SINGLE CRYSTALS
OF
ALKALI-AROMATIC
ION PAIRS

I

a study of
the molecular magnetic
and electronic structure

j.j. mooij

SINGLE CRYSTALS OF ALKALI-AROMATIC ION PAIRS
A STUDY OF THE MOLECULAR,
MAGNETIC AND ELECTRONIC STRUCTURE

PROMOTOR: PROF.DR. E. DE BOER

SINGLE CRYSTALS OF ALKALI-AROMATIC ION PAIRS
A STUDY OF THE MOLECULAR,
MAGNETIC AND ELECTRONIC STRUCTURE

PROEFSCHRIFT

TER VERKRIJGING VAN DE GRAAD VAN DOCTOR
IN DE WISKUNDE EN NATUURWETENSCHAPPEN
AAN DE KATHOLIEKE UNIVERSITEIT TE NIJMEGEN, OP GEZAG VAN
DE RECTOR MAGNIFICUS, PROF.DR. A.J.H. VENDRIK,
VOLGENS BESLUIT VAN HET COLLEGE VAN DECANEN
IN HET OPENBAAR TE VERDEDIGEN
OP DINSDAG 22 JUNI 1976
DES NAMIDDAGS TE 4 UUR
door

JOHANNES JACOBUS MOOIJ
geboren te Nijmegen

Druk: Krips Repro Meppel

Aan mijn ouders,
Agnes, Steven en Femke

Tijdens mijn onderzoek zijn de medewerkers van de Afdeling Molecuulspectroscopie mij tot grote steun geweest. Vooral de heer A.A.K.
Klaassen ben ik veel dank verschuldigd voor het uitvoeren van vele
moeizame experimenten. Van de studenten die tijdens hun hoofd- of bijvak stage een waardevolle bijdrage hebben geleverd, zou ik met name
de heer H.M.L. Degens willen danken voor zijn inzet ook na het beëindigen van zijn hoofdvak. De voor dit onderzoek onontbeerlijke, maar
ook prettige samenwerking met de Afdeling Kristallografie heb ik bijzonder gewaardeerd. De taaie vasthoudendheid waarmee zij zich o.a.
wierpen op de kristal structuur van NaBp-2Tg is bewonderenswaardig.
Mijn dank gaat tevens uit naar de heer C.J. Beers voor zijn hulp bij de
susceptibiliteitsmetingen met de foner. De medewerkers van de dienstverlenende afdelingen van de Faculteit der Wiskunde en Natuurwetenschappen ben ik zeer erkentelijk voor hun bijdragen. De tekeningen
werden altijd vlot verzorgd door de Afdeling Illustratie o.l.v. de heer
J. Gerritsen. De foto's werden gemaakt door de heren G.H.M. Dekkers en
H.J.M. Spruyt. Mej. A.M. Jo Kiem Tioe was zo vriendelijk het zetwerk
voor haar rekening te nemen.
I thank Dr. V.P. Chacko for correcting the English text.
Met veel genoegen denk ik terug aan de prettige samenwerking met Elly
van Kuijck, die zorg droeg voor het gereed komen van het getypte
manuscript.

CONTENTS

CHAPTER 1

INTRODUCTION

1

CHAPTER 2
THEORY

5

2.1 Alkali biphenyl single crystals

5

2.1.1 The linewidth

6

2.1.2 The susceptibility

θ

2.2 ESR parameters of COT and TMCOT
anions diluted in single crystals

9

2.2.1 The g tensor

10

2.2.2 The hyperfine interaction

11

2.2.3 The nuclear Zeeman interaction

12

2.3 Nuclear magnetic resonance

14

2.3.1 Powders of alkali biphenyl

14

2.3.2 Powders of alkali cyclooctatetraene

15

CHAPTER 3
EXPERIMENTAL

17

3.1 Preparation of the alkali aromatic ion pairs

17

3.1.1 Alkali biphenyl single crystals

17

3.1.2 Dialkali (tetramethyl)cyclooctatetraene
single crystals
3.2 Equipment
3.3 Procedures

18
1Θ
20

3.3.1 Paramagnetic single crystals

20

3.3.2 Paramagnetic diluted single crystals

22

3.4 Computer programmes

23

3.4.1 Analysis of the spectra

23

3.4.2 Second moment calculation

23

3.4.3 Synthesis of the molecular g tensor

24

CHAPTER 4
RESULTS AND DISCUSSION: PARAMAGNETIC SYSTEMS

25

4.1 Crystal structures
4.1.1 RbBp'2Ttg

25

4.1.2 NaBp-2Tg

2Θ

4.1.3 KBp-2Ttg

29

4.2 Molecular g tensor

29

4.2.1 Calculated g tensor of the free Bp anion
4.2.2 Orientation of the Bp anion in NaBp-2Tg
4.3 Susceptibility

32
33
35

4.3.1 RbBp-2Ttg

35

4.3.2 KBp-2Ttg and NaBp-2Tg

36

4.4 ESR linewidths of RbBp-2Ttg

39

4.5 Alkali NMR

44

CHAPTER 5
RESULTS AND DISCUSSION: MAGNETICALLY DILUTED SYSTEMS

47

5.1 Crystal structures

47

5.1.1 МгСОТ-Од (M = K.Rb)

47

5.1.2 K2TMC0T-2Dg

51

5.2 Creation of paramagnetic centres
5.3 Roem temperature spectra of COT anions

51
51

5.3.1 ESR on КгСОТ-Од

51

5.3.2 ESR on КЪгСОТ-Од

56

5.3.3 Proton NMR on КгСОТ-Од

57

5.4 Low temperature spectra of COT anions in КгСОТ-Од

58

5.4.1 Spectral analysis

58

5.4.2 The origin of the spin alternation

62

5.4.3 The Jahn-Teller effect

64

5.5 Spectra of TMCOT anion in K2TMCOT'2Dg

65

5.5.1 Spectral analysis

65

5.5.2 The rotation of the methyl groups

67

SUMMARY

б 9

SAMENVATTING

73

REFERENCES

7 7

LEVENSLOOP

8 2

CHAPTER 1
INTRODUCTION
The history of the study of alkali-aromatic ion pairs dates back
to 1867, when Berthelot [ 1 ] reported the reaction between an alkali
metal and an aromatic hydrocarbon. During the course' of the fast
development of the chemistry of organic free radicals in the beginning
of the twentieth century [ 2 ] alkali-aromatic salts were thought to be
also electrically neutral radicals [ 3 ] . This concept persisted till
1939, when Buckel and Bretschneider [ 4 ] proposed that the reduction
of an aromatic hydrocarbon (Ar) with an alkali metal (M) involved an
electron transfer:

Ar + M

-»• Ar" + M

Although Bjerrum in 1926 [ 5 ] introduced the concept of ion pairs
formed by the coupling of two oppositely charged ions, experimental
evidence for the pairing of radical anions and counter ions was
obtained only in 1960 from electrical conductivity [6 ] and optical
[ 7-9 ] measurements. Many of these aromatic anions, containing unpaired electrons, were investigated by electron spin resonance (ESR)
spectroscopy after the discovery of ESR in 1945 [10,11 ] . The
observation of alkali hyperfine splittings in the ESR spectra of
alkali-aromatic salts confirmed the existence of ion pairs [ 12 ] .
Already in 1954 [ 13 ] theoretical considerations led to the prediction of two types of ion pairs: tight or contact ion pairs and loose
or solvent separated ion pairs. These different structures of ion pairs
play an important role in reactions involving ionic species [ 14-16 ] .
For this reason many investigators tried to relate the magnetic
properties, studied with ESR, NMR or susceptibility measurements, with
the molecular and electronic! structures. In special cases information
about molecular rate proeëSies could be obtained from the magnetic
structure [ 17 ] .

1

Until 1970 most of these studies were
carried out in liquid solutions, which have
the inherent disadvantage that anisotropic
information is lost on account of rapid
molecular reorientations. Furthermore these
studies yield no direct information about
the structure of the ion pair in solution.
To circumvent these disadvantages a study
was undertaken to investigate the ion pairs
in the solid state. This became possible
with the discovery by Canters [ 18 ] that
single crystals of alkali biphenyl could be
formed from highly concentrated solutions of
alkali biphenyl in polyglycoldimethylethers
(polyglymes).
The magnetic resonance spectra of
radical anions strongly depend on the spin
concentration in the sample. This is
illustrated in Figure 1, which clearly
demonstrates how the ESR spectrum of the
biphenyl anion in ethereal solution depends
on its concentration. At low (spin)
concentrations the distance between the
spins is too large to give rise to intermolecular interactions of any importance, so
that the hyperfine structure, shown in the
uppermost spectrum, arises frem intramolecular interactions. At higher

Figure 1 First derivative ESR speatra of
the Bp anion in dimethoxyethane as
a function of conoentration. The
uppermost spectrum belongs to the
most diluted
solution.

concentrations the intermolecular interactions dominate,- the hyperfine
structure is averaged out by fast spin exchange, which results in an
exchange narrowed ESR line (see bottom part of Figure 1 ) . Such an
exchange narrowed line is also expected for paramagnetic crystals
containing a large spin concentration.
In 1972 Brooks [19-22 ] succeeded in preparing single crystals of
diamagnetic alkali-aromatic ion pairs. Such crystals are interesting,
since they offer the possibility to study a built-in paramagnetic
centre in a diamagnetic environment. The above mentioned inter
molecular interactions are then eliminated and now the intramolecular
interactions occuring in the paramagnetic centre can be studied.
This thesis deals with single crystals of paramagnetic alkaliaromatic ion pairs and with single crystals of diamagnetic alkaliaromatic ion pairs, in which paramagnetic centres can be created. To
the first class of compounds belong the above mentioned alkali biphenyl
(Bp) crystals. From these systems we have investigated single crystals
of NaBp*2triglyme, KBp-2tetraglyme and RbBp'2tetraglyme. Elegant
examples of the second category are single crystals of dialkali cyclooctatetraene (COT) and dialkali tetramethylcyclooctatetraene

(TMCOT).

We found that paramagnetic centres could be created in these crystals
by photo-ionization of the dianions of COT by X-irradiation. Detailed
investigations were carried out on X-irradiated single crystals of
K2C0T-diglyme, Itt^COT-diglyme and K2TMCOT'2diglyme.
The alkali biphenyl systems were studied by ESR, NMR and suscepti
bility measurements. Fortunately the crystal structure of RbBp-2tetraglyme could be solved [ 23 ] . This made it possible to relate the
magnetic data to the molecular and electronic structure.
The COT and TMCOT systems were studied with ESR and NMR. Also here
knowledge about the crystal structures [ 24-26 ] was indispensable for
the interpretation of the spectra. Not only information on the magnetic
and electronic structures was obtained, but also on the dynamical
properties of the systems: Above 25 К the COT anions rotate rapidly
about their eightfold axis. Below 25 К the ESR spectra do not reflect
any more the eightfold symmetry of COT. An interpretation for this is
given in terms of crystal field interactions and vibronic coupling.

3

In chapter 2 the theoretical background is presented in so far as
it is relevant for the direct interpretation of the measurements. In
chapter 3 the experimental techniques eire discussed. The results of
studies on the paramagnetic single crystals of alkali biphenyl ion
pairs are presented and discussed in chapter 4. The experimental
results on the magnetically diluted COT and TMCOT systems are dealt
with in chapter 5.
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CHAPTER 2

THEORY

In this chapter the theoretical framework is given, in so far as
it is relevant to the subject of this investigation. As stated already
in the introduction this thesis deals with paramagnetic systems with
and without interaction between the paramagnetic species. The theory
needed for the interpretation of the experimental results obtained for
the alkali biphenyl systems is briefly presented in section 2.1.
Section 2.2 contains the theory relevant to the dialkali (tetramethyl)
cyclooctatetraene systems. Finally, the equations required for the
explanation of the proton and alkali NMR experiments are summarized in
section 2.3.

2.1 Alkali biphenyl single crystals

The large concentration of electron spins in the single crystals
of alkali biphenyl polyglyme causes a strong exchange interaction
between the electron spins. Because of this interaction the hyperfine
interaction is averaged out and a single exchange narrowed ESR line is
observed. Under these circumstances the spin hamiltonian for these
crystals in an external magnetic field reads as follows:
Ν
Ν
N
_
JC= β Σ H.g.S - Σ 2J S S + Σ S .5 S
j
•' j>k J* 1 k
j>k Э 1* *

(1)

where the three terms represent the Zeeman, the exchange and the
dipolar interactions, respectively. The summation indices j ала к run
over all pairs of spins in the crystal. The alkali biphenyl systems
under investigation contain two magnetically non-equivalent sites in
the unit cell. The resonance position of the exchange narrowed ESR
line is the average value corresponding to these two sites. Consequent
ly the measured g tensor is the average of two tensors with equal
principal values, but with different orientations. The exchange inter
action is isotropic since no orbital angular momentum is associated
5

with the ground states of the interacting molecules [ 27 ] . If dimers
are present in the crystals the exchange interaction may lead either
to a singlet ground state (antiferromagnetic interaction) or to a
triplet ground state (ferromagnetic interaction). The energy
separation between the two lowest states is then equal to 2J where J
is called the exchange constant [ 28 ] .
The magnetic dipole-dipole interaction has to be included in the
hamiltonian, when the electron spins are not largely separated. The
components of the traceless, symmetric dipolar tensor 5.. are given by:

Β ^ = 9 2 3 2 <Ψ1 ^ Ж
r

where r

l 3 1:)
5

|Ψ>

P,q = x,y,z ,

(2)

ij

is the distance vector between the two relevant electrons,

i and j , and ψ is the electronic wavefunction.

