for the splitting constants:

1.03 2.
3.89 3 2.06 ®

H 3C N

9.39

agree with recently published values [21,22].
Diphenyl-m-tolylmethyl

In the e.s.r. spectrum of diphenyl-m-tolylmethyl (fig. 5.8) 80 to 90 lines
are observed each consisting of a number of closely spaced lines. A calculation
has been done in which the splitting constant of the methyl protons was taken

to be 0. 84 gauss whereas for the ring protons the values for triphenylmethyl

. 2 gauss .
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Fig. 5.8. E.s.r. spectrum of diphenyl-m-tolylmethyl (low~field half)

were used. In the computed spectrum the splitting in 80 to 90 lines was observed

but the further splitting of these lines was less satisfactory. We have assumed
therefore that for some of the protons of the m-tolyl system the splitting constant

is slightly different from the value for the unsubstituted rings. In a first series

of calculations part of the ortho and para protons of the substituted ring were
given somewhat smaller splitting constants than in the unsubstituted rings. In

these calculations the best agreement with the observed spectrum was obtained

with the set of splitting constants:




[ 1.13 2.57 287 1:13
80 C 2.76

\_ 9 2.53

CH3

0.84

in which it is assumed that the methyl group causes the splitting due to the

neighbouring protons to be somewhat smaller. In view of the results obtained

for the mono-m-chlorine substituted radical we have also calculated a spectrum

in which the splitting constants of the ortho and para protons of the substituted

ring were given slightly larger values than in the unsubstituted rings:

1.13 2.57 2.61 1.13
.8007 C 2.84
2 2.61
CH3
0.84

The agreement of this spectrum with the observed one seemed to be somewhat
less than in the former case. It must be noted, however, that small variations
in the values of the splitting constants give rise to relatively large variations
in the computed spectrum. Therefore we are not sure which set of splitting
constants must be regarded as the correct one. It might even be possible that
other combinations also give a reasonable agreement with the experimental

spectrum.
Diphenyl-o-tolylmethyl and diphenyl(o-chlorophenyl)methyl

A complete analysis of the e.s.r. spectra of diphenyl-o-tolylmethyl
(fig. 5.9) and diphenyl(o-chlorophenyl)methy1 (fig. 5.10) should give important
information about the influence of ortho substituents on the sterical configuration.
On the other hand, the analysis is very difficult because the configuration is
unknown. In our calculations of spectra from assumed sets of splitting constants
some resemblance with the observed spectra was obtained but the differences
were too large for a correct analysis (Sinclair's attempts [8] to analyse the
spectrum of diphenyl(o-fluorophenyl)methyl were also not successful). Because
many distances between intense lines in both spectra are nearly equal, it seems
to be probable that the splitting constants have about the same value which

means that the radicals have about the same structure but further conclusions
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Fig. 5.10. E.s.r. spectrum of diphenyl(o-chlorophenyl)methyl (low -field half)

are premature.

According to Judeikis and Kivelson [17] the experimental spectrum of
diphenyl-o-tolylmethyl can be approximated with a spectrum calculated from
combination of the splitting constants of triphenylmethyl with a methyl proton

splitting of 2.2 gauss. In view of our spectrum, which is much better resolved,

this interpretation seems to be unlikely. Sinclair [8] has shown that the spectrum

of diphenyl-o-tolylmethyl is temperature-dependent. This may be ascribed to a
hindered rotation of the methyl group or to a mixture of two radicals having a

different structure.




9-mesitylfluorenyl

The e.s.r. spectrum of 9-mesitylfluorenyl (fig. 5.11) consists of five
groups of lines with a spacing of about 3.5 gauss. The outer groups have about
the same structure as the central group whereas the second and fourth groups
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Fig. 5.11. E.s.r. spectrum of 9-mesitylfluorenyl (high-field half)

may be regarded as a superposition of two groups having the same structure
as the central and outer groups. This means that there are two different
splitting constants of about 3.5 gauss caused by two sets of two protons. The
remaining five splitting constants determine the structure of the groups. From
the structure of the groups we should conclude that most of these five splitting
constants are simple multiples of a common value but the fact that even the
two larger splitting constants could not be determined with certainty hampered

a further analysis of the spectrum.

Tris(o-ethylphenyl)methyl

In the measurement of the spectrum of tris(o-ethylphenylymethyl no
further resolution could be obtained than a splitting in 15 to 17 broad lines
(fig. 5.12). The total width of the spectrum is of the order of 20 to 25 gauss
which is smaller than the total width for triphenylmethyl. This is in agreement
with the expected larger rotation of the rings out of the plane of the three central
bonds.
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Fig. 5.12. E.s.r. spectrum of tris(o~ethylphenyl)methyl

Tris(p-tert. butylphenyl)methyl

In the e.s.r. spectrum of tris(p-tert. butylphenyl)methyl we expect a
splitting in 49 lines by the ortho and meta protons and a further splitting of
each of these lines in 28 lines by the tert. butyl protons. This pattern is clearly
visible in the observed spectrum (fig. 5.13). The interpretation of this spectrum

is somewhat hampered by the strong overlapping of the groups of lines. It is

. 2.57 gauss

8

Fig. 5.13. E.s.r. spectrum of tris(p-tert. butylphenylymethyl (high-field half)

therefore not easy to determine the splitting constants of the ortho and meta
protons within one tert. butyl proton splitting (see also tris(p-methoxyphenyl)-

methyl). From the position of the groups of lines in the wings of the spectrum
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it appeared that the set of splitting constants:

.13 2.57
0.09 133

(H3C)3C G

is the most probable one. This has been confirmed by calculation of spectra

for different sets of splitting constants.
Para- and meta-chlorine substituted radicals *)

According to Lupinski [ 7] the e.s.r. spectrum of tris(p-chlorophenyl)-
methyl in benzene solution consists of about 13 broad lines. In later measure-
ments in toluene solution Judeikis and Kivelson [17] could not obtain a further
splitting despite the fact that the other radicals they have studied show a much
better resolution. This was ascribed to unresolved hyperfine splittings and
quadrupole moment effects arising from the two chlorine isotopes.

