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ABSTRACT

SYNTHESIS AND CHARACTERISATION OF NEW AMPHIPHILIC MOLECULES

FOR NON-L INEAR OPTICS

New amphiphilic donor-n—acceptor chromophores have heon
prepared and characterised. The LB film forming and second
order non-linear optical properties of these amphiphiles have
been investigated.

New electron acceptors have been prepared using the

reagent 2-chlorobenzylthiocyansate. The scope of the reagent
for the preparation of TCNQ derivatives has been
invest igated. New DCNQI1 and N, 7, 7-tricyanoquinomethaneimines
have been prepared and characterised. Attempts to prepare
novel donor-n—acceptor compounds from these electron

acceptors were unsuccessful. ,

The synthesis, LB deposition and CT spectra of R-Q3CNQ
(R = CgH.s to CzoHsy) and four substituted analogues have
been studied. The second harmonic intensity from Z-type
films of C, Hax—Q3CNG was found to increase quadratically
with the number of LB lLayers.

Zwitterionic amphiphiles with benzothiazolium and
thiazolium donor groups (€, Has—BT3CNQ and C.H,x-T3CNO> have

been prepared and characterised. No SHG was observed from
films of CoH,»—T3CNQ. Films of C,goHzs—RBRT3CNQ are Y-type and
optical SHG has been observed from odd numbers of layers. A

variation in SH intensity with the number of laser pulses has
been observed.

The synthesis, CT spectra and LB deposition of some new
hemicyanine derivatives have been studied. The LB films have
a Y-type structure and SHG was observed from films with odd
numbers of layers,

Novel push-pull chromophores with the 1,3-dithiole
donor group have been prepared and characterised,. The LB
deposition, CT spectra and NLO properties have been studied,
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CHAPTER ONE

INTRODUCTION TO NON-L INEAR OPTICS



INTRODUCT 1 ON

Interest in non-linear optics has grown in recent vyears
because optical technologies have taken over many areas in
which electronic techniques traditionally dominated. The
increased use of fibre-optic technologies in the
telecommunications industry stimulated the need for optical
switching and processing devices. In non-linear optics, the
interactions of electromagnetic radiation in various media to
produce new electromagnetic filelds altered in amplitude,
frequency or phase, or other propagation charactéristics, are
studied. The greatest interest is in the media in which
these effects occur; new materials for non-Linear optics are

of primary importance.

1. 1 The Origin Of Non—linear Optical Effects

The origin of non-linear optical effects can be
explained if one considers equation (1. 1> where the
polarisation, P, induced in a molecule by a Llocal electric

field, E, is expanded in powers of the etectric field.

P=oE + BE2 + yE® ....... 1.1

The polarisation, P, is a vector quantity but to simplify the
analysis it is easier to assume it is a scalar quantity. The
coefficient a is the linear polarisation. The coefficients

o, B and y are complex numbers, for o the real part is the



refractive index and the imaginary part corresponds to an
absorption of a photon by the motecule. when an
electromagnetic field is applied to media consisting of many
molecules the field polarises the molecules. The oscillating
dipoles emit E-M radiation which can be detected at some
point outside the medium. The frequency of E-M radiation
emitted corresponds to the vibrational frequency of the
dipoles. If the vibrating dipoles have more than a single
frequency component all of these are present in the emitted
radiat ion. I¥f the first non-{ inear term @®> makes a
significant contribution then the medium exhibits an
asymmetric non—-linear optical response to the applied field
E (w). Such a medium may consist of molecules with an
asymmetric charge distribution aligned in the crystal so
polar orientation is maintained in the crystal. If the
medium is centrosymmetric then B=0. This can be argued as
fol lows. If a field +E is applied then the induced
polarisation P from the first non-linear term is +8E=2, If a

field -E is‘applled the polarisation P predicted by equation

(1.1> is still +BE=, But if the medium is centrosymmetric
the polarisation should be -—-BE®=, Only if B=0 can the
contradiction be resolved. By a similar argument for the

next higher order term, vy is the first non zero non-linear

term in centrosymmetric media.



1.2 Macroscopic Non—linearities

Non—-{inear optical properties are measured on samples
that consist of  many individual molecules. On the
macroscoplc scale the polarisation induced in a medium by an

external field is given by equation (1.2).
P =g ( X4E + x2E2 + ¥oE= ....D> ...... (1. 2)

E is the applied field and the x. terms have meanings similar
to the molecular coefficients in (1.1), The odd terms in this
expression contribute to the polarisation of all materials
but the values of the even order coefficients xa2, X4 etc. are
only non 2zero if the medium Llacks a centre of symmetry.
These non-linear terms give rise to effects which may be
useful in modern electro-optic communications. Second order
(xz2) effects are especially important. One such effect is
the Pockels effect.

Pockels effect modulators can be wused to couple
electrical and optical transmission media. The modulators
operate through synchronous refractive index changes in the
modulator media with the digitally”;oded electric field of
the transmission signal. The refractive index of the media
must wvary with the applied field. This effect can be

achieved if the modulator material has a large second order



non-l inear susceptibility. Restricting equation (1.2) to two

terms gives equation (1. 3).

where X = x. + X2 ..... (1.5 But the refractive index (n)

can be related to x, through equation (1.6).

Substitution of (1.6> into (1.5) gives equation <1.7> which
describes a field dependent refractive index which is the

requirement for the modulator.

Second harmonic generation (SHG) is another effect that
can be observed from materials with Large x-=. The effect may
be explained by the use of equation 1.3, Suppose a
sinusoidal laser source. of frequency w is applied which may

be described by equation (1. 8).

E = E, Sin QCrnwt) ....., (1.8



which by substitution into equation (1.3) gives equation

(1. 9>,

P ==€s ( x,1 E, Sin2rwt) + xz EL® Sin® Qnwt)> .. ... (1.9

By using the familiar cosine formula Cos 2w = 1-2sin®u

the EZ term in equation (1. 9) becomes: -

ke, X2 EL® (1-Cos (4rnwt))

.This term represents an oscillating polarisation at the
doubled frequency.

A variety of other non-lLinear optical effects can occur
through x= and xa depending on the input frequencies, the
proximity of vibrational or electronic resonances to the
input frequencies, or frequency combinations and the phase
matching conditions, A wide variety of conditions can Lead
to interesting non-Linear effects. Various susceptibility
functions and frequency arguments are given in Table 1.1 for

Xz and X=-



Table 1.1: Electric susceptibility functions . (w,; wz, wx) for

various interacting fields. w, = resultant field,
Wa, Ws = input frequencies.
Susceptibility Effect Application
Xz (0, wz, ~ws) Optical Hybrid bistable
Rectification Device
Xa (—w,, wz, 0) Pockels Modulators
Effect
Xz (2w, , Wz, Ws? Frequency Harmonic Generation
Doubl ing
Xz (~w,, Wz, Ws? Frequency Parametric
Amplification Amplification

1.3 Materials For Non—-linear Optics

The properties of materials are vitally important to
the advancement of the non-linear optics field. Currently
three main material types are under investigation.

(G D] Multilayered semiconductor structures ( called
multiquantum wells (MAW>) and other semiconductors. Met hods
of structure production are highly sophisticated involving
molecular beam epitaxy (MBE) or chemica! vapour deposition
(CVvD).

@2 Lithium niobate devices - this technology is
advanced and devices are at the production stage. The
devices are, however, large as the non-linearity is small.

(3> Organic materials - currently the area of greatest

interest. As mentioned previously, in the design of



materials with large second order non—L inear optical
properties, the molecular hyperpolarisability must be

optimised and then oriented in a medium ( polymer, crystal,

or LB film, Studies have shown that molecules containing
cdnjugated n-electrons with charge asymmetry exhibit
extremely Llarge values of Bg.° The Largest values are

obtained when the molecule contains substituents that lead to

low=lying charge transfer resonance states (Figure 1. 1).

o-d >4 <> +DA—

+ —
D A DL A
o
A
oL
Eigure 1. 1: Charge transfer resonant states of

disubstituted benzenes.

The polarisation arises from substituent-induced asymmetry of
n-electrons, as well as the electric field-induced charge
transfer resonance state making a contribution to the ground
state electronic configuration. For the nitroanilines the
charge transfer and substituent-induced asymmetry
contributions to the molecular hyperpolarisability (B> have

been separated into two parts Bgaaa and Bce (equation 1, 10).2



The experimental values of B for a series of nitroanilines
are given in Table 1.2, Values of Baao were obtained by
vector addition of measured values of B8 for nitrobenzene and
aniline. Values for B.. were obtained from a quantum
mechanical calculation based on a charge resonance two-level
mode . There is very good agreement bet ween the
experimentally determined values for the disubstituted
systems and the calculations,

8-« has been accounted for by many different quantum
mechanical calculations (e. g Pariser—Pople-Parr calculations®
and other SCF-LCAO methods< = ), One particularly usefui
approach is the two-level model previously mentioned which

predicts that B_.. is glven by equation (1.11),

Boe = 3€2h2 FW)f AUG. o - - . (1. 11
8n2m
where F(w)= w

{W—-(2hw)>2) {(W2- (hw) 2}

W = the energy of the optical transition,

f = oscillator strength.
AUg, &« = difference between ground and excited state dipole
moments.

F(w) is a dispersion term and enhances .. as the fundamental
frequency approaches the energy of the charge transfer

function (Resonant enhancement).



Table 1.2 : Second order hyperpolarisabilities

ortho-, meta-— and ra—nitroanilines plus aniline
nitrobenzene, determined by experiment. Baaa and Boe

also given ( Values x 10®®/esu ).

B.xp Badﬁ Bct
0.‘,51_«3_;‘“42 34.5 3.4 19. 6
O,N  NH,
ét:j; 10. 2 1.7 10. 9
NH,

for

and

are



Jable 1.3 :

Calcutated values of B_..

and experimental

of B for a series of stilbene and benzene derivatives

( Values x 10®°/esu ).

Bee

S . 9

N( Me)2

217

715

_Q_\_
HATASW

Baxe

34.5

260

450

220

650

values



Good agreement was obtained between Bco. and Baxe fOor a series
of dtsubstttuted benzene and stilbene derivatives assuming
that Bece = Baxe (Table 1.3). Dutcic et al have found for
compounds (la-1c) that B depends on the Llength of the
conjugated n system. © An empirical law was found to be

obeyed (Equation 1.12).
HoB = Cn= . ... (1.12)

where K=2 and n = number of conjugated double bonds in (1).

(Me),N @ \n o

(1) : (a) n=1
(b) n=2

(c) n=3
1. 4. termination Of Secon rder Hvyperpolarisabilities

Currently there are three experimental methods for the
determination of second order hyperpolarisabilities. They
are the EFISH technique (Electric Field Induced Second
Harmonic Generation), the Kurtz Powder technique and
mono layer second harmonic generation (MSHG).

In the EFISH technique, a DC electric field is applied

to a liquid or a solution of the molecules of interest.” The



electric field produces alignment of the molecular dipoles in
the medium and removes orientational averaging effects. The
induced second order non-linearity can then produce & signal
at 2w from which B can be obtained.

In a typical experimental set-up the output of a Nd: YAG

laser (1.064umY> is split and directed into reference and
sample cell. The sample celt is translated by a stepper
motor across the beam. A high vottage DC pulse is applied to

the sample cell and simultaneousty the cell is irradiated
with laser pulses. The second harmonic (532nm) is separated
from the fundamental ((1064nm> by a system of monochromators
and filters. The second harmonic is detected by a
photomultiptier tube. The reference beam is directed into a
crystal, such as quartz, whose second order properiies are
well known. From the signal ratio of the samplie and the
reference material, the value of the non-Linear coefficient
may be obtained.

The Kurtz powder technique is a convenient method for
screening Llarge numbers of powdered materials for second
order non-linear optical activity without needing to grow
large single crystals.® The technique involves directing
laser lLight onto the powdered sample and the emitted light is
detected by a photomultiplier tube. The method enables
material selection for single crystal studies. From a study

of second harmonic intensity versus particlite size it is



possible to distinguish between phase matchable and non-phase

matchable crystalline powders (Figure 1,2),

* phase matchable

12w

not phase matchable

<">/<1c) —_—

Figure 1.2 : Dependence of second harmonic intensity on
<r>/<1c> where <r> is the average particle size and <l > is

the average Llength.

Phase matchable conditions exist in birefringent crystalline
powders where it is possible to find a direction in a
crystal in which a component of the non-linear tensor xz will
produce a harmonic wave that propagates with the same
effective refractive index as the fundamental beam.

The latest method of B evaluation is monolayer second
harmonic generation. ¥ For MSHG the chromophore is
derivatised with a long alkyl chain, typically CzoHas-. A
dilute solution of the amphiphilic chromophore is spread on
the water surface to form an oriented monolayer. The
monolayer is transferred to a glass or quartz slide and
irradiated with laser light; the second harmonic is detected

by a photomultiplier tube. This new technigque has a number

-1 4-



of advantages over the EFISH technique. The experiment
yields a direct value of B8 and there is very little
absorption of the fundamental and second harmonic because the
films are thin. Unlike EFISH, the molecular environment of
densely-packed chromophores in MSHG more nearly resembles
what it would be in an efficient non-linear optical material.
Compared to EFISH, the new technique does require extra
synthetic effort in attaching the Long aliphatic chain to the

chromophore.

1.5 e La uir Blodgett Technigue

The self assembly method of providing ultrathin organic
films was first reported by K.B.Blodgett in 1935.'° The LB
technique involves the formation of mono/multi Llayers of
molecular thickness films at an air/water interface.
Monolayer forming molecules typically possess hydrophilic and
hydrophobic end groups. A dilute solution of the amphiphile
in a volatite organic solvent is used to spread a monolayer
on the water surface.

The monolayer on the water surface consists of
dispersed amphiphiles and forms a two-dimensional scolid of
oriented molecules on compression (Figure 1.3). The
dispersed monolayer may be viewed as a two—-dimensional gas
and if the surface pressure () is small the gas obeys the

equation (1.13>. "

NnA = kT ..... 1. 13>

-15-—



Figure 1.3 : The compression of dispersed amphiphiles on =

water subphase.

D
pm—
— — ——
Eigure 1.4 : Schematic representation of an "ideal" N-A
isotherm
™
]
1
|
i
i
:
0 —_—
An=( A



LB deposition of & compressed monotayer.

5 :

Figure 1.

(Illustrated for Y type deposition)

S
LEELTLLY
BeRaRaante

LB deposition modes.

6

Fiqure 1

000000

00
00

OxX0OX00

000000

Mixed Y -type

Alternate Y -type

-17~



where A = area per molecule, K = Boltzmanns: constant and
T = absolute temperature. If the surface pressure N is
increased, the monolayer is transformed into the ordered
solid state and M and A are approximately linearily related
A schematic representation of a typical N-A isotherm is given
in Figure 1. 4. The extrapolation of the Llinear portion of
the curve to N = 0 gives the area at zero pressure which is
assumed to correspond to the cross-sectional area of a

monolayer—-forming molecule.

1. eposition Technigues

The steps involved in monolayer and LB film formation
are shown in Figure 1.5, After spreading and compression the
monolayer may be transferred onto a substrate by dipping the
substrate perpendicularly through the amphiphite-water
interface. Repeated dipping allows the formation of
multilayers. Different molecular orientations can be
achieved depending on whether the deposition is on the up or
the down stroke of the substrate. The different molecular
orientations which are obtained are designated X-,Y- or 2Z-
type structures (Figure 1.6). Also, mixed and alternate
layer LB structures can be obtained. For non—lLinear optical
applications, and particularly for GSHG, an accentric film
structure is desirable. '2 Thus, monolayer, X or Z, alternate
film and the Y-type herringbone structures are the structures

of interest.
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1.7 Non—tinear Optical studies Of LB Fiims

Since the report by Aktsipetrov et al of significant
optical second harmonic generation from & Langmuir Blodgett
film, further investigations of second order non—1| inear
optical effects in LB fiilms have indicated that such films
have excellent non~linear optical properties. '3 4%

Tieke et _al reported optical second harmonic generation
from LB films of 2-docosylamino-5-nitropyridine 2>
(DCANP)>. '® The amphiphile gives a well ordered LB film which
does not exhibit a head to tail arrangement of the molecule;
it may be viewed as = long chain analogue of 2-
cyclooctylamino-S—-nitropyridine (3> which has a large second

order susceptibility in the crystalline state, '©

N= —
HﬁCnHN—\\}' N02 02N_<\__N>— NH

2> ¢c))
The material (2> forms a stable monolayer on pure water.
Tieke deduced from the molecular packing density at film
coliapse, that a highly tilted arrangement of alkyl chains
exists in the film structure and that the possibie average
orientation of molecules of (2> on the water subphase may be

represented as in Figure 1.7,



. - el e - OzN@NH L. 2 X X X N N N X ¥ XJ
N Water

Eigure 1.7 : The orientation of a DCANP amphiphile

on a water subphase.

Consistent with theory, the SHG increases
quadratically with the number of layers of (2)>.'7 Structural
studies of the LB films, using small angle X-ray scattering,
indicates a highly ordered Y-type structure with a lLarge tilt

angle of approximately 40° (Figure 1.8).

W4
O°\\OO\\

°°\\OO\\

Figure 1.8 : Structural model for DCANP - a tilted Y type

bilayer.



This material is the first that demonstrated optical second
harmonic generation from LB films that do not have an X or Z
type structure.

The zwitterionic merocyanine dye (4) was one of the
first amphiphiltes studied after Aksipetrovs: report: a high
second order  hyperpolarisability () of 1000 % 10—3@

cm®esu—' was found. '®

+
H45022'Nl_\ \

4>

Multilayers ofrthe merocyanine dye (4) are unstable and for
device applications thick films are required (ipm)."
Alternating films of w-tricosenoic acid and the merocyanine
dye (4) were studied with this in mind. Unfortunately, the
dye has lLimited device potential since it exhibits a Y type
(centrosymmetric) LB structure and the dye is unstable (it is
readily protonated in air). During all optical measurements
films of the mercocyanine dye (4> were kept 1in a cell
containing ammonia vapour to prevent protonation.

Girling et al studied the hemicyanine dye (5).2© Other
workers have studied the methylsulphate salt of the
hemicyanine dye (6) which crystallises as a mixed crystal
with u,NﬁdlmethyLaminobenzaldehyde (7) and found a high value
of xz (~10-% esu).®? It is assumed that the hemicyanine dye

> has the Llargest B value and makes the greatest



contribution to xa. Monolayers of the hemicyanine dye (5@
and alternating multilayers of the dye (5) and w-tricosenoir

acid were studied.

Br'+ ; MeSO4.+
(4
H45C22"N__\ \ Me=N 3 \
N(Me)Q —_— N(Me)g
(5> 6>
(Me),N-@-CHo
7>

For monolayers of the hemicyanine dye (5), the optical second
harmonic intensity was found to be more than a factor of 10
larger than for the merocyanine dye (4> under comparable
conditions. In addition, films of the hemicyanine dye (5
showed no deterioration on exposure to air in contrast to the
merocyanine dye (4), The atternating multilayer <structures
did not show the coherent n2® dependence for the optical
second harmonic intensity. The reduction in the second
harmonic intensity is explained by in—-plane order which is
averaged out as the number of layers 1e increased and
effectively changes the distribution of dye orientations.
Studies of the symmetrical bilayer of dye (57 found the
unexpected observation of SHG which indicates that there must
be a difference between the twe layers.

The second order non-lLinear optical properties of mixed

films of hemicyanine dye (5> and poly(octadecylmethacrylate)



and hemicyanine(5)—-behenic acid have been studied by Hayden

et al.22 Poly(octadecyimethacrylate) is known to deposit as

Z type tayers with the alkyl side chains oriented
perpendicular to the subphase. Non—-Linear optical
measurements and n-A isotherms established that the
hemicyanine(5) - poly(octadecylmethacrylate) system is
immiscible and hemicyanine(S)-behenic acid system is

miscible,.

A series of amphiphilic twin-taited dyes (8) were
studied by Girling et al.®? The principle motive for the
investigation of the LB fiitm forming and optical properties
of these materials was the possibility that these materials
would form more fluid films, and henceA the speed of
deposition could be increased so that thicker films for

waveguliding devices may be obtained.

(R)2N \ —N-o-
N\ x002'
(8) R = CeHy3,CioHz1,CraHzy and C, aHs».

The LB film forming properties of dyes (8> were studied.
The C, and C,, derivatives gave unstable monolayers. From
the pressure—area isotherm for the C,o derivative, the aresa
per molecule (at MN=0) was found to be 50A2 which is larger
than the cross-sectional area of a pair of alkyl chains,
indicating that the chromophores are tilted at an angle away

from the substrate normal.
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Optical second harmonic generat ion studies gave
disappointing results. For most of the monolayers tested, a
high SHG signal was seen for the first pulse which reduced to
between 10% and 1% of the initial value. The behaviour may
be expiained by laser damage which gives rise to thermally
induced structural reorientation.

The SHG in alternate LB films of the diazostilbenes
(9-11)» was studied by Zyss et al.?2®2¢ Many workere have

studied alternate layer LB structures.

o /Me
stC1z—Q-N=N —@—N
NO, (9>

CO,H
Me
\
HﬂDC 02N
10>
Me\N
, -< >—NN CO,H
HasCy2 : 2
O,;N

(11
For example, the previously mentioned alternating layer films
of w—-tricosenoic acid and merocyanine dye (4).'® These filme
contain so called '"passive-active" layers, An alternative
approach is the "active-active" layer where films of
molecules with hydrophobic groups bonded to the donor group

are deposited onto an initially deposited layer consisting of
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molecules with hydrophobic groups bonded to the sacceptor
part. The film structure i{is Y type and the non-Linear
susceptibility results from the addition of the individual
non-linearities of each species. The dyes (10> and (11> were
successfully deposited in this mode. SHG was observed for
various numbers of alternate Y type tayers of ((10) and (11),
The results obtained show that the active-active structures
exhibit xz values far superior to the active-passive and Z
type films.

Langmuir Blodgett films of the amphiphilic azo dyes
(12> and (13> have been studied. == Both materials show
strong SHG with second order hyperpolarisabilities () in the

range 3-7 x 1074% C3m3J—2.

(2 RS
HasCruHN— NN T -COpH  HasCru— DN N,

a2 13

These values are comparable to that reported for other azo
dyes. 2 Multilayers of (12) and (13), unfortunately have, a
Y type structure and multilayer deposition was found to be
poor, as judged from transfer ratios and the patchy
appearance of the films. However, despite the Y type
structure of films of (12>, an increase in SHG was observed
for increasing number of layers. This was explained in terms

of incomplete cancellation by alternate layers. Molecule
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(13> has an amino group to act as the electron donor but no

obvious acceptor substituent and consequently shows weaker

SHG. It is possible that the azo linkage is acting as the
acceptor group. Films of (13) deposited from a subphase with
~an increased acidity (pH = 2.25) was found to increase the

SHG by as much as a factor of 5. This may be explained by
protonation of the amino group which moves the absorption
band of the molecule closer to the SHG frequency, leading to

an increase in SHG by resonance enhancement.