2.1.1 Thelinewidth

The linewidth of an exchange narrowed ESR line depends on the
orientation of the single crystal with respect to the external magnetic
field. Expressions for the linewidth of an exchange narrowed line were
derived by Anderson and Weiss [ 29 ] and by Van Vleck [ 30 ] . Anderson
and Weiss showed that, if the electron Zeeman frequency, ω , is larger
than the exchange frequency, ω

(*> J /ft) , showed that the half width at

half height, Ш,, is given by:

ω

< Αω2 >

1 -— —

'

<3>

where < Δ ω 2 > is the second moment in the absence of exchange. The η
moment of a resonance line centered about ω
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is defined by the equation

ƒ (ω - ω )
ο
ο

_
< Δω

η

> =

f (ω)<3ω
,

=

(4)

ƒ f(u))díO
ο

where f(ω) is the lineshape function. In a classical paper Van Vleck
[30 ] showed that the fourth moment (n = 4) increases by the exchange
interaction, whereas the second moment and the intensity of the
resonance signal remain unchanged. In this way the line narrowing of
the resonance signals observed in paramagnetic solids could be
explained elegantly. In addition Van Vleck derived an expression for
the second moment (n = 2 ) , for ω
o

> ω . If this condition holds, a
e

so-called truncated hamiltonian, which is obtained by removing the nonsecular terms of the dipolar interaction in equation (1), can be used.
Non-secular terms give rise to subsidiary resonance lines at
frequencies 0, 2ω

and 3ω . The truncated hamiltonian reads:

3C
= Hgg Σ S
- Σ 2J., S J .S
trunc
ζ.
.,
ik J j к
3
]
]>k J

+ Τ g 2 ß 2 Σ r-3 (3cos 2 9
- 1) [S .S
k
¿
j>k ^
Э*
!

- 3S S
Z
Z
j k

]
(5)

The g value is assumed to be isotropic and θ

is the angle between r..

and the magnetic field, which is chosen along the z-direction. Using
equation (5), Van Vleck calculated for the second moment:

< Δ ω 2 > = ^- 3(5+1)γ4ι 2 Σ r-£ (Зсоз 2

4

- I)2

.

(6)

к

Equations (3) and (6) illustrate that the linewidth depends on the
orientation of the crystal with respect to the magnetic field and that
7

this angular dependence is caused by the dipolar interaction between
the magnetic dipoles.
The neglected, non-secular terms become important when the
electron Zeeman frequency becomes comparable to the exchange frequency.
Then these terms of the dipolar interaction contribute significantly to
the linewidth. Kubo and Tornita [31 ] showed that for ideal systems with
isotropic or regular symmetric properties the linewidth at low
frequency could be 10/3 times the linewidth at high frequency. This
phenomenon is called the "10/3 effect".
2.1.2 The susceptibility

The exchange interaction manifests itself also in the susceptibi
lity, which is proportional to the integrated ESR absorption signal.
For simple magnetic structures (e.g. dimers, linear chains) the energy
separation between the lowest two states can be derived from the
temperature dependence of the susceptibility. If coupling exists only
between nearest neighbour spins with S = J, the susceptibility based
on a singlet-triplet model is then given by the well-known expression
[32 ]

2

^g B
kT

2

ι
3 + exp(6/kT)

,7)
к п

'

where N is the number of paramagnetic molecules and δ the energy
separation, which is defined positive for a singlet ground state. A fit
of susceptibility data with the aid of this equation may yield a value
for δ and thus for J (by definition δ = -2J)»
A rough estimate of the exchange constant can be derived from the
molecular field approximation method of Weiss

J J _

3 k 9

2zS(S+l)

(81
'

where ζ is the number of nearest neighbour spins and θ is the Weiss
constant in the Curie-Weiss law:
θ

(B)

Τ - θ
which holds for temperatures well above the Curie point. С is called
the Curie constant. If the high temperature approximation applies,
equation (7) reduces to the form of equation (9), with
S = -4к

(10)

2.2 ESR parameters of COT and TMCOT anions diluted in single crystals
The c o n c e n t r a t i o n

of the paramagnetic COT and TMCOT anions in

t h e i r diamagnetic h o s t s i s so low t h a t i n t e r m o l e c u l a r i n t e r a c t i o n s
( l i k e exchange and d i p o l a r i n t e r a c t i o n s ) may be n e g l e c t e d . On the
other hand i n t r a m o l e c u l a r i n t e r a c t i o n s p l a y an important p a r t i n the
ESR s p e c t r a of m a g n e t i c a l l y d i l u t e d systems as i l l u s t r a t e d i n the
introduction.
The s p i n hamiltonian for t h e mono-anion of COT b u i l t i n i n d i a 
magnetic dialkali-COT-Dg i s given by:

β

JC = PH.g.S + Σ
i-i
+

2
Σ
j=l

(S.Ä? - g 0 H) .1?
i

(S.I" - g ß
J

M

p n

H).î"
n

1

.

(И)

J

The first term describes the anisotropic Zeeman interaction, the other
two terms represent the anisotropic hyperfine and the nuclear Zeeman
interactions with the eight protons and the two alkali ions, respecti
vely.

2.2.1 The g tensor

Stone [33,34 ] has derived the following expression for the g
tensor of aromatic anions:
ν + Xw + N
XX

geU +

Here g

ν + Aw -- N

10-*

.

(12)

XX

is the free spin g value 2.00232, λ the coefficient in the

HÜckel molecular orbital energy for the odd electron and ν and w are
semi-empirical constants. N
N
xx

= 3 ( Y , - γ„)
'1
'2

is given by:
Σ

a.a.cos2ò. .
T
1 J
l]

,

(13)

where the sum is taken over all bonds in the molecule. The parameter
(γ. - γ,) depends on the orbital energies of the highest bonding and
the lowest antibonding σ orbitals. Because these energies are approxi
mately equal for all aromatic hydrocarbons. Stone estimated (γ1 - γ,)
to be -40 x 1 0 - 5 . The HÜckel coefficients in the molecular orbital
containing the odd electron are presented by a. and а.; φ. . is the
angle between the C.-C. bond and the molecular χ axis, which is defined
ID
in Figure Θ.
The trace of equation (12) is:

g

iso

=

9

e

+

(aA

+

b)

10

'

(14)

where a = (2v + 6)/3 and b = 2w/3. By plotting the g values of a large
number of hydrocarbon radicals versus λ, a and b turned out to be 30.5
(± 0.4) and -16.6 (± 1.0) respectively [35,36 ] , thus yielding
ν = 42.7 (± 0.6) and w = 24.9 (± 1.5) .
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2.2.2 The hyperfine interaction

The hyperfine interaction tensor Ä. consists of an isotropic part
a.U representing the Fermi contact interaction and a traceless anisotropic part Τ , which describes the dipolar interaction between the
unpaired electron and the magnetic moment of the nucleus in question.
The isotropic proton hyperfine interaction in planar hydrocarbon
radicals is correlated with the distribution of the unpaired electron
through McConnell's relationship [37 ]

P1 Q

,

(15)

where a. is the hyperfine splitting due to proton i and ρ

is the un

paired π-electron density at the carbon atom to which the proton is
attached. The proportionality factor Q can be calculated from the
average proton hyperfine interaction at room temperature and is equal
to -26.1 G.
The dipolar hyperfine interaction tensor too is a function of the
electron spin density distribution:

Τ. = Σ p. т.' .

.

(16)

Here T.' . is the contribution of the spin density ρ . at carbon atom j to
the dipolar interaction with the magnetic moment of proton i. It is
given by

*lim- V n ñ 2 7 - < * j i ü - 3 ! i i f ± i i * j >
r

ij

r

-

(17)

ij

1 G = IO-1* Tesla.
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where φ . is one of the atomic orbitals in which the molecular orbital
of the unpaired electron can be expanded. Following the method
developed by McConnell and Stxathdee [ 38 ] T. was calculated with the
computer programme DIPDIP [ 1Θ ] . For the one-electron atomic orbitals
φ

j

this proqramme uses a Slater 2p function with Ζ „ = 3.135Θ [ 39 ] .
ζ
err
The proton splitting of a methyl group attached to an aromatic

radical is approximately given by the well-known expression [ 40 ]

a

™

= P· (Al + A 2 соз 2 )

Спз

,

(18)

3-

where Aj and A2 are semi-empirical constants. The value of A2 is
approximately 50 G and Aj is usually small (0 - 4 G ) , and θ is the
angle between the plane of the C-C and C-Η bonds and the axis of the
ρ

orbital.

Z2.3 The nuclear Zeeman interaction

The nuclear Zeeman interaction has no influence on the ESR
spectrum, if the hyperfine field of the unpaired electron is much
larger than the external field.
However, in paramagnetic organic molecules the electron hyperfine
field is often of the same order of magnitude as the external field
applied. The consequence of this for the resonance positions and
intensities of the hyperfine lines had been described in detail by
Poole et al. [41 ] for a two spin system, S = J, I = J.
Due to the mixing of the nuclear Zeeman levels the "normal"
doublet ESR spectrum becomes a quartet, consisting of synmetrical inner
(separation A ) and outer (separation A ) doublets, of which the
intensities are denoted by I. and I respectively. From the hamiltonian

3C= gBHS
z
they derived that

12

- g 0 HI + S.A.I
э
п η ζ

(19)

A

i =1

B

В2

-7

4A

-

zz (^nßn

H) ¿

,

(20)

and

о

i

B +

2

B2

4A

l2

H)2

i V - L ^n ' '

(21)

where
В = A 2 + (2g β Η ) 2

,

(22)

A2 = A2 + A2 + A2
xz
yz
zz

.

(23)

and

The corresponding i n t e n s i t i e s are given by

!

A 2 - (2g β Η ) 2
=_Ξ
D_S
о
A 2 - A?
ο

,

(24)

.

(25)

1

and

2

(2g β H ) - A

I, = — ϋ

2

i

The intensities are normalized such that I + I. = 1. They further
o i
show that when A is smaller (larger) than 2g β Η the inner (outer)
pair is stronger.
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2.3. Nuclear magnetic resonance
Z3.1 Powders of alkali biphenyl
Itie resonance lines observed for diaraagnetic solid compounds are
usually broad. This may be caused by a variety of physical phenomena as
for instance anisotropy in chemical shielding, dipolar and quadrupolar
interaction. In paramagnetic compounds like the alkali biphenyl polyglyme complexes, the llnewidths of the resonance lines may be greatly
reduced by the exchange interaction between the spins. The resonance
positions may also be largely affected by the presence of the unpaired
spins.
The resonance position, 6
с

, of the NMR signal of an alkali

nucleus i n a powdered sample of a paramagnetic a l k a l i - a r o m a t i c ion p a i r
with r e s p e c t t o the resonance s i g n a l of the completely hydrated a l k a l i
ion i n s o l u t i o n can be p r e s e n t e d by [ 42 ]
ex
6

P

= δ 0 + до

.

(26)

,

(27)

Here Δσ i s given by

Δσ = σ. - σ
ip
aq
in which σ

and σ

are the screening constants representing the

chemical shielding of the nucleus in the ion pair and in the hydrated
ion, respectively. It was shown by Canters and de Boer [ 43 ] in an NMR
study of alkali-aromatic ion pairs in solution that the main contri
bution to Δσ arises from the overlap interactions between electrons in
the valence orbitals of the cation and electrons in orbitale of solvent
molecules, surrounding the alkali ion [ 44 ] . This contribution gives
rise to a negative value of σ
powdered samples, δ

is the contact shift in ppm of a nucleus in a

doublet radical and is given by

14

. We expect the same to occur in our

Xo

e

с

γ

ft

/осп

4кТ

η

where a is the Fermi contact interaction in Gauss and the other symbols
have their usual meanings.
The contact shift arises from spin density, ρ(Μ), at the alkali
nucleus. The relation between a and ρ(M) is:

a = Щ- g & ρ (M)
3
η η

.

(29)

Taking configuration interaction into account, ρ(M) is given by [ 45 ]

p(M) = p 0 + p 1

,

(30)

where ρ η is the zero order and p. the first order contribution to the
spin density at the alkali nucleus. The largest contribution to p.
arises from aromatic metal cross excitations [ 45 ] . This contribution
is usually negative.

2.3.2 Powders of alkali cyclooctatetiaene

For diamagnetic compounds structural information can be obtained
from the width of the resonance lines by applying the second moment
technique of Van Vleck [ 30 ] . The width of the proton resonance lines
for the diamagnetic crystals of alkali cyclooctatetraene are determined
by the dipolar interaction. If the Zeeman interaction is larger than
the dipolar interaction one can calculate the second moment of the
proton resonance line with a truncated hamiltonian for the dipolar
interaction (see section 2.1.1). It is found that:

<

Δ ω 2

> = Т-Чг- 8 ' 5 -·- 1 )

Σ

Σ

r

"v (3oos2e.. - I ) 2

,

(31)
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where θ
is the angle between r . and the magnetic field and the
jk
JK
summation runs over all pairs of protons.
2

2

For a powder we must average (3cos 6

- I ) over the random

crystal orientations. Equation (31) reduces then to

<Аа,2>-|^2°(5
5
N

+ 1 )

ΣΣΓ-6
jk

.