In our measurements in toluene solution the same results were obtained
after short reaction times. A prolonged reaction with silver leads to a gradual
change in the spectrum. Finally a sharp spectrum (fig. 5.14) is obtained having

a hyperfine structure which is easily interpreted as being caused by two sets

2. 54 gauss
e |

Fig. 5.14. E.s.r. spectrum of the reaction product of tris(p~chlorophenyl)chloromethane with
silver after long reaction times

*) The e.s.r. spectra of the chlorine substituted radicals have been published in reference 23.
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of six equivalent protons with splitting constants of 2. 54 and 1. 14 gauss. It is
well known that the prolonged reaction with silver leads to a removal of the

chlorine atoms in the rings [24,25]. The sharp spectrum must therefore be

attributed to a radical in which the chlorine atoms are replaced by (substituted)
triphenylmethyl groups.

In acetone solution a further resolution of the broad spectrum could be
obtained after short reaction times (fig. 5.15), probably because of the lower

viscosity of the solvent. This spectrum clearly shows a splitting due to the

E.s.r. spectrum of tris(p-chlorophenyl)methyl in acetone (high-field half)

chlorine atoms. The splitting constants are:

1.19 2.60
0.18

Cl

In the computed spectrum the influence of both chlorine isotopes has been in-
cluded. The line width was estimated to be 150 milligauss.

The spectra obtained for diphenyl(p-chlorophenyl)methyl (fig. 5.16) and
diphenyl(m-chlorophenyl)methyl (fig. 5.17) could easily be interpreted. The
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Fig. 5.17. E.s.r. spectrum of diphenyl(m-chlorophenyl)methyl (high-field half)

splitting constants are:

( 1.16 2.55 2.55 1.16 251 1.13 2.53 2.66 1.13
2.7a<:>— c{>— Cl .75@ c 2.91
L 2 2 2.66

Cl

0. 00

The line width in these spectra are 120 and 60 milligauss respectively. The

smaller line width for the meta substituted radical may be caused by the much
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smaller spin density on the chlorine nucleus.

The splitting constants for the para substituted radicals are in good agreement
with values given by Sinclair [8] though he did not obtain a further resolution
for the tri-para substituted radical.

Tris(p-methoxyphenyl)methyl

The e.s.r. spectrum of tris(p-methoxyphenyl)methyl has been measured
before by Judeikis and Kivelson [17]. According to these authors the splitting
constants are 2.89, 0.71 or 1.02 and 0. 34 gauss for ortho, meta and methoxyl
protons respectively. From our spectrum (fig. 5.18), which is much better

—1-2.55 gauss__| ol i 1 : o)

Fig. 5.18. Experimental and calculated e.s.r. spectra of tris(p-methoxyphenyl)methyl.
(high-field half)

126




resolved than the spectrum given by Judeikis and Kivelson, we obtained a dif-
ferent set of splitting constants:

1.03 2.55

This difference is caused by the low resolution in Judeikis and Kivelson's spec-
trum which leads to an uncertainty in the ortho and meta proton splitting of one
methoxyl proton splitting (see also tris(p-tert. butylphenyl)methyl). This uncer-
tainty does not occur in our spectrum.

Phenyl(p-methoxyphenyl)-p-biphenylylmethyl

All triarylmethyl radicals discussed before have at least two identical
arylgroups. In phenyl(p-methoxyphenyl) -p-biphenylylmethyl, however, all
three groups are different. In the observed spectrum (fig. 5.19) groups of
sharp lines occur which are separated by a number of broader lines. When we
assume that the splitting constants do not differ very much from those in
diphenyl-p-biphenylylmethyl, then it appears that the sharp lines are mainly
caused by the splitting from the ortho and para protons whereas the further
splitting by the meta protons leads to the broader lines.

The splitting constants of all three arylgroups may be different but in this case
we should expect an even more complicated spectrum. Therefore we have
performed a calculation in which the splitting constants of the ortho and meta
protons of the phenyl and p-methoxyphenyl groups were set equal:
2.62
0.99
2.42

0.200.50 1.18 2. 71

(@]

0.50
2.42

0.99

OCH3
0.29
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Fig. 5.19. Experimental and calculated e.s.r. spectra of phenyl(p-methoxyphenyl)-p~biphenyl~
ylmethyl (high-field half)
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(fig. 5.19a) and one in which the ortho and meta protons of the p-methoxyphenyl
and p-biphenylyl groups were given the same splitting constant:

2. 62
0.99
2.42

0.20 0.50 1.18 2,71

0. 50
2.7
1.18

OCH
0.29

3

(fig. 5.19b). Both spectra show a clear resemblance with the experimental one.
A definite choice is therefore impossible although fig. 5.19b seems to be in

slightly better agreement with the observed spectrum.
C. THEORETICAL DISCUSSION
1. Unsubstituted radicals

In chapter III it has been shown that spin densities calculated from Hiickel
molecular orbitals according to McLachlan's formula 3. 14 are a good approxi-
mation of spin densities obtained from more accurate configuration interaction
methods. Because more complete calculations for large radicals are practically
impossible, we have used McLachlan's formula in all calculations of spin den-
sities discussed in this chapter. The constant ‘Al has been given the value 1. 2.

