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tetrads are arranged in sheets containing extensive intermolecular
electrostatic interactions.

(v) 4,4"-Bipyridylethylene 7,7,8,8~tetracyanoquinodimethane, (DPE)-
(TCNR), is 2 heterosoric complex and contains stacks of alternating
donor (DPE) and acceptor (TCNQ) molecules. The large distances between
donor and acceptor molecules within each stagk and the geometry of the

TCNQ molecule indicate little or no charge-transfer to be present.
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CHAPTER ONE

Structural characteristics of complexes formed by 7,7,8,8-
tetracyanoquinodimethane, TCNQ, and their associated electrical con-

ductivities.



WU1ILVC1ll LD

1,1 Introduction

1.2 Classification of TCNQ complexes

1.2.1

1.2.2

1.2.3

1.2.4

1.2.5

Classification in terms of conductivity

The band model of conduction
(i) Insulating behaviour
(ii) Semi-conducting behaviour

(iii) Metallic behaviour

The hopping model of conduction
(i) Simple TCNQ salts

(ii) Complex TCNQ salts

Classification of the solid state structures
of TCNQ complexes

(i) The nonsoric class of TCNQ complexes
(ii) The heterosoric class of TCNQ complexes

(iii) The homosoric class of TCNQ complexes

Structures of selected homosoric and pseudosoric

TCNQ complexes

(i) 'Organic' complexes

19

19
20
20

22

22
24
24

24
24

27
31

41

11

(ii) TCNQ complexes with members of the TTF-family 42

(iii) TCNQ complexes containing cationic metal

species

47



L e.L LILLULOUUUC LLUILL

Over the past two decades considerable interest has been shown in the
complexes formed by the strong mw-acid, 7,7,8,8-tetracyanoquinodimethane,
TcNg, (I). |
NC, CN
\ -/
C C
/ \
NC CN
(1)
The TCNQ molecule is a closed-shell planar quinoid molecule and this,
together with the presence of four highly electron-withdrawing cyanide

3

groups, enables it to function as an acceptor molecule.

TCNQ, although only first synthesizedl-s (Scheme 1.1) in 1960 has
given rise to an extensive range of complexes which have been studied
in the solid state. Crystallographic studies have often been used to
aid an understanding of their solid state properties, in particular

their conductivities. The latter are anisotrepic and range from in-

sulating to metallic, (Figure 1.1).

16
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Scheme 1.l FPreparation oi {,/,8,8-tetracyanoguincdimetnanide, ('LUNJ )

NC S CN NQ/CN NC<_CN

C
<1) (i1),
C

( NC/C‘CN
P
NC/\EN L NC~ >IN

(a) (o)

(e) (a)

" Step (i):- 100g of 1,4-cyclohexanedione, (a), and 119g of malononitrile,
(b), are melted on a steam~bath. To the melt is added an agueous sol-
ution of B-alanine (1g/200ml). The mixture is warmed on a steam-bath,
with swirling, until crystals appear, and is then zllowed to cool to
room temperature. The product (c) is collected and washed with water ‘
and ether. Expected yield 97% of 1,4-bis-(dicyanomethylene)-cyclohexane,

m.p. 216-217C.

Step (ii):= (c)[0.037 mole ], N-bromosuccinimide [9.09 mole], and CHBCN
(150ml) are stirred at -20°C, under N2, while 7.2g pyridine in 100ml
ether is added. The mixture is stirred for an additional 15 minutes
and then allowed to warm to room temperature. Cold water is added to

precipitate (e), which may be recrystallized from ethyl acetate. Ex-

pected yield 84%, m.p. 289-291°C.

1.2 (Classification of TCNQ Complexes

The complexes of TCNQ may be classified in terms of their solid state
structures6 and in terms of their room temperature electrical con-
ductivities. A further classification may be made in terms of the

behaviour of the conductivity as a function of temperature.

18
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Just as elements and compounds may be classified according to the mag-
nitude of their room temperature conductivities, so the same clas-

sification may be applied to the complekes of TCNQ:

0

. : . -0, -1 -
(i) very low conductivity (10~ ohm Yem L and lower), characteristic

of an insulator,

-10 1

(ii) medium conductivity (10" ~—10 ohm cm-l), characteristic of a

semiconductor,

(iii) high conductivity (10 ohm tem ™t

and higher), charécteristic of a
metal.

Tﬁo distinct transport mechanisms for electrical conductign are often
applied to these systems: |

(a) Band Conduction, and (b) Hopping Conduction. '

1.2.2 The Band Model of Conduction

In order to explain the mechanism of electrical conduction it is nec-
essary to discuss the state of the electrons in a solid. In the Band
Model the electrons in a solid are considered to be located in eneigy
bands. The formation of such energy bands results from the overlap of
suitable atomic orbitals. In the case of two isolated atoms, when‘they
are brought close enough together for their atomic orbitals to overlap,
bonding and anti-bonding molecular orbitals are formed.’ In the case of
a large number of atoms, as in a crystal, the number of energy levels
(bonding and anti-bonding) formed are so numerous and so close in
energy, that continuous bands of energy are formed. The width of such
energy bands is determined by the extent of orbital overlap. The
electrons are able to occupy the energy levels withinxa band, ac-
cording to the Pauli Exclusion Principle.8 The extent of occupation
and the magnitude of the gaps between successive bands determine most
of the electrical properties of a solid. The highest occupied band is

often referred to as the valence band and the lowest unoccupied band

19



as the conduction band.

Within a given band, the elections are said to be delocalized i.e..
free to move throughout the solid thereby giving rise to an electrical
current, For such an electric current to be sustained, the movement
of the electrons must be unidirectional. Insulating, semi-conducting
and metallic behaviour may be interpreted in terms of the Band Model:
(i) Insulating behavioﬁr
In an insulator the energy bands are either completely filled i.e. 2all
energy levels are doubly occupied, or completely empty [Figure 1.2(i)].
Conduction cannot take place in an empty band because it contains né
charge carriers. Likewise,'conduction is not possible in a completely
filled band as the total popu}gtion of electrons in such a band can
have no net motion. In addition, the energy gap (Eg) between the val-
ence and conduction bands is so large that almost no charge carriers
can be cre;ted by thermal excitatioﬁ of electrons across the energy
gap. The very low conductivity associated with insulators results.
mainly from defects and impurities in the system.

(ii) Semi=-conducting behaviour

Semi-conducting properties in a solid may be attributed to a variety of
features. The presence of a small energy gap beiween the valence and
conduction bands for example facilitates the thermal excitation of

charge carriers from the valence to the conduction band [Figure 1.2 (ii)].
The presence of impurities leads to the formation of energy levels be-
tween the valence and conduction bands, thereby creating an en-
ergetically favourable conduction pathway [Figure 1.2 (iii)].

The conductivity of a semi-conductor is given by the expression,

g = noepiexp(—Eg/kT)

where:

0 = conductivity (ohm-lcm-l)

e = charge on an ekectron

n0 = concentra%ion of charge carriers

20
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- U mobility of charge carriers

E /KT = Boltzmann distribution

The concentration of charge carriers increases with temperatﬁre, due
to thermal excitation, enabling passage across the energy gap. The
movement of an electron effectively creates two charge carriers, (i) -
the electron and (ii) the positive hole left in the previously filled
valence band. However, the lattice vibrations in a crystzl also in-
crease with temperature which causes an increase in thé degree of
scattering and thus a reduction in the mobility of the charge carriers.
Thus, while.the conductivity of a semi-conductor increases with temp-
erature, the magnitude never reaches a very high value but lies between
that of a metal and an insulator, (Figure 1.3).

(iii) Metallic behaviour

Metallic behaviour is associated with a high value.of‘conductivity at
room temperature and a characteristic increase in conductivity as the
temperature is decreased (Figure 1.3). A metallic conductor has its
uppermost energy band only partially occupied by electrons [Figure
1.2(iv)]. The electrons within fhis band can be readily promoted to
unoccupied levels within this same band, these levels being only
slightly greater in energy. This movement gives a net drift of elec-
trons through the lattice.

The conductivity of a metal is limited by thevscattering of elec-
trons by lattice vibrations., This scattering increéses as the temp=-
erature is increased and tends to change the direction and restore a

state of zero momentum to all electrons. Thus, the conductivity de-

creases as the temperature is increased.

1.2.3 The Hopping Model of Conduction

A hopping mechanism can also be applied to the conduction processes in
both simple and in complex TCNQ salts. In this approach the conduction

process within the TCNQ stacks may be represented by a series of

22



Condus&ivity

METAL

SEMI-CONDUCTOR

INSULATOR

Y/

Temperature

Figure 1.3 The electrical behaviour of metals,semi-conductors,
and insulators as a function of temperature.
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(i) Simple TCNQ salts

- A simple TCNQ salt is one in which all the TCNQ moieties bear a neg-
ative charge as for example in (Rb)(TCNQ)?’lO When a voltage is applied
an electron hops from one TCNQ:méiety onto another with the consequent
formation of TCNf and the dianion TCNQZ-. The formation of the dianion
causes an energy barrier and the mobility of electrons is reduced, thus

such simple TCNQ salts exhibit insulating to semi-conducting behaviour.

(ii) Complex TCNQ salts

A complex TCNQ salt is one which comprises charged and neutral TCNQ
species. When a voltage is applied an electron from a charged TCNQ
moiety hops onto a neutral TCNQ moiety. The movement results in the
formation of TCNd;and a charged TCNQ moiety with no resultant énergy
barrier. Thus, this type of salt exhibits good semi-conducting to
metallic properties.

1.2.4 Classification of the Solid State Structures of TCNJ Complexes

The complexes of TCNQ have been clagssified into three major classes
according to the nature of the stacking of the TCNQ moieties (Figure
1.5).

(i) The nonsoric class of TCNQ complexes

The nonsoric complexes of TCNQ are those in which the cation and TCNQ
moieties are randomly arranged. The structures of few, if any, truly
nonsoric complexes of TCNQ, have been reported. This is'probably due
to the crystallographic difficulties involved in solving such highly
unsymmetrical structures. Some complexes, however, have been reported
which do show limited randomness in the stacking of the TCNQ molecules.ll’12
In (TCNQ)(perylene)312 for example the donor molecules (D; perylene)

and the acceptor molecules (A; TCNQ) are stacked in a non-uniform man-

ner; DDADDA . . . . Each stack is sandwiched between sheets of perylene

molecules.

24



(i) Simple TCNQ Salts

Energy

N
TCNQ™ TCNQ™ TCNQ™
Series of TCNQ radical ions A
(o
TCNQ- TCNQ" TCNQ2-

Formation of TCNQ™ and the dianion TCNQZ_

(ii) Complex TCNQ Salts
N

Energy

TCNQ TeNg TCNQ”
Series of TCNQ® and TCNQ™ species

(-) | /-—\V | /—é (+)

TCNQ® TCNQ™ TCNQ®

Formation of new series of TCNQo and TCNQ species

Figure 1.4 Hopping mechanism for conduction processes in TCNQ salts.

25



"~ ans. e w— —

HOMOSORIC
HETEROSORIC
\;-“‘ - /
\ -7
\ -
! ~
~N
\ - ~
\
NONSORIC

—————— Tepresents a side-on view of a TCNQ molecule

represents a cation or donor molecule

Figure 1.5 Stacking characteristics in the homosoric,heterosoric,
and nonsoric TCNQ complexes.
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The heterosoric complexes of TCNQ are those in which the cation and
TCNG molecules are stacked alternately in columns. They exhibit the

characteristic face-to-face stacking mode, DADA . . . . (D,A; donor,

acceptor molecules), consistent with 1:1 T -molecular complexes. Struc-

turally these complexes differ in the repeating distance along the

stack and the associated molecular overlaps.

The first structure of this type to be reported was the anthracene-

13
TCNQ complex, (An)(TCNQ) . It exhibits the characteristic DADA , . .

stacking mode and adopts rather a loose packing arrangement in which
the interplanar separation between adjacent molecules is relative}y
large (3.50&) (Figure 1.6). There is little charge-transfer between
donor and acceptor molecules and no short inter- or intrastack electro-
static contacts.
A complementary complex to (An)(TCNQ) is the benzidine complex,

(BD) (TCNQ) .27 In the latter, the TCNQ molecules are formally neutral
and thére is no evidence of hydrogen-bonding between the donor and
acceptbr molecules. The molecular columns are closely packed leaving
no space to wccumcdate solvent molecules [ Figure 1.7(in . In the sol-
vent containing (BD)(TCNQ) complexes e.g. (BD)(TCNQ)(C6H6) and (ED)-
(TCNQ)(CH2012)1.718 two kinds of specific interaction exist: (i) the
charge-transfer interaction and (ii) the hydrogen bonding. The latter
gives infinite hydrogen-bonded sheets, (Figure 1.8). The overlaps
Eetween the benzidine (BD) and TCNQ molecules in both solvent-free and
solvent containing complexes are similar, [ Figure 1.7(ii)] .

Several members of the TTF-family form mixed-stack complexes with
29

TCNQ and substituted TCNQ moieties, e.g. (BITF)(TCNQ), (OMITF)(DMTCNQ)

34
and (OMTTF)(DIMEOTCNQ) . These three complexes like all heterosoric
salts, are characterized by large interplanar spicings between donor

' (-]
and acceptor molecules; 3.55, 3.56 and 3.53A respectively.

35

The heterosoric TCNJ complexes have conductivities in the insulating

27
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(a) the degree of overlap between the donor and zacceptor moieties;
(b) the extent of charge-transfer;
(c) the extent of hydrogen bonding;
(d) the presence of inclusion molecules.
(iii) The homosoric class of TCNQ complexes
Most of the known TCNQ complexes fall into the homosoric and heterosoric
classes. The homosoric complexes give rise to good electrical prop-
erties whilst the heterosoric and nonsoric complexes give rise to poor
electrical pﬁoperties. Consequently, it is the homosoric complexes
which have received most interest and the structural features of rep-
resentative examples are summarized in Table 1l.1.

To be truly homosoric a TCNQ complex must exhibit six structural
features:
(a) segregated stacks of TCNQ moieties and of cations, (Figure 1.5);
(b) a plane-to-plane stacking of the TCNQ molecules in columns (Fig-
ure 1.9);
(¢) a regular interplanar spacing (d-spacing) of approximately 3.23,
i.e. a2 nonadic arrangement;
() good exocyclic double bond to quinonoid ring overlap, (Figure 1.10);
(e) the longitudinal staggering of adjacent TCNQ molecules must be in
a consistent direction throughout the stack, (Figure 1.9);
(f) charge transfer must be incomplete between the TCNQ moieties in a
given stack.
In most cases not all these conditions are satisfied and such complexes
are often referred to as pseudosoric TCNQ complexes. The TCNQ molecules
in a given column may stack for example not in the required monadic
menner but rather group together to form diads, triads, tetrads or
pentads, with irregular spacing between the constituent molecules.

The modes of overlap within such pseudosoric structures vary from the

31



TCNQ complexes containing ‘orzanic cations'.

Complex

(1) (TCNQ)

@ 113K

(MEM)(TCNQ)2

@ 348K

(TMPD) (TCNQ) ,

(v 4) (TeNg) -

(MePhBP)(TCNQ)Z

@ 300K

(DMM)(TCNQ)2

(2) (1089),

(Em1) (TCNQ),,

(DEM)(TCNQ)2

TCNQ-TCNY,

interplanar
distances (4)

3,15 (in diads)
3.27 (between
diads)

3,29 (average)

3.24 (average)

3.31 (average)

3,20 (in tetrads)
3.58 (between
tetrads)
3,25 (in diads)
3,29 (between
diads)

3,22 (average)

5.23)
)(in tetrads)

3.31)

3.42 (between
tetrads) -

3.14)
)(in diads)
3.19)

3.36)

Type of

overlav

good

poor

( good
(
(

nearly good

good

good

good

poor

v.poor

good

good

poor

good

good
good

good

) (between diads)

3.41)

32

poor

e of TCN
stacking

sheet

/M

sheet

sheet

D

_sheets

T

sheets

sheets

Ref.

65

81

42

68

48

78

47

19

17



Complex

(TEA)(TCHQ) ,

(M) (mCNa) 5

(TMA)(TCNQ)(I3)%

(WETh) (TCNQ) ,

(NEMTh)(TCNQ)2

(DMPA)(TCNQ)4

(DPMBZ)(TCNQ)4

(DBzBP)(TCNQ)4

(DBzPE) (TCNQ) 5

. TCNQ-TCNQ'
interplanar
distances (A&)

3.22)
;(in tetrads)

3.32

3.34 (between
tetrads)

3,25 (in diads)

3.24 (between
diads).

5.23

3430

3.06 (in diads)

3.22 (between

diads)

3.20
3.29

3.22
3.39
3.40
3.16)
)(in tetrads)
3.23)

3.62 (between
tetrads)

3.20%
(in pentads)
3.23)

3.40 (between
pentads)

33

Tyoe of

overlap

good
good

poor

good

poor

good

good

good

pooxr

good

poor

poor

good

good

Type of TCNQ

Ref.

stacking

57

49

69

60

66

90

83

82

88



(i) Stacking

M - monadic T - tetradic

D - diadic P | - pentadic stacking
/M - almost monadic

Sheet - TCNQ stacks arranged in two-dimensional sheets.

(ii) Type of overlap

good - . exocyclic double bond to quinonoid ring type.
nearly good - shifted ring-to-shifted ring, nearly exocyclic

double bond to quinonoid ring type.

poor - ring to ring, little direct overlap.
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(i) Longitudinal stagger-

ing of TCNQ molecules

in a consistent direction
and,a‘parallel plane-to-
plane stacking of the
TCNQ moieties in a given
stack.

T~
T~
T~
~_
™~

(ii) . Longitudinal stagger-

—— ing not consistent and

TCNQ moieties not stacked

\\\\‘-. plane to-plane.
\

\

—
~—~——
\\\\“-

represents g side-an view af a TCNR molecule

Figure 1.9 (i) Homosaric requirements fulfilled
(ii) homosoric requirements not fulfilled
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ring—to-shiftéd—ring type, to very little direct overlap between ad-
jacent molecules (Figure 1.10). It is primarily the nature of the

TCNQ stack in these complexes which determines.the conductivity. There
are numerous factors which may influence the nature of the stacking in
homosoric complexes.