(32)

j k

In the alkali cyclooctatetraene crystal the main contribution to the
second moment originates from the protons within one ring. For powders
this intra-ring contribution is equal to

k=l
The next contribution arises from the two next nearest rings and
amounts to
θ

<

Δω2

^nter = і ^

2

s(s+i)

{

і л

β
Σ
νι

, r;k.}

·

< 34)

If the COT rings rotate around their eightfold axis the second
moment decreases. It can be proved that the intra-ring contribution to
the second moment reduces by a factor of 4 [ 30 ] . The reduction of the
inter-ring contribution is difficult to calculate, since not only θ ,
Jk
varies with time, but also r ,, . .
jk'
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CHAPTER 3

EXPERIMENTAL

3.1 Preparation of the alkali aromatic ion pairs

Concentrated (0.8 - 1.0 M) solutions of the alkali metal aromatic
ion pairs were prepared using standard techniques [ 46 ] .
The polyethers, СНзО(СН2СН20)пСНз, were dried over a sodium
mirror, distilled in vacuum and transferred into the sample tube under
vacuum using a break-seal [ 47 ] . The polyethers used are diglyme (Dg),
triglyme (Tg) and tetraglyme (Ttg) with η = 2, 3, and 4, respectively.
Tetrahydropyran (THP) and tetrahydrofuran (THF) were dried over sodium
suspension, distilled on the vacuum line into a storage bottle filled
with Na/K alloy.

3.1.1 Alkali biphenyl single crystals

From 1 M solutions of the alkali biphenyl salts single crystals
were obtained by slowly cooling down the solutions to about 10 C. The
cooling rate (1 degree per hour) was controlled by a Colora UltraKryostat. The glassware apparatus is described elsewhere [ 18 ] . The
crystals are very sensitive to air and moisture and were handled in a
glovebox filled with Helium gas. The atmosphere in the glovebox
contains less than 1 ppm oxygen and water. For the measurements the
crystals were mounted in thin glass capillaries. Because of low melting
points (~ 40-70 C) these manipulations were carried out at a
temperature of about -20 C. For this purpose a silver plated table,
cooled by the Ultra-Kryostat, was used. The thin-walled tubes were
fixed onto this table. The crystals were pushed into these tubes with
a thin constantan wire. Then the tubes were sealed with a hot tungsten
wire.
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3.1.2 Dialkali (tetramethyl)cyclooctatetraene single crystals
Commercially available cyclooctatetraene was once distilled under
vacuum to remove polymerization products. Tetramethylcyclooctatetraene
was synthesized according to the method described by De Mayo and Yip
[4Θ ] .
The crystals were prepared under exclusion of air and moisture by
slowly adding a mixture of diglyme and tetrahydrofuran (THF) (1:2) to
a 0.8 M alkali (TM)COT solution in THF. After one day small single
crystals separated out. To get large single crystals ( 5 x 5 x 3 mm)
the small crystals were recrystallized from THF under vacuum. The THF
was evaporated very slowly from the solution by maintaining a
temperature difference of 0.5

between the solution and the distillate.

This temperature difference was kept constant by two copper blocks,
which could be cooled or heated. The heating current was controlled by
a feed back system with thermistors as temperature probes.
In the He-filled glovebox the crystals were placed in thin-walled
pyrex tubes, whereafter the crystals were irradiated with X-rays from
a tungsten tube for about 50 hours in order to create paramagnetic
centres in the diamagnetic hosts.

3.2 Equipment

X-ray diffraction intensities were obtained with a computer
controlled Nonius CAD 3 diffractometer.
The ESR spectra were recorded on a Varían E-12 spectrometer, using
the X-band (9.5 GHz) or Q-band

(35 GHz) microwave bridge. The micro-

wave frequency was measured with a HP 5245L frequency counter in the
X-band frequency region. The magnetic field was measured with the aid
of the NMR probe of an AEG Gaussmeter. The low temperature spectra were
obtained using an ESR9 Continuous Flow Cryostat from Oxford Instruments
Co. Ltd.
Wide line alkali NMR experiments were performed on a Varian E-12
spectrometer, equipped with a wide line variable frequency unit WL-210
for frequencies above 7 MHz and a V4210 r.f. transmitter below this
frequency. 1 M aqueous solutions of 7 LiCl, NaCl, KCl and
18
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RbCl were

used as reference samples. Very weak signals were accumulated with a
Varian C1024 Time Averaging.Computer. The spectra were digitalized with
a Calcomp 502 curve follower, and fitted with the computer programme
MINUIT [ 49 ] . The proton NMR experiments were performed on a Varian
DP 60 spectrometer operating in the wide line mode.

to
Time(s)

Figure 2 Field modulation and detector voltage during
a susoeptibility
measurement by means of ESR.
An AEG 20 XT ESR spectrometer equipped with a flux stabilized
magnet was used to measure the dynamic susceptibility [ 50 ] . The
magnetic field was modulated in a trapezoidal way as shown in Figure 2.
The modulation period was 20 sec. The detector signal was integrated
digitally. To this end the detector voltage was fed into a voltage to
frequency converter (VFC). The output of the VFC was counted with an
up/down counter. The counts measured during the periods D (see Figure
2) were substracted from the counts measured during the periods U. The
influence of baseline drift was minimized by the choice of the period
I as indicated in Figure 2. During these measurements low temperatures
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were achieved with a Leybold ESR continuous flow cryostat. The
temperature was measured with a gold/iron chrome1 thermocouple and
could be kept constant within one degree.
The static susceptibility was measured with a standard Gouy
balance, in the temperature region from ВО К to 300 K. From 3 К to
O

130 K the susceptibility was measured with a PAR vibrating sample
magnetometer model 155.

3.3 Procedures

3.3.1 Paramagnetic single crystals

In this section, the procedure necessary to measure the g values
on oriented paramagnetic single crystals, is described.
In the remaining part of this thesis we use a cartesian crystal
axes system, which is denoted by a, b and с . These vectors of unit
length indicate the directions of the crystallographic a, b and с
axes, respectively.
Single crystals were aligned on a brass goniometer head along one
of the crystal axes a, b or c, by the double oscillation method [ 51 ] ,
using a Weisenberg camera. The goniometer head with the aligned crystal
was moved from the Weisenberg camera to the ESR cavity with an accuracy
of better than one degree. Then the angular dependence of the g values
and linewidths were measured with the magnetic field parallel to the
be , ac and a b planes, respectively. These planes are defined
perpendicular to the a, b and с axes, respectively.
Since we have to remount the crystals a few times in order to
measure in three different planes, the crystals are not always in the
same position with respect to the magnet, which might influence the
measured g values. To correct for this, the following procedure was

*

*

used. The three relevant planes be , a b , and ac have common axes. This
makes it possible to determine whether or not the positions of the
crystals were different. The be

plane was chosen as reference plane.

The g values measured along b and с

were used to correct the g values

in the a b and ac planes, respectively. To minimize in this scaling
procedure the errors in the measurements the data measured in the three
20

planes were fitted to the theoretical g value behaviour. To this end a
programme PLANE [ 52 ] , containing a least squares procedure, was used.
After this process the g value along a

in the a Ь plane proved to be

the same as the g value along this axis measured in the ac plane,
within the standard deviations, so that the set of experimental values
is consistent.
For the evaluation of this set of corrected g values the computer
programme 6APLSD [ 52 ] was used. This programme derives the g tensor
from the experimental g values using a least squares method. As input
data the programme requires, apart from the corrected g values, the
positions of the intersecting lines of the three measured planes. These
positions were determined by the following methods.
a) Since the b axis is parallel to the twofold axis, any angular
dependent quantity measured in the a b and be

planes must have a

symmetrical behaviour with respect to the b axis. Hence from plots of
*
*
the linewidth versus the rotation angle in the be and a b planes the
positions of the b axis, which is one of the intersecting lines, can be
determined. The intersecting lines in the ac plane are found by
comparing g values and linewidths measured in this plane with the
values found along the a

and с

directions in the a b and be

planes,

respectively.
b) This method uses the zero order Weisenberg photographs. From these,
the directions of the reciprocal axes can be determined, which are in
fact the intersecting lines.
The agreement between the two methods was always better than one degree.
The largest source of error in the absolute measurement of the g
value arises from a field difference between the value of the magnetic
field at the position of the sample and at the NMR probe [ 35 ] . For the
calibration we used a sample of anthracene in concentrated sulphuric
acid. The g value of this solution is accurately known [35,36 ] and is
equal to 2.002551. As described above, all g values are scaled to the
measurements in the be

plane. With the aid of the standard sample of

anthracene in НгЗОц, it is possible to convert these relative values
into absolute values.
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3.3.2 Paramagnetic diluted single crystals

As the concentration of paramagnetic centres is much lower in
these crystals than in the paramagnetic ones, much larger crystals
are needed to get reasonable ESR intensities. Since the Weisenberg
camera could not be used for orienting these large crystals
(approximate dimensions 3 x 3 x 5

m m ) , another procedure was followed.

Single crystals were mounted on a quartz rod with paraffin wax
(melting point ~ 80 C ) . This rod was inserted in a close fitting quartz
tube, so that the rod could not change its position during the course
of the experiments. The quartz tube containing the rod with the crystal
was evacuated and sealed off on the vacuum line. By a special
arrangement in the glovebox (see Figure 3) the crystal could be remounted in a known orientation perpendicular to the previous one with

Pigiare 3

Apparatus

used for

orientation.
is

known from earlier

is at a right
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an accuracy of a few degrees. To orient a single crystal in a special
orientation with respect to the magnetic field, use was made of the
axially symmetric g tensor of the anion of COT, which has its maximum
principal value in the plane of COT. Thus, starting out with the
crystal in an arbitrary orientation the maximum g value found, by
rotating the crystal, must lie in the COT plane. Remounting the crystal
along the direction of the maximum g value, enables us to measure
spectra in a plane perpendicular to the COT molecules. A similar re
mounting procedure around the minimum g value found in the latter
plane, gives the possibility to measure in the COT plane.

3.4 Computer programmes

All computations were performed on an IBM 370/155 computer, at
the University Computing Centre.

3.4.1 Analysis of the spectra

Accurate hyperfine coupling constants were obtained by fitting
the ESR spectra. For this purpose we used the Calcomp curve follower,
to get the spectra in digitalized form. The fitting procedure was
carried out with the aid of the minimization programme MINUIT [ 49 ] ,
which minimizes the sum of the squared differences (SSD) between the
calculated and experimental spectrum. This programme, linked to a
function subroutine ESRFIT, which calculates the spectrum as a function
of the hyperfine splitting (A) and the linewidth (ΔΗ), minimizes the
SSD with respect to A and ΔΗ.

3.4.2 Second moment calculation

A computer programme, PUNT-1, was written to calculate the term
Σ r~£ (3cos29

- I ) 2 in equation (6) for the second moment. The spins

are thought to be located in the centres of the biphenyl molecules.
With the aid of the space group synmetry and translation symmetry this
programme calculates, starting from the centre of an arbitrary molecule
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in the unit cell, the relative positions of all other Bp molecules
within a sphere of radius R j . From these positions rT? and соз

can

be calculated for different orientations of the magnetic field with
respect to the crystal axes. The basis structure of the programmes
PUNT-12 and PUNT-24 (see section 4.4) is essentially the same as that
of PUNT-1.

3.4.3 Synthesis of the molecular g tensor

In order to solve the molecular g tensor from the measured average
tensor with the aid of the known crystal structure (see section 4.2.1)
a programme ROTOP was written. This programme first improves the ortho
gonality of the rotation matrix (C), which was derived from the crystal
structure, and which relates the directions of the molecular g tensor
to the orthogonal crystal axes system. For this the Schmidt orthogonalization method [ 53 ] is used. In the further computing procedure
a set of linear equations must be solved; to avoid round-off errors a
pivotal condensation procedure is used [ 54 ] .
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CHAPTER 4
RESULTS AND DISCUSSION: PARAMAGNETIC SYSTEMS
4.1 Crystal structures
Of the i n v e s t i g a t e d paramagnets, LiBp-STHP, NaBp.2Tg, KBp-2Ttg
and RbBp'2Ttg i t i s only the c r y s t a l s t r u c t u r e of RbBp'2Ttg t h a t has
been solved [ 23 ] . The r e s u l t s obtained from X-ray d i f f r a c t i o n d a t a of
NaBp'2Tg are a l s o given i n t h i s s e c t i o n .
4.1.1 RbBp-2Ttg
From the reflection intensities, obtained at 100 K, the structure
of RbBp'2Ttg was successfully refined in the centrosyrametric space

Figure 4
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group

C2/c. The quantities characterizing the unit cell are: a = 30.68

(3), b = 9.79 (1), с = 23.71 (2) Α, β = 103.34 (6)°, V = 6909 A^,
D

χ

= 1.31 g cm- 3 , Ζ = θ.
The molecular structure (Figure 4) can be described as a solvent

separated ion pair, consisting of the rubidium cation coordinated to
two tetraglyme molecules and the biphenyl anion. The ten coordinating
oxygen atoms of the two glymes, lie on a sphere around the rubidium ion
as can be seen in the stereoscopic picture (Figure 5) . The average

Figure

5

A stereoscopia
tetraglyme

view of the solvation

of rubidium

by two

molecules.

rubidium-oxygen bond length of 3.01 (3) A resembles the rubidium-oxygen
distance in dirubidium cyclooctatetraene diglyme, 2.99 (6) A [ 26 ] in
rubidium metaphosphate, 3.0 A [ 55 ] , and in rubidium hydrogen bistrichloroacetate, 2.99 A [ 56 ] . The radius of the rubidium ion, 1.60 A,
which is obtained by substracting the Van der Waals radius of oxygen,
1.40 A, [ 57 ] from the average rubidium-oxygen distance, agrees better
with the value given by Gourary and Adrian, 1.63 A [ 58 ] than with that
recommended by Pauling, 1.48 A [ 59 ] . Bond lengths and bond angles of
the biphenyl anion are shown in Figure 6.
The phenyl rings are planar within experimental error (maximum
deviation of the least squares plane is 0.008 A) , but the dihedral

26

figure

6 Bond distances

(in Aj and angles (in degrees) in the biphenyl

anion with standard deviation

in
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angle between the two rings turns out to be 9.4 . As neutral biphenyl
is reported to be flat in the solid state [60,61 ] this dihedral angle
is possibly due to a change of the bond order on going from neutral
biphenyl to the monoamon. The values in parentheses given in Figure 7
denote the calculated bond lengths (R) using the relation [ 62 ] :

R = 1.517 - 0.18 ρ

,

(35)

where ρ gives the bond order calculated with the SCF-MO method,
assuming planar structures. The shortened distance between the two
phenyl rings m

the monoamon as compared to the neutral molecule,

increases the repulsion between the orthohydrogen atoms and may, there
fore, cause the change in the dihedral angle. The orthohydrogen
repulsion expresses itself furthermore in the C(8)-C(7) -C(12) and
C(2)-C(l)-C(6) bond angles, which are significantly smaller than 120 .
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The sign of the dihedral angle between the phenyl rings may be
caused by the remarkable short intermolecular distance between the
two biphenyl molecules which are related by the twofold rotation axis.
The shortest distance of 3.50 A between the carbon atoms С(9) and С(9')
is less than twice the Van der Waals radius of carbon which is 1.Θ5 A
[ 57 ] . The distance between the centres of these symmetry related
molecules is 7.58 A. This is much shorter than the distance to the
next nearest neighbours (9.79 A) which can be found by a translation
along the b axis.