In the calculation for triphenylmethyl the phenyl rings were assumed to
be 30° rotated out of the plane of the three central bonds which corresponds to
a g-value of 0. 86680. Comparable experimental values for the angle of twist
are 31° in solid triphenylmethylperchlorate [26,27], about 30° in solid tris-
(p-nitrophenyl)methyl [287 and 40-45° in triphenylmethyl in the gas phase [29].
For the angle of twist of the phenyl rings in diphenyl-p-biphenylylmethyl the
same value was adopted whereas the g-values for the bond between the central
carbon atom and the p-biphenylyl system and for the central bond of the p~bi-
phenylyl system were estimated from the experimental splittings to be 0. 9250
and 0. 8230 respectively. These values have also been used for tri-p-biphenylyl-
methyl. B -values of 0. 9250 and 0. 8260 correspond to angles of twist of 23° and

35° respectively but, of course, differences in 8-values may also be caused by
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differences in bond lengths.
The resulting spin densities are collected in tables 5.2, 5.3 and 5.4. The
splitting constants were calculated by multiplication of the spin densities by
-31. 2 gauss which is the Q-value proposed by Colpa and Bolton [30]. Colpa
and Bolton have deduced this value from a comparison of the splitting constants
of ions of alternant hydrocarbons with Hiickel spin densities. A calculation of
‘the spin density distribution in these ions according to 3.14 leads to a smaller
Q-value (see chapter III). On the other hand, Hiickel spin densities show in
several cases a better agreement with the observed splittings of ions of alter-
nant hydrocarbons so our Q-value seems to be not very unreasonable. Moreover,
according to Andersen [29] the C-H bond length in triphenylmethyl is 1.11 2.
From this rather large value we should also expect a somewhat larger Q-value
than for normal C-H bonds.
In order to compare the calculated splitting constants with those obtained
for a radical having a more rigid structure, we have also calculated the splitting
constants of phenalenyl (table 5.5). The signs of the splitting constants in this

radical are known from measurements in a liquid crystal [ 31, 32].

Table 5.2. Calculated and experimental splitting constants in triphenylmethyl




t b |'1u \ atom '1” 'IH \
Rp Peale Acale “exp Peale “cale “exp
0 0.4954 - - 9 -0. 0386 1.21 1.22
1 -0.0449 - - 10 0.0887 - -
2 0.0931 -2.91 2.45 13 -0.0105 g =
3 -0.0335 1.04 1.08 14 0.0143 -0.45 0.48
4 0. 0864 2. 69 ,—gég 15 -0. 0066 0.21 0.20
' 16 0.0123 -0. 38 0.48
7 -0.0524 -- -
2.65
8 0.1034 -3.23 {;'ng
Table 5.3. Calculated and experimental splitting constants in diphenyl-p-biphenylylmethyl
0N 9N
10 7 4 1 CO
-3
H H H H
atom p a a atom P a la |
crle cale exp cale cale exp
0 0.4103 S - -0.0084 - --
1 -0.0438 - - 8 0.0148 -0.46 0.42
2 0.0985 -3.07 2.49 9 -0. 0058 0.18 0.18
3 -0.0337 1.05 1.13 10 0.0135 -0.42 0.42
4 0.0876 —— -
Table 5.4. Calculated and experimental splitting constants in tri-p-biphenylylmethyl
atom > B
P cale Acale aexp
1 ref. 31,32,33
2 0 0. 0059 = L
3 1 -0.0534 - —
2 0.2282 -7.12 -6.29
3 -0.0715 2.23 1.81
Table 5.5. Calculated and experimental splitting constants in phenalenyl




From the figures given in table 5.2, 5.3 and 5. 4 it appears that most of
the calculated splitting constants are in very good agreement with the experi-
mental ones. There is one important exception, however. All calculated ortho
proton splittings are about 20% too large. A deviation of the ortho protons is not
unexpected because the interaction with the neighbouring ring might be of im-

portance whereas the spin density on the proton due to the interaction with the

central carbon atom (directly and via the o-bonds) is comparable to the spin
density on the B-protons of alkyl substituents and may therefore have a non-
negligible value. On the other hand, the same deviation is observed in the
benzyl radical where these terms do not occur or are assumed to be much

smaller (see table 5. 6).

from table 3.2 column 4 | from Baudet and Berthier [34]
H H H l
Ripm Peale Teale Peale Feale aexp (35]
1 -0.123 e -0.103 - -
2 0.164 - 5.12 0.200 - 6.24 5.14
3 -0.075 2.34 -0.089 2.78 1.75
4 0.137 - 4,27 0.208 - 6.49 6.14
7 0. 810 -25.27 0.673 -21.00 16. 35

Table SlG. Calculated and experimental splitting constants in benzyl

As far as we know, Baudet and Berthier's calculation of the benzyl radical
[34] is the only one which predicts the para proton splitting to be larger than
the ortho proton splitting but even in this case the calc;;xlated ratio ppara/portho =

1. 04 is much smaller than the observed ratio aH /a The agreement

para’ “ortho’
between calculated and observed splittings for benzyl is less satisfactory than
for the triphenylmethyl radicals. This may be due to the smaller size of the

radical. If we assume that benzyl and triphenylmethyl show a comparable
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deviation in the ratio of the ortho and para proton splittings, then the only
reasonable explanation seems to be an inaccurate calculation of the spin density
for atoms in the neighbourhood of atoms having a very large spin density.