Petty et _al studied the LB fiilm forming properties and
optical SHG of 4-n—heptadecylamino—-4' —nitrosti lbene

(14), 27. 28

HasCq7HN @ \ Q NO,

(14>
However, later studies showed that the initially prepared
(14> consisted of an equimolar mixture of (14) and stearic
acid. Pure (14) could not be deposited onto hydrophilic or
hydrophobic substrates. However, the impure (14> forms
stable LB multilayers on both hydrophilic and hydrophobic
glass. The films have a Y type structure and monolayer SHG
was observed. Optical SHG has also been observed from
multilayer structures consisting of alternating layers of
(14> and cadmium eicosonate. An active—-active alternating

structure has been produced with the hemicyanine dye (5).
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The dye molecules (15) and (16) have been used in =&
study of the effect of amphiphile mixing orn SHG and

chromophore orientation in Langmuir Blodgett filme. =7

(H33C16)2N Y
\ /_ N:Me
‘ 218)
0
H31C1s)k00=NH— NH@—Noz
(1ed

Several groups have studied the effect of neilghbouring
molecules on the non-linearity of a molecule with Llarge
hyperpolarisability in an LB monolayer.3°® §SHG enhancement in
hemicyanine monolayers on dilution with cadmium arachidate
was reported by Girling et al.?? Schildkrant et al reported
a similiar enhancement. 32 tupo et al studied the effect of
dilution on spectra, non-=Linearity and chromophore
orientation of the hemicyanine amphiphile <15 and the
phenylhydrazone ester (16),°3 The bhemicyanine LB films
diluted with increasing percentages of palmitic acid were
observed to show no bulk enhancement, but a small increase in
the effective non-lLinearity at Low diluent concentrations, in
contrast to other reports. The phenylhydrazone ester (16),
which is known to have a high optical non-linearity, showed
an abnormal SHG curve: no fringes were seen which indicated
a lack of homogeneity. Dituting the films with up to 40% of

palmitic acid resutitted in "normal" curve behaviour, The



effect may be explained in terms of chromophore reorientation
by the diluent.

Nakamura et.al have studied the effect of molecular
mixing on the optical SHG of Langmuir Blodgett fiitms of the

amphiphiles (17) and (18).3+
<17 X
H37C1go N=N X
: (18> X

The chromophore (17>, with a nitro group as the electron

NO2

CO-H

acceptor, possesses a large polarity ; dipole-dipole
interactions between molecules of (17> within the LB
monolayer will be expected to prevent a paralliel stacking
structure (H aggregate). When the chromophore (17) is mixed
with the chromophore (18) one expects a mixed monolayer. The
smaller polarity of chromophore (18) should reduce dipole-
dipole interactions between molecules of (17> and thus

vertical orientation of the chromophores becomes possible.

This should L|ead to more efficient SHG in the mixed
monolayer.  Surface pressure - surface area isotherms of pure
(17) and (18) and mixtures were obtained. The amphiphile

(18) formed a stable monolayer with an area per molecule of
30R2, Amphiphile (17>, however, did not give a stable
monolayer; the area per molecule was 10A= suqggesting the
formation of crystalline domalins. SHG measurements on mixed
monolayers contesining varying concentrations of (17) were
carried out. The SHG of monolayer (17) was very smalil. The

result is consistent with the poor asymmetric orientation of



the chromophores. The SHG of the chromophore ((18) was, in
contrast, moderately large. The SHG was found to be greatly
enhanced for mixed monolayers. The authors suggest that is
consistent with the predominant orientation of polar
amphiphiles (17) normal to the film plane as a result of
mixing with chromophore (18).

The zwitterionic amphiphiles (192) &and (20> have been
studied for optical SHG in mixed Langmuir Blodgett

mono/muitilayers. 2%

+

N — CN
HyCie=N, /) o
NC CN
a9
The mixed LB film structures are 2Z type. The non-

centrosymmetric alignment is confirmed by the quadratic
dependence of the SHG with the number of layers.
The amphiphilic phenylpyrazine derivative (21) has

recently been studied by a Japanese group. 3¢

N=
stcuo—@—\\_}- COzH

21
The derivative forms thick non-centrosymmetric LB films. Up
to 200 bilayers of the material have been deposited by the LB
technique. This corresponds to a thickness of more than 1um

and is a useful thickness for non-lLinear waveguides. The LB



multilayers are transparent from the visible to the near
infrared region, making them applicable to a wide range of
wavelengths. X-ray diffraction studies proved that the
amphiphiles are oriented normal to the substrate surface in
the LB film A long spacing of 5nm was calculated from the
diffraction peaks. This value is just smaller than the sum
of the molecutar tengths of (21> (2.83 nm) and arachidic acid
(2. 90 nm). Optical studies show that the SH intensity has a
quadratic dependence on film thickness from 1 to 200
bilayers.

The optical SHG of azobenzene dyes (22> and (23> were

investigated by an American group. ®7

HO(CHz)n—@—mN —@—N%

(22> n

6

23> n 22

[}

Langmuir Blodgett studies show that neither (22) nor (23
forms high quality monolayers on water. However, stable
films may be obtained when (22) and (23> are mixed with
stearic acid prior to spreading on the subphase. Y type
(centrosymmetric> Langmuir Blodgett deposition studies of
stearic acid: (22>(4:1] and stearic acid: (23>[2: 11 were
successful: the films may be transferred onto glass or quartz

slides. Attempted Z type deposition gave cloudy films. For



non—-centrosymmetric L8 multilayer films of stearic
acid: (23>[2: 11 with stearic acid alternating Llayers the
second order signal was found to be quadratically dependent
on the number of LB layers.

In vconclusion. Langmuir Blodgett films of donor-n-
acceptor amphiphiles are promising materials for the
fabrication of non-linear optical devices. Amphiphiles which
will deposit mulitilayer structures up to pm thickness offer
potential for waveguiding devices. The ease of thin film
processability is the great advantage of the LB technique.
Further researéh into improving thermal and mechanical

stability should further improve this cilass of material.

1.8 Organic Crystals For Non-Linear Optics

The initial interest in the search for materials with
large NLO properties concentrated on inorganic materials (e.g
LiNbOs, KDP etc.>.®® Alongside the development of thin film
NLO materials, organic ¢rystals have been extensively
studied. In organic crystals, the bulk second order
hyperpolarisability is preserved if the material has a non-
centrosymmetric crystal structure, A comparison of x= for
inorganic crystals and organic crystals is depicted in
Figure 1.9. From the comparison it can be seen that some
organic materials have second order bulk susceptibilities
greater than the best inorganic materials. Furthermore, the

organics have greater chemical stability and are more useful



in that they have increased transparency and recistance to
laser damage.

A range of nitroanilines <(e.g 24-30) exhibit large
second order non—-LlLinearities. 4—-Nitroaniline and

2-nitroaniline crystallise centrosymmetrically thus x. is not

preserved. ®% However, 2-methyl-4-nitroaniline (MNA) (25)
crystal lises non-centrosymmetrically. ¢® The material
exhibits strong SHG with Xz =6 x 107 esu. This value is
approximately S x 102 Llarger than that for potassium

dihydrogen phosphate (KDP).

NH2 NH2 NOQ
Me g\!( Me
4 !
(24> 2 -0
(25> (26)
Me_ CO,Me
Y
HN Me N(Me), NH
NHCOMe
27> NO, NO,
28> 29

Me—@— CH=N_©_NOQ

(30>



Meredith et.al studied the second order optical
properties of a range of trans-stilbene salts (31-38)
(Table 1.4). 47 The methylsulphate salt (38> was found to

have a second order powder efficiency an order of magnitude

greater than MNA. It is the highest known value of -
reported to date for a crystal. The non—-iinearity was found
to be dependent on the anion: the iodide salt (34) showed

no non-linearity, whereas the tetrafluoroborate salt (36)

showed good SHG.

Table 1.4 : Second Order Optical properties of salts (31-38)
relative to m-nitroaniline (determined by the Kurtz powder

technique).

Crystalline powder Relative harmonic intensity
m-Nitroaniline 1
(31> X=I- 0
(32) X=105" 0. 01
(33> X=NOz~ 0.5
(34) X=C,HsCH=CHCO>"~ 1.8
(35) X=ClO,~ 5
(36> X=BF,~ 10
(37) X=ReO,~ , 18
(38) X=MeSO,~ 30




Figure 1.9 : Comparison of x= for organic

and inorganic crystals.’
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1.2 Polymers For Non-i inear Optics

Polymers are the subject of intense research because of
the ability to tailor molecular strucéures which have
inherently fast response times and large second and third
order susceptibilities, 2 Polymers provide synthetic and
processing options that are not available with semiconductor
and single crystal materials, as well as excellent mechanical
properties, environmental resistance and high laser damage
thresholds. Currently there are three main areas of
investigation; polymeric solid solutions, main chain polymers

and side chain polymers.

1.9.1 Polymeric Seolid Solutions

In order to cover large areas with optically non-!inear
fitms of sufficient thickness for monomode waveguiding, non-

lLinear polymers can be deposited via spincoating or dipping

techniques. Thicknesses ranging from 0 - 20 microns can be
obtained. One approach is to dissolve a polymer host,
together with optically non-linear guest molecules, in a

suitable solvent, followed by deposition onto a substrate.
During the spinning or dipping step the solvent evaporates
leaving behind a smooth film The thickness of the film
depends on the concentration of the solution and on the type
of substrate.

However, after the deposition the system is most

probably centrosymmetric. By applying a strong electric

..35.—



field the permanent dipoles of the optically non-linear
molecules in the polymer matrix are oriented by the field
thus breaking the symmetry and yielding a non—-centrosymmetric
méterial. Electric field poling of the initiailly isotropic
system yields optically non-lLinear materials. In order to
allow the NLO moieties fo rearrange themselves in the polymer
host during the ppling step, the polymer has to be heated to
above its glass transition temperature (T), where the
polymer exhibits a strongly reduced viscosity. By successive
cooling to below the Tg, while keeping the poling field on,
the obtained polar order can be frozen in.

Polymeric solid solutions have several disadvantages.
The amount of optically non—-lLinear guest molecules that can
be dissolved 16 a polymer host is restricted to a maximum of
ca. 10% (by weight). At elevated temperatures orientational
relaxation and segregation of the rather mobile guest
molecules can occur, causing the sample to become electro-
optically inactive again, and highly scattering due to

crystalline growth.

1. 2.2 Main Chain Polymers

In order to increase the concentration of active
molecules in a polymer matrix and decrease the possibility of
segregation and orientational relaxation after poling, the
NLO moieties are built into the polymer backbone to obtain a
méin chain polymer. The disadvantage of this type of polymer

is that large molecular fragments must change their



orientations in order to achieve a non—centrosymmetric

system during the poling step.

1.92.3 Side Chain Polymers

By attaching optically active molecules as side chains
to the polymer backbone, the concentration of these molecules
in the polymeric system can be increased. Moreover, the side
groups are again not free to migrate, thus preventing
segregation and orientational relaxation after electric field
poling. However, contrary to the main chain polymers only
side groups need to be poled..

The advantage of the side chain polymer approach is that
large areas can be covered and poled. The polymers .are
compatible with many type of substrate. The polymeric
properties can be tailored by changing the structure of the
backbone, the active group or the connecting spacer. Further
low temperature deposition and shaping techniques are

possible.
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2.1 Introduction
The synthesis of 7,7,8,8-tetracyano-p~quinodimethane
(TCN@) derivatives is important in the development of the
understanding of the unusual electronic properties of organic
materials with TCNQ as a component. +® However, the potential
of many TCNQ derivatives remains unexplored as their
synthesis is not straightforward. Our interest was in the
incorporation of substituted TCNG@s into zwitterionic
donor-n-acceptor structures.
Initial synthesis of TCNQ derivatives i(nvolved
Knoevenagel condensat ions of malononitrile with
1, 4—cyclohexanedione (39) to give 1.4—bls(dlcyanomethylen9)—

cyclohexane (40) (Scheme 2. 1), *4

NC._CN NC. __CN
O
i) i
—- —f
o NC“"CN NC” "CN
39> 40> 41a>
Scheme 2. 1: (i) CHz(CN),, B-atanine; (ii)> Bry, pyridine.

Oxidation of (40) in the presence of pyridine and bromine
gave TCNQ (41a) in 80% yield. This method has been used to
prepare methyl-TCNQ and 2, 5-dimethyl-TCNQ. 45

Palladium catalysed nucleophilic aromatic substitution

reactions have proved useful in the synthesis of TCNQ



derivatives. Takahashi et al prepared a range of phenytene
dimalononitrile derivatives eqg. (43> from iiodoarenes
(e.g 420 and malononitrile anion in the presence of

tetrakis(triphenylphosphine)palladium (0> (Scheme 2. 2), ¢%. &7,

NC._CN
CH(CN),
MeO , 4B MeO [0 MeO
OMe OMe
CH(CN). NC”CN
42> 43)
Sc e 2.2 : (1) CHz(CN)>z, NaH, Pd((PPPhg),, THF,
Derivatives (43) are readily oxidised to the TCNQ
derivatives in the presence of Brx/pyridine. The procedure

is quite general and has been used to prepare the new TCNQ

derivative (44) (Scheme 2.3).*

44>

Scheme 2.3 : (i) HIO,=Iz; (ii) CHz(CN)2, PdClz(PhsP)2,

oxidation, NaH.



By a similar strategy Staab et al prepared tetramethyl-TCNQ
(41b> via the diodoarene (45) by a copper catalysed procedure

(Scheme 2. 4). 4°

| CH(CN), NCCN
Me Me <> Me Me G Me Me
—_— —_—
Me Me Me Me Me Me
l CH(CN),
NC™ "CN
4> (41b)>

Scheme 2. 4: (i) CHy(CN>z, NaOMe, Cul, HMPT, 2h, 100°(C;

(ii> Bra.

TCNQ derivatives may be prepared by TiCl, catalysed

Knoevenagel condensations of 1, 4-benzoquinones with
malononitriie/pyridine. 5° The procedure is capricious and

only seems applicable to tetrasubstituted derivatives e.g the
preparation of 11, 11,12, 12-tetracyancanthraquinodimet hane
(TCNAQ 47> from 9, t0—anthraquinone (Scheme 2.5, %

Tetramethyl—-TCNQ (41b) has been prepared by this procedure. %2

/o) NC. _CN
i I
LD — Q0
o) I
NC”™ "CN
47
Scheme 2.5: (i) CHz(CN>z, TiCl,, pyridine.
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Alternatively benzene-1,4-dicarbonylchlorides can te
converted to TCNQ 41a> via a two-step procedure employing
the cyanating agent cyanotrimethylsilane, TMSCN (48>, =3
Treatment of terephthaloylchloride (49> with reagent (48> and
pyridine gives 1,4-bis(dicyanotrimethylsiloxymethyl)benzene
(501, Compound (50 may also be prepared from
terephthaloylcyanide (51) (prepared from terepthaloylchloride
and copper(i)cyanide). Treatment of siloxy derivative (50)
with phosphorus oxychloride-pyridine gives TCNQ <(4ta) ptus
the dichloride f52) which can be converted into TCNQ (41a) by
sodium borohydride. 2,5-dimethyl-TCNQ, bromo-TCNQ and

tetramethyl-TCNQ have been prepared by this procedure (Scheme

2.6),. S
COCN (i
v>
(iv)
COCN\\\
(51) OTMS Cl
cocl Ne—-on  NONCN
(Li)
+
CcocCl NC—+=CN
CN
49 L Cl NC
50) (52> 41a)
Scheme 2,6 : (i) TMSCN (48>, pyridine; <(ii) POCla, pyridine;

(iiil) NaBH,; (iv)d CudidCN; (v) TMSCN (48>, pyridine.

-~



Wheland and Martin have reported a synthetic route to

TCNGQ derivatives starting from the corresponding

p—-xylylenedihalide (53>.%4 The synthetic steps are shown in

Scheme 2. 7.

CHpX ) CH,CN NC.__CO,Me
R? SN R R' (i) }
R? R? R2
CHpX CH,CN
(53) (545 NC"_"CO,Me
(55)
X = Br or Clt
L(iii)
f NC.o.CN GOsMe
NC—1-CN . NC—+CN
R3 Rt V2 g3 R' iV R’
n— Affr—
R? R? p2
NC—-CN NC—-CN
NC°_CN
H CO,Me
58) (57> (56)
l {01
NC._CN
R3. R! R', R2 and R® = Hal, OMe. . . ..
R?
NC™ "CN
TCNQR'R=R=
Scheme 2.7 : (i) NaCN ; (ii) NaOMe/ (MeO>,CO ; (iiid CNCL;

(iv) KOH ; (v) HCL.
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Reaction of dihalide (53> with sodium cyanide gave the
dinitrile (54). Treatment of (54) with sodium methoxide and
dimethylcarbonate in benzene establishes an equilibrium with
the dianion (55). Cyanogen chloride was added to the mixture
to afford the diester (56) which on base hydrolysis and
decarboxylation gives the dianion (57). Acidification with
hydrochloric acid gives the dihydro-TCNQ (58> which on
oxidation yields the TCNQ derivative. This method is very
versatile and it has been used to produce twenty one TCNQ
derivatives. The disadvantages of this route are the number
of steps involved and the need to use the highly toxic and
expensive gas cyanogen chloride. The requirement for
efficient alternative methodology has been recognised.

Our investigations have concentrated on alternative

routes to prepare the key intermediate (58). A source of
electrophilic cyanide, other than cyanogen chloride, was
clearly required. Staab et al reported that the reagent

2-chlorobenzylthiocyanate (59) was a convenient alternative
to cyanogen chloride for the preparation of tetramethyl-
TCNQ. 4% After initial investigations by Dr M Hasan in our
laboratory, we have investigated in detail the scope of
reagent (59> for the preparation of TCNQ derivatives.
Reagent (59) is a shelf stable, non-toxic tiquid which can be
readily prepared from 2-chlorobenzylchloride (60> and
potassium thiocyanate in Llarge amounts (e.g 50g batches)

(Scheme 2.8).
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CH,Cl CH,SCN N(Me),

cl > © A8
— |

B +N
(60) (59) CI:N
61>

Scheme 2.8 : (i) KSCN

Currentty there is great interest in sources of
positive cyanide, e g 1-cyano—4-(dimethylamino)pyridinium
bromide (CAP) 1) has been used to prepare
2-cyanoimidazoles. = Thiocyanates have rarely been used in

this context.

2.2 Synthetic Studies

The general synthetic strategy used for the synthesis
of TCNQ derivatives (41c~41f),(67) and (69 is shown in
Scheme 2. 9. The method involved bromination of substituted
p—-xylene derivatives 62> with N-bromosuccinimide and
reaction with sodium cyanide to give 1, 4-di<(cyanomethyl)
derivatives e, g (64). Di(cyanomethyl) arenes (64c—-64e),
(64gd>, (b66) and (68> are all known compounds. Derivatives
(64c>, (b4d) and (b4g) were prepared from the corresponding
dihalo compounds (63c), (63d) and 63g> as described
previously. Compound (64f) was prepared from <(«63f) by the
standard procedure. 2, 6-Di (cyanomethyl)naphthalene 68>

could not be obtained pure: a small amount of 2-bromomethyl-



é6—cyanomethylnaphthalene (ca. 10-15% as judged by 'H n.mr
and elemental analysis) was always present as a contaminant
The dinitriles (464) were deprotonated using four equivalents
of Llithium diisopropylamide (LDA)Y; subsequent reaction with
four equivalents of thiocyanate reagent (59> introduced two
more cyano dgroups to vyield dihydro-TCNQ derivatives (45).
The dihydro-TCNQ derivatives (65> can be isolated but it is
simpler to oxidise crude dihydro-TCNQ derivatives (45> with
bromine to TCNQ derivatives without prior isolation. By this
method TCNQ derivatives <(41c—-41f> and (67) were prepared in
35-45% yieild from dinitrile starting materials. Yields of
the TNAP derivative (69} were lower [ca.20%) partly because
the dinitrile (68> could not be obtained pure. Compound
(41f)> is notable as it is a new TCNQ derivative containing a
functionalised carbon substituent of which there are few
examples.

Attempts to prepare the unknown tetrachloro~-TCNQ <41g)
by this procedure were unsuccessful. Oniy three cyano groups
could be introduced into the system to yield the compound
(70) (Scheme 2. 9>; none of the desired tetracyano compounds
(419> or (65g9) could be obtained. However, the results
obtained for compounds (41c-41f) have established that the
reagent (59> is versatile in that both electron-donating and
electron—-withdrawing substituents on the benzene ring of

compounds (64) can be tolerated.
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Scheme 2.9 : (i) NBS, AIBN ; (ii> NaCN ; (iti> LDA, reagent
(59>, HCL ; (Civ) Bra.
Me CHgBr CH,CN
R4 R‘ (ii> R‘ R‘
—_—
Ra R2 R3 RZ
Me CHzﬂf CH,CN
62> 63) (64)
*(1i1)
NC. _CN H
. NC CN CH,CN
R gt (iv) gt R! cl cl
R
R? R? R? R? cl cl
NC CN NC CN
NC™ "CN H H
41 (65)
N N (70D
CH,CN c l ¢
i)y, (ivd
cO — U
I
CH,CN NC™ CN
(66)
67>

CH%”Q(lLL),([

NCCHj OO

68)

69>

Rt R=2 R R4+
(&) H H H H
(b Me Me Me Me
(c) Cl H Cl H
(€D Br ] Br M
(e) OMe H OMe H
“ COzMe H H H
(g’ Cl Clt Ct Cl
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2.3 X-Ray Crystal Structure Of 2, S-Dibromo-TCNQ_ ¢41cD

The hitherto difficult preparation of this TCNOC
derivative has resulted in few reports of charge transfer
complexes or anion radical salts of this acceptor. ¢ %7 The
structure of the neutral molecule (41d> has not been
reported. of interest are the possible interstack
interactions between the polarisable bromine atoms (Cf.
chalcogen-chalcogen interactions which are important in
stabilising the metallic state in organo-sulphur and -

selenium donor systems®®).

The X-ray crystal structure of <4td) is shown in
Figures (2.1-2.3). The molecule is essentially planar with
Caz,~ symmetry (Figure 2.1). The C.z,-C. s> bond bends in the

plane of the ring away from the adjacent bromine atoms,
presumably for steric reasons, such that the bond angle
Cca>-Ccz25~Ccan:> is 118.6(4>° while C 4,-C(2:-C(,, is opened
to 125.4C4)09, Consistent with this, one CN group of the
dicyanomethylene unit is also bent away from the bromine atom
with bond vangles Ceas—Cca>—Ccas = 120. 040 and
Ccn>—Cca>—Ccay = 128.8(4)0, The CN group adjacent to the
bromine atom deviates significantly from lLinearity: the angle
Ccars—Cce>—Nczs = 177.9(5)0, The molecules of compound 4Sd)
pack in a herringbone fashion in the unit cell with close

intermolecular N....Br contacts as shown (Figure 2.3>, but

there are no close Br....Br contacts.



