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C H A P T E R

I

INTRODUCTION

Aromatic ions with threefold symmetry are of special in
terest for spectroscopic studies because they have electronic
properties that may be quite different from those of ions
with a lower symmetry.
According to MO calculations the lowest two π antibond
ing orbitals of trigonal aromatic hydrocarbons often have the
same energy. If this is the case, the unpaired electron in
the corresponding mononegative ions will occupy a degenerate
set of orbitals. This orbital degeneracy may influence the
physical properties of the molecules.
The dianions of molecules with trigonal symmetry may
occur in the triplet ground state because usually the corre
lation energy for this state is smaller than for the corres
ponding singlet state (Hund's rule). The properties of both
the monoanions and the triplet dianions can be studied with
various methods, among which magnetic resonance techniques
play an important role.
1.1 Mononegative ions
Aromatic negative ions can be prepared by alkali reduc
tion of the corresponding hydrocarbons in ethereal solvents

Ar + Me *• Ar

+ Me

2
The aromatic ions Ar

are paramagnetic, which render them

suitable for electron spin resonance (ΕΞΗ) investigations.
The ESR spectra show hyperfine structure due to the inter
action of the magnetic moments of the unpaired electron and
the protons in the molecule. A solution ESR spectrum is
further characterized by its isotropic g value, which may
deviate from the free electron g value, and the width of
the hyperfine lines.
Some years ago Townsend and Weissman reported unusually
broad ESR lines exhibited by hydrocarbon aromatic free radi
cals which are predicted to have degenerate groundstates be
cause of their high symmetry (e.g. benzene anion) L'I J.
These authors also observed that these symmetrical radicals
are much more difficult to saturate than comparable radicals
of lower symmetry. Since then more experimental data have
become available which all have confirmed the original ob
servation that orbitally degenerate radicals have unusual
linewidths (or more precisely: relaxation times). In all
cases studied the unusual linewidth was accompanied by a
anomalous g value. It has been suggested that both effects
are associated with enhanced spin-orbit coupling L2,3 J.
In this work the monoanions of triphenylene (Tp) and 1,
3,5-triphenylbenzene (Tpb) both of which are in orbitally
degenerate groundstates, have been studied. Whereas the ESR
spectra of Tp

indeed exhibit hyperfine lines with unusually

high linewidths and a too large g value, none of the above
characteristics have been found in the ESR spectra of Tpb~
in liquid ammonia.
ESR spectra of negative ions dissolved in solvents of
low polarity often exhibit an additional splitting that is
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temperature dependent. This splitting is caused by the interaction of the unpaired electron with the alkali ions
which are assumed to associate with the anions in solvents
of low dielectric constant £ h ~] . The variation of the alkali splitting with temperature or solvent has been satisfactorily explained with ion pairing theory.
It was found for Tp

that ionic association not only

introduced an alkali splitting in the ESR spectra, but also
caused changes in the electron spin distribution and the
electronic g value £ 5 ~] · Different species present in solution manifested themselves as superpositions of ESR spectra or spectra which were weighed averages of two other ESR
spectra. Thermodynamic quantities characterizing the different equilibria have been determined.
With the help of nuclear magnetic resonance (NMR) additional information has been obtained about the sign of some
proton hfs constants in the negative ion of Tpb. Electronand rotational correlation times have been determined from
the NMR linewidth.

1.2 Dinegative ions
Many monoanions can be further reduced to dianions
-

+

+ Me •*- Ar

+ Me

•+

Ar

Most symmetrical dianions are paramagnetic. This does not
imply, however, that they can be studied with ESR, because
the lifetime of the spin states may be too short. This
shortening is caused by the time dependence of the anisotro-
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pic dipolar interaction between the unpaired electrons. This
difficulty can be circumvented Ъу measuring the triplet mo
lecules diluted in diamagnetic single crystals, in powders
or in a glassy solvent matrix. A single crystal ESR study
will give more information than studies from powders or
glassy solvents. Unfortunately, attempts to prepare single
crystals have failed hitherto. Useful information, however,
can also be abstracted from ESR spectra of glassy solutions.
Γη this way the triplet spectra of the dianions of triphenylene (Tp~), 1,3,5-triphenylbenzene

(Tpb ) and 2,4,6-triphe-

-

nyl-sym-triazine (Tpt ) have been studied. The experimental
evidence for the triplet groundstates of these dianions is
in flagrant contradiction with calculations of Murrell and
Hinchliffe who predicted singlet groundstates [_ 6 ~] . Recent
calculations by Sommerdijk are in agreement with the experi
mental data £ 7,8 ~] .
It was found that in solvents of low solvating power
the dianions become associated with the alkali ions [ 9 3 ·
The electric field of the cations strongly perturbs the trip
let spin distribution in the dianions, leading to a loss of
symmetry in the dianions of Tp and Tpt. For the latter ion
the spin multiplicity of the groundstate changed from trip
let to singlet upon association with cations.
The experimental data have been interpreted in terms of
ion pairs (triples) with different geometrical structures.
Numerical calculations of the zero-field splitting (ZFS)
parameters of various triplet species by Sommerdijk proved
to be in excellent agreement with experimental values.
Theoretical results obtained for Tpt

were, however, less

5
satisfactory. A tentative explanation for the discrepancy
between theory and experiment will be given.
In chapter II the basic theory underlying magnetic resonance (ESR and NMR) on paramagnetic systems is presented
and a survey is given of the quantum mechanical calculation
of the zero-field splittings of triplet molecules. Chapter
III describes the way in which the samples have been prepared and measured. In the first part of chapter IV ESR
and optical studies on Tp~ are discussed; the second part
deals with ESR and NMR on the monoanion of Tpb. The last
chapter is an ESR study of triplet dianions of Tp, Tpb and
Tpt. At the end of this chapter some experiments on other
trigonal aromatic molecules are discussed.
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C H A P T E R

II

THEORY

2.1 Electron spin resonance of doublet states.
Liquid solution ESR spectra of molecules or ions posses
sing only one unpaired electron can be interpreted with the
following spin hamiltonian:
К = ög β H S - bg„&JL Σ I . + Σ A.S.Ï.
e e ζ ζ
N IT ζ . zi
. ι
ι
ι
ι
g

(1)

is the isotropic g value of the electron

0 and β„τ are the electron and nuclear Bohr magneton
e
N
g M is the nuclear g value
H

is the external magnetic field

A. is the isotropic coupling constant of nucleus i.
The summation is over all nuclei i in the molecule that
possess a nuclear spin.
The terms describing the nuclear Zeeman interactions
can be neglected since they do not affect the positions of
the absorption lines in the liquid phase spectrum. The ESR
spectra described in this work can be interpreted by first
order perturbation theory which means that the off-diagonal
elements of the JC matrix can be neglected. If the basic
spin functions are constructed by multiplying the electron
spin function α or β with all possible nuclear spin func
tions, then these product spin functions are correct eigenfunctions of the hamiltonian:

τ
f = g ß„H_S_ + Σ A..S„I_.
e e ζ ζ
. ι ζ zi
ι
and their energies are given by

(2)

E = m (g
β Η + Σ A.m.)
s ье e ζ
. i l
ι

(З)

with m

= ±з and m. = I, 1-1, 1-2,
-I.
s
ι
The allowed ESR transitions are those for which Am = *1 and
s
Дш. = 0 and the corresponding resonance frequency is
hv = g β Η + Σ A.m. .
°e e ζ
. il
ι

(Ц)
Q

Working at a fixed frequency (v =9.10 ) and varying the mag
netic field H, resonance will be observed at the following
field positions:
Σ A.m.
e e
where Η

о

is the resonance field of the isolated electron

spin:
Η
0

ш-^L·
g ß
e e

.

(6)

The intensities of the lines described by equation 5 are
proportional to the degeneracy of the nuclear spin states
m.. This means for example that the interaction of the odd
electron with η equivalent protons (with spin of 5) gives
rise to n+1 resonance lines with a binomial intensity dis
tribution.

θ
The coupling constant A. is proportional to the spin
10

density p(r.) at nucleus i Π !]·
A

Ì-T4WHP(ÌÌ)

(7)

·

In aromatic radicals the odd electron occupies a π molecu
lar orbital delocalized over the carbon frame work.. As this
orbital is composed of 2p functions, it has a node in the
plane of the molecule where the hydrogen atoms are situated
which would imply that p(r.) is zero both for the carbon
and hydrogen atoms. An M.O. description that mixes excited
configurations with the ground state of the radical can ac
count for small spin densities at the protons. McConnell
has shown that the integrated spin densities ρ at adjacent
carbons are proportional to the spin densities at the pro
ton nuclei. In good approximation the result can be sum
marized as follows [_ 11 ] :

ag = Q. P I T

(8)

a^ is the proton hyperfine splitting (hfs) constant expres
sed in gauss.
Q is a proportionality constant, approximately equal to
-25 gauss.
The relation between A and a is given by:
A = γ ha
e

or

A=g β a
ь
е e

where γ is the magnetogyric ratio of the electron.

9
Measurement of a^ from ESR spectra thus gives informa
tion about the unpaired spin distribution in the aromatic
radical. The values for ρ

obtained in this way can be

compared with values calculated with M.O. theories.
2.2 ESR of triplet states.
2.2.1 The spin hamiltonian
In the spin hamiltonian which describes the magnetic
interactions in molecules possessing two unpaired electrons
the electron-electron dipolar interaction is accounted for
by the term:

'srS2

*D » «Фе

3(S r r 1 2 )(S 2 .r 1 2 )

3
r

(9)

5
V

l_ i - 1 2

r

1 2

Expressing Jf in terms of the total spin S and averaging
over all positions г.. and r_ of the two unpaired electrons
the dipolar interaction can be written as:
3C = S.D.S

.

(10)

In terms of principle molecular axes x, y and ζ which diagonalize the zero-field tensor D, equation 10 can also be
written as:

* Ь - -

И

х -

Y S

y-ZSz

<11>

10

where

Χ = j g 2 ß 2 <ψ(1,2)

Зх

12

12

Ψ(1·2)>

12
ψ(ΐ,2) is the triplet wave function; the expressions for Y
and Ζ are analogous.
Because the tensor D is traceless (X+Y+Z=0) the dipolar
interaction can be rewritten in terms of two independent
constants D and E. The relation between the two different
sets of parameters is given by:
X = j D - E;

Y = -i D + E;

Z

=

- 3

(12]

D

Substituting these expressions in equation 11 the spin
hamiltonian becomes:
K_ = D(S 2 - \ S 2 ) + E(S 2 - S 2 )
D

with

D=|

ζ

2

g ß

3

2

<Ψ(1,2)

x

r

(13)

y

2
i2 -

3 Z

2
12

Ψ(1,2)>

Ί2

X

2

E=|g e

2

<Ψ(1,2)

У

12 - 1 2

Ψ(1,2)>

12

For molecules with axial symmetry the zero-field
parameter E vanishes.

splitting
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2.2.2 Triplet lineshapes
The lineshape of the ESR triplet spectrum can in prin
ciple be derived from the spin hamiltonian

JC = g в H.S + S.D.S
e e

.

С1U )

The Fermi contact interaction and the nuclear Zeeman term
have been omitted in this equation because their influence
on the triplet lineshape is generally negligible.
It is easy to see that three transitions can be induced
in a triplet molecule: two transitions with Am
one for which Am

=

±J

\ and

= *2. In all our experiments we have

measured triplet molecules in glasses so that the molecules
are oriented at random. Because the high field transitions
(Am

= ±1) are strongly dependent on the orientation of the

molecule with respect to the magnetic field, the descrip
tion of a triplet spectrum in a glass or powder becomes
rather involved. An exact treatment of triplet ESR lineshapes can be found in the literature [^12]. Still it is
possible to give a simple classical picture of the dipolar
interaction and derive in this way an ESR lineshape for an
axial symmetric case £ 13 J·
Suppose the two electrons are at fixed distance r. The
magnetic dipole μ

of one electron causes a magnetic field

at the position of the other electron, its magnitude along
the direction of the external field being equal to

y
e
2
H e = - | (3cos¿9 - 1)
r

(15)
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where θ is the angle between r and the external field H.
Because Η

adds to H, resonance will occur, keeping the

resonance frequency constant, at a field:
H = H -H = Η
O
e
o
where Η

1 (3cos θ - 1)
i
г

(16)

is the resonance field in the absence of dipolar

interaction. A continuous absorption can be observed be
tween the two extrema of this function:
μ
Η + —f when
о
3
г

θ = τ:
2

and Η
о

2μ
^3
г

for θ = 0.

For random orientation of the resonant molecules the
absorption will increase with Θ, since the number of mole
cules at a given angle θ is proportional to sine (see fi
gure 1). This is true for one orientation of μ ; for the
opposite orientation absorption is observed between
μ
Η

о

e
тг

3

г

IT

when θ = TT

2

and

Η

о

2μ
e
+ —^—

3
г

when θ = 0 .

The sum of the two absorption envelopes is shown in figure
1; the first derivative, shown in figure 2, represents the
ESR spectrum of triplets in a glassy medium.
However, this model of two localized spins at fixed
positions is too simple for aromatic systems we have
measured, in which the unpaired electrons are delocalized
over the whole molecule. This situation can be approximated
by describing the aromatic molecule as a ring with the un
paired electrons moving rapidly around its circumference
separated at constant distance r (figure 3).
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Figure 1

Figure 2

Absorption envelope for one

First derivative ESR spectrum

orientation of μ (shown
e

of triplet molecules randomly-

above) and for two orientations
(shown below).

oriented in a glass. (Am = ± 1
s
transitions)

If the magnetic field is perpendicular to the molecular plane, θ is
constant (•=•) and Η
¿

e

-μ /г · If Η lies in the plane of the ring all

values of θ occur with equal probability and the average internal field
Η

is given by:
Η

=
e

2 π г"

2 π
ρ
(3 cos θ - Ι)άθ =

2r-

(17)

Il»

e

Fig. 3 - Model for an aromatic triplet system; in the picture shown left the external magnetic field is
perpendicular to the aromatic plane, in the right
figure the field is parallel to the plane.
With the exception of a factor of two in width the absorption will have the same shape as for the first model.
Denoting y /r by D (expressed in gauss) the total width
of the spectrum will be equal to 2D. Singularities in the
absorption curve will occur at fields H
*

± D and H

* 2D

0 0

which correspond with orientations of the molecules for
which the magnetic field is perpendicular to the molecular
plane and parallel to this plane, respectively. Since in
ESR experiments the first derivative of the absorption
curve is recorded, the spectrum of random oriented molecules with trigonal symmetry will consist of four peaks located at positions where the absorption changes suddenly
(see figure 2). ESR spectra of molecules with lower symmetry will show six peaks, since now there are three orientations for which the absorption changes suddenly; i.e. for H
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along each of the three principle axes of the molecule. The
peak denoted by X,Y in figure 2 is then split into two peaks
X and Y, the distance between these two peaks being equal
to 3E.
2.2.3 Calculation of the zero-field splitting (ZFS) parameters
For the calculation of the ZFS parameters D and E the
method of van der Waals and ter Maten has been followed
[_11+]. A brief outline of their method will be presented
here.
The triplet wave function for the state with m

= +1

is given by the following Slater determinant:
ψ = Ιφ,φr
o
IT1Y1

Y

φ φ a ЪІ
m m
'

(18)

where a and b denote π M.O.'s occupied by the unpaired
electrons. Because closed shells do not contribute to D and
Ε, ψ may also be written as
Ψ ο = |ab| = 2~ § (а(1)Ъ(2) - a(2)b(l)}
where a = Σ a..φ.
ψ. and φ. are 2p

and

(19)

b = Î b.f .

functions of the carbon atoms i and j.

The expression for the ZFS parameters becomes:
¡Ъ\

,

( „ ) = <І)
V

E'

1
τ/f
¿

|Di,

\m\4>

^O'E'^O

>

=

2
D
[Σ &.φ.(ΐ)ΐ
Ъ.*.(2)- Σ Ъ φ.(-\)Σ a.*. (2)]
U)ir.dr0
4 11
; J J
: J J
. 1 1
-'t
1 2
x
1
J
J
(20)
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2
2
2 X 2
Г
3Z
y
·,.,- Ï; 3 202 , 12 " 12 ι „ =
3 2 0 2 , 12 " 12
with D = ц g g ß
|
|
and
E
=
¡
j
g
(?
I
e
e
e
Τ

τ

12

12

if only two center integrals are retained we find:
φ

= Σ

(а.Ъ

- a.b ) 2 (E^)

(21)

with (°ij) = ƒ ƒ *?0)(g) ^(2)d T l dT 2
ij
- Я

.(1) *.(2) (2) *.(2) ^.(DdT.dT^
1
J
£,1
J
\ d.

.

(22)

The coefficients a and Ъ are obtained from open shell
PPP SCF calculations for the triplet groundstate. Values of
D. . and E.. are given by van der Waals and ter Maten,
ij

ij

More accurate values for D and E are calculated when one
takes into account configuration interaction of ψ with
doubly excited triplet wavefunctions ψ.:
ψ = NU

Ο

+ Σ λ.ψ.)
1

(23)

. 1 1

1
Η
i
where Ν = (1 + Σ X T ) - 5 and λ = - •—•

1

1

.
1

Η . = <ψ
Ι 3Πψ.>
γ
οι
ο' ' ι

Writing ψ

= | φ φ1

Ε. = Η. . - Η
ι
11
οο

ab|

and

ψ. = |Φ·,Φ·, ·•·· с d|

Π
we find in the zero differential overlap approximation
H . = Σ (a.b. - a.b.)(c.d. - c.d.) r ..
x
01
i<j x J
Jλ
J
J ι iJ

(2U)

?
2
e
2
where γ., is the repulsion integral /У -(1) —
φ .(2)dx-,άτ_.
ij

ι

r12

j

i

¿

The values of t h e s e i n t e g r a l s have been taken from P a r i s e r
£ 15 3 · Neglecting second o r d e r c o n t r i b u t i o n s t o D and E we
can w r i t e :
D = №(D°° + 2 Σ X i D 0 1 )
i

.