(a) The role of the cation

The major role of the cation appears to be that of providing an at-
tractive potential along the stack. There are two types of. cation as-
sociated with nomosoric TCHQ complexes; the closed-shell donor (e.g.
40,55,59 47 |
NMP, quinolinium ion ), and the open-shell radical which,’
when compleied with TCNQ, gives rise to partial charges on both moieties
(e.g. TTF). ' ' The closed-shell cation does not contribute
to the electrical conductivity of a particular complex in a direct way
and the electronic conduction occurs only in the TCNQ stacks. The
open-shell radical cation functions in a more direct manner in that
conduction processes occur along the cationic stack (movement of pos-
itive holes) as well as along the TCNQ stack (movement of electrons).
The most highly conducting complexes of TCNQ have been shown to be
those of a 1:1 stoichiometry, and especially those containing open-

shell radical cations, with an average extent of charge-transfer of
. 99-102,
0.5-0.6 from the radical cation to the TCNQ molecule e.g. (TTF)(TCNW)
105,111,130 - 115
, (TMTTF) (TCNQ).

A number of complexes formed between TCNQ and various gépygidinium
cations fall into the homosoric and pseudosoric categories. - The
overall length of the cation in these salts is said to influence the
mode of stacking within the TCNQ columns and consequently influence the

conductivity.

(b) The role of interstack interactions

For a TCNQ complex to be a good conductor the TCNQ stacks are required to

be as one-dimensional as possible. A noticeable feature of the complexes
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stacks, involving both hydrogen bonding and also dipole-dipole inter-
;ctions. The greater are such interactionss the less one-~dimensional

the TCNQ stacks become with a consequent lowering of the conductivity

of the complex. In addition the presence of weak electrostatic (CN - -
- - HC) interactions between TCNQ molecules in adjacent columns is often
found to stabilize two-dimensional TCNQ sheets. The presence of such
sheets, as opposed to monadic columns also leads to a reduction in con-
ductivity. In (M)Z(TCNQ)349 hydrogen bonding exists between both the
morpholinium ions (M) and also between the morpholinium ions and the TCNQ
stacks. |

(¢) The role of disorder

A number of TCNQ complexes are said to be 'disorder-stabilized', whereby
the presence of appropriate random disorder stabilizes the periodic
lattice distortions associated with the TCNQ stacking. The latter dis-
tortions are inherent in quasi-one~dimensional systems and effectively
lead to a reducfion in conductivity. There are two major ways in .
which disorder may be introduced into TCNQ complexes:
(i) incorporation of a statistically-disordered cation,
(ii) inclusion of small molecules e.g. solvent molecules, into the
lattice. |

The extent of disorder introduced by a statistically-disofdered
cation is often found to be temperature dependent. As the temperature
is raised the cation is able to become more disordered and this allows ]
the TCNQ stacks to become more ordered and homosoric e.g. (TEA)(TCNQ)Z, °
wherein the TEA cation has twofold disorder and is a good semi-
condu.ch,m:'.'-{'6

Consider disorder introduced by the inclusion of small molecules.
Such molecules are normally present in the lattice in non-stoichiometric

70,73 91,92,94
quantities e.g. (TMA)(TCNQ)(IB)% (Figure 1.11), (DEPE)(TCNQ)4(H20)X
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Figure 1.13 View down the b-axis in (TTF) (TCNQ)
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small quantities of such molecules is an important factor in suppressing
one-dimensional transitions to a less conducting state i.e. Peierls
transitions. Another factor to be considered is Qhether the inclusion
molecules are formally neutral or charged. If charged, as in typical
semi-conductors, they will help to enhance the conductiviiy by providing
extra'electrdns with associated energy levels which fit into thé band.
gap and thus create a favourable conduction pathway. A significant
amount of disorder implies a significant density of states at the Fermi
level and hence an enhancement of conductivity.

(d) The influence of temperature and pressure

The crystal structures of many TCNQ complexes have been carried out
over a range of temperatures. The effect of increasing temperature is
often to enhance the homosoric character of the complex. As previously
seen, increasing the temperaturevmay lead to disorder of the cation and
a consequent reduction of cation-TCNG interstack interactions, thereby
increasing the uni-dimensionality and conductivity of the complex.
This is discussed in more detail in Chapter 3.

___ Studies have been carried out to determine the influence of pres-
sure upon the solid state structures of TCNQ complexes. (HMTTF)(TCNQ)
shows the most dramatic effect of varying pressure.124 The temperatures
of the two phase'transitions (43 and 49K) decrease when pressure is
increased and conductivity is also found to be pressure dependent. At

10 k~bar the complex becomes metallic at low temperatures. At normal
pressure a maximum conductivify is reached near 75K, and the phase
transition at 43K is associated with the appearance of a periodic lat-
tice distortion of AMITF chains. Thus when pressure and low temperatures
are applied the system changes from a good semi~conductor to a metallic
conductor. Likewise in the complex (TSeF)(TCNQR) the phase transition
observed at 29X, at atmospheric pressure, is strongly sensitive to the

118
effect of pressure. In (TTF) (TCNQ) the main effect of pressure is to

40



el ) o 105
3.104(2)2] and the TTF(3.476(2) > 3.417(1)3] stacks.

It is feasible that one of the effects of nigh pressure in TCNQ

complexes could be the formation of TCNQ dimers containing a O-bond
. 151
(Figure 1.12) as found for example in (NEP)2(TCNQ2) and Pt(2,2' -
139
dipy)22+ (TCNQ)22' .

NC CN

(—C

NC CN
Figure 1,12 (TCMR),dimer

1.2.,5 Structures of selected homosoric and pseudosoric TCNQ complexes

The TCNQ complexes which have homosoric or pseudosoric structures may

be divided into three groups:
40-97
(i) ‘'organic' complexes;
. 98-132
(ii) complexes containing TTF and its cogeners;
133-150

(iii) complexes containing cationic metal species.

40-97

(i) 'Organic' complexes

Structural details for selected structures of this itype are given in

Table 1.1. Few of the complexes formed by organic cations and TCNQ 0.5

are truly homosoric. Some of the most highly conducting are (NMP)(TgNé)?isg
(Q)(TCNQ)247 and (DEPE)(TCNQ)4 (HZO)X'92 These have monadic stacks of

TCNQ molecules with short interplanar spacings and good exocyclic double
bond to quinonoid ring overlap. In (Q)(TCNQ)2 the cation is dis-

ordered, thereby enhancing the conductivity, while in (DEPE)(TCNQ)4—
(Hzo)x92 the presence of non-stoichiometric amounts of water increases

both the disorder in the system and also the electrical conductivity

(compared with the anhydrous salt).
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In 1973 the structure and electronic properfies of a new type of com-
plex, (TTF)(TCNQ),99-102 were reported, (Figure 1.13). The complex is
very one-dimensional and exhibits a high electrical conductivity. The
TCNQ cogplexes formed by TTF and its cogeners (e.g. TMTTF,ll5 HMTTF,IZO
TSeF,12 DTTSeFl13 etc.) give rise to some of the most one-~dimensional
organic conductors known, nearly all belonging to the homosoric (pseud-
oéoric) category. It is interesting to note that the complexes in
which selenium atoms are incorporated generally exhibit better electrical
properties, (Table 1.2).

In this class of complex both the cationic and the anionic stacks
are thought to be responsible for the high conductivities observed.
Both the intermolecular TCNQ-TCNQ distances and also the cation-cation
stacking distances are shorter than the van der Waals' distances. The
overlap between consecutive molecules is.of a ring-to-double bond type
for both TCNQ moieties and also for TTF radical cations (and analogues),
(Figure 1.14). While the packing may be regular in many of these com-
plexes, the distances between consecuti#e'anions or cationsican vafy

considerably from structure to structure (Table 1.3). The relative

arrangement of neighbouring stacks may vary alsoc. Thus the structures

102 126
of (TTF)(TCNQ) and (TSeF)(TCNQ) are isostructural but the struc-
110
ture of the closely related (HMTSeF)(TCNQ) diffegs significantly (Fig-
102 12

ure 1.15). In (TTF)(TCNQ) and (TSeF)(TCNQ) the TCNQ moieties
form a two-dimensional array within which there are isolated columns.

Parallel to this array is a sheet of TTF or TSeF moieties, (Figure 1.13).
110
In (HMTSeF)(TCNQ) however, rather than two-dimensional sheets of TCNQ

being formed, each column of TCNQ moieties is surrounded by columns of
110
HMTSeF moieties and vice versa. The (HMISeF)(TCNQ) conplex shows a

further difference in the structural arrangement adopted in that it
' 102
adopts a 'parallel pattern' of stacking, while (TTF)(TCNQ) and
126
(TseF)(TCNQ)  adopt a 'cross-like' pattern (Figure 1.14). The overall
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family of TCNQ'complexes

Complex gl/(aoox)f-s’l cmt Ref.
(TTF) (TCNQ) 600 | 111
(DMTTF) (TCNQ) | 50 119
(TMITF) (TCNQ) 350 117
(TTTF) (TCNQ) ' 400 128
(HMITF) (TCNQ) 500 116
(TseF) (TCNQ) 800 103
(TMTSeF) (TCNQ) 1200 | . 157
(HMTSeF) (TCNQ) 2000 107
(DITSeF) (TCNQ) ' 600 113
( DEDMTSeF) (TeNQ) - | 500 f | 127
(DSeDTF) (TCNQ) 500 106
(TTT) (TCNQ) 20-160 104
(TMTTF) (ITCNQ) 120 127
(TMTSeF) (IMTCNQ) 400~600 ' 121,127

Notes: 9,/ (300K) is the conductivity in the stacking direction at

300K.
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in the cationic stacks in the TTF-family of charge-transfer comvlexes

Complex Distances between Ref.
Cations (&) Anions (R)
(TTF) (TCNQ) 5.47 3.17 102
(TMTTF) (TCNQ) . 3.53 | 3.27 115
(THMITF), 5(TCNQ) 3.59 5.24 109
(TTTF) (TCNQ) 3.58 3.20 122
(ZMTTF) (TCNQ) 3.57 3.23 , 120
( DEDMTTF) (TCNQ) 3,62 3,31 129
(METTF) (TCNQ) 3.58 3,32 125
(T7T) (TCNQ) 5 3.52 3,18 104,108
(TseF) (TCNQ) - 3.52 3.21 126
(TMPSeF) (TCNQ) 3,60 3,26 114
(EMTSeF) (TCNQ) 3,61 3,21 110

(TMTSeF) ( DMTCNQ) 3.64 3.31 121
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(a) Overlan between TCNQ moieties

s s
(b) Overlap between cationic moietiés in (TTF) (TCNQ)
and analogues of TTF

represents a side-on view of a TCNQ molecule

—o6e00000000- Trepresents a side-on view of a TTF or TTF analogue

(d) 'Parallel-pattern’

Flgure 1. 14 Overlaps and mode of stacking in the complexes of
- TCNQ with members of the TTF-family of radical cations
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Figure 1.15 View down the z-axis for

(HMTSeF) (TCNQ)
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higher electrical conductivity (Table 1.3).

(iii) TCNQ complexes containinge cationic metal svecies

Complexeslgg-ﬁggQ containing cationic metal species have recently been
reported. It is well established that square-planar complexes
oflPt(CN)4?;ith halogen counter~ions form lustrous, homogeneous mat-
erials of stoichiometry, KéPt(CN)4XO.3(H2O)3,[ X ; Br, Cl].133 These
complexes have a partially-filled electron energy band, arising from
the overlap of dZZ atomic orbitals on adjacent platinium atoms. It

is reasonable to assume that complexes comprising square-planar cat-
ionic functions and planar TCNQ anionic functions should be capablé of
quasi-one-dimensionality and thus high conductivity, with both the cat-
ionic and anionic stacks involved in the conduction process.

Complexes have been prepared which do exhibit homosoric char-
acteristics. [Pt(dipy)g](TCNQ)3143 for example comprises segresgated
stacks of iPt(dipy)z]2+ ions and TCNQ moieties. The latter are grouped
in triads with favourable overlap within each triad but poor overlgp 143
between adjacent triads. The unit cell parameters of [Pt(dipy)é](TCNQ)3
are similar to those found in [l,%:gi:i@-quinolinium methyl)benzene ] -
(TCNQ)5,138 and the nature of the stacking in both complexes is ef=-
fectively the same.

137

[Pd(CNMe)4](TCNQ)4.2MeCN is an example of 2 homosoric salt with
solvent molecules trapped in the crystal.lattice. The TCNQ stacks com-
prise tetradic groups of molecules with irregular interplanar spacings
of 3.29, 3.32 and 3.153 within each tetrad, and 3.693 between adjacent
tetrads. The conductivity measurements made on both pressed pellet
and single-crystal samples are consistent with a quasi-two-dimensional
semi-conductor.

Several complexes formed between metal sandwich complexes and TCNQ
have been prepared and their structures reported. Thus the chromium-

. 134
arene complexes [( n6—C6H5Me)20r](TCNQ)2 and [( ﬂ6-C6H5Me)2Cr](TCNQ)
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A number of ferrocene derivatives have been complexed with TCHNZ to give

one-dimensional charge-transfer complexes of which[ Fe(n 5-05H4Me)2] -
148

(TCNQ,)2 is conducting and belongs to the homosoric category, as does

150

- 5 -

[Fe(n “-CgH, ), (CH,) 51(TCHA) .
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In recent years, direct methods of phase determination in X-ray crystal
structure analysis have come to the fore. Powerful computer programs

for aiding analysis and refinement, such as SHELX153 and MULTAN,154 have
made possible the routine solution by direct methods techniques of both
centro- and non-centrosymmetric problems. An outline of crystal struc-

ture analysis and the application of direct methods is given in the

following sections.
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A single crystal is the most highly-ordered state of a solid in which
the atoms, or ions, or molecules are arranged in a regular three-
dimensional manner. Such regularity allows a siﬁgle crystal to>act as
a diffraction grating for radiation of an appropriate wavelength. Cu-Xo
and Mo-Ko X-radiation are commonly used in single crystal studies since
the wavelengﬁhs (1.5418 ‘and 0.710692 respectively) are of the same
order as the ihteratomic distances within a crystal. The scattering
matter i.e. the atoms, or ions, or molecules may be represented in a
fundamental block, termed the unit cell, which repeats itself in all
directions. The unit cell is characterized by three non-coplanar ;xial
lengths, denoted a, b, c, and three interaxial angles, denoted O, B, Y.

'There are seven crystal systems, each described by different com-
binations of tne axial lengths and interaxial angles of the unit cell.
There are fourteen types of lattice, primitive and non-primitive, be-
longing to the seven crystal systems. These lattices are known as
Bra.vais155 léttices. Combining the thirty-two possible point groups
and the fourteen Bravais lattices gives rise to the two hundred and
thirty unique space groups, which are described in detail iné'The
International Tables for X-ray Crystallography, Volume I'.15

Crystal and molecular structures may be elucidated using col-
lected diffraction data. The electrons in the atoms are capable of
scattering X-rays and Bragg157 noted that the diffracted radiation be-
haves as if it had been reflected. It is for the latter reason that
the X~-ray diffraction maxima from single crystals'are generally called
. reflections. The diffraction occurs when a set of planes are suitably
oriéhtafed with respect to the incident beam of X-radiation. Each set
of planes is characterized by Miller indices, (hkl), defined such that

one of the set of planes intersects the three axes of the unit cell at

the points a/h, b/k, c¢/l. The conditions necessary for diffraction
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where dhkl is the interplanar spacing, O is the angle of the incident
radiation to the set of planes, A is the wavelength of the radiation,
and n is the order of diffraction (i.e. the difference in path lengtn

for waves reflected by successive planes).

2.3 Structure Factors

For a given diffraction maximum, arising from reflection off a set of
planes with Miller indices (hkl), the resultant of adding the N waves
scattered in that direction by the N atoms in the unit cell, is known

as the structure factor, F The structure factor is related to the

hkl°®
positions of the atoms in the unit cell by;
N
Fyp = L fj exp[z-ni(hxj + kyj - lzj)] (2.2)
21

where fj is the scattering factor for the jth atom and xj, yj, zj are
its fractional co-ordinates in the unit cell,

The scattering factor of an atom depends upon the total numbef of
electrons that the atom contains and upon sin 6/A. At sin6/X = O
the value of the scattering factor is egqual to the total number of
electrons in the atom, but as sin 6/X increases so the scattering fac-
tor decreases since the finite siZe of the electron cloud causes the
scattering in one part of the electron density to be out of phase with
that scattered in another part. The scattering factors are thus cal-
culated on the basis of the electron disfribution in a stationary

atom. However, in practice, the atoms in crystals are always

vibrating about their mean points and the effect of such vibration is

to smear the electron cloud over a largervolume thereby reducing the

scattering power of the atom. Thus, tae scattering factor for a stationaly

atom, fo’ is modified to give the actual value f;

f=f, expl-8m°U(sin%0) /A% ] 3 (2.3)
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isotropic temperature factor.

Towards the end of a structure analysis a more sophisticated des-
cription of thermal vibration is often used. The assumption of spher-
ical symmetry is abandoned and the single isotropic temperature factor
is replaced by an anisotropic temperature factor. The latter consists
of six parameters which describe the magnitude and orientation of a
vibration ellipsoid. The atomic scattering factor for atoms considered
to be anisotropic is given by;
£ =g expl-2(U n%a"? | U, k0" *2 U331 ¢*? 4+ 2u hka"t" . 2U13hla*c*

+ 20, k1b*c™) ] (2.4)

23

where the Ui' values are related to the vibrations in particular dir-

ections in the crystal.