Figures 2. 1-2. 3: X-Ray Crystal Structure of

2,5~-Dibromo-TCNGQ 41d>
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2.4 The Synthesis, Electrochemistry And X-Ray Crystal

Structure Of Some New N, 7 7-Tricyanoguinomethaneimines

2.5 Introduction

7,7,8, 8-Tetracyano-p—quinodimethane (TCNQ)> (4t1a) is an

electron acceptor of major importance &s a component of

materials that display unusual physical properties, e. g
non—L inear opticatl properties, ~° high electrical
conductivity®?, ferromagnet i sm*® and possibly molecular
rectifications’. Derivatives and analogues of the eacceptor
are of great interest. ¢= N, N' -Dicyanoquinonedi imine

(DCNQI> (71) derivatives are a new class of acceptors
discovered by Hunig.®® The synthesis of acceptors (71> 1is
easily achieved by cyanoimination of quinones with
bis(trimethylsilyl)carbodiimide (BTC). TCNQ derivatives

are commonly prepared from the appropriate qguinone and
malononitrile in the presence of titanium tetrachloride and
pyridine (Lehnert's Reagent). The method has been used to
prepare a range of TCNQ derivatives most of which are

tetrasubstituted (e. g tetramethyl-TCNQ <(41b)),

CN CN
NC_ _CN
N N
NC” ~CN N NC;ECN
NC
(41a) (72h)

(71)

- P



Bryce and Davies recently reported the first =acceptorse in the
N, 7, 7-tricyanoquinomet haneimine (72h) series; these can be
considered as hybrids of the TCNQ (41a) and DCNQI (71>
systems. ¢« We have now extended these initial studies to
inctude the synthesis of several new derivatives and studied
their electrochemistry. X-ray crystal structures of the
tetramethyl derivative ((72m> and trimethyl derivative (72n)
have been obtained. Variable temperature 'H n.m.r spectra of
derivatives (72n) and (72p) have been studied. - Derivatives
of system (72h> could not, however, be incorporated into D-N-
A zwitterions, analogous to (41a>, by cyanide displacement.

2.6 gynthesis of N, 7, 7-tricyanoquinomethaneimines (72h — 72r)

Some of the reactions which are reported to vyield
TCNQ (41a) derivatives were found to follow a different
course in our laboratory. Cowan et al showed that treatment

of duroguinone with malononitrite and t!ehnert's reagent

ylields tetramethyl-TCNQ (41b> In ca. 55 % yield == In our
hands, when this reaction was performed on 1-3 mmol of
quinone, under a variety of conditions including those

described by Cowan et al, no tetramethyl-TCNQ was obtained
The mono(dicyanomethylated) product (74m) was izolated
(max yield 26%) and a phenolic product ¢75m)
(15 % - 30 % yield) (Scheme 2. 10).

After extensive investigation of wvarious reaction
conditions, we have found that tetramethy!-TCN@ (41b) s
formed, under Cowan's conditions , only when the reaction is

carried out on & larger scale (i.e. >1.0g, = 6 mmol of



duroquinone 73m). A highly exothermic reaction occurs upon
adding titanium tetrachloride to the reaction mixture under
these conditions. The phenotic product (75m> and
tetramethyl-TCNQ (41b) were obtained; no quinomethide (74m)
was formed.

Scheme 2. 10: (i) CHz(CN>z, TiCl,, pyridine; (ii> TiCl,, BTC.

NC.__CN
R4 R!
+
RS R2
(74> (75>
(LD
NC._CN
R4 R!
RS R?
NC
(72>
R1 RZ RS R4-
h H H H H
kD —CH=CH- ~CH=CH- —CH=CH- ~CH=CH~
am Me Me Me Me
(2P H Me Me Me
(> H Me Me H
@ ~8-(CHz? 2—~S~ -8-(CHz) -5
(r ~CH=CH-CH=CH- ~8-(CHz)~-S-
(s) Me Me H H

(@ ) Ci Cl Ct ClL



A range of Aquinomethides (74h-74r) (typically 25-40 % yieidd:

and phenolic products (75h~7Sr> were obtained from
p-benzoquinones (73h-=-73r>. When the reactions of guinones
(73n) and (73p)> were conducted on > é6 mmol scale ¢ an attemnt
to prepare the unknown 2,3,5-trimethyi-TCNQ and 2, 6~

dimethyl-TCNQ> onlty quinomethides ((74n), (74p) and phenaolic
productes (75n) and (75p) were obtained. Qurinones <73e) and
(73t> gave complex mixtures which resisted purification,
Attempts to prepare TCNQ f41a) and  TCNAG a7y from
p-benzoquinone and anthraquinone by the published procedures
were unsuccessful. Reactions of quinomethides (74h}, (74m)
and (74n> with malononitrile and Lehnert's reagent,
hopefully to introduce a dicyanomethylene group, gave only
the phenolic products (75h), ((75m) and (75n) and ther= was no
evidence for the formation of the corresponding TCNG

derivative.

Recently, other workers have reported the failure of
Lehnert's reagent for the synthesis of TCNQ derivatives
Becker et _ al obtained only mono(dicyanomethylated: product
(76 along with the phenolic product 781, from thé

tetracyclic quinone system (77) <(Scheme 2.11), =%

It has been suggested that the heterocyc!ic ovrygens in
(76> might deactivate the carbtonyl group to attack hy the
malononitrile anion and prevent the formation of the TOMNQ.

Within our series of quinomethide derivatives (74h-74r) this
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electronic effect may operate in compounds (74g) and (74r)

but it cannot explain our results with (74h-74p>.

COUG - CO0 - COre

NC™ "CN 7 "CN
77> (76 N 78>
cheme 2. : (i) CHa(CNY> o, pyridine, TiCl,.

One possible explanation of our results is steric crowding in

the quinomethides (74>, The only TCNQ derivative we have
obtained is tetramethyl-TCNQ (41b), The intermediate
quinomethide (74m) will be more sterically strained than the

other quinomethides, with the exception of (74k) ( which is
known to be non planar from X-ray analysis®®)., The distorted
conformation of (74m> probably makes the O atoms of the
carbonyl group more accessible to complexation by titanium
tetrachloride.

Quinomethides (74h-74r) reacted with bis(trimethyl-
silyl) carbodiimide in the presence of titanium tetrachloride
to give N,7,7-tricyanoguinomethaneimines (72h-72r> in
65-80% ylield. Japanese workers reported compounds (72h) and

(72k) prepared by this route at the same time as the initial



report from our laboratory of this reaction. They reported
that compound (72h> was unstable and oligomerises in polar
solvents (THF, MeCN)> after 24h, &7 However, we have found
that quinomethaneimine (72h) is stable for several days in
acetonitrile solution from which it can be recovered
unchanged in quantitative yield. Reaction of p-benzoquinone
derivatives (73q) and (73r> with BTC and titanium
tetrachloride gave as major producte the DCNQI derivatives
(79> and (80), respectively; compound (81) was obtained as a

minor product.

CN CN
CN
N; Nr" N/
COO OO O
S - S S S
N N 0]
ool NC”
79 80> B1)

2.7 Elggtrochemiéat Studies

The electrochemical redox properties of acceptors
(72h-72r> were studied by cyclic voltammetry and the data is
shown in Table 2.1, For t he parent N, 7, 7~

tricyanoquinomethaneimine (72h) the first and second half-

wave reduction potentials are, predictably, close to the
values for TCNGQ@ (41> and DCNQI (71) (Figure 2. 4>, For
N, 7, 7-tricyanoquinomet haneimines (72m), (72n> and (720,

there is a predictable Llowering in electron affinity with
methyl substitution. Sulphur substitution increases the

acceptor ability; compound (72q) is the strongest acceptor in



the series and compound ¢7ir> s among the strongest DUONG!
acceptors known (Figure 2.5, This trend ics concicstent with
the known electron withdrawing property of S atoms konded o

double bonds.

Table 2.1 : First and second half-wave reduction potentials
of N, 7, 7-tricyanoquinomethaneimines (72h-72r)>, TCNQ (413> snd
tetramethy!-TCNQ (41b>. a. This work; versus AQg/AgClL,

electrolyte 2 x 10 -2 M Bu.N*ClO.~; Pt working electrode,

scan rate 100 mV sec™' using a BAS Electrochemical Analyser
n. o - not observed.

Compound Solvent E',.=/V E=, 2/V AE 7V

72h MeCN +0. 14 -0, 42 0. 58

72m MeCN -0. 03 -0.23 0.20

72n MaCN +0. 07 -0. 41 0. 48

72p MeCN +0. 11 -0. 43 0. 54

72r CH-C! - +0.17 -0, 22 0. 39

41a CH:Cl2 +0. 11 -0. 31 GC. 42

41c CHaCl 2 -0, 252e) 0. 00
The value of AE ite related to the C(oloumbic repulsions

resulting from the addition of two electrons to an acceptor.
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Within compounds (72h-72r) the tetramethyl compound (72m)> has

a markedly Llower value of AE (0.20V) compared to other

derivatives, This value of OE is intermediate between that
for tetramethyl-TCNQ (AE = 0.00V> and tetramethyl-DCNQI
(AE = 0. 44V). This may be explained on steric grounds:

tetramethyl-TCNQ has a severely distorted ring skeleton as
revealed by a single crystal X-ray structure. Other
tetrasubstituted TCNQ's have &a non planér structure (e. g
TCNAQ, analogues of TCNAQ, tetracyanobianthrgquinodlmethane)
while, in contrast, tetrasubstituted DCNQI derivatives, e.g
(71b>, are essentiatly planar. Planarity is maintained in
the DCNQ! derivatives as the NCN group,being smaller than the
C(CN>; group, can bend in the plane of these dertvatlvés. In
contrast, the C(CN), groups are forced out of the plane and
the tetrasubstituted TCNQ ring distorts into & boat

conformat ion.

10=
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ure 2.4 : Cyclic Voltammogram of (72h).
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2.8 w¥=Ray Crystal Structures Of Compounds (72m) and (72n)

The ring of tetramethyl derivative 72m> is distorted
into a boat conformation (See Figure 2.7). The following
three planes were defined as follows: plane 1 by atoms
C(4),C(5> and C<13>; plane 2 by atoms C(7>,C(9 and C(11);
plane 3 by atoms C«(5>,C(7) and CC11), The angle between

ptane 1 and plane 3 is 29.81°%, while that between plene 2 and

plane 3 is 21.83°. Therefore the ring is more distorted
about the bulky CCN>, group that the NCN group. In
contrast, the trimethyl derivative (72n) is essentially

pltanar (Figure 2. 8).

N2 N1

N4

Eigure 2.7: X-Ray structure of (72m)
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Eigure 2.8 : X-Ray structure of (72rn)

2.9 Variable Temperature Proton N M R Spectra Of (72n) and
(72p>

The proton n.m.r spectra of compounds ((72n) and (72p)

are of interest. The sgpectrum of (72p)> at 20°C consists of
a broad singlet at 2.50 ppm and a singlet at 7.37 ppm. On

cooling to 0°C the spectrum consists of two doublets.



(Figure 2.9>. The proton n.m. r spectrum of (72n)> at 10°C
consists of a narrow singlet at 2.59 ppm and broad singlets

at 7.36 and 2.32 ppm On warming to 30°C the spectrum

changes to four narrow singlets centred at 7.36, 2.59, 2.56

and 2.35 ppm. The observed splitting is caused by flipping

of the cyano group attached to nitrogen. Similar wvariable

temperature proton n.m r results were obtained by Hunig et al

for symmetrical/unsymmetrical N, N' -Dicyanoquinonedi imine

(DCNQTLY (71 derivatives, ©°

t=0%C t = 300¢

JL l
M J

1 +z i L ——————

8 7 3 2 6&/ppm 3 2 &/ppm
t=20°C t = 100C

e LL B'.

PRSI SRS P

3 2 6/ppm

8 7 3 2 6/ppm

Eigure 2.9 : Variable temperature proton n.m r spectra of

N, 7, 7-tricyanoquinomethaneimine derivatives (72n> and (72p).



CHAPTER THREE

SYNTHESIS, LB DEPOSITION AND NLO PROPERTIES

OF R-Q3CNQ CHROMOPHORES




3.1 Introduction

As described in Chapter 1 there is currently great
interest in molecules which consist of donor and acceptor
moieties linked via a n electron bridge because of their non-
linear optical applications. Special attention is focused on
second order non-linear effects such as Second Harmonic
Generation (SHG) or frequency doubling. The magnitude of the
second harmonic response is governed by the bulk second order
hyperpolarisability (xz?, and is maximised when non
centrosymmetric alignment of +the molecules éllows max i mum
contribution of the second order molecular
hyperpolarisabilities B to Xxa. Non centrosymmetric
aligrnment of amphiphilic D-n-A molecules can be achieved by
LB deposition.<? At Cranfield the interest in NLO materials
stemmed from the synthesics of Z-B-(1-methyl-2-pyridinium)-a-

cyano—-4-styryldicyanomethanide (82> (P3CNQ).

Me

_y ¢
N\ 7/ C_N
NC CN

82>

The zwitterionic ground state is confirmed by X-ray
crystal lography. 7° | The molecular geometry of P3CNQ is
shown in Figure 3.1, The bond lLengths in the pyridinium ring

and the tricyanoquinodimethanide unit are benzenoid and not



quinoid. The pyridinium ring is twisted out of the plane of

the quinodimethane ring by 30. 13°. The overtap of two P3CNQ
molecules, stacked along the b axis, ts shown in Figure 3. 2.
Figure 3.1 : Ortep Piot Of P3CNQ

Figure 3.2 : Overlap of two P3CNQ molecules along the b

axis.

The chromophore has the highest recorded
theoretical second order molecular hyperpolarisability of

1270 x 10—3° cm®esu~' at 1. 064pm, calculated by the Pariser-
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Parr-Pople method. 3 This high value can be contrasted with

0.45 x 10-9° cmSesu~' for urea”!’, 200 x 10-3° cm®esu-' for
hemicyanine (5>2° and 1000 x 10-3° cmPesu~' for the unstable
merocyanine dye (4>18, The non—linear potential of

amphiphilic derivatives of P3CNQ was quickly established. Z-
B—1-(1-Alkyl—-4-pyridinium)-a~-cyano—4~-styryldicyanomethanide

(R-P3CNQ@> derivatives were prepared. The R-Q3CNQ zwitterions
forms stable Z type films which exhibit SHG. Attention
turned next towards the related quinolinium derivatives

R—Q3CNQ.

+

+—
'R-'N\ 7N\, QP ' R=N \ / \
e havat

R-P3CNQ _
R = CHs to CazoHan R-Q3CNQ

We have made an extensive study of the LB film forming and
non—1linear optical properties of these and related

derivatives and it is this work that is presented here.

3.2 Synthesis Of R-Q3CNQ Derivatives

The R-Q3CNQ zwitterions were prepared from the reaction
of a lepidinium halide with either LiTCNQ or neutral 7,7,8, 8-
tetracyano-p~quinodimethane (TCNQ) and piperidine,. The other
N-alkyl derivatives were synthesised similarly and
substituted 2,5-dibromo 83>, 2, 5-dichloro (84), 2,3,5, 6-

tetrafluoro (85> and 2, 3-benzo (86) analogues were obtained



from substituted TCNQ@s by the published procedure. 72 The UV~
VIS solution spectra of wunsubstituted R-Q3CNQ are chain
length independent. The absorption spectrum of CgaH,--Q3CNQ
(Figure 3.3) consists of a broad-top transition at 710 + 5 nm
with maxima at ca. 348 and 378 rm The broad-top transition
is solvatochromic and is shifted with decreasing solvent
polarity, from 710 + S nm in acetone (u = 2.88 D). A

transition from an ionic ground state to a neutral excited

state is consistent with this behaviour. The [R spectra
indicate a zwitterionic ground state. A comparison of the
stretching frequencies of the R-Q3CNQ homologues ( a

doublet at 2180 and 2150 cm~ ') with those of TCNQ® and TCNQ™

indicate a zwitterionic structure.

R? R= R= R+
20> H H H H
83 Br H Br H
84) Ct H Clt H
85> F F F F
86 H H -CH=CH-CH=CH-
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Figure 3.3 : Absorption Spectrum of (a)> CgH,>—Q3CNQ

3.3 Langmuir Blodgett Films of R-Q3CNQ

An investigation into the LB film forming properties of
atkyl homologues of R-Q3CNQ@ ( for R = CHs to CaoHas > using
a two compartment Nima technology trough was carried out.
The materials were deposited in Z type mode at a surface
layer pressure of 25 mNm™—'. LB films of R-Q3CNQ (R2 C.H,,>
were obtained, from the molecular areas, given in Table 3.1,
a transition in alignment occurs at R = C,sHs,. The
molecular area (at 1 = 0) where the surface pressure
increases is 100 - 120 Rz for R2 C,sHs, and 50 - 70 Rz for R
§ CyaHzs @ this indicates a different tilt angle at M = 0 in
the monolayer (Figure 3. 4), The calculated cross—-sectional

° o]
Van der Waals area ( 30A2 )Y and face area (114 A2) of the



chromophore indicate that for R 2 C,gHs, the chromophore face

lies flat on the water subphase.

40
la)
{b)
0
s 0t
E
"
104
0 1
0 50 100 150
area/A2 molecule~'
Figure 3.4 : Surface Pressure (1) vs. Surface Area lsotherms

of (a)CgH,>—Q3CNQ; (b)> C, Hxx—Q3CNQ (20)

3.4 Charge Transfer Spectra

The LB film spectra are shown in Figure 3.3 and the
spectroscopic data in Table 3. 1. The general profile of the
LB spectra is essentially the same as that of the solution
spectra except that the position and the width of the CT band
is altered. In acetonitrite the CT band is at 710 + S nm for
all the homologues. The position of the CT band of the LB
spectra is dependant on the chain length e.g. for LB films of

CeH,3—Q3CNQ to C,,H2—-Q3CNQ the band is shifted to 614 + 4 nm



(HWHM = 37 + 2 nm) and for C,sHz,-03CNQ@ to CacHa.,~-Q3CNQ it

occurs at 565 + 4 nm (HWHM = 22 + 1 nm).

Figure 3.5 : UV-VIS LB spectra of C, . Hs3—Q3CNQ

0.020 |- n

0.05 -

0.010 |-

absorbance per monolayer

0.005

400 600 800
waveiength/nm

This shift may be attributed to a change in molecular

alignment resulting in a change from an intermolecular CT

band (614 + 4 nmd to an intramolecular transition
(565 + 4 nm), This change can be explained if one considers
the molecular areas at N = 25 mNm™'. The areas per molecule

[
of 28 - 30 A2 for CgH,2-Q3CNQ to C,4Hz+-Q3CNQ are in close

. o
agreement with the cross-sectional Van der Waals area of 30A2
of the widest part of the chromophore, i.e. the quinolinium

donor, Therefore, the alignment is nearly perpendicular to
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Table 3.1

(wavelength,

:Molecular

areas

and

spectroscopic

data

absorbance and half widths at half maximum) of

the R-Q3CNQ LB filims.

o)
area/AZ2 at

alkyl group Amax absorbance HwHM
(R 25m Nm—? (nmd per layer (nmd
n—Hexyl 29 610 0.014 37
n-Hepty! 28 614 0.017 39
n-Octyl 32 616 0. 020 37
n—Nony L 30 617 0.018 35
n-Decyt 34 616 0.017 39
n—Undecy! 30 616 0.018 38
n—Dodecyl 30 613 0,018 37
n-Tridecy! 31 615 0. 022 36
n-Tetradecyl 28 614 0. 020 37
n—Pentadecyl 40 561 0.016 22
n—Hexadecyl 47 565 0. 020 22
n-Octadecyl 50 565 0. 020 23
n-Eicosyl 48 568 0. 020 21
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the substrate and the band at 614 nm must be intermolecutar

as the intramotecular transition moment and electric vector

are orthogonat. For C,sHs,-Q3CNQ to CrooH..—Q3CNQ, the area
per molecule at N = 25 mNm~' suggests that the chromophores
are tilted towards the plane of the substrate. The

transition at 565 nm probably corresponds, therefore, to an
intramolecular transition.

Both CT bands are in evidence for LB spectra of

C,sHs 1, —Q3CNQ. wWhen deposited at N = 40 mNm~'+ the main
absorption band occurs at 614 nm, while at M = 25 mm™?’ at
S61 nm, with a broad shoulder above 600 nm ~The two

pyridinium analogues (see Table 3.2) have intermolecular and
intramolecular CT bands observed in both LB and single

crystal spectra.

Table 3.2 : Wavelengths of intramolecular and intermolecular
charge transfer bands of quinolinium and pyridinium

zwitterions,

Zwitterion Intramolecular Intermolecular
CT band/rnm CT band/nm
CHa—aP3CNQ 538 806
CeHy3—P3CNQ 495 + 4 634 + 4
R—-Q3CNG S65 + 4 614 + 4




3.5 Analogues of C, . Hss—Q3CNQ <20

The spectral data for C,.Hss—Q3CNQ (20> and four
substituted analogues are summarised in Table 3.3, The
zwitterions are Llisted in order of increasing transition
energy. Mulliken CT theory states that HOMO-LUMO transition

energy is given by equation (3.1).73

Ect = (EL_ o - E-a' o _E.-_-) + 2t=2/ (EL. o - Eaa_ ~ = E:) v e (3. 1
E..o = ionisation energy of the donor part of the molecule.
Eca,.a = electron affinity of the acceptor part of the

molecule.
Ec = Coloumb energy.

t = transfer integral.

The approximation that the second term 1s small
compared to the first, applies unless E., , o and E, . are
closely matched. Applying the approximation to equation

(3. 1) gives: -

For R-Q3CNQ@ and derivatives substituted only at the
acceptor end, E,,o and E. can be assumed constant, and E..
depends only on the electron affinity of the acceptor part.
Values of Egqa, o for the phenyldicyanomethanide group are not

avalilable but Ega., . may be roughly approximated to the half-
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wave reduction potentials of TCNQ and its derivatives. The

effect of substituents on the position of the CT band is a

hypsochromic shift with increasing half-wave reduction
potential. For example, Xmax<{LB film> = 623 nm for the benzo
analogue (86), S65 nm for unsubstituted derivative 209y,

S45 nm for dichioro,dibromo analogues (84) and (83>, and 480
nm for the tetrafluoro analogue (85). Substitution may be
used, therefore, to alter the wavelength of the CT band away

from the position of the second harmonic in a controlied way.

3.6 Non-Linear Optical Properties

The quinolinium zwitterion <(20) should possess a high
second order coefficient on a theoretical basis by analogy
with the pyridinium zwitterion R-P3CNQ. SHG studies were
carried out on LB films of C,,Hs3-Q3CNQ (20> using the
apparatus schematically shown in Figure 3. 6. The films were
irradiated with Light from a Q switched Nd: YAG laser (1.064
pm; pulse width 10 ns; repetition rate 2Hz) with the p-
polarised beam incident to the substrate at 459, SHG from a
Y cut quartz plate reference and LB film were monitored
simultaneously wusing fast rise-time photomultiplier tubes
(Phillips XP2020) and a dual channel Hewlett-Packard 541110

digitising oscilloscope.
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Nd:YAG laser —— ™M
PMT Fe e REF k=
- I s
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pur. 7 i LB film " A
I — | —% \ —— | i M
Figure 3.6 : Schematic diagram of the SHG apparatus: A,

attenuator; M, mirror; s,beam splitter; F=2,visible blocking
filter; REF,Y-cut quartz plate; F', infrared blocking filter;
F®,532 nm narrow bandpass filter; PMT, photomultiplier tube;

P', halfwave plate; P2, Glan Thompson filter; L, lens.