4.1.2 NaBp-2Tg

Until now the crystal structure of NaBp.2Tg could not be derived
from the X-ray diffraction data. Systematic absences in these data are
consistent with the space groups P2i and P2i/m. Fiom the distribution
of the intensities the non-centrosynmetric space group P2i was prefered.
At room temperature the unit cell parameters are a = 11.87, b » 13.62,
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с = 9.65 Α, β = 103.6°, V = 1516 АЗ, о

= 1.16 and Ζ = 2.

The number of solvent molecules in NaBp^Tg could be derived from
the experimental density, which is 1.1 (2) g c m - 3 and the cell
dimensions. The calculated density for NaBp-2Tg is 1.2 g c m

-3

; for

3

NaBpOTg it is 1.6 g cm" . A sodium-triglyme ratio of 2 : 5, which was
found earlier [ 63 ] , is incompatible with the space group P2i with only
two molecules in the unit cell. An elemental analysis of NaBp-2Tg
resulted in Na 4.47 (4.31), С 62.87 (63.07) and H 8.54 (8.60) Ζ (the
values in parentheses are the calculated ones). This also points to two
Tg molecules per NaBp.
In most structures where sodium is coordinated by oxygen, sodium
has a sixfold coordination with an average sodium-oxygen distance of
2.44 A [ 64 ] . However, the ratio of the sodium ion-oxygen radii, which
is 0.83 [57,58 ] does not exclude an eightfold coordination by the two
triglyme molecules, since it is larger than the critical ratio of 0.73
[ 65 ] , for the transition from eight to six coordination.

4.1.3 KBp-2Ttg

Although no s t r u c t u r a l d a t a a r e known for KBp*2Ttg t h e potassiumtetraglyme r a t i o i n t h i s compound i s expected t o be 1 : 2 i n conformity
with t h e a l k a l i - s o l v e n t r a t i o s i n NaBp'2Tg and RbBp'2Ttg.

4.2 Molecular g tensor

The principal values of the average g tensors of KbBp>2Ttg and
NaBp-2Tg as well as their directions with respect to the orthogonal
crystal axes system are given in Table 1. The exchange averaged g
tensor can be constructed from the molecular g tensors G , , by
mol
averaging them in the same coordinate system. To relate the molecular
g tensor of one Bp anion (1) to the common orthogonal crystal axes
system a, b and с , a rotation matrix С is used, which consists of the
direction cosines of the three twofold axes Χ, Y and Ζ (see Figure 8)
of the Bp anion with respect to the crystal axes system a, b and с .
The rotation matrix of the other Bp anion (2), which is related to the
first one by a twofold axis, is given by C.D, where D is equal to:
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-Г'-)

(36)

If G 1 and G 2 denote the σ tensors in the orthogonal crystal axes
cr
cr
system for the two relevant Bp anions 1 and 2, respectively, we find
that:

G 1 = C - 1 G , С and G 2 = D С - 1 G . C D
cr
mol
cr
mol

.

(37)

Working out these expressions one finds that:

(G1 ) . . = (G2 ).j
cr ij
cr ij

, if i + j is even and

(G1 ) . . = - (G 2 ) . .
cr ij
СГ 1]

, if i + j is odd.

(38)

The average g tensor is equal to the arithmetical average of G 1

and

G 2 and thus equals to:
cr

'(G1 )
0
(G1 )
1
_
. cr 11
cr 13
G
- Ì (G1 + G 2 ) = [
0
(G1 )
0
J
cr
2
cr
cr
V
c r 22
^G1 ),,
0
(G1 )
1
cr 31
cr 3 3,
aV

.

(39)

This shows that one of the principal axes lies along the b axis, while
the other two principal axes lie somewhere in the ac plane, say,
rotated by an angle a with respect to a and с . The two other principal
=av
values and directions are then found by diagonalizing G
with the aid
of an orthogonal rotation matrix R .

a V

G^y
= R-l G
I
diag
α
cr α
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.

(40)

Only four parameters can be derived from the experiments: the
three elements of G,J
and the rotation anqle
о (see Table 1 ) . This
э
diag

RbBp-2Ttg

angle with axis (0)

g

a

b

c

NaBp'2Tg
g

angle with axis
а

Ь

-с

1

2.00272(1)

27

90

63

2.00231(1)

5

90

95

2

2.00319(1)

90

0

90

2.00280(1)

90

1

91

3

2.00233(1)

63

90

153

2.00317(1)

85

90

5

ТаЬЪе 1 Frinavpal values of the average g tensor of RbBp-BTtg and
NaBp-2Tg and their directions
gonal crystal

with respect

to the

ortho

axes system.

prevents us from evaluating the principal values of the molecular g
tensor as well as their directions, together forming a set of only
five parameters as the direction cosines are interrelated. This
dilemma was solved by assuming that one of the principal directions
of the molecular g tensor, coincides with a symmetry axis of the Bp
anions. For PbBp'2Ttg this assumption is quite reasonable, since the
Pb cation is situated at a distance of 6 A from the centre of the
nearest Bp anion and shielded from it by the solvent molecules [ 23 ] .
The result of the analysis, which was carried out with the programme
ROTOP (see section 3.4.3), is given in the second column of Table 2
for RbBp-2Ttg. In the table is also included the isotropic g value for
the "free" Bp anion, measured in tetraglyme. The angle between the
other two symmetry axes of the Bp anion and the tensor axes is one
degree, which is within the accuracy of the measurement.
The rotation matrix used, belongs to the crystal structure at
100 K, whereas the g value measurements are carried out at room
temperature. The possibility of a systematic error was ruled out by
carrying out a series of g value measurements in one plane at room
temperature and at 125 K. A maximum variation of 2 x 1 0 ~ 5 in the g
value was found, which corresponds to the experimental accuracy.
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Table 2 Experimental
g tensor

and oalculated

values

of the Bp anion in

of

the

RbBp·2Ttg.

In section 4.2.1 the experimental g values will be compared with
theoretical values. For NaBp-2Tg the molecular g tensor cannot be
derived in this way, because the crystal structure is unknown and
therefore also the rotation matrix С

In section 4.2.2 we point out

how the average g tensor can be used for determining the orientation
of the two Bp anions in the crystal, which are related by the twofold
screw axis.
4.2.1 Calculated g tensor of thefreeBp anion
The principal directions of the molecular g tensor of the Bp anion
in RbBp-2Ttg lie along the symmetry axes of Bp. Fran this it can be
concluded that the spin density on the Hb cation is small as otherwise
the large spin orbit coupling of Kb would cause a considerable change
of the g tensor. The same conclusion follows from
on a powder of RbBp-2Ttg (see section 4.5).
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R b NMR experiments

The average g values of both NaBp-2Tg (2.00276(1)) and RbBp'2Ttg
(see Table 2) are equal to the g value of the "free" Bp anion in
solution, within the standard deviation. This also points to a
negligible contribution of the alleali spin orbit coupling to the
measured g tensor.
The g tensor of the anion of Bp has been calculated with the
theory of Stone. For the calculation of the parameters ν and w (see
section 2.2.1) the numerical values given by Segal et al. [35 ] have
been used, which are more accurate than those given by Stone [ 33 ] .
The results of the calculations are given in the third column of
Table 2. In this calculation the Bp anion has been taken planar. A
calculation with the resonance integral between the inter-ring carbon
atoms equal to Bcos9.4 , where β is the resonance integral, led to no
significant changes in the calculated g values. Comparison with the
experimental values shows that g

is calculated too high and g

too

low. It can be seen from equation (12) and (13) that the difference
between g

and g

depends on the value of (γ. - γ . ) . Apparently Stone

estimated this value too high (-40 x 1 0 ~ 5 ) . If (γ

- γ 2 ) is taken to

be half of the value estimated by Stone, excellent agreement is reached
with the experimental g values (see column 4, Table 2 ) .
A smaller value for (γ

- γ ) could also be deduced from line-

width studies of the ESR spectra of positive and negative ions of some
alternant aromatic hydrocarbons in solution [ 66 ] . Also here the
quantitative discrepancies which exist between the theoretical g values
and the observed ones are diminished by taking a smaller value of
(γ

ι-V·

4.2.2 Orientation of the Bp anion in NaBp-2Tg

All efforts to solve the crystal structure of NaBp«2Tg have so far
been unsuccessful. It is, therefore, of interest to obtain structural
information from the magnetic measurements.
Suppose that the molecular g tensor of the Bp anion in the crystal
=NaBp
NaBp-2Tg, G
, is equal to the g tensor which was found for the Bp
=
RbBp
anion in RbBp'2Ttg, G . . This assumption is quite reasonable, since
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the average values of G

and G

are equal to the isotropic values

of the free Bp anion and no indications have been found that spin orbit
interactions with the cations are of importance. Then it is possible to
determine the rotation matrix, C, which relates the molecular g tensor
to the average g tensor. From the rotation matrix the directions of the
symmetry axes with respect to the crystal axes can be derived. To do
this, the С was written as an Euler rotation matrix, which depends on
three angles α, β and γ. A computer programme SEARCH now calculates

SSD = Σ { ( G N a f P ) . - <G Hb ? P ).У 2
.
mol i
mol i

With i = Χ, Υ, Ζ

(41)

as a function of α, В and γ and prints these values for every five
degrees in a three dimensional array. The angles belonging to the
smallest SSD value were used as starting parameters in the non-linear
minimization programme MINUIT [ 49 ] which minimizes SSD as a function
of the parameter space (i.e. α, β and γ ) . This procedure yielded two
solutions for the orientation of the Bp anion in NaBp-2Tg, which were
related via a twofold rotation axis, which must be the twofold screw
axis. The direction cosines of the molecular Χ, Y and Ζ axes with
respect to the a, b and с
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crystal axes are given in Table 3.
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Figure 8 illustrates this orientation. The position of the molecule
with respect to the origin is quite arbitrary. The orientation of the
Bp anions so calculated is different from the orientation of the
corresponding Bp anions in RbBp-2Ttg, which are related by the twofold
rotation axis. This structural difference leads also to a different
magnetic behaviour (see section 4.3).

4.3 Susceptibility
4.3.1 RbBp2Ttg

The experimental data on the relative susceptibility of RbBp-2Ttg
are presented in Figure 9. These data were obtained from a single
crystal by integrating the ESR absorption signal as described in
section 3.2.
It is obvious that an antiferromagnetic coupling exists in the
crystal. At 15 К a maximum in the susceptibility is reached. These
data can be fitted rather well to equation (7) , with δ = 17(2) c m - 1 ,
indicating that in the crystals dimers occur with a singlet ground
state.
A rough estimate of J can be obtained from the high temperature
points only. Above 30 К the susceptibility follows the Curie-Weiss law
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with a negative Weiss constant θ = -7 К. Using this value in the Weiss
molecular field approximation and one nearest neighbour (z = 1) one
finds for 2J •= 19 c m - 1 in good agreement with the value cited above.

4.3.2 KBp-2TtgandNaBp-2Tg

Figure 10 and 11 show plots of the reciprocal of the relative
paramagnetic susceptibilities of Naflp-2Tg and KBp-2Ttg versus the
temperature. In the high temperature region the susceptibility was
measured with the Gouy balance, whereas at low temperatures the
vibrating sample magnetometer was used. The overlap region enabled us
to scale the susceptibility data relative to each other.
The high temperature points, for which the Curie-Weiss law is
satisfied reveal positive Weiss constants of 7(±3) 0 K and 6.9(±0.5)OK
for NaBp-2Tg and KBp^Ttg, respectively.
The positive Weiss constants indicate that the exchange inter
action in NaBp-2Tg and KBp-2Ttg induces a ferromagnetic coupling
between the odd electrons whereas in RbBp.2Ttg an antiferromagnetic
36
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coupling was found. This remarkable difference finds its origin in
different crystal structures.
Using equation (7) it is easy to show that for a ferromagnetic
coupling (δ < 0) the ratio, R, of the temperature derivatives of the
reciprocal susceptibilities in the low and high temperature region is
equal to 0.75:

Ох- эт)

кт « 6 3_
=
4
Ох- эт)
kT » δ

(42)

From the plot of X" 1 versus temperature for KBp«2Ttg it is found that
R = 0.Θ ± 0.05. This result indicates a dimeric structure as was also
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found for RbBp'2Ttg. Applying equation (10) the energy separation, 6,
between the triplet ground state and the singlet excited state is
calculated to be 20 c m - 1 . Below 40 O K no deviation from the Curie law
is found. This means that interactions between triplet dimers are small
[67 ] .
From the fact that there are only two molecules per unit cell in
NaBp.2Tg, and that the space group is P2i it can be concluded that a
dimeric structure cannot exist in this structure. This conclusion is
supported by the temperature dependent behaviour of X - 1

(see Figure 11).