2.4 Structure Amplitudes

The structure factor, F i1 is a complex gquantity and has both a még—
nitude, known as the structure amplitude, | F kﬂ , and also a phase,
¢hkl’ The structure amplitude is related to the intensity of the re-
flection by;

I (2.5)

F
1 < i |
where Ihkl ig the intensity. The expression for the structure factor

can be resolved into its real and imaginary components,

Ahkl and Bhkl where;

N
= : 2 . . 1z, 2.6
M = I fycosl LLCE z,)] (2.6)
J=1
and,
: (2.7)
- i . . 1z. .
By = I fj 31ni2ﬁ(th + kyJ + zaﬂ
j=1
so that F k] = kl*' iBhkl' The phase angle,(bhkl, is given by;

Gy = ten l(Bhkl/Ahkl) | (2.8)
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the above expressions in that for each fractional co-ordinate (x, ¥y, z),
there is an associated fractional co-ordinate (-x, -y, -z), and exam-
ination of the expreséions shows that the sine terms cancel and the

structure factor expression reduces to;

N/2
Py =2 I fJ. cos 21r(hxj - k;y'j + lzj) ‘ (2.9)
J=1

wnere the summation is now over an acentric nalf of the atoms in the
unit cell. The phase angle is then either O oxr 186°corresponding to

the assignment of a positive or negative sign to the structure amplitude

2.5 Data Collection and Processing

For all structures in this thesis, the unit cell dimensions have been
.obtained from preliminary X-ray photographs using Weissenberg and pre-
cession goniometers. From these photograrvhs, information may be ob-
tained about the possible space group, by examination of the systematic
absences. |
The intensity measurements for four structures were made on a
Stoe Stadi-2 two-circle diffractometer. The latier is essentially a
Weissenberg camera with ; scintillation counter replacing the film
cylinder. The background- wscan-background technigue was used for data
collection, whereby the counter remains stationary, set at a particular
20" value for the layer being collected, and the crystal rotates by
small steps inw (O;Ol per second). Background measurements were made
at each extremity of the scan. The séan range, Aw, selected was de-
pendent upon thé equi-inclination angle, W, and upon 8 as given by;
M = A + B sinu/tanb (2.10)
The values of A and B were optimized by step scanning a number of re-
flections prior to data collection.

The intensity of a reflection, Ihkl’ is given by;
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et A

2%
wnere T is the scan count, Bl’ 32 are the background counts at either
end of the scan, C is the scan time and t is the time for the back-
ground measurements (normally thirty seconds). The error in the meas-

urement of Ihkl’cy(lhkl) is given by;

(B, + B )c?%
L 2 ] (2.12)

G(Ihkl) :_[T + —__-ZET—-_

The reflections used for structure analysis are based upon the value

of Ihklér(lhkl)’ so that, in many instances only those reflections

having Ihkl/g(lhkl) > 3.0 are included in subsequenisgtructure ana%yses.
Intensity data for one crystal were collected on anbEnraf-

Nonius four-circle diffractometer using a variable scan speed and an

w- 4/3 8(goniometer-counter) scanning ratio, as optimized by peak-

analysis routines. The scan intervai'was given by; .

Mw = (1.5 + 0.525 tang) (2.13)

The net intensity is given by;

Ty =T --2(B1 + 32) (2.14)

where B., B2 are the backzround counts measured during the first and

1
last sixths of the Aw-scan. The error in the measured intensity is
given by;

2 .3
G(Ihkl) = [T+ 4(3l - 32) + 0.0009 I ,.] (2.15)
The intensity data collected from the Stoe Stadi-2 two-circle dif-

fractometer must be corrected foi several non-structure dependent ef-

fects, namely Lorentz, polarization and absorption effecis.

2.5.1 Lorentz Effects

The Lorentz factor, L, depends on the measurement technique employed
and compensates for the differing lengths of time that a set of planes
are in the diffraction position. For Weissenberg geometry, with egui-

inclination angle, M , the correction factor is given by;

56



and the intensity data are corrected by multiplying by the reciprocal

of L.

2.5.2 Polarization Effects

The polarization effect is independent of the method of data collection
and arises from the fact that upon diffraction X-rays are polarized and -
this causes a reduction in intensity. DPolarization arises from two
sources;

(i) the crystal itself does not reflect waves vibrating in all directions
with equal efficiency so that the reflected beam is partially pola?ized.
The correction factor is given by;

p= (1« cos?2 9/2 (2.17)
and the intensity data corrected by multiplying by the reciprocal of p.
(ii) The Mo~Ka radiation used with the Stoe Stadi-2 two-circle dif-:
fractometer is monochromated using a graphite crystal monochromator
rather than a zirconium filter. The graphite also partially polarizes
the X-ray beam leading to a more complex expression for the overall

polarization effects.

e ——

2.5.3 Absorption Effects

For structures containing no heavy atoms, as in the present work, the
absorption effect are generally negligible since the absorption co-
efficient,]i, depends on the number and types of atoms present in the
unit cell. If t is the integral path length, then the intensity of the

beam, I , after passing through the crystal is given by;

hkl
I = Tha exp(=ut) (2.18)

For the structures reported here only Lorentz and polarization factors

were applied thus,

2 lr |?

hkl
Thia = (2.19)
LP
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these correction factors a set of observed structure amplitudes, Eb L

may be obtained and these may be used in the subsegquent structure

analyses.

2.6 TFourier 3yntheses

Since it is the éiectrons in a crystal structure whicn scatter the X~
rays, a singlé crystal may be considered as a periodic three-dimensional
distribution of electron density. Periodicity may be exvressed as a
Fourier series, such that the electron density at the point (xy 7y 2)y
p(x, ¥y 2), is given by;

px, vy 2) = vOLEI |Fypp| cosl2l(nx « ky + 12) -4, ] (2.20)
hkl

where ’Ehkll is the experimentally determined structure amplitude,.IFo];
andd}hk1 is the associated pnase. while lFol's are readily obtained
from the experimentally measured intensities, the phases, ¢hk1’ are not
experimentally determined and this constitutes the 'phase problem' i.e.
only when sufficient phases are known can Fouﬁiervsyntheses be calculated
and nence atoms located.

The Fourier synthesis given by equation 2.20 is referred to as an
observed Fourier and is generally used in‘the early stages of analysis.
In the later stages difference Fourier syntheses are often employed;
oz, v, 2) = 3, ZIz([F |- [F,]) coslan(hx «xy+12) -4, ]

hkl (2'21)
where [Fol is the observed structure amplitude and [FC] is the cal-

culated structure factor. chl is calculated from the positions of
the atoms already located;

1Fol = Pl = (Aikl t Bikl)

: i i L] 6 L] .
Ahkl and Bhkl are calculated using the equation 2 and 2.7

L
2

(2.22)
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The atom positions located by Fourier techniques are only approximate
and refinement is carried out using least-squares techniques. The
function mimimized is,

2

D= z whkl( IFO ' -l kFc D (2.23)
nkl '

- X WA2

where Wkl is the weight applied to each IFOI and k is the scale factor

to put IFOI andl Fcl on the same scale. In the early stages of re-

finement unit weights (w = 1) are used but in the final stages non-unit
welghts are applied; |
w=a/ [P, ]) + b(JF, D°]

. e e . ) . . 2
a and b are refined so as to minimize the variation of wA over ranges

(2.24)

of ]FOI. The minimization of D is achieved by differentiating the
right-hand side of equation 2.23 wiﬁh respect to each of the struc-

tural parameters in turn and setting the derivative to zero. This
produces a set of n equations in n unknowns called the 'normal’ equations,

having the form,
Bh{FC(Pl, . . . . ’ pn)l — O

DX whkl( lFOI _! kFC(pl’ P2, » o o o pn) I bpj
hkl
(j = 1’ 2, * o o o n) : (2.25)

However, the functional form of the structure factor is non-linear and
so the 'normal' equations are not directly solvable. In such cases’IFcl
is expanded as a Taylor series and terms higher than the first are ig-

nored so that;

afxr, | ,
]kFc(pl, . e e ey pn)l = |kFc(a1, . e e e s an)l - 1;5;—— Apl + ..
BlkF_|
- = iy ' (2.26)

dp,,

where Pys o o« « 5 Py MAY be any of the scale, positional, or thermal
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‘normal' equations then become linear in the shifts of each parameter,

Ap.;
, A
5 whkl{lFo! - IKFc(al, . e e ey a.n) - 55, Dy = r e e
hkl
dxr | AD }b“‘FcI =0 | (2.27)
dP, i L3:F

(J'=1,2,-_---sn)

_ 2
z whkl [_b_l_lf_c_:_l_} Ap1 + % whklbvlkpcl.. élkFcl APZ + .,

hk1 hk1
op, 3p, op,
2w oKD BIRES o w o CIR ] - ke [ IR
hkl N N hkl ° ¢
: op, P, . 3P;
X whkl blkl:“cl blkFcI Ap1 + X whkl bIkFcI blkl:cl Ap2 + L.
hk1 hk1
? > ? >
pn p1 pn )
3|kF_|] 2 .
L w c'|. _ : : kF
ha, [ ] Bpp = Loy IR - KB OIKF |
op, | hk1 5
pn
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nl 2 """ " %mp Ap, Vo
e . d - - -
where, .
: O ¥F | | KF |
3% % ma p; o (2.30)
hkl
and, i
| 3| XF |
V.= & ow f|F] - |KF ]} 7. (2.31)
hxl *
i.e.
[Al[ap] =[V] (2.32)
which if multiplied by the inverse matrix of [ A] gives;
[ 1mlle) 2[4 ] (2.33)
Thus the required shifts are given by;
apl-[a k] E (2.34)

These eguations are linear and solvable for the shifts, A pj. -Com="
bination of these with the aj‘s gives improved values for the various
parameters. The process is repeated until suitable convergence is at-
tained and successive cycles produce no fuxrther significant change.
The correctness of a trial structure is given by a reliability

index, R;

| e) -1z |
R: (2055)
x|

where |F0| andf Fcl are on the same scale. | Fbl is the observed struc-—
ture amplitude andl FCI is the structure amplitude calculated from the
trial structure and hence the lower the R-value, the greater the con-

fidence that can be placed in the trial structure. Once a non-unit
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e el

uated; : .
z l IFO I - ' FC l lw.a— .
R - e .
w T IFO |w§ . (2 36)

2.8 Overcoming the Phase Problem

The aim of single crystal X-ray analyses is to determine the molecular
and crystal structure. Since X-rays cannot be focused by a lens, an
image of the structure cannot be obtained directly. The way in which

the diffraction data are collected results in the loss of all phase
information. This loss of phases is commonly referred to as the 'Ehase
Problem' and there are two mein ways in which the problem may be o%ercome:
(i) Patterson Syntheses

(ii) Direct methods technigues

159-161
2.8.1 Patterson Syntheses

The Patterson function, P(u,v,w,) may be calculated at any point (u,v,w)
in the unit cell and does not depend upon a knowledge of the phases of
the reflections:
P(u,vyw) = = | F_ 4 2005 27(hx + ky + 1z) (2.37)

1WaW) =y ZZZ | X + 1z .

© hx1
The three-dimensional function gives rise to a 'Patterson map' con-
taining positive regions (peaks) which correspond to the vectors between
the atoms in the unit cell. The height of the vector is proportional
to 2;%.9 where z. and z. are the atomic numbers of the two atoms in-
4159-160

volved. The method is particularly applicable to structures

incorporating heavy atoms for vectors involving such atoms are easily

identified and enable the positions of the heavy atoms to be evaluated.

2.8.2 Direct Methods of Phase Determination

In recent years the use of direct methods techniques has become an in-

dispensible tool for crystal structure analyses. These methods involve
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probability techniques and the most commonly used programs enployed
154 153
are MULTAN and SHELX.
In the development of inegualities and probebility functions it

became necessary to have structure factors expressed in z form which

optimizes the reliability of relationships and led to the use of norm-

162
alized structure factors, Ehkl’ given by,
| 2 I l’ °
(Bl “= T (2.38)
I
i=1.

where € is an integer which depends upon the reféection and the space
group symme‘try.163 The statistical distributionl ) of the] E] values
often provide a useful test for distinguishing between centrosymmetric
and non-centrosymmetric crystals. Centrosymmetric crystals tend to
display & large proportion of both very weak and very strong ref-
lections whilst those for non-centrosymmetric crystels tend to be dis~
tributed much more closely about their mean value (Table 2.1). If the
fraction, N(Z) of the reflections less than a specified fraction of
the averzge intensity, Ik .I>, is plotted against I/<I>, then the
theoretical curves for the two types of structure are shown as in Fig-
ure 2.1.

N
. N(Z)

non-~centrosymmetr

9
centrosymmetric

Figure 2.1

v

l=I/<1 >
Theoretical curves of N(Z) versus Z=I/<I>
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Table 2.1 [E|-statistics

Centrosymmetric Non-centrosymmetric
Z ]E]2> 1.000 1,000
< | > 0.798 | 0.886
<|E® -1 > 0.968 0.736
% |E| > 1 32.0 36.8
% |E| > 2 5.0 , 1.8
% |B| >3 ‘ 0.3 0.01
The most commonly used phase determining formula for centrosymmetric
165,166
structures is the 22 relationship: :
s(E) = s( 1 B ) | (2.39)

k

where s means 'the sign of', h,k represent the IMiller indices (h,k,1)

and (hjk;1°) respectively and h-k is the triplet (h-h’, k-k”, 1-17).

167

This is a more general form of the Sayre relationship,
s(F,) =s(F ) ‘ _ (2.40)

Kb 1’166 168,169 |
The probability that the sign of B, is positive, P, (n), is
given by,
P(h) =%+ % tamh{o o -3/21. EE .} (2.41)
LB ==+ Fo 1B T BB .

N
where Un = I z? ~and 2 is the atomic number of the ith atom.

i
For non-centrosymmetric crystals, the most common phase determining

162
formula is the tangent formula;

5| EgE_h_-l_J sin (¢§ + gb_lg—_lg)

£ (2.42)

tan(ph =

T _E}.l}_Jcos @P*q’h-k)
X

wnere q)h is the phase angle being determined. The reliability in the
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determination of a phase angle,{¢h, from the tangent formula is indicated
by the quantity ah, where,

. 2
= {z Ky cos(q>5 + %_E)} +1{Z Kh K sin(4>g + d’h-_ls)'i (2.43)
k

=
=

299 /ZIEhEkEh-kI (2.44)

b3
ja2
(]
H
(1]
157
I
it

and o, = ) zgl and Z,j is the atomic number of the jth atom

The higher the value °f<xh so the greater the reliability oi‘@h. In
the initial stages of phase determination,ba cannot be evaluated for
no phase 1nformatlon is available, and an estimated or expected value,

est 171
all, is employed. This is given by,

K
. est}z_ 5 2 L, Il( n};) . Il('ilk'>
0y S L Iknxknk T (K ) I (K .-
2 az SooaxTasx ° o''h k
k k ¥ ==
k#k’ (2.45)

where I and I, are modified Bessel functions. An approximetion is
172

often used,

: 3 I,(%, 4)
{o 2}% z h k ,
o _1},} - K_}l X m (2.46)
k - o

During the course of a direct methods determination, phases of re-
flections are evaluated and these depend ultimately on the positions of
the atoms expressed relative to a unit cell origin. The centrosymmetric
space groups, for example, have eight permissible origins, cor-
responding to the eight centres of symmetry in the primitive unit cell.
The possible origins are not necessarily all equivalent, as they may
be situated differently with respect to the symmetry elements. How-
ever, a change of origin from one centre to another will affect only
the phases and not the magnitudes of any calculated structure factors.

Hot 211 reflections are suitable for defining the origin since some
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have phases which are the same for more than one origin choice and are
called seminvariants.

In a non-centrosymmetric space group, not only must the origin de-
termining reflections be chosen but, in addition, a reflection must be
selected which will fix the enantiomorph. This is necessary since in
the absence of anomalous dispersion, the structure factor magnitudes
do not distinguish between the two possible enantiomorphous structures.

The choice of the reflections for fixing the origin and the pos~
sible enantiomorph is the most critical point of the entire procedure
for phase determination and the manner in which it is done and thé sub-
sequent sign expansion pathway vary significantly from program to pro-
gram, In the present work two direct methods multisolution procedures
have been adopted: .

(i) SHELX 'automatic direct methods'-only suitable for centrosymmetric
crystals.
(ii) SHELX and MULTAN multisolution tangent refinement.

(1) SHELX ‘automatic direct methods'

Origin determining reflections are selected from those having E values
greater than a minimum value (normally¢?1.2), The:sign expansion is
based on the 22 relationship, equation 2.3%9, with unknown phases being
2llocated multisolution values of O or 180° The introduction of such
'multisolution symbols' gives rise to a large number of phase sets (212
being the maximum value normally i%%owed). To reduce the number of pos-

sible phase sets a rejection test based on the absolute figure of

merit M (abs), is used during the expansion pathway.

. rand.

Z Oh -Ia h

<} e}
Pl (abs) - est' . rando (2147)

z Ch “Ia h

el h
where (i)d ;St' is the estimated value of alpha and is given by egquation
2.46 (ii) aiand. is the value for a randon set of phases and is defined
by;
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( .rand) © 2
aza ) =LK hk 7 : (2.48)
X
-3/ 2
(155) @y =29g 2l}zxnl (Tﬁ ‘ 38121)2 (2.49)

where, Th, Bh are defined in equation 2.51.
At the end of the sign expansion the number of surviving permutations
is further reduced by the use of phase information from low E values.
The resulting phase sets are ordered in terms of a reliability index
(based in part upon the M (abs) test and the associated E-maps are

printed. Such E-maps use ]Ehkli values rather than l?hkll as Fourier

coefficients in eguation 2.20.

(ii) Multisolution tangent refinement

The procedures adopted by the SHELX and MULTAN programs share many sim-

ilarities and the following outlines the steps adopted by the MULTAN
program.
The first step is to work out all the triplet interactions of the

type;

by =0y +0p (2.50)

which are known as thel > relationships. Many thousands of these are
possible Eut only the 'strongest’ relaﬁionships are used and the rel-
iability'of the X > relationships is indicated by a large value of the
quantity K defined in equation 2.44.