Table 3.3 : Wavelengths of solution and LB film CT bands for
CieHs3—Q3CNQ 20) analogues together with the half-wave

reduction potential of the TCNQ from which they were

prepared,
Zwitterion CT band CT band E,w/V
(CHaCND B fitm
Amax/nm{eV) Amax/nm{eV)>
Ci16Hax»—Q3CNQ 742 C1. 67> 623 (1. 99 -0. 09
(benz)
CieHss—Q3CNQ 7121, 75> 565 (2. 20> +0. 17
C:6Has—Q3CNQ(ClLz)> 602¢2, 06> S45 (2. 28> +0. 41
CieH3x—Q3CNQBrz> 602¢2. 06> 545 (2. 28> +0. 41
CieHas—Q3CNQF L) 565¢2. 20) 480 (2. 59 +0, 53




Figure 3.7 : Square root of the normalised second harmonic

intensity of C,sHss—Q3CNQ (20) vs. number of LB layers
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The intensity of the second harmonic for the
Ci eHas—Q3CNQ 20> LB film is compared with that of
hemicyanine (5) which is known to have a high B, in Figure
3.7, The C,,H3s—Q3CNQ (20> films have a non centrosymmetric
Z type structure, in contrast to hemicyanine films which are
Y-type <(centrosymmetric),. The bulk susceptibility of the
bilayer <(and all even numbers of Llayers> is =zero. For
CicHa3—Q3CNQ (20> the SH intensity was found to increase
quadratically with the number of LB layers, consistent with
theory; the data corroborate the Z-type structure. For
Y-type hemicyanine films the incorporation of a spacer layer
between the chromophores is necessary to achieve the non
centrosymmetric alignment for SHG. Spacers are not required
for C,.,Has—Q3CNQ (20) because non centrosymmetric Z-type

alignment can be achieved.
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CHAPTER FOUR

SYNTH S g8 POSITI AND NLO PROPE ES

OF R-BT3CNQ AND R-T3CNQ CHROMOPHORES




4.1 Introduction

Currently the synthesis and second order non-linear
optical properties of donor-n-acceptor chromophores is the
focus of much attention. As mentioned previously the

interest at Cranfield stemmed from the preparation of Z-8-71-

Methyl-2-pyridinium})-a—-cyano-4-styryldicyanomethanide P ZONG
82>,
Me
=+
WA ey
NC CN
82>

The reaction of donors (D) with acceptors (A) has led
to the preparation of a vast number of charge transfer =zalts
and complexes. P3CNQ (82> was prepared from the Lithium salt
of 7,7,8,8-tetracyanc-p-quinodimethane (LiTCNQ and 1, 2-
dimethylpyridinium iodide in acetonitrile. 7% The formation
of P3CNQ was unexpected; in ethanol the expected product C a

charge transfer salt of 1:1 stoichiometry > was formed.




Scheme 4. 1: Possible mechanism for the formation of P3CNQ.

Me f\lﬂe
|
N a) TCNQ™ N (a) 1/2TCNQ
/‘Me"(b) —> ( =CH, «
— (b) CsH44N — +1/2H, TCNQ
87> 88) (b) C5H11ﬁH
TCNQ
f\lﬂe
Me
\-N i cn THeM |+ CN CN
7N - - (N CHy—} < > (-
NC CN = CN CN
82> 89>

The intermolecular overlap of the P3CNQ molecules gives zero
net dipole moment together with D*A— stacking along the b
axis.

The substitution of cyano groups of 7,7,8,8-tetracyano-
p—quinodimethane by nucleophilic species has been described
by workers at Du Pont. 73 Neutral TCNQ and piperidine can be
used Iinstead of LiTCNQ. A possible mechanism for the
formation of P3CNQ is shown in Scheme 4. 1.
1,2-Dimethylpyridinium ilodide (87> is readily deprotonated in
basic media to give the monomeric anhydro base (88). The
anhydro base (88) reacts with neutral TCNQ to give the
zwitterionic donor-sigma—acceptor intermedtate 89,
subsequent Lloss of HCN gives the product zwitterion P3CNQ

82>, If the mechanism proceeds via a resonance stabilised
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anhydro base ((88) then 1,3-dimethylpyridinium iodide shoutd

not react in the same way as the intermediate anhydro base is

not stabilised. Consistent with this proposal, the 1, 3-
derivative did not vyield a zwitterion under identical
reaction conditions. Furthermore, 1, A-dimethylpyridinium

iodide does give a zwitterion from reaction with LITCNG or
TCNQ/piperidine.

The preparation of a related =zwitterionic donor-
acceptor compound (90) from N, N, N' ,N' —~tetramethyl—-p-phenylene
diamine (TMPD)> and 7,7,8,8—tetracyanoperfl@orpo—p—
quinodimethane (TCNGQF,) was reported by workers at Du Pont. 7
Reaction of donor TMPD and acceptor TCNGQF, initialty led to
the formation of a charge transfer complex of 1:1
stoichiometry. SLoQ crystal growth of the compiex led to

isolation of crystals of (90): the single crystal X-ray study

of which revealed a dimeric structure.

_@_ CNFF

20>

The amphiphilic derivatives of P3CNQ (e. g C, Has—P3CNQ
have been the subject of Iintense study. The high second
order theoretical coefficient of P3CNQ prompted the synthesis

of Z-B-(1-hexadecyl—-4-pyridinium)-—a-cyano-4-styryldicyano-
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methanide C,  Hys—P3CNQ 19). Ci6Haz—P3CNQ was prepared from
1-hexadecyl—4-methylpyridinium bromide and LiTCNQ using the
procedure described for P3CNQ. 7% C, H33-P3CNQ forms a stable
LB monolayer up to a surface pressure of S0 mNm~'. From the
surface pressure versus surface area isotherm the area per
molecule (at N = 0) was found to be 100:2. For C,sHa=—P3CNQ,
the face area was calculated to be 100:2; therefore, the
hydrophilic chromophore must Llie face down on the water
subphase at N = 0. C,sH3s—P3CNQ forms Z type (non

centrosymmetric> films on hydrophilically treated quartz

sl ides. The charge transfer band of C,Hs=—P3CNQ in
acetonitrile occurs at 645nm. The band is bhlue shifted 150
nm to 495 rnm and narrowed HWHM = 27 rnm (HWHM = 76 nrnm -

solution spectra> for the LB film.

LB films of C,,Hax—P3CNQ are photochromic; they are
bleached by radiation at wavelengths which overitap the charge
transfer bands. 77 Ashwell et g8l assign the switching to
intramolecutar charge transfer from the negatively charged
dicyanomethanide acceptor part to the donor (the pyridinium
ringJ. The photochromic switching of C, Hya~P3CNQ in
solution is shown in Figure 4.1 Photochromically switched
solutions of C,.Hsa-P3CNQ slowly recolour through thermal
photochromic reversion. Ashwell found that LB films of
CieHas—P3CNQ are readily bleached, and the bleached films

show no signs of thermal reversion even after one year.
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Figure 4.1 : Photochromic switching of C, Hzs—P3CNQ

LB filme of C, Hxs—P3CNQ and the quinolinium derivative
CieHas-Q3CNQ exhibit optical second harmonic generation.
Ashwell et al have studied the quadratic non-lLinear optical
properties of mixed films of C, Hxx—P3CNQ and C, Hys-Q3CNQ. 72
The structure of the mixed films is Z type. This was
confirmed by optical SHG measurements - the quadratic
dependence of the optical second harmonic intensity with
number of LB Llayers corroborates the non centrosymmetric
structure. The charge transfer spectra of heteromolecular LB
films show a single transition at a wavelength dependent on

the mole fraction of C,_ . Hsx—Q3CNQ. The charge transfer LB
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spectra of heteromclecular filme are not the combination of
charge transfer LB spectra of C, H3,—P3CNQ and C, . Hs.-Q3CN.
The presence of a single LB charge trancsfer bsnd for
heteromolecular LB films of C, . Hax=s—P3CNQ anda C,_Hs2a-Q3CNQ
indicates that mixed film= are not phase separated but are an
organic alloy.

The successful 22 type LR deposition and efficient
optical second harmonic generation of films of C, Hy3-P3CNQ
and Ci16Hs=—Q3CNQ suggested t hat the amphiphilic
benzothiazolium_ derivative C, . Hs=—BT3CNQ (21> should show
interesting non-linear optical properties. The thiazolium
derivative C,H,s-T3CNQ (?2) was also identified as a retlated
target molecule, the synthesic of which would clearly be more

demanding.

C15H33 Me

+ | +

@N\ H13Ce \E N
CN CN
s” \ - sh_@..(-
NC CN NC CN

C,oHaz—BT3CNG CoHys-T3CNG
(91) (92»

4.2 Synthetic Studies

(1) Z-B-(N-n-Hexadecyl-2—-benzothiarol ium)-o-cyano-

4-styryldicyanomethanide (91) (G, Hza—BT3CND)

C,eH3»—BT3CNQ was prepared as outlined in Scheme 4. 2. N-n-
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Hexadecyl—-2-methylbenzothiazolium iodide (94> was preparec by
heating a mixture of 2-methylbenzothiazole (93) with ore
equivalent of n—-hexadecyliodide at 90°C for 48h. Reaction of
salt (94> with 7,7,8,8, -tetracvano—p-quinodimethane and p-
methylpiperidine gave C, Hxs=-BT3CNQ (91> in &3% yield as
green microcrystals. The ionic ground state of C, Hys—BT3CKN2
is indicated by the IR spectra: a comparisorn of the cyanide
stretching frequencies of (,,Hax—-BT3CNG <(a doublet at 2180
and 2150 cm~')> with those of TCNQR° and TCNO~™' indicate &

zwitterionic structure.

- CygHaa

: |
N Cid "'r!l
©S\>-Me — @: Y—Me
S
(93)
(94)

il i

L
s’ \ C_N
NC CN
(91>

Scheme 4.2 : (i) C, Hsa1, 200°C; (i1)> TOCNQ;

(Lil) N-methylpiperidine.

Ciid A range of N-alkyl-BT3CNQ, —benzoxazole and
benzoselenazole derivatives (95-99> were prepared and
charactericed. The spectroscopic and analytical data are

summarised in the experimental section.
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(iit)Y Z-B-(N-Methyl—-4-hexy!-2-thiazol ium —a-cvano-

4-styryldicyanomethanide (22) (C.H,—T3CNQ

The synthetic procedure used to prepare C.H,=—-T3CNQ i¢e

shown in Scheme 4.3 . Reaction of l-octene ((100) with
N-bromosuccinimide in aqueous dimethylsulphoxide aave
1-bromo—-2-octanol (102> in 80% vyield. Oxidation of the

alcohol (102> with acidified sodium dichromate solution gave
1-bromo-2-octanone (o3 in 82% yietd. 2-Methy!-4-
hexylthiazole (104> was prepared from 1-bromo-2-octanona
(103> and thioacetamide in refluxing ethanol by the method of
Hantsch. A mixture of 2-methyl-4-hexylthiazole (104> and one
molar equivalent of dimethylsulphate was heated at 90°C for
1h to afford 2,3—dimethyl—4¥hevylthiazolium methylsulphate
(105> =as a purple oil. Reaction of salt <105 with the
Lithium salt of TCNQ in refluving acetonitrite gave green

microcrystals of C.,H,5s—T3CNO (92> in 72% yield.
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Scheme 4.3: (i) NBS/DMSO/Hz0; (ii) KaCrz0-/HaS0.;
(iiid MeCSNHz: (iv)> (Me0)>.S0./90°C;

(v) LiTCNQ/N-methylpiperidine.

4.3 Langmuir Blodgett Deposition Of C,  Ha=—BT3CNQ(91>

The film forming properties of C, ;H1x-BT3CNQ were

investigated wusing & two-compartment Nima Technology LB

t rough. Monolayers of (91> were spread from sotutions of
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CieH3s—BT3CNQ in aristar dichloromethane onto the pure
water subphase (MilliQ, '83MQ) of one compartment (A which was
isolated from the second compartment (B> by a <curface
barrier. C,,Hxs-BT3CNQ forms a stable monolayer; the surface
pressure versus surface area isotherm is shown in Figure 4.2

At & surface pressure (1) greater than 50 mMm=' the film
col lapses. LB filme of C,.,Has—BT3CNQ were transferred onto
hydrophilically treated quartz slides at a surface pressure

of 25 mNm~—' at the rate of 0. 15 mm Sec—!

4.4 LB UV-VIS Spectra And Optical Second Harmonic Generstion

The UV-VIS LB spectrum of freshly deposited films of

C,e6H3>—-BT3CN@ show absorptions at 568 nm and at 652 nm
(broad> with corresponding absorsances per monolayer of ca.
0.007 and 0.012. The absorbances at 568 rnm and 652 nm are
assigned to intramolecular (IRCT> and intermolecular («(INCT)
charge transfer bands, respectively, by comparison with the
Kramers-Kronig transformed single-crystal absorption spectrum
of the pyridinium analogue Z-B-(1-methyl-2-pyridinium)-a-
cyano-4-styryldicyanomethanide (82). The structure of the
deposited LB film of C,.,Hss—BT3CNQ is thermally unstable;
after annealing at 500C for = 4h there is a marked change in
the UV-VIS spectra compared with the pristine film. The
intramolecular charge transfer band fades while the
intermolecular band 1s enhanced (absorbance per monolayer =
0.012) and sharpened (HWHM = 22 nm). The UV-VIS LB spectra

of monolayere of pristine and annealed films of C,.,Hs3-BT3CNQ



i

are shown in Filgure 4.3 | As mentioned previously {(Sectior
3.4, the quinotinium analogues R-Q3CNO show either an [RCT
band (R2C,sHa,> or an INCT band (C.H,5¢R<C,4Hzs)> but not
both. The UV-VIS LB spectra of R-Q3CNQ are dependant on
moiecular tilt and, therefore, for C, Hz3—BT3CNQ the change
upon heating may be attributed to a change in molecular
orientation.

Langmuir Blodgett muitilayers of C, . Ha.a—BT3CNQ have = V¥
type structure (centrosymmetric) and optical second harmonic
generat ion has been observed for odd numbers of |ayerc. The
intensity of the second harmonic varies with the number of

laser pulses for an LB monolayer of CyeHa=s—BT3CNQ

CGFigure 4.4 For freshly deposited fiilms, the second
harmonic intencsity is negligible for the initial laser
pulsesg, while for subsequent pulses the second harmenic

intensity increases to 10-30% of the value for monolayer LB
films of quinolinium zwitterions CieHs2—-Q3CNQ and t he
hemicyanine dye (5). This wvariation in the second harmonic
intensity may be explained by (i) a change in LB structure
(the initial increase)> and (ii) laser damage (the subsequent
decrease). The pulses of IR radiation (1.664pm) probably
cause a change in the film structure so that the second
harmonic intensity is resonantly enhanced by the proximity of

the increasing IRCT band at S$64 nm.
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Figure 4-2 . Surface pressure (1) versus surface area

isotherm for C, Hsx—BT3CNQ.
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Figure 4.3 : UV-VIS LB spectra of monolayers of

C 1 éHaa_BTSCNQ.
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Figure 4.4 Variation of the SH intensity with the Nd: YAG

laser pulses. The signal intensity for the C, H35-BT3CNQ
film is relative to the Iintensity from =a monolayer of

hemicyanine (5).
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4.5 Langmuir Blodgett Deposition Of C.H,>~-T3CNG@ (925

Monolayers of C,H,3-T3CNQ were spread from solutions of
CsH,.s—-T3CNQ in aristar chloroform onto the pure water

subphase MilLli@, 18Q of compartment CAY. The surface



pressure (1) versus surface area icotherm was obtained ~~
compressing the monolayer at 100 cm® min~' (Figure 4.5), The
compressed film is stable wup to a surface pressure of
= 40 mNm™'. At surfece pressurecs above this the film begins
to collapse. tB filme of C.,H,5-T3CNQ were tranz=ferred onto
hydrophilically treated glass slides at a surface pressure of
30 mNm=*. Transfer ratios were close to 100%.

4. 6 LB UV-VIS Spectra And Optical Second Harmonic Generat ion

The UV-VIS LB spectrum of freshly deposited monolayers
of CegH,2—-T3CNQ shows an absorption at 482 rnm with an
absorbance per monolayer of 0.0446 (HWHM = 15 nmd. The
UV-VIS spectrum of a monolayer of C,H,3-T3CNQ is shown in
Figure 4.6 . LB multilayers of CoH,»-T3CNQ can be

successfully deposited onto hydrophilically treated glass

sl ides. The UV-VIS LB sespectrum of & 5 layer film of
CeH13—T3CNQ is shown in Figure 4.8 . The spectrum shows the
expected absorbance increase of the band at 482 mtm in

accordance with the number of layers deposited.

Single pulse SHG measurements were performed using a
Nd: YAG laser (X = 1.064pm; pulse width, 10 ns; pulse energy,
<t mj> with the beam at an angle of 45¢ to the film. SHG
measurements were performed on monolayer and five layer filme
of C.H,s—-T3CNQ. No measurable second harmonic signal was
obtatned from a monolayer of CgcH,5-T3CNQ even at high Llaser
powers. Similarty, the five layer LB film of C.H,5-T3CNQ
gave no observable second harmonic signal at low or high

laser powers.
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Figure 4.5 .

Surface pressure (1 versus area isotherm for

CeHi1a-T3CNQ.
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CHAPTER FIVE

SYNTHESIS, LB DEPOSITION AND NLO PROPERTIES

OF SOME NEW HEMICYANINE DERIVATIVES




5.1 Introduction

Accentric Langmuir Blodgett films represent promising
approaches to high-efficiency SHG materials. 7% One of the
earliest reports, by Girling et al, of optical SHG from a
Langmuir Blodgett multitayer concerned | -docosyl—-4-[2-

(dimethylaminophenyldethenyllpyridinium bromide (5). 2%

HasCop—N
ST\ N(Me),

(5)

This hemicyanine derivative (5) was deposited in
monolayer and multilayer films and the second order optical
properties investigated. Langmuir Blodgett multilayers of
hemicyanine (5) have & Y type structure <(centrosymmetric).
Monolayers of derivative (§=D] exhibit SHG: the signal
diminishes for the bilayer and all even number of layers.

The incorporation of a spacer layer in the chromophore layers

allows accentric aligmnment of the amphiphiles. The spacer
molecule used for the hemicyanine derivative (5) was
w—tricosenoic acid. For LB multilayers of alternate layers

of (5> and w-tricosenoic acid, the observed second harmonic
intensity was found to increase superlinearly and not

quadratically with the number of layers.



The second harmonic non-linear optical properties of

80, 81

hemicyanine analogues, (106> and (107>, have been studied
MeSO4 v
Me=— N
\ N\
N(R),
(108>
R
Me—N, 2\ " =
NR "e=N 2\
OR
107>
(108)

R = C,aHs>

Monolayers of the hemicyanine dye (106) were deposited
by the LB technique onto quartz slides. Optical second and
third harmonic generation has been observed from the
monolayers. The optical second order hyperpolarisability (8)
was found to be 2.1 x 10727 esu; for hemicyanine derivative
(5 a value of 0.2 x 10727 esu has been reported. The
increase in B is assigned to the more charge-asymmetric
configuration and hence stronger n—n* absorption band which
is centred at 418 nm,

Monolayers of the hemicyanine derivative a1o7
deposited onto glass slides were found to exhibit strong SHG
when Iirradiated by a Nd:YAG laser. An enhanced opticat
second harmonic signal for (107> was observed as compared to
hemicyanine derivative (5), An SHG intensity of 110 + 10

a.u. Carbitrary units) was observed for derivative (107> and
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for the hemicyanine (5) an 5SHG intensity of 15 + 5 a. u. The
increase for the N-stilbazene (107) was unexpected. In the
seme report, the O-stilbazene derivative (108 was shown tao
form monolayers on glass which gave an SHG intenrcsity of
12 + 2 a.u, compared to 15 + S & . u for hemicyanine derivative
5)5. The authors assign the SHG increase for the N-
stilbazene (107) to resonant enhancement. LB multilayers of
(107> and (108> have a Y type structure; no SHG signalse from
bilayers of these materials is consistent with this
assignment.

Recently there have been reports of attempte to obtain
non centrosymmetric thin films of hemicyanine derivatives. 2
One novel approach to thin film production involves a
self-assembly technique initially developed by Sagiv.®?® The
synthetic strategy for the formation of self-assembled layers
of the stilbazolium chromophore precursor (109> is shown in
Scheme 5.1 . Reaction of hydroxyl groups on the cilicate
surface with triiodosilane gives the initial substrate-bound
intermediate (110). Quaternisation enables the introduction
of self-assembled chromophoreé with high second order
coefficients (B). Finally, & multilayered polymer backbone
consisting of two silicon layers and an internal PVA layer is
introduced transverse to the chromophore stacking direction.

The polymer layer is added to enhance structural stability.



Scheme 5.1 : The self-assembly of stilbazolium

o3
chromophores.

CH,!
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Conditions: (i) benzene, 25 °C; (ii) reflux in n-PrOH; (iii) Cl,Si-
OSiCl,08iCl, in THF; (iv) poly(vinyl alcohol) in DMSO.
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The resulting self-assembled layer has an architecture where
the chromophores are aligned to form an H aggregate and
anchored at the donor and acceptor ends. The self-assembled
films were found to adhere strongly to glass and are
insoluble in the majority of organic solvents.

Optical SHG measurements of multilayers of the self-
assembled chromophores were carried out using a Nd: YAG laser,
No in—-plane anisotropy was observed from films rotated about
the film normal. This indicates that the chromophores are
aligned untaxially about the substrate normal and that there
is a high degree of order in the films. This is corroborated
by the almost complete destructive interference of SHG from a
sample with monolayers on each face of the glass substrate.
From the SHG data an average orientation angle (y> btetween
the chromophores and the substrate normal was found to be
approximately 31-390°. The macroscoplic second order
coefficient (Xzz.z,.=) was found to be 2 x 10 -7 esu for the
superlattice film The optical SH intensity increased
quadraticatly with the number of layers and is consistent
with the non centrosymmetric alignment.