From this we derive that R = 0.9 + 0.05, which deviates significantly
from 0.75 holding for a dimeric model. Assuming a linear chain inter
action, ζ = 2 in equation (8), the exchange constant, J, calculated
from θ = 6.9 К turns out to be 5 c m - 1 .
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The susceptibilities o f "solvent free" KBp were measured b y
Nishiguchi [ 68 ] . He estimated a singlet-triplet separation of 117 c m " 1
for a sample that was evacuated for 12 hours and 146 c m - 1 for one that
was evacuated for two days. These results together with the above
mentioned singlet-triplet separation in KBp'2Ttg demonstrate that the
solvent molecules increase the separation between the magnetic entities.
4.4 E S R linewidth of RbBp-2Ttg
The dashed line in Figure 12 presents the angular dependence of
the ESR linewidth at room temperature of a single crystal of RbBp'2Ttg
at X-band frequency. The magnetic field is parallel to the ac plane,
for which orientation all biphenyl molecules are magnetically
equivalent, so that there is no line broadening due to different
resonance positions. The linewidth given, ΔΗ, is the peak-to-peák
separation in the first derivative of the ESR absorption line, which
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is Lorentzian at all observed orientations.
From equation (2) , (5) and (6) it is clear that the angular dependence of an exchange narrowed ESR line is due to the dipolar interaction. Through the rT^ dependence, the largest contribution to the
second moment arises from the nearest neighbour spins, which are at an
average distance of 7.58 Â. The next nearest spins are at average
distances of 9.79 A; their contribution to the second moment in the ac
plane is angular independent, because the angle θ = 90 . It is expected
that the angular dependence of the total contributions of farther
removed spins to the second moment is not very pronounced, because many
spin pairs contribute which are all differently oriented. Therefore,
these spins might give rise to an almost angular independent
contribution to the second moment. Hence at first instance it is
reasonable to try to fit the shape of the experimental curve in Figure
12 with the dipolar contribution to the second moment arising from the
nearest spins only. The result is shown in Figure 13, curve a. In this
calculation the point dipoles are placed in the centres of the biphenyl
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anions. A comparison between the experimental curve (dashed curve in
Figure 12) and the calculated one (Figure 13, curve a) shows that the
positions of the maxima are predicted correctly, but that the
calculated widths and the positions of the minima deviate from the
experimental data. For instance at θ = 0, where the magnetic field
coincides with the direction of the shortest distance between the
centres of the two nearest Bp anions, the calculated width is at its
maximum, whereas the experimental width is much lower. This bad
agreement is slightly improved, when the contributions from dipoles as
far as 60 A are taken into account with the programme PUNT-1.
Apparently this dipole model is an oversimplification of the real
situation.
We have improved the calculation by taking the delocalized
character of the unpaired electrons into account. Magnetic dipoles are
placed at each carbon atom weighted by the spin densities as calculated
by the method of McLachlan [ 69 ] . The magnetic moment M. , on carbon
jm

atom m of Bp anion j is then given by
M
jm

= gesp
Jm

,

(43)

where p. is the spin density on carbon atom m. The truncated
jm
hamiltonian now becomes:

3C
= g0H Σ Σ p. S
- Σ 2J.. S..S,
trunc
*
.
jm ζ.
_,
]k J ] к
j m J
j
j>k J
+ ig2ß2
2 *

Σ
Σ В. . [S..S. - 3S S
]
.,.
jmkn
j к
ζ. ζ,
j>k m,η J
эк

,

(44)

where

B

A *. - *T 3 .
jmkn
jmkn

(Зсоз2 . . - 1)
jmkn

,

(45)

and the carbon atoms η belong to Bp anion k. Then the equation for the
second moment reads:
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Both m and m' (η and η') are atoms from Bp anion j (k). A computer
programme PUNT-12 based on equations (45) and (47) calculates Σ в

2

к Jk

within a sphere of radius R12· Curve b in Figure 13 shows the angular
2
dependence of B12 ^

о г

16 t w c >

t*

nearest molecules. Only a slight im

provement is achieved. As a further refinement of the dipole model we
have placed magnetic dipoles above and below the carbon atoms at the
most probable distances of a 2p electron to its nucleus, which, from
Slater functions, is calculated to be 0.665 Â. A programme PUNT-24 was
written to calculate Σ в. according to this model within a sphere of
к J*
2
radius R24·

Curve с in Figure 13 shows the result for B12· Again only

a slight improvement is attained. One may conclude from this that the
shortcomings of our model are not due to the use of a dipole re
presentation of unpaired electrons, instead of using wavefunctions.
Apparently the assumption that further removed spins yield an almost
angular independent contribution to the second moment is incorrect. To
verify this, we have calculated the contribution to the second moment
of the electron spin dipoles, lying within a sphere of radius 60 A.
This calculation has been carried out as follows. Within a sphere of
radius 15 A the dipolar contributions were calculated with the pro
gramme PUNT-24, contributions between 15 and 25 A were calculated with
the programme PUNT-12 and between 25 and 60 A the programme PUNT-1 was
used. The result of this calculation is given by the solid line in
Figure 12. As may be noticed a considerable improvement has been
achieved, although the calculated widths are still not correct. This
may be caused by:
42

a) The contribution of the nearest neighbours to the second moment
might be calculated erroneously, because these spins are strongly
coupled by the exchange interaction.
b) Intramolecular hyperfine interaction with the protons also contri
butes to the angular dependence of the second moment, although this
contribution is at least one order of magnitude smaller than the
dipolar contributions.
The neglect of the off-diagonal elements in the complete
hamiltonian can be verified by calculating ω

from the linewidth at a

certain angle and from the calculated second moment. This calculation
was performed using the linewidth at 54°, because the nearest neighbour
= 1.5 χ I O 1 0

contribution at this angle is zero. It was found that ω
s - 1 which renders ω 2 »
o
(ω

e
ω 2 both at Χ (ω = 6 x I O 1 0 s - 1 ) and O-band
e
о

= 22 χ Ι Ο 1 0 s - 1 ) frequencies. In agreement with this no relevant

changes were observed on measuring the linewidth at Q-band instead of
at X-band frequency (absence of "10/3 effect").
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Figure 14 shows the linewidth as a function of temperature. The
lineshape is Lorentzian at all observed temperatures. The increased
linewidth at temperatures below Τ = 15 К is an additional indication
of magnetic ordening at low temperatures [ 70 ] leading to a decrease
in exchange frequency. At these temperatures the second moment is no
longer described by equation (6), because of the break-down of the
high temperature approximation for the equilibrium spin density matrix,
which was assumed in the derivation of equation (6).

4.5 Alkali N M R
The alkali resonances of the alkali ions in powders of LiBp-STHP,
KBp-2Ttg and RbBp-2Ttg were not shifted with respect to the alkali
resonances of the corresponding alkali-halides in water. For the
resonance of Na in powders of NaBp-2Tg an upfield shift of 160 p.p.m.
was observed. If the diamagnetic downfield shift, Δσ, is taken equal
to zero, one calculates with equation (28) a lower limit of -0.6 G for
the hyperfine splitting constant. The intensity of the Na resonance
line increased threefold going from -60 С to +20 C, whereas the linewidth remained the same.
The unshifted alkali resonance line observed for the alkali ions
present in LiBp-STHP, KBp-2Ttg and RbBp«2Ttg points to zero spin
density at the alkali nuclei. This suggests that the alkali ions are
rather well isolated from the Bp anions, as indeed was found for
PbBp-2Ttg (see section 4.1.1). For this compound the observations are
in agreement with the crystallographic structure, where it was found
that the Rb cation is almost spherically surrounded by two tetraglyme
molecules. Such a structure will lead to a small electric field
gradient and a zero spin density at the Rb nucleus, giving rise to a
single unshifted resonance line. The resonance line for the Na ion in
NaBp-2Tg is shifted considerably to high field. This may be caused by
negative spin density at the Na nucleus. The presence of negative spin
density suggests that the alkali ions are in close proximity of the
Bp anion and located near nodal planes of the molecular orbital of the
unpaired electron. Then the first order spin density contributions, p.,
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dominate over the zero order contributions, so that a net negative
spin density results. In the discussion of the g tensor of the Bp
anion in NaBp-2Tg it was assumed that the effect of spin orbit coupling
due the Na nucleus could be neglected. This seems to contradict the
observation of a negative spin density at the Na ion. However, the
spin orbit coupling constant of Na is only 11.46 cm - , so that its
effect on the g tensor may be negligibly small. A similar situation
was encountered in a solution of sodium naphthalenide in tetrahydrofuran. The hyperfine splitting of the Na ion was equal to 1 G at room
temperature [ 71 ] , whereas its contribution to the isotropic g value
is only about 1 x 10" 5 [ 72 ] .
The gradual decrease of the intensity of the Na resonance line
on going to lower temperatures is not due to saturation effects as was
verified by changing the r.f. power. This could also not be expected
since the electron correlation time, which governs the relaxation of
the Na nucleus [ 73 ] , is very short (~ 1 0 - 1 1 s) (see section 4.4). A
better explanation is found in the ionic nature of the crystal. The
penetration of the radio-frequency field into the sample is limited
by the skin effect. The classical skin depth is given by [ 74 ]

2

δ = (α /2πσω)

2

(48)

where a is the conductivity, ω the radio-frequency and с the velocity of
the electromagnetic waves. Decrease of σ with temperature results in
an incraase in skin depth and accordingly an increased intensity for
the resonance signal. If the observed effect is indeed due to the skin
effect, the skin depth must be smaller than the sample dimensions. This
gives a lower limit for the conductivity of the crystal: 10 Ω - 1

cm-1.

A confirmation of this interpretation in terms of the skin effect
is found in the temperature dependent ESR measurements. A conductivity
of 10 Ω - 1 cm"* gives a skin depth at X-band frequencies of about 0.4 mm,
which is of the same order of magnitude as the size of the crystals.
Indeed it was found that the absolute susceptibility obtained by
integrating the ESR absorption signal (see section 3.2) is significant
ly lower than that measured at the same temperature with the vibrating
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sample magnetometer.
In an article about the magnetic properties of highly conductive
TCNQ salts Kepler [75 ] showed that the conductivity, σ, increases
with decreasing J. The values of σ and J, found for NaBp'2Tg, follow
the trend indicated by the data of the TCNQ salts studied by Kepler.
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CHAPTER S
RESULTS AND DISCUSSION: MAGNETICALLY DILUTED SYSTEMS
S.l Crystal structures
As diamagnetic hosts for the aromatic monoanions of cyclooctatetraene and 1»SjSjT-tetramethylcyclooctatetraene, single crystals of
dipotassium cyclooctatetraene-diglyme (КгСОТ-Од), dirubidium cyclooctatetraene-dlglyme (НЬгСОТ-Од) and di(potassium diglyme) 1,3,5,7-tetramethylcyclooctatetraene (K2TMCOT'2Dg) were chosen, respectively. The
crystal structures of these host crystals are known.

5.1.1 M 2 COTDg (M = КДЬ)
Prior to the determination of the crystal structures, elemental
analyses were carried out. The results are shown in Table 4 [ 76 ] .
Compound

M (%)

С (%)

H (%)

КгСОТ'Од

24.60 (24.71)

52.82 (53.12)

7.07 (7.01)

RbaCOT-Dg

41.28 (41.77)

40.85 (41.08)

5.32 (5.42)

Table 4

AnalyHaal
values

data for fyCOT-Dg and Rb^COT-Dg

are in

(aalaulated

parentheses).

The agreement with the calculated values clearly points to
compositions with only one diglyme molecule per M2COT molecule.
X-ray diffraction analysis [25,26 ] shows that crystals of
КгСОТ-Од and ВЬгСОТ-Од crystallize in the orthorhcmbic space group Pnma
and that they are isomorphous. A list of crystal data is given in
Table 5.
The structure of КгСОТ-Од is illustrated in Figures 15 and 16.
The potassium ions lie on a crystallographic mirror plane, whereas the
COT ring and the diglyme molecule lie perpendicular to this plane. Thus
the asymmetric unit consists of only half of the COT ring atoms and
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Table S Crystal data of ^COT-Dg and Rb2C0T-Dg.

half of the diglyme atoms. The cations are located above the centres
of the planar COT dianions and form a linear array through the crystal.
Half of the cations (K(2) in Figure 15) is coordinated to four oxygen
atoms of two diglyme molecules, whereas the other half (K(l) in Figure
15) is shielded by a zig-zag chain of COT dianions. Figure 17 shows a
stereoscopic picture of the structure. In Table 6 some important
distances of both structures are tabulated.

distance

КгСОТ'Од

КЬгСОТ-Од

М + (1)-СОТ

2.35 (2)

2.50 (2)

M + (2)-COT

2.45 (2)

2.56 (2)

М (2)-0

2.87 (7)

2.99 (6)

Μ^η-Μ^Ι')

3.844(3)

3.852(8)

(С-С)сот

1.40 (2)

1.40 (2)

+

Table 6 Distancée in КгС0Т^ and Kb2C0T-Dg. The
M (2)-0 and C-C distances are average values.
Since the distance of the metal ion to the centre of the COT plane
is about 2.5 A one can characterize these ion pairs as contact ion
pairs. They may be compared with the glymated fluorenyl potassium
contact ion pairs studied by Smid [ 77 ] . The anion-cation distances
lead to a value of 0.9 A for the "radius" (or half thickness) of the
COT anion. This value is in agreement with the "radius" of the Bp
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anion, derived from NMR linewidth studies [ 78 ] . As in FbBp'2Ttg the
cationic radii, calculated from the cation-oxygen distance, agree
with the values proposed by Gourary and Adrian [ 58 ] .
The COT dianions are planar within the experimental error of
0.02 Â. According to HÜckel's 4n+2 rule they should have a high
stability. The average carbon-carbon bond length is equal to 1.40 (2) A.
Using equation (35) with ρ = 0.604, one calculates for this bond length
1.408 A [79 ] .
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5.1.2 K2TMCOT-2Dg
The crystal structure of КгТМСОТ-год is determined by Goldberg et
al. [24 ] . It belongs to the space group Pi with one molecule per unit
cell. The molecular structure can be characterized as a contact ion
pair, where the cations are located above the centre of the TMCOT
plane. On the outside they are coordinated to the oxygen atoms of a
diglyme molecule. As in M2C0T-Dg the aromatic ring is planar.