The next step is to find the best reflections to use for origin
and enantiomorph fixing reflections in the case of a non-centrosymmetric
crystal.. The reliability in the determination of a phase angle,¢ n’
from the tangent formulae is indicated by the quantity & (equation
2.43). In the azbsence of phase information the value of O can be est-
imated using Bessel functions as given by eguations 2.45 and 2.46.
Values of o are estimated for all reflections and the reflection with
‘the smallest value is eliminated along with all the 22 relationships

in which it is involved. Revised estimated o's are calculated for the
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remaining reflections and the lowest is again eliminated. This process
is repeated and converges on that group of reflections which are linked
together best of all. The necessary origin and multisolution phases
are theh chosen from this group of reflections, the whole process being
known as the convergence procedure.173

Phases are then determined using the tangent formula; the order in
which phases are calculated is the reverse of that found during the
convergence procedure. The origin defining phases are used, with the

. o
multisolution pheses being allocated valuesvof 45, 135, 225 and 315 in

a weighted form of the tangent formula;

W |E E k| sin(d%l_S +?Eﬁ5)

157 1

tan ¢,13,:

(2.51)

-3/ i
where Wh = tanh{0302 2 IE;h-i (Ti + Bli)z

}

The weighting enables all reflections to be included, as poorly det-
ermined phases have little effect on the determination of other phases.
The tangent formula procedure is repeated so that phases are refined,
but the multisolution phases are kept constant until this.convergence
is nearly complete and they are then allowed to refine to their final
values.,

Several phase sets are produced and figures of merit are used to
determine the phase set with the optimum phases, although E—méps are
normally computed for a number of phase sets.

Figures of Merit
(1) M _(abs) as defined in equation 2.47, and often called the absolute
figure of merit (ABSFOM). Vaiues for ABSFOM should be close to unity.

(ii) DPSIZERO, defined by,

h\yo - |2 EEEQ" I (2-52)

z
h x
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where the inner summatlolnl 1s Over tne determined pnases and tne outer
summation is over the | Ehl‘s with small or zero values. Y should be
as low as possible fér a good phase set.

(iii) RESID, the residual which is a measure of how well the %, rel-

ationships have followed the statistical expectations and is calculated

as; 4
100 | sof - o |
. a
RESID = ppers - (2.53)
T ooac°
et
h

where S is a scale factor and'qh is defined in egquation 2.49.
After all the sets of phases have been generated, MULTAN outputs a
summary of the figures of merit along with a 'combined figure of merit'

calculated from;

AF - AF(min) PS(max) -~ P3 R(max) - R
Y1 2P(max) - AF(min) T "2 P3(mex) - PS(min) ~ "3 R(maex) - R(min)

(2.54)

where Wyy Vo w3 are weights, and AF is ABSFOM, PS is PSIZERO end R
is RESID.,

When a suitable phase set has been chosen.from consideration of
the figures of merit, the |E£| values are used as coefficients in a
Fourier synthesis to produce an E-map. Experience has shown that the
figures of‘merit are usualiy reliable in indicating the correct phase
set for a centrosymmetric structure but for a non-centrosymmetric
structure the figures of merit can be misleading. The MULTAN package
incorporates a fast Fouriér transform program coupled tola peak search
program so that a large number of possible phase sets may be examined
without producing the E-maps. Allied to this is a procedure which ex-
amines the electron density peaks found to look for a known structural

fragment or molecule.
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Computing
All calculations were carried out either on the Sheffield City Poly-

technic IBM 370/145 computer or on the IEY 370/165 at the SERC Daresbury

Computing Laboratory.

70



CHAPTER THREE

tructural studies of Dimethyldibenzophospholium Bis-7,7,8,8 -
tetracyanoguinodimethanide, (DIvEEP)(TCNQ)z, and the phosphonium com-

plexes (R.R PhZP)(TCNQ)?_, vhere Ry, R

185 2=Et;R R, = Me; R

1?2 T 1

- I'ie [}

R, = Et.
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3.1 Introduction

The crystal structures of the 1:2 phosphonium TCNQ complexes

(EhBRP)(TCNQ)2 where R = Pn,Me,Et, are known to exhibit subtle changes
43,48,53,72

in the stacking of TCNQ molecules, depending upon the cation present.

To examine further the influence upon TCNQ stacking of phosphorus con-

taining cations, structural studies of 1:2 salts containing the

dimethyldibenzophospholium cation (I) and a series of phosphonium

cations (II) have been examined.

+

P
7\ -\

HL  CHy R
(1) (11)

o +

3.2 Crystal Data

(DMBP)(TCNQ)Q, c38 oollgPs My = 621.5, monoclinic, a = 7.547(4),
= 30.189(19), c = 7.863(5) 4, g = 115. 86(7), U= 1612.1 32, u(to-Ka ) =

0.89en™, Z =2, D= 1.51(2), D_ = 1.29 Mgn >, F(000) = 642.

(MezthP)(TCNQ)2, 038 24N8P, M. = 623.6, monoclinic, a = 32.01(2),

= 6.56(1), o = 15.72(2)%, B = 107.4(8), U = 3149.94%, D_ = 1.30,

D, = 1.32 lign™2 7 .4, u(o - K ) = 0. 9lem™d, F(000) = 1292.

73



2.3 Crystal Structure Analysis of Dimethyldibenzophospholium Bis -

7,7,8,8 ~ tetracyanoguinodimethanide, (IMBP)(TCNg)

2

- )
" “CH

N/ NN

H

3 3

2

(mEp) : (Te),

3.5.1 Determination of the Svnace_ Group

The systematic absences noted on the Weissenberg and precession photo-
graphs,[hkl, h + 1 = 2n + 1; OkO, k = 2n + 1;]are consistent with two
monoclinic space groups, 321 or B21/h. Both are non-standard space
groups and it was decided to convert the unit cell and space groups to
the corresponding primitive ones. The unit cell parameters obtained
from the preliminary photographs were a = 7.547, b = 30.189, c =
14.189%, = 92.88° B2, and B2;/m are non-standard settings of P2,

and P21/m respectively and the unit cell dimensions for the standard
primitive cell were calculated tobbe a="7.547, b = 30.189, ¢ = 7.863%,

B = 115.867 The reflections were reindexed using the matrix:

(n) (-1 0 0)( R 1)
(k) = ( o 1 0)
(1) (0.5 0 0.5)

where (hkl) are the indices based on the primitive cell and (ﬁﬁi)

are those from the B-centered cell. In the centrosymmetric space group
P21/m, the asymmetric unit would contain one independant TCNQ moleéule
and half a DMBP ion, i.e. pairs of TCNQ molecules would be related to

each other through mirror planeé at 0.25b and 0.75b, while the phosphorus
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atom and the methyl carbon atoms of the cation would actually lie on
the mirror plane. In the non-centrosymmetric space group P21, the
cation is not required to lie on a special position and the asymmetric

unit would contain one DMBP ion and two independant TCHNQ species.

3.%3.2 Data Collection

A crystal of approximate dimensions 0.36 x 0.07 x 0.48mm was selected
and mounted with the a—aﬁis coincident with the rotation (w) axis of
the Stoe Stadi 2-two circle diffractometer. Data were collected using
monochromated lMo - K yradiation and the background-w-scan-background
technique previously described. Corrections for Lorentz and pol-
erization effects wére-made but not for absorption effects. The crystal
was weakly diffracting and of the 3061 unigue reflections measured only

1081 had I 2 20 (I) and were used for subsequent analysis.

3.3.3 Structure Solution and Refinement

Structure solution was initially attempted in the non-centrosymmetric

space group P2., by multisolution direct methods using the SHELX package.

1
The starting set was chosen from the convergence mapping:

(1) Three.origin determining reflections whose vhase angles are re-
stricted and set at 0. For P21, two of these reflections must be of
the form hOl (one of these must have an even value of1l ), and these fix
the ac plane perpendicular to the b-direction. The third origin det-
ermining reflection is of the form hkl, where hkl must be non-zero.

h and 1 must be.even and if k ¥ 1 then at least one other reflection in

.

the starting set must have k = 1. This reflection fixes & point along
the b~direction.

(ii) For a non-centrosymmetric space group, as in this case, a re-
flection must be chosen which fixes the enantiomorph. This must be a

general reflection, and the phase angles chosen must be in the range .

Oto4 T
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(iii) All other reflections,at which the expansion pathway is broken
must be included in the starting set and unless the phase angles are
given restricted values they are given four possible phase angles 45,
135, 225 and 315.

For the present structural analysis the following starting set

was utilized:

h k¥ 1 phase angles (©)
-5 17 2 0 )
) origin determining
5 0 4 0 g reflections
-2 0 5 0 )
-1 11 4 45, 135 enantiomorph fixing
. reflection
o 19 4 45, 135, 225, 315 . g
-1 9 8 45, 135, 225, 315 g
-2 14 6 45, 135, 225, 315 ) multi-solution set
) of reflections
-2 0 4 0, 180 %
2 0o 7 0, 180 )

A1l the non-hydrogen atom positions were readily located from an E-
map calculated for the solution with the third largest figure-of-
merit. Large correlations between positional parameters of the TCN
molecules were evident in the subsequent least—séuares refinement,
resulting in ‘distortions of the geometrical arrangemenﬁs and un-
rezlistic thermal parameters. In view of fhese high correlations and
the fact that two independant TCNQ molecules located were so closely
related by a mirror plane passing through the cation, it was decided
1o continue the analysis in the centrosymmetric space group PZl/m. |
The four E-maps with the highest parachor values were produced,
Table 3.1. One TCHNQ molecule and two possible phosphorus atom pos-

itions were located from the E-map with the third largest figure-of-

merit. Subsequent least-squares refinement indicatedthe correct
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position for the phosphorus atom. Successive Fourier diffgrence maps
enabled the hydrogen atoms to be loéated and they were inciuded in the
refinement in positions calculated from the geometry of the molecule
(c-H = 1.051). Common isptropid temperature factors were applied to
methyl and phenyl-type hydrogen afom; and refined to final values of
U = 0.062(19) and 0.066(17)4° respectively. The weighting scheme
W = 5.3159/ B72 (Fb) + 0.0010 (FO)ZJ was adobted. Full matrix re-
finement with anisotropic temperature factors for all non-hydrogen
atoms gave the final R = 0.095 and Rw = 0.080.

The large errors of the positional parameters and the associated
bond distances and angles led to a further attempt at a solution in
the non-centrosymmetric space group IQl. However, the final R-value
showed no significant improvement at 0.095. If the non-centrosymmetric
solution was correct one would expect a lower R-value because twice as
many independent parameters were being refined. In the light of the
observation that both of the R-values were comparable, and the un- .
realistic anisotropic temperature factors for many of the atoms and the
unsatisfactory geometry of the TCNQ groups associated with refiﬁemeﬁt
in P21, it seemed likely that P21/m was the more appropriate space

group. The lEL—statistics appeared to support the centrosymmetric sol-

ution:
sin 6/A 0.14 = 0.21 = 0.28 = 0.35 = 0.42 - 0.49 = 0.56 = 0.63
& | 0.613 0.955 0.901 0.952 0.961 1.034 1.000 1.000

LEz- 1] o.818 1.053 0.903 1.025 0.820 0.943 0.833 0.723

The final positional and thermal parameters are given in Appendix 4l.l,
structure factor tables in Appendix A3.1, eguations for mean planes in

Appendix A2.1, with bond distances and angles in Table 3.2.

3,3.4 Description of the Structure

The structure comprises segregated stacks of TCNQ molecules and DiBP
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ions. A projection of the structure along é*(Figure 3.1) and b (Fig-
ure 3.2) shows the TCNQ molecules to be located in columns parallel to
the c-axis, grouped into diadic units with mean inter- and intradimer
separations of 3.44(2) and 3.17(2) i respectively. The overlap of

. TCKQ molecules within each diad is of the desired exocyclic double-
bond to quinonoid ring type but between diads there is little overlap
(Figure 3.3). The direction of staggering of the TCNQ molecules within
each column is constant and the TCNQ columns form a herringbone pattern.
4 similar arrangement has been obsérved in (morpholinium)z(TCNQ)B.

Short N - - - H distances exist between the TCNG columns (Table
3.3) which are within the sum of the van der Waals' radi§7?or nitrogen
and hydrogen. This type of N - - ~ H interaction has been attributed
to Coulomb attractive forces where the nitrogen of the terminal cyano
group on a.TCNQ may have a small negati#e‘charge and the C - H of the
quinonoid ring of an adjacent TCNQ may have\a small positive charge,
hence facilitating weak electrostatic interactions. In the present com-
plex these weak interactions between diadic units lead to the formation
of sheets of TCNQ molecules which are parallel to the ac plane (Figure
3,2). There is only one type of sheet within the structure, suc-
cessive sheets being related to each other by the two-fold screw éxis
along b, and being separated by the INMBP ions (Figure 3.1). The TCNQ
moieties are not quit; planar andradopt a slight boat form77(Appendix
42.1). The structural featufes observed in the present complex may be
compared and contrasted to known complexes which also exhibit ir-
regular stackiélg of TCNQ columns e.g. {DEM)(TCKQ) 2,77(Tm)(TCNQ) 2,57’75
(mrea) (TCHS) 4 ? '

The geometry of the DMBP ion (Figure 3.4, Table 3.2) closely re-
sembles that of 5-(p-bromobenzyl)—5-phenyldibenzophospholium bromide
(III).176The phosphorus atom lies 0.00664 out of the €13, C14, C14°,
013' mean plane and the six-mempered rings are inclined at an angle of

2,04 to this plane, and 3.72°to each other (Appendix 42.1): The
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exocyclic bond angles at phosphorus lie in the range 107.6(9) to

o o
114.2(6), while the endocyclic angle is found to be only 95.6(4). The

C
latter may be compared to values of 93.9(9) and 93.4 found in the 5-
176
(p-bromobenzyl)~5-phenyldibenzophospholium bromide (III) and in the
177

5-hydroxydibenzo-5-E-phosphole-5~oxide (IV). This small endocyclic
angle at phosphorus implies the existence of bond angle strain within

176

the dibenzopnospholium cation.

E ' Br
PR~ \CH2© Br

(111)

P .
07 OH
(

Iv)

3,3,5 Relationship Between the Crystal. Structure of (pigpe) (TCNG) ,

and its Conductivity

Conductivity measurements show the complex to be a poor semi-~-conductor
(Table 3.4, Figure 3.5) with no phase transitions apparent over the
measured temperzture range of 150 - 430K. The room temperature con-
ductivity is Opn = 5 x 1074 o™t cm-l, and the activation energy

Ea = 0.2eV. The poor conductivity can be readily related to the crystal
structure of the complex. The first limiting factor, as regards a high
conductivity, is the rigidity of the cation. There appears to be a
direct relationship between the shape and flexibility of the cation

and the nature of the stacking adopted by the TCNQ molecules. In paf;

ticular, the presence of a cation capable of crystallising in a
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disordered manner often leads to a more ordered TCKQ stacking and in
the extreme, to a2 true homosoric arrangement. In the present complex,
the phospholium ion is so rigid and planar that disorder does not occur
and localised aftractions between the cation and TCHQ molecules in ad-
Jacent columns develop, thereby leading to the formation of sheets
containing TCNQ diadic units. While the type of overlap within a given
diad is of the desired quinonoid ring to exocyclic double bond type,
the overlap between adjacent diads is poor (Figure 3.3). This non-
uniformity in one~dimensionality produces a reduction in mobility of
the charge carriers in the conduction process, and hence a low con-
ductivity. Sim%lir effects are observed in the (morpholinium)z(TCNQ)349
and (TEA )(TCN;); 5complexes where the stacks are also non—uniform

In both of these complexes there is hydrogen bonding between the cat-
ions and the TCHNQ molecules. Such hydrogen bonding facilitates the

/',
formation of pseudosoric arrangements in the TCNG stacks.
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Figure 3.4 DMBP cation
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Figure 3.5 Conductivity versus temperature for (DMBP)(TCNQ)2
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Table 3.1 Starting Sets for Solution of (DMBP)(TCNQ)2 in P21/m

(i) Reflections, E-value and phase angles:-

1

M e e N e S A N N S S S NN N N NN NN NN

Figures—of-merit

bk
-5 1
0 19
o 4
6 9
0 14

-1 9

=2 14

-1 9
5 3
5 A 2
-1 11
0 22
-6 6
1 11
(ii)
E-map

1

2

3

4

*

Parachor M(ebs)
1.928 0.810
1.884 0.729
1.576 1.018
1.843 1,018

Phase Aggleo
0 )

HQT
-0.128
-0.163

0.064

0.082

) origin determining
0 ) reflections

Multisolution set of reflections
Pnase Angles O or 180°

Phase Angle™

R R A Tt A e

R kT R AR

R A Attt s A

+ 4+ - =+

The order of the reflections is the same as that given in (

-G o - -

i), with

(4]
+ and ~ corresponding to a vhase angle of O and 180 respectively.
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Table 3.2 Bond Distances (4) and Angles (°) with Estimated Standard

Deviations in Parentheses

(i) DMBP ion

Symmetry code: none x,y,z; (‘) x%,0.5-y,z

Clp CIS
c N @
ciq C2o ,
Bond Distences (4)
P-C13 1.812(11) C14-C14 1.502(20)
P~C19 1.796(25) C14-C15 1.400(18)
P-C20 1.782(14) C15-C16 1.383(18)
C13-C14 1.396(17) C16~C17 1.388(19)
C13-C18 1.341(16) C17-C18 1.395(19)
Bond Angles (°)
C13-P-C15° 95.6(4) C13-C14-C14" 115.1(11)
C13-P-C19 114.2(6) C13-C14-C15 119.1(20)
C13-P-C20 112.5(6) C142C14-C15 125.9(10)
C19-P-C20 107.6(9) €14~-C15-C16 115.3(12?
P-C13-C14 107.1(7) €15-C16-C17 .124.7(12)
P-C13-C18 127.7(11) C16-C17-C18 118.8(11)
C14-C13-C18 125.0(11) C13-C18-C17 116.8(3)
(i) TcNg
M \ c2 c3 / "
c9 clt
1 Cio
cg>c Cb cs <C<
NZ ‘ N4
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Table 3.2 (ii) contd.