The use of spacer layers in LB multitayers of
hemicyanines to increase the optical SHG efficiency has had
only Limited success. An exciting recent development is a
report by Ashwell et al of the bhighest observed second
harmonic intensity from a rmultilayer tLangmuir Blodgett
film &+ They have studied the SHG properties of films of

the hemicyanine dye (111> and the salt (112>, The new
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hemicyanine derivative (111) with the indide counterion was
found to give an optical SH intensity two to four times that

of the hemicyanine standard (5> (bromide counterion),

|
HasCo2

The new amphiphilic spacer group (112) was found to
give (B films with the hemicyanine dye (111> where the N-

docosanyl chain of (111) interdigitates with N-octadecy!

chainsg of the spacer group (<112). The arrangement may be
viewed as a "molecular zip". Low angle X-ray diffraction
provides evidence of the interdigitation. A d spacing of

43A is 18R shorter than the calculated Van der Waals Length
of 61:. Optical SHG measurements on interleaved LB films
were carried out. The second harmonic intensity [relative to
hemicyanine (5>] was found to increase quadratically with the
number of bilayers. A 200 layer fiim gave a second harmonic
intensity 18,300 times the docosylhemicyanine value.
Recent work shows the cont inued importance of
hemicyanines in non-linear optics; therefore new derivatives

are attractive synthetic targets. The synthesis, L8
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deposition and NLO properties of come hemicyanines containing
the benzothiazolium group was, therefore, undertaben and the

results are reported here.

5.2 Synthetic Studies

(1) C,e—Hemicyanines (113a-113cd)

The hemicyanines were prepared as shown in Scheme
(5. 2. 4-Aminobenzonitrile (114> and 1-bromooctadecane in
hexamethy | phosphoramide at 120°C yielded 4—~octadecy!
aminobenzonitrile (115) as a white solid 84 %). Treatment

of the nitrile (115> with 1. 1M diisobutylaluminium hydride in
toluene solution yielded 4-octadecylamincbenzaldehyde (116D
in 76% yield. ®® Condensation of aldehyde (116> with N-alky!l-
2-methyl iodide salts (117a—-117e) in refluxing ethanol in the
presence of a catalytic amount of piperidine gave new

hemicyanine amphiphiles (113a-113d> in 80-87% yield.

(2> Cgo—Hemicyanine (118)

The salt (105> was prepared as previously described;
reaction with p=~N, N-dimethylaminobenzaldehyde in the presence
of piperidine gave 2-[2'—-(4-dimethylaminophenyl)ethenyl]-4-n-

hexytthiazollum methylsulphate (118> in 60% yield.



Scheme S5.2: (i) C,aHs>Br; (ii) DIBAL/toluene

i
HQN-Q— CN ———pp H37C13HN—©— CN

(114> (115>

l i)

R3
Rz:ﬁ '>_ Me
*r
J

R1

(117a-117d>

7c,,HN-@-\_<x R?

(113a-113d>

+ MeSO + MeSO.,
H43Cs v H13C6
1 }Me _5 1 }'\_@_N(Me)
@ 2
(Me),N CHO
€105)> 2 (118>
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Table 5.1 : Hemicyanines prepared as outlined in

Scheme 5.2
Compound R’ R= R X Yield (%)
(113a)  Me —CH=CH-CH=CH~- S 84
(113b) CieHs> ~CH=CH-CH=CH- S 82
(113c¢) Me ~CH=CH-CH=CH- 0 80
(113d> Me Me H S 87
5.3 Langmuir Blodgett Alignment Of Cg—Hemicyanine (118)

A Nima technology two compartment LB trough was used to
investigate the film forming properties of the C;-hemicyanine
(118>, A 1.0 mg ml—' solution of Cg-hemicyanine 118> in
aristar dichloromethane was spread on the pure water subphase
of combartment A, The amphiphile did not form a stable
monolayer; the material was soluble in the water subphase and
therefore unsuitable for LB deposition. Hence monolayer SHG

of Co—hemicyanine (118> could not be studied.

5.4 Langmuir Blodgett Deposition of Hemicyanine (113a) and

Hemicyanine (113b>

Ultrasound was used to enhance dissolution of
hemicyanine (113a> &and hemicyanine (113b> in aristar
dichloromet hane. Clear solutions were obtained by
filtration. The solutions were spread on a pure water



subphase MilliQ, 18MQ) of compartment (A) which was isolated
from the second compartment (B> by a surface barrier. The
surface pressure versus surface area isotherm of hemicyanine
(113a) is shown in Figure 5. 1. The monolayer of hemicyanine
(113a) is stable up to a surface pressure of &40 mNm~'; above
this pressure the film collapses. The surface pressure versus
surface area isotherm of hemicyanine (113b> is shown in
Figure 5.2. A plateau at 30 mNm~' is observed which is
associated with a molecular reorganisation. On compression
at surface pressures greater than 30 mNm™', there is a
further rapid decrease in area per molecule untit 50 mNm™?
where film collapse is observed. The motecular area (at N =
0) where the surface pressure increases is 200-210 %2 for the
initially compressed filim, whereas on recompression this
value is reduced to 130-140 %2. It is possible that the
molecular reorganisation may involve reorientation of one
alkyl chain so that the monolayer is more densely packed.
Monolayers of hemicyanine (113a) and hemicyanine
(113b) were transferred by withdrawal of the bhydrophilic
substrate through the subphase-LB film interface. Substrates
were glass slides pre-treated by (i) &acetone wash (iil)
ultrasound in water (30 min.)> (iil) ultrasound in 2-propanocl
(30 min.>D (iv) immersion in 30% w/v hydrogen peroxide
solution (24h.)> (v) pure water wash (vi) dried by blowing
with nitrogen. Monolayers of hemicyanine (113a) and
hemicyanine (113b) were transferred at 30 mNm—', Transfer

ratios were close to 100%.
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Figure 5.1
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Figure 5.2 : Surface pressure versus surface area isotherm of
hemicyanine (113b) (&) Initial compression

(b> Recompression.
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Figure 5. 3: UV-VIS solution spectra in aristar
dichloromethane (a)> hemicyanine (113a).

(b> hemicyanine (113b).
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Figure 5. 4:UV-VIS Langmuir Blodgett spectra of

(a) Monolayer hemicyanine (113a) deposited at M = 371 mNMm—*
(b> Monolayer hemicyanine (113b) deposited at N = 31 mNMm—?
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5.5 UV-VIS Solution And LB Spectra

Monolayers of hemicyanine (113a) and hemicyanine
(113b> were successfully transferred onto hydrophilically
treated glass slides as judged by monolayer/multilayer UV-VIS
spectra. The solution spectra of hemicyanine ((113a) and
hemicyanine (113b> in aristar dichloromethane are shown in
Figure S. 3. A single band centred at %31 nm (HWHM = 70 nm)

is present in sotlution spectra of both hemicyanine (113&) and

hemicyanine (113b> An additional band centred at 326 nm
(HWHM = 31 nm) was observed in the spectrum of hemicyanine
(113b).

The UV-VIS LB monolayer spectrum of hemicyanine (113a)
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ie shown in Figure 5.4, In the LB spectrum the CT band is
shifted to 430 nm (AX = 101 nm). For hemicyanine (113b) the
LB UV-VIS spectrum contains bands &t 480 nm (HWHM = 121 ~m>
and 361 nm (HWHM = 30 nm)» and for this compound the shift (n

the CT band is reduced (AX = 11 nm), and the intensity 1is

reduced compared to the band at 3461 rm.

5.6 Optical Second Harmonic Generat ion

Single pulse SHG measurements were carried out using a
Nd: YAG Llaser with the p-polarised beam incident to the
substrate at 410°. Optical SHG measurements were performed on
monolayers/multilayers of hemicyanine (113a) and hemicyanine
(113b), The intensity of the second harmonic signal i«
compared to that from the hemicyanine dye (5). Monolayers of
hemicyanine (113a) were found to give optical second harmonic
intensities ca. 3.8 times that for monolayer hemicyanine (5).
For monolayer hemicyanine (113b> the optical SH intensity
was found to be ca. 2.3 times that for monolayer hemicyanine
5. Langmuir Blodgett multilayers of hemicyanine (113a) and
hemicyanine (113b> have a Y type structure (centrosymmetric?

and optical SHG has been observed for odd numbers of lavyers.
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CHAPTER SIX

SYNTHESIS, LB DEPOSITION AND NLO PROPERTIES

OF CHROMOPHORES WITH THE 1, 3-DITHIQOLE DONOR GROUP




6.1 _Introduction

The gquadratic hyperpolarisability of amphiphilic D-n-A
materials is currently of great interest.®* The 1,3-dithiole
heterocycle has received only lLittle attention as a donor in
D-n-A materials. This is surprising since this heterocycle
has been the centre of much attention within the field of
organic metals. The synthesis and electrochemistry of 1, 3-
dithiole donor derivatives is well developed and
understood. 27

Lehn et al made a systematic study of the quadratic
non—linearities of push pull polyenes.®® They studied the
NLO properties of polyenes with the benzodithiole donor group

e. g. (119a—11§f), (120a—-120f>, (1218-121f) and (122a-122f).

(> (e . (H
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Their aim was to study two eftfectse which are known -
significantly enhance the molecular hyperpolaricabitity (&Y,
~ an increase in the length of the conjugated syxztem between
the donor and acceptor groups. ®7
- an increase in the charge—-asymmetry between the graund and
firet excited statecs through altering the doror and =acteptor
groups. 7°

Lehn et al studied the ke second harmonic
efficiencies of compounds (119-122), (a-f> by the turts Powder
Technique (described earlier pp 11). The results are shown
in Table 6. 1.
Table 6.1 : Relative powder efficiencies of compounds
(119-122>, (a—f>. All measurements relative to SHG efficiency
of powdered urea for irradiation at 1.04 um (leftd and 1.32
pm  (right>. f = two-photons fluorescence; e = SHG

efficiency between KDP (Potassium Dihydrogen Phosphate) and

urea; — not measurech
(119 (120 121 (122>
(a) - O f 0 f 0 0 0
(b> - ) £ 0 - 0 0
(c)H £ 0 5 O 10 30 12 13
(d» D] QO o O = 0 - 0
(e) i 0 £ O £ 0
(€2 1 13 0 QO O 0]
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Their aim was to study two effects which are known to
significanttiy enhance the molecular hyperpolarisability (),
~- an increase in the length of the conjugated system between
the donor and acceptor groups.®7
~ an increase in the charge—-asymmetry between the ground and
first excited states through altering the donor and acceptor
groups. ¥°

Lehn et al studied the bulk second harmonic
efficiencies of compounds (119-122), (a—f)>, by the Kurtz Powder
Technique (described earlier pp 11). The results are shown

in Table 6. 1.

(119 (1200 (121 122>
(a) - 0 f 0 f 0 | 0 0
(b) - 0 € 0 - 0 0 0
(c) f 0 5 0 10 30 12 13
(d) 0 0 € o € &) - o
(e) f 0 f o f 0
) 1 13 o 0 0 0
Table 6.1 Relative powder efficiencies of compounds
(119-122>, (a~f>. All measurements relative to SHG efficiency
of powdered urea for irradiation at 1.06 pum (left) and 1. 32
pm  (right). f = two-photons fluorescence; e = GHG

efficiency between KDP (Potassium Dihydrogen Phosphate) and

urea; - not measured.
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One difficulty in interpreting powder SHG measurements
is that the technique measures only & convolution of SHG
signals and SHG annihilation effects on the bulk powder
sample can effect the results. 7' Taking these effects into
consideration the results obtained indicate that the
materials ((119-122)>, (a—f> are good candidates for further
optical studies e.g electric field induced second harmonic
generat ion (EF1SH) measurements  and incorporating into
organised assemblies. SHG signals more intense than that of
urea were observed for compounds in the series b,c,d and f.
The relative SHG powder efficiencies of series ¢ are large
and efficiency is dependant on the conjugation length between
donor and acceptor.

An EFISH study of the push-pull carotenoids has
recently been reported. 7% The derivatives (119a-122a) were

studied together with the previously unreported potyene
L.
S\

(123a>

(123a>.

The molecular quadratic hyperpolarisabilities (> determined
by the EFISH experiments are given in Table 6. 2.
For the series (119a-123a) a progressive red shift of

the charge transfer band occurs on increasing the conjugation
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length. An enhancement of the qguadratic hyperpolarisability

(B) occurs on lLengthening the polyene chain.

Table 6. 2 : Optical second order molecular

hyperpolarisabilities determined at 1.32um in chloroform.

a. 10—4% esu.

Molecule Amase/ DM g B Qwd? p. B <O
(1198a) 372 30 20
(1208) 456 1200 570
(1218a) 466 2200 1000
(1228) 500 7250 2800
C123a) 485 2700 1100

The off-resonance values of the second order molecular
hyperpolarisability (Bo> are large, e. g for compound (122a)
M. B is equal to 7250 x 107%% esu (Cf 4-nitroaniline p.B= 293
x 10—42 esu ¥%3), The off-resonance second order motlteculer
hyperpolarisability, Bo, for derivatives (119a-123a)may be

approximated by equation (6. 1),

where n = number of double bonds in the polyene chain.
The approximate square dependence is in agreement with the

reported experimental results for other polyene systems. ¥4
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For series (119a-123a) the equation (6.1 is obeyed for n
10. In a later report, Lehn et al studied Langmuir Blodgett
films built from mixtures of the carotenoid benzodithia-9-

polyene—-pyridine (122c> and w—-tricosencic acid. %

(122c>

The carotenoid (122c) does not give a stable monolayer on the

water subphase of a Langmuir Blodgett trough. The pure film
was found to collapse below 10 mNm—'. The surface pressure
area isotherm displayed a plateau at 18 mNm~' associated with
a molecular reorganisation. The films were found to collapse

at a pressure higher than 45 mNm~—'.

The orientation of the polyeme chain in the film of
(122c) was studied by UV-VIS Llinear dichroism, ¥¢ The results
suggest that the carotenoid is oriented perpendicular to the
substrate in LB films and therefore the films are promising
candidates for optical SHG. The authors suggest that the low
wavelength of the n-n* transition is a result of the
formation of an ordered parallel aggregation of molecules of

(122c) (H aggregate) which are formed at a surface pressure
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of 18 mNm~' corresponding to the plateau on the N—-A isotherm.

The NLO properties of donor-n-—mcceptor compounds 124"
and (125) have been studied by the EFISH technique®7. The
derivatives were prepared by Wittig condensations of the
reagent (126> with 4-tricyanovinylbenzal dehyde and
4-nitrobenzaldehyde. The results of the EF]ISH measurements

are given in Table 6. 3.

S
i L= o 51
s Q S. PPhy BF,
| X
=N [s H
NO, NC CN
(124> (125> (1260
Table 6.3 : AQuadratic non-Llinear optical susceptibilities

(B,Bo), dipole moments and electronic transition energies (E?
of push pull derivatives.1.10-2°® cmSesu~'. 2.D. 3.eV. 4.

determined at 1, 58um.

Compound 8" B pe E®

(127> 21 12 7.1 3.07
(124) 52 25 6.9 2. 71
(125>« B. p=1200 2. 06
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The EFISH measurements of f.p were obtained in Me_SO

solution. The value of Bo, which can be used tc compare the
NLO properties between molecules, is independent of
transition energy and, thus, the value is not greatly

affected by resonance enhancement.

The nitrophenyl derivative (124> has a g value
(52 x 1072 cmSesu~') of the order of the prototypical
p~N, N-dimethylaminonitrobenzene (127) (21 x 1073° cmSezu~ ).
The derivative (125) gives an intense second harmonic and a
8.4 value of 1200 x 10732 cm®esu~' which i{s an order of
magnitude higher than (127, The dipote moment of (125> was
not measured due to its poor solubility and hence a value of
B could not be obtained. It is clear that amphiphilic
derivatives of (125) would be promising mater?als for optical
second harmonic generation in Langmuir Blodgett films.

In this chapter the resuilts of synthesis, Langmuir
Blodgett alignment and opticat SHG studies of the new
amphiphilic donor-n-acceptor derivatives (128) and (129) are

descr ibed.

T=~C=. o=
S CN CN

(4

Hy3Ce H21Cyo

The large second order molecular. hyperpolariszability of
derivative (125> and the benzodithiole derivatives (119,

suggested that Llong chain chromophores with the 1,3-dithiole
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donor group l!inked to a dicyanomethylene acceptor group .=

0

(128) and (1293) may be promising NLO materiales.

6.2 Svynthesis

(iY4—-(n—Hexadecy !l )—2—(4-—dicyanomethvlene-2 S-—cyclohexadiene)

1,3-dithiole (128>

The synthetic route to (128> i3 shown in Scheme ». 1.
1-Bromo-2-octanone (103 was prepared as previousty
described. Remction of (103> with potassium ethyl xanthate
in refluxing ethanol gave O-ethyl—-l1-wanthyloctan—-2-one (130D
in high vyield. 4-Hexyi-1, 3-dithiole-2-thione (i3!> was
prepared from the dithiocarbonate derivative (1300 and
phosphorus pentasulfide in refluxing toluene. A solution of
tHlone (131> and one equivalent of dimethylsulphate was
heated at <20°C; tHLS vielded 2-methylthic-4-n-hexyl-1, 3-
dithiolium methylsulphate (132) in 45% vield.

Phenylmalononitrile (134> was prepared by the route
described by Cava et al.7® Treastment of benzylnitrile 133>
with one equivalent of LDA then 2-chlorobenzyltthiocyanate
gave compound (134) after an acidic work up. The push pull
chromophore (128) was prepared (n 85% yield by coupling
4-n~-hexyl-1, 3-dithiol ium methylsulphate 1325 with

phenylmalononitrite (1324)
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O
F‘Hacsﬂ‘?\ggr

103>

S
HBCG{SAOEI

(130)

QI

Hi3Cs S + Giiid H13Ce S
T =SMe <— [ =S
S Meso,-
(32> . (131)
H
CH,CN NC—-CN
(iv), (V)
—_—
(133> (134)
H
oG NC CN
13Cs_S + (vi) ans
]Iﬁ\FSMe + \[ )=<}
° MeSO,-
€132) (134) (128)
Scheme 6.1 (1> EtCOS;—K*, acetone, reflux; (ii> PzSs,

toluene, reflux; Ciiid (Me() .S0., Q00C; Civ)y LDA; (v) 2-
chliorobenzylthiocyanate; (vi> pyridine/glacial acetic acid

3/1 (v/v)
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(iiY4=(n—-Dodecyld—2-(dicyanomethvilenemethylene)

-1, 3-dithiole 129>

The synthetic route to 129> is shown in Gcheme 6. 2.
Salt (140> was prepared from !-dodecene in 20% overall yield

by an analogous route (Scheme 6.2) described above for the

synthesis of the C. analogue. Salt (140> was then reduced
with sodium borohydride in et hanol to give
2-methylthio—-4- (n-dodecy!l)-2H-1, 3-dithiole (1415, Treatment

of (141> with &acetic anhydride, followed by tetrafluoroboric
acid diethytetherate, gave tetrafluoroborate salt (142> in
83% yield. Atdehyde (143> was prepared by sn analogous route
to that developed by Yoshida. ®® Treatment of salt (142> with
tributylphosphine fol lowed by aqueous gtyoxal and
triethylamine gave the aldehyde (143>, Knoevenagel
condensation of aldehyde (143> with malononitrile and
piperidine gave the target dicyanomethylated push pull

amphiphile (129) in 38 % yield.
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H21C1o-\ —» H31Cyp & — H21C1o&
(135> (136 137y
(iii
H21C10. S CGivd )Sl
T =s=— H"CW"&s OEt
(139> (138>
(v, (vi?

Ha C (vild Hmcw ,*SMG
21 1o~[ )=SMe ‘[

BF4
140D 4 (141)

(viiid, (ix)

(%), (xiY,{xii?

Hz1C1o H21C10
Ts>_\-o TS BF,

(143> (142>

Xiii), (xiv)

Scheme 6.2 (i> NBS/DMSO/H50; (ii> NazCrz;0,/HzS0,; Ciiid

EtCOSz~K*, acetone; (iv) P,Ss, toluene; (v)> (MeD)>oSO0z; (Vi)

HBF 4. Et,0; ((vii> NaBH,, ethanol; <(viii) Acz0; (ix) HBF_,.Etz0;

(x> PBugs; (xi) 40 wt% aquecus glyoxal; (xii) triethylamine;

(xiil) CHz(CND5; (xiv) piperidine.
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6.3 Lamngmuir Blodgett Films Of Chromophorec 1283 mnd (1205

A systematic investigation of the fitm  Fforming
properties of the 1,3-dithicle derivatives 123> and 129
was carried out wusing a two compartment Nima Technaloqgy LE
t rough. Solutions of the chromophores in aristar
dichloromethane or chloroform, were spread on the pure water
subphase Milli0Q, 18MQY of one compartment CAY  which was
isolated from the second compartment (B> by = surface
barrter.

A volume of S50ul of & 0.30 mgml— scolution of
(128> was spread on the pure water =subphasse of compartment
(A, The surface pressure versus surface area isotherm for
(128> Ls shown in Figure 6. 1. The amphiphile form=s a cstable
monolayer which collapses at a low surface preszsure ¢ N> 30
mNm=* >, Filme of (129) were deposited onto hydrophilicalty
treated glass slides at & surface pressure of 30 mNm— 1.

The UV-VIS solution spectrum of amphiphile <128»
displays absorptions at 594 nm and 645 nm with half width at
half maximum (HWHMY of SO and 3% nm, respectively (Yigure
65.3). The UV-VIS LB monolayer spectrum of (128 is markedly
different to the solution spectrum. There is a diminution of
pesks at 274 nm  and 445 nm  xnd the appearance of an
absorption at 411 nm (HWHM = 10 nm. The UV=-VIS soalution
spectrum of (1293, with absorptions at 228, 347 and 542 nm,
is shown in Figure 6. 3. The monolayer LB UV-VIS =pertrum is
shown in Figure &. 4. Peakes present in the solution spectrum

are absent in the LB spectra and an absorption at 287 nm
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(HWHM = 20 nm) appeared. Therefore amphiphiles (128> and
(129> have LB spectra where there is a window at the second
harmonic (532 mnm)» and optical SHG measurements are,

therefore, not affected by resonance enhancement.

6.4 Optical Second Harmonig Generation

SHG measurements were carried out using the apparsatus
previously described (Section 3. 6). The mean second harmonic,
intensity is compared with the corresponding éignal from an
LB monolayer of the hemicyanine dye (5),

By comparison with other chromophores with the 1, 3-
dithiole donor group, whlich show Ltarge second or&er non-
linearities <(e.g (119, (125)), the amphiphiles (128> and
(129> should possess high second order coefficients,
Remarkably, monolayers of 128> deposited at a surface
pressure of 30 mNm=' show no optical SHG even at high tlaser
powers. Similarly, monolayers of the amphiphite (129> which

were deposited at 25 mNm~' did not give any observable second

harmonic signal at Low and high laser powers.
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Figure 6.1 : Surface pressure () versus surface area

isotherm of (128>,
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Figure 6.3 :
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CHAPTER SEVEN

EXPERIMENTAL



7. 1 GENERAL METHODS

Mase spectra were obtaimned on a VG 7070E instrument
operatingiat 70&V. Infrared spectra were recorded on Perkin
Etmer 577 and 457 spectrophotometers. Melting points were
recorded on a Kofler hot-stage microscope apparatus and are
uncorrected. Proton NMR were recorded on a Bruker AC2S
instrument (250. 133MHz) and & Perkin Elmer R-24B instrument
(60MHzZ) . Chemical shifts are relative to tetramethylsilane
(TMS> and are given in ppm.