5.2. Creation of paramagnetic centres

If the crystals of КгСОТ-Пд and КгТМСОТ-гвд are subjected to Xirradiation for several hours an ESR spectrum is found (see Figures 18
and 19), which can be traced back to the monoanion of the host
molecules COT [ 80 ] and TMCOT (see following sections) . After Xirradiation of ЯэгСОТ-Од the spectrum shown in Figure 20 could be
recorded. The signal on the high field side is due to the monoanion
of COT. The position of the peak on the low field side depends strongly
on the orientation of the magnetic field. When the magnetic field lies
in the COT plane the g value of this peak varies between 1.98 and 2.22.
It was further found on increasing the microwave power and on decreasing
the sweep range and the modulation amplitude that this peak contained
a rich unresolved hyperfine structure (see Figure 21). These facts
suggest that this low field peak is due to an electron trapped near
a Rb ion. Since the linewidth of this peak is only 80 G, the wavefunction of the unpaired electron can contain only a few per cent of
the Rb 5s orbital. Further investigations are underway in order to
obtain more information about the mechanism of the photo ionization
process.

5.3 Room temperature spectra of C O T anions

5.3.1 ESR on K 2 COT Dg
After prolonged irradiation of the crystal an ESR spectrum is
obtained which consists of nine equally spaced lines with a binomial
51

Figure 18 First derivative

ESR spectra of the COT anions in

fyCOT-Og and Rb2COT'Dg}

respectively.

intensity distribution (see Figure 18). This spectrum resembles very
much the spectrum of the monoanion of COT in liquid solution [ 81 ] .
This resemblance together with the experimental data presented later,
substantiates that the observed spectrum in the crystal is due to the
monoanion of COT, formed by ionization of the dianion of COT. The
almost complete absence of anisotropy in the spectrum points to the
presence of molecular motion. This was proved convincingly by measuring
spectra with the magnetic field in a plane perpendicular, respectively,
parallel to the COT plane. The results of these measurements are shown
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in Figure 22. The behaviour of g and A with the rotation of the crystal
around an axis in the COT plane is according to expectations. Also the
constancy of g for rotation of the crystal around an axis perpendicular
to the COT plane is normal for axially synmetric systems. Quite un
expected, however, is the behaviour of A in this plane: Although for
aromatic systems the dipolar anisotropy resides almost entirely in the
aromatic plane, the hyperfine splitting of COT is independent of the
orientation of the magnetic field in this plane. This can only mean
that the COT anion is rapidly rotating around its eightfold axis. The
rotation frequency at room temperature must be higher than 1 0 7 s - 1 as
can be calculated from the dipolar tensor elements, using the equations
of McConnell and Strathdee [ 38 ] .
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3
see reference 35
4

see reference 81

Table 7 Principal values of g and hyperfine tensors (in G) at roam
temperature for KzCOT-Dg and B.b2C0T-Dg.
From Figure 22 the principal values of the g and A tensor can be
derived. They are tabulated in Table 7 together with the isotropic
values measured in solution. The g values can be calculated with
Stone's theory (see section 2.2.1) . The results are also given in
Table 7. The agreement with the experimental values is excellent. The
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average g value is also in close agreement with the isotropic value
measured for the "free" anion [ 35 ] . The measured value for the hyperfine tensor element Α..

shows that the anisotropy in the ζ direction

(z 1 COT plane) indeed is very low.
An interesting observation was made during the measurements with
the magnetic field in a plane perpendicular to the COT plane. The
linewidths of the proton hyperfine lines are 2.02 G and 2.34 G, for
the magnetic field parallel and perpendicular to the plane, respecti
vely. This variation could be explained by the anisotropic hyperfine
interaction with the two potassium ions, situated above the centre of
COT (K(l) and K(2), see Figure 15). The principal values of this
axially synmetric interaction are calculated to be

К
T. = -29 mG,

к
T.. = 58 mG .

These small values, together with a presumably small value of the
isotropic potassium hyperfine splitting, do not lead to a resolvable
hyperfine splitting, but may be responsible for the observed variation
of 320 mG in linewidth. This explanation is supported by the obser
vation that no variation in linewidth is observed for a rotation of
the crystal around the eightfold axis of COT. From the observation
that the minimum linewidth was observed for the magnetic field in the
plane of COT and that for this situation the dipolar interaction is
negative (ТГ = -29 mG) it can be concluded that the isotropic potassium
hyperfine splitting constant must have the positive sign.

5.3.2 ESRonRb 2 COTDg

As the crystal structure of Rb2 C O T *D9 is isomorphic with that of
КгСОТ-Од and the distances are the same within some tenths of an Â,
the remarkable difference between the ESR spectra of КгСОТ-Од and
Itt^COT'Dg (see Figure 18) must be caused by the counter ions, which
are different for the two crystals. The magnetic moments of the two
rubidium isotopes are much larger than the magnetic moment of
potassium. This causes an additional hyperfine splitting of the nine
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proton lines resulting in an inhomogeneously broadened line.
The principal g values, which are given in Table 7 show the
effect of the larger spin-orbit coupling of rubidium with respect to
potassium. This means that some spin density is located at the counter
ions.

5.3.3 Proton NMR on K 2 COT Dg
If the dianions of COT are rotating in the crystal one should
observe the effect of it on the proton NMR linewidth. Therefore we
carried out a proton NMR experiment on a powder of diamagnetic
КгСОТ.Од. The measured proton linewidth, Δν, defined as the peak-topeak separation of the first derivative of the absorption spectrum was
equal to 12.18 KHz. For a Gaussian lineshape the linewidth. Δω, between
the two points of maximum slope in the absorption curve is given by
twice the square root of the second moment

Δω
, = 2 [< Δ ω 2 > ] '
m.si.

(49)

Using this formula, equation (32) and the structural data of the
crystal, one calculates for a rigid structure that Δν = Δω

/2π =

23.47 KHz in disagreement with the experimental value. In this
calculation the carbon-hydrogen distance was taken to be 1.07 A. if
the COT dianions rotate one can show that the intramolecular contri
butions (equation (33)) to Δν reduce by a factor of two [ 82 ] . Since
these contributions determine for 83 per cent the calculated linewidth
for the rigid structure one can conclude that the measured NMR proton
linewidth also indicates a rotation of the COT molecules, which is
rapid on the NMR time scale.
Finally we remark that in these linewidth calculations the
contributions of the diglyme protons have been neglected. A justifi
cation for this is the measured linewidth of a powdered sample of
K2COT-2THF-d8, which is 13 KHz.
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5.4 Low temperature spectra of COT anions in ^COT-Dg

5.4.1

Spectral analysis

When the temperature is lowered below 40 К the ESR spectra change,
due to the fact that the rate of molecular rotation falls below the
7

-1

hyperfine splitting frequencies (~ 1 0 s ) .

Figure 23 illustrates that

25·Κ

Ю0К

20°K

ЗО'К

Figure

23

Temperature

behaviour

of

the ESR speotmm

of the anion

of

COT in KzC0T-Og
this transition occurs in the temperature region from 40 К to 25 K.
Below 20 К no further change was noticed.
Figure 24 shows the spectra at 22 К for different orientations of
the magnetic field in the COT plane. Spectra have been measured every
5 degrees, but in the figure those four spectra are shown, which each
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Figure 24 Experimental and simulated ESR spectra of the anion of COT
in K2C0T-Dg at 22°К for f owe orientations
field,

being always parallel

of the magnetic

to a diagonal of the COT

octagon.
occur twice within the interval of 180 . A remarkable feature in this
о
series of spectra is that the same spectrum repeats not every 45 but
every 90 . This implies that the spin distribution over the carbon
atoms is not uniform any more, but alternates around the COT ring. To
determine the amount of alternation we simulated the spectra shown in
Figure 24 with a least squares procedure. The simulation was carried
out using the strong field approximation. The fact that the spectra of
Figure 24 occur only twice every 1Θ0 means that for these spectra the
magnetic field is oriented along a diagonal of the COT octagon (± 2.5 ).
The simulation of these spectra is complicated, because three hyper-
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fine splitting constants are involved, corresponding to two sets of
two equivalent protons and one set of four equivalent protons, so that
these spectra are superpositions of 45 overlapping lines. The results
о
о
of the simulations for the spectra measured at θ = 90 and 135 are
shown at the bottcm óf Figure 24. A good fit could be obtained only
with Lorentzian lineshapes. The obtained hyperfine splitting constants
are listed in Table 8 (the numbering of the splitting constants
θ

90°

Table

A

1»A5

exp

cale

0.21

-0.24

θ

135°

3.07

2'A6

5.76

-5.98

1.12

-0.83

4.88

-3.27

A

4.17

-4.25

Α

(in

and oalaulated

proton

-2.20
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A3,Ay
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cale

A
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8
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Α

4» 8

splittings

G) of the COT anion in fyCOT-Dg at

in

spectra

22°K.

corresponds to the numbering of the carbon atoms as indicated in
Figure 25. The experimental proton splittings are of the same order of
m

Figure
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anion
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mirror

orientation
plane

with

m of the COT

magnitude as the nuclear Zeeman term. This may cause that the experi
mental splittings are not equal to the hyperfine splittings (see
section 2.2.3). Moreover extra lines appear, due to the mixing of the
nuclear Zeeman levels. From equations (20-23) it can be seen that only
those splittings, which arise from protons having their carbon-hydrogen
bond either parallel or perpendicular to the external magnetic field,
are equal to the hyperfine splittings. This holds for A j , A5, Аз and
Ay at θ = 90° and A 2 , Ag, Ац and As at θ = 135 . These hyperfine
splittings were calculated with the equations of McConnell and
Strathdee [3Θ ] as a function of the spin density distribution. After
that they were compared to the experimental ones to find out the
amount of spin density alternation on the carbon atoms. The best
agreement was found for an alternation of 20 per cent. The resulting
spin distribution is shown in Figure 25; the calculated hyperfine
splittings for these protons are given in Table 8. For the calculation
of the splittings of the other protons the second order effect caused
by the nuclear Zeeman term has to be considered. This can be done by
using the equations (20-23). The resulting splittings are included in
Table Θ. In the simulation of the spectra the effect of the extra
lines has been neglected. With the aid of equations (24,25) it is
estimated that the intensity of these lines is lower than 10 per cent
of the intensity of the normal lines.
The agreement between the experimental and calculated splitting
constants is acceptable, bearing in mind the complexity of the spectra
and the approximations involved in the calculations which have been
summarized by Silverstone et al. [ 83 ] . We consider the calculated
percentage of spin alternation rather accurate because the simulated
spectra are very sensitive to changes in the amount of spin alternation.
An important consequence of the spin alternation is that the
monoanion of COT must be rotated over an angle of 22.5

around the

eightfold axis with respect to the equilibrium position of the dianion
at гост temperature. Utils

change is dictated by the symmetry of the

crystal field, which acts on the spin distribution. The crystal field
arises from the potassium cations and the COT dianions. The potassium
ions are placed in the crystallographic mirror plane, the COT dianions
are bisected by this plane (the mirror plane runs parallel to the ac
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plane, see Figure 15). Here on symmetry grounds the monoanion must
assume the position, depicted in Figure 25, since otherwise no spin
alternation can exist. In this position the mirror plane m runs through
the carbon atoms 1 and 5 and not any more through two opposite C-C
bonds. The wavefunction of the odd electron is frozen into the crystal
as the molecular frame work rotates. A rapid rotation averages the
spin density to 1/Θ. A comparable situation was observed by Silverstone
et al. [83 ] for an oriented C7H7 radical in single crystals of
naphthalene and thiourea. The advantage of our system is the close
resemblance between the structures of the guest and the host, so that
possible substitutional effects are minimized.

5.4.2 The origin of the spin alternation

In the planar free monoanion of COT three electrons occupy a pair
of degenerate non-bonding orbitals, Ψ

and Τ . These molecular orbitale

can be written as linear combinations of atomic orbitals, φ :
η

\ = J (Φ2 - Фц + Ф 6 - Φθ>

's - 7 ι - ф з+ *5 - V
(φ

(50)

·

The form of these functions is thus chosen that they are, respectively,
antisymmetric (A) and symmetric (S) with respect to the mirror plane,
running through the carbon atoms 1 and 5. These functions give rise to
a spin density at carbon atom η given by

P„ = -r (1 ± cos ηπ)
η
о

,

(51)

where the positive sign holds for 4!

and the negative sign for Ψ .