Bond Distances (&)

N1-C9
Ne-C8
C7-C8
C7-C9
C7-Cl
ci-C2
C1-C6

C2-C3

1.145(18)
1.154(28)
1.420(26)
1.412(18)
1.392(19)
1.457(21)
1.411(16)
1.350(19)

Bond Angles (°)

N1-C9-CT
N2-C8-CT
Cc8-C7~C9
c8-C7-Cl
C9-C7~Cl
C7-Cl-C2
C7-C1-C6
Cl-C2-C3
C2-C3-C4

C3-C4-C5

179.8(7)

173.1(15)
117.4(13)
119.4(11)
123.0(15)
120.7(11)
120.9(14)
121.2(11)
121.1(13)

117.9(12)

C3-C4
C4~-C5
C5-C6

C10-C4

c10-C11

610-C12
N3-C11

N4-Cl2

C4-C5-C6

C5-C6-C1

C6-C1-C2
C1l0-C4-C3
C10-C4-C5
Cl1-C1l0-C4

C12-C10-C4

C12-C10-C1l
N3-C11-C10

N4=-C12-C10

1.410(15)
1.452(21)
1.370(20)
1.410(19)
1.440(23)
1.421(18)
1.149(24)
1.149(17)

121.3(11)
120.1(14)
118.3(12)
121.3(13)
120.8(10)
121.3(11)
122.4(14)
116.2(14)
176.3(15)
178.2(15)

Table 3.3 Short Intermolecular Contacts (&) in (DMBP)KTCNQ)z

Nf = = = = 6t 2.656
25 - - - -5 2.808
B - - == WY 2.656
M2 - - - =822 3.049
Symmetry code:

none X,¥,2

(iv) =XyYs2

(1) -x,1~y,1-z (ii) -1l+x,y,2

HSll— _
gziii

iii

N3*E - - -

e
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- N3

N3
H3

H2

2.808
2.634
2.634
3.049

(iii) 2-x,1-y,2-2



Table 3.4 Conductivity Data for (DMEP) (TCNQ)2

log 0 = log (1/3 x L/A)

where

0 = conductivity (Scm°1)

R = resistance (S)

L = thickness of the crystal (cm)

A = area of crystal surface (cme)-

1000/T log J 1000/T
E) {sem ) | Lx)
3.34 -3.29 £.56
3.38 -3.39 4.61
3.44 -3.45 4.72
3.50 - =3.52 4.82
5.63 -3.61 4.90
3.74 -3.71 4.95
3.85 | -3.77 5.15
3.92 -3.85 5.29
3.99 -3.91 543
4.07 -3.97 5.58
4.16 ' -4 .05 ' 5.75
4.29 . -4.15 5.92
4.37 -4.23 6.09
4.42 =437 6.29
4.48 -4.4% 6.49
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logt_f_'1

§Scm )

~4.47
-4.55
—4.66
477
-4.83
-4.98
=5.09
-5.24
-5.38
-5.55
-5.73
-5.90
-6.08
~6.29
-6.49



3.4 Crystal Structﬁre Analysis of Dimethyldiphenylvhosphonium Bis-

7.7.8,8-tetracyanoquinodimethanide, (MegPhZP) ( TCNQ)z

Q+Q NC\ SN |
P C

C
N\ NC/ \CN |
HC CH, A ,

(e ,Ph, P) (TCNR).,

3.,4.1 Determination of the Space Group

From Weissenberg and precession photographs, the féllowing systematic
absences were noted: [hkl, h+k = 2n + 1; h0l, 1 = 2n + 1 (h = 2n + 1)}
These absenceé are consistent with two monoclinic space g?oups, Cc and
c2/c. In the centrosymmetric space group, C2/c, the asymmetric unit
would contain one TCHQ molecule and half a (MeZPh2P) ion, i.e. the
cation would be required to lie on a special position. Two types of
special position are available, such that the cation would contain
either a centre of symmeitry or a two-fold rotation axis. While the cai-
ion could contain a two-fold axis, a centre of symmetry is only pos-
sible if the cation is statistically disordered. In the non-
centrosymmetric space group the cation is not required to lie on a
special position as the asymmetric unit would contain one (Me2Ph2P)

ion and two independent TCNQ molecules.

3.4.,2 Data Collection

4 crystal of approximate dimensions 0.5 x 0.2 x 0.2mm was selected
and mounted with the b-axis coincident with the rotation axis of the
Stoe Stadi 2 two-circle diffractometer. 2360 unique reflections were

collected of which 1292 had I 3 2 0(I) and were used for subseguent
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analysis.

3,4.3 Structure Solution and Refinement

The |E|— statistics for ranges of sinf/X were examined and these in-

dicated the structure to be centrosymmetric:

sin6/A 0,07 - 0.14 - 0.21 - 0.28 - 0.35 = 0.42 = 0.49 - 0.56 -
| & | 1.016 0.950 0.973 0.987 1.027 1.000 1.000 1.000

| #2-1] 1.389 0.973 1.020 1,029 1.153 1.126 1.046 1.031

Initial attempts at solution using the centrosymmetric automatic direct
methods faculty'in SHELX did not prove successful and the data were con-
verted into a format suitable for use in the MULTAN package. Attempts
at finding a solution in the centrosymmetric space group'&ere again un-
successful; the lowest R-value for the many solutions refined being
gbove 0.60. A three-dimensional sharpened-Patterson was computed but
an unambiguous interpretation could not be obtained and efforts were
then concentrated in the use of direct methods in the non-centrosymmetric
space group Cc. MULTAN gave six phase sets, of which only two are in-
dependent (Table 3.5). Computation of an E-map based on the phase set
having the largest figures-of-merit and lowest residual enabled two
independent TCN@ molecules to be readily located. While the phosphorus
atom of the cation was readily located, considerable difficulty was
found in finding the phenyl and methyl carbon atoms. Successive
difference~Fourier maps enabled th phenyl rings to be eventually loc-
ated and their relative positions indicated that the cation did not
contain a two-fold rotation axis but was disordered.

The pnosphorus atom was refined with a population parameter of
1.0, but in view of the apparent disorder of the cation, the associated
carbon atoms were all given population parameiers of 0.50. While least-
squares refinement of the two independent TCNQ molecules and the dis-

ordered cation led to an acceptable reduction in the R-value (to below
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203%), there were considerable correlations between positional parameters
of the two independent TCNQ molecules and there was obvious distortion

within the geometries of both molecules. Examination of the atomic co-

ordinates of the two independent TCN3 molecules indicated them to be

almost related by a two-fold screw axis along the b-direction. Attempts
were then made to make this 'apparent' symmetry exact, by changing the
origin of the unit cell and refining in C2/c. Subsequent refinement
did not prove acceptable as the R-value increased substantially and it
was decided to finish the refinement in the non-centrosymmetric space
group. A number of atoms within the TCNQ molecules could not be given
anisotropic temperature factors for they became non-positive definite.
This was attributed to the pseudo-symmetry relating the two independent
TCNQ molecules and the atoms concerned, along with most of the 109§Eed
carbon atoms of the cation, were given isotropic temperature féotors.

It was possible to obtain a minimum R-value of 0.12, but the associated
geometry of the TCNQ molecules was quité unacceptable. Reiinement was
consequently attempted using damping factors so as to minimize the
correlation effects, and the two phenyl rings were given idealised
geometries with C=C :‘1.395ﬁ and C-C-C bond angles = 1205 4 final R-
value, using this approach, of 0.148 was obtained, although parts of
the TCNQ geometries were still rather distorted. The weighted R-value
(Rw)’ refined to 2 final value of 0.154 with the final weighting scheme
adopted being: w = 8.9262/[c 2(Fo)+ o.ooos(Fo)‘?J. Final positional
and thermal parameters are given in Appendix 4.1.2, structure factor

 tables in Appendix A.3.2, equations of mean planes in Appendix A.2.2,

with bond distances and angles in Table (3.6).

3.4.4 Description of the Structure

The structure comprises segregated stacké of TCNZ molecules and (Mez-
PhZP) ions (Figure 3.6) The cation is represented by the phosphorus

atom position . The TCNQ molecules stack in & monadic/diadic menner
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such that the interplanar TCNQ spacings are alternately 3.25 and 3.304
within each column. The overlap of TCNQ molecules within each stack
is of the exocyclic double bond to quinonoid ring type (Figure 3.7)
and, this,.together with the uniformity of the stacking, puts (Me2-
thP)(TCNQ)2 within the homosoric category of TCNQ complexes.

Adjacent columns of TCNQ moieties are displaced by 0.25b, forming
sheets parallel to the bc plane (Figure 3.8). Successive sheets ere
separated by the disordered (MeZPhZP) cations. This homosoric ar-
rangement is in contrast to that observed for the related complexes

43,48,53,72
(PhBRP)(TCNQ)2 where R = Ph,Et,Me:
(i) (Eh4P)(TCNQ)2 contains segregated stacks of TCHQ molecules and
(Ph4P) cations, The anionic stacks are made up of TCNQ dimers which
form sheets interleaved with cations. The overlap within each dimer
is good but poor between adjacent dimers (Figure 3.9).
(ii) (MePhBP)(TCNQ , and (MePhBAs)(TCNQ)2 are found to be isomorphous
and both contain segregated stacks of cations and TCNQ molecules.48
The TCNQ columns are made up of tetradic units, the overlap within the
tetrads being good and that between adjacent tetrads being poor.
(iii) (E&PhBEO(TCNQ);HEcontains segregated stacks of TCNQ molecules
and (EtPhaP) cations, the anionic stacks comprising tetradic units of
TCNQ moieties, with good overlap within the tetrads, but a ring-to-
shifted-ring type of overlap between adjacent tetrads.
(iv) (TMA)(TCNQ)(Iaizzexhibits meny structural parameters similar to
those found in (MeZPhQP)(TCNQ)Z. Thus the complex contains segregated

stacks of cations and TCNQ molecules (plus columms of iodine atoms)

with the d-spacing in the TCNY columns being strictly monadic.

3,4.5 Relztionship Between the Solid State Structures of the Phosphonium

Selts (RiR,Pn P)(TCNQ), where R, R, - Me; R.,R, = Bt: R,

- le,R, = Bt}
s e

and their Conductivities

178
Conductivity measurements have been made on single crystals of all the
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complexes and the results are shown in Figure 3.10. These data indicate:
(i) The (MezthP)(TCNQ)Zcomplex undergoes a semi-conductor-to-semi-
conductor transition at approximately 320X, whilst (EtthzP)(TCNQ)2 and
(MeEtPhZP)(TCNQ,)2 do not exhibit any transitions over the temperature
range studied.

(ii) The conductivities, for the temperatures studied, decrease in

the order (ErtZPhZP)(TCNq)2 5 (MezPhZ?)(TCNQ)2 > (MeEtthP)(TCNQ)z.

To aid an understanding of these conductivity data, preliminary X-ray
photographs have been taken of (MeEtPhZP)(TCNQ)Zand (EtzPh2P)(TCNQ)2,
in addition to the full structural study of (MeZIhZP)(TCNQ)Z. Exam-~
ination of the oscillaiiqn photographs for the latter complex shows

two sets of layer lines about the b-axis (Figure 3.11). The strong
layer lines correspond to a d-spacing of 6.50ﬁ and the weak layer lines
tc a d-spacing of 13.072. Since b is the direction in which the TCNQ
molecules stack, it is possible to understand the origin of the two

sets of lines in terms of a IReierls-type distortion:

A . :
above 320K n320K below 320K
) N A o
0 ‘ A N 3.30 A
A I V326 A b=13.07 |R
b=6.50 A =1l5. :
I v 3,26 A , ] ~3.254
V e ———————
v
homosoric Peierls-type = pseudosoric
distortion

b-direction

where represents a side-on view of a TCNQ molecule. Thus, at



the temperature at which the oscillation photographs were taken, and
the intensity data collected, while the dominant arrangement is that of
& homosoric system (strong layer lines), there is also an incipient
Peierl's distortion present giving rise to the weak layer lines. The
origin of the distortion can be related to the disorder associated
with the cation. 4 completely disordered cation facilitates homosoric
stacking énd localised cation-stack interactions will be minimized.
As the temperature is lowered, the cation becomes more ordered and, in
order to balance charge and allow for incomplete charge-transfer, the
TCNQ moieties must group together in a pseudosoric manner i.e. the
charges become localised. Hence, the interplanar distances become un-
equal and the effect is to lower the conductivity. iThe X-ray analysis
of (MezthP) (TCNQ)2 has thus been conducted at a temperature in the
range of the phase transitionvand this may account for the considerable
difficulties in solving the structure.

Weak layer lines have been similarly observed in (TMA)(TCNQ)(I );zq

68 123,110° °

(NH4)(TQNQ) and complexes belonging to the (TTF)(TCHQ) family. The
behaviour in the (TTF)(TCHQ) family has been attributed to inherent
lattice instability. In (NH4)(TCNQ) the phenomenon is said to be as-
sociated with a monomer-dimer transition at 28°C and in (Tym)(T01¢Qj(13)%
it is attributed to a one-dimensional disorder in the iodine columns.

Oscillation and Weissenberg photographs show that the dimethyl-
and diethyldiphenylphosphonium salts are isostructural having very sim-
iler unit cell dimensions and reflection intensities (Figures 3.11,
3.12, 3.13; Table 3.7). The most striking difference is seen on the
oscillation photographs (Figure 3.11) where the weak layer lines ob-
served in (MezPhZP)(TCNQ)2 are no longer observed for (EtthZP)(TCNQ)z.
Examination of the conductivity properties of the latter complex (Fig~
ure 3.10) offers an explanztion. The indication is that the diethnyl
complex comprises a homosoric arrangement at ﬁhe temperature at which

the oscillation photographs were taken. why should the (EtzPhZP)(TCNQ)Q
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salt give rise to a higher conductivity compared to (MezPhZP)(TCNQ)z?
An exemination of the structures and conductivities of the following

related pnosphonium salts gives an insight:

Reference
(Ph4P)(TCNQ)2 43
(MePhBP)(TCNQ)Z 48,53
(EtPhBP)(TCNQ)Z 72

(Eh4P)(TCNQ)4 contains thg bulkiest phosphonium ion and the one least
likely to be disordered. The TCNQ molecules are found to stack in
dimer units, the overlap in the dimer units being good but that between
adjacent dimer units being very slight (Figure 3.9). The room temp-
erature X-ray analysis of (MePhBP)(TCNQ)z shows it to contain tetradic
stacks of TCNQ molecules. The mode of overlep and the spacing of 3.203
in the tetrads are suitable for high conductivity but the overlap be-~
tween adjacent tetrads is of the ring-to-ring type and the inter-tetrad
spacing increases to 3.582. Thus the replacement of one phenyl group
by 2 methyl group has enhanced the homosoric nature of the TCNQ stacks.
It is infefesting that the higher-temperature study of (MeEh3P)(TCNQ)25
shows that while the mode of overlap within the tetrads has remained
unchanged (i.e. is good), the inter-tetrad overlap has improved to
become a ring-to-shifted-ring type (Figure 3.14). Moreover, the con-
formation of the phosphonium ion is disordered. Thus in this complex
the homosoric character has been increased by a disordering of the
phosphonium ion resulting from an increase in temperature.

The influence of increasing temperature upon cation disorder and
subéequently upon stacking of TCNQ molecules is well illustrated by the
methylethylmorpholinium complex, (NEM)(TCNQ)Z, which undergoes a semi-
conductor-to~-semi~-conductor transition at 340K and whose structure has

65,80,81
been determined at 113, 294, 323 and 348K.
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(MEM)
The following structural changes are observed with increasing temp-
erature:

68,80
(i) sStudies at 113, 294, 323K.

The structures consist of sheets of TCNQ dimers separated by MEM cat-
ions. While stacking of the TCNQ dimers hardly changes over the temp-
erature range 113 to 323K, there is an increasing disorder of the MEM
group with increasing temperature. With the assumption of two preferred
orientations the 100% occupancy of the orientation observed at 113K
decreases to 84% at 294K and 63% at 323K.

81 _
(ii) Study at 348K.

The disorder of the MEM group»is enhanced above the transition temp-
erature and the strongly dimerised TCKRQ stacks observed below the
transition temperature become nearly regular. 72

The room-temperature crystal structure of (E}tPhBP)(TCNQ)2 is
found to be similar to the high-temperature form of (I-iePhBP)(TCNQ)2
in its mode of overlap within the tetrads, but the inter-tetrad over-
lzp is even more of a shifted-ring-to-ring type (Figure 3.14). This

replacement of a methyl substituent by an ethyl group appears, in these

(RPhBP)(TCNQ)zsalts, to enhance the homosoric stacking. Similar effects
seem to be operating in the (RgthP)(TCNQ)2 complexes where the diethyl

salt is more conducting than is the dimethyl salt.

Conductivity measurements indicate (MeEtthP)(TCNQ) , to have 2
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lower conductivity compared with either the dimethyl or the diethyl
complexes studied (Figure 3.10). TUnfortunately, while the oscillation
photographs are easiiy measured, giving a rotation axis of 6.4§3z, the
Weissenberg photograpnhs are complex and show the crystals to be dis-
ordered; a possible explanation is fhat there is a superimposition of

an orthorhombic supercell on the monoclinic lattice.
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Figure 3.7 Projection down the b-axis for (Me2Ph2P) (TCNQ)2 :
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Figure 3.9 Mode of overlap in (Ph4P) (TCNQ)2
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Figure 3.10 Conductivity data for (RZPhZP)(TCNQ)2 series
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Figure 3.13 Weissenberg photographs for (EtZPhZP)(TCNQ)2
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Deviations in Parentheses

CC?% + S““(csﬂ

3ond Distznces (&)

csi -~ e

(car) - (col)
(Meﬂ;th) ion
P-C31 1.89(2) | P-CT71
P~C41 1.88(2) P-C81
P-C51 : 1.49(7) P-C91
P-C61 1.89(4) P-C101
TCHa A

N N3
) ‘1|III}F g
cl : clo
c/ P ~m—t) \clz
Ni( \‘A#;

N1-C9 1.05(4) ‘ C1-C6
N2-C8 1.08(4)' C2-C3
N3-C11 1.05(3) C3=C4
N4-C12 1.27(4) c4-C5
C7-C9 1.84(4) C5-C6
C7-C8 1.46(3) C10-C4
c7-c1 1.36(2) £10-C11
Cl-C2 1.28(4) clo-C12

109

1.88(4)
1.43(6)

2.