(25)

The expression for E is analogous.
In this formula D

=

<ψ |δ|ψ > and D
τ
ο' ' о

= <ψ |ϋ|ψ.>.
о' ι τ ι

Applying the zero differential overlap approximation again
D

can be written completely analogous to Η .:
D01 =

Σ (a.b. - a.b.)(c.d. - c.d.)D.. .
i<j χ J
j 1
1 j
J 1 1J

(26)

With the aid of these expressions the ZFS parameters of the
unperturbed triplet dianions are calculated.
In solvents with low solvating power the triplet dian
ions are associated with counter ions resulting in diffe
rent ZFS parameters D and E. To account for these effects
the same procedure has been followed as has been used by
Sommerdijk £τ,8 ] . He accounted for the perturbing influ
ence of the counter ions semi-empirically by using an exten
sion of the method given by Reddoch [_ 16 ~\ . The elements of
the Hiickel matrix are modified as follows:
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Η..

=

α

+

l ^
ІМ1

[

+

Г

Н.. = 0 Г 1
1J

where r.w
lM

L

+

5 ^
ім2

]

г

ψ

+

'ÌM/'JM,

îg
r

-|

(

iM 2 + r jM 2 J

j

is the distance of the cation M, to the carbon
1

atom i (Âunits).
In this way modified Hiickel MO's are obtained that can
be used for the calculation of the SCF MO's. After first
order CI has been carried out, the ZFS parameters are calculated according to the method pointed out above.

2.3 NMR of paramagnetic molecules
2.3.1 The fermi contact shift
The presence of an unpaired electron in a molecule can
produce drastic changes in the NMR spectrum when compared
to the spectra of diamagnetic molecules [_ 17 ~] · Typical for
paramagnetic molecules are large shifts and very broad
lines. The observed phenomena can in principle be derived
from the spin hamiltonian

W = -gjjßjjH Ι (1-σ) + AÏ.S(t) + Ï.T(t).S(t)

.

(28)

The electron Zeeman term has been omitted in this equation
since it does not affect the nuclear resonance.
-g-.ßJi Ι (1-σ) represents the nuclear Zeeman energy
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Al.S(t) is the Fermi contact interaction
I.T(t).S(t) is the anisotropic dipolar interaction between
the nucleus I and the unpaired electron spin.
Only the first two terms determine the position of the
NMR resonance lines. The Fermi contact interaction produces
a local field at the nucleus that is time dependent because
the electron spin relaxes very fast. If the variation of
S(t) is characterized Ъу a correlation time τ much shorter
e
_1
.
than h A , equation 28 can be written as
к

=-е

н

¥Л

( 1

-

о )

+ A I

z

< s

z(t)>

(29)

g β S(S+1)H
with <Sz(t)> =

3 k T

•

Performing a NMR experiment at constant frequency ω and
sweeping the magnetic field the resonance condition for a
nucleus N in a molecule with one unpaired electron becomes:
Ag β Η

ωh

where H is the resonance field.
Ρ
As the resonance condition of a diamagnetic molecule is
given by
(3

V'-V-iH

"

the Fermi contact shift can be defined as
6C = Η (1-σ) - Η (1-σ.)
ο
ρ
ρ
d
d

.

(32)
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From equations 30, 31 and 32 follows:
Ag β H

·

5

»= -ІЙЭ

Combining equations 7» 8 and 33 it is clear that the
sign and magnitude of the spin density at the nucleus can
с
.
be inferred directly from the contact shift δ which is m o
dependent of the sign of g .
2.3.2 The NMR linewidth
The width of the resonance line will be largely deter
mined by intramolecular interactions. For protons, that
have a spin of j, two time dependent mechanisms are respon
sible for the NMR linewidth. The first contribution arises
from a modulation of the Fermi contact interaction by the
time dependence of S. The other important process is the
modulation of the anisotropic dipolar interaction between
the magnetic moments of the unpaired electron and the pro
tons , caused both by the rapid tumbling of the molecule in
the liquid and the fluctuations of S in time. The appropri
ate time dependent hamiltonian consists of two terms:

Jf

1(t)

with JfF

c

= K

F.c.(t)

+ J f

D(t)

( t ) = A l . S ( t ) andJCpit) = I . 5 ( t ) . S ( t )

where D. . ( t ) i s given by
r26.. - 3i(t)j(t)
d
D i j ( t ) = <Ψ I
J
|Ψ> YgYjfl

{ 3 k )
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i»j

=

x

z

> У> > referring to the laboratory coordinate system.

5-. = 1 if i = j and δ.. = 0 if i φ j .
ψ is the electronic wave function.
The contribution to the linewidth from the Permi con
tact interaction is given by \_ 1θ J :

С т

(T^FC4(ÏÏ)2S(S+1)

е+^Ь]

(35)

e e
where ш = γ Η and τ is the electron correlation time,
е е
e
Solomon Q 19 ~\ has derived an expression for the contri
bution of WLÂt) to the linewidth for the case of two point
dipoles of spin \ separated by a distance r:

1+ω τ
eс
Y

eYNh
.
.
.
with В =
-ζ— ; τ is the rotational correlation time.
3
с
r
In the molecule we have measured the situation is essen
tially different: the unpaired electron is delocalized over
the whole molecule and must be described by a molecular
orbital. We must therefore adapt formula 3^ to our situa
tion and write the dipolar hamiltonian in full length:
XAt)
D

= uT D 4(t)S I + D 4(t)(S I + S I )
xx
χχ
xy
xу
ух
+ D 4( t ) ( S I +S I )+ D ( t ) S I +D ( t ) ( S I +S I )
xz
' x z z x
yy
y y y z
y ζ ζ y
+

Writing

D

zz

( t )

Vz]

·

<
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= І(І+ + I )

x

y•к

(I
+

and

S

= i(S+ + S_)

s

-о

y•к

(s
+

- s->

it follows that

KD(t> = E{IzSz--J(l+S_ + I_S + )}D zz (t)
+

^ I + S z + I z S + ) i D x z ( t ) - i D y z ( t ) ï + i ( l - S ^ I z S - ) { D « ( t )+

iD

At)}

yz
+ I- I S Í D 4(t)-D (t)-2iD ( t ) } + } l S ( D (t)-D (t)+
k + + xx
yy
xy
4
xx
УУ
2iDxy(t)>:.

(38)
In deriving this expression D
+ D
-D zz (D is a traceless tensor),

has been replaced by

If we write:
D z z (t) -F o (t)

¿(D x x (t)- Vt)-2iDxy(t))

=F

2(t)

(39)

we have obtained an equation for 30 (t) completely equivalent to the expression of Solomon for the point dipole model.
He derived that the contribution of JC (t) to T~
to

is equal
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?r
T
2

= J

p C b
Uh 2

+

<F2>

—
^ ^ ì
1+(ωτ-ω4)2τ2

C

I S

2τ

С

UT

1 + ω„τ
Sc

1+ω Τ τ
l e
UT

< I 2F J 2 > ]

1+(ШЛ)

.

(ko)

This formula is still valid for our case. The ensemble ave?
2
Ρ
rages <F >, <|F,I > and <|F„| > have been calculated using
о
г
¿'
the following relations for the average value of tensor
elements in the laboratory coordinate system \_ 20 ~\ :
D

ii D ii =

T5(D:D)

D D

ii jj - - h

D

iAj

=

(D:D)
( 1 и )

TO(D:D)

with (Dru) =

Σ (D 0 ) ; i,j refer to the laboratory coordi
no
· -,
nate system, α; β are principle axes.

For the latter system the following relation holds (D . di
agonal ) :
(D:D) = Σ (D
a

2

) = Trace (D.D)

.

(k2)

With t h i s i n f o r m a t i o n t h e following r e l a t i o n s are d e r i v e d :
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<F >

2

=

-%(D:D)

<b zz>

2

<ІМ > = г ^ х >
2

+

2

<в22>]

-^(D:D)

2

2

< | F20 | ' > = Т1bг Г- ^ xx > + <Dyy > -2<Dxx DЯ >+U<Dxy > 1 = 20
4 r (D:D)
1

1

J

(1*3)

Substituting these values in equation 40 the expression for
the linewidth parameter becomes:
-1

(D:D) г ι

2

120h 2
6τ
2 2
1+ωστ
Sc

T
c

3τ

c

1+(ω-ω σ ) 2 τ 2
1 Ь
с

1+iA 2
Ie

6τ
2 2
1+(ωΤ+ω ) τ
Ι S с

D

.

(UU)

So far only the time dependence of the D tensor has been
considered. In the concentrated paramagnetic solutions that
have been measured the unpaired electron relaxes very fast
and the time dependence of S must also be considered. This
means that the autocorrelation functions take the form
<D..(t+i)D. .(t)><S.(t+T)S.(t)>=<D2.>exp(- —)<S 2 >
exp(- І-)
e

(45)

where i and j refer to the laboratory coordinate system.
2
1
1
Because <S.> = — S(S+1) = -j- , the above expression can
be written as
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with

L - ^
τ,,
d

+

τ
e

e

.

L·

τ

(U6)

Due t o t h i s time dependence of S, τ

i n e q u a t i o n 1+1+ must be

r e p l a c e d by τ , : t h e d i p o l a r c o r r e l a t i o n t i m e . Bearing a l s o
2 2
i n mind t h a t ω >> ω and ω τ << 1 , e q u a t i o n 1+1+ s i m p l i f i e s
Ъ

X

-Ld

to

1+ω т ,
e d

120η

The elements of the D tensor, that are very similar in form
to the tensor elements of the electron-electron dipolar in
teraction (equation 11), are given by
r26 R-3aB

a and 3 are components of r (the distance between the un
paired electron and nucleus N) along principle axes; ψ is
the wavefunction describing the unpaired electron.
Writing ψ = Σ с.φ.
find:

^
D

where φ . are 2ρ

carbon functions we

1

ae

=

A

r26

-3aß

i j <*i I — Ц

c c

IV

VN h

·
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If α and β are principle axes we can write:
D

=
αα

Σ

P..D. . = Tr(p.D)
j ! ij

i)(j

(50)

with
2

D.. = <φ. I
ij

J '

and
ρ .. = c c .
Jl

ij

r

2
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C H A P T E R

III

EXPERIMENTAL PART

3.1 Apparatus
The ESR experiments have been performed on a Varían
1+502 X band spectrometer equipped with a variable temperature control and a fieldial. The magnetic field was measured
with an AEG gaussmeter and the frequency was monitored with
a HP 52U5 L frequency counter. Variable temperatures down
to 10 К were obtained by passing cold helium gas along the
sample. The temperature was measured with a copper-constantan couple, calibrated at liquid helium and liquid nitrogen
temperature. NMR experiments have been performed on a Varían
DP 60 EL spectrometer employing both high resolution and
wide line technique. Optical spectra were recorded on a Cary
1І+ spectrometer equipped with a Cryoson installation for
variable temperatures. Microwave powers were measured with
a HP lj-31 С power meter.

3.2 Preparation of the samples.
The aromatic negative ions were prepared in a standard
way on a vacuum line. The solvents tetrahydrofuran (THF),
2-methyltetrahydrofuran (MTHF), 1,2 dimethoxyethane (OME)
and diethylether (DEE) were dried over a sodium dispersion
in parafin, distilled in vacuo and stored on a Na/K alloy.
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The polyethers diglyîne, triglyme and tetraglyme were dried
on Na or a Na/K alloy and distilled on the vacuum line just
before use. A cyclic ether (2,3,11 ,12-dibenzo-1 ,¡+,7» 10,13,
l6-hexaoxacyclo-octadeca-2,11-diene, see figure 5) was synthetized Q 21 ^| and sublimed before use. Sodium tetraphenylboron was also sublimed in vacuo. 2-D-triphenylene has been
synthetized starting from 2-Br-triphenylene:
D20
2-Br-Tp + C. H Li -»· 2 Li-Tp + 2-D-Tp
To a solution of 1+00 mg 2-Br-Tp Q 22 ] (mp 131.5-133.5°C) in
20 ml dry DEE a butyllithium solution was added at О С in a
nitrogen atmosphere. The solution was stirred for one hour
at 0 С and for two hours at room temperature. At 0 С 3 ml
D O was gradually added while stirring the solution during
15 minutes. The solution was washed, dried and filtered.
After evaporating the diethylether the residue (305 mg) was
purified on an A1„0

column using petrol ether (bp. U0-60°C)

as eluating solvent. The final yield was 130 mg 2-D-Tp (mp
1°1-195°C). 0.1 Molar solutions of polyglymes'in MTHF have
been prepared by drying the two components separately (fi
gure k). The polyether was dried in compartment A over Na,
Na-Pb alloy or Na-K alloy on a vacuum line. The dried ether
was then distilled into ampoule B, that is attached to A by
a ground joint, and was sealed off after distillation. As
В waö of known weight, the amount of dried polyether could
be determined by weighing. В was attached to a storage vessel
С which was then connected to a vacuum line and filled with
a known amount of dried MTHF. Next С was sealed off from the
line, the breakseal between В and С was destroyed and the
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о solvents were mixed·
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Fig. h - Apparatus for titrations with polyether solutions
in MTHF.
С also contained a sodium mirror to remove final traces of
moisture or oxygen. The storage bottle С is connected to an
ESR sample tube by a teflon membrane stop cock.

Fig. 5
cyclic ether (crown ether)

0

0
0
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Negative ions of the aromatic compounds that have been studied with ESR are listed in Table 1.
Table 1
The syntheses have been carried out by the author except
those that are marked with an asterix
Triphenylene
2-D-triphenylene
2-CH3~t rì phenylene
1,3,5-triphenylbenzene
1,3,5-tris-(2,5-dimethylphenyl)--benzene
1,3,5-tris-biphenyl(Ό-benzene
hexaphenylbenzene
2,h,6-triphenyl-sym-triazine
2,U,6-tri-p-tolyl-sym-triazine
hexabenzocoronene
decacyclene
с,i,o-tribenzo-trìphenylene

(Flucka) #
(synthesis)
(gift)**
(Flucka)
(synthesis) [23]
(synthesis) [23]
(synthesis) fëU]
(synthesis) [25]
(synthesis) [25]
(Rutgerswerke)
(Riitgerswerke)
(synthesis) ***[2б]

The optically excited triplet states of trinaphthylene and
tribenzotriphenylene have been measured in ethanol after
irradiation with a high pressure mercury lamp. By passing
cold helium gas along the samples they could be cooled down
-co about -2бО°С.

Synthetized by Drs. W. Bassi
Gift of Dr. P. Cossee
Synthetized by Dr. W. Laarhoven
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IV

MONONEGATIVE IONS
h.1 The mononegative ion of triphenylene.
U.1.1 ESR experiments

Electrolytical or alkali reduction of triphenylene (Tp)
in ethereal solvents gives rise to blue paramagnetic solutions. By ESR measurements on these solutions three types
of fluid solution spectra, differing in hyperfine structure,
can be observed. The characteristic features of these spectra and the conditions under which they were recorded will
be discussed below.
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a) Spectrum I
The spectrum that will be discussed first is reproduced
in figure 6. Computer simulations showed that the exhibited
hyperfine structure can be assigned to a contact interaction
between the unpaired electron and two sets of equivalent
protons. The coupling constants and linewidth were deter
mined by an iterative computer adaption program. The experi
mental spectrum was fed to the computer on a tape, together
with trial values for the parameters characterizing the ESR
spectrum. These values were varied in such a way as to mini
mize the deviation from the input spectrum. After 10 itera
tions the following values were found for the coupling con
stants: a, = 1.097 gauss and a_ = 1,613 gauss. A value of
0.2І+5 gauss was obtained for the derivative linewidth.
Analysis of the spectrum obtained from Tp

deuterated at

position 2 proved that the smallest hfs constant must be
assigned to position 1.

Tnphenylene,DME,Na,-70°C.

Fig. 6 - ESR spectrum of Tp~ reduced with sodium in DME.
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Spectrum I was obtained irrespective of the temperature
and reducing agent from Tp

solutions in very polar solvents

like NH_, hexamethylphosphoramide, acetonitril, polyethyleneglycoldimethylethers and from electrolytically generat
ed radicals. Using Li as reducing agent spectrum I could be
produced in THF, 2-MTHF, and DME irrespective of the tempe
rature. However, in DEE as solvent spectrum I could only be
obtained at temperatures below -90 C. Above this temperature
spectrum II appeared. A similar change occurred in the
spectrum of Tp" solutions in THF and MTHF when the reductor
was either Na, К or Rb, the only difference being that the
temperature at which spectrum I changed into spectrum II
was higher for THF than for MTHF and increased with de
creasing radius of the counter ion. Employing DME as sol
vent and Na as reducing agent spectrum I remained unaffect
ed by temperature changes; an increase in the temperature
from -90 С to room temperature on the other hand did affect
this spectrum when К or Rb had been used for reduction. The
hyperfine splittings in the spectra of this type were not
influenced noticeably by solvent and/or counter ion varia
tions.
The g value of this spectrum was measured in 2-MTHF at
-100 С in a dilute solution. To correct for the field dif
ference between the position of the sample and the proton
resonance probe of the gauss meter, also the g value of
perylene cation in HpS0i was measured. With the help of the
absolute g value of the latter ion, reported in the litera
ture Г 27 Ί and correcting for the second order shift

-6

(-1x10

) the absolute g value of Tp~ was found to be

2.002839 * 7*10

.
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Ь) Spectrum II
Spectrum II which is shovn in figure 7 consists of 13
equidistant lines (the weak peaks in the tails cannot be
observed in the figure) with an almost binomial intensitydistribution. This suggests the presence of 12 nearly equal
hyperfine splitting constants. It was found that the rela
tive intensities of the hyperfine components and their linewidths varied slightly with metal ion and solvent. To de
termine the actual values characterizing the spectrum, the
latter was fed to a computer on a magnetic tape. A spectrum
adaption program then optimized the coupling constants and
linewidth. After 10 iterations the following values were
obtained: a = 1.277, a

= I.566 and δ (linewidth) = 0.459

gauss. The standard error in a spectrum calculated with 12
equivalent coupling constants of 1.425 gauss and a linewidth
of О.67З gauss proved to be higher.