Cyclic Voltammograms (CV) were obtained on a BAS 100
electrochemical analyser. The CV cell consisted of Ag/AgCl
reference elect rode, pltat inum working etectrode with
tetrabutylammonium perchlorate (TBAP, 2 x 1072M) electrolyte

in dichloromethane or acetonitrile.
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7.2 EXPERIMENTAL TO CHAPTER 2

7.2.1 Methyl-2, 5-di (bromomethyl)benzoate (&5fF)

Methyl-2, S-dimethylbenzoate 621> (5.53g, 0. 034mo LY,
N-bromosuccinimide (13. 5g, 0. 075 mol> and
azobisisobutyronitrile (0.3g> were mixed in dichloromethane
(60mi) and ref{uxgd for 2h. Standard aqueous work up
afforded compound (63f) (7.2g, 66%) as a whpte solid. MPt.81-
83°C(from methanol); ElI ™/4: 324 (M*); Analysis found:
C,37.8;H,3.1;Br, 49. 9. Calculated for CioH16Brz0,:
C,37.3iH,3. 1,Br, 49. 6%; IR Vmax (KBr)>: 1725, 1445,1290, 1092, 997
and 920 cm~'; 8H(250MHz,CDCls)> 7.95 (s, 1H), 7.40 (s, 2H), 4. 95

(s, 2H), 4,39(s, 2H) and 3. 95 (s, 3H> ppm.

7.2.2 Methyl-2, 5-di (cyanomethy!l)benzoate (64f)

Compound (631> (4. 6g9,0.014mol> and sodium cyanide
(4.5g,0.09mol) were suspended in a mixture of dioxane (30ml>
and water (30ml) and stirred vigorously for 24h at 20°C,.
Solvent was partiaelily removed (n vacuo and the solid product
col lected by filtration, washed with water, dried and
recrystallised from methanol to yvield compound (641
(2. 69,84%) as a white solid. MPt. 98-99°C; EIl ™/, 214 (M%),
Analysis found: C,67.5;H,4. 7; N, 13. O. Calculated for

CizH1oN202: C, 67.3;H, 4. 7;N, 13. 1%; IR Voa. (KBr): 2290, 1724,
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1460, 1444, 1300, 1098, 1000 and 261cm™'; SH(AOMHz, CDCl 5): 7. 98

(s, 1H), 7. 55 (s, 2H>, 4. 08 (s, 2H>, 3. 90 (s, 3H> and 3. 74 (s, 2H) ppm.

7.2.3 Preparation of TCNQ Derivatives Using

2-Chlorobenzylthiocyanate
7.2.3.1 General Procedure
The reactions were per?orﬁed in dry benzene and under

an atmosphere of nitrogen. A solution of diccyanomethyl)

compound (64) in benzene was added dropwise over 0.5h to a

stirred solution of Lithium diisopropylamide (LDA)Y (4
equivalents) in benzene at 0-5°C. A solution of 2-
chlorobenzylthiocyanate (4 equivalents) in benzene was then
added dropwise over 20min. The solution was stirred at 0-59C
for 4h, extracted with water and the aqQueous extract
acidified with concentrated hydrochloric acid. Bromine (ca&.

4 equivalents) was added to the stirred aqueous suspension
which was stirred until all the TCNQ had precipitated
(typically 24-48h). The product was collected by filtration,
dried and purified by silica column chromatography or

recrystaltlisation, There was thus obtained:

7.2.3.2 2, 5-Dichloro-TCN® (4]c? as vyellow crystals (38%

yield). MPt. 305-307°C (dec. ) (from acetonitrile)l Lit. S4305¢°C

(dec.)].
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7.2.3.3 2. 5-Dibromeo—-TCNQ (41 &s oOrange crystals TADY

yield). MPt. 2159C(dec. > (from acetonitrile> [lit¥* 3t1s-3180(C
(dec.)].

7.2.3. 4 2, 5-Dimethoxy-TCNQ (4]e) as a red powder (38%
yield). MPt, 300-3059C (dec. > (from 1,1,2-trichloroethane>

[LitS+ 300-305°C (dec. >1].

7.2.3.5 2-Methoxycarbonyl-TCNO (41f) as a vellow solid (35%

yield). MPt. 224-2260°C(dec. ) (from acetonitrile); EI ™/4: 262
M*>; Analysis found: C,64.2;H,2. 5 N,21t.3. Calcutated for
CraHeNLOz ¢ C,64. 1, H,2.3;N,21.4%; IR voa.. (KBrd: 2220, 1725,
1435, ‘1295, 1195 and 1084 cm—1; &H (&OMHz, CDClas>:

8.4-7.6(m, 3H> and 4.2 (s, 3H)>ppm.

7.2.3.6 11,11, 12, 12-Tetracyano~1, 4—naphthoquinodimethane
(67 as golden crystals (45% yield) (from
dichloromethane/petroleum ether, after column chromatography
on silica, eluant dichloromethane/cyctohexane 9:1 v/v). MPt,

216-218°C [L1t'°% 244-245°C (dec.)].
7.2.3.7 11, 11,12, 12-Tetracyano—2, 7-napthoquinodimethane (49)
as a purple powder (ca. 20% vield). MPtL. >3800C (from

acetonitrile) [lit''e >345°C].

7.2.3.8 I-Cyanomethyl~4-(dicyanamethyltetrachlorobenzene

(70> as a white powder (14% vyield). MPt. 234-238°C from
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acetonitrile; El " - 317 M+, Analysis found

C,41.2;H,0.8;N,13.1,Cl, 43. 9. Calculated for C, HsNsCl ,:
C,41.4;H,0.9;N, 13.2;ClL, 44, 5%; IR Y e > (KBr): 2940, 2240,

2220, 1580, 1460, 1340, 1210, 1020, 870 and 850cm™1;

SH(250MHz, CDCl 4> 6.08(s, 1H> and 4,18 (s, 2H)ppm.

7.2. 4 Preparation of Mono(dicyanomethylated)-p-benzoquinones

7.2. 4.1 General Procedure

To a solution of the substituted p—benzoquinone, in
dichloromethane, was added titanium tetrachloride followed by
a solution of pyridine and malononitrile in dichloromethane.
The mixture was stirred, typically, at 2S5°C for 24h. The
reaction mixture was poured onto water, the organic layer
separated, dried (MgSO4.> and the solvent removed in vacuo
The crude residue was purified, where neccessary, by silica

column chromatography or fractional sublimation.

7.2.4.2 1-Oxo—4—-dicyanomethylene—-2, 5—cyclohexadiene (74h>

The quinomethide (74h) was prepared from 1, 4—
cyclohexanedione monoethytene ketal by the met hod of
Hyatt. '°e?
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7.2.4.3 I-Oxo=-2, 3, 5, 6—tetramethy!—-d-dicysnomethylene-2, 5-

cyclohexadiene (74m)

To a solution of 2,3,5, 6~tetramethyl-p-benzoquinone
(73m> (400mg, 2. 4mmol> in dichloromethane <(25ml) was added
titanium tetrachloride (1.16g,6. 1mmol) and then a solution

of pyridine (9248mg, 12mmol) and malononitrile (402mqg, 6. Tmmol)

in dichloromethane (25mi) at 0-50C. The mixture was stirred
at 250C for 24h. Column chromatography, eluant
dichloromethane/hexane (7: 3 v/v) gave compound (74m>

(112mg, 22%>. MPt. 124-128°C; El ™/ g:212M*); Analysis found:
C,73.2;H,5 . 5;N,12,5. Calculated for C,sH,zNO0: C,73.5;H,5.7;
N, 13.2%; IR v .. KBr): 2220, 14635, 1580, 1510, 1460, 1440,
1385, 1370, 1355, 1330, 1310, 1265, 1220, 1160, 1130, 1100,
1030, 1010, 860, 775, 690 and 600cm™'; BH250MHz, CDClg):

2.44(s, 6H> and 2. 02 (s, 6H>ppm.

Followed by a second component, which was not obtained
analytically pure, identified as compound (75m>. El
™/ 2 25T M+H); IR vVaa. (KBr>: 3570, 2920, 2220, 1630, 1570,

1450, 1385, 1330, 1300, 1220, 1130, 1100 and 1030cm™".

7.2.4.4 [|-Ox0-2, 3, 6~trimethyl—-4-dicyanomethylene-2, 5-

cyclohexadiene (74n)

To a solution of 2,3,6-trimethyl-p-benzoquinone'®2

(73n) (867mg, 5. 8mmol)> in dichlioromethane <(15ml) was added
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titanium tetrachloride (1.2g,4.4mmol?> and then a sotlution of
pyridine (1.0g,12. 7mmol> &and malononitrile <420mg, 6. 4mmol>
in dichloromethane (25ml) at 0-5¢C, The mivture was stirred

for 24h at 25°C. Column chromatography, eluant toluene—hexane

1: 1 v/v) gave compound (74n) (477mqg, 41%>. MPt. 102-106°C;
El ™/ e 198 (M*>; Analyesis found: C,72.5;H, 4, 9;N, 14.0.
Calculated for CiaH:oNzO: C,72.7;H,5. 1; N, 14. 1%; IR Ve s

(KBr: 2225, 1630, 1575, 1500, 1435, 1400, 137S, 1345, 1290,
1260, 1220, 1170, 1125, 1105, 1035, 930, 900, 875, 780, 670,
620, 580, 515 and 495 cm™'; ; BH(250MHz, CDCL): 7. 46 (s, TH),

2.52¢s, 3H) and 2. 12 (s, 6H> ppm.

Foliowed by a second component, which was not obtained
anatytically pure, identified as compound (75n). El
™ @ 237 M*); IR vaax (KBrd>: 3550, 2970, 2920, 2850, 2240,
16006, 1570, 1550, 1480, 1380, 1330, 1320, 1270, 1240, 1210,
1100, 1030, 935, 895, 860, 805, 740, 700, 490, 550, 520 and
400 cm=1; SH(AOMHz, COCLl g 7.06(Cs, TH), 2.30 (g, 6H) and

2. 16 (s, 3H> ppm.

7.2. 4.5 1-0Ox0-2, 6-dimethyl—-4-dicyanomethylene-2, 5-

cyclohexadiene (74p)

To a solution of 2,6-dimethyl-p-benzoquinone'®® (73p>
(366mg, 2. 7mmol) in dichloromethane (25m!) was added titanium
tetrachloride (1.28qg, 6. 75mmo L and then a solution of

pyridine (1.06g, 13. 5mmol> and malononitrile (444mg, 6. 75mmol)
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in dichloromethane (25ml) at 0-5°C. The mixture was stirred
at 25°C for 15h. Column chromatography, eluant
dichloromethane, gave compound (74p) (122mg, 24%> as an orange
solid. MPL. 134-138¢°C; El m/o: 184 M+ Analysis found:
C,71.7;H, 4. 3;N, 15. 3. Calculated for C,,HgNzO: C,71.7; H, 4, 3
N, 15.2%; IR vaax (KBr>: 2220, 1635, 1580, 1430, 1380, 1240,
1200, 1040, 1030, 950, 930, 210, 200 and 780cm~— 1,

SH(6O0MHz, CDC Ll 5): 7. 246 (s, 2H) and 2. 06 (s, 6H> ppm.

Followed by a second component, which was not obtained
analytically pure, tdentified as compound (75p>. El
™ @ 233 MY, IR Vaax (KBr>: 3400, 2230, 1600, 1520, 1480,
1310, 1290, 1210, 1170, 935, 890 and 745cm=1;

SH(250MHz, CDCl a): 7. 80(s, 2H)> and 2. 33 (s, 6H) ppm.

7.2.4. 6 Benzoll,2-b, 4,5~b'Ibisl 1, 41dithiin-5-oxo-710-

dicyanomethylene 2, 5, 7, 8—tetrahydro <(74q>

To & solution of bis(ethylenedithio)-p-benzoquinone'®*
(73q> (284mg, 1Tmmol) in dichltoromethane (50ml)> was added
titanium tetrachloride (105mg, 2. 5Smmol) and then a solution of
pyridine (393mg, Smmol> &and malononitrile <(1464mg, 2. 5mmol) in
dichioromethane <(20ml). The mixture was heated at reftux for
24h. Column chromatography, eluent dichloromethane, gave
compound (749> (44mg, 34%)> as a black solid MPt.212-214°C; EI

™/ et 336 (M*);  Analysis found: C,46.2;H,2. 1;N, 8.1, Calculated



for C,sHaSLNLO: C,46. 4; H, 2. 4; N, 8. 3%; IR Veas (KBr: 2220,

1620, 1580, 1460, 1380, 1280, 1150, 1130 and &20cm™ .

Followed by a second component, which was not obtained
analytically pure, identified as (75g>. El ™/,:375M*); IR
Vemax (KBr2>: 3420, 2930, 2230, 1605, 1570, 1465, 1310, 1220,

1210, 1140, 945 and 750cm™".

7.2.4.7 Naphthol 2, 3-b][ 1, 4]1dithiin-5-dicyanomethylene—10-one

2, 5-tetrahydro (74r>

To a solution of ethylenedithionaphthoquinone'®S (73r)
(100mg, 0. 4mmol> in dichloromethane (20ml) was added titanium

tetrachloride (383mg,2mmol) and then a solution of pyridine

(157mg, 2mmo L) and malononitritle (132mg, 2mmo L > in
dichloromethane <(20ml). The mixture was stirred at 25°C for
24h. Fractional sublimation (220°C, 0. OSmBar) yielded

compound (74r) (52mg, 44%> as a black solid.MPt.240-242°C; EI
™/ et 296 (M*);  Analysis found: C,60.6;H,2 7;N, 9.5 Calculated
for C,=HaN2S,0: C,60.8;H,2.7;N, 9. 5%; IR Vo (KBr: 2220,
1635, 1590, 1540, 1490, 1470, 1420, 1340, 1280, 1250, 1150,

1120, 880, 820, 780 and 720cm~".

A second sublimed component was obtained, which was not
analytically pure, identified as compound (75r). El
™ et 335 (M*+); IR Ve (KBr: 3400, 2940, 2235, 1600, 1540,

1470, 1220, 1180, 910 and 880cm™",



7.2.5 Preparation of N, 7, 7-Tricyvanoquinomethaneimines

7.2.5. 1 General Procedure

To a solution of the substituted quinomethide in
dichloromethane was added titanium tetrachloride and then
bis(trimethylsilyl)carbodiimide. The reaction mixture was
stirred typically for 72h at 25°C. The mixture was poured
onto water, the organic layer separated, dried MgS50,> and
the solvent removed in vacuo. The crude residue was
purified, where neccesary, by silica column chromatography or

fractional sublimation.

7.2.5.2 N-Cyano—4-dicyanomethylene—cyclohexa-

2, 5—dienyl ideneamine 72h?

To a solution of qguinomethide (74h) (100mg, 0. 64mmol? in
dry dichloromethane (20ml) was added titanium tetrachloride
(613mg, 3. 2mmo L) and bisCtrimethylsilyl) carbodi imide
(599mg, 3. 2Zmmal . The mixture was stirred at 25°C for 72h.
Column chromatography, eluting with dichloromethane, yielded
compound (72h) (A9mg, 43%> as an orange solid MPt, 176
1789C (dec. >; EI ™/4:180(M*); Analysis found: C, 66.4,H, 2.2;
N, 30. 9. Calculated for C,gH.N.: C,66. 7;H,2.2;M, 31.1%; IR Vo
(KBr>: 2240, 2180, 1550, 13B0O, 1260, 1250, 1030 and 750 cm™';

SH(60OMHz, CDCls>: 7. 68(d,2H>, 7. 49d, TH> and 7. 16 (d, 1H>ppm.



7.2.5.3 N-Cyano-2, 3, 5, é~tetramethyl!—-4—dicyanomethylene-

cyclohexa-2, 5-dienylideneamine (72m?

To a solution of quinomethide (74m> (100mg, O, 47mmol> in

dichloromethane (10mt)> was added titanium tetrachloride

(136mg, 0. 7Z1mmol) and bis(trimethylsilyl)carbodiimide
(133mg, 0. 71mmoti). The mixture was stirred at 25°C for 60h
Column chromatography, eluting with dichloromet hane,
separated compound (72m) (80mq, 76%> as a vyel low

solid. MPt. 1920C; EI m™/,: 222 (M*); Analysis found: C,71.1;
H, S.0; N, 23, 5. Calculated for C.,aH, 2N, C,71.2; H, 5. t;
N, 23. 7% IR Vamex (KBr): 2220, 2160, 1560 and 1380cm~';

SH(250MHz, CDCls>: 2. 40(br. s, 6H) and 2. 21 (br. s, 6H) ppm.

7.2.5.4 N-Cyano-2, 3, 6-trimethyl—4-dicyanomethylene-

cyclohexa-2, 5-dienyl ideneamine (72n)

To & solution of quinomethide (74n) (257mg, 1. 3mmol) in

dry dichloromethane (12ml) was added titanium tetrachloride

(308mg, 1. 6mmo Ll > and bisttrimethytsilyl) carbodi imide
(297mg, 1. 6mmol>. The mixture was stirred at 25°C for 40h
Column chromatography, eluting with dichloromethane, gave

compound (72n) (243mg, 84%>. MPt. 136°C (dec. ); El ™/ 236
M*+), Analysis found: C,70.4;H, 4, 1;N, 25. 0. Calculated for
CimsH,oN4: C, 70. 2:H, 4. 5; N, 25. 2%; IR Viaex (KBr>: 2220, 2160,

2140, 1630, 1540, 1445, 1410, 1380, 1310, 1230, 1130, 1040,
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1015, 935, 820, 755, 665 and S45cm™'; AH25OMHz, CDCtLaY: 7. 45
(s, 1THY, 2.58(s, 6H> and 2. 33 (s, 3H)ppm.
7.2.5. 5 N-Cyano~Z, 6—dimethyl—-4-dicyanomethwv!ene-
cyclohexa-2, S—dienv!ideneamine (72p)
To a solution of quinomethide (74p)(424mg, 2. 3mmot> in

dichloromethane (20mi > was added titanium tetrach!oride

(574mg, 2. 9mmo | and bis(trimethylsilylicarbodlimide
(534mg, 2. 9mmol ). The mixture was stirred at 25°C for 60h,
Column chromatography, eluting with dichleoromethane, gave

compound (72p> (320mg, 67%). MPt. 261-262°C (dec.>; E! /41 208
(M+); Analysis found: C,69. 1;H,3. 6N, 26. &. Calculated for
CiaHaNg: C,69.2;H,3. 8, N, 26.9%; IR Vaa= Nuijol>»: 2235, 215C
1630, 1570, 1550, 1495, 1385, 1260, 1210, 1040, 970, 945,
915, 760, 725, 655, 550 and 465cm™'; SH2S50MHz, CDC LY 7. 37

(br. s, 2H) and 2. 50(vbr s, 6H)Yppm.

7.2.5.6 5=Dicyanomethylene—I10=-N-cyancimine-2, 3. 7, &S-tetrahydro=

henzol 1, 2-b, 4. 5-h'Ibisl1,4]dithiin (72q)

To a solution of quinomethide (74q) (100mg, 0. 30mmol) in

dichloromethane (40mi) was added titanium tetrachloride

(287mg, 1. Smmol ) and bis{trimethylsilyldcarbodiimide
(281mg, 1. Smmol>. The mixture was heated at reflux for 48h.
Preparative t. L. ¢ on a silica coated plate, using

dichloromethane eluant, provided an analytically pure csample



of (72> (67mg, 62%> az a black sclid MPt. >320°0C; El m™/_: 3260
(M*+); Analysis found: C,446. 5, H, 2. 11N 15, 2, Calcutated for
CiaHaNLSa: C,46.77H,2. 2, N, 15, 5%; IR Vaax (KBrd: 2920, 2220,

2180, 1560, 1440, 1390, 1030, 750 and &80cm™1'.

7.2.5.7 5-Dicvanomet hylene—!10-N-cyancimine-2, 3—tetrahydro-

naphthol 2, 3-b1{ 1, 41dithiin (72r)

To a solution of quinomethide (74r) 40mg, O. 14mmol) in
dichloromethane C10mt) was added titanium tetrachioride

(134mg, O. 7mmol)> and bis(trimethylsilyl)carbodiimide (131mg,

Q. 7mmo ). The mixture was stirred at 250C for 24h.
Preparative t.1l.¢c on a silica coated ptate, using
dichloromethane eluant, gave compound ((72r)>(22mg, 68%> as a

black solid. MPt. 258-2400°0C; El ™/4:320(M*); Analysis found:
C,59. . 6;H,2.3;N,17.2. Calculated for C,.HaN,Sz: (,60.0;H,2.5;
N, 17.5%; IR Vo KBr): 2220, 2180, 1570, 1490, 1460, 1330,

1280, 1260, 1160, 750, 730 a&nd 680cm™'.

7.2. 6 Preparation of N, N -Dicyanoquinonediimines

7.2.6.1 N.N'=-Dicyano—~5, 10~diimine-2, 3. 7, 8-tetrahvdro-

pbenzeol 1, 2-b, 4,5-b'}bisl !, 41dithiin (&EO)

To a solution of bistethylenedithio)-p-benzoquinone

(73g> (150mg, 0.53mmot> in dichlaoromethane (S0Oml) was added

titanium tetrachloride (498mg, 2. Gmmolt and bilstrimethyl
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silyl) carbodiimide (487mg, 2. 6mmol). The mixture was heated
at reflux for 96h, poured onto water, the organic Llayer
separated, dried MgSO,> and the solvent removed in wvacuc
Purtfication of the solid residue by silica column
chromatography, eluant dichloromethane, gave compound
(80> (62mg, 35%) as a black solid MPt.>320°C; ElI ™/ 413328
M++2HY; Analysis found: C,41.9;H,2. 1;N,16. 6., Calculated for
CiaHaN,S,: C,42.8;H,2.4;,N,16.7% IR Vaas KBrd>: 2130, 1550,

1460, 1260, 1135, 1100 and 820cm™'.