1.

1.

1

1

1

02(8)

2.06(7)

59(¢)

30(3)
.36(3)
.48(4)
.62(4)
.48(2)
.42(3)
.22(4)



LADLE Je CUIILU,

TCNG B

“\

N5-C21
N6-C20
N7-C23
N8-C24
€19-C20
C19-C21
C19-C13

Cl3-Cl4

Bond Anzles (°)

(Me .Ph.P) ion
& —

C31-2=-C41
C31-P-C51
C31-P-C61
C31-P=-CT1
C31-P-C81
C31-pP-C91
C31-P-C1l01
C41-pP-C51
C41-2-C61
C41-P-CT1
C41-p-C81
C41-r-C91
C4l-P-élOl

C51-P-C61

110

s cz’s/ v
A /
/C19 @ c22 \
Clg Cz\‘\'
N§
0.97(4) C13-C18
1.27(4) c18-C17
1.24(4) C17-C16
1.01(4) C16-C15
1.52{(4) C15-C14
1.31(4) C22-C16
1.36(3) C22-C23
1.37(4) C22-C24
161(1) C51-P-C91
165(2) C51-P-C101
79(2) C61-P-C71
55(1) C61-P-C81
86(2) 061-P-091
111(1) C61-P-C101
95(1) C71-P-C81
21{2) C71-P-C91
103(1) C71-P-C101
106(1) C81-P-C91
110(2) €81-P-C101
53(2) 091-P-C101
94(1) P-031-C32
116(2) P-C31-C35

1.67(3)
1.42(4)
1.57(4)
1.54(3)
1.22(3)
1.54(3)
1.51(4)
0.96(4)

74(3)
74(2)
96(2)
113(3)
74(2)
144(3)
126(2)
66(2)
110(2)
163(2)
31(2)
139(2)
120(1)

120(1)



lable ».0 contd.

| C51-P-C71 118(3) P-C41-C42 : 113(2)
C51-P-C81 891 3) P-C41-C46 126(1)
TCNQ A
N1-C9-C7 173(2) C2-C3-C4 123(2)
N2-C8-C7 155(4) C3-C4=C5 117(2)
C9-C7-C8 161(2) C4-C5-C6 127(2)
C9-C7-Cl 128(2) C5-C6-C1 35(3)
C8-C7-Cl 121(2) C10-C4~C5 116(2)
C7-C1-C2 119(2) C10-C4~C3 126(2)
C7-C1-C6 105(2) C4-C10-C11 121(2)
C2-C1-C6 136(2) C4-C10-C12 120(2)
C1-C2-C3 S 121(2) . 010-C11-13 171(3)
C11-C10-C12 117(2) C10-C12-N4 164(3)
ICN9 B
N5-C21-C19 178(3) €15-016-C17 100(2)
N6-C20-C19 169(4) C16-C17-C18 137(2)

| 020-C19-C21 116(2) C17-C18-C13 106(3)
C20-C19-C13 106(3). C22-C16-C15 123(2)
€21-C19-C13 137(2) C22-C16-C17 137(2)
C19-C13-C14 139(2) Cl6-C22-C24 123(2)
£19-C13-C18 102(2) | C16-022-C23 107(3)
C14-C13-C18 119(2) C23-C22-C24 130(3)
013-C14-C15 126(2) C22-C23-17 167(3)
C14-C15-C16 133(2) C22-024-N8 170(3)
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HAPTER FOUR

Single crystal X~-ray analyses of two bipyridinium-TCNQ complexes;
(i) N,N-Dicyanophenyl-4,4”-bipyridylium Tetrakis-7,7,8,8-
tetracyanoquinodimethanide, (DCEBP)(TCNQ) 4 |

(ii) N,N’-Diethyl~4,4 -bipyridiniumethane Tetrakis-7,7,8,8-

tetracyanoquinodimethanide, (DEPA)(TCNQ)4.
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4.1 Introduction
4,2 Crystal data

N

4.3 Crystal structure analysis of N,N’-Dicyanopnenyl-i,4 -
bipyridylium Tetrakis-7,7,8,8-tetracyanoquinodimethanide,

(pedBr) (Tene)
4.3,1 Determination of the space group
4.3.2 Data collection
4.3.3 Structure solution and refinement
4.3.4 Description of the structure

4.4 Crystal structure analysis of N,N’-Diethyl-4,4 -
bipyridiniumethane Tetrakis-7,7,8,8-tetracyanc-

quinodimethanide, (DEPA)(TCNQ)4

4.4.1 Determination of the space group «
4.4.2 Data collection

4.4.3 3tructure solution and refinement

4.4.3 Description of the structure

4.5 Relationship between structure and conductivity for the

bipyridinium salts (DC¢BP)(TCNQ)4 and (DEPA)(TCNQ)4
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4.1 1lnvroduction

82-97

Recently, structural studies have been carried out on a series of
TCNy salts in which the cationic moiety comprises one of a series of

di-~substituted bipyridinium systems (I-III):
Y =\t .
R—N—C—R |
(1) -
+/= : =+
R—KN_)—CH=CH—_N—R

(1I1)

R—N)—CH,—CH,—~(N—R

(111)

wnere.R = alkyl, phenyl or benzyl.

The effect of the length of the cation upon the stacking of the TCNQ
molecules and the stoichiometry have been studied in a bid to dete;mine
which features in the cation enhance the homosoric nature of TCNQ com-
plexes and thus enable highly conducting systems to be designed. Two
complexes belonging to the bipyridinium series have been examined in

the present work, (DC¢BP)(TCNQ)4 (IV) and (DEPA)(TCNQ)4 (V), and their

crystal structures are herewith presented.



N0 =)o

(17)

Hy(—H, (=N )—CH _
3 2 \_/ 2 —
SO,y

(V)

4.2 Crystal Data

(DC¢3P)(TCNQ)4, C = 1177.1, triclinie, a = 7.558(5), b =

72207300 M ey
13.501(4), ¢ = 15.155(4)4, o= 102.08(2), B = 100.60(4), y = 98.43(4)

U = 1458.54°, 1 (Mo-Xa ) = 0.49cm T, D= 1.3, D_ = 1.34gem™>, Z = 4,

F(000) = 604.

(DEPA)(TCN§)4, 064N18H38, M, = 1058.97, monoclinic, a = 15.208(10),
b= 25.97(6), c = 7.771(9)%, B = 116.33(55, U = 2750.89%°, u(io-Kq ) =

0.46cm'1, D, = 1.53 D, = 1.31 gcm‘5, Z = 4, F(000) = 1096.

4.3 Crystal 3Structure Analysis of N,NZDicyanophenyl-4 ,A=bipyridylium

Tetrakis-7,7,8,8-tetracyanoquinodimethanide, (Dch?)(TCNQ)4

V=D~

(DCgaP)
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From Weissenberg and precéssion vhotogravhs, the crystal systém was
determined to be triclinic, the space group being either the centro-
symmetriq PI, or the non-centrosymmetric Pl,

In the centrosymmetric space groﬁp P1, the asymmetric unit would
contain two independent TCHNGQ molecules_and half a (DC¢B?) ion, i.e.
the cation would be required to lie on a special position (a centre of
symmetry), with the two independent TCNG molecules being related to the
remaining TCNQ molecules by centres of symmetry. In the non—centrosymmetrié
space group Pl, the cation is not required to lie oﬁ a special position
as the asymmetric unit would contain one (DC¢BP) cation and four in-

dependent TCNQ molecules.,

4.3.2 Data Collection

A crystal of approximate dimensions 0.25 x 0.15 x 0.10mm was.selected
Cell dimensions were calculated from the centred settings of 25 re-
flections with 7 < & <13 on an Enraf-Nonius CiD-4 diffractometer
with monochromated Mo-Kg radiation.lsalntensities for reflections hav-
ing O in the range 1.35 - 20°were measured on the same instrument with
a variable scan speed énd a w- 4/3 ) (goniometer-counter) scanning
ratio, as optimized by peak-analysis routines. 4 scan interval of Aw =
(1.5 + 0.525 tan 0 ) was employed. Of the 3799 unique reflections
measured, 2338 had I 2 20 (I) and were considered to be observed. The
net intensity I = T - 2B, where T = measured intensity, B = sum of
background counts measured during the first and last sixth of the Aw
scan; 0 (I) = (T + 4B + 0.000912)% . Corrections were made for Lorentz

and polarization effects. The intensities of two central reflections

were monitored and showed negligible deterioration.

4,3.,3 B3tructure Solution and Refinement

The | & ]statistics for ranges of sin,e/k were examined and indicated

117



the siructure to be centrosymmetric:

sin® A 0.07 -0.14 -0.21 -0.28 -0.35 =-0.42 = 0.49 - 0.56 - 0.63

'| 0.794 1.024 0.969 0.987 0.986 1,021 1.000 1.000

|
|

&

-1 | 1.090  1.415 1.067 1.106 0,999 1.242 1.166 1,035

Initial attempts at solution using the centrosymmetric automatic direct
methods facility in 3ZZLX proved successful. Tne starting sets used

by the multisolution expansion and convergence mapping are presented in
Table 4.1.(i). The four | E [-meps with the highest figures-of-merit
were produced [ Table 4.L(ii)] . bAll the non-hydrogen atom positions
were located from the = -map with the third largest figure-of-merit
(parachor). Hydrogen atoms were included in positions calculated from
the geometry of the molecules (C-H = 1.081). Common isotropic temp-
erature facitors were applied to the hydrogens and refined to final

. _ - Ay . _
values of U = 0.0798(38), Unong(s) = 0.0708(50), UTCNQ(B) =

cation
0.0617(54)32. The weizhting scheme adopted was w = 1.0000/[0 2(Fo) +
0.002346(Fo)2]- Full matrix refinement with anisotropic temperature
factorg for all non-hydrogen atoms gave a final R-value of 00,0481 with
R, = 0.0527. The final difference-rFourier map snowed no peaks greater
th;n”6.175ei-? Final atomic parameters and temperature factors are
listed in Appendix Al.3, mean plane data in Appendix A2.3, observed

and calculated structure factors in Appendix A3.3, with bond distances

and angles presented in Table 4.2.

4.,5.4 Description of the Structure

The structure comprises segregated stacks of TCHQ molecules and (DC¢BP)
ions (Figure 4.1). There are two crystallographically independent TCNQ
moieties present TCNg (A), TCNq (B) , the dimensions of which are given
in Table 4.2, and tae distances of selected bonds are summarized and
compared with neutral and charged TCNG geometries in Table 4.3. The

values of tnese bond distances for TCKG (A) and TCNy (B) are, within
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exgerimental error, ldentical and are similar overall to those observed

1
=2

for TCNQ “. Some dimensions of TCHQ (4) are similar to those observed
for TCNQ? whilst some dimensions of TCNQ (B) are similar to those ob-
served for TCHQ (Table 4.3), but this is not considered to be strong
evidence for charge localization, as the.differences are not significaht.
The negative charge is more likely to be smeared evenly over the two
independent moieties. A similagasituation has been observed in the
related complex (DBZPE)(TCNQ)S.

The TCNQ molecules are arranged in colwmns parallel to the b-axis
and in sheets parallel to the ab-plane (Figure 4.1). The sheets are
held togetner by a network of weak electrostatic interactions between
the nitrogen of the terminal cyano-function of one TCNQ and the ring-
hydrogen of anotner, (Figures 4.1, 4.2, Table 4.4). (DCPBP) ions are
interleaved between the TCNgy sheets, and the whole three-dimensional
array is held together by a series of weak electrostatic'interactions
between the cationic and anionic stacks (Table 4.4).

The TCNQ molecules in eacn column are arranged in tetrads, with
mean interplanar spacings within a tetrad of 3.356(3) [Tcwg (a)-Tcia (B)]
and 3.005(3)A [TCNg (B)-TCNQ (B")], and a mean spacing of 3.283(3)3
[TcNe (4)-TCha(A" )] vetween adjacent tetrads (Figures 4.3, 4.4).

Within the tetrads two types of overlap are observed, a ring-to-
ring type [TCHQ (4)-7CHQ (B)] and a very minimal side-to-side in-
teraction [TCNY (B)-TCHgy (B”)] . The overlap between adjacent tetrads
is of the desired type: exocyclic double bond to guinonoid ring [ TCNQ
(a)-TcNy (AM)], (Figure 4.5). Thus, within a tetrad, one can consider
the arrangement as a pair of poorly overlapping diads.

In the (DCPBR) cation, tae central bipyridylium function is re-
quired to be planar as the 034—034' bond lies on a center of symmetry
(Figure 4.6). The terminal cyznophenyl groups are twisted out of the
>p1ane of the bipyridylium function by 38.7. The cyanide functions are

o]
displaced out of tne plane of the phenyl ring oy as much as 0.1554

(Appendix 42.3). .
119 '



TCNQ (A")

TCNQ (BM)

Figure 4.1 General view of the unit cell contents of
(DCPBP) (TCNQ)4
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TCNQ (A')

TCNQ (B')

TCNQ (B)

TCNQ "(A)

TCNQ (A'")

TCNQ (B'"')

Figure 4.3 Stacking of TCNQ moieties in (DCGBP) (TCNQ)4
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TCNQ (B)-TCNQ (B')

TCNQ (A)-TCNQ (A™)

- 124

rlap in (DC@BP) (TCNQ) ,*

Figure 4.5 Modes of ove
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Table 4.1 Starting Sets for the Direct iethods Solution of (DCﬁBP)(TCNQ)4

in P1

(i) Startianz 3ets

n X 1 Phase angle (°)
-5 2 8 o )
)
1 3 11 0 ) origin determining
) reflections
-1 2 3 o )

Tne following reflections were given phase angles of either 0 or 180°

and formed the multisolution starting set:

0-84,0-42,6-24,0012,-5210,5-65,0-43,1-11,5=24,
4L=4 11, 622, =5 6 6.

(ii) Figures-of-merit

-E -map Paracnor  Ii(Abs) N T Fhase Angle*
1 3.534 0.903 “0.649 4+ 4+ 4 == mmh —t =+ =
2 3.146 0.825 “0.570 4+ 4 4+ F = = ==+ o+ =
3 2.835 0.782 049l + + =t F = m - -
4 2.802 1.012 -0.542 R T e

*The order of the reflections is the same as that given in (i), with +

and - corresponding to phase angles of O and lSOorespec%ively.

jod
N
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Table 4.2 Bond Distances (ﬁ) znd Angles (©) with sstimated Standard

Deviations in Farentheses

DCQBP ion

c29+
C3B C35

Bond Distances

N9-C25 1.134(5) C29~K¥10 1.455(4)
C25-C26 1.447(5) . - N10-C32 1.345(4)
C26-C27 1.396(4) C32-C33 1.364(5)
c27-C28 1.377(5) C35-C34 1.401(2)
C28-C29 1.383(5) © C34-C35 1.387(5)
€29-C30 1.377(4) | C35-C36 1.365(5)
C30-C31 1.384(5) . $36-N10 1.366(4)
C31-C26 1.374(5)

Bond ingles

N9-C25-C26 177.5(4) C30-C29-N10 119.5(3)
025-026-C27 118.8(3) C29-¥10-C32 120.7(3)
025-026-C31 120.3(3) | C29-N10-C36 119.7(3)
C31-C26-C27 120.8(3) C32-N10-C36 119.6(3)
C26-C27-C28 119.1(3) : N10-C32-C33 121.3(3)
C27-C28-C29 113.2(3) C32-C33-C34 120.5(3)
€28-C29-C30 122.3(3) C33-C34-C35 117.0(3)
€29-C30-C31 118.3(3) C34~C35-C36 121.2(3)
C30-C31-C26 120.4(3) C35~C36~-N10 120.4(3)
£28-C29-K10 1138.3(2)
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Table 4.2 contd.

Tcig (A
Ni N3
\c9 €2 c3 cu/
>C7@CIO<
. 2
< T N
Bond Distances
N1-C9 1.148(4) C4-C5 1.446(5)
N2-C8 1.145(5) 05-c6 1.348(5)
C7-C9 1.429(4) c6-C1 1.429(4)
C7-C8 1.441(5) C10-C4 1.384(5)
c7-C1 1.393(5) " C10-C11 1.431(6)
£1-C2 1.439(5) 010-C12 1.435(4)
c2-C3 1.346(5)  N3-C11 1.143(6)
C3-C4 1.433(4) . N4-cl12 1.143(4)
Bond Angles
N1-C9-C7 178.2(4) C3-C4-C5 117.0(3)
N2-C8-CT | 179.4(3) C4-C5-C6 121.1(5)
C9-CT7-C8 114.8(3) C5-06-C1 121.4(3)
C9-CT7-C1 122.5(3) ¢3-C4-C10 122.3(3)
08-C7-C1 122.7(3) €5-C4=C10 120.7(3)
C7-C1-C2 120.5(3) C4-C10-C11 122.0(3)
C7-C1-C6 121.8(3) C4-C10-C12 122.1(3)
c2-C1-C6 - 117.6(3) C11-C10~C12 115.9(3)
C1-C2-C3 120.9(3) ' N5—011401o 178.8(3)
C2-C3-C4 121.8(3) N4-C12-C10 178.9(5)
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Table 4.2 contd.