Fig. 7 - ESR spectrum of Tp'Na* in 2-MTHF.
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In all cases where spectrum I could only he obtained at
low temperatures, spectrum II appeared by increasing the
temperature. For instance, a temperature increase from
-120 С to -70 С resulted in a gradual transformation of
spectrum I into spectrum II for sodium reduced Tp in MTHF.
Similar effects were observed upon temperature increases for
К or Kb reduced Tp~ solutions in DME, THF or MTHF and for
Tp

solutions in DEE in the presence of Li . It was found

that the temperature range in which the gradual transforma
tion of spectrum I into spectrum II took place, could be
shifted to lower temperatures by introducing metal ions to
the Tp

solutions. Thus addition of a large amount of so

dium tetraphenylboron to a solution of Na reduced Tp in
MTHF resulted in a shift to lower temperature of as much
as 15 C. Dilution of a Tp

solution had just the opposite

effect: a shift to higher temperatures.
The absolute g value of this spectrum was found to be
lower than the g value of spectrum I: g = 2.00273 * 1.10

;

the second order shift could be neglected. The error in
this g value is somewhat larger than the deviation in the
g value of spectrum I because of the larger peak to peak
distance of the central line.
The spectra observed for sodium reduced MTHF solutions
of Tp in the temperature range where spectrum I changes in
to spectrum II proved to be superpositions of these two
spectra, the weight fractions varying with temperature.
The spectra were analysed with the help of a computer.
A typical example of such a spectrum is shown in figure 8.

зб
Tp-Na*. MTHF
-в7°С

Fig. 8 - Superposition spectrum of Tp in MTHF. The asymme
try in the spectrum is due to the g difference b e 
tween the two components. The computed spectrum is
shown below.
Notice again their asymmetrical shape due to the difference
in g value. The following input data have been used for the
spectrum simulation:
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Table 5
Input data for the computer simulation of the spectrum shown
in figure 8
Spectrum I

Spectrum II

a1 = 1.10 gauss

a1 = 1.28 gauss

a 2 = 1.61 gauss

a 2 = 1.57 gauss

Linewidth = 0.50 gauss

Linewidth =0.50 gauss

Weight

Weight

= 80JS

= 20$

g value differenc e between the spectra corresponds to 0, 16
gauss.

c) Spectrum III
Using sodium as reducing agent and MTHF, diethylether
(DEE), THP or a MTHF-hexane mixture as solvent, the 13 line
spectrum discussed above is affected by further temperature
increases. Representative spectra are reproduced in figure

9.
Computer simulations showed that the hyperfine pattern
of spectra of type III is that of a 13 line pattern in which
each of the components is split once more into four lines
of equal intensity. The magnitude of this splitting increases with temperature. The variation of this coupling
constant with temperature has been plotted in figure 10.
It was found that spectriM III is also strongly affected
by the introduction of additional metal ions to the radical
solutions. If a large excess of Na-tetraphenylboron is added
to a Tp Na

solution in MTHF (molar concentration of the
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Tnphenylene.DEE Na,-60°C

Fig. 9 - ESR spectra of Tp~ in DEE exhibiting different alkali splittings.

F i g . 10 - Metal ion hyperfine s p l i t t i n g i n Tp- „Na+ d i s s o l v e d
i n DEE and MTHF as a function of t h e t e m p e r a t u r e .
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salt more than 100 χ the concentration of Tp ), temperature
increases do not affect spectrum II: the quartet splitting
is not observed. However, introduction of smaller quantities
of the diamagnetic salt

merely broadens the quartet split

ting in spectra of type III. Averaging out the sodium hfs
completely by a large excess of NaB(Ph). and observing the
proton lines only, no significant variation in the proton
coupling constants could be detected on changing the tempe
rature .
When a polyglycolether was added to Tp Na

in MTHF at

25 C, spectrum III was gradually converted into spectrum I.
Computer analysis showed that the spectra intermediate be
tween spectra I and III were in fact superpositions of these
two spectra, while the alkali splitting remained unaffected
by the introduction of the polyether. Spectrum II was not
observed as an intermediate at this temperature. A typical
example of such a superposition spectrum is shown in figure
11 together with the computer simulation. The asymmetry in
the spectrum is due to the difference in g values of the two
component spectra. The experimental spectrum was recorded
at room temperature; the concentrations of Tp
tetraglyme were U.6 χ 10

and 1.5

x

and (free)

10~ , respectively.

For the construction of the computer simulated spectrum the
folioving parameters have been used:

UO
Table 2
Computer input data for the simulation of the spectrum shown
in figure 11
spectrum I
6 protons with a =
6 protons with a =
alkali splitting =
linewidth
=
weight
=
g value
=

spectrum III
1.66 gauss
1.10 gauss
0.0 gauss
0.50 gauss
30%
2.ОО2839

6 protons with a
6 protons with a
alkali splitting
linewidth
weight
g value

= 1.57 gauss
= I.28 gauss
=0.50 gauss
=0.1+6 gauss
= 50$
«= 2.002 73

Tp Na* MTHF +
tetraçlyme 25° С

Fig. 11 - Tp Na in MTHF. A small amount of tetraglyme has
been added. The computer simulation is shown be
low. Notice the asymmetry in the spectrum.
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The difference in g values results in a shift of 0.15 gauss
between the two spectra. It was found that the g value of
spectrum III did not change measurably with temperature:
its value was found to be equal to that of spectrum III.
Finally we like to mention a spectrum recorded from a
Na reduced Tp solution in liquid NH_. After prolonged reduction a spectrum appeared which is shown in figure 12.

Fig. 12 - Spectrum of hydrogenated Tp

in liquid ammonia.

The spectrum could be simulated with four sets of two equivalent protons having coupling constants of 5-30, 3.25, 2.10
and 0.70 gauss, respectively.

k2

< 0.15 g

The presence of twofold symmetry and the absence of a quintuplet splitting (which would be caused by four equivalent
aliphatic protons) strongly suggests that two carbon atoms
in the central ring of Tp

are hydrogenated. The coupling

constants of 5-30, 2.10 and O.7O gauss may then be attributed to the biphenyl-like part of the molecule (the
coupling constants of the biphenyl anion are 5·30, 2.62
and 0.39 gauss). The diene fragment may have hfs constants
smaller than the linewidth due to its low electron affinity.

1+3
1». 1.2 Optical experiments
Optical measurements i n t h e v i s i b l e region h a v e b e e n
carried out o n T p ~ N a

dissolved i n M T H F and M T H F - t e t r a g l y m e

mixtures.
The optical study h a s some advantages over t h e E S R e x periments b e c a u s e absolute concentrations c a n b e determined
m o r e accurately once t h e m o l a r extinction coefficients a r e

, A
-2
known. Besides higher concentrations of radicals (10 -10
molar) can be studied than with ESR (10 -10

molar) be-1+
cause at radical concentrations higher than 10 molar the

ESR lines start to broaden and finally collapse to a single
line due to electron exchange reactions.
In pure MTHF the optical spectrum of sodium reduced Tp~
remained unchanged from the highest temperatures measured
(about + 50 C) to approximately -70 C. This spectrum, denoted by 1 in figure 13, had distinct peaks at 5550, 665O
and 7300 A with molar extinction coefficients of 6750,
63UO and 675O, respectively. To lower temperatures the spectrum began to change very rapidly till about -100 C: below
this temperature, where MTHF is still a liquid, the spectrum did not change any more. This spectrum is denoted by
2 in figure 13. The long wavelength peaks show a bathochromic shift when compared to corresponding peaks in the first
spectrum; one peak is shifted from 6650 to 69OO Â

and the

second one from 7300 to 765O A . The molar extinction coefficients are 707^ and 68U8, respectively.
The spectra in the intermediate range proved to be superpositions of these two spectra, completely analogous to the
ESR results. These superposition spectra were analysed with
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a computer a d a p t i o n program; t h e s p e c t r a t o he analysed and
t h e component s p e c t r a were fed t o t h e computer on a magnetic
t a p e . Computer a n a l y s i s (an example i s shown i n f i g u r e

7U0

6400

5100

13)

4A00

Fig. 13 - Three optical spectra of Tp~Na in MTHF are shown
above; spectra 1, 2 and 3 have been recorded at
-T1°C, -87°C and -11U°C, respectively. A computer
calculation (shown below) demonstrated that spec
trum 3 was composed by 6U. 25? of spectrum 1 and by
35·8$ of spectrum 2. Notice the presence of seve
ral isosbestic points in the upper figure.

U5
showed that the weight fractions of the component spectra
did not depend on the total radical concentration in the
-2
-k
investigated concentration range (10
- 10 molar).
MTHF solutions of Tp Na

containing an equivalent amount

of tetraglyme have also been studied optically. The same
kind of superposition spectra were recorded at various ra
dical concentrations in a temperature range from -UO С to
+30 C. The complete analysis of these spectra has not yet
been carried out so that here no thermodynamic quantities
can be given of the latter equilibrium.
The above mentioned experiments have been carried out
in evacuated quartz cells with optical path lenghts of 6,
1, 0.1, 0.02 and 0.01 cm, respectively. It proved always
necessary to rinse the evacuated sample tubes with radical
solutions (which were removed later) in order to obtain
reliable results.

1+6
h.1.3

Discussion of t h e ESR r e s u l t s

a) Spectrum I
It has been well established that the conditions favourable for a complete dissociation of radical anion-metal
cation pairs are (a) high solvent polarity; (b) low temperature; (c) small ionic radius of the metal. Thus the conditions under which the spectrum depicted in figure 6 was recorded strongly suggests, that it must be assigned to the
*
free
Tp ion. The fact that this spectrum is also obtained from electrolytically reduced Tp solutions where the
bulky cations are not expected to affect the free radical
spectrum, confirms this conclusion. The observation, that
the hfs constants obtained from these spectra do not vary
with metal ion or solvent changes, is also in agreement
with this assignment.
The mononegative ion of Tp is in an orbitally degenerate
groundstate like the mononegative ion of benzene and according to the theorem of Jahn and Teller [_ 28 ~] will tend to
distort into one or several more stable configurations of
lower symmetry with nondegenerate electronic groundstates.
By "free" we mean that the ESR experiments reveal no
counter ion influence. This does not exclude the possibility that conductance measurements might nevertheless prove
that in some cases anions and cations are still associated
L 33 J . In fact we have found some cases where spectrum I
has to be ascribed to a solvent separated ion pair (see
below).
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Theoretical calculations have shown that the energy gain as
a result of a geometrical distortion of the molecule is small
compared to the zero point energy of the normal vibrations
Q 29,30]]. The motions of the nuclei and the electrons are
then closely coupled and the anion which has Ъееп shown to
exist in a

degenerate vibronic state []31,32 J intercon-

verts rapidly between the various distorted configurations.
The spin distribution over the anion, therefore, will be a
statistical average over the distributions in these confi
gurations and will retain trigonal symmetry L 31,32 J. The
finding that the spectrum of the free anion consists of
hyperfine components due to two sets of six equivalent pro
tons is in agreement with such a dynamic Jahn-Teller in
stability.
The spin distribution in Tp

has been calculated under

the assumption that the ion stays in its symmetrical con
figuration and that the unpaired electron spends half of
its time in the two degenerate first antibonding orbitala.
The calculations employed the Hüctel method both with the
resonance integral 3 set equal and with resonance integrals
adjusted to the bond order variations in Tp . The variation
of 3 with the C-C. bond length was assumed to be exponential [3І+]:
3..= C.0 exp(-r../О.З727)
1J

О

(51)

1J

vith С = U2.5 and 3 equal to the resonance integral in the
symmetrical equilibrium configuration of benzene. The bond
lengths r.. in Tp were determined by using the Coulson1J

Golebiewsky bond order-bond length relationship £ 35 ~] •

U8
г . = 1.517 - 0 . l 8 p
IJ

(52)
1J

where p . . i s t h e bond o r d e r . The r e s u l t s of t h e
are t a b u l a t e d

calculations

i n t a b l e 3 t o g e t h e r with t h e experimental

d e n s i t i e s d e r i v e d with t h e w e l l known McConnell

spin

relation

С"]
a n = Q.P n
a

(53)

i s t h e hfs constant of t h e proton adjacent t o

atom η , ρ

carbon

i s t h e s p i n d e n s i t y on t h a t carbon atom, and Q

i s a c o n s t a n t : i t s v a l u e , -27 g a u s s , was s e t equal t o
Га
(measured)
0 = _2_
r
Σρ
(calculated)

Table 3
Experimental and theoretical spin densities in Tp"
position

1
2
3

experimental

0.0U1
0.061
(0.065)

Hückel

Modified
Hückel

SCF

SCF+CI

0.056
0.056
0.056

0.050
0.055
0.062

0.050
0.055
0.061

0.050
0.055
0.061

The Hückel calculation with equal resonance integrals gives
equal spin densities at all carbon atoms whereas the second
Hückel calculation predicts the larger spin density at position 2. The latter is in agreement with experimental re-

k9
suits obtained on 2-D-triphenylene anion. Also included in
the table are the spin densities obtained with a P.P.P. open
shell SCF calculation. In order to get reliable results with
this iterative method, the computer program that calculated
the Hartree-Fock matrix F was modified. When using the fol
lowing formulae
Fгг = θ rr + s Ρrr Υrr +

Σ, Ρuu'ru
γ
u?ír

(5U)

Frs = θrs - s Ρrsγrs
where θ is the Hückel matrix, γ.. is a repulsion integral
and Ρ
is the bond order defined as
rs
Ρ
= Σ λ. с .с .
(55)
rs
. j rj sj
J
the occupation number λ. of the j-th MO was given the value
J

_

of 5 for the first two antibonding orbitals of Tp .
In general electrons are distributed equally over two
or more MO's as long as the energy difference between these
-h
orbitals does not exceed 10
eV. In this way orbital dege
neracy is preserved during every iteration. The spin densi
ties obtained in this way are identical to those derived
with the second Hückel calculation. Interaction with singly
excited configurations (CI) does not alter these values
either. The agreement with experimental values is fairly
good.
The spectrum of the radical ion of Tp deuterated at position 2 (solvent MTHF, metal ion Na , temperature -110 C)
could be simulated using unchanged hfs constants for the
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set of 5 equivalent protons and the set of 6 equivalent pro
tons (1.10 and 1.61 gauss) and a deuterium coupling con
stant of 0.25 gauss (= 1.6ΐχγ /γ ). Thus deuterium substiD Η
tution apparently does not lead to measurable changes in
the spin density distribution over the radical, contrary
to the isotope effect on the spin density in the benzene
anion [_ 36,37 ~] ·
The g value as has been measured in MTHF at -100 С
appears to deviate substantially from Stone's plot (see
figure 22)^56 ] . A large deviation from the free electron
value was found:
Äg = 52.О ± 0.7ХІ0-5
Using the numerical expression for Ag given by Segal e.a.

[27]
Ag = (27.6 ± 0.8 - (17.2 * 2.0)λ).10~5

(56)

one finds, inserting the value of the Hückel coefficient λ
(-0.68U):
Ag = (39.h ± 1.7)¡О"5
This discrepancy with theory may be related with the orbi
tal degeneracy of the monoanion [_ 2,3 ] and is probably also
a factor in the anomalous high linewidth observed in the
spectrum of the free ion (the derivative linewidth is equal
to О.25 gauss, whereas normal linewidths in ESR spectra of
hydrocarbon radicals are 0.05 gauss or less). Saturation
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studies of Tp~ by Freed e.a. £3 ~] have shown that the electron relaxation times Τ
2.1**10

and Τ

sec and T_ = 1.8x10

are very short (T =

sec at -80°C) as has also

been found for other radicals of high symmetry.
An enhanced spin-orbit interaction in these radicals
probably affects both the g value and the relaxation times.
In figure 22 Stone's plot is shown: it can be seen in the
figure that degenerate radicals may strongly deviate from
the line.
b) Spectrum II
The spectra of the type shown in figure 7 were obtained
under conditions more favourable for ion pair formation
[] 38,39 3· ^

w a s

furthermore emphasized above that the

hyperfine components and the linewidths in these spectra
depended on the kind of metal ion present in solution. It
seems obvious, therefore, that the 13 line spectra must be
assigned to some kind of ion pair. The most convincing
proof for this assignment is furnished by the pronounced
effect that addition of extra metal ions has on the low
temperature limit of spectrum II. This effect can be ex
plained if the following equilibrium is assumed:
Tp~//Na

Î

Tp~ + Na

which will be shifted to the left by addition of excess Na .
Computer simulations showed that the change of spectrum I
into spectrum II upon temperature increases is not primarily caused by the occurrence of an aliali splitting and/or
linewidth increases in the spectrum of the free ion. Al-
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though a metal ion splitting might contribute slightly to
the spectrum, the calculations showed that the transformation of the hyperfine pattern of figure 7 must be attributed
primarily to changes in the Tp

proton hfs splitting con-

stants. To obtain an optimal fit with the experimental
spectrum, the coupling constant of 1.61 gauss was lowered
to I.57 gauss and the second coupling constant of 1.10 gauss
was raised to 1.28 gauss.
The data suggest that the ion pair formation causes a
significant perturbation of the electron spin distribution
over the ion, the magnitude of the perturbation varying
from one metal ion to the other. This perturbation is also
clearly manifested by the rather large difference in the g
values of the two spectra: Ag = 1.1x10

, corresponding to

a magnetic field shift of 0.17 gauss. It is tempting to
associate the large changes in these electronic properties
with the orbital degeneracy of the radical ion.
In order to account for the change in the spin densities upon ion pairing, Hückel and SCF calculations were
carried out on Tp

taking into account the perturbing in-

fluence of the cation. Treating the solvating cation as a
unit point charge and using Reddoch's approximation [ 16 ~] ,
Hückel and SCF spin densities have been calculated for the
perturbed anion with different positions of the cation. The
cation was placed 2 and 3 A

above a non central ring and

in a third calculation 2 Â

above the central ring of the

anion . Pictures of the models are shown in figure 1U. The
same kind of model has been used to calculate ZFS parameters
of the dianion of Tp

[7,0 ] . Placing the cation 3 A

above

the center of a non central ring, the degeneracy of the
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lowest two antibonding orbitals was l i f t e d by 0.081 eV in a
Hiickel calculation and by 0.016 eV in a SCF calculation. On
lowering t h i s distance t o 2 Â t h i s energy difference became О.25З eV for a Hiickel and 0.011(¡) Â for a SCF c a l culation. I t i s interesting t o note that the wavefunction
with the lower energy in the f i r s t calculation (ions 3 A
apart) has the higher energy in the second calculation
(2 A ). This means that for some cation-aromatic plane d i s tance between 2 and 3 A , there w i l l be again (accidental)
degeneracy.

