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Abstract:

Cyanines, merocyanines, allopolar and related dyes have been known for more than a century and have
been utilized extensively in the photographic industry. However, in the last twenty years these
compounds have become important in the field of nonlinear optics (NLO). As a result new synthetic
methodologies are needed to prepare authentic and novel cyanines, merocyanines, allopolar and related
dyes, as well as, some insight to thier physical properties.

The synthesis of optically active merocyanines has been accomplished using chiral benzothiazolium
salts which are then converted into dyes using traditional dye chemistry. Chiral acetamides can undergo
a ring closure with chloroacetone to form optically active thiazolium salts which can be reacted with
Dains intermediates to form novel thiazole derived merocyanines.

3-Thietanone-1,1-dioxide was prepared by known methods from a ketene acetal and reactive sulfene
intermediate. 3-Thietanone-dioxide has two reactive methylene carbons which have been utilized to
form mono and bis substituted merocyanine dyes from several different ICI intermediates.

Chain methyl merocyanines and 3 -ethyl-2-bisanilo-isopropylidenebenzothiazoline have been used to
prepare several intermediates (i.e.
3-ethyl-5-[2-(3-ethyl-2-benzothiazolinylidene)-(2-anilomethylethylidene)]-rhodanine) which have been
utilized in the formation of both neocyanine and allopolar dyes. These dyes are trinuclear dyes which
have two or more possible conformations that are in equilibrium with one another. Each conformer has
a different type of chromophore which is represented by either a holopolar form (cyanine-like) or a
meropolar form (merocyanne-like). These dyes have not been tested for NLO properties, but have the
same properties as their straight chain cyanines and merocyanines counterparts which make them
excellent candidates for NLO studies.

This thesis discusses the synthesis and characterization of several authentic straight chain
merocyanines, as well as the synthesis and characterization of approximately five different types of
new dyes. This thesis also discusses the crystal structure and the theortical aspects of the individual
dyes that have been prepared.
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ABSTRACT

Cyanines, merocyanines, allopolar and related dyes have been known for more
than a century and have been utilized extensively in the photographic industry.
However, in the last twenty years these compounds have become important in the field
of nonlinear optics (NLO). As a result new synthetic methodologies are needed to
prepare authentic and novel cyanines, merocyanines, allopolar and related dyes, as well
as, some insight to thier physical properties. A

The synthesis of optically active merocyanines has been accomplished using
chiral benzothiazolium salts which are then converted into dyes using traditional dye
chemistry. Chiral acetamides can undergo a ring closure with chloroacetone to form
optically active thiazolium salts which can be reacted with Dains intermediates to form
novel thiazole derived merocyanines.

3-Thietanone-1,1-dioxide was prepared by known methods from a ketene acetal
and reactive sulfene intermediate. 3-Thietanone-dioxide has two reactive methylene
carbons which have been utilized to form mono and bis substituted merocyanine dyes
from several different ICI intermediates. '

Chain methyl merocyanines and 3-ethyl-2-bisanilo-
isopropylidenebenzothiazoline have been used to prepare several intermediates (ie. 3-
ethyl-5-[2-(3 -ethyl-2-benzothiazolinylidene)-(2-anilomethylethylidene)]-rhodanine)
which have been utilized in the formation of both neocyanine and allopolar dyes. These
dyes are trinuclear dyes which have two or more possible conformations that are in
equilibrium with one another. Each conformer has a different type of chromophore
which is represented by either a holopolar form (cyanine-like) or a meropolar form
(merocyanne-like). These dyes have not been tested for NLO properties, but have the
same properties as their straight chain cyanines and merocyanines counterparts which
make them excellent candidates for NLO studies.

This thesis discusses the synthesis and characterization of several authentic
straight chain merocyanines, as well as the synthesis and characterization of
approximately five different types of new dyes. This thesis also discusses the crystal
 structure and the theortical aspects of the individual dyes that have been prepared.
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6
Soon after B-anilinoacraldehyde anil hydrochloride and glutaconic aldehyde dianilide
hydrochloride were used to prepare pentamethine and heptmﬁeﬁhine cyanine dyes
respectively. ' | |
The merocyanines, which are closely related to the cyanines but behaved quite
differently, were discovered in 1933 by Kendal and Brooker. They latér published

~ several papers in which the prei)aration of several hundred different merocyanines were

outlined.'® o /

Historical Background (1950-1970)

By 1950 most of the synthetic methods needed to prepare cyanine and related
dyes had been covered in the literature. From 1950 to the late 1970°s there were no
major advancés in the general synthesis of cyanine and related dyes. However, the
knowledge and application of cyéhine and related dyes exploded. Most of this work
appears in the patent literature as attempts to Obta.il.l photo_graphic sensitizers of
superior performance.

In addition to research related to photographic processes, application of dyes
involving lasers became an important area of research. In 1964, Murray found that
kryptocyanine and a benzothiazole pentamethinecyanine produced giant Iaser pulses in
_ ruby lasers by the Q-switching technique.'” In 1966, Bartfeld demonstrated that
pentimethinecyanine could be optically pumped by a Q-switch laser so that the dye is

stimulated to emit ﬂuorescent' radiation. The final result was a solution that acted as a

!




7
new type of liquid laser.”® Cyanine and related dyes, especially merocyanines, could be

used in chemical analysis as indicators for acid-base titrations, " solvent polarity

indicators,?® and absorption indicators in argentometric titrations.*

Historical Background (1970 - present)

In the late 1970s to the present, organic materials with non-linear optic (NLO)
properties have been the subject of intense invest'igation because of their potential use |
in a variety of areas including telecommunication,”” laser technology,? optical
processing and storage,”* and many other photonic based technologies.”’ The
pioneering work into organic materials with NLO properties began with the work of
Ducuing, who measured the non-linear’ susceptibilities of molecules having long
cpnjugated chains, e.g. B-carotene.”® In 1974 Ducuing measured the third harmonic
generation (THG) of cyanine dyes dissolved in dimethylsulfoxide and reported thét
cyanine molecules exhibit exceptionally large third order hyperpolarizabilities, up to
five orders of magﬁitude larger than molecules previously studied.?’