The calculated splitting constants for phenalenyl are about 15% too large
but the ratio of the calculated splittings agrees with the experimental one. It
is of course possible to obtain a better correspondence with the calculations
for triphenylmethyl derivatives by a variation of the angles of twist but then
an angle much smaller than 30° is needed which is very unlikely in view of the
experimental values. The errors in the ortho para ratio can also be ascribed
to incorrect calculations of the spin densities on the meta and para position
because the ortho proton splittings in the triarylmethyl radicals correspond to
the same Q-value as is obtained from the experimental splittings in phenalenyl.
In this case an explanation of the deviation of the meta and para proton splittings
becomes very difficult.

The conclusions from the results given in the tables can be summarized
by saying that for large radicals McConnell's formula is in good agreement
with the observed splittings. There are some unexplained deviations but these

are of a very systematic nature.
2. Substituted radicals

From the splitting constants of the substituted triphenylmethyl radicals it
appears that for meta and para substituted radicals the influence of the sub-
stituent on the splitting constants of the ring protons is small. From this it
may be concluded that the influence of the substituent on both the spin density
distribution in the m-electron system and the sterical structure of the radical
is small. This small influence is also reflected by the known 13C splitting con-
stants of the central carbon atom:

triphenylmethyl 26 gauss [4,16]
23.0 gauss [11]

tris(p-fluorophenyl)ymethyl 24.5 gauss [8]

tris(p-methoxyphenyl)methyl 22.9 gauss [8]

tris(o, o' -dimethoxyphenyl)methyl 26. 2 gauss [11]

For the last compound the splitting constant is larger than in triphenylmethyl
(23. 0 according to the same author) because of the smaller interaction with the
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rings caused by the larger angle of twist.

The small influence of the substituent on the spin density distribution is
easily understood. As has been shown in section C. 4 of chapter IV, the squares
of the coefficients of the atomic orbital in the singly occupied molecular orbitals

become on introduction of a substituent having an inductive effect § Bo’
[

@ C. e C. 8
! )2=c2 -2 % ap ju-avjv p.BO
ay av i#a (ej—ea)
whereas a conjugative effect leads to
2
cavcjvaur

2 2 cz 52 ;.S
(cz'w) =cav{1 X r_ugf} v ak urjp
ELdesme) er (e ~e,)(g;-¢,)
It can easily be shown from the pairing principle that in both formulas the
correction terms (except the renormalization correction in the latter formula)
vanish for neutral alternant radicals. In McLachlan's formula 3. 14 the influence
of configuration interaction is calculated via the atom-atom polarizabilities.
These quantities are known to predict substituent effects ina rather accurate
way. Therefore we may assume that they are relatively independent on small
changes in the m-electron system. Then the spin density distribution in neutral
alternant radicals is unchanged in first order (for an inductive effect this can
be shown to be exactly correct).

From this it follows that substituents will only change the spin density
distribution when they cause a change in the sterical configuration. Meta and
para substituents do not increase the steric interaction between the aryl systems
so in this case we expect thatdifferences between substituted and unsubstituted
rings depend on differences in the bond orders for the central C-C bonds. These
differences will be larger for para than for meta substituents. It is highly
remarkable, therefore, that we have only observed a difference between sub-
stituted and unsubstituted rings in the mono-meta-chlorine substituted radical
(and possibly in the mono-meta-methyl substituted one). In the mono-para-
chlorine substituted radical no effect is observed but this may be due to the
large line width whereas the small chlorine splitting might also obscure small
differences between splitting constants. However, the fact that no differences
are observed in the mono-para-methyl and -fluorine substituted radicals seems
to exclude an explanation via the bond orders.

The only reasonable explanation then seems to be a difference in the
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averaged angle of twist due to the difference in the moments of inertia of sub-
stituted and unsubstituted rings. For a symmetric potential well the averaged
angle of twist is independent of the moment of inertia but for an asymmetric
potential well there may be an observable effect when the difference in the
zero-point vibrational energies is sufficiently large. We have made a very
crude estimation of this effect by assuming that for angles of twist larger

than n/6 radians the potential energy is
_ 2 83
V(8) =V, sin” (8 -n/6)

whereas V =« for 8 < n/6. For small positive values of (8 -r/6), V() can be
approximated as the potential energy of an harmonic oscillator. Then, for these
values of 8 the (unnormalized) wave functions are equal to the antisymmetric
wave functions for the harmonic oscillator whereas the wave functions vanish

for 8 < /6. It is easy to show that the averaged value of (8§ -n/6) for the zero-

2
PR e
@/ =2 e —

0

point vibration becomes

where I is the moment of inertia of the aryl system. Assuming VO to be
10 keal/Mol we obtain about half the observed difference in the splitting con-
stants of the unsubstituted and mono-m-chlorine substituted rings. After in-
clusion of the thermal mixing of the excited vibrational levels the calculated
value reduces to about one quarter of the observed one. Though this result
is rather small when compared with the experiments, our calculation certainly
shows that the influence of differences in the moments of inertia may be of
importance but more experimental values of splitting constants of meta sub-
stituted radicals are required for a final conclusion about the interpretation
of the observed differences.