©

L,

®-b

L,
ЗА

Na+

2A

2A

+

Na

Na*

Fig. ^k - Models for the Tp Na ion pair.
For the calculation of the spin densities in the per
turbed anion a Boltzmann factor has to be taken into account
to weigh the populations in the lowest two antibonding
levels. In the Hückel calculation the degeneracy is lifted
so much that the Boltzmann factor becomes equal to 1 for
the lower orbital. Because this factor is less than unity

5h
for the SCF calculations, the SCF spin densities were cal
culated at 200 and 300°K, as the spectra have been observed
in this temperature range. Since the experimental spectra
still reflected trigonal symmetry, it was assumed that the
counter ion is rapidly jumping from one non-central ring
to the other on the average preserving trigonal symmetry.
The calculated spin densities averaged over the equivalent
positions are shown in table h. Also shown in this table
are Huckel and SCF calculations on Tp
ter ion placed 2 Д

perturbed by a coun

above the center of the central ring.

Table k
Experimental and calculated spin densities of Tp~ and Tp N a +
ion pair

Na + 3 Â above a non central ring

p
P

SCF (300°К)
0.051
0.055
0.059

Hückel
0.086
0.01+2
0.038

P-,
2
3

SCF (200°K)

0 050
0 О56
0 Обо

Exp. value
O.OU7
О.О58
O.O61

Na + 2 A above a non centrai ring
SCF (300°K)
0.050
О.О56
O.060

Hückel
0.101

P

1
2
P
3

о.озб

p

0.029

SCF (200°K)

0 О52
0 О56
0 058

Experiment
0.01*7
О.О58
O.O61

Na + 2 Â above the centrai ri ng
Hückel
0.050
0.058
0.059

P

1
2
p
3

p

Na
p

1
2
P
3
p

+

at distane«ì
Hückel
0.056
0.056
O.O56

SCF
0.049
О.О58
О.О59

Experiment
O.OU7
О.О58
O.061

SCF
O.O5O
0.055
O.06I

Experiment
O.OU1
O.O6O
О.О65

ш
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It is immediately evident from the table that the Hückel
theory cannot be used when the degeneracy is lifted. It is
also clear that the SCF spin densities hardly change in the
non centric models. A good fit with experimental values is
found for the SCF calculation on model 3. The close correspondence with the experimental values, however, is misleading. This becomes evident if one looks at the spin densities of the unperturbed anion. If anything sensible at all
can be said about table k it will be about the trend the
spin densities follow upon cationic polarization. Then
model 3 proves to be unsatisfactory: it predicts a decrease
of p1 (Δρ. = -0.001) and an increase of ρ_ (Δρ„ = +0.003)
fully in contradiction with the change of the experimental
values: Δρ.. = +0.006 and Δρ ? = -0.002. On the other hand it
remains unclear why an asymmetrical perturbation would have
such little effect on the spin distribution. A continuous
change of the coupling constants with temperature has not
been observed either. A further argument for the models 1
and 2 is the big difference in charge density between the
central ring and the outer rings, their values (using SCF
theory) being 0.11+2 and 0.333, respectively, in the free
ion. Obviously Coulombic attraction would favour the noncentric position of the cation.
To analyse the dissociation reaction of the ion pairs
in pure MTHF the total radical concentration was measured
using a MTHF solution of DPPH of known concentration as a
standard. The concentration could be determined by double
integration of both ESR spectra. The total radical concen
tration was kept as low as possible to ensure a large degree

5б
of dissociation at the lowest temperatures measured (-120 C).
The ESR spectra could be analysed from -120°C (100$ "free"
(unperturbed) ions) up to -68 С (60# "free" ions). Γη this
temperature range the g shift between the two spectra de
creased from 0.2 gauss at -120 С to about 0.12 gauss at
-68 С due to an increase of the exchange rate between the
two species with increasing temperature. At still higher
temperatures the spectra could not be analysed any more be
cause of coalescence.
The optical experiments in §U.1.2 demonstrated that this
equilibrium becomes independent of the total radical con
centration in concentrated solutions. This fact indicates
that more than two species are involved in the dissociation
reaction and obviously the complete reaction scheme cannot
be derived from the ESR experiments alone. The final ana
lysis will therefore be given at the end of this chapter
when the optical results are discussed.
Though exchange contributions to the linewidth and a
decrease of the g shift between the two spectra at in
creasing temperature have been observed, no exchange rate
analysis has been made because of the uncertainties in the
parameters involved. Still a rough estimate of these rates
can be calculated from the observation that the difference
in g value between the two spectra starts to average out in
the investigated temperature range. Under these circumstan
ces the lifetime of the species must fulfill the following
condition:
τ - Ag

(Ag expressed in radians per sec.)

.

(57)
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From the observed g shift it is found that the lifetime of
the ion pairs and free ions must be about 10

sec. in the

investigated temperature range. As the concentration of
free (dissociated) ions is approximately 10

molar (see

below), the association rate constant has a magnitude of
12
-1
-1
about 10

liter.mol

.sec

. pointing to a diffusion con

trolled reaction. In THF the same equilibrium can be
studied between -20 С and +20 C, but here the g difference
between the spectra is nearly completely averaged out: the
lifetime of the species has become too short.
c) Spectrum III
Spectra of the third type were obtained only from sodium
reduced Tp in DEE, MTHF, THP or MTHF-hexane mixtures. This
kind of spectra of which those in figure 9 are representa
tives, exhibit a further splitting of the 13 lines found in
spectrum II into four lines with equal intensity. This
splitting, the magnitude of which varied rapidly with in
creasing temperature can be assigned to the interaction
with the Na

ion. This assignment is confirmed by the pro

nounced effect of introduction of additional sodium ions to
the radical solutions. One may expect that these additional
ions will exchange rapidly with the associated metal ions,
which will destroy the metal ion hfs provided that a suffi
ciently large excess of Na

is present. This has indeed

been observed. For example, the 13 line spectrum produced
by Tp Na

in MTHF did not change upon temperature increases

to +60 С if a large excess of Na

was present. On the other

hand, if the sodium concentration was diminished so that the
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rate of exchange became of the order of magnitude of the
inverse of the sodium hfs constant, the exchange reaction
merely gave rise to a broadening of the hyperfine lines.
The significant changes in the metal ion coupling con
stant with temperature are qualitatively, similar to the
counter ion splitting variations in the ESR spectra of anthracene~Na . Hirota and Kreilick [ kO ] attributed these
variations to changes in the equilibrium constant of the
following reaction
_ +
Ar Me
(A)

k.
.
+ Ar //Me
k 2 (B)

where Ar~//Me

and Ar Me

are two different ion p a i r s ,

designated as solvent separated or loose ion pair and con
t a c t or t i g h t ion p a i r , respectively. These authors pointed
out that for large к

and k p (rapid exchange) the experi

mentally found metal s p l i t t i n g at a p a r t i c u l a r

temperature

i s a s t a t i s t i c a l average of the hfs constants in the diffe
rent ion pairs given by the
a

relation

+ K.a^

^ Т П Г

1

(58)

where a. and a_ are the metal hfs constants in the ion
pairs A and B, respectively, and К is the equilibrium con
stant of the reaction. The exchange reaction will, further
more, contribute to the linewidth; the contribution to the
different metal ion hyperfine components for rapid exchange
reactions (k , k >γ

xa~J ) is given by [_ Ul ~]

59

<
where Ρ

Ρ

exchange = Α

Ρ

Μ \ "< \ ?

τ

Α

(1+K

>

<

59)

and P R denote the probabilities of finding ion pair

A or B, respectively, γ is the magnetogyric ratio, W

is the

±

metal ion magnetic quantum number ( 3/2, ±1/2) labelling the
hyperfine component and τ

is the lifetime of species A.

One expects, therefore,that the hyperfine components with
M

= ±3/2 will be more broadened than the M

= ±i components

as a result of the exchange reaction. This was indeed ob
served in the spectrum of sodium reduced Tp dissolved in
DEE and recorded at -100 С (figure 15 ). This spectrum could
be reproduced with a computer calculation which employed
two different linewidths for the sodium hyperfine lines
(0.2 gauss for M

Ζ

= ±3/2 and 0.U gauss for M

ζ

= ±j). A

calculation based on this linewidth variation and equations
58 and 59 demonstrated that at -100 С τ. and τ Ώ are greater
than the inverse of the maximum sodium splitting (=0.l+x10
sec).

-un
Τρ-,Νι,ΟΕί

Fig. 15 - Tp~Na in DEE at -100 C. The alkali hfs has been
marked by I (±3/2 components) and II (±5 compo
nents ).
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The fast exchange limit condition, therefore, is not ful
filled so that an adequate reproduction of the spectrum
shown in figure 15 can be obtained only by using the com
plete lineshape formula [_ h2 ~\ . No such variation in linewidth was observed at higher temperatures, where a perfect
fit between the calculated and experimental spectra could be
obtained by using only one linewidth parameter. This sug
gests that the fast exchange case applies; using equation
58 and 59 and setting τ.<10—7 sec, in accordance with fast
exchange, one calculates for the derivative linewidth in
crease at -60 С a value of less than 0.01 gauss, which will
be unobservable in the spectra. The drastic decrease of т.
upon a temperature increase from -100 to -60 С is attributed
to the sudden decrease in viscosity of DEE in this tempera
ture range.
Equation 58 can be employed to derive values for the
thermodynamic quantities governing the ion pair equilibrium
[ U6 ~]. From the graph of a^ versus the temperature (see
figure 10) the limiting values of a. and a~ can be shown to
be 0 and 0.9 gauss, respectively. Using these values and the
experimentally found metal splittings at various tempera
tures, a plot of log К versus Τ

was obtained (figure 16).

It is evident that all points fall reasonably on a
straight line, which suggests that the proposed reaction
mechanism is correct. Moreover, the values for ΔΗ and AS
obtained from a least square line fit (-5.3 Kcal and -19.h
e.u., respectively, when the solvent is ΜΤΗΓ and -5.1 Kcal
and -23.2 e.u., respectively, when the solvent is DEE) are
of the same order of magnitude as the values found by Hirota
and Kreilick. Probably similar types of ion pairs are in-
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volved in both studies.
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Fig. 1б - Log Κ versus Τ
for the ion pair equilibrium ir
DEE and MTHF, respectively.

It was found that traces of a more polar solvent like
DME shifted the equilibrium considerably to the side of the
solvent separated ion pair A, while addition of a less polar
solvent did not affect the equilibrium at all. When, however,
a polyether like tetraglyme was added to a sodium reduced
Tp solution in MTHF at constant temperature (25 C) a new
species appeared the spectrum of which closely resembled
the spectrum of the free ion (type I ) , only its linewidth
was larger: 0.5 gauss. This spectrum was superimposed on the
spectrum with the alkali splitting (see figure 11) and its
intensity increased with increasing polyether concentration.
At the same time spectrum III decreased in intensity but
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the alkali splitting remained the same. In order to formulate an equilibrium equation for this reaction, some important experimental data must be considered. It was immediately evident from experiment that one ion pair was solvated
by approximately one tetraglyme molecule. This could be
seen by comparing the amount of polyether added with the
decrease in concentration of species III. Furthermore, the
composition of the superposition spectra changed drastically upon dilution; a change of 30#-U0$ in the weight fractions of the component spectra could easily be obtained by
diluting the solution. On dilution the weight fraction of
spectrum III increased, while spectrum I decreased by the
same amount. These data rule out the possibility of the
following equilibrium equation

Tp~Na
r

+ TEGD Î Tp" + Na . . .
solvated

TEGD = tetraethylene glycol dimethylether
because this equilibrium would be concentration independent
which is in contradiction with experiment. The possibility
of this equilibrium must be mentioned, however, because
spectra of type I have been ascribed to the free ion of Tp~.
Apparently some other equilibrium must be invoked to explain the experimental facts. It proved that the following
equilibrium equation could explain both

qualitatively and

quantitatively the observed phenomena:
+

Tp~Na+ + η TEGD t Tp"/Tg/Na

with η % 1

For simplicity we have written here Tp Na

. (6θ)

instead of the

бз
rapid equilibrium reaction
+

Tp~//Na t Tp~Na

+

This does not alter the arguments, however, because it was
found that addition of tetraglyme does not influence this
equilibrium. Besides, if the variable alkali splitting had
to be assigned to a static ion pair which changes its struc
ture gradually with temperature [_ U3 ~](en explanation that
cannot be absolutely excluded), equilibrium 60 would des
cribe the actual situation. Tp /Tg/Na represents an ion
pair separated by tetraglyme molecules. Writing

K =

[Jp~/T6/Na+ ]
[Tp"Na+][TEGD]n

one finds
l0g

[Tp"/TS/Na+q =

n

l o g

|- T E G D j

+

l o g K

#

( 6 1 )

[Tp"Na J
A plot of the first term against log QTEGD]

should give a

straight line with slope η and intercept log K. A graph of
this equation is shown in figure 17· From a least square
line fit the following data were derived
η =

1.01 * 0.07

К = (5.7 * 0.2)χ10 M~1 (at 25°C) .
A similar value for the solvation number of sodium was also
found by other authors £ U4-U7 3· ^

е

equilibrium constants

6h
о

they found, however, were much smaller (=10 ) . The diffe
rence in the К values may he attributed to the larger charge
délocalisation in Tp

as compared to smaller ions like the

anions of hiphenyl or naphthalene. The Coulombic forces
holding the ion pairs together will he smaller for the larger anions, which makes it easier to convert them into s o l vent separated ion pairs.
[Τρ-/τ,/ι.*]
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log [TEDO]
+

+

Fig. 17 - Plot of log [Tp"//Na ]/[Tp~Na ] versus log [TEGD]
for the tetraglyme titration of Tp-Na + in MTHF
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h.1.h Discussion of the optical measurements
a) Optical spectra at low temperatures.
-

The optical superposition spectra of Tp in MTKF have
heen observed in the same temperature range as the ESR
superposition spectra. Apparently the high temperature op
tical spectrum (denoted by 1 in figure 13) originates from
the same species as the 13 line spectrum (spectrum of type
II) measured with ESR. This ESR spectrum has been ascribed
to a solvent separated ion pair Tp //Na . Since the optical
superposition spectra proved to be independent of the total
-2
-k
radical concentration (from 10 to 10 molar) the low
temperature spectrum (denoted by 2 in figure 13) cannot be
ascribed to the unperturbed free Tp

ion. Instead of this

we suggest an equilibrium between two solvated ion pairs
of different geometrical structure, symbolically written
as
Tp~//Na+ І
K

where Tp /S/Na

Tp~/S/Na+

1
represents a very loosely bound solvated

ion pair. The experimental data have been rationalized in
terms of these two species. A plot of Ln K. versus the re
ciprocal of the temperature is shown in figure 18. From
a least square line fit to the experimental points the sol
vation enthalpy and entropy have been determined:
ΔΗ = -9.3 ± 0.2 Kcal/mol
AS = -U8 ± 2 e.u./mol .
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Fig. 18 - Plot of Ln K-| for the ion pair equilibrium mea
sured in MTHF as a function of the temperature.
b) ESR experiments at low temperatures.
The ESR experiments have been performed under identical
conditions as the optical experiments, except that the total
radical concentration was much lower (' ЗхЮ
has been demonstrated in

molar). It

1+Д.1 that the ESR superposition

spectra could be strongly influenced by addition of extra
metal ions or variations in the total radical conentration.
In view of these observations and the phenomena occurring in
the optical spectra, the following reaction scheme is pro
posed for the interpretation of the ESR spectra at low tempe
ratures :
К
Tp"//Na

Tp"/S/Na+ (B)

(A)
Tp

(C) + Na

K,

(62)
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The ESR spectra could be explained as superpositions of two
independent spectra, viz. spectrum II and spectrum I. The
former has been assigned to species A (13 line spectrum),
so the latter has to be assigned to species В and C. This
implies that В and С have indistinguishable ESR spectra.
From the combined ESR and optical data the different К
values in equation 62 can be determined:
ΓΒΊ

a) the ration ^ •* = K„

is known from the optical spec-

tra, taken at high concentrations ([CJ = 0).

[в] + [c 1
^ > k ~* is equal to the ratio of the two

b) the ratio

components in the ESR spectra measured at low concen
trations.
c) [A] + [β"] + [c~] is equal to the total radical con
centration.
From these data it was found that in the investigated tempe
rature range (-70 С to -100 C) the concentration of С was
practically constant (1.7*10

molar). As a consequence the

overall dissociation constant Κ,, defined as
α

[V]

frO

+

or
+

[Tp-//Na ] + [Tp-/S/Na J

ος1 - ç ' + ç 1 )
is independent of the temperature.
Therefore
d Ln Κ,

ΔΙΓ
RT

, Itf. •
WM^X
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so that the dissociation enthalpy is zero in the investi
gated temperature range. It is interesting to know that con
ductance studies of Szwarc e.a. ^33,U8 J on Tp Na

in THF

also indicated a zero enthalpy difference for the ion
pair(s) dissociation at low temperatures.
c) Optical and ESR spectra at high temperatures.
The optical studies show that the species which might
be present in the temperature range between +50 С and -TO С
are indistinguishable as far as their optical properties
are concerned. However, with ESR two types of spectra have
been observed: type III with a measurable sodium splitting
and type II with no detectable sodium coupling constant
(13 line spectrum). Apparently the interaction with the
alkali nucleus has no noticeable effect on the optical
spectra. The latter fact needs some comment.
It has been found with ESR that the appearance of the
sodium splitting was not accompanied by a measurable change
of the g value or the proton hfs constants (spin densities).
This must imply that there is no correlation between the
change of the sodium splitting and the perturbation by the
cation. This can probably be explained by assuming that,
when the alkali splitting increases, the distance from the
sodium ion to the aromatic plane will hardly change. A
movement of the cation parallel to the aromatic plane may
account for this. Such a movement will change the alkali
splitting, since this depends criticilly on the overlap of
the MO containing the odd electron and the alkali wavefunctions, whereas the perturbation will remain more or
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less the same because the distance between the cation and
the aromatic plane is constant.