TCNg (3

Bond Distances

N5-C21

N6-C20

C19-C20
Cl9-C21
C19-C13
Cl3-C1l4
Cl4-C15

C15-C16

Bond Angles
N5-C21-C19

N6-C20-C19

C20-C19-C21
€20-C19-C13
C21-C19-C13
C19-C135-Cl4
€19-C13-C18
C13-C14-Cl5
C14-C15-C16

C15-C16-C17

Nb

N7
\Zzt k¢S C;;
>c19 c22 <
C20 ca4y
/ o \‘Ne
1.143(4) C16-C17
1.151(6) C17-C18
1.425(6) €18-C13
1.418(4) C22-C16
1.399(5) C22-C23
1.436(5) c22-C24
1.355(5) N7-C23
1.420(4) Ne-C24
177.6(4) C16-C17-C18
179.6(3) C17-C18-C13
116.7(3) C18-C13-C14
122.2(3) €15-C16-C22
121.0(3) C17-C16-C22
120.3(3) 023-022-C16
121.8(3) C24-C22-C16
120.4(3) C23-022-C24
121.9(3) N7-C23-C22
117.7(3) 18-C24-C22

129

1.433(5f
1.359(5)
1.425(4)
1.398(5)
1.424(5)
1.421(4)
1.151(5)
1.151(4)

120.

121
117
121

121

121.

122

1186.
179.
.5(4)

178

9(3)

.1(3)
.9(3)
.4(3)
.0(3)

5(3)

.3(3)

2(3)
1(3)




[
Teble 4.3 Distances (4) of Selected Bonds in the Independent TCHQ

Molecules

2
TCNQ (4)  1.346(5)
1.348(5)

ToRa (B)  1.355(5)

1.359(5)
TCRY” 1.346
TCNQ—% 1.355
TCHG 1.362

b
1.439(5)
1.429(5)

1.436(5)
1.425(4)

1,448

1.433

l.424

£

1.393(5)

1.399(5)

1.374

1.396

1.413

130

4
1.429(4)
1.441(5)

1.418(6)

1.425(6)

1.440

1.424

e
1.148(4)

1.145(5)

1.143(4)

1.151{6

1.13%8

1.145

1.149

PeWe

39

84

86




1'able 4.4 ONOT U LIVELIHULECULAL UULIVGLU UD \J1) &LVs  \ dswpimrs g \_.--.:‘,4

(i) Between TClg molecules

12 - - - - w2t 2,504 H14 - - - - W6 2,485
02 - - - - 32t 2.504 WG - - - - m1att 2.485
X3 - - -~ 15 2.506 97 - = = = @7t 2.435
g5 - - - - §3*Y 2,506 H17 = - - = 572 2.435

(ii) Between cation and anion

M - - - - 532%7 2,255 N4 - - - - 530" 2.864
H32 - - - - mi 2.255 H30 - - - - 14" 2.864
WS - = - - F35°7 2,315 M - - - - 230%7 2.799
H33 - - - - Y 2,315 530 - - - - ;i 2.799
NS = = = = H35" 2.718 N7 - -~ - - H28 2.598
535 - - - - 5" 2,718 128 - - - = N7 2.598
W - - - - 55170 2,532 N3 - - - - E2T" 2,732
W31 - - - = 5g't 2,532 HOT = - - - w3°7 2,732
Symmetry codes
none x;ly, z; (i) ~1+X,V,2; (ii) 14X,V 2} (iii) 1+%,¥,1+2} (iv) ~14%,¥,

-1+2; (V) =Xy=Ys=2; (Vl) 2=~Xy1=y,1-2.
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4.4 Crystal Structure inzlysis of N,NiDiethy1-4J4;bicyridiniumethane

Tetrakis-7,7,8,8-tetracyanoguinodimethanide, (DiPa)(ToNs
+ = =+ ,
HYHL N )—CHyCHy~ N —CHy~CHs
(DEPa
== NC, N
e C
| NC N
L

)

-

(TCHQ) 4

4.4.1 Determination of the 3pace Group

The systematic absences noted from the preliminary Weissenberg and
precession photographs (h0l, 1 = 2n + 1; 0x0, k = 2n + 1) are consistent
with the monoclinic space group, P2l/c. In this centrosymmefric space
group, the asymmetric unit must conféin two independent TCNJ moieties
and half a (DEPA) ion. Thus, the (DJEPA) ion must lie on a centre of

symmetry.

A4.4.2 Data Collection

A crystal of approximate dimensions 0.15 x 0.20 x 0.30mm was mounted
with the c-axis coincident with the rotation (w) axis of a 3toe Stadi

2 two-circle diffractometer. Intensity data were collected using mono-
chromated Mo~ radiation and the background-w-scan-background technique.
Of the 3280 unigque reflecticns measured, only 953 had I 3 g(I) and
these were used in subsequent analysis and refinement. Tne small num-
ber of observed reflections was due to the fact that the tube intensity
was continuelly decreasing as the intensity data was being collected.

Corrections were made for Lorentz and polarization effects but not for

absorption effects.

4.4.3 3Structure 3olution and Refinement

Structure analysis and refinement were carried out using the SEZLX auto-

matic centrosymmetric multisolution package. The collected intensity
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was merged and thel E |-statistics produced for ranges of sin® /X, in-

dicated that the crystal was centrosymmetric:

sin® /A 0.07 - 0.14 =0.21 = 0.28 = 0.35 = 0.42 = 0.49 = C.56 = 0.63
o] 0.853 1.051 1.005 0.995 0.99C 1.027 1.000  1.000

521 0.842 1.410 1.050 1.059 0.992 1.212 1.033 0.807

The starting sets produced by the sign exvansion pathway are given in
[Table 4.5(i} 1. from the convérgence procedure the seven |E|-maps with
the highest figures-of-merit were pro&uced [Table 4.5(ii)]. The majority
of the non-hydrogen atom positions for the two independent TCNQ moieties
were located from the |El—map with the fifth largest figure-of—mefit.
The remaining mon-hydrogen atom positions for nalf a (DEFA) ion and

the two independent TCNG moieties were located from successive dif-
ference Fourier maps. Inter-layer scale factors were applied in an
effort tc scale the poor intensity data. The thermal parameters for

the non-nydrogen a%om rositions were allowed to refine anisotropically
éxcept those which became non-positive definite. The weighting scheme
adopted wes w = 5.9101/ [0%(F ) + 0.000165 (F ). Full matrix re-
finement with most of the non-aydrogen atcms having anisotropic temp-
erature factors gave a final R-value of 0,129 with the weighted R-value
(Rw) being 0.1282. The final difference~Fourier map showed no peaxs
grezter than O.22eﬁ-? Final positional and thermal parameters are

given in Appendix Al.4, mean plane data in Appendix A2.4, observed and

calculated structure factors in Appendix A3.4, with bond distances and

angles in Table 4.6.

4.4.4 Description of the Structure

The structure comprises segregated stacks of TCKQ molecules and (DpEPA)
ions (Figure 4.T). The TCNG molecules stack in columns, made up of
tetraedic units, parallél to the b-axis, and in sheets, held together by

" short N - - - HC intermolecular contacts, parallel to the bec-plane
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(Table 4.7). The sheets of TCNy molecules are interleaved by sheets of
(Dzra) ions (Figure 4.8).

Although there are tetrads present in the TCNG columns, the poor
overlap, both between diadic wmiits within the tetrad and also between
adjacent tetrads, indicate that the arrangement of TCHE mqlecules mey
be best considered in terms of weaxly interactiné diadic units.

The independent diadic pair, TCNy (A1) and TCNg (Bl) are (Fisure
4.9) related to:

(i) 7TcNQ (A3) and TCNQ (B3) by a c-glide plane perpendicular to the
b-axis at 0.250;

(ii) ToNQ (A4) and TCNy (B4) by a two-fold screw axis at O, y, 0.25;
(iii) TCNg (A2) and TCNy (32) by a centre of symmetry at O, 0.5, O.

The mode of overlap between the TCNQ molecules in the diadic pairs
[i.e. TcHQ (An), TCNy (Bn); n = 1, 2, 3, 4 ]is of the desired type:
exocyclic double bond to quinonoid ring, with a d-spacing of 3.2023
(Figure 4.10). The overlap between adjacent diads is poor (Figures
4.11, 4.12) with d-spacings varying from 3.5963[TCNQ (a1)-Tcng (43) ]
to 3.4024[ TCNg, (31)-TCiy (B2) 1.

The (DEFA) ion is a symmetrical bipyridinium ion and lies on a
centre of symmetry at 0.5, 0.5, 0.5, the centre being between C32 and
C32” (Figure 4.13). The terminal ethyl groups are twisted out of -the

(-} . .
plane of the rings by 62.61 (Appendix 42.4).
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O=0=R=g==0=F"=0

TCNQ (B4) '

TCNQ (A4) I

No—o—B=a=g-6-00

TCNQ (A2) I

C=o==r0=0—0

TCNQ (B2)

TCNQ (B1)

TCNQ (A1) |
TCNQ (A3) | '
O=—==5—=0==0=00=2
TCNQ (B3) l |
0 a

Figure 4.7 Packing diagram for (DEPA)(TCNQ%}

view down the c-axis.
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Figure 4.8 Projection d
TCNQ molecules and sheets of (DEPA) ioms.

136



1

D
' T |
39 Qe CRo=sd
| |

TCNQ (A4) O%)% @043@@
TCNQ (A2] @@%O @@.@EGLO

| o

TeNg (52) (D ()@‘@(’3@

TCNQ (Bl@!%@@fﬁj =3I D
TCHQ (A1) QéEOF@@ Oéﬂﬁ%

ey (Ap)  Of=0=c0 O6=5=0

|
N (B5) OGO
0 c

Figure 4.9 View down the C10-C4 bond showing the
irregular stacks in (DEPA) (TCNQ)4
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| ‘ | TCNQ (A1)
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TCNQ (B1)
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Figure 4.10 Overlap between TCHQ (Al} and TCHQ {Bl).
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TCNQ (A1)

TCNQ (B1)

TCNQ (B2)
p!
74
TCNQ (A2)
N
[ 1 |
N

Figure 4.11 Overlap ‘between TCNQ (Al), TCNQ(B1l), TCNQ (A2),
and TCNQ (B2).
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Figuré 4.12 Overlap between TCNQ (Al), TCNQ (Bl), TCNQ (A3),
and TCNQ (B3).
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lable 4.2 Startlng Sets 10r Tae JUlrectT .Letnods SOLUTLION OI (Uorajl il .
&
in P2./¢c

(i) Starting Sets

a k 1 Phase 4ngle (°)

2 4 1 o )
)

1 12 5 0 ) origin determining
)  reflections

2 .5 5 o )

The following reflections were given phase angles of either O oxr 180°¢
and formed the multisolution starting set:
0160,026,066,080,180, =-64121,1160, 0 106, -6 12 1,

4590146!"845.

|-.I

(ii) Figures-of-merit

E-map DParachor H(Abs) HQT Sizn of Fhase Angles™

1 3.904 1046 0704 4444 =4 — b m = mh ok =k =
2 3.572 1.084 =0.604 4 o 4 4 b = =k = o — -
3 5.329 0.991  =0.532 4 4 4 4 m 4 mmm b b — k=t =
4 5.298 1,045 =051 4 4 4 4 m b md - b b -
5 3.075 0.984  =0u851 4 b 4 b h o mm b m o — = — 4
6 2.949 C.787 =0.520 4 4 4 4 =4 ===t + + + =+ = =
7 2.949 0,891 =0.468 4+ 4 4 4 =4 =4 b = + = =4 = =

*The order of the reflections is the same as that given in (i), witn +

and - corresponding to a phase angle of O and 180°respectively.
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Istimated Standard Deviations in Parentheses

(DEP4) ion:
c2x c2s
Cas—(re—Na 2 (s2—22
c‘bl_—C3° :

Bond Distances

=

Cc28-C29
C29-C30
C30-C31
Cc29-C32

' 032-0327

Nt

Bond Distances

£25-C26 1.560(56)
C26-N9 1.707(38)
K9-C27 1.336(45)
¥9-C31 1.285(39)
C27-C28 1.418(35)
Bond Angles
C25-C26-N9 111.2(2.2)
C26-19-C27 112.3(2.5)
026-19-C31 121.9(2.5)
C31-N9-C27 125.8(2.4)
| N9-C27-C28 111.3(2.9)
C27-028-C29 124.8(2.8)
TCiy (A1)

Cob cs

N1-C9 1.071(23)
N2-C8 1.212(43)
c9-C7 1.455(26)

\
P
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C29-C30~-C31
C30-C31-19

C28-C29-C32
C30-C29-C32

C28-C29-C30

N&

C4-C5
C5-C6

C6-Cl

1.354(45)
1.500(50)
1.318(40)
1.709(32)

1.5%9(52)

112.9(3.2)
126.8(2.8)
118.9(2.3)
119.6(2.7)

117.1(2.6)

1.446(40)
1.518(25)
1.478(30)



Table 4.6 contd.

C8-CT
C7-Cl1
C1-C2
C2-C3

- C3-C4

Bond Ancles

N1-C9~CT7
N2-C8-C7
C9-C7~C8
c9-C7-C1
C8-C7-C1
C7-01-C2
08-C1-C6
C6-C1-C2
01-C2-C3

C2-C3-C4

TCa_ (Bl

RBond Distances

§5=C21
¥6-C20
Cc21-C19
£20-C19

C19-C13
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1.576(42) C4-C10
1.238(23) C10-C11
1.418(39) C10-C12
1.460(15) Cil-N3
1.520(19) Cl2-K4
174.5(2.4) C3-C4~C5
174.9(2.2) C4-C5-C6
110.2(1.5) C5~C6-C1
132.3(2.8) C10=C4-C3
117.1(2.2) C10-C4-C5
112.3(2.2) C4-C10-C11
118.5(2.6) C4-C10-C12
127.0(1.6) C11-C10-C12
122,0(1.4) C10-C11-N3
114.9(1.3) C10-C1l2-14
N7
oo s
>c«q612<
clo C24
ce NS
1.253(30) C16~-C17
1.224(40) Cl7-C18
1.356(26) C18-C13
1.217(38) C16-C22
1.363(21) €22-C23
1.420(36) c22-C24

1.365(26)
1.591(46)
1.608(34)
1.035(49)
1.019(29)

117.4(1.2)
129.0(1.7)

107.2(2.0)

115
127

125

._l

|

!

[

|

.5(2.2)
.0(1.9)
.2(1.8)
.9(2.4)
.9(1.6)
,0(3.1)
7(3.2)

.408(23)
.287(16)
436(26)
.511(20)
.340(41)

.390(24)
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1.353(22)
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€14-C15 C23-N7 1.129(42)
€15-C16 1.457(25) C24-1i8 1.078(24)
Bond _inzles

N5-C21-C19 176.8(2.4) C15-C16~C17 121.6(1.2)
16-C20~C19 178.1(2.6) C16-C17-C18 119.9(1.2)
€21-C19~C20 113.2(1.6) C17-C18-C13 121.0(2.2)
$20-C19~C13 126.4(1.7) C15-C16-C22 115.4(1.9)
£21-C19~C13 120.4(2.2) C17-016-C22 122.9(1.4)
.C18-C13-C14 118.8(1.5) £16-022-C23 122.8(1.6)
C19-C13~Cl4 122.6(1.7) C156-C22-C24 121.2(2.0)
C19-C13-C18 118.2(2.2) C24-C22-C23 115.1(1.4)
C13-C14~C15 121.3%(1.8) C22-C23-N7 177.6(2.5)
C14-C15-C16 116.3(2.1) C22-C24~8 169.5(2.1)



(1)
c22
c24
C17

Cc18

(ii)

Between adjacent

TCN2 columns

i

- -5 ©5.389
- - -t 3.431
- - -t 3.438
- - -t 3.389

Between cation and anion

iii
N6

C3L = - - = 54429
C26 = = = = N3V 2.463
026 - = - - wtt 3.397
N - - - - o6ttt 3.397
W5 - - - - 026" 2.463

Symmetry code:

C9
C4
i1

c6

. ii
none X, y, 23 (l) -X, 1=y, =2; ( l) Xy Yo

*"

\
Xy 2=

[B=]

027vi
C27vii

N5 = = - =

C28Vll

CBlVl

~l+z; (lll) Xy, ¥y l+z;

3.278
3.416
5.416

3.350

3.431
3,261
.3-427
5.429

%*Z; (V) Xy é‘ys ;%*Z; (Vl) =l+ex, y, =1+2; (VIl) =1+X, ¥, 2.
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Salts (Dcg32)(TCy), and (DEra)(TCN:)
l+
95

Studies have been carried out on tne influence of the cation upon

4

the nature of the TCN3-stacking in bipyridinium-TCHG complexes. It is
primarily the nature of the TCNQ stacking which aprears to determine the
conductivity of such complexes; a homosoric stacking being required for
95

high conductivity (Chapter One). The bipyridinium cations have been
classified into two major groups:
a) Segmented
This type comprises three planar segments which are symmetrically non-

: 95"
planar, and tne overall length of the cation nhas been considered to

be an important factor in determining both the stoichiometry of the com=-

plex and also the nature of the TCNy stacking.

b) 3Symmetrical non-planar or planar

This type comprises bipyridinium salts wherein the pyridinium rings
may be linked by an ethylene unit or an alkyl cnain of varying length
(e.g. ethyl, ovropyl, . . . . ). Again the overall length of the
bipyridinium cation appears to influence the stoichiometry of the com-

plexes and the nature of the TCNG stacking.

+{ R
N o St

(DMPa)
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(DC¢B§)(TCVQ)4, and a symmetrical planar cation, (DEPA)(TCNQ)4, have
been examined and their structursl properties are now compared with
related bipyridinium salts and correlated with their conductivities.
a) (DCPBP)(TCNE 4

178

Conductivity measurements show the complex to be & poor semiconductor

(Figure 4.14). 1In the light of the structural analysis this result is
readily understood:

(i) In (DC¢BP)(TCNQ)4; the TCNQ columns exhipit tetradic sroups wherein
the d-spacings are irregular and the modes of overlap are poor (Section
4.3.4, Figure 4.5). These factors cause a reduction in the mobiliéy
of the charge carriers.