The e.s.r. spectra of ortho substituted triphenylmethyl radicals could
not be analysed so conclusions about the structure of these radicals are im~
possible. For 9-mesitylfluorenyl, however, some conclusions are possible.
From the e.s.r. spectrum of this radical it appeared that there are two large
splitting constants of about 3.5 gauss caused by two sets of two equivalent protons.
All other protons occurring an even number of times have much smaller
splitting constants. A comparison with calculated spin densities in the phenyl-
fluorenyl radical (table 5. 7) shows that this distribution of splitting constants is
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only possible for large angles of twist of the mesityl system. This agrees with

the expected structure of 9-mesitylfluorenyl.

calculated spin densities for an angle of twist
atom 0° 60°

0 0.3916 0.4869

1 -0. 0325 -0.0452

2 0. 0995 0.1166

3 -0. 0164 -0. 0220

4 0.0882 0.1014

5 -0. 0053 -0.0072

6 0.0806 0.0947
WD 13 -0.0436 -0.0199
14 0.1013 0.0276
15 -0.0373 -0.0120
16 0.0953 0. 0242

Table 5.7. Calculated spin densities in 9-phenylfluorenyl

Besides the splittings of the ring protons we have also observed splittings
due to substituent groups.
The splitting constants of protons of alkyl substituents have been discussed in
detail in chapter IV. Much less is known about the splitting constants of chlorine
and methoxyl substituents. It is only a few years ago that chlorine splittings
have been observed for the first time. For fluorine splittings it has been sug-
gested that they depend on both the spin density on the neighbouring carbon
atom and the spin density in the 2pz—orbital of the fluorine atom and probably
also on the overlap m-electron spin density in the C-F bond (see e.g. reference 36).

From the correspondence between fluorine and chlorine splittings in substituted

triphenylmethyl radicals it seems reasonable to suppose that the same holds for

chlorine splittings. The splitting constants of the methoxyl protons in tris(p-

methoxyphenyl)methyl have been discussed by Rabold and coworkers [37].

D. CHICHIBABIN'S BIRADICAL

Shortly after the discovery of triphenylmethyl attempts have been made to

obtain biradicals by linking two triphenylmethyl radicals together. A typical
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example of a biradical is

For this compound (Schlenk's biradical [38]), which strongly resembles tri-
phenylmethyl, no normal structures can be written with all electrons paired.
In the molecular orbital theory the biradical character is caused by the occur-
rence of two non-bonding orbitals, each containing one electron.

A much more difficult problem is offered by Chichibabin's biradical [397:

. O
0O~ 5

This compound has an intense violet colour and is highly reactive e.g. with

oWe

respect to oxygen. Because of the high reactivity it has first been considered

as a biradical. On the other hand it is also possible to write a quinoid structure

P
OO

Q. O

with all electrons paired from which we should conclude that the ground state
is a singlet. This problem has in principle been solved by measurements of the
magnetic susceptibility from which it appeared that Chichibabin's biradical

is diamagnetic [40,41,42]. A different result was obtained from ortho-para-

137




hydrogen conversion measurements [43] but in a more recent paper [44] it
has been shown that the apparent paramagnetism obtained from these measure-
ments can be caused by a low-energy triplet state of the molecule.

In 1952 Hutchison and coworkers [45], with electron spin resonance,
showed that about 4% of the molecules are paramagnetic. This paramagnetism
was ascribed to a thermally excited triplet state. Jarrett, Sloan and Vaughan
[46] have extended these measurements and obtained e.s.r. spectra showing
hyperfine structure. This indicates that the interaction between the two unpaired
electrons is small. Further evidence for this small interaction was obtained by
Reitz and Weissman [47] from measurements of biradicals where the two
central carbon atoms of the triphenylmethyl halves were replaced by 13C. On
the other hand, the small fraction of paramagnetic molecules corresponds to
a triplet excitation energy of about 2. 5 kcal/Mol which indicates a much larger
interaction between the unpaired electrons. Several attempts [48,49,50] have
been made to explain this 'biradical paradox' but none of these seems to be
conclusive.

From a further series of experiments on Chichibabin's biradical and
related compounds Waring and Sloan [51] concluded that the paramagnetic
molecules are not obtained from an excitation to a triplet state but from a
chemical reaction. Their experiments can be summarized as follows:

1. Cooling of solutions from different temperatures to -100°C leads to
different intensities of the e.s.r. signal.

2. The intensity of the e.s.r. signal of solutions in CS2 for samples of
constant volume varies linearly with concentration.

3. Irradiation at low temperatures (-90°C) with light of 420 my wave
length leads to an enhancement of the e.s.r. signal intensity. Upon warming to
room temperature the intensity diminishes again. Depending on the biradicalar
compound, the solvent and the conditions of irradiation the e.s.r. signal inten-
sity may or may not return to its original value and the decay may be immediate
or it may be slow and take several hours. No effect is observed upon irradiation
at the main absorption band at 580 my. The hyperfine structure before and after
irradiation was identical.