When the cation becomes completely surrounded by solvent
molecules its effective radius increases and its electrostatic perturbation upon the anion will decrease. For Tp
this manifests itself in observable changes in the proton
hfs constants (spin densities), the g value and the electronic transitions. Apparently complete dissociation is
accompanied by minor changes in the already weak perturbation, so that the ESR and optical spectra from loosely bound
ion pairs (Tp /S/Na ) and free ions are indistinguisable.

U.2 The mononegative ion of 1,3,5-triphenylbenzene.
U.2.1 ESR measurements.
a) Hyperfine splitting constants and g value.
Reduction of 1,3,5-triphenylbenzene

(Tpb) in ethereal

solvents resulted in a green-brown paramagnetic solution
which exhibited ESR hyperfine structure characteristic for
an organic doublet radical.
Initial attempts in 2-MTHF yielded ESR spectra with
rather broad lines (300 milligauss) which could not be analysed. Eventually the linewidth could be reduced to 0.2
gauss by carefully choosing the experimental conditions:
a) concentration of Tpb

much larger than that of unreduced

Tpb or Tpb dianion in order to reduce electron transfer
reactions.
b) very dilute monoradical solution (10
MTHF).

molar Tpb" in

TO
с) temperature range -80 to -90 С; at higher temperature
rapid broadening (a reversible process) occurred which
eventually destroyed all hyperfine structure.
The spectrum recorded under these circumstances is shown in
figure 19 ·
Much better results, however, could be obtained when
more polar solvents were used like DME or NH . A sodium re
duced solution of Tpb~ in NH_ showed a remarkable decrease
in linewidth when compared to a MTHF solution. The spectrum
which is shown in figure 20 is completely resolved and has
been analysed in terms of four different proton h.f.s. con
stants.
TpbfNa + , MTHF
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Pig. 19 - ESR spectrum of Tpb Na in MTHF. The computer si
mulation is shown below.
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A perfect match of a computer simulated spectrum could
he constructed when the following values were used as input
parameters:
two sets of six equivalent protons with coupling constants
of 0.155 and О.9ЗО gauss, respectively; two sets of three
equivalent protons with coupling constants of 1.55 and 3.58
gauss, respectively; derivative linewidth equal to O.O6O
gauss.
It will be noticed, that accidentally all coupling con
stants are a multiple of the smallest value (0.155 gauss]:
ag = 6 χ a g ,

a

Q

= 10 χ a

and a

= 23 ч a g

This fortuitous fact is responsible for the complete reso
lution* of the ESR spectrum. With the help of these known
h.f.s. constants, the spectra recorded in EME and MTHF
could also be simulated using larger input linewidths:
δ = 0.120 gauss for Tpb~ in DME and δ = 0.200 gauss for
Tpb" in MTHF.
Prolonged reduction of Tpb" in DME or MTHF yielded redbrown paramagnetic solutions containing triplet dianions of
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ТрЪ (see chapter 5.2). The NH

solutions showed decomposi

tion upon further reduction; the dianion is probably hydrogenated in this solvent.

Fig. 20 - ESR spectrum of Tpb~Na in liquid NH_ at -U0°C.
The lower spectrum is simulated.
The g value of ТрЪ

has been measured in liquid HH_. To

correct for the magnetic field difference inside and outside
the cavity, the g value of the negative ion of anthracene in
Щ Ц was measured as a reference. The absolute g value of
the latter ion has been reported in the literature [ 27 ~] The absolute g value of ТрЪ measured in this way (g =
2.002725 * H.10- ) had still to be corrected for the second
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order shift [_ 27 ~] . This shift was calculated from the experimental coupling constants and amounted to Äg = -2.5x10
—6
The absolute g value of Tpb" becomes 2.002722 ± U.10 .
b) Relaxation times Τ

and Τ .

Continuous saturation experiments have been performed
on Tpb" in NH , DME and MTHF to determine the magnitude of
the relaxation times T. and T p . The experiments are based
on formula 6k which can easily be derived starting from
Bloch's equations:
δ2

= V3(Y2T2)"1

+ U/3

Η2

(6h)

Τ^Τ,,

δ = derivative linewidth (in gauss)
FL = circularly polarized field at the sample
Ύ = gyromagnetic ratio of the electron
Τ = linewidth parameter
Τ = spin-lattice relaxation time.
2
Thus from a linear plot of δ

.

2

-

1

as a function of Η , T T

can be derived from the slope of the line and Τ

from the

intercept. 2H , the amplitude of the r.f. magnetic field at
the center of the cavity is connected to the microwave power
incident on the cavity (P.
С^
Ua2
H

) by formula 65 Q U9 J

? = — - — ó — ρ - (ι* |rl2)p- ^

1

2

2

l n C

(65)

ν V (Ua +c )
с с
QT = the loaded Q of the cavity with the sample in place
ν = resonance frequency of the cavity
V = volume of the cavity
a and с are the length of the small and broad faces of the
cavity: c/2a = 1.00
|r|2 = Ρ
/P.
, where Ρ
, is the power reflected by
the cavity.

Ih
In practice |г| was neglected in equation 65 because
the reflected power was kept negligible small in all experi
ments by the use of very thin ESR sample tubes (i.d. 1-2
mm). The samples were measured in a rectangular cavity ope
rating in the ТЕ - mode provided with a quartz dewar in
sert parallel to the broad faces of the cavity. Because line
2
samples rather than point samples were used, IL was not con
stant over the length of the sample inside the cavity and
the values of H determined by equation 65 had to be correc
ted for the sinusoidal pattern along the sample. Because the
experimental conditions were identical to that described by
Freed e.a. [] 2 ~] his correction factor has been taken over:
2
2
H1(average) = (О.76 * 0.09) H (measured)
As |r| was approximately zero the expression for the loaded
Q С 5° ~] simplifies to

\ = τ;

w

ν = resonance frequency of the cavity
Δν = the width in frequency units of the resonator dip
measured at half height.
Inserting numerical values in equation 65 one finds
H? = 3 . 8 6 * 1 0 ~ V P .

1

where P.

TJ

(67)

inc.

is expressed in Watts and Q

1ПС •

M 6 0 for the MTHF, DME and NH

was Д320, U5OO and

Li

sample, respectively.

The linewidth of the ESR spectrum of Tpb" in the diffe
rent solvents as a function of the microwave power could
not be measured directly due to large overlap of the hyper-
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fine lines. Therefore the experimental spectra were compared
with computer simulations that had different input linewidth.
In the computer calculations the linewidth was varied from
O.O50 to O.5O gauss with 10 milligauss intervals.
2
Figure 21 shows a graph of S

versus P·

-

for Tph

measured in liquid NH_. Similar plots have heen constructed
for MTHF and Ш Е solution*.
linewidth squared
300

Fig. 21 - Plot of the linewidth squared against microwave
power for Tpb Na in NH . The drawn line is a
least square fit to the experimental points.

The values of T. and T„ obtained in this way are shown
in table 6. Whereas in the above described procedure
the ratio Τ /T

is determined, the product T..T

can be de

rived from a plot of the amplitude of the ESR signal as a
function of the microwave power. As the intensity of the
ISR signal is proportional to d(x"H1 )/d(u)-u> ) , this ex-
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pression must be evaluated at the peaks of the hyperfine
2

lines (where d (x"H1 )/d(u>-(i> )
1
о
respect to H :

2

0) and then maximized with

άίχ'Ή.)
d_
= О
dH 1 ά(ω-ω о)max

(68)

Table б
Relaxation times of Tpb Na

MTHF -79°C
DME -77°C
NH
-51°C

in different solvents

Τ xlO sec

Τ χ10 sec

0.7Θ * 0.23
0 Λ 7 * 0.11+
1.9 * 0.5

0.32 * 0.01
0.65 * 0.02
1.3 * 0.1

2 2—1
From the condition in equation 68 follows T..T = (2γ Η )
If T„ is calculated from the linewidth at low power, an
estimate of T. can be obtained. Table 7 shows the values of
the microwave field that produced maximum ESR signals to
gether with the relaxation times calculated by this method.
Table 7
Relaxation times of sodium reduced Tpb in different solvents.
О

О

solvent

P. (Watts) H„(gauss ) Τ, χ 10
ine
1°
1

MTHF
DME
NH„

19 x
-3
10 χ
1.3* 10

2І+ χ 10-3
-3
13 χ 10
-3
1.7x 10

C,

Τ

χ 10

0.27*0.06 0.32*0.01
0.21*0.06 0.65*0.02
0.70*0.26 1.3 *0.1
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It must be stressed that this method is much less re
liable than the first one. The reason is the large overlap
of hyperfine lines which makes it practically impossible to
determine the amplitude of an individual ESR line. The over
all amplitude of a group of lines was used to determine the
saturation field and this resulted in too low values for Τ .
It may be concluded, also from relaxation studies re
ported in the literature, that the applicability of the
method of continuous saturation is very limited. The method
becomes more reliable when no other dieléctrica but a very
small sample (a point sample) are placed inside the resonance cavity.
Pulse or spin echo experiments would give more accurate
results, but these methods have only been applied for rather
concentrated solutions and then electron exchange and electron transfer processes become dominant relaxation mechanisms that obscure the information one wants to obtain about
intramolecular processes.

k.2.2

MMR measurements.

To determine the sign of the proton hfs constants in Tpb ,
the NMR spectrum of this ion has been recorded. The different protons in the paramagnetic ion give resonance signals
at quite different magnetic fields; the different•shifts
they experience (Fermi contact shifts) are due to the magnetic interaction of the unpaired electron spin with the proton spin. The coupling constants can be derived from the
Fermi contact shift using equation 33.
The contact shift 6

is measured with respect to the

resonance signal of the solvent, eliminating in this way
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the contribution to the shift from the paramagnetic suscep
tibility of the solution. If a solution is not completely
reduced, the measured contact shift is only a fraction f
of the maximum obtainable shift δ , where f is the fracρ
tion of aromatic molecules that have been reduced.
In principle the degree of reduction can be derived from
the shift of the solvent. Theoretically an one molar paramag
netic solution produces a solvent shift of 157 Hz at room
temperature [] 51 3· ^-n

a

"typical experiment 1.5 gram Tpb

was added to 5 ml DME; only a small fraction dissolved at
room temperature. After prolonged reduction with Na all Tpb
was dissolved and the volume of the solution had expanded
to about 5·5 ml, which would result in a 0.9 molar solution
if all Tpb were reduced. It was checked with ESR that no
dianions were present at this stage of the reduction. The
observed solvent shift was 107 Hz, indicating only fk% re
duction to the monoanion.
Applying at this stage a "wide line" technique £ 52 ]
three proton lines could be observed (figure 22), two of
which were reasonably well resolved. These two lines were
characterized by the following parameters:

contact shift
derivative linewidth

meta protons

ortho protons

-600 Hz
37 Hz

+3930 Hz
870 Hz

If the coupling constants are calculated from the observed
contact shifts combined with the degree of reduction
one finds
a ortho = -1.17 gauss (ESR: 0.930 gauss)
a meta = +O.I79 gauss (ESR: 0.155 gauss).

(lh%)
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и

!А* **М

Fig. 22 - Proton spectrum of Tpb~Na in DME at 30 С, concen
tration 0.9 molar. M = meta protons, S = solvent,
0 = ortho protons and Ρ stands for para protons.

It has been found, however, that the observed solvent
shift is generally lower than the theoretical value Q 76 J.
If it is assumed that the coupling constants measured with
NMR should not noticeable deviate from the ESR values, the
degree of reduction can be calculated from the measured
contact shifts:
δ

fP =4
δ°
с
where δ

(69)

is the contact shift calculated from ESR coupling

constants and δ is the observed contact shift,
с
From this follows that the degree of reduction is about
0.91 instead of 0.7Ц, which means that the observed solvent
shift is 21 Hz lower than the theoretical value. This downfield shift of the solvent is probably due to a contact in
teraction with the paramagnetic Tpb

ions.
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Because the contact shifts of the aromatic protons have
heen measured with respect to the shifted solvent peak, a
correction of +21 Hz must he made for the contact shift of
the low field proton line (meta protons) and -21 Hz for the
high field line (ortho protons). The ratio of the two con
tact shifts determined in this way still deviates somewhat
from the ratio of the two ESR coupling constants:
δ (ortho)
Λ
> = 6.3
+
δ (meta)
с

/ _.. \
a ortho) = 6.0 (ESR)
a(meta)

.

From the corrected contact shifts the coupling constants
are calculated: ao(ortho) = -0.95^ gauss and aq(meta) =
+0.151 gauss. These values will be used for the calculation
of the electron and dipolar correlation times.
U.2.3 Discussion.
a) Spin densities.
According to affiickelMO calculation the first two antibonding IT orbitals of Tpb are degenerate, the next energylevel being О.58 eV higher. Therefore, the spin density
distribution in Tpb

has to be calculated in a way analo

gous to that described for Tp . The experimental spin densi
ties were derived from the ESR and NMR coupling constants
with McConnell's relation
a = Q.p

.

(70)

A value of Q of -27 gauss is calculated by setting Q
equal to Ea./Σρ., where a. is the negative coupling constant
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and p. the positive spin density on the carbon atoms 2, 8
and 10, derived from an open shell SCF calculation with configuration interaction. Calculated and experimental spin
densities are shown in table 8.

Table 8
Theoretical and experimental spin densities in Tpb~.
Carbon atom

Hückel

SCF

1
2
7
8
9
10

0.052
0.118
0.037
0.032

о.оз

о.ооб
0.051

SCF + CI

O.OU7
0.150
0.103
0.058
О.О38
0.026
0.032
0.011 -O.OO8
0.050
0.059

ESR

NMR

0.135
0.035 О.ОЗ6
O.OO6 -O.OO6
О.О58

It is seen that an open shell SCF calculation with in
clusion of CI predicts spin densities that have correct sign
and magnitude. M0 calculations which do not take into account
interactions with excited configurations, never can predict
negative spin density at aromatic carbon atoms. In fact,
the experimental values have been assigned to particular
carbon atoms based on the close correspondence with calcu
lated values.
b) g Value and relaxation times.
In view of the orbital degeneracy of Tpb

it was expec

ted that the g value of Tpb" would deviate from Stone's
empirical relation
Ag = Ъ + Ac

(see equation 56)

.

(7I)
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Large deviations from this expression have been found for
orbitally degenerate ions like the cations of symmetric
benzene derivatives [_ 53 ~] the anion of benzene Q 27 ] ,
coronene Q 27 ] , triphenylene, cyclooctatetraene [27 ~] and
the trinegative ion of trinaphthylene [_ 5h ~] . In figure 23
which gives a picture of Stone's plot, the degenerate radi
cals are denoted by circles.

0

05
Huckel coefficient, λ

Fig. 23-- Stone's plot. (1) = benzene", (2) = triphenylene",
(3) = Tpb", (U) = coronene" and (5) = trinaphthylепе-З-.
Knowing the Hückel coefficient λ (λ = -0.66), Ag for
Tpb" can be calculated from formula 56:
Ag = (39.0 ± 1).10"
From the experimental g value follows:
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ûg = 2.002722 * U.10~ - 2.002322
= (Uo.o ± O.U).10~5
The deviation from Stone's plot is within the limits of
error and is an order of magnitude smaller than deviations
found for other degenerate radicals.
A second characteristic feature of degenerate radicals
is their relatively large linewidth, varying from 250 to
TOO mgauss for various radicals [_ 3 ~] . It was also observed
already a long time ago that these molecules were difficult
to saturate with ESR as a consequence of their short spinlattice relaxation times [_ 1 ~] . Relaxation times reported
in the literature of benzene
benzene

C 2 >55^], hexatrifluoromethyl-

£ 53 ~] , triphenylene

[_ 3 ~] and the tropenyl radi-

cal [_2~] are all of the order of 10
and Tp are about 10

second for non-degenerate radicals.

The values that have been found for Tpb
of the order of 10

second, whereas Τ
in ammonia are also

sec. and have no resemblance with

values for degenerate radicals.
At this moment there is no conclusive evidence for the
mechanism that causes the enhanced spin-lattice relaxation
in orbitally degenerate aromatic radicals. The larger g
values of these radicals indicate that spin-orbit interac
tion may be responsible for the short relaxation times [3].
It still remains an open question why this mechanism is
quenched in the mononegative ion of Tpb, that has a g
value and relaxation times comparable to those of non-dege
nerate radicals. It might be due to an out of plane bending
of the phenyl rings, which would lift the degeneracy. The
degeneracy cannot be lifted very much, however, since the

8U
dianion has a triplet ground state.
The enhanced linevidth of Tpb~ in MTHF or DME is also
hard to explain. It was first thought that the broadening
of the ESR lines was caused by a small alkali splitting or
a little change of the proton h.f.s. constants. It has been
stated before that the complete resolution of the spectrum
in liquid NIL· was not only caused by the small linewidth
but also by the accidental relationship between the coupling
constants. Small changes of the latter in other solvents
would, therefore, immediately lead to apparent line broad
ening. The relaxation study has ruled out these mechanisms,
because they could have no effect upon the saturation be
haviour. The shortening of T. in MTHF when compared to NH_
indicates that rapid time dependent processes are respon
sible for the line broadening. Rapid exchange reactions
of the cations might cause a time dependent modulation of
the spin density distribution in the anion, which may also
influence T.. if the process occurs at very high frequencies.
Wether association with counter ions actually takes place
in the less polar solvents MTHF and DME has to be establis
hed by conductance measurements.
c) NMR Linewidth.
There are two major contributions to the NMR proton linewidth of paramagnetic molecules [ 18 ~]. The first one re
sults from a modulation of the Fermi contact interaction
and the second from the electron nuclear anisotropic dipolar
interaction. For the case that
2 2
ω τ„ >>1 and
ed

2 2
ω τ >>1
ее
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e q u a t i o n s 35 and 1+7 reduce t o
T~ 1 = u( T ~ 1 ;)
+ U( T ~ 1 )
2
2 Fc
2 'b

Ì Φ ' Te + h Φ 2 Td

B=

>:D) <?2)

Because two proton NMR lines have been observed, the two
unknowns τ and τ, can be calculated if В is known. For the
e
d
numerical calculation of В at four different proton positions
use was made of a computer program written by Canters Q>2]
who followed the method of McConnell and Strathdee \_ 5T ~] ·
It was assumed that the C-Η distances were 1.08 A

and all

C-C lengths were equal to 1.39 A . The spin densities on
the carbon atoms with adjacent protons, viz. ρ , ρ„, ρ • and
ρ n , were obtained from ESR coupling constants. The other
two, p1 and ρ , were calculated with a SCF + CI procedure.
With the parameters listed in table 9 the correlation times
τ and τ, could be calculated,
e
d
Table 9
Parameters used to calculate correlation times for Tpb .