7.2.6.2 5-0Oxo-10-N-cyvanoimine-2, 3-tetrahycdro-benzol 1, 2-b, 4,5-t']
bisl ], 41dithiin (81> and N, N' -Dicyano-=5, 10-diimine—

2, 3-tetrahydro—benzol 1, 2—b, 4,5-b'Ibisl ], 4]1dithiin (79

To a solution of ethylenedithionaphthoquinone
(73r> (200mg, 0. 8mmo L) in dichlioromethane (40ml)> was added

titanium tetrachloride (766mg, 4mmol) and bis(trimethylsilyl)

carbodiimide (749mg, 4mmol). The mixture was stirred at 25°C
for 24h, poured onto water, the organic Llayer separated,
dried (MgS0,> and the solvent removed i(n vacuao. Purification

of the solid residue by silica column chromatography, eluent
dichloromethane, separated compound (81> (50mqg, 23%>. MPt. 172~
1740C; EI ™/4: 272 M*); Analysis found: C,57,1;H,2. 7;N, 10, 1.
Calculated for C, HsaN.S5-0: C,57.3;H, 3. O;N, 10. 3%; IR Vmasx
(KBr)>: 2150, 1640, 1580, 1560, 1510, 1320, 1280, 1250, 1150,
880 and 690cm™; SH(250MHz, CDClg): &. 98 (m, tH) E. 10O cm. THY,

7.70=7. 47 (m, 2HY 2. 27 (m, 4H>ppm followed by compound (79)
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(161mg, 68%> . MPt. 180-1820C (der. ). Analysisc found: C, 56, 5;
H,2.8;N,18.3. Calculated C, . HaN,.Sz: C,56.7;H,2.7; N 18 9%, IR
Ve KBrd: 2150, 1550, 1510, 1470, 1330, 1310, 1260, 1170,
1140, 1130, 910, 770 and 670cm ', S§H(250MHz, CDCl 4> 7. 77-7. 73

(m, 4H> and 3. 28 (s, 4H)ppm.

7.4 EXPERIMENTAL TO CHAPTER 4

7.4.1 N-n—Hexadecyl-2-methylbenzothiazrolium (odide (94)

To 2-methylbenzothiazote (93>(2.98qg, 20mmol) was added
n—hexadecyliodide (14,6 08g, 40mmol?> and the mixture heated at

F00C for 48h, The mixture was cooled to 0°C and diethylether

(400ml) was added. The precipitated white sotid of (74> was
col lected, washed with diethylether, and dried in wvacuo
(2. 0qg, 20%). MPt. 121-1230°C (from methanol ) El T el 374
M*+*=172;, Analysis found: C,57.4;H, 8. 1;N, 3.5. Calculated for

CaaHaoINS:C,57.5;H,8.0;N, 3. 7% IR voa. (KBr): 2900, 2840,
1580, 1520, 1470, 1440, 1375, 1340, 1060, 1020, 780, 730 and

720cm™ .

7.4,2 Z-B-(N-n-Hexadecyl—-2-benzothiazolium)—a-cyvanc—4—ctyry!

dicyanomethanide [, . Hyx—BT3CNQT (91

To a solution of salt (945> (250mg, 0. S50mmo L) in

acetonitrile (30mlL)> was added TCNQ (45> (102mg, 0. 50mmol> and
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N-methylpiperidine (50mg, O. Smmol). The solution was heated
at reflux for 24h. On cooling to 0°C the product was
collected, washed with cold acetonitrile, and dried (n vacuo.
This yielded green microcrystals of CieHs3—BT3CNQ (21D
(171mg, 62%). MPt. 186-188°C; Analysis found: C,76.3;H, 7. 4;
N,9.7; 5,5.8. Calculated for CxsHazMNiS: C, 76.4;H, 7. 6;N,10. 2;
S,5.8% IR Vimax (KBr)>: 2900, 2840, 2180, 2150, 1600, 1530,
1500, 14460, 1370, 1345, 1335, 1290, 1260, 1200, 840, 740 and

720cm™,

7.4.3 2-Methyl-4—-n-hexylthiazole (104)

To a solution of 1-bromo-2-octanone (103> (1.5qg, 7. 3mmol)
in ethanol (20mi) was added thioacetamide (0.55qg, 7. 3mmol) and
the resulting solution heated at reflux for 24h,. The solvent
was removed in vacuo to give a clear yellow oil (104
(1. Qg, 80%>. El ™/q: 184 M*+1); Analysis found: C,65. 5 H, 9. 1;
N, 7. 5. Calculated for C,oH,>NS: C,65.6;H,9.3;N,7.7% IR vaax

(neat): 2920, 28640, 1540, 1460, 1380, 1260, 1060, 870, and

690cm— .
7.4.4 2,3-Dimethyl-4-n-hexylthiazolium methylsutphate (105)
Dimethylsulphate (590mg, Smmo L > was added to

2-methyl-4-n—-hexylthiazole (104> (1.0g,5mmol> and the mixture

heated at 1209C for 1ih. The mixture was cocoled to 0°C and
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diethylether (60ml)> added, the salt (105> separated as &
purple oil (1.33g,86%>. EI ™/ g1 198M*-Meld; Analysis found:
C,46. 4, H, 7. 2; N, 4, 4%. Calculated for OC,zHzaNO_,S2: C, 46. 6;

H, 7. 4; N, 4. 5%.

7.4.5 Z-B-(N-Methyl—-d-hexylthiazolium’)—a-cyano-4-styryl-

dicyanomethanide [ CoH, a—TICNQI (922

To a solution of satt (105)300mg, 1. 08mmol) in dry
acetonitrile (2Oml)> was added TCNG (220mg, 1. 08mmol) and
N-methylpiperidine (107mg, 1. 08mmol>. The resulting sclution
was heated at relux for 24b. On cooling ta 0°C compound (92
was collected by filtration (250mg, 62%) . MPt. 220°C (dec.?
(from acetonitrite); Analysis found: C, 70. 3; H,5.8; M, 14, &,
Calculated for CaaHsaNLS: C, 70.5; H,5. 9; N, 14, 9%; IR (VS
(KBr>: 2940, 2860, 2190, 2160, 1610, 155Q, 1500, 1340, 1350,

1330, 1280, 1250, 1225, 1200, 270, 830 and 770 cm~'.
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TJable 7.1 : Spectroscopic and analytical data for R-RT3ICNQ

der ivat i ves.

R-BT3CNQ (98> R = CHs5, X=Se

(99> R = CHzPh, X=5

Compound Found (%) Calc (%) Yield (%> MPt, oC Ao |/ NM

(95> C, 70. 6; C, 69. 2; 50 328 (dec. ) 712.0
H, 3.5; H, 3. 4;
N, 16. 5; N, 15. 9;
S, 9. 4. S, 9.5,

(96) C,73. 9; C, 74. O; 30 212-214 &24. 0
H, 3. 4; H, 3. 7; 644, 0
N, 17. 1, N, 17, 3.

@7 c, 78. 2; Cc,78. 7; 37 183-184 698. O
H, 7. 6; H, 7. 9; 767. 0
N, 10. 1, N, 10. 5.

(98> C, 62 4; C, 62. 0; 30 334 (dec. ? 4921, 0
H, 2. 7; H, 3. 1; 710. 0
N, 15. 7. N, 14. 5.

(99) C, 74, 93 C, 75.0; 60 238-240 256. O
H, 3. 9; H, 3. 9; 750. 0
N, 13.5 N, 13.5

1. in DMSO.



7.5 EXPERIMENTAL TO CHAPTER S

7.5.1 Preparation of Hemicyanines (113a-113cd)

7.5. 1.1 General Procedure

To a stirred solution of 4—(octadecylaminocbenzaldehyde

(116>P% in ethanol! was added the appropriate N-alkyl-2-methyv!

salt (117a-117d> and a catalytic amount. of piperidine. The
mixture was heated at reflux for 4h. On cooling to 0°C, the
product was collected by filtration and then recrystallised

from n—butanol or methanol and dried in vacuo.

7.5.1.2 2-[2-(4-0Octadecylaminophenylletheny!l-3-N-methyl-

benzothiazolium iodide (!13a’

A mixture of aldehyde (116> (800mg. 2. 1Tmmol ),
2, 3—-dimethylbenzothiazolium iodide 117a)(1.16g,2. Immol> and
piperidine (0.4ml> in ethanol (20ml} was heated at reflux for
4h. This yielded compound (113a>(2 2g,84%> as @ red solid.

MPt. 176-178°C(from n-butanol); = "/ &t 374 (M*-Mel); Analysics

found: C,63.0;,H,8.0;N, 4.2, Calculated for CuaMHey INZS
C, 63.2;H, 8. 3;N, 4. 3% IR Vma. (Nujol) 3360, 1590, 1540, 1390,
1160, 830 and 810cm™'; WV Aqa. (ethanol) 532, Onm.
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7.5.1.3 2-[2-(4-Octadecylaminophenyllethenv(]-3-N-n-
hexadecylbenzothiazolium {odide (113b)

A mixture of aldehyde (1162 (500mg, 1. 34mmol?), N-n—-hexa—
decyl-2-methylbenzothiazolium iodide <117b) (650mg, 1. 34mmol)
and piperidine (0. 4ml?> was heated at reflux for 4h. This
yielded compound (113b> as a red solid (940mg, 82%). MPt. 99—
101°C (from methanol); Analysis found: C,68.6;H, 9. 4;N,3.3
Calculated for CiesHa,INzS: C,68.7,H, 9.5 N, 3, 3%; IR Ve

(KBrb>: 3360, 2920, 2860, 1590, 1570, 1470, 1350, 1160, 830

and 810cm™ "' UV A ... (ethancl) 535.0, 337.0 and 204. Onm.

7.5.1.4 2-[2-(4-Octadecylaminophenyl)etheny!l]l-3-N-methy!-

benzoxazolium iodide «(113c)

A mixture of aldehyde (116) (410mg, 1. immol), 2, 3—-
dimethylbenzoxazol ium iodide (117c¢) (300mg, 1. Immo L) and
piperidine (0.4ml)> in ethanol (20ml> was heated at reflux for
4h, This yielded compound (113c> as a red solid
(551mg, 80%>. MPt. 189-190°C (from n—butanol?; Analysis found:
C,64,6;H,7.9;N, 4, 2. Calculated for CoaHe  INLO: C, 64, 8;
H,8. 1; N, 4.4%; IR v a. (Nujold>: 32360, 1590, 1545, 1490, 1460,
1310, 1140, 845 and 820cm™'; UV XApa.. Cethanol) 533.0, 314.0

and 289. Onm.
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7.5.1.5 Z2-[2-{4-Octadecylaminophenyl(ethenyl]-5-N-methyv/-

4-methyl-thiazolium iodide (113d?

A mixture of aldehyde (116> (500mg, 1. 34mma i), 2,3, 4-
trimethylthiazolium Lodide (11 7d) (342mg, . 34mmo i) and
piperidine (0.4mi) in ethanol ((20ml) was heated at reflux for
4h. This yilelded compound (113d> as an orange solid
(711mg, 87%). MPt. 184-186°C (from n-butanol?; EIl Tt 468
M*+-Mel)d; Analysis found: (C,60.8;H,8. 3;N, 4.5. Calculated for

Ce1H=,INzS: C,70.0;H, 8. 4; N, &4, 6%; IR Ve (Nujol: 3360,
1590, 1540, 1480, 1455, 1430, 1345, 1180, 830 and 810cm™'; WV

Amax (@thanol? 485.0, 275, 0 and 204. Onm,

7.5.1.6 2-[2-(4-0Octadecylaminophenyllethenyl]l~3-N-methv!-

4-n—-hexylthiazolium methylsulphate (1718

To a solution of 2,3-dimethyl-4-n—hexylthiazolium
methylsulphate (105> (S500mg, 1. 6mmol> in ethanot (20ml) was
added N, N' ~dimethylaminobenzaldehyde (240mg, 1. 6mmol) and
piperidine (0,4ml). The solution was heated at refiux for 1h.
The solvent was evaporated in vacuo to yield a red solid.
Silica column chromatography (eluant sacetone/diethylether,
5:1 v/v) separated compound 118> (406mg, 58%>.
Recrystallisation from methanol/diethylether (4: 1 v/v)
afforded an analyticatly pure sample. MPt. 142-1449°C; Analysis
found: C,57.2;H,7.3; N,b6.2, Calculated for Caz Hsa2Nz20,52 :

C,S57.3iH, 7.3; N, 6. 4%; IR Vaax KBrd>: 2920, 1570, 1530, 1440,
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1380, 1330, 1290, 1260, 1170, 1060 and &10-m™'; UV X

[aal_

(ethanol) 481.0 and 204, Onm.

7.6 EXPERIMENTAL TO CHAPTER &

7.6.1 2Z2=Methylthio—d-n—-hexyl-7, 3—-dithiolium methylsulphate

(132) .

To 4-n-hexyl-1,3-dithiole-2-thione 131
(500mg, 2. 3mmol> was added dimethylsulphate (290mg, 2.3mmol)
and the mixture heated at 909C for O.5h. On cooling to 0°C
diethylether (200ml> was added. This yielded compound (132)
as a purple otil (356mg, 45%). E! ™ o 238 (M*+*+2H-MeS0, ) ;
Analysis found: C,38.3;:H,5. 7. Calculated for C, Hz:o0.54:
C,38. 4, H,5.8% 8H(250MHz)>: 6. 90(s, 1H), 3.80(s,3H>, 2.78, 2H)>,

1.34 (m, 8H> and 0O, ?8<Ct, 3H)>ppm.

7.6.2 4-n-Hexyl-2-(d-dicyanomethylene-2, 5-cyclohexa

dienel—1,3-dithiote (128

To & solution of salt (132> (231mg, 0. 70mmo 1> in
pyridine/glacial acetic acid 20mlL, 3: 1 v/v) was added
phenylmalononitrile (134> (100mg, 0. 70mmol) and the solution
heated at refilux for 24h. On cooling to 0°9C the solutiorn was
poured onto water (200ml), diethylether s&added 100ml), the
organic layer was separated, dried (MgS50,)> and the solvent

removed i{n vacwuo to yield compound (128) as a blue solid
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(80mg, 35%>. MPt. 48-49°C; El ™/ e 326 (M*+), Analysis found:
C,66.2;H,4.5;N,8.7. Calculated for CimsH,asN2S5, C, 66. 3;
H,5.5; N, 8. 6% IR vVmax (KBrd>: 3020, 2920, 2840, 2190, 2160,
1600, 1380, 1360, 1340, 1180, 840, 700 and 540 cm—1;
SH(250MHz, CDCl ) 7.21-6.98 (dd, 4H), 6.91 (g, 1H), 2.78 (t,2H),

1.35(m, 8H> and 0. 92 (t, 3H>ppm.

7.6.3 1—-Bromo-2—-dodecanol (13&8)

To a stirred slurry of t1-dodecene (135> (40g,0.24mol)

in DMSO (400mi) and water 20mi) was added N-bromosuccinimide

(85. 49, 0. 48mol> portionwise over 2h, The solution was
stirred at 25°C for 24h, Diethylether (200ml> and Qater
(400ml> were added, the organic lLayer separated, dried
(MgS0.> and the solvent removed in vacuo. The alcohol (136D
was obtained as a clear colourless Lliguid (34g,54%). EI
M o 263 (M*); Analysis found: C,54.8;H,9. 1. Calculated for

C,zHasBrO: C,54,6;H,8.9% IR vmax (Nujol): 3370, 1350, 1220,

1120, 1040, 8460, 740, 660 and S5S70cm~'cm™ ',

7.6. 4 1-Bromo-2—-dodecanone <(137)

To a stirred solution of alcohol (136> (34g,0.12%mol>
and water (20ml)> was added a sotution of sodium dichromate
(649, 0. 39mol) in sulphuric acid <480mlL, 3. 6M) dropwise over
2h., Diethylether (200ml> was added and the mixture stirred

vigorously for 1h. The organic layer weas separated, washed
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with water, dried (MgSO,> and the solvent removed in vacuo to
give the ketone (137> as a white solid (29.3g, 87%).

MPt, 38-40°C; El ™/ g:263M*+1), 183 M*+1-Br2; Anatysis found:

C,54.7;H, 8, 4. Catcutated for C,zH2sBr0O; C,55. 0; H, 8. 8%; IR
Ve (NUujol): 3370, 1740, 1120, 840, 740 and 570
cm—1; 8H(250MHz, CDCl 5> 3. 79 (s, 2H), 2.53t, 2H), 1.16 (s, 16H

and O0.77 (t, 3H> ppm.

7.6.5 QO-Ethyl-l-xanthyldodecan-2-one (138>

To a solution of ketone (137> (10.0g,0.0383mol>» in
acetone <100mL> was added potassium ethy!l xanthate
(6. 13g,0.0383mol> and the mixture heated at reflux for 4h,
On cooling to 0°C, diethylether (200mi> and water (400ml)
were added. The organic layer was collected, washed with
water, dried (MgS0,) and the solvent removed i(n vacuo to give
(138> as & tan solid (29.3g,87%>. MPt. 38-40°C; EI "/ ot 305
M*++1), 277 (M++1-Et); Analysis found: C,59. 1; H, 9. 0.
Calculated for C;gHos02Ss: C,59.2;H,9.2%; IR Vmax (Nujold:
1720, 1650, 1600, 1410, 1270, 1220, 11150, 1110, 1050, 870,

840 and 800cm~'.

7.6.6 4-n-Decyl-1, 3-dithiole-2-thione (]39>

To a solution of ketone <(138) (5.0g,0.016mol> in

toluene (100mL> was added phosphorous pentasul fide

(21.9g, 0. 048mol> and the mixture heated at reflux for 24h.
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On cooling to 0°C, diethylether (200ml> and water (200ml) were

added. The organic layer was separated and washed with
ditute sodium hydroxide <(200mlL, 1.0M>. The organic layer was
separated, dried MgS50,), and the solvent removed in wvacuo

Silica column chromatography of the residue, etuting with
dichloromethane, gave thione (139> as a clear red oil
(3. 68g,84%>; EI ™/ 4: 275 (M*+1); Analysis found: C,56.6;H,7.8.
Calcutated for C,aHz2Ss: C,56.9;H,8.0% IR Vaa,. ((KBr): 2920,
2860, 1470, 1060, 890 and 710ecm™"; SH(250MHz, CDC Ll x>

6.59(s, THY, 2.51<,2H>, 1.19(s, 16H> and 0. 81 (t, 3H>ppm.

7.6.7 4-n-Decyl-2-methylthio-1, 3-dithiolium

tetrafiuoroborate (140>

To thione (139> (2g,7.3mmol> was added dimethylsulphate
(0. 229, 7. 3mmol)> and the mixture heated at 90°C for 15min. On
cooling to o°C, tetrafluoroboric acid diethytetherate
(54%w/v; 2.2ml, 7. 3mmol) was added. Diethylether <(400ml> was

added and the precipitated white solid (140> collected,

washed with cold diethylether and dried in vacuo
(1.6g,58%). MPt. 72-73°C; E1 ™ - 291 (M*+2H-BF .7 Analysis
found: C,44.4;H,6.5. Calculated for C,.H=sBF.Ss: C, 44. 7;
H, 6. 7%.
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7.6.8 4-np-Decyl=2-methylthio-2H-71, 3-dithiole (/41>

To a solution of satt (140> (1.5g, 4mmot) in ethanol
(40miL) at 25°C under an atmosphere of nitrogen was added
sodium borohydride (454mg, 12mmol) and the mixture stirred for
4h. The soivent was removed (n vacwuo and dichloromethane
(100ml> added to the residue. Water was sadded to the
mixture, the organic Llayer was separated, dried (MgSO,> and
the solvent removed in vacuo to give (141> as a clear
colourless oil (0. 96g, 82%). E1 M w290 (M*>; Analysis found:
C,57.6;H,8.8.Calcutated for C,4H255: C,57.9;H,9.0% 5H(250

MHz, CDClg): 6. 63 (s, 1H>, 5.59(s, 1H), 2.25¢t,2H), 2.14(s, 3H),

1.19(s, 16H> and 0. 81 (t, 3H) ppm.

7.6.9 4-n—-Decyl-1, 3-dithiolium tetrafluoroborate (142)

To oil (141> (540mg, t. 86mmo L) was added acetic
anhydr ide (0. 18mi, 1. 86mmol) and tetrafluoroboric acid
diethyletherate (54%w/v;0.55ml, 1.86mmol) and the solution
was stirred st 0°C for 2h. Diethylether (400mlL) was added,
the precipitated tan solid (142) was collected, washed with
diethylether and dried imn vacuo (510mg, 83%)>. MPt. 64-66°C; E]
M e 243 (M* —BF ,7); Analysies found C,47.1:H, 4. 8. Calculated for
C,aH=22sBF4S=: C, 47.3;H, 7. 0%; IR Vamax (KBr): 2940, 2860, 14630,

1500, 1470, 1450, 1380, 1030, 750 and 720cm—*',

- 143~



7.6.10 4-n-Decyit—-2—Formvimethylene—1, 3—-dithiole 143

To a solution of salt (142> (S00mg, I.5mmol), under an
atmosphere of nitrogen, was added tributylphosphine
(333mg, 1. 65mmol) and the solution heated at 40°C for 2h.
Triethylamine (152mg, 1. Smmo L) and aqueous glyo»al

(40wt %; 2. 18mlL, 15mmol> was added and the solution stirred at

250C for 2h. wWater and dichloromethane were added, the
organic layer separated, dried (MgS0,4» and the solvent
removed In vacuo. Silica column chromatography
of t he residue, eluant dichloromethane, separated

aldehyde (143> (290mg, 68%). MPt, 36-389C; E1 s 284 (M+);
Analysis found: C,63.2;H, 8.3, Calculated for C,gH,,0S;
C,63.3;H,8.5% IR vy (hujold: 1640, 1320, 1260, 1190, 1100,

920, 880, 800, 740, 700 and 640cm—'.

7.6.11 4-n-Decyl-2-(dicyanomethylene)methylene-1, 3—dithiole

(129>

To a solution of aldehyde (143) (100mg, 0.35mmol)> in
ethanol (40ml> was added malononitrile (23mg, 0. 35mmol) and
piperidine ((29mg, 0. 35mmol)> and the solution heated at reflux
for 4h, The solvent was removed in vacuo. Water and
dichloromethane were added, the organic layer was separated,

dried (MgS0O,> and the solvent removed in vacwo to give
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compound «Qaz29 as =a red sotid (44mg, 38%>. MPt. 47-490(;
El M e 332 (M*+); Analysis found: C,64.8;H,6.8;N,8.3
Calculated for C,aHz4N2S5: C,65.0;H,7.3;N,8.4%; IR vVaa. (KBr>

3060, 2940, 2860, 2210, 1410, 1270, 900, 740 and 710cm—'.
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APPENDIX | ~ X-RAY CRYSTAI DATA

A. CRYSTAL DATA FOR 2,5-Dibromo-TCNQ (41d)

Chemical Formula: Ci,a2HaBroN.; M = 361,98, monoclinic,
space group P2,/C (No 14>, a = 6.18401)>,. b = 6.445 (1), c =
14. 653 (2> K, B = 90.56¢1)°, U = S583.9(1YA, Z = 2, Dec = 2.059
g cm=>, F(000> = 344, % = 0.71069 A, p (Mo—Ka) = 48.6 cm=",

crystal size (0.37 x 0.22 x 0.05 mm,.

Data collection: Unit cell parameters and intensity data were
obtained by following previously described procedures'®*
using a CAD4 diffractometer operating in the W-20 scan mode,

with graphite monochromated Mo—-Ka radiation. A total of 1030

unique reflections were collected (3 < 28 < 509, The
segment of reciprocal space scanned was: th> O ...7, >
0....7, ay —-17..... 17. The reflection intensities were

corrected for absorption, using the azimuthal-scan method'<s;

maximum transmission factor 1,00, minimum value 0. 66.