In these HÜckel molecular orbitals electron correlation, which
mixes the electronic ground state with electronic states of the same
symmetry, is neglected. If electron correlation is taken into account,
improved ground state functions
on carbon atom η given by:
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and

give rise to a spin density

ρ = !• (1 ± ξ cos ηπ)
η
θ
the positive (negative) siepi holds for Θ

(52)

(Θ ) . The parameter ξ is

found to be 1.42 [ 84 ] , using the method of Pariser and Parr [ 85 ] .
The spin densities given by equation (52) are

e?,3,5 r 7 = - 0 ·

"2,1,6,8-

0

0 5 2 5

= Ρ2Λ,6,8

·3025=Ρ?,3,5,7

<53>

The crystal field in our crystals lifts the degeneracy, present in the
free anion. Since the perturbing crystal field is symmetric with
respect to the mirror plane m, the functions Θ and Θ are correct
A
S
zero order wavefunctions. The cations stabilize Θ more than Θ , so
that the unpaired electron occupies Θ . If the splitting is considerA
д
able the spin density distribution of the ground state is given by ρ
(equation (53)), hence an alternating spin density will be observed.
However, the amount of alternation found is not as large as predicted
by equation (53). There are three possible explanations for this.
First, the nearby excited state with the symmetry of Θ

may be

thermally populated. This reduces the degreß of alternation. However,
no temperature dependence of the ESR spectrum is observed below 20 K,
so that this possibility must be ruled out. Secondly, the ground state
(symmetry of Θ ) and the nearby excited state (symmetry of θ ) can be
mixed by vibronic interactions. Moss [84 ] calculated the vibronic
effects on the anion of COT. The vibronic wavefunction, occupied by
the unpaired electron, can be written as:
θ = (Θ X

Ар

+ λ Θ Χ ) (1 + λ 2 ) - *

,

(54)

Sq

X and X are linear combinations of vibrational functions of
Ρ
q
appropriate symmetry В
of D
and λ is the mixing coefficient.
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The spin density arising from this vibronic function is equal to

ρ® = < Θ|ρ |Θ > = -j (1 + к ξ cos ηπ)

,

(55)

2

2

where ρ is the spin density operator and к = (1 - λ )/(1 + λ ) . From
η
the experimental value of к ξ = 0.2 (amount of spin alternation), and
the theoretical value of ξ = 1.42, one finds that Θ

is mixed into θ

by 40 per cent. For degenerate wavefunctions Moss [ 84 ] calculates for
к a value of 0.373, which results in a mixing of 30 per cent. Since in
our case an initial splitting is present between the two non-bonding
levels caused by the crystal field, one may conclude that possibly the
vibronic interaction is considerably higher than predicted by Moss. A
third cause for the mixing of ground state and excited state can be
that the symmetry of the crystal field seen by the COT anion is lower
than the symmetry of the crystal. In this case Θ

and Θ

are no longer

correct zero order wavefunctions, so that mixing can occur by the
crystal field. The found mixing percentage of 40 per cent may then be
considered as an upper limit for the percentage of vibronic coupling.
5.4.3 The Jahn-Teller effect

From the Jahn-Teller theorem one can see that for an E
2u
and В
lg
2g
vibration distorts

electronic state the active vibrations are those with В
symmetries [ 86 ] . As shown in Figure 26 the В

Big
Figure
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aotive
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of

the COT anion.

the molecules in a structure with alternating bond lengths, the В
vibration moves the carbon atoms alternately inwards and outwards.
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Such distortions may b e small; in a recent paper by Langhoff et a l .
[ 87 ] it was shown that small distortions in the geometry of benzene
(e.g., changes in bond lengths of 2% - 3%) cause dramatic changes in
the zero field splitting parameters and hyperfine splitting constants
of the lowest triplet state of benzene. The authors arrived at the
conclusion that the experimental values for these parameters [88,89 ]
are best explained with the normal hexagonal structure.

5.5 Spectra of T M C O T anion in ^ T M C O T - l D g
5.5.1 Spectral analysis
Figure 19 shows the ESR spectrum of the anion of 1,3,5,7-tetramethylcyclooctatetraene in K2TMCOT»2Dg at room temperature for an
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arbitrary direction of the magnetic field. A hyperfine structure of 13
equidistant lines with a binomial intensity distribution can be discerned and must b e ascribed to the 12 protons of the four rotating
methyl groups. T h e average hyperfine splitting is 7.25 G and the line65

width is equal to 3.8 G. Both values remain constant (± 0.05 G) on
rotating the crystal. No additional hyperfine splitting of the four
ring protons was observed. The change in the methyl hyperfine
splitting going from 50 o K (Figure 27) to 298 0 K was less than 0.05 G.
The four methyl groups remove the degeneracy of the two nonbonding molecular orbitale Θ

and Θ . The orbital Θ

gets the lower

energy, since the methyl groups are known to be electron repelling.
Thus the unpaired electron is in Θ

and a large hyperfine splitting

is anticipated for the methyl protons. The actual value of the
splitting depends on the energy separation ΔΕ between the ground state
and the first excited state.
Recently Concepción and Vincow [ 90 ] measured the hyperfine
splittings of the methyl protons (a^ = 6.414 G) and of the ring
protons (аг = 0.452 G) of K2TMCOT dissolved in hexamethylphosphoramide.
From the temperature dependence of these hyperfine splittings the
energy difference was estimated to be 600 cm - *.
A lower limit for the energy difference ΔΕ for the TMCOT anion
in the crystal can be estimated from our experimental finding that
a ^ (50OK) - a ^
(2980K) < 0.05 G
CH3
CH3
Using the formula

a
(T) - ρ rP + Ρ exp(- ДЕ/кТ) .
а
Q l
СНз ( T )
1 + exp(- ΔΕ/kT) J
'

(56)

one finds with Q = 25 G [ 90 ] that ΔΕ > 1200 cm - 1 . This value of ΔΕ,
which is larger than that in solution, is in line with the larger
value of the methyl hyperfine splitting in the crystal. From equation
(18) pj

. _ is found to be 0.29, in good agreement with the

theoretical value of 0.30 for an electron in Θ . Apparently ΔΕ is so
large that thermal mixing and vibronic coupling are negligible.
Table 9 contains the principal values of the g tensor of the
TMCOT anion in K2TMCOT*2Dg. These principal values can be calculated
with equation (12) . The required value of λ can be obtained from a
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Table

9

TMCOT -

obs

cale

α.

2,00239(2)

2.00238

gL

2.00290(2)

Principal
of

values

of

the TMCOT anion

> 2.00277
the g

tensor

in КгТМСОТ-20д.

HÜckel molecular orbital calculation which takes into account the
hyperconjugative and inductive effects of the methyl groups [91 ] . It
was found that the energy difference between the non-bonding molecular
orbitals cempares favourably with that found by Concepción and Vincow
[ 90 ] . In our crystals the energy difference is also determined by the
crystal field. Therefore it was preferred to use the minimum energy
difference of 1200 cm -1 to obtain a value of λ. This value was
calculated to be 0.064, which leads to a lower limit for the value of
g. (see Table 9) .

5.5.2 The rotation of the methyl groups

In order to discover any molecular reorientations of the TMCOT
anion, ESR spectra were measured as a function of temperature. The
spectrum remained the same down to 50 K. Between 50 К and 20 К the
spectrum changed as shown in Figure 27 and below 20 К no further
changes were observed.
Figure 28 illustrates at what microwave power the ESR signal is
maximum, i.e., just before saturation sets in. At room temperature the
TMCOT anion signal saturates at a much lower power level than the
anion of COT. This points to the absence of molecular reorientation in
contrast to what has been observed for the anion of COT, where the
rotation causes a short Tj and therefore more power is needed to
saturate the spectrum.
The drop in the saturation level of the TMCOT anion below 50 O K
coincides with the change of the ESR spectrum. Here the transition is
caused by the methyl group rotation of which the rotating frequency
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becomes equal to or falls below the hyperfine splitting frequencies.
The hyperfine splitting of the methyl protons depends on their
orientation with respect to the TMCOT plane (equation (18)) [ 92 ] . The
isotropic hyperfine splitting constants may vary between zero and 10 6,
the variation in the anisotropic hyperfine splitting constants is much
smaller. As a consequence extra hyperfine splittings arise, going to
lower temperatures, resulting in an inhomogeneously broadened line
(see Figure 27). Simultaneously the relaxation times become larger, so
that less power is needed to reach saturation (see Figure 28) .
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SUMMARY
During the past 25 years the electronic and magnetic properties of
anions of aromatic hydrocarbona have been widely studied. All these
studies were carried out on solutions of aromatic anions. In this study
the aromatic hydrocarbon anions are investigated for the first time in
the solid state. This became possible by Canters' discovery [ 18 ] , that
single crystals of alkali biphenyl are formed in highly concentrated
solutions of alkali biphenyl in polyglycoldimethylethers (polyglymes).
The crystals are extremely sensitive to oxygen and moisture. Therefore,
special techniques had to be developed to handle them for crystallographic and magnetic measurements. The alkali biphenyl (Bp) crystals
contain a large concentration of spins. Consequently, spin exchange
exists in these crystals, so that intramolecular interactions cure
averaged out. In a search for systems in which the radical anion is in
a diamagnetic environment, so that also intramolecular interactions
could be studied, we explored the anions of cyclooctatetraene (COT).
It is well known that dianions of COT are easily fojrmed and that the
monoanions can be produced by the photo ionization of the dianions.
The alkali COT salts appeared to be ideal systems. Single crystals were
made in which monoanions were indeed created by X-irradiation, in concentrations low enough to investigate the intramolecular interactions.

Paramagnetic systems
The following paramagnets have been studied in the solid state:
RbBp.2Ttg, KBp.2Ttg, NaBp-2Tg and LiBp.STHP (Ttg: tetraglyme, Tg: triglyme, THP: tetrahydropyran).
The crystal structure of BbBp'2Ttg was solved. The crystals belong
to the space group C2/c. Each Rb ion is spherically surrounded by ten
oxygen atoms of the solvent molecules, leading to a solvent separated
ion pair structure. It was suggested [ 43 ] from NMR measurements that
these structures might exist in solution. Our finding on the crystals
confirms the concept of solvent separated ion pairs in solution. The
phenyl rings of the biphenyl anion have a dihedral angle of 9.4 . The
change in the bond distances of the Bp anions compared to the bond
distances in the neutral Bp molecule are explained with the changes in
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π-bondorders going from the monoanion to neutral Bp. As a result of the
known crystal structure a rather complete magnetic study could be made.
The ESR experiments showed an exchange narrowed line, the linewidth of
which depends on the orientation of the magnetic field with respect to
the crystal axes. Using the theories of Van Vleck [30 ] and Anderson
and Weiss [ 29 ] a quantitative interpretation for the angular dependent
linewidth is given in terms of exchange narrowing and dipolar broaden
ing. Since the crystal contains two magnetically distinguishable sites
in the unit cell, the measured g tensor is an average of two molecular
g tensors. From the average g tensor the molecular g tensor is derived,
utilizing the known crystal structure. With the semi-empirical g tensor
theory of Stone [ 34 ] the g tensor of the Bp anions is calculated. If
an empirical parameter in Stone's theory is adjusted, excellent
agreement is found between the experimental and calculated g tensor
components. The susceptibility experiments indicate an antiferromagnetic
coupling in the crystals. The temperature dependence of the susceptibi
lity is explained by a singlet-triplet model. Such a model assumes
coupling between nearest neighbour spins only. The energy separation
between the two lowest states is equal to 19 c m - 1 . The conclusions
drawn from NMR experiments are in accordance with the crystal structure.
No shift of the Rb resonance line was found with respect to the Rb
resonance line of Rbcl in water. Hence the spin density at the Rb
nucleus is zero, as can be expected for a cation

well isolated from

the paramagnetic anion.
The crystals of NaBp'2Tg belong to the space group P2i. The
crystal structure has not yet been solved. From g value measurements the
orientation of the symmetry axes of the Bp anion with respect to the
crystal axes is derived. The susceptibility experiments indicate a
ferromagnetic coupling. With the Weiss molecular field approximation
and an experimental Weiss constant of -7 K, the exchange constant, J,
is found to be 5 c m - 1 , if two nearest neighbour spins are taken into
account. The Na-NMR resonance line was shifted considerably to high
field. This may be caused by negative spin density at the Na nucleus.
From temperature dependent Na-NMR measurements it could be concluded
that the electrical conductivity is larger than 10 Ω - 1
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cm-1.

To date no crystal data are known for KBp-2Ttg. Only susceptibili
ty and K-NMR experiments have been carried out. The susceptibility
results indicated a ferromagnetic coupling between the spins. From the
plot of the reciprocal of the susceptibility versus temperature it
could be inferred that a dimeric structure exists in the crystal, as
in the crystals of RbBp.2Ttg. The exchange constant was found to be
20 cm" 1 .