Proton

a
(gauss)

Φ2·10"12
(rad.sec

)

(rad.sec

)

(sec

8

0.952

281

2U.7

U7OO

9

O.151

Т.Об

10.1

ПО

)

The values reported for T. have been corrected for inter-

86
molecular broadening. This effect (8 Hz) could be measured
from the broadening of the solvent peaks. For τ , τ, and τ
e
d
e
the following values were found, respectively: 6.5, 1.6 and
2.1x10

sec. They are of the same order of magnitude as

those obtained for other aromatic ions. With the known
values
values of
of τ
τ and
and τ,
τ, the
the ;linewidths of protons 2 and 10 can
e
e
d d
*
be predicted (table 10).
Table 10
Parameters used t o c a l c u l a t e t h e l i n e w i d t h s of p r o t o n s 2
and 10.
Proton

a (ESR)
(gauss)

2

3.58

10

1.55

2

ф .юh

(rad.sec

12

-12
)

391*7

(|) 2 .ιο- 1 2

τ"1

(rad.sec

(sec

-1 2
)

2

-1

280

6.6x10

67.5

1.3x10

)

If protons 2 and 10 could be observed with NMR they
would be characterized by contact shifts of 15·300 and
657O Hz and derivative linewidths of 1U7OO and 2230 Hz, res
pectively. There will be a good chance to observe these lines
when the protons are replaced by deuterium atoms. The con
tact shifts remain the same but the linewidths will be re2 2
duced approximately by a factor γ,,/γ- = ^З.
η

D

Perhaps also the spin density distribution in the dianion
of Tpb could be obtained from deuterium resonance of deuterated Tpb.
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CHAPTER

V

TRIPLET DIANIONS
5.1 The dianion of triphenylene
5.1.1 Experimental results
Prolonged reduction of Tp~ solutions in 2-MTHF or polyethers with К or Rb resulted in a colour change of the so
lution from blue to black. Coupled with this colour change
was a decrease of the Tp

concentration and an increase in

concentration of a species with triplet character as was
evident from rigid matrix ESR spectra. These spectra, taken
as a function of the reduction showed a decreasing monora
dical intensity and the simultaneous appearance of a half
field (/L. = 2) resonance signal [_ 58-60 ] and full field
= 1) resonances characteristic for triplet species ran
(*M
domly oriented in a glass £61,12].
Two fundamentally different classes of triplet spectra
were found. A representative of the first class is shown in
figure 2І+.
This spectrum was observed when MTHF was used as solvent
and К as reducing agent. Computer simulations Q62 ] of the
experimental spectrum demonstrated that the lineshape in
figure 2k is determined by zero-field splitting (ZFS) para
meters D and E of U92 and 96 gauss, respectively. Hence this
triplet spectrum must be assigned to triplet species which
have lost trigonal spin density distribution.
The second class of spectra, on the other hand, is

characterized Ъу a signal lineshape originating from triplet
species possessing trigonal symmetry £12,61 ] so that the
ZFS parameter E vanishes. These triplet spectra (figure 25D)
with vanishing E were obtained in pure polyethyleneglycolethers Ъу reduction with К or Rh and also in mixtures of
MTHF and these polyethers. The D value of this spectrum is
30І+ gauss and is independent of the metal ion present and
also independent of the solvent.
Addition of successive amounts of polyether to a MTHF
solution causes drastic changes in the spectra recorded.
This has Ъееп illustrated in figure 25. Figure 25A shows
the triplet spectrum in pure MTHF, figure 25B when a very
small amount of diglyme is added to the solution.

Matrix ESR spectrum of th*Tnphtnyl*n» Mono-and Dinegativi Ions

Fig. 2k - High and low field resonances of Tp~ in a glassy
matrix of MTHF at -160°C. The resonance line de
noted by "M" is due to the mononegative ion Tp~.
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It is evident that the addition of diglyme causes new peaks
(indicated Ъу II), whereas the intensity of the triplet
peaks (denoted Ъу I) observed in pure MTHF is diminished.
The new triplet species also gives rise to spectra charac
terized by two ZFS parameters D = UlU gauss and E = 79 gauss.
This type of spectra will further be referred to as nonaxial spectra. When more polyether is added (figure 25C)
triplet species I vanishes completely, triplet species II
gains somewhat in intensity, while a third triplet spectrum
arises due to species possessing a trigonal spin distribu
tion (indicated in the figure by III). The D value is ЗОІ4·
gauss. Addition of more polyether leads to the disappearance
of species II, while triplet spectrum III remains with en
hanced intensity (figure 25D). When the full field spectra
consisted of two triplet species (e.g. figure 25C,D) two
partially resolved half-field peaks were observed. The di
polar interaction parameters D and E of the non axial spec
tra vary with counter ions and upon introduction of small
amounts of DME or THF. Using polyethers containing more
oxygen atoms than diglyme (e.g. triglyme or tetraglyme) it
was found that the amounts of polyether needed to generate
diverse triplet species were much lower than in the case of
diglyme. Table 11 gives a survey of experiments carried out
with Tp. Inspection of the table shows that there are essen
tially three types of triplet species each with ZFS para
meters within a narrow defined range. Considering the three
types of triplet species observed for K, Tp we find the
following values:
D = U92-U61 gauss
D 2 = i+1 U—381 gauss
D = ЗО5
gauss

E = 96-90 gauss
E = 79-60 gauss
E = 0
gauss
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Fig. 25 - Triplet spectra of Tp randomly oriented in a rigid matrix. Reducing agent K, temperature -I60 C.
The central peak is due to Tp . a) In pure MTHF
Ъ) after introduction of a trace of diglyme c)
after addition of more diglyme d) final spectrum
(MTHF: diglyme = 5:1).
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Table 11
Zero-field splittings of Tp . The accuracy of the reported
values is about 2 gauss
Solvent

D(gaus s)

E(gauss)

К
К
К
К
К

MTHF
MTHF/DME ( 2 : 1 )
MTHF/THF ( 2 : 1 )
MTHF/MCH ( 2 : 1 )
MTHF/diglyme m i x t u r e s

1+92
1+66

К

MTHF/triglyme
mixtures

К

MTHF/t et raglyme
mixtures

96
90
92
96
96
79
0
96-92
75
0
96-92
75
0
60
0
89
50
0

Counter ion

К

diglyme

Rb
RB

MTHF/DME ( 2 : 1 )
diglyme

U80
1+92
1+92
1+11+

305
1+92-1+61
1+02

305
1+92-1+71

395
305
381
301+
1+1+2

351
301+

The corresponding values for Rb, Tp are about 20 to 30 gauss
lower except for the lowest D value, which is within the
limits of error equal to the value of 305 gauss.
It was found that the continuous decrease of the D value
of K, Tp in MTHF upon addition of THF or DME is of the same
order of magnitude (20-30 gauss) as the effect of introduc
tion of traces of triglyme or tetraglyme to a MTHF reduced
solution of Tp. The additions resulted in a monotonous de
crease of the D value from 1*92 to 1+61 gauss for triglyme and
from 1+92 to 1+71 gauss for tetraglyme. Introduction of the
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non polar solvent methylcyclohexane (МСН) to К, Tp in MTHF,
however, did not have a noticeable effect on the D and E
values.
The lineshape of the triplet spectra was invariant under
temperature variations between —150 С and -2б0 С and the
intensity of the triplet signal varied in a linear vay with,
the reciprocal of the temperature (see figure 26)

T-1*103
+ ·in М'іш'
Fig. 26' - Intensity of the \, = 2 signal of Tp~ ™2K
as a function of the temperature.

к

The reversehility of the reduction of Tp~ to the triplet
species was checked by adding neutral Tp to completely re
duced solutions of Tp. Such additions resulted in a restora
tion of the blue colour of the solutions and in an increase
of the monoradical peak intensity to practically twice the
maximum signal intensity, produced by the original Tp so-
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lutions. Quenching of the completely reduced solutions with
air and subsequent analysis of the organic material with
vapor phase chromatography showed that it contained only
traces of decomposition products besides undecomposed Tp.
Evidence of the decomposition of small amounts of Tp
upon prolonged treatment with К or Rb was also furnished
by the appearance of a weak fluid solution hyperfine spec
trum different from the Tp

spectra discussed before.

The matrix spectra of completely reduced 2-methyl-triphenylene in MTHF were also recorded. The spectra showed
that these radical solutions contained triplet species as
well, with ZFS parameters very similar (D=U86 gauss, E=92
gauss) to those found for the parent compound. Addition of
polar solvents like polyethers to a triplet MTHF solution
of Tp resulted in a decrease of the overall triplet concen
tration, accompanied by a simultaneous increase of the dou
blet concentration. This decrease in concentration of the
triplet species was not caused by decomposition of reduced
Tp due to impurities which might be present in the poly
ethers because no decrease in signal intensities could be
observed when these polyethers were added to solutions con
taining only mononegative ions. Moreover the decrease in
triplet concentration was also dependent on the alkali metal
used for reduction.
No triplet species have been obtained with Li, Na or Cs
as reducing agent.
5.1.2 Discussion.
The experimental results reported above prove beyond
reasonable doubt that reduction of Tp

with К or Rb leads

9h
to the formation of dinegative ions. Since these dianions
generate ESR spectra, the intensity of which follows Curie's
law, it is clear that the dianion has a triplet groundstate.
This is not surprising: the two lowest antibonding Orbitals
belong to a degenerate representation E" (see Hückel scheme
in figure 27) and according to Hund's rule one may expect
that the state with the lowest energy will have the highest
spin multiplicity.
The matrix spectrum produced by Tp

solutions in poly—

ethers and MTHF-polyether mixtures (figure 25D) which is
characteristic for triplet molecules with trigonal symmetry
[^12,61 ~] , therefore, evokes no special questions. The
triplet spectrum obtained from Tp

dissolved in MTHF on the

other hand (figure 2k) is very remarkable since it must be
assigned to triplet species which have no trigonal spin
distribution.
It is believed that the perturbing influence of the
counter ions is the main reason for the loss of trigonal
symmetry of the spin density distribution in the dianion.
It is reasonable to suppose that the dianions are associated
with counter ions in pure MTHF at -I60 C. Hoijtink e.a.
L 63 J have provided data which indicate that other dinegative aromatic ions are associated with their counter ions
under those conditions. Furthermore we have seen that the
mononegative ions of Tp in MTHF form ion pairs at -100°C
when present in moderate concentrations (Φ 10

molar).

The counter ions may be even more strongly associated with
dinegative ions due to enhanced Coulombic attraction. Hence
the spectra obtained from Tp

in pure MTHF are attributed

to a non trigonal ion pair (triple). Several experimental
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data substantiate this conclusion. Table 11 shows that a
counter ion change from К to Rb as well as the introduction
of small amounts of the more polar solvents DME or THF do
affect the D and E values derived from the matrix spectrum
in MTHF. Such effects can only occur if the spin distribu
tion in the anions is perturbed by the cations, which means
that ion pairs Tp Me

or ion triples Tp 2Me

are present.

The solvent effect shows that the counter ion perturba
tion is modified by the introduction of more polar solvents.
This must be ascribed to changes in ion pair geometry, pro
bably as a result of specific solvation of the small posi
tive ions by the more polar solvent molecules.

•16
»13473
• 1 2855
•1 0
+0 879t.
»0 6840
«•0 5

• О--

-05
- 0 6810
-О B794
-10- 1 2B55
-1 3473
-15-

Fig. 27 - Hückel MO scheme of Tp (only the central portion
is shown). Energy in eV (right) or 0 units (left).
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The fact that the D and E values are not affected by the in
troduction of a solvent (MCH) with less solvating power than
MTHF confirms the latter conclusion. The existence of trip
let ion pairs (triples) with differing geometrical struc
tures was unambiguously established by experiments in which
small amounts of polyglymes, solvents with high solvating
power, were added to Tp~ in MTHF (see figure 25). The matrix
ESR spectra consist of superpositions of signals generated
by two non trigonal triplet species both at full field and
at half field. If we assign the spectrum with the larger
D value C+92 gauss) to an ion triple Tp~2K

and the spectrum

with the lower D value (UOO gauss) to an ion pair Tp Κ ,
than this would imply that removal of a counter ion from
the triplet molecule will lower the D value by about 100
gauss. If the removal of the second К

ion will produce the

same decrease of the ZFS parameter, one may expect a D value
of about 300 gauss for the free dinegative ion of Tp. The
matrix spectrum which is observed on addition of larger
amounts of polyethers and which is characteristic for
triplet molecules with trigonal symmetry (D = 305 gauss,
E = 0 gauss) is therefore attributed to the free dinegative
ion. By "free" we mean here that no perturbing influence
of the cations can be measured any more. This does not neces
sarily imply that the ion triples Tp 2Me

are completely

dissociated. As has been mentioned before, addition of tetraglyme to MTHF solutions containing the mononegative ions of
Tp, results in the formation of solvent separated ion pairs
Tp~/Tg/Na . In these ion pairs the perturbation of the cat
ions on the spin distribution of Tp

is also absent : the

spectrum is characterized by the same coupling constants
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es the free monoanion. Conclusive evidence about the disso
ciation of Tp 2Me

can therefore only be obtained by conduc

tance studies. If the cations -would still be associated
with the anions, they can only be very loosely bound, since
the ZFS parameter D (305 gauss) is practically independent
of the counter ion present (Rb

or К ) or the constitution of

the solvent (di- tri- or tetraglyme or polyglyme-MTRF mix
tures).
Introduction of very small amounts of tri- or tetraglyme
to MTHF solutions containing Tp~2K

results in more subtle

changes which can also be observed when DME or THF is added
to these solutions (see table 11): A quasi continuous deCrease of the ZFS parameters occurs (D = l+92-ЦбО gauss,
Έ = 96-90 gauss). Since this decrease is accompanied by
linebroadening, it indicates that probably several triplet
species are present, differing slightly in their ZFS para
meters. In the case of ТрЪ 2K the different triplet species
have indeed been observed (see below). Probably the first
polyether molecules only peripherically solvate the asso
ciates Tp 2Me

without changing their structure too much

and only the following ether molecules can completely sol
vate the cations, one after another. The decrease of the
overall triplet concentration on addition of polyethers
which was not caused by decomposition of Tp - has been
ascribed to the following reaction
+

+

Tp~2Me + nPEGD t Tp~//Me + Me
This reaction can explain both the increase in the Tp con
centration and the precipitation of metal.
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De Groot e.a. Q6U,65 ~] made plausible that the apparent
loss of trigonal symmetry of phosphorescent benzene in its
3
lowest B, state might he due to an indirect Jahn-Teller
lu

instability through coupling with the nearby

о

E

state

which lies about 1 eV higher. Such an indirect Jahn-Teller
instability might also operate in the Tp dianions. If elec
tron correlation is taken into account the lowest state of
3
=
Tp (group D ) is A', an orbitally nondegenerate state.
The first excited triplet state belongs to the representa3
tion E' and is formed by promoting an electron out of the
lowest antibonding E" orbitals into the second non degene
rate A" antibonding orbital (figure 27). The excitation
energy was calculated by Sommerdijk who found a value of
2.6 eV [_ Τ 1 · If the symmetry is lowered from D_h to for
3
3
instance С ν the representations A' and E' of the t r i g o .
3
3
3
nal structure transform into B. and A. + Β., respectively
3
and configuration interaction between the original A' and
3
E' states may occur. As a result the most favourable con
formation of Tp will not possess trigonal symmetry and the
spin-distribution will be non-trigonal.
The spectrum of the free dianions, nevertheless, proved
that the triplet species had retained trigonal symmetry. It
has been pointed out in §4.1.2 in which the geometrical in
stability of Tp was discussed, that the energy difference
between the various distorted and symmetrical conformations
of Tp

is less than the zero point energy of the normal vi

brations. This causes a rapid interconversion between all
possible configurations so that as far as ESR is concerned,
the trigonal symmetry is retained. In view of the rather
large excitation energy to the first excited triplet state
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(2.6 eV) the same dynamic effect is likely to occur also in
the free Tp dianions, so that the matrix spectrum is that of
a triplet species with trigonal symmetry.
The loss of trigonal symmetry of the ion pairs (triples)
of Tp

with alkali metal ions has been accounted for in a

quantitative way by Sommerdijk who calculated the ZFS para
meters of the dianion of Tp - ^7,8 ~] following the method
of van der Waals and ter Maten. The change in the ZFS para
meters was accounted for by assuming that the counter ions
are located above and below the center of the same non cen
tral aromatic ring. Table 12 shows a comparison of his cal
culations with our experimental results.
Table 12
Calculated and experimental ZFS parameters of Tp . The dis
tance of the cations to the aromatic plane is given in
parentheses
D(gauss)

E(gaus s)

c a l e Lilated
U50

30

(2 A )

500

50

(3 A )

390

20

(2 A )

1+20

UO

(-)

330

0

Tp =

E(gauss)

experimental

Tp 2Me + (3 A )

Tp=Me

D(gauss)

U92-UU2

96-89

І4.ІІ4.-З5І

8O-5O

305

0

The correspondence of calculated and experimental D
values is rather good whereas only the order of magnitude
of the E values is obtained. Sommerdijk also found that in
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spite of the non symmetrical perturbation of the counter
ions the triplet state of Tp~2K

is more stable than the

singlet state by at least 0.312 eV, which is in agreement
with experiment. In view of all these data it can be con
cluded that the asymmetry in the spin distribution of the
dianions is caused by the electrostatic perturbation of the
cations. Since two independent quantities, the zero-field
splittings and the spin multiplicity of the ground state
are predicted correctly by the theory, the conclusion seems
justified that the ion pair and ion triple models give a
reliable picture of the actual situation.
5.2 The dianion of 1,3,5-triphenylbenzene.
5.2.1 ESR experiments.
Prolonged reduction of 1,3,5-triphenylbenzene (Tpb) in
MTHF with alkali metals resulted in the formation of trip
let dianions which could be detected with ESR in a glassy
matrix С 9 J· It was found that the parameter D characte
rizing the triplet spectrum of this dianion was a function
of solvent and counter ion (table 13). The same characte
ristic features as have been found for Tp

can also be ob

served in the case of Tpb . Successive introduction of small
amounts of polyethers to MTHF reduced solutions of Tpb yield
in principle three different triplet species, differing
largely in their zero-field splittings. It is also evident
from table 13 that the smallest ZFS that can be observed
for Tpb