Structure solution and refinement: The structure was solved
by the application of routine heavy-atom methods (SHELX-

86'°%), and refined by full matrix Lleast sguares (SHELX-

767°7), After Llocation, and isotropic refinmement, of all
non—hydrogen atoms, a further absorption correction was
applied, program DIFABS'®®; maximum correction 1.37, minimum
0.57. Refinement continued with atl non-hydrogen treated
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anisotropical ly. The single hydrogen atom of the asymmetric

unit was aliowed unrestricted isotropic refinement.

The final residue R and R were 0. 031 and 0. 033,
respectively, for the 86 variables and 880 data for which
Fo > 3 o(Fg). The function minimised was I (F-F.)2 with
the weight, w, being defined as 1/[c2(Fg5> + 0.0005 F,=2]. AllL

computations were made on a DEC VAX-11/750 computer.

Atom numbering scheme for 2,5-dibromo-TCNQ 41d)
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B. CRYSTAL DATA, INTENSITY DATA, COLLECTION PARAMETERS AAND

DETAILS OF REFINEMENT FOR COMPOUND (72m)

Chemical Formula: C,,H,zN.; M = 236.26; monoclinic; space
group P2,/n; a = 15.047¢6)>, b = B.117 (3>, c = 10. 466 Z; B =
?1,31¢3>)%; U = 1277.95 2; 2= 4 Dc = 1.23 gecm™'; FOO0> =
496; XN = 0.71069 A; p (Mo—-Kod = 0.44 cm™'; 8 min/max = 1.5,
25.0; T = 293K; Total data observed = 1627, significant test
Fo > 3oFso; No. of parameters = 211, weigﬁting scheme =

1/to2(Fs) + 0.00169(F5>2]1; final R = 0.045; final Rg = 0.067.

Data were coilected on a CAD 4 diffractometer following
previously described procedures'®*.  The st}gcture was solved
by direct methods (SHELX-86'°%) and developed and refined

using standard Fourier and l(east—squares procedures. Non-

hydrogen atoms were refined anisotropically, hydrogens
isotropically. Bond angles and lengths are shown in Table
A 2.
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Atom Numbering Scheme for compound (72m)

L1394 C2)-CC1H=NC 175. 4 (3>

CC1Y=N(1 1
C(3>)-C(2) 1. 436 (4> CaY-C2>=~-CC1) 123. 7(3)
N(2>-C(3 1.142¢4> N(2Y-C(3>-C(2) 174. 8(3)
CU3)-C4) 1.469¢4D C13>-CH-C(2> 121.9(3)
CC7>-C(5) 1. 354 C&)> C(&Y-C(5>-C (&) 120. 4(3)
C(9Y=C(7). 1,466C4D C(7)=C(5Y=C(6) 122. 4(3)
CC11)-C(9> 1. 4624 C(9)=C(7>=-C(5) 118, 1(3)
NC4Y-CC10) 1.151¢4D N(3)-C(9)-C(7> 126. 4(3)
CC13)-CC11) 1, 3514 C11)>=C(9)~N(3) 115. 3(3)
C2>-C(1 1. 431 (&> N(A)~CC(10)-N(3> 170. 4(3)
Ca>~-C (2> 1. 360> CCI13Y=C11)=C (D 118.2(3)
C(5)-C (4> 1. 476 C4> CC11Y-CAU3ID-Ca) 117.5¢3)
C6Y-C(5) 1.501(5) CCla>-CA3D-C1 1) 122.1(3)
C(8Y-C(7) 1.501 (5) C(3)=-C2Y=-C (1) 110. 7(3)
N¢3>-C(9) 1.299¢4> C(4)Y~-C(27-C(3) 124.9¢3)
CC10)-N¢3> 1.3324)> C(5)=C4>-C(2) 120. 9¢(3)
CU2Y-C11) 1. 4974 C(13>-C4>-C(S 117.1(3)
CC14>)-C¢13) 1.503(5) C(7)-C(S>-C(4) 117.1(3)
C(B8Y-C(7)>-C(5) 121.8¢3)
C(PI=-C(7>-C(B) 120. 1 (3)
CU11)Y=C(?-C(T 118. 2(3)
CC10>=-N(3)>-C (9 123.9(3)
CC12)-C11)O-C(9) 118.3(3
C3)-C11H-C12> 123. 4(3)
CC14>-C(13>-C(4) 120. 4(3)

(-]
Table A.2: Bond lengths (AY and angles (%) for compound
(72m).
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C. CRYSTAL DATA, INTENSITY DATA, COLLECTION PARAMETERS AND

DETAILS OF REFINEMENT FOR _COMPOUND (72n)

Chemical Formuta: C,aH,oNs; M = 222.25; monoclinic; space

o
group P21/c; a = 13.978(1)>, b = 11.7141>, c = 14.736C1>A; B
= 98.96%;, U = 2325.18; <= 8; Dc = 1.27 gem~'; FQO00 = 928;

Cu-Ka radiation; A = 1.5418; p = 6.07 cm™'; B8 min/max = 3, 45;
Total data observed = 3314; significant test Fg > 30F,; No
of parameters = 350; weighting scheme = 1/[0c2(F) +
0. 00004669 (F532); final R = 0,055; final Rg = 0.076.

Data were collected on a CAD 4 diffractometer following
previously described procedures'®=<, The structure was solved
by direct methods <(SHELX-867'°%) and developed and refined
using standard Fourier and Lleast-squares procedures. Non-
hydrogen atoms were refined anisotropically, hydrogens
isotropically. Bond lengths and angles are shown tanable

A.3 and Table A. 4 respectively

Atom numbering scheme for compound (72n)
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Table A.3: Bond lenqths &> for compound (72n).

Molecule 1.

CC11Y=NC11)D
C12)-NC12)
ca12>-Ccd12>
C(15)-C13>
C17>-CA15)
CartH-cai7?
Ca11o>-C18>
N(14>)-C(110>
C(113>-C(112)>

Molecule 2. .

N¢22>-C(21)
C@23>-C22)
C(24>-C23)
C(26>-C25)
Cc(28>X-C@27>
C(29>-C28)
N(23>-C 29
C212>-C(211>

b e et ek b e

b b wh b h b —b

. 151 (45
. 303 (4>
. 462 (4)
. 36245
. 457 (4)
. 451 (4)
. 434 C4)
. 144 (4)
. 505 (5)

. 334 (5)
. 471 (4)
. 521 (5
.517(5)
. 3794
. 4304
. 147 C4)
. 3374

N(12)>=-C (11D 1.3274)
C13>-C12> 1. 466¢4)
C14>-C 13> 1.512(5)
C16>)-C 15> 1.516(5)
C18>-CC17) 1.3734)
C19>-C18)> 1. 425 4>
NC13Y=C 19 1. 146 (4)
CC112)-CC111> 1.338¢4)
C21)-N21)> 1. 154(5)
C22>-N22)> 1. 309 (&)
C(212)-C(22> 1.456(4)
C(25>-C(23) 1.349(4)
C(27>-C (25> 1.452 (4>
C211)=-C(27> 1.451 (&>
C(210>-C(28) 1.4364)
N(24>-C(210) 1.134(a)>
C(213)-C¢212> 1.504(5)

Table A. 4: Bond Angles (°) for Compound (72n).

NO2)=C(115-NC1 1) 169
CU3)-C(12>-NC12> 114,
C(112>-C12)-C(13> 119,
C(15~-C13>-C12> 121.
C(i6)-CU15>-C13> 121,
CU7»-Cs>-C16> 120.
C1H~-C17)-CC15> 118,
cam-cugr-cuz 128.
CC110)-C18>-CC19> 110.
NC14)-C(110)-C (18> 175,
C111)~-C112>-C12> 117.
C(13)-C112>~-C(111)>119,
C(22>-N(22>~-C 21> 126.
C(212>-C(22>-N(22> 126.
C(24>-C(23>-C(22> 116,
C(25>-C(23>-C (24> 122.
C27>-C(25>-C123> 118.
C(28)-C(27>-C (25> 124,
C(211)-C(27>-C (28> 116,
C(210)-C(28>-C (27> 121.
N(23)>-C((29>-C (28> 173.
C(212>-C(211)>-C27> 123.
C(213)-C(212>-C(22> 122.

83>
5(3)
&6 (3
4 (3
23
03
6(3)
1(3)
53
7(3)
7 (3>
9 (3>
?(3)
1(3)
4(3)
1¢4)
9(3)
6(3)
8(3
1(3)
4(3)
6 (3
1(3

CC12>=N(12>-C(1 1)
C(112)-C(12)-NC12)
Car-c13>-C14>
CQsS>-C13>-C14)
CA7>-Ci15>-C13)
cas -ca17»-CcAUs)
cartmn-ca7r-cas)
C(110)-C18>-C(17)
NC13>-C(19>-C18)
C(l12>-C111>=-CA17>
C113)-C112>-C12>
N22>-C(21>-N(21)
C(23>-C(22>-N(22>
C(212)-C(22>-C 23
C(25>-C(23>-C 22>
C26>-C(25>-C 23
C@7>-C(25>-C (26D
C211)Y-C(27>-C 25>
C(291)~-C(28>3-C(27)
C(210)-C(28>-C (29
N(24>-C(210)-C(28)
C2111)-C212>~-C(22)

126
126
117
121

118
124
116
121

173
123
122
168
114
119
121

121

119
118
127
111

177
117

C(213)-C212>=-C(211>120

.83
.03
.03
L6 (D
.83
.53
.83
.4(3)
.33
.8(3
LA
. 7(3
. 603
. 4C3)
.53
.83
.2 (3
.73
A
.03
13D
.83
13D
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APPENDIX 11 - COLLOQUIA,

LECTURES AND SEMINARS G!VEN

BY

INVITED SPEAKERS

IN THE DEPARTMENT OF CHEMISTRY DURING

TJHE PERIOD 15T AUGUST 1988 TO 31ST JULyY 1991

(AY_1ST AUGUST 1988 TO 31ST JULY 1989

AVEYARD, Dr. R. (University of Hull)
Surfactants at your Surface

AYLETT, Prof. B.J. (Queen Mary College. London)
Silicon-Based Chips:- The Chemist's Contribution

BALDWIN, Prof. J.E. (Oxford University)
Recent Advances in the Bioorganic Chemistry of
Penicillin Biosynthesis

BALDWIN & WALKER, Drs. R.R. & R.W. (Hull University)
Combustion: Some Burning Problems

BUTLER, Dr. A.R. (St. Andrews University)
Cancer in Linxiam: The Chemical Dimension

CADOGAN, Prof. J.I.G. (British Petroleum)
From Pure Science to Profit

CASEY, Dr. M. (University of Salford)
Sulphoxides in Stereoselective Synthesis

CRICH, Dr. D. (University College London)
Some Novel Uses of Free Radicals in Organic
Synthesis

DINGWALL, Dr. J. (Ciba Geigy)
Phosphorus-containing Amino Acids: Biologically
Active Natural and Unnatural Products

ERRINGTON, Dr. R.J. (University of Newcastle-upon-Tyne)
Polymetalate Assembly in Organic Solvents

FREY, Dr. J. (Southampton University)
Spectroscopy of the Reaction Path:
Raman Spectra of NOC1l

Photodissociation

GRADUATE CHEMISTS, (Polytechs and Universities in
North East England)
R.S.C. Symposium for presentation of papers by
postgraduate students

HALL, Prof. L.D. (Addenbrooke's Hospital, Cambridge)
NMR - A Window to the Human Body

HARDGROVE, Dr. G. (St. Olaf College, U.S.A.)
Polymers in the Physical Chemistry Laboratory

HARWOOD, Dr. L. (Oxford University)

Synthetic Approaches to Phorbols Via Intramolecular
Furan Diels-Alder Reactions: Chemistry under Pressure
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15th March, 1989
l6th February, 1989

9th February, 1989

24th November, 1988
15th February, 1989

10th November, 1988

20th April, 1989

27th April, 1989

18th October, 1988

1st March, 1989

11th May, 1989

12th April, 1989

2nd February, 1989

December, 1988

25th January, 1988



JAGER, Dr. C. (Friedrich-Schiller University GDR)
NMR Investigations <I Fast Ion Conductors of the
NASICON Type

-
-

JENNINGS, Prof. R.R. (Warwick University)
Chemistry of the Masses

» JOHNSON, Dr. B.F.G. (Cambridge University)
The Binarv Carbonyls

LUDMAN, Dr. C.J. (Durham University)
The Energetics of Explosives

MACDOUGALL, Dr. G. (Edinburgh University)
Vibrational Spectroscopv of Model Catalytic Systems

* MARKO, Dr. I. (Sheffield University)
Catalytic Asymmetric Osmylation of Olefins

McLAUCHLAN, Dr. K.A. (University of Oxford)

The Effect of Magnetic Fields on Chemical Reactions

* MOODY, Dr. C.J. (Imperial College)
Reactive Intermediates in Heterocyclic Synthesis

PAETZOLD, Prof. P. (Aachen)
Iminoboranes XB=NR: Inorganic Acetylenes?

PAGE, Dr. P.C.B. (University of Liverpool)
Stereocontrol of Organic Reactions Using 1,3-dithiane-

1-oxides

POLA, Prof. J. (Czechoslovak Academy of Sciences)
Carbon Dioxide Laser Induced Chemical Reactions -
New Pathways in Gas-Phase Chemistry

» REES, Prof. C.W. (Imperial College London)
Some Very Heterocyclic Compounds

SCHMUTZLER, Prof. R. (Technische Universitat Braunschweig)
Fluorophosphines Revisited - New Contributions to an
0ld Theme

SCHROCK, Prof. R.R. (M.I.T.)
Recent Advances in Living Metathesis

SINGH, Dr. G. (Teesside Polytechnic)
Towards Third Generation Anti-Leukaemics

SNAITH, Dr. R. (Cambridge University)
Egyptian Mummies: What, Where, Why and How?

STIBR, Dr. R. (Czechoslovak Academy of Sciences)
Recent Developments in the Chemistry of Intermediate-
Sited Carboranes

9th December, 1988

26th January, 1989

23rd February, 1989

18th October, 1988

22nd February, 1989

9th March, 1989

16th November, 1988

17th May, 1989

23rd May, 1989

3rd May, 1989

15th June, 1989

27th October, 1988

6th October, 1988

13th February, 1989

9th November, 1988

1st December, 1988

16th May, 1989

VON_RAGUE SCHLEYER, Prof. P. (Universitat Erlangen Nurnberg) 21st October, 1988

The Fruitful Interplay Between Calculational and
Experimental Chemistry

WELLS, Prof. P.B. (Hull University)
Catalyst Characterisation and Activity
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(BY 15T AUGUST 1989 TO 31ST JULY 1990

BADYAL, Dr. J.P.S. (Durham University)
Breakthoughs in Heterogeneous Catalysis

- BECHER, Dr. J. (Odense University)
Synthesis of New Macrocylic Systems using
Heterocyclic Building Blocks

BERCAW, Prof. J.E. (California Institute of Technology)
Synthetxc and Mechanistic Approaches to
Ziegler-natta Polymerization of Olefins

BLEASDALE, Dr. C. (Newcastle University)
The Mode of Action of some Anti~tumour Agents

WMAN, Prof. J.M. (Emory University)

o 7F‘1ttlng "Experiment with Theory in Ar-OH

BUTLER, Dr. A. (St. Andrews University)
" Thel DlSCOVGI'y of Penicillin: Facts and Fancies

CHEETHAM, Dr. AK. (Oxford University)
Chemistry of Zeolite Cages

CLARK, Prof. D.T. (ICI Wilton)
Spatlally Resolved Chemistry (using Natures's
Paradigm in the Advanced Materials Arena)

COLE-HAMILTON, Prof. D.J. (St. Andrews University)
New Polymers from Homogeneous Catalysis

CROMBIE, Prof. L. (Nottingham University)
The Chexmstry of Cannabis and Khat

DYER, Dr. U. (Glaxo)
Synthesis and Conformation of C-Glycosides

FLORIANI, Prof. C. (University of Lausanne,
Switzerland)

Molecular Aggregates — A Bridge between

homogeneous and Heterogeneous Systems

GERMAN, Prof. L.S. (USSR Academy of Sciences —
0SCOW
New Syntheses in Fluoroaliphatic Chemistry:
Recent Advances in the Chemistry of Fluorinated
Oxiranes

'GRAHAM, Dr. D. E\ .P. Reserch Centre)
How Protems bsorb to Interfaces

GREENWOOD, Prof. N.N. (University of Leeds)

Novel Cluster Geometries in Metalloborane
Chemistry
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1st November, 1989

13th November, 1989
10th November, 1989

21st February, 1990
23rd March, 1990
7th December, 1989
8th March, 1990

22nd February, 1990

29th November, 1989
15th February, 1990
31st January, 1990

25th October, 1989

9th July, 1990

4th December, 1989

9th November, 1989



HOLLOWAY, Prof. J.H. (University of Leicester)
Noble Gas Chemistry

+ HUGHES, Dr. M.N. (King's College, London)
A Bug's Eye View of the Periodic Table

HUISGEN, Prof. R. (Universitit Miinchen)
Recent Mechanistic Studies of [2+2] Additions

KLINOWSKI, Dr. J. (Cambridge University)
Solid State NMR Studies of Zeolite Catalysts

LANCASTER, Rev. R. SKimbolton Fireworks)
Fireworks — Principles and Practice

LUNAZZI, Prof. L. (University of Bologna
Application of Dynamic NMR to the Study of
Conformational Enantiomerism

PALMER, Dr. F. (Nottingham University)
Thunder and Lightning

PARKER, Dr. D. gDurham University)
Macrocycles, Drugs and Rock 'n' roll

PERUTZ, Dr. R.N. (York University)
Plotting the Course of C-H Activations with
Organometallics _ :

PLATONOV, Prof. V.E. (USSR Academy of Sciences —
Novosibirsk)
Polyfluoroindanes: Synthesis and Transformation

POWELL, Dr. R.L. (ICI)
The Development of CFC Replacements

POWIS, Dr. I. (Nottingham University)
Spinning off in a huff: Photodissociation of
Methyl Iodide

ROZHKOQV, Prof. I.N. USSR)Academy of Sciences —
oscow
Reactivity of Perfluoroalkyl Bromides

STODDART, Dr. J.F. (Sheffield University)
Molecular Lego

SUTTON, Prof. D. (Simon Fraser University,
Vancouver B.C.)
Synthesis and Applications of Dinitrogen and Diazo
Compounas of Rhenium and Iridium

THOMAS, Dr. R.K. (Oxford University)
Neutron Reflectometry from Surfaces

THOMPSON, Dr. D.P. (Newcastle University)

The role of Nitrogen in Extending Silicate
Crystal Chemistry
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1st February, 1990

30th November, 1989

15th December, 1989

13th December 1989

8th February, 1990

12th February, 1990

17th October, 1989

16th November, 1989

24th January, 1990

oth July, 1990

6th December, 1989

21st March, 1990

9th July, 1990

1st March, 1990

14th February, 1990

28th February, 1990

7th February, 1990



(C> 1ST AUGUST 1990 TO 31ST JULY 1991

#* ALDER, Dr. B.J. (Lawrence Livermore Labs., California) 15th January, 1991
Hydrogen in all its Glory

BELL+, Prof. T. (SUNY, Stoney Brook, U.S.A.) l4th November, 1990
Functional Molecular Architecture and Molecular
Recognition

BOCHMANN+, Dr. M. (University of East Anglia) 24th October, 1990

Synthesis, Reactions and Catalytic Activity of
Cationic Titanium Alkyls

BRIMBLE, Dr. M.A’(Massey University, New Zealand) 29th July, 1991
Synthetic Studies Towards the Antibiotic
-Griseusin-A

BROOKHART, Prof. M.S. (University of N. Carolina) 20th June, 1991

Olefin Polymerizations, Oligomerizations and
Dimerizations Using Electrophilic Late Transition

Metal Catalysts

» BROWN, Dr. J. (Oxford University) 28th February, 1991
Can Chemistry Provide Catalysts Superior to Enzymes?

BUSHBYf, Dr. R. (Leeds University) 6th February, 1991
Biradicals and Organic Magnets

* COWLEY, Prof. A.H. (University of Texas) 13th December, 1990
New Organometallic Routes to Electronic Materials

* CROUT, Prof. D. (Warwick University) 29th November, 1990
Enzymes in Organic Synthesis

DOBSON', Dr. C.M. (Oxford University) 6th March, 1991
NMR Studies of Dynamics in Molecular Crystals

GERRARD', Dr. D. (British Petroleum) 7th November, 1990
Raman Spectroscopy for Industrial Analysis

HUDLICKY, Prof. T. (Virginia Polytechnic Institute) 25th April, 1991
Biotatalysis and Symmetry Based Approaches to the
Efficient Synthesis of Complex Natural Products

JACKSONT, Dr. R. (Newcastle University) 31st October, 1990
New Synthetic Methods: a-Amino Acids and Small
Rings

KOCOVSKY', Dr. P. (Uppsala University) 6th November, 1990

Stereo-Controlled Reactions Mediated by Transition
and Non-Transition Metals
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» LACEY, Dr. D. {(Huil University)
Liquid Crystals

LOGAN, Dr. N. (Nottingham University)
Rocket Propellants

* MACDONALD, Dr. W.A. (ICI Wilton)
Materials for the Space Age

MARKAM, Dr. J. (ICI Pharmaceuticals)
DNA Fingerprinting

% PETTY, Dr. M.C. (Durham University)
Molecular Electronics

PRINGLE', Dr._P.G. (Bristol University)
Metal Complexes with Functionalised Phosphines

PRITCHARD, Prof. J. (Queen Mary & Westfield College,
London University)
Copper Surfaces and Catalysts

SADLER, Dr. P.J. (Birkbeck College London)
Design of Inorganic Drugs: Precious Metals,
Hypertension + HIV

SARRE, Dr. P. (Nottingham University)
Comet Chemistry

3lst January, 1991
1st November, 1990

11th October, 1990

7th March, 1991

l4th February, 1991

5th December, 1990

21st November, 1990

24th January, 1991

17th January, 1991

SCHROCK, Prof. R.R. (Massachusetts Institute of Technology) 24th April, 1991

Metal-ligand Multiple Bonds and Metathesis Initiators

SCOTT, Dr. S.K. (Leeds University)
Clocks, Oscillations and Chaos

SHAW®, Prof. B.L. (Leeds University)
Syntheses with Coordinated, Unsaturated Fhosphine
Ligands

SINNf, Prof. E. (Hull University)
Coupling of Little Electrons in Big Molecules.
Implications for the Active Sites of (Metalloproteins
and other) Macromolecules

SOULENT, Prof. R. (South Western University, Texas)

Preparation and Reactions of Bicycloalkenes
WHITAKER', Dr. B.J. (Leeds University)

Two-Dimensional Velocity Imaging of State-Selected
Reaction Products

* Attended by the author.

8th November, 1990

20th February, 1991

30th January, 1991

26th October, 1990

28th November, 1990

Invited specificaily for the postgraduate training programme.
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