Magnetically diluted systems
Single crystals have been synthesized from concentrated solutions
of K2COT, НЬгСОТ and K2TMCOT in diglyme. The composition of the crystals
corresponds to the formula M2C0T-Dg (M = K,Rb) and КгТМСОТ ·2Dg.
The МгСОТ-Од crystals are isomorphous and belong to the space group
Pnma. The cations are located above the centres of the planar COT dianions and form a linear array through the crystal. Half of the cations
is coordinated to the oxygen atoms of the diglyme molecules, whereas
the other half is shielded by a zig-zag chain of COT dianions. Since
the distance from the alkali ion to the centre of the COT plane is about
2.5 A one could characterize these ion pairs as contact ion pairs. Cox
et al. [93 ] studied K2COT dissolved in diglyme with NMR. They concluded
that contact ion pairs were present in solution with the cations
located above the centre of COT; again the structures predicted in
solution are realized in the solid state.
X-irradiation of these crystals created paramagnetic centres, which
are stable at room temperature. One of these centres proved to be the
monoanion of COT. The ESR spectra of these anions in КгСОТ-Од exhibit
a well resolved hyperfine structure. The spectra were studied as a
function of temperature and of the orientation of the magnetic field.
The room temperature spectra reveal a rapid rotation of the COT anions
about their eightfold axis. This was also verified by measuring the
proton NMR spectrum of the host crystals. At 20 К this rotation is slow
on the ESR time scale. Interestingly, the angular dependence of the
spectra at this temperature, measured with the field in the COT plane,
does not any more reflect the eightfold symmetry of the COT anion. An
interpretation for this is given in terms of crystal field theory and
vibronic coupling.
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From the spectra the g and the proton hyperfine tensors were
derived. The principal g values are well accounted for by the theory
of Stone. The effects of orbital degeneracy on the g tensor predicted
by Moss and Perry [94 ] proved to be small. The anisotropic hyperfine
couplings are well described by the equations given by McConnell and
Strathdee [ 3Θ ] . The effect of the counter ion on both the g tensor and
the hyperfine structure was clearly shown by replacing potassium by
rubidium.
The crystal structure of КгТМСОТ-год was solved by Goldberg et al.
[ 24 ] . It consists of contact ion pairs; the cations located above and
below the centre of the aromatic anion are surrounded from the outside
by one diglyme molecule. X-irradiation produced the monoanions of TMCOT.
From the analysis of the methyl proton hyperfine splittings at different
temperatures it could be concluded that the splitting between the ground
state and the lowest excited state is at least 1200 c m - 1 . This splitting
is caused by the four methyl groups and by the crystal field.
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SAMENVATTING
De afgelopen 25 jaar zijn de electronische en magnetische eigenschappen van anionen van aranatische koolwaterstoffen uitvoerig bestudeerd. Al deze studies werden gewijd aan oplossingen van aromatische
anionen. In dit onderzoek worden de anionen van aromatische koolwaterstoffen voor het eerst in de vaste stof bestudeerd. Dit werd mogeli]k
doordat Canters vond dat éénkristallen van alkali-biphenyl gevormd
worden in zeer geconcentreerde oplossingen van alkali-biphenyl in
polyglycoldimethylethers (polyglymes). Deze kristallen zijn uiterst
gevoelig voor zuurstof en water. Daarom moesten speciale technieken
ontwikkeld worden, teneinde kristallografische en magnetische metingen
te kunnen verrichten. De alkali-biphenylknstallen bevatten een hoge
spinconcentratie. Het is dan ook ten gevolge van spin exchange dat de
intramoleculaire wisselwerkingen uitgemiddeld worden. Om geschikte
systemen te vinden, waarin het radicaal-amon in een diamagnetische
omgeving zit, zodat ook intramoleculaire interacties gemeten kunnen
worden, werden de amonen van cyclooctatetraeen (COT) onderzocht. Het
is bekend dat van COT gemakkelijk dianionen gevormd kunnen worden en
dat hieruit door photo-ionizatie monoanionen onstaan. De alkali-COTzouten bleken ideale systemen te zijn. Er werden éénkristallen gemaakt,
waarin inderdaad door röntgenbestraling monoanionen gevormd worden in
een concentratie laag genoeg om intramoleculaire interacties te kunnen
meten.

Paramagnetische systemen
De volgende paramagneten zijn onderzocht in de vaste stof:
RbBp'2Ttg, KBp-2Ttg, NaBp"2Tg and LiBp-STHP (Ttg: tetraglyme, Tg: triglyme, THP: tetrahydropyran).
Van RbBp'2Ttg werd de kristalstructuur opgelost. De kristallen
behoren tot de ruimtegroep C2/c. De Rb-ionen zijn bolvormig omgeven
door tien zuurstofatomen van het oplosmiddelmolecuul, hetgeen leidt
tot een door oplosmiddel gescheiden ionenpaar structuur. Aan de hand
van NMR-metingen werd gesuggereerd [ 43 ] dat deze structuren in de oplossing ook voorkomen. Onze bevindingen aan deze kristallen bevestigen

73

het begrip oplosmiddel-gescheiden ionenparen in oplossing. De hoek
tussen de vlakken van de twee phenylringen van het Bp-anion is 9,4 .
De verandering in de bindingsafstanden van de Bp-anionen, vergeleken
met die in het neutrale molecuul, worden verklaard door veranderingen
in de π-bondorders gaande van het monoanion naar het neutrale Bp. Om
dat de kristalstructuur bekend was, kon een tamelijk volledige studie
van de magnetische eigenschappen worden gemaakt. De ESR-experimenten
toonden een exchange-versmalde lijn, waarvan de lijnbreedte afhankelijk
is van de oriëntatie van het magneetveld ten opzichte van de kristalassen. Met gebruikmaking van de theorieën van Van Vleck [ 30 ] en
Anderson en Weiss [ 29 ] wordt een quantitatieve beschrijving gegeven
voor het hoekafhankelijke lijnbreedte-gedrag in termen van exchangeversmalling en dipolaire verbreding. Daar het kristal twee magnetisch
onderscheidbare oriëntaties in de eenheidscel bevat, is de gemeten
g-tensor een gemiddelde van twee moleculaire g-tensoren. Van de gemiddelde g-tensor wordt de moleculaire g-tensor afgeleid door gebruik
te maken van de bekende kristalstructuur. Met de semi-empirische
theorie van Stone wordt de g-tensor van de Bp-anionen berekend. Nadat
een empirische parameter uit Stone's theorie is aangepast, wordt er
een prachtige overeenkomst gevonden tussen de experimentele en de berekende g-tensor. Uit susceptibiliteitsmetingen werd een antiferromagnetische koppeling in de kristallen gevonden. Het temperatuurafhankelijke gedrag van de susceptibiliteit kon worden verklaard met
het singlet-triplet model. In dit model wordt alleen de wisselwerking
tussen dichtst-bij-elkaar gelegen spins beschouwd. De afstand tussen
de twee laagste niveau's is 19 cm - 1 . De gevolgtrekkingen uit deze
experimenten zijn in overeenstemming met de kristalstructuur. De RbNHR-lijn is niet verschoven ten opzichte van de Rb-resonantielijn van
RbCl in water. Hieruit blijkt dat de spindichtheid op de Rb-kern nul
is, zoals verwacht kan worden van een kation dat goed afgeschermd is
van het paramagnetische anion.
De kristallen van NaBp-2Tg behoren tot de ruimtegroep P2i. De
kristalstructuur is nog niet opgelost. Uit g-waarde metingen kon de
oriëntatie van de symmetrie-assen van het Bp-anion ten opzichte van
de kristalassen worden bepaald. Susceptibiliteitsmetingen wijzen op
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een ferrcmagnetische koppeling. Met de moleculaire veldtneorie van
Weiss en een experimentele Weiss-constante van -7 K, is berekend dat
de exchange-constante, J, 5 cm - 1 bedraagt, wanneer we de wisselwerking
met de twee dichtstbij gelegen spins in rekening brengen.
De Na-NMR-lijn is aanzienlijk naar hoogveld verschoven, hetgeen
duidt op een negatieve spindichtheid op de Na-kern. Uit temperatuurafhankelijke Na-NMR-metingen werd gevonden dat het electrisch geleidingsvermogen groter is dan 10 fi-1 cm - 1 .
Tot op heden zijn er geen gegevens over de kristalstructuur van
KBp-2Ttg bekend. De resultaten van susceptibiliteitsmetingen duidden
op een ferromagnetische koppeling tussen de spins. Uit het temperatuurafhankelijke gedrag van de reciproke susceptibiliteit kon worden afgeleid dat in het kristal dimeren aanwezig zijn, evenals in de kristallen
van RbBp-2Ttg. De exchange-constante bleek 20 cm - 1 te zijn.

Magnetisch verdunde systemen
Er zijn éénkristallen gemaakt uit geconcentreerde oplossingen van
K2COT, НЪгСОТ en K2TMCOT in diglyme (TMCOT: tetramethylcyclooctatetraeen). De samenstelling van de kristallen krant overeen met de for
mules: МгСОТ-Од (M = K,Rb) en КгТМСОТ-Од.
De МгСОТ-Од kristallen zijn isomorf en behoren tot de ruimtegroep
Pnma. De kationen zitten middenboven de vlakke COT-dianionen en vormen
een lineaire keten door het kristal. De helft van de kationen zijn ge
coördineerd aan de zuurstofatomen van diglyme, terwijl de andere
helft afgeschermd wordt door een zig-zag keten van COT-dianionen. Daar
de afstand van de alkali-ionen tot het midden van het COT-vlak ± 2,5 Â
bedraagt, kan men deze ionenparen karakteriseren als contact ionenparen. Cox e.a. [93 ] bestudeerden oplossingen van K2COT in diglyme
met NMR. Zij kwamen tot de conclusie dat in deze oplossing contact
ionenparen aanwezig zijn, waarbij de kationen middenboven de COTionen zitten; ook hier zijn de voorspelde structuren in oplossing gerealiseerd in de vaste stof. Door deze kristallen met röntgen te bestralen worden paramagnetische centra gevormd, die bij kamertemperatuur
stabiel zijn. Een van deze centra bleek het monoanion van COT te zijn.
De ESR-spectra van deze anionen in КгСОТ-Од vertonen een goed opge
loste hyperfijnstructuur. De spectra werden bestudeerd als functie
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van de temperatuur en van de oriëntatie van het magneetveld. De kamertemperatuur-spectra onthullen een snelle draaiing van de COT-anionen
rond hun achttallige as. Dit werd gestaafd door het proton NMRspectrum van de gastheerkristallen te meten. Bij 22 К is deze rotatie
langzaam op de ESR-tijdschaal. Wanneer bij deze temperatuur spectra
worden gemeten met het magneetveld in het COT-vlak, dan vinden we niet
de verwachte achttallige symmetrie van het COT-anion terug in de hoekafhankelijkheid van de spectra. Dit wordt verklaard aan de hand van
kristalveldtheorie en vibronische koppeling. Uit de spectra werden de
g en de proton-hyperfijntensoren afgeleid. De gemeten g-tensor komt
goed overeen met die welke berekend wordt met de theorie van Stone.
Effecten voorspeld door Moss en Perry [ 94 ] voor baanontaarde systemen
bleken klein te zijn. De anisotrope hyperfijnkoppelingen worden goed
beschreven door de vergelijkingen van McConnell en Strathdee [ 38 ] .
De invloed van het tegenion op zowel de g-waarde als de hyperfijnstructuur komt duidelijk naar voren door' kalium te vervangen door
rubidium.
De kristalstructuur van K2TMCOT'2Dg werd opgelost door Goldberg
e.a. [ 24 ] . Ook hier zijn contact ionenparen aanwezig, waarbij de
kationen boven en onder het midden van het aromatische ion zitten en
aan de buitenkant door een diglyme molecuul worden omgeven. RÖntgenbestraling van deze kristallen geeft TMCOT-anionen. Uit de analyse van
de hyperfijnsplitsingen van de methylprotonen bij verschillende
temperaturen werd afgeleid dat de afstand tussen grondtoestand en
eerste aangeslagen toestand tenminste 1200 cm -1 is. Deze opsplitsing
wordt veroorzaakt door de vier methylgroepen en het kristalveld.
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ten onrechte dat in de afwezigheid van een audiofrequent stralingsveld
de gyromagnetische verhouding van een kern gelijk aan nul te maken is.
M. Kumtomo and T. Hashi, Physics Letters, 4_0, 75 (1972).
II
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electrontransfer en exchange-polansatie.
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£7, 3098 (1967).
Ill
De conclusie van Marinetti e.a., dat de principale richtingen van de
susceptibiliteitstensor in lanthanidecomplexen in oplossing niet met
NMR gemeten kunnen worden is m e t algemeen geldig.
T.D. Marinetti, G.PI. Snyder, and B.D. Sykes, J. Am. Chem. S o c ,
9_7_, 6562 (19/5) .
IV
De bewering van Jonnston o.a., dat ¿-ij hun foutenanalyse met "gepaste
zorg" hebben uitge'oerd is in tegenspraak met het feit dat zij o.a.
geen rekening houden pet afhankelijkheid tussen de door hen aangepaste
parameters.
M.D. Johnston, Jr., B.L. Shapiro, M.J. Shapiro, T.W. Proulx, A.D.
Godwin, and H.L. Pearce, J. An. Chem. S o c , 97, 542

(1975).

ν
Het argument dat aangevoerd wordt om een Eu-S afstand van 10.3 Λ be
grijpelijk te maken, duidt niet alleen op het ontbreken van chemisch
inzicht, doch ook op een slecht begrip van de fysische achtergrond van
lanthamde geïnduceerde verschuivingen.
H. Duddeck and W. Dietrich, Tetrahedron Letters, 33^, 2925 (1975).
VI
Het valt te betreuren dat Cotton bij de behandeling van HÜckel's 4n + 2
regel alleen neutrale moleculen beschouwt.
F.A. Cotton, "Chemical Applications of Group Theory", New York,
Wiley-Interscience, 2 e ed., p. 148 (1970).
VII
Het verdient aanbeveling om eventuele luminescentie van éénknstallen
van dialkali-cyclooctatetraeen-diglyme te onderzoeken.
VIII
Bi] het toeristisch kamperen in verenigingsverband dreigt meer en meer
de doelstelling, welke het toeristisch kamperen m

sportieve stijl met

doelmatige, bescheiden uitrusting beoogt, uit het oog te worden verloren.
IX
De op sensatie gerichte aankondigingen en vertoningen van T.V. films,
welke direct of zijdelings met de bergsport te maken hebben, zijn
misleidend en gevaarlijk.
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