(355 gauss) is practically independent of solvent

and/or counter ion. This was also found for Tp~. The most
marked difference with Tp

is the absence of a measurable
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E value in the spectra of Tpb-. However, in one case (Tpb~
2Na

in MTHF) a very small E value (5-Ю gauss) was observed

at very low temperature: 10 K. This ZFS became unobservably
small already at 20 К.
Table 13
ZFS parameters of Tpb
Counter i o n

Solvent

D(gauss)

Li

MTHF

Li

MTHF/t e t r a g l y m e -

1+73
ЗІ+Т
1+73
ЗІ+7

mixtures
Na
Na

MTHF
MTHF/DME

Na

MTHF/diglyme

Na

MTHF/triglyme

Na

MTHF/tetraglyme

К
К
К

MTHF
MTHF/DME
MTHF/diglyme

К

к

diglyme
MTHF/triglyme

к

MTHF/t et raglyme

Rb
Rb

MTHF
MTHF/triglyme

523
523
1+32
355
523
1+1+0

361
523
1+1+0
355
523
1+35
360
1+98, 1+88
I+98-I+58
1+98, 1+88
I+05
35I»
1+98-1+55
I+05
З5І+
I+98, 1+88, 1+63
1+08
35I+
1+78
I+78
1+00
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Since ТрЪ can be reduced to its dianion by more alkali me
tals than Tp, the counter ion effect on the ZFS parameters
could be studied more accurately for Tpb .
In table 13 Tpb 2Li

is somewhat exceptional when com

pared to the salts of the other alkali metals. Reduction of
Tpb with Li in MTHF produced two triplet spectra superimposed
on each other with D values of UTS and 3^7 gauss, the spec
trum with the smaller D value being predominantly present.
When tetraglyme was added to this solution the species with
D value of UT3 gauss was completely converted into the trip
let dianion with D equal to 3^T gauss. Unlike in the case
of the other alkali salts no spectrum with intermediate D
value was observed. On the other hand, the spectrum with
the lowest D value (350 gauss) could not be obtained when
small amounts of diglyme were added to MTHF solutions of
Tpb 2K . The spectrum could however be measured in pure
diglyme. For Tpb 2Rb

this spectrum could not even be pro

duced when using triglyme as a solvating agent.
Addition of very small amounts of triglyme or tetraglyme
to MTHF solutions of Tpb 2K

caused a very slight decrease

of the largest D value, as has also been found for Tp 2K .
Only when tetraglyme was added to Tpb 2K

it became clear

that this variation of the D value was in fact a disconti
nuous process: here three triplet species were observed
differing only slightly in their D values (1+98, U88, and
U63 gauss, respectively). They are designated as 1, 2 and
3 in figure 28a.
Introduction of polyethers to MTHF solutions of Tpb"
generally resulted in a decrease of the triplet concentra
tion with simultaneous increase of the doublet concentration.

юз

Fig. 28 - Triplet spectra of Tpb" at different MTHF/tetraglyme ratios.
The magnitude of the change in concentration depended on the
counter ion and the kind of polyether used. It was found
that the concentration of Tpb~2K

changed hardly upon intro

duction of tetraglyme. We therefore "titrated" completely
reduced solutions of Tpb, containing about 90/& dianions,
with a 0.1 molar solution of tetraglyme in MTHF using an

lOU
apparatus similar to that depicted in figure U. Figure 29
shows a graph of the relative concentrations of the three
triplet species (denoted by I, II, III) as a function of
the tetraglyme-Tpb

ratio (Solvation of the mononegative

ions was neglected).
relative triplet concentration
100

i.
6
6
+
[tetraglyme]/[Tpb = 2K ]

Fig. 29 - Titration curve showing the solvation of ТрЪ=2K+
Ъу tetraglyme.
Comparison with computer simulations showed that the re
lative triplet concentrations could he accurately determined
Ъу considering the product of the amplitude A of the 'Am =1 '
signal at field positions H ±D (see figure 3) and the ZFS
parameter D. Relative concentrations of triplets determined
Ъу the product A.D deviated about 3% from computer simula
tions of superposition spectra.
Representative triplet spectra measured at concentration
ratios tetraglyme/ТрЪ- of about 1, 2 and 3 are shown in
figure 28. The weight fractions and the shape of the spec-
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tra remained unchanged when the solutions were cooled down
to 20 K. The signal intensities of the triplet spectra va
ried linear with Τ

over the whole temperature range.

5.2.2 Discussion.
The dianions of Tp

and Tpb" have several features in

common. The most important correspondence is again the pre
sence of three different classes of triplet species. Here
also the presence of ion pairs and ion triples is evident
from the strong variation in the zero-field splittings.
Since Tpb could be reduced to its dianion by more alkali
metals than Tp, more can be said about the solvent and
counter ion effect on the D values. The spectra with th.e
lowest D value (350 gauss) must be ascribed to dianions
that are not perturbed by cations and can be described as
free ions or as very loosely bound ion pairs (triples).
A distinction between these two possible structures cannot
be inferred from ESR experiments alone. The D values of the
second class of triplet molecules increase with decreasing
ionic radius of the counter ion; for Li, Na, К and Rb the
corresponding D values are ^73, M O , U05 and UOO gauss, res
pectively. These triplet spectra are ascribed to ion pairs
Tpb Me . The D values of the third class also increase with
decreasing ionic radius of the cations, the D values being
523, ^98 and U78 gauss for Na, К and Rb respectively. The
spectra are ascribed to ion triples Tpb 2Me . The corres
ponding spectrum of Tpb~2Li was never observed: in most sol
vents the Li salts are completely dissociated (solvated).
From the experiments two general features become evi
dent:
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a) The larger the ionic radius of the metal ion, the
greater the amount of polyether necessary to generate
successive triplet species like Tpb Me

and non-

associated Tpb .
b) Polyethers with more coordination sites available
solvate more rapidly: DME < diglyme < triglyme <
tetraglyme.
These features have also been observed when mononegative ions
are solvated [_ 66 ~\ . The stronger solvation of the smaller
ions is caused by the enhanced electrostatic interaction be
tween the cations and the solvent molecules. The larger ions
have a more diffuse charge distribution, which weakens the
charge-dipole interaction. Polyethers with many coordination
sites (oxygen atoms) available can form suitable solvent
cages for the cations so that one large polyether molecule
can completely solvate a metal ion.
. .
.
.
.

=

+

= +

Striking differences in solvation of Tpb 2Na and Tpb 2K
by polyglymes can be observed: Tpb 2Na

can be completely

solvated to give free ions even when DME is used as a solvating agent. In the case of Tpb 2K this can only be effected
by tri- or tetraglyme, with diglyme only one К

ion can be

removed and with DME the ion triple is only peripherically
solvated (The D value decreases from U98 continuously to H58
gauss). Tpb 2Rb

cannot be completely solvated even by tri

glyme whereas Tpb 2Li

is practically fully dissociated in

solvents with low solvating power like 2-MTHF or THP. Addi
tion of glymes to Tpb 2Me

in MTHF causes in many cases a

decrease of the total triplet concentration which is ascribed
to the following reaction:
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+

+

Tpb 2Me + η PEGD î ТрЪ //Me + Me
PEGD = polyethylene glycol dimethylether.
Precipitation of alkali metals could actually be observed in
these cases.
Because also the mononegative ions which are always pre
sent in the solutions of Tpb will be solvated by the polyether molecules, it was practically impossible to determine
accurate solvation numbers for the reactions

Tpb~2Me

+ nPEGD Î Tpb Me

Tpb~Me+ + n'PEGD Î Tpb

+ (Me ]

solv.

+ (Me+)
solv.

Only for the potassium salt something more can be said about
the solvation by tetraglyme. Inspection of figure 29 shows
that the first two tetraglyme molecules hardly influence the
concentration of the ion triple Tpb 2K , denoted in the figure by class I. This class, however, consists of three different triplet species with slightly different D values (U98,
U88 and U63 gauss). Their relative concentrations vary with
increasing polyether concentration, the species with the
smallest D value being predominantly present when two glyme
molecules have been added for every ion triple. It is believed that these two glyme molecules solvate the ion triple
complex on the outside without changing the ion pair structure abruptly. The next ether molecule converts species I for
80# into species II which has a much lower D value (U08
gauss) and when four ether molecules are available about J0%
of the dianions is completely dissociated. Though the perti-
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nent equilibrium constants are not known, it may be concluded
that complete removal (solvation) of a potassium ion probably
involves two tetraglyme molecules.
In contrast to the dianion of Tp, Tpb" retains trigonal
symmetry when associated with metal ions. To explain this, we
have suggested [_ 9 J that the cations must be located on the
threefold axis or must be rapidly jumping around the molecule
from one phenyl ring to the other, on the average preserving
trigonal symmetry. The latter possibility has been ruled out
by calculations of Sommerdijk [_ 7 ] . Using the same ion triple
model as for Tp~2Me

he calculated a singlet groundstate for

-

Tpb when the cations are located above and below the center
of one of the outer phenyl rings. Considering an other model,
where the cations are located on the threefold axis of Tpb ,
the same author was able to account in a quantitative way
=
+
= +
for the observed ZFS parameters of Tpb 2Me

and Tpb Me .

Table 1U gives a comparison of the calculations with the ex
perimental values.
Table 1U
Calculated and experimental ZFS parameters of Tpb . The cationaromatic plane distance is given in parentheses

Tpb"
=

Tpb Me

+

Tpb=2Me+

D calculated

D experimental

310 gauss (°°)

35O gauss

ЗбО gauss (ЗА)
UOO gauss (2 A )

U05 gauss (Me = K + )
UUO gauss (Me+ = Na + )

U30 gauss (ЗА)
U60 gauss (2.5 A )
U90 gauss (2 A )

U78 gauss (Me = Rb + )
U98 gauss (Me = K*)
+
523 gauss (Me+ = Na )
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The calculated D values are about 1»0 gauss systematically too
low. The change in D value for the different triplet species
is fairly well accounted for, together with the effect of
changing the cationic radius. The calculated and experimental
decrease of the D value when one counter ion is removed from
Tpb~2Me

is in good agreement: approximately 100 gauss. Re-

moval of the second cation produces a decrease of 90 gauss
(Na ) and 55 gauss (K ) which is also in good agreement with
calculated values. The change in the D values with different
cations, 30-1+0 gauss, is accounted for by changing the cationaromatic plane distance by 0.5 to 1 Â , while the ionic radii
of Na , К

and Rb

are 0.98, 1.33 and 1.1+8 A , respectively.

M0 calculations Q 7 ] showed that the central phenyl
ring of Tpb

has a larger charge density than the outer rings.

It is not surprising then that the cations are located on
positions with favourable Coulombic interaction.
At very low temperature (10 K) the spectrum of Tpb 2Na
exhibited a non-vanishing E value of a few gauss. It is not
quite clear what kind of mechanism may cause this splitting.
It might be due to an out of plane bending of the phenyl
rings or a small displacement of the sodium ions from the
trigonal axis.

110
5.3 Dianions of 2>U,6-triphenyl-sym-triazine and 2,U,6-trìp-tolyl-sym-triazine.
5.3.1 ESR Experiments

Triphenyltriazine (Tpt) and tritolyltriazine (Ttt) can also
be reduced to dinegative ions by alkali metals. On prolonged
reduction the green solutions of the mononegative ions turn
blue: the colour of the dianions. The reduction must be carried
out in a dry ice-aceton bath at -80 C. At room temperature the
blue solutions change irreversibly to reddish-purple. This
colour persists when the solution is exposed to air and must
be due to a decomposition product. In pure MTHF a triplet ESR
spectrum can only be obtained when sodium is used as reducing
agent and even then the triplet concentration is rather low.
With the other alkali metals the reduction in MTHF is accompanied by decomposition or precipitation. The triplet spectra obtained with Na as reducing agent are characterized by
two ZFS parameters: D = 68O gauss and E = 25 gauss (figure
30).
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Triphenyltriazine=.2Na+
in MTHF

170 Gauss
ι
1
Fig. 30 - Triplet spectrum of triphenyltriazine-. The cen
tral line is due to the monoanion.
By lowering the temperature from -160 С to -2б0 С the E value
=
+
increases by a few gauss. This was observed both for Tpt 2Na
and Ttt~2Na

in MTHF. In table 15 a survey is given of the

experiments carried out on Tpt

and Ttt-.

The reason for investigating the methyl substituted com
pound (Ttt) was the better solubility of its dianion in MTHF.
It can be seen from the table that addition of tetraglyme to
Ttt~2Na

in MTHF will yield three triplet spectra with diffe

rent zero-field splittings. The E value of the second spectrum
(D = 650 gauss) could not be determined due to overlap with
the other triplet spectra. The axial spectra (i.e. spectra
generated by molecules with axial symmetry) could be observed
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Table 13
ZFS parameters of triphenyltriazine and tritolyltriazine
dianions
count er ion solvent
Tpt~

Ttt"

Na
Na

Diglyme
MTKF
diglyme
MTHF + tetraglyme
diglyme
diglyme
diglyme
MTHF
MTHF + DME (2:1)

Na
Na

diglyme
MTHF + tetraglyme

К
Rb

diglyme
diglyme

Li
Na
Na
К
К
Rb

Li

D (gauss)

E (gauss)

боо

0
25
0
0
0
0
0
25
25

680
б1б
613
600
611

боо

680
680
650
625
680
650
625

боб

609

0
25
?
0
0
0

with Li, Na, К and Rb as reducing agent in pure diglyme or in
a mixture of MTHF and polyethers (figure 31).
It can be seen that the axial spectra are still some
what dependent on the counterion and solvent, the D value
varying from 600 to 625 gauss. Addition of a crown ether
(2,3,11,12-dibenzo-1,^,7,10,13,l6-hexaoxacyclo-octadeca-2,
11-diene) to Na reduced Tpt in MTHF also gave triplet spec
tra characterized by a D value of 600 gauss. Unfortunately
an ether with extremely high chelating power, a diaza-polyoxa-bicyclic ether [_ 6γ ] (gift of Prof. J.M. Lehn) gave a
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Triphenyltnazine=.2K+
in Tetraglyme
Fig. 31 - Triplet spectrum of Tpt dianion. The central line
is due to the mononegative ion.
paramagnetic precipitate when added to dianions of Tpt.

hieyeliс ether

The signal intensities of the axial triplet spectra varied in
a linear way with the reciprocal temperature. The intensity
of the non-axial spectra, however, showed a marked decrease
when the temperature was lowered from — 160 С to -250 C. This

uk
was observed both for Tpt~2Na

and Ttt~2Na

in MTHF. At the

same time the signal intensities of the corresponding mononegative ions varied in a normal way as Τ
5.3.2 Discussion
a) The groundstate of triphenyltriazine.
Though the dianion of triphenyltriazine is isoelectronic
with that of triphenylbenzene it behaves quite differently.
In the first place the solubility in less polar solvents like
MTHF is poor: only with Na

as counter ion triplet signals

could be detected, the triplet species being very unstable at
room temperature. A second difference with Tpb

is the much

larger value of D and the non-vanishing E value of Tpt

in

MTHF. Addition of tetraglyme restored the threefold symmetry
as has also been found for the triplet dianions of coronene
£ 68 ] and triphenylene. The axial triplet spectra of Tpt~
and Ttt

(figure 31) are generated by groundstate triplet

molecules because the triplet signal intensity follows Curie's
law of the magnetic susceptibility. The intensity of the nonaxial spectra, however, varied in a way characteristic for
thermally excited triplets. The strong deviation from Curie's
law can be seen from figure 32. This means that the dianions
producing these spectra have a singlet groundstate with a
nearby triplet state that can be thermally populated.
First a qualitative picture will be given of how such
a situation may arise. Hückel and SCF calculations of Tpt
(that will be discussed below) show that the lowest two antibonding orbitals transform according to the representation
E" of the symmetry group D h. The two additional electrons
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Fig. 32 - Intensity of the Am = 2 signal of Tpt=(o) and
Ttt~(·) measured in MTHF as a function of the
temperature.
in these MO's give rise to three terms: 3 A'

1

E' and 1 A'

(figure 33). According to Hund's rule the Зді term will have
the lowest energy. The perturbing influence of the counter
ions may alter this situation. As we have observed a nonaxial triplet spectrum the counter ions are not located on
the threefold axis of Tpt . As a consequence the symmetry
will be lowered from D_h to C_v or lower. Taking configura
tion interaction into account, both the interactions between
1

the triplet terms ( B 1 ) and the singlet terms ( A j must be
envisaged. The interactions between the
J

A

terms will be

stronger than between the B.. terms, which lie further apart.
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The strength of the non-symmetrical perturbation determines
whether the groundstate will be а 3В or a 1A state. The
1

first case applies to the dianion of Tp in MTHF, while ob
viously the groundstate of Tpt

in MTHF i s a

A 1 . In both

cases the triplet molecules (groundstate or thermally exci
ted) give rise to spectra characterized by a non-vanishing
E value, as they should, since the 3B. term will produce a
non-axial spin distribution.
The magnetic susceptibility due to thermally excited
triplet states will be determined both by the Boltzmann dis
tribution within the Zeeman levels and between the orbital
1
о
states A. and В (see figure 3*+).
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M>
Χ'
'1 =

-ζ-

^Hzio>

l-1>

•·,—ιFig. 3U - Lowest orbital states of Tpt~(Ttt e ). X, Y and Ζ
are zero-field energies of the 3β^ state. The Zeeman levels are denoted by |+1>, |θ> and |-1> .
The temperature dependence of the magnetic susceptibility can
be calculated using van Vleck's formula [_69 J -

Xi-

Σ
n,m

[ ( E ( 1 ) ) 2 - 2 E ( 2 ) ]exp(-E°/kT)
-JL·»
i^nj
5
exp(-E /kT)

L

.