4. After heating of solutions in toluene or CS, and cooling to room tem-

2
perature the intensity of the e.s.r. signal is enhanced. This intensity diminishes
slowly with characteristic times of many hours to a value somewhat less than the
original intensity at room temperature. These non-equilibrium effects were not

observed in benzene solutions.

138




From these experiments it was concluded that an equilibrium between open and

closed dimers or higher polymers is observed. The linear dependence of signal

intensity on concentration indicates that observable and non-observable species

have the same molecular weight. The different equilibration times were inter-

preted as being caused by observable species existing in different forms where-

as also disproportionation reactions may be of importance.

However, Waring and Sloan's conclusions are not in agreement with the

recent measurement of the molecular weight of Chichibabin's biradical from

which it appeared that most of the molecules are monomeric [52].

We have studied the 'biradical problem' by a calculation of the absorption

maximum of Chichibabin's biradical in the visible region and by an attempt to

analyse the e.s.r. spectra of Chichibabin's biradical and of the dimethoxy
substituted derivative:

1. The absorption spectrum in the visible region

The conclusion that most of the molecules are monomeric can also be
obtained from the absorption spectrum of Chichibabin's biradical. When the
system is an equilibrium mixture of open and closed polymers, then the
absorption spectrum would be a superposition of the spectra of benzene,
biphenyl and diphenyl-p-biphenylylmethyl. In view of the small amount of
paramagnetic molecules, the spectrum in the visible region would then consist
of a weak broad band. In fact a very strong band is observed (A e 574 my;
log € = 4.92 [53]). In view of the spectra of similar compounds such as di-
phenoquinone, it seems most reasonable to ascribe this band to the monomer

molecule. We have calculated the first absorption band for the planar molecule
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in a Pariser-Parr type approximation [ 54,55] from Hiickel molecular orbitals.
In the Hiickel approximation there is a singly excited state at -0.14728 0 and a
doubly excited state at -0. 294450. After inclusion of the interaction between the

electrons the excitation energies become

singly excited singlet 1.97 eV oscillator strength 7.4
singly excited triplet -0.84 eV
doubly excited singlet 1.13 eV

Because of the low excitation energy of the doubly excited state, there is a
strong mixing of this state with the ground state. After inclusion of this mixing

we obtain for the singly excited singlet and triplet states

singly excited singlet 2.91 eV oscillator strength 0.8
singly excited triplet 0.10 eV

The parameters used in this calculation are chosen from calculations
where only singly excited states are considered, so we can not expect that this
calculation accurately predicts the position of the absorption band. Moreover,
the real molecule is not planar which may also cause errors in the calculated
absorption maximum. Therefore we consider the results of our calculation to

be in good agreement with the observed maximum of 2.17 eV.
2. The e.s.r. spectra

The e.s.r. spectrum of Chichibabin's biradical is given in figure 5. 20.

When the paramagnetic molecules are open polymers having a structure such

G =g
JQ@C c—c @

O 0

as




then we should expect that the splitting constants are nearly equal to the ones

obtained for diphenyl-p-biphenylylmethyl. This assumption is indeed in agreement

with the observed spectrum which could be reproduced with a set of splitting

constants which can be interpreted in two different ways:

2.76 1.09 2.63 1.09

2.44 2.44
2.63 1.22 0.510,18 2.76 1.22 0.51 0,18

Fig. 5.21. E.s.r. spectrum of dimethoxy-substituted Chichibabin's biradical (low-field half)




In the e.s.r. spectrum (fig. 5.21) of the dimethoxy substituted derivative the
small splittings obtained for phenyl(p-methoxyphenyl) -p-biphenylylmethyl could
also be observed. Our attempts to obtain a complete analysis of this spectrum
were not successful, however.

From the e.s.r. measurements we may conclude that the paramagnetism
of Chichibabin's biradical is caused by diphenyl-p-biphenylylmethyl radicalar
groups substituted in the para position of the outer ring. A conclusion about
the nature of the substituent is impossible, however. Instead of structure (a)
for possible polymers one might also propose a structure

O
Ul -

%c

aQe

which is analogous to the structure for the dimers of di- and triphenylmethyl
radicals proposed by Lankamp, Nauta and MacLean [18]. Besides, we can not
exclude the possible occurrence of radicals obtained from an incomplete removal
of chlorine from the dichloride or from a disproportionation of one half of the
molecule.

An explanation of the paramagnetism of Chichibabin's biradical with an
impurity is unlikely in view of the influence of temperature on the e.s.r.
signal intensity. On the other hand the conclusion that the paramagnetism is

caused by polymer molecules is not in agreement with the concentration depen-
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dence of the e.s.r. signal.
In view of the long equilibration times mentioned by Waring and Sloan, it seems
to be necessary to investigate the equilibration time after a change of concen-
tration. Because this problem has not been discussed by these authors it is not
quite clear whether the reported linear variation of the e.s.r. signal intensity
with concentration is very reliable. This is especially important because of the
fact that we should expect from Lankamp, Nauta and MacLean's investigations
[18] that polymers having structure (a) dissociate only with difficulty into

monomers.
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The hyperfine structure in the e.s.r. spectra of organic radicals in
solution yields valuable information about the electron distribution in these
molecules. For most radicals, which have been studied up to now, the hyper-
fine structure is due to hydrogen or nitrogen nuclei. Besides, splittings have
been observed due to 13C, F, Cl, etc. In this thesis an extension of the theory
of proton splittings in the e.s.r. spectra of m-electron radicals is presented.
It has especially been developed to obtain a better insight in the mechanisms
causing spin density in alkyl substituents. It is followed by a discussion of the

often very intricate e.s.r. spectra of triphenylmethyl radicals.