(ii) .The network of short intermolecular electrostatic interactions
between TCNG moieties increases tae.bi-dimensionality, while those be-
tween anion and cation stacks increase the tri-dimensionality of the
system. To be a good organic conéuctor these TCNQ salts are required
to be uni-dimensional i.e. homosoric.

(DcgsP) is aﬁ example of a segmented cation. It comprises three
non-planar segments i.e., the bipyridinium mid-section and the two ter-
minal cyanovhenyl groucs. The stiructure of (DC¢BP)(TCNQ)4 shows some
surprising differences to the arrangements found in related complexes.

The most closely related complexes to (DC¢BP)(TCNQ)4 that have
been crystallogravhically examined are (DBZBP)(TCNQ‘4?2(D32PA)(TCNQ)S,

88
and (DBzPE) TCNQ)S.

+ =
CH~N )—CH
O Y :/>— Z\CHZ—-@L[HZ—Q

. (DBzPA)

93
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CH—N )—CH
@" . :>' N i, :

(DBzP=)

For the (DBzPA) and the (DBzPE) cations, TCNQ complexes having a
1:5 stoichiometry rather than a 1:4 are formed (Figure 4.15). This
differing stoichiometry has been attribuied to the presence of a lon-
ger central unit in the segmented (DBzFA) and (DBzFE) bipyridinium
- cations compared to (DCYBP) for example . In (DBzBE)(TCNQ)482al-
though the 1:4 stoichiometry is the same as in the (DC¢BP) salt, the
stacking arrangement of the TCHR molecules is quite different. Thus,
the inter-TCNG spacings within the columns are more regular than in
(DC¢BP)(TCNQ)4 (Figure 4.16). In addition, the modes of overlap in the
(DBzBP) salt are good within a tetrad and poor between adjacent tetrads
(Figure 4.15) whilst the TCiQ overlap in (DCﬁBP)(TCNQ)4.is poor within
a tetrad and ggod between adjacent tetrads (Figure 4.5). Overall the
(DBzBP)(TCNQ)4 system is more homosoric than that found in (DC¢BP)(TCNQ)4.
Since the overall length of the two cations is. similar it appears that
the different TCNQ stackings may result from the presence of the ter-
minal cyano groups in (DCﬁBP)(TCNQ)4. These strongly electron-
withdrawing groups appear to facilitate electrostatic anion-cation in-

teractions, as indicated by the great number of snort contacts (Pable

4.7). This localization of attractions between anion and cation stacx

149



-~ T TmeEm e o TmEmmEm T T T MO e et et et STt W VAR WA VaALAVR VY v Vid
chances of good overlap, 4An additional factor may be the relative
orientation of thé terminal thenyl ring with respect to the central
planar unit. The cation lies on a centre of symmetry. in both complexes
and nence the central pyridinium unit is required to be planar. In
(DcgsP) (TCQ) 4 the two cyanoghenyl rings are twisted out of the central
oyridinium plane by 38.7; but in (DBzBP)(TCHQ) 2 the terminal phenyl
rings exnibit a dihedral angle of 66.9°with the central mean plane.82
93 88

in (DBzPA_)(TCNQ)5 and (DBzPZ) (TCNQ)S the dihedral angles between the
pyridine and thenyl rings of the cation are also far larger than that
found in the (DC¢BP) complex, being 74.8°and 76.lorespectively. The
smaller dihedral angle in the (DC¢BP) complex may be related to the many
short anion - - - - cation distances, the smeller angle facilitating
the close:approach of the cations to the TCNQ stacks.
b) (DEra)(TCNQ)

4 179
The conductivity measurements show the complex to be a poor semi-
conductor ( OBOOK = 0.00ZScm—l, E, = 0.27eV). The structural analysis
correlates well with tnese findings:
(i) The TCNQ stacks are very irregular, being made up of tetradic
units which may be best considered as weakly interacting 'sheets' of
diadic units (Figure 4.9).
(ii) The overlap between molecules in each diad is good but there is
very little direct overlap between adjacent pairs of diads.
(iii) The network of short intermolecular electrostatic ccntacts dras-
tically reduces the uni-dimensionality of the system. (DEEA)(TCNQ)4
can be considered to belong to the group of TCNG complexes containing
a symmetrical-planar bipyridinium ion. The (DZFA) cation in the present
structure must be planar as it is centered on a centre of symmetry.
It is interestiﬁg to note that from a rezaction of (Dﬁ?ﬁ)(l)2 with neu-
tral TCHY, one of three complexes may be produced or indeed, all three

from the same mother liguor. The stoichiometry of all three differ,
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(1) (DWPA)Z(TCNQ)g(HZO)X, 7although the crystal structure nas not been
determined, the water molecules trapped in the lattice are likely to
provide a source of disorder. Such disorder would enable the TCNY stacks
to be stabilized and indeed at low temperatures, the complex is found
to be nighly conducting.

(i1) (.DEPA)E.(TCNQ)587
This is a good semiconductor and the TCHQ molecules are found to be
stacked plane—to;plane in columns with d-spacing of 3.22[ TCNQ (4)-
TcNa (3)], 3.23 [TCNQ (B)-TcNg (C)] and 3.263 [reng (c)-Teng (C7) ],
(Figure 4.17). The corresponding overlapping modes are good, poor;and
good (Figure 4.18) i.e. a much more homosoric arrangement compared
with (DzrA)(TCHQ) 4 The geometry of the (DEPA) ion in the 2:5 complex
is not significantly differeht to that in the 1l:4 complex in the pres-
ent study.

(iii) (DEPA)(TCNG) 4
The poor semiconductor properties are readily undersiood in terms of
the irregular spacings and poor overlaps of the TCNQ molecules.
While such poéymorphism is not unknown among complexe; of TCNg

e.g. (NH 4)(TCNQ); 8(DEPE)(TCNQ) , and (DEPE) (TCNQ) 4(H20)x9 , it is dif-
ficult to see why the stoichiometries (1:4, 2:5, 2:9) should be found

in the DEPA salts and why the TCNQ stacking for the two anhydrous

salts should be so different.
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(@) 1]
(i) projection along the (ii) projection along the
a-axis. c-axis.

(¢)

Figure 4.15 Packing diagrams for (DBzPE)(TCNQ)5 and the
modes of overlap.
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CHAPTER FIVm

The crystal structure of the heterosoric TCNQ complex, (4,4°-bipyridyl-

ethylene)(7,7,8,8-tetracyanoguinodimethane), (DPE)(TCKQ)
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TCNQ 1s known to form heterosoric mixed stack complexes which exhibit
13-35

many features characieristic of 1l:1 charge-transfer complexes.

The 1:1 complex formed teiween TCNQ and the bipyridyl moiety, 4,4 -

bipyridylethylene, is such 2 complex and the crystzl structure of

(oPE)(TCMQ), (I), is presented in the following sections.

/)

(DPE)
NG, SN
(= C
NC/ \CN

(TCig)

5.2 Crystal Data

(pPz) (TCNR), C Ng» M, = 386.3, Monoclinic, a = 7.262(4), b = 9.400(5),

2474
¢ = 14.496(4)%, B= 91.75(5), U = 989.23.73 72 =2, u(ilo-Kq) = O.46cm:l

D = 1.30, D = 1.28 gem F(000) = 400.

5.3 Determinztion of the Space Group

The systematic absences noted from the preliminary Weissenberg and
precession photograpns (0kO, ¥ = 2n + 1; h0l, 1 = 2n + 1) are con-

sistent with the monoclinic space group, P2l/c. For a value of 2 = 2 and 2
1:1 stoichiometry, the aéYmmetric unit in this centrosymmetric space

group must contain half a TCNQ molecule and half a (DPE) molecule,

with both molecules lying on centres of symmetry.

5.4 Data Collection

A crystal of approximate dimensions 0,23 x 0.15 x 0.09mm was mounted

with tne a-axis coincident with the rotation (w) axis of a SiCe Stadi-
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caromated lMo-Kq radiation and the background-t scan-background tech=-
nigue previously described (Chapter 2, Section 2.5 ). Of the 1936
unigue reflections measured, 828 had I> 4q{I) and these were used in
subsequent analysis and refinement. Corrections were made for Lorentz

end polarization effects but not for absorrtion effects.

5.5 Structure Solution and Refinement

Structure analysis and refinement were carried out using the SdELX
automatic centrosymmetric multisolution procedure (Chapter 2, Section

-
&

-statistics

2.82). The collected intensity data was merged and the’
oroduced for ranges of sin 8/A indicated the crystal to be centro-
symmetric:

sin /X 0.14 = 0.21 - 0.28 = 0.35 - 0.42 = 0.49 - 0.56 - 0.63

[z | 1.036 0.934 1.003 ©0.980 1.034 1,000 1.000 1.000

1] 1.569  0.931 1.228 0.871 1.179 1.046 0.925 0.869

The start;ng sets produced by the sizn expansion pathway are given in
Table 5.1 (i), and the three lE]—maps with the highest figures-—of-merit
were produced, Table 5.1 (ii). 411 the non-hydrogen atom positions
bar one nitrogen atom were readily locatedq from thne IEl—map with the
second largest figure-of-merit. In this solution the TCNQ molecule lies
on a centre of symmetry at (1.0, 0.5, 0.5) whilst the (DPE) moiety lies
on a centre of symmetry at (0.5, 0.5, 0.5). The remaining nitrogen
atom position was located by a difference Fourier synthesis but sub-
sequent least~squares refinement indicated that this trial solution
was unsatisfactory for the R-value fell to only 225, even with all the
non-nyvdrogen atoms being given anisotropic temperature factors.

4n alternative solution was then attempted with the TCHY moiety
lying on a céntre of symmetry &t (1.0, 0.3, 0.0) wailst the (DFE)

moiety lay on a centre at (0.5, 0.5, 0.0). This effectively moves the
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hydrogen atom positions were located from a difference Fourier map and
they were included in the siructure factor calculations but not refined.
The hydrogen atoms associzted with the pyridyl rinz (411, Hl2, H1l4, H15)
were given ideal geometries with the C-H bond distance egual to 1.08%.

A common isotropic temperature factor was applied to all the hydrogen
atoms and refined to & final value of U = 0.062(5)4%

The weighting scneme w = 1.0000/ [02(30)2 + O.OlOO9(FO)2] was adop-
ted. Full matrix refinement with anisotropic temperature factors ap-
plied to 2ll non-hydrogen atoms gave a final R of 0.076 with the
weighted R-value, (aw), being equal to 0.0868. The final difference
Fourier map showed no peaks greater than 0,54 eX-.

The final positional and thermel parameters are given in Appendix

Al.5, mean plane date in A2.5, observed and calculated structure fac-

tors in Appendix A3.5, with bond distances and angles in Table 5.2.

5.6 Description of the Structure

The structure comprises mixed stacks of alternating donor (DPE) and ac-
ceptor (TCNQ) molecules. These mixed stacks are related in the unit
cell by screw axes along the b-axis and c-glide planes, (Figure 5.1).
The DPE and TCNQ molecules are essentially rarallel to each other, and
-stack in a face-to-face manner cherzcteristic of 1l:1 charge~transfer
complexes (Figure 5.1). The donor and acceptor molecules zlternate
along tne a-axis (Pigure 5.2), with the separation between adjacent
molecules being 3.453 (Appendix 3.5). This rather large interplanar
separation indicates that any caarge-transfer present will be limited.
This is supported both by zn absence of short intermolecular contacts
and also by tne observation that the bond lengths of the TCNQ molecule
are in good agreement with those for the neutral rnolecule39 (Table 5.3).
The geometry of the TCNQ moiety in the present complex is also similar

to that found in other 1:1 heterosoric TCHy complexes in whica the TCHY
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(DPE) and TCNg molecules is typical of many heterosoric complexes (Figj
ure 5.2) and is for example similar to that observed in (TKBTP)(TCNQ).Dz
The vacking arrangement found in the vpresent complex readily com-
ﬁares with that found in a number of other heterosoric complexes. In
particular there are siriking similarities in unii cell dimensions, space
group and lack of short intermolecular contacts (Table 5.4);
The geometry of the (DPE) molecule compares well with that of the
substituted bipyridinium cation found in (DBZPE)(TCNQ)SB The latter
is a homosoric salt and the greatest differences in the two donor species
are found in the C13-C16 and C16-C16° bond distances, [ C13-C16, 1.489(9)
(DPE) 1.612(9) DBzPE; C16-C16", 1.292(9) (2P=), 1.184(11) (DBzEFE)].
It is interesting to note that a homosoric complex is obtained from
the same reaction mixture from which the vresent (D22)(TCNG) heterosoric
complex was obtained.181 The homosoric complex crystallizes as black
needle crystals and has a room temperature conductivity of A,500 Sem .179
In contrast, the room temperature conductivity of the heterosoric (oPz)-
179

(TCNQ) is~n10 “Scm 1 and this insulating behaviour is to be ex-

pected from the structure adopted in the solid state.



Figuré 5.1 Projection of the unit cell contents in the Bc-plane
of (DPE) (TCNQ).
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Figure 5.2 Overlap of the TCNQ molecule and the
DPE molecule in (DPE) (TCHQ).
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Figure 5.3 Projection down the b-direction in (DPE) (TCNQ)
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Table 5.1 Starting Sets for the Solution of (DP2)(TCNy) in F2./c

(i) Starting Sets

h x 1 Phase ingle (°)

-4 1 2 0o )
)

-1 3 12 , 0 ) orizin determining
) reflecticns

- 1 3 o )

The following reflections were given phase angles of either 0 or 180°
and formed the multisolution starting set:

082, -202, 36 8, i 59, -1513,2110,4760,-421, 271,
=54 14, -4 94, 1212, |

(ii) Figures—of-merit

|E |-mep Parzchor M (2bs) : Phases®

1 2.290 0,985 . 4+ 4+ 4 4+ =4 =t bk o=t =
2 2.212 1.041 T T
3 1.546 0.724 b b = o= m o= = =

*The order of the reflections is the same as that given in (i), with +

- « . o .
and - corresponding to phase angles of O and 180 respectively.



Istimated Standerd Deviations in Parentheses

. °
Bond Distances (&)

Symmetry code:

none, (x’ ) Z); (’)’ (200 - %Xy, 1.0 -y, 'Z); (”>v (1-0 - X, 1.0 -y,

-2).

TCHQ

Nt N3

\ c2 c3 /
c9 ct
>C7 C!a<
CcR 5 » cl2
5 C
NJ./ : \ Ni
N1-C9 1.131(8) C1i-C2 1.452(7)
N2-C8 1.134(7) c2-C3 1.327(7)
C7-C9 1.438(7) c3-C1° 1.451(7)
C7-C3 1.448(7) g2-H2 0.949(63)
c7-C1 1.361(7) £3-i43 0.381(67)
cn clz.
TN Ci3 '\-
Na Cre—G<

\ / /

cis Cly
N3-Cl1 1.322(8) €13-C14 1.370(9)
N3-C15 1.330(8) C14-C15 1.364(9)
c11-cl2 1.397(9) C13-C16 1.489(9)
cl2-C13 1.405(9) c16-C18" 1.292(9)
016-H16 1.099

Bond Angles (°)

TCAG
N1-09-C7 177.1(7) C1-C2-C3 121.5(4)
N2-C8-CT 175.6(6) £3-C1~-C2 ' 115.8(4)
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C9=-CT-C8
9-c7-C1
€8-C7-C1
37-C1-C2
C7-C1-C3°
e
N3-C11-C12
N3-C15-C14
C15-83-C11
C11-012-C13

C12-C13-C14

113.5(4)
123.1(5)
123.3(4)
121.2(4)

121.9(4)

123,2(6)
124.7(6)
116.7(5)
118.7(6)

117.2(6)

C2-C3=Cl”
H2-02-C1
H2-C2-C3
H3-03=C2

£3-03-C1"

C13-C14-C15
C12-C13-C16
014-C13-C16
C13-C16-H16
H16-016-C16"

C13-C16-C16"

167

121.3(4)
121.2(3.8)
117.3(3.8)
122.1{(4.0)

114.4

119.6(6)
124.8(6)
118.0(6),
118.5(6)
118.3(6)
122.9(6)
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(DrE) (TCHQ)

0
TCHQ

TCNw, <
TCNa

(P20 ) (CHQ)

(Pyrene) (TCHY)

(ovrTF) (TCNQ)

(P=RYLENE) (TCNQ)

&

1.327(7)

1.346(3)

1.356

1.344(5)
1.33(1)
1.336

1.348(4)

b

1.452(7)

1.446(4)

1.434

1.425

1.4358(5)

1.45(1)

1.443

1.449(4)

1¢8

-

|

=

st

o

.361(7)
374(3)

.396

.401

.361(5)
.35(1)
377

.365(4)

—

[

=

-

[

=~

d

.448(7)

.438(7)

441(4)

.440(4)
428

417

.434(5)
431(5)

43(1)

.43(1)

434(4)

[

lo

.134(7)
.131(8)

.141(35
.139(3)

—
~J

NN NS

.135(5)
.131(5)

14(1)

.14(1)

147
.142

.150(4)

.138(5)

174

24

N
BN
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Compnlex

(Perylene)(TCHG)
(Pyrene) (TCHR)
(2PDO) (TCl)
(0MITF) ( DIMEOTCNG)

(DFE) (TCNa)

Space Group

P21/c*
PZl/c*
921/0
P21/c

P2l/c

Unit cell dimensions

o
a/d

T.32
7.14
7.037
7.097
7.262

/2

10.88

9.123
9.426
9.400

sconverted from P21/b [c as the unique axis].
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c/a
14.55

14.73
15.009
21,266

14.496

10

90.4
102.5

100.45

93.92

91.75

24
22
34

P.We



sontents

6.1 Preparation of complexes

6.1.1 Preparation of (REtPhZP)(TCNQ)z, where R = Et

or R = HMe
6.1.2 Preparation of (DC¢BP)(TCNQ)4
6.1.3 Preparation of (DEPA)(TCNQ)4
6.1.4 Preparation of (DPE)(TCNQ)
6.2 Conductivity studies
6.2.,1 Conductivity measurements

6.2.2 Results for (DHBP)(TCNQ)Z
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