(73)

η

The index i refers to three orthogonal directions in the mole
cule x, y, ζ
f1)
Ev ' =
η,m
/0ч
<%/,
η/η' ,m

β<ψ
II. + 2S. |ψ
>
T
|r
n,m' ι
ι n,m
Β<Ψ
II. + 2s.|ψ . >
•"' К - E , " ''
η

η'

(γΐ*)

(TS)
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Ν = Avogadro's number
β = the Bohr magneton
E° are energy levels in zero magnetic field and
ψ
are the corresponding eigenfunctions: the singlet func' tion ^Ai and three triplet functions of the Зв-j state
L. and S. are orbital- and spin angular momentum operators.
Some simplifications can be made in the calculation of the
susceptibility: contributions to χ. from terms containing L.
can be neglected because the orbital angular momentum is
largely quenched in aromatic radicals. States with higher
3
energy than the В state do not contribute much to X.
either. It is further easy to see that the second order terms
(2)
E
vanish.
n,m
When calculating χ i.e. the susceptibility perpendicu
lar to the molecular plane, we can use the zero order spin
3
functions of the В state:
1

Τ x = 2~ 2 |ββ-αα>
Τ

= 2
y

Τ

z

1

2

-I2

= 2

(76)

ί|ββ+αα>
|αβ+βα>

1
я
1
Taking E( A 1 ) arbitrarily equal to zero and E( В ) - E( Α.. )
equal to J, we find for E :
Ε° = О

Ε° = J + Χ

Ε° = J + Ζ

Ε° = J + Y

(77)

and for the first order terms 0<ψ
12S Ι φ
>
1
η,m' ζ η,m
Ε
Ε

(1)

ο,ο

= 0

°

E¡;¿--2B

Ε
Ε

(1)

- 0

ι,ι - °
(i

El

j = 2e

(78)
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If we assume for the moment that the singlet-triplet separa
tion J is much larger than the ZFS parameters Χ, Υ, Ζ we may
neglect the latter quantities. Substituting the appropriate
terms in equation 73 we find

2

2

_ N 2g g /kt.exp(-j/kT)
X
z
1+3exp(-J/kt)

, .
*;

U

'

Similar experssions can be derived for χ

and χ

so that the

isotropic susceptibility is given by

X

( 8 0 )

" T(1+1/3 exp(J/kT)

On 2
ft 2
та

where

" _ . — has been replaced by 1.

With formula 80 the singlet-triplet separation of Tpt~2Na
can now be calculated since the ESR signal intensity I is
proportional to the magnetic susceptibility χ. Calculating J
by taking various intensity ratios
I.

T.(3+exp(j/kT.))

Τ!'

ТДЗ+expU/kTj)

J

1

( Θ 1 )

1

it was found that J varied with temperature, decreasing from
150 cm"

at 100°K to 100 cm"

at 30°K. Because J is much

larger than the ZFS parameters (^ 0.05 cm

) the above made

assumption (J>>X, Y, Z) proves to be valid. Besides J is al
so much larger than the microwave quant (0.3 cm ).
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Ъ) Calculation of the zero-field splitting parameters D and
E and the singlet-triplet separation J.
In principle it must be possible to calculate J, Χ, Y
and Ζ (or J, D ала E) with the help of MO theory. To perform
Huckel and SCF calculations on Tpt~ we have to know how to
account for the hetero atoms in the central ring. In the
Huckel approximation the parameters α

and β

(x being the

hetero atom) are usually taken as L 70 J
a = α + к β
X
с
cc
β = h β
ex
cc

(82)

where h and к are empirical parameters. Streitwieser suggest
ed for the case of a nitrogen atom contributing one electron
to the π system the following values [_ JO ]

a

=

N

ß

CN

a

C

+

°-5ßCC

(83)

= ß

CC

In the Goeppert-Mayer and Sklar approximation [ 71 ]

a =a

N C -(WN - V

where W

- W

(81

°

is a measure of the difference in attraction

for an electron of a nitrogen core as compared to a carbon
<
core. The vvalue
of W

- W

and that of ß_ N is taken from

Anno [ 72 ]
aN

= a c - 2.H60 eV

ß C N = -2.576 eV

(85)
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With these two sets of different parametersffiickeland SCF
calculations have been performed on Tpt . The energy scheme
of the π electronic levels is nearly the same as for Tpb
f Τ ] . The ZFS parameters have been calculated with the semiempirical method of van der Waals and ter Maten which was
also used by Sommerdijk to calculate the ZFS of Tp

and Tpb

[]Τ,8 ~] . The results are given in table 16 together with ex
perimental values obtained in diglyme (D = 600 gauss, E = 0 ) .

Table 16
Calculated and experimental ZFS parameters of Tpt

Parameters

Method

D(gauss)

E(gauss)

Hiickel

520

0

SCF+CI

330

0

a N = o c - 2.U6 eV

Hiickel

U90

0

0 CN = -2.576 eV

SCF+CI

29O

0

6OO

0

°N
ß

=

CN =

«C
ß

+

°-50CC

CC

experiment

As the fourth calculation is certainly the most reliable, one
is forced to conclude that there is a large discrepancy with
experiment. Similar large deviations from experimental values
were found by Glasbeek [_ 68 ] who calculated the ZFS parameters of coronene dianion. He suggested that the dianions
would still be associated with the alkali ions even in polar
solvents. It may be possible that we have a similar situation
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here for Tpt~ because the spectra obtained in polyethers still
show some dependence on solvent and counter ion.
To study this situation theoretically a calculation has
been performed for Tpt~2Me

with the counter ions on the tri-

gonal axis (because E must be zero) at 2 A distance from the
aromatic plane. The following parameters for the nitrogen
have been used:
c^ = ac - 2.U6 eV
ß C N = -2.576 eV

(86)
.

The perturbation of the counter ions was accounted for by
using an extension of the method of Reddoch £ 16 ] . With
Hückel orbitals it followed that D = 520 gauss; with SCF
orbitals, taking configuration interaction into account, a
lower value was obtained: D = U90 gauss. This is much closer
to the experimental value than values obtained from the same
type of calculations on the free dianion. In order to account
for a non-vanishing E value (25 gauss) that has been measured
in MTHF a calculation was performed where the counter ions
were located at 2 A

above and below the same nitrogen atom.

With the same values for OL. and 6 pw it was found after SCF+CI
calculations: D = kkO gauss, E = kO gauss.
Probably the model is not correct since the D value is
lowered from U90 to UUO gauss, whereas the experimental value
increased from 6OO to 68O gauss. Furthermore, the groundstate
is calculated to be still a triplet state, the energy gap
with the lowest singlet state being 0.17 eV (1370 cm- ). To
check whether the discrepancy between theory and experiment
would be solely due to the presence of hetero atoms in the

123
molecule, the ZFS parameter D of the optically excited triplet state of Tpt was calculated following the same procedure
as before. In this case the correspondence with the experimental value was remarkably good:
D (calculated)

= 1270 gauss

D (experimental) = 1320 gauss.
It is believed, therefore, that the theory is essentially reliable and that the discrepancy with experiment has an other
origin. It may be suggested that the counter ions associated
with the triplet molecules will push the phenyl ring(s) a
little bit out of plane. This would certainly lower the singlet state more than the triplet state and would also increase
the D value.

5.U Experiments on other trigonal molecules
After the results, described above, had been obtained,
it was tempting to extend the investigation to other trigonal
aromatic molecules. Table 1 in chapter III gives a list of
the molecules that have been studied. Triplet spectra were
only observed in a few cases:
1,3,5-tris-a(or ß)-naphthylbenzene

D = 70 gauss

1,3,5-tris-biphenylbenzene

D = 150 gauss

hexabenzocoronene

D = 300 gauss

No counter ion or solvent effect could be observed for these
ions because the spectra were only poorly resolved or had a
very low signal to noise ratio.
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The dianion of decacyclene also gave poorly resolved
spectra but here some more data could be obtained showing
slight variations in the D value (see Table 17)·

Table 17
ZFS parameters of decacyclene dianion

Counter ion

Li
Na
К
К
К
К
Rb
Cs

Solvent

D(gauss)

MTHF
МТНГ
MTHF
MTHF+DME (2: 1)
MTHF+ di glyme

2U0
2б0
215
2k5

DEE
MTHF
MTHF

2І+0

271, 231

273
21*6

The experiments on tribenzo-(c,i,o)triphenylene (1) deserve
some special attention.
According to ESR experiments on the mono- and dinegative
ions of trinaphthylene (2) the electronic groundstate of the
monoanion of (2) is orbitally nondegenerate and the dianion
is in a singlet groundstate |_ 5*+ J - These results are in
agreement with SCF calculations of the anions of (2), which
show that the lowest antibonding level is not degenerate in
contrast with most other aromatic molecules and ions with
trigonal symmetry.
The same type of calculations on an isomeric molecule
(1) showed that the lowest antibonding orbitals are degene
rate. One might expect, therefore, its dianion to have a
triplet groundstate. Since this molecule had not been des-
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cribed in the literature, it had to be synthesized £ 26 ] .
Contrary to our expectations, prolonged reduction of
(1) with К or Na in MTKF yielded practically diamagnetic so
lutions. No triplet spectrum could be observed. Addition of
(1) to these solutions restored the spectrum of the mononega
tive ion with more than twice its original intensity; the
green colour of the dianion changed into the red colour of
the monoanion. In addition to this the ESR spectrum of the
optically excited triplet state of (1) has been measured from
-170°C to -220°C (figure 35).

Fig. 35 - Optical triplet spectrum of trinaphthylene (upper)
and tribenzotriphenylene (lower). The peaks in the
center are partly due to irradiated solvent mole
cules.
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This spectrum which did not change with temperature showed
rather broad lines, similar to the triplet spectra of ions
with trigonal symmetry studied by van der Waals e.a. \_ 'jk J .
The explanation these authors presented may equally apply
for our case. The spectrum may then be interpreted in terms
of an assembly of molecules with different geometrical struc
tures and consequently different ZFS parameters D and E.
If we attribute the additional linewidth of the spectrum of
(1) to variations in D and E, then the D value varies from
89З to 907 gauss and the E value from 0 to 30 gauss.
From the above mentioned experiments one may conclude
that the dianion is in a singlet groundstate, in contradic
tion to expectations based on SCF calculations. This discre
pancy, never observed before for similar trigonal aromatic
systems Q9,75 J> may originate here from nonplanarity of
(1). Taking the system planar, the distance between the
nearest protons is 0.6 Â only. Steric factors, therefore,
may lower the symmetry of the molecule and may be responsible
for the singlet groundstate of the dianion and the nonvanishing E values of the optical triplet. These deviations
from planarity are not revealed by the NMR spectrum [^ 26 ] ;
the peaks in this spectrum are quite sharp. This is not in
contradiction with the ESR results because the interconversion between various nonplanar structures may be rapid compared to the characteristic NMR time scale, but slow with
respect to the time scale in ESR. From the maximum E value
observed the interconversion rates are estimated to be slower
than 9·10 sec
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SUMMARY
Molecular orbital calculations on aromatic hydrocarbons
with trigonal symmetry show that the first two antibonding π
Orbitals often have the same energy. As a consequence the
corresponding mononegative ions which are prepared by alkali
metal reduction in ethereal solvents like dimethoxyethane,
tetrahydrofuran or polyglycolethers are orbitally degenerate.
It has been found that this degeneracy affects several elec
tronic properties of these radical ions in particular the g
value and the spin-lattice relaxation time of the unpaired
electron. Due to a mechanism which is not exactly known at
present, but probably involves an enhanced spin-orbit inter
action in the radical, the g value is raised and the spinlattice relaxation time is shortened as compared to non-dege
nerate radicals.
In this thesis we have studied extensively the mononega
tive ions of triphenylene (Tp) and 1,3,5-triphenylbenzene
(Tpb), which have according to MO calculations an orbitally
degenerate groundstate. Whereas Tp

showed again the above

-

mentioned properties, Tpb did not; its g value and spinlattice relaxation time proved to be comparable with those
of non-degenerate systems. A tentative explanation for this
extraordinary behaviour is presented.
Ion pairing studies revealed that Tp" associates with
the alkali ions in solvents with little solvating power like
2-methyl-tetrahydrofuran (MTHF) or tetrahydropyran (THP).
Evidence for this association was obtained from the appearance
of a sodium hyperfine splitting in the ESR spectrum of Tp~.
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It was also evident from the ESR measurements that ion pair
ing strongly influences the g value and the spin distribution
in the anion. In the optical spectrum the perturbation of the
cation manifested itself by a shift of the absorption peaks
to shorter wave-lengths. Several ion pairing reactions have
been studied quantitatively and thermodynamic quantities
characterizing the equilibria have been determined.
From proton NMR experiments on Tpb" the magnitude and
sign of some proton coupling constants could be determined.
Information about the proton spin relaxation mechanisms has
been obtained from the NMR linewidths.
Further reduction of the mononegative ions resulted in
the formation of paramagnetic dinegative ions. "From the tempe
rature dependence of the magnetic susceptibility followed
that these ions have a triplet groundstate in solvents with
good solvating properties like polyethers. The ESR spectra
of the dianions of Tp, Tpb and 2,U,6-triphenyl-sym-triazine
(Tpt) were characterized by only one zero-field splitting pa
rameter (υ) indicating that the dinegative ions have three
fold symmetry. In poorly solvating solvents like 2-MTHF or
THP the ESR spectra of Tp~ and Tpt" must be described by two
parameters D and E, the latter being a measure for the devia
tion from axial symmetry. It has been made plausible, both
experimentally and theoretically, that this deviation is
caused by the electrostatic perturbation of the cations,
which are supposed to be located outside the trigonal axis.
As a result the groundstate of Tpt

is even no longer a trip

let state: the nearby singlet state has become lower in ener
gy (about 0.015 eV).
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Though drastic changes of the zero-field splitting parameter D of Tpb" occur when polyethers are added to MTHF solutions, no loss of symmetry has been observed. This means that
the cations must be located on the trigonal axis.
Finally a brief account is given of experiments carried
out on some other trigonal molecules.
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SAMENVATTING
Uit molecular orbital berekeningen aan aromatische kool
waterstoffen met drietallige symmetrie blijkt dat de eerste
twee antibindende π orbitalen vaak dezelfde energie hebben.
Tengevolge daarvan zijn de overeenkomstige mononegatieve io
nen, die worden bereid door reductie met alkalimetalen in
etherische oplosmiddelen als dimethoxyethaan, tetrahydrofuraan of polyglycolethers, baanontaard. Men heeft ontdekt dat
deze ontaarding verscheidene electronische eigenschappen van
deze radicalen beïnvloedt, in het bijzonder de g waarde en
de spin-rooster relaxatietijd van het ongepaarde electron.
Tengevolge van een mechanisme wat op het ogenblik nog niet
precies bekend is, maar wat waarschijnlijk te maken heeft
met een verhoogde spin-baaninteractie in het radicaal, is de
g waarde groter en de spin-rooster relaxatietijd korter vergeleken met niet ontaarde systemen.
In dit proefschrift zijn uitvoerig de mononegatieve ionen bestudeerd van trifenyleen (Tp) en 1,3,5-trifenylbenzeen
(Tpb), welke volgens MO berekeningen een baanontaarde grondtoestand hebben. Terwijl Tp

weer de boven genoemde eigen-

schappen bleek te vertonen, was dit niet het geval met Tpb":
de g waarde en spin-rooster relaxatietijd van laatstgenoemd
radicaal bleken vergelijkbaar te zijn met die van niet ontaarde radicalen. Er wordt getracht een verklaring te geven voor
dit merkwaardige verschijnsel.
In oplosmiddelen met gering solvaterend vermogen zoals
2-methyltetrahydrofuraan ( M T H F ) of tetrahydropyraan (THP)
bleek Tp

te associëren met de alkaliionen. Aanwijzigingen

135
voor deze associatie werden verkregen uit het optreden van
een natriumhyperfijnsplitsing in het ESR-spectrum van Tp .
Uit ESR-spectra bleek ook duidelijk dat de vorming van ionenparen sterk de g waarde en de verdeling van de ongepaarde
spindichtheid in het anion beïnvloedde. In het optische spectrum manifesteerde de storing van het kation zich in een verschuiving van de absorptielijnen naar kortere golflengten.
Verscheidene reacties waarin ionenparen een rol spelen zijn
kwantitatief bestudeerd en thermodynamische grootheden, die
de evenwichten karakteriseren, zijn bepaald.
Uit experimenten met protonresonantie aan Tpb

kon het

teken en de absolute waarde van enkele protonkoppelingskonstanten worden bepaald. Informatie over de relaxatie-mechanismen van de protonspin is verkregen uit de NMR-lijnbreedten.
Verdere reductie van de mononegatieve ionen resulteerde
in de vorming van paramagnetische dinegatieve ionen. .Uit het
temperatuurverloop van de magnetische susceptibiliteit volgde
dat deze ionen een triplet grondtoestand hebben in oplosmiddelen met goede solvaterende eigenschappen zoals polyethers.
De ESR-spectra van de dianionen van Tp, Tpb en 2.i+.6-trifenylsym-triazine (Tpt) waren gekarakteriseerd door slechts een
nulveldsplitsingsparameter (υ) hetgeen erop wijst, dat deze
dinegatieve ionen een drietallige symmetrie hebben. In slecht
solvaterende oplosmiddelen als MTHF of THP moesten de ESRspectra van Tp

en Tpt

worden beschreven door twee parameters,

D en E, waarbij de laatste een maat is voor de afwijking van
axiale symmetrie. Zowel experimenteel als theoretisch is aan
nemelijk gemaakt dat deze afwijking veroorzaakt wordt door
de electrostatische storing van de kationen, waarvan wordt
verondersteld dat ze zich buiten de trigonale as bevinden.
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Dientengevolge is de grondtoestand van Tpt

zelfs niet langer

meer een triplettoestand: de dichtbijgelegen singulettoestand
heeft een lagere energie gekregen (ongeveer 0,015 eV).
Alhoewel er drastische veranderingen optreden in de nulveldsplitsingsparameter D van ТрЪ~ als polyethers worden toe
gevoegd aan MTHF-oplossingen, is geen verlaging van de symme
trie waargenomen. Dit betekent dat de kationen gelocaliseerd
moeten zijn op de trigonale as.
Tenslotte wordt een kort verslag gegeven van experimenten
die zijn uitgevoerd aan enkele andere trigonale moleculen.
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