The theoretical part of our investigations is described in chapters II, III
and IV.
In chapter II formulas are derived, first for the spin density in c-bonds for
which the most important contribution is obtained from the direct interaction
with the m-electron system, e.g. the C-H bonds of unsubstituted aromatic
radicals and of methyl substituents, and thereafter for o-bonds for which the
coupling via other o-bonds must also be considered, e.g. the C-H bonds of
tert. butyl substituents. In the derivation of the formulas the zeroth order wave
function for the ground state is chosen to be a combination of the best possible
wave functions for the separated n - and o-electron systems. This wave func-
tion is mixed with wave functions in which the o-bond is excited to a triplet
state and with wave functions in which an electron is transferred from the
m-electron system to the o-bond or vice versa. For o-bonds for which the
interaction with the m-electron system is weak, we have also considered wave

functions in which an electron is transferred between two c-bonds.




The calculation of the spin density distribution in the m-electron system is dis-
cussed in chapter IIl. The reliability of several possible approximation methods
has been investigated by a comparison of calculated spin densities for the negative
ion of naphtalene and for the benzyl radical with values obtained with more
accurate methods. From this it appeared that spin densities calculated according
to McLachlan's formula from Hiickel molecular orbitals are a good approximation
of spin densities obtained from a configuration interaction calculation with in-
clusion of all singly excited states. The substitution of self consistent field
orbitals, calculated according to Roothaan's open-shell method, however,

leads to rather erroneous spin densities.

The application of the formulas derived in chapter II in the calculation of proton
splittings is discussed in chapter 1V. This discussion is combined with a

critical survey of the existing literature on the theory of the splitting constants

of protons in n-electron radicals. A simplified formula for the splitting constants
of methyl protons is proposed which is in good agreement with experimental
splitting constants. The experimental values of splitting constants of g-alkyl

protons appeared to be insufficient to allow of a simplified formula.

The e.s.r. spectra of triphenylmethyl radicals are discussed in chapter V.
The most important conclusions from this part of our investigations are:
1. The ratio of the spin densities on the meta- and para-carbon atoms, calculated
according to McLachlan's formula, is in very good agreement with the ratio of
the experimental splitting constants. The calculated spin densities for the
ortho-position, however, show a systematic deviation. A clear explanation of
this discrepancy, which probably also occurs in the case of the benzyl radical,
could not be obtained.
2. The influence of substituents on the spin density distribution in the n-electron
system is very small unless the substituent causes a change in the sterical con-
figuration of the radical. This could be explained from the alternant character
of the unsubstituted radical.
3. Para-substituents do not alter the sterical configuration of the radical. In
the case of the mono-meta-chlorine substituted radical, however, it appeared
that the angle of twist out of the plane of the three central bonds is slightly
smaller for the substituted ring than for the unsubstituted rings. ‘According to
a crude calculation this may be caused by the influence of the moment of
inertia of the rings on the zero-point vibrations, but the agreement between

this calculation and the experimental splitting constants was too unsatisfactory
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to allow of a definite conclusion.

4. The e.s.r. spectra of ortho-substituted radicals could not be interpreted.

In the case of 9-mesitylfluorenyl, however, the information obtained from the

spectrum was sufficient to conclude that the angle of twist of the mesityl-

group is very large.

5. The theory described in chapter IV is in agreement with the experimental

splitting constants for the protons of para- and meta-methyl substituents.

In the last part of chapter V we have discussed the e.s.r. spectrum of
Chichibabin's 'biradical'. The experimental splitting constants are in agreement
with Waring and Sloan's suggestion that the paramagnetism is caused by poly-
meric molecules. From the absorption spectrum in the visible region and
from the molecular weight, which has been measured by Hartmann and cowor-
kers, it appears that most of the molecules in a solution of Chichibabin's
biradical are monomeric. These data are not in agreement with the concentration-
dependence of the e.s.r. signal intensity reported by Waring and Sloan. In view
of the recent discussion by Lankamp, Nauta and MacLean of the structure of
the dimer of triphenylmethyl, it seems to be necessary to repeat Waring and

Sloan's measurements in order to obtain more accurate results.




SAMENVATTING

De hyperfijn structuur in de e.s.r. spectra van organische radicalen in
oplossing levert belangrijke gegevens over de electronenverdeling in deze
moleculen. Bij de meeste van de tot nu toe gemeten radicalen wordt de hyper-
fijn structuur veroorzaakt door waterstof- of stikstofkernen. Hiernaast zijn

3C, F, Cl enz. In dit proefschrift

splitsingen waargenomen tengevolge van :
wordt een uitbreiding gegeven van de theorie van de splitsingsconstanten van
protonen in m -electron radicalen waarbij vooral getracht wordt een beter in-
zicht te krijgen in de wijze waarop de spindichtheid in alkyl substituenten ver-
oorzaakt wordt. Dit wordt gevolgd door een bespreking van de dikwijls zeer

ingewikkelde e.s.r. spectra van triphenylmethyl radicalen.