Early investigation into the NLO properties of merocyanines was repoﬁed in
1989 by Ikeda. Ikeda investigated the second order NLO properties of merocyanines
derived from tiliobarbituric acid, barbituric acid, thidhydantoin and rhodanine by the
electric field induced second harmonic generation (EFISH) method.?® From 1989 -
1991, Ikeda demonstrated that a number of merocyanines possess extremely high

second order hyperpolarizabilities.”
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In 1991, Marder published a number of papers dealing with the theoretical and
physical aspects of n-conjugated systems with NLO properties.”® The biggest
contribution from Mar’der and Perry came in 1994 when he introduced théir unified
description of linear and nonlinear polarization of organic polymethine dyes, which
correlates the polarizabilities o, 8 and y (from the Taylor series expansion--pi = p =aE
+ BE2 +vE3 + ... -- which represents the polarization in an electric field) with a single
chemically relevant parameter, bond length alternation @LA). From this work, Marder
has shown that molecules such as cyanines and merocyanines can be “tuned” to
optimize certain NLO properties, by changing the donor-acceptor strength of the enZl
groups and/or by changing their environment.** |

Cyanines and related. dyes have been shown to possess NLO properties.
Therefore an attempt to provide new synthetic methodologies, physical and structural

insight as to why these molecules may or may not exhibit certain properties isa

compél]jng reason for further studies.
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NONLINEAR OPTICS (NLO)

Organic mte@s with NLO properties have been the subject of intense
investigation because of their potential use in a variety of areas including
telecommunications,? laser technology” optical processing and storage.” As a result,
much research has been directed toward the synthesis of organic materials that have
NLO properties. They possess several advantages over non-organic NLO materials,
for example, the NLO respénses of many organic materials are extremely rapid
(femtoseconas) because the effects occur primarily through electronic polarizations. In o
contrast, NLO effects in most liquid crystal materials operate via reorientation of the
whole molecule, and most inorganic materials operate primarily through lattice
distortions. Other advantages deal with the stabﬂity, crystal growth, preparation and
cost efficiency of organic NLO materials.** In spite of the potential advantages, useful
organic NLO materials have not been developed because the physical requirements
necessary for NLO response to generated has only recently begun to be understood.

In order to synthesize organic molecules with the desired NLO properties, an
understanding of the structural and physical properties that promote the desired NLO
effectisa prereqﬁisite. Optical effects in matter result from the polarization of the
electrons in a medium, in response to the electric field associated with light traveling
through the medium. When an applied electric field (i.e., the electric field associated
~ with light) polarizes the electrons in a material, an internal electric field is generated.

This internal electric field modifies the applied field and the subsequent polarizations.
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The result is a mixture of the fundamental frequency and harmonics that have two,
three or four time the frequency of the fundamental. This response has a complex,
“nozﬂinear?’ relation to the field strength.‘ A general representation of the nonlinear
polarization is that of the power series expansion m the electric field. ThJS expansion is
given by:

pwi=p=aE +BE*+yE® + ...
where p and E are the polarization and electric field, the coefficients o, B, y are its
linear, second and third order polarizabilities, and p is the induced dipole moment of
the molecule.” Second-order nonlinear optical properties (), which can be exploite~d
as frequency doublers and electro-optic switches, arise in organic donor-acceptor
" substituted conjugated n-systems. Examples of compound classes whose members
possess these structural characteristics include: azo dyes, stilbenes, polyenes,
cyanines and merocyanines. In order to observe sécond—order NLO effects in, the bulk
material, it must have an electronic asymmetry (non-centrosymmetric), so that electrons
are more likely to be polarized in one direction.’® Otherwise, the oscillation of the
electrons in one direction would cancel the oscillation of the electrons in the other,

resulting in no NLO effect being generated.
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different groups is apparent by examing the change in bond distances of several |
dimethine mérocyam'nes (table 1).*®* BLA is defined as‘the difference between the
average length of carbon-carbon double and single bonds in a n-coﬁjugated chain.

This measurement has been important because BLA has been shown to be a usefil
parameter when considering structure-property relationshipé in other doﬁor-acceptor
molecules with NLO properties.”* According to the literature weak donors-acceptor
groups result in a positive BLA because the neutral resoﬁance structure is the dominant
cbntributor to the ground state. As the donor-acceptor strengths increase, the ci1arge
separated resonance structure contributes ﬁntil both resonance forms contribute -equ;]ly
and the grbund state BLA is zero. Increasing donor-acceptor strength further will
result in a charge-separated ground state, which results in a negative BLA (figure 12).*°
In other Words, it is possible to prepare merocyanines that r;zsemble the neutral through
polar or charge-separated resonance forms by changing the donor-acceptor groups.
From this information, dyes could be prepared so that the BLA could be optimized for
a particular NLO application. Therefore, the development of new or improved methods
for the prepartion of known and novel cyanine and merocyanines needs to be

developed.

Optically Active Dyes

A physical requirement for second order NLO materials is that the molecule

must be asymmetric and have a non-centrosymmetric center in the solid state structure.
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I would like to emphasize that the main goal of this research project and
thesis is the development of new procedures for the preparation of new and old
cyanines, merocyanines, allopolar and related dyes. The NLO, confdrmational and
NMR studies, although irﬁportant, are considered to be additional or secondary areas

of study.
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