Het theoretisch gedeelte van het onderzoek is beschreven in de hoofdstuk-
ken II, III en IV.
In hoofdstuk II worden formules afgeleid voor de spindichtheid in oc-banden
waarvoor de directe interactie met het m-electronensysteem de belangrijkste
bijdrage levert, b, v. de C-H banden van ongesubstitueerde aromatische radi-
calen en van methyl substituenten, en voor c-banden waarvoor ook rekening ge-
houden moet worden met de koppeling via andere oc-banden, b.v. de C-H banden
van een tert.butyl substituent. In de afleiding van de formules wordt uitgegaan
van een nulde orde golffunctie voor de grondtoestand die een combinatie is van
de best mogelijke golffuncties voor de gescheiden - en o -systemen. Deze
golffunctie wordt gemengd met golffuncties waarin de o-band is aangeslagen
naar een triplettoestand en met golffuncties waarin een electron is overgedragen
van het m-electronensysteem naar de o-band of omgekeerd. Voor o-banden waar-

voor dedirecte interactie met het n-electronensysteem zwak is, wordt ook rekening
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gehouden met golffuncties waarin een electron is overgedragen tussen twee
o-banden.

De berekening van de spindichtheid in het m-electronensysteem wordt besproken
in hoofdstuk III. De betrouwbaarheid van verschillende mogelijke benaderings -
methoden wordt nagegaan door een vergelijking van berekende spindichtheden
voor het negatief ion van naftaleen en voor het benzyl radicaal met de resultaten
van nauwkeuriger methoden. Hierbij bleek dat spindichtheden berekend volgens
de formule van MecLachlan uit Hiickel 'molecular orbitals' in goede over-
eenstemming zijn met spindichtheden verkregen door configuratie interactie
met alle enkel aangeslagen toestanden. Substitutie van 'molecular orbitals’,
berekend volgens de 'open-shell' methode van Roothaan, in de formule van
McLachlan levert echter een minder juiste spindichtheidsverdeling.

In hoofdstuk IV worden de in hoofdstuk II afgeleide formules toegepast voor de
berekening van de splitsingsconstanten van protonen. Dit wordt gecombineerd
met een critisch overzicht van de bestaande literatuur. Een vereenvoudigde
formule voor de splitsingsconstanten van methyl protonen wordt voorgesteld

die in goede overeenstemming met experimentele splitsingsconstanten blijkt

te zijn. De experimentele gegevens voor de B-protonen van alkyl substituenten

blijken nog onvoldoende om een vereenvoudigde formule mogelijk te maken.

De e.s.r. spectra van triphenylmethyl radicalen worden besproken in
hoofdstuk V. De voornaamste conclusies uit dit gedeelte van het onderzoek zijn:
1. De verhouding van de spindichtheden op de meta- en para-koolstof atomen,
berekend volgens de formule van McLachlan, is in zeer goede overeenstemming
met de gemeten splitsingsconstanten. Bij alle gemeten radicalen werd echter
een systematische afwijking voor de ortho-protonen gevonden. Een duidelijke
verklaring voor deze afwijking, die waarschijnlijk ook optreedt bij het benzyl
radicaal, was nog niet mogelijk.

2. Substituenten hebben slechts een geringe invloed op de spindichtheidsverdeling
in het m-electronensysteem, tenzij ze een verandering van de sterische confi-
guratie van het radicaal veroorzaken. Dit kon verklaard worden uit het alter-
nerende karakter van het ongesubstitueerde radicaal.

3. Para-substituenten hebben geen invloed op de sterische configuratie van het
radicaal. Bij het mono-meta-chloor gesubstitueerde radicaal bleek echter dat

de gesubstitueerde ring iets minder ver uit het vlak van de drie centrale C-C

banden gedraaid is dan de ongesubstitueerde ringen. Volgens een ruwe berekening




kan dit veroorzaakt worden door de invloed van het traagheidsmoment van de
ringen op de nulpunts-vibraties maar de overeenstemming tussen de berekening
en de experimentele splitsingsconstanten was onvoldoende voor een definitieve
conclusie.

4. De e.s.r. spectra van de ortho-gesubstitueerde radicalen konden niet gein-
terpreteerd worden. Uit het spectrum van 9-mesitylfluorenyl bleek echter wel
dat de mesityl-groep ver uit vlak van de centrale banden gedraaid is.

5. De in de hoofdstukken II en IV besproken theorie is in overeenstemming met
de gemeten splitsingsconstanten van de protonen van meta- en para-methyl

substituenten.

In het laatste gedeelte van hoofdstuk V wordt het e.s.r. spectrum van
Chichibabin's biradicaal besproken. De gevonden splitsingsconstanten zijn in
overeenstemming met Waring en Sloan's veronderstelling dat het paramagne-
tisme veroorzaakt wordt door polymeer-moleculen. Uit het absorptie-spectrum
in het zichtbare gebied en uit het door Hartmann en zijn medewerkers gemeten
molecuulgewicht blijkt dat de meeste moleculen in een oplossing van Chichibabin's
biradicaal monomeer zijn. Deze gegevens zijn niet in overeenstemming met de
door Waring en Sloan vermelde concentratie-afhankelijkheid van het paramag-
netisme. Vooral in verband met de recente onderzoekingen van Lankamp,
Nauta en MacLean naar de structuur van het dimeer van triphenylmethyl lijkt
een herhaling van Waring en Sloan's experimenten noodzakelijk teneinde nauw-

keuriger gegevens te verkrijgen.
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1. Het is niet juist om, in navolging van Woodward en Hoffmann, de 'transition
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