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CHAPTER 1

INTRODUCTI ON: -

In recent years there has been an 'iﬁcreasing interest -in
systems which enable the conversion . of 'snlar energy 1into
electrical or chemical energy (1—4). Many t§pé§'6f“_s¥stgms have

been proposed and studied experimentally, the funﬁéﬁeﬁ{éis‘ of

which extend from solid state physics to phétnfeleétroéhemistry{
For most of the s?stems cﬁnsidered excitation of‘éﬁj eiectrnn by
absnrptiunlof a photon is followed by charge separation at an
interface. It follows that the different fields involved (
photovnlfaics, photo—electrochemistry, xbhotogalvanics5A"etéf )
have several essential aspects in ‘ common. Al though
photo—electrochemical studies commenced Qith the observation éf
Becquerel (3) in lﬂééi‘the mechanism of photovoltage geﬁeration
in photosensitive'electrnde / electrolyte syétems are stiil at aﬁ
early stage of deveiopment.

A mumber_ of analyses of the :general thermodynamic = and -
kinetic aspects of the elgctrical output of photogalvanic cells
(PG) have been pﬁblished (6;7); It is inconQenient to separéte
such analyses completely from devices specifies. After the
discovery over sixty yéa%s ago (8,9) that thionine is reversibly
photoreduced by Fe+2 iﬁ acidic agqueous solutinn,'quinowitch (i@)

explored the possibility of utilizing the 'system in the

Ry

construction of a photogalvanic cell for the solar energy

‘conversion. In the "primitive beaker" cell the electrodes are
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identical with one illﬁminated and the other in the dark. The

open circuit voltage is'ideally the difference in the reversible
pnténtials at the two electrodes. For the iron—-thionine system,
the concentration of the leuco-thionine is negligibleiat the dark
electrode so that the exchange current is determined entirely by

the iron couple. The potential at the dark electrode is given by

the Nerst expression,

] +3 +2
Edark = EFe + B8.058 1og ([ Fe 1/ [ Fe ])dark (1)
Where Ege is the standard reduction potential of the

[Fe+3]/[Fe+2] couple and the terms in the square brackets
represents the activities of the species. The potential at the
illuminated electrode is a complex function and depends on the
concentrations of all the redox species at the electrode (11).
The expression for this potential can be simplified for an ideal
electrode by aésuminé that the electron transfer rate _constants
for all the redox species are the same and further simplified by
assuﬁing that the photostationary concentration of the hal+f

reduced dye, semithionine, is negligible. The result is equation

2, where f = F/RT, F is the faraday in columbs, Elight is the
potential of the illuminated electrode, Ege is the standard

reduction potential of the Fe+3/ Fe+2 couple.
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E$+-S is the standard potential for the one electiron reduction of

thionine, and Egé~ L is the standard potential +{for the one

electron reduction of the semithionine. The terms in the square
brackets represent the activities of the various species in the

phdtostationary state.

[Fe™] exptfEQ_ ;20 + 2IT] explFED /2
exp (fE -

light) = . (2)

[Fet?) exp(—fef__'e ;) + 2IL] exp(—n=_$ /D

The potential of the PE cell under the open circuit



photosta#innary condition is equal to the Edark - Elight as
calculated from equation 1 and 2. The current produced by such. PG
cell with ideally reversible electrodes depends on the
composition of the bulk solution in the photostationary state
under the short circuit or the other conditions of current
withdrawal and'on'the rate of diffusion of charge carriers to the
electrodes. This current is related to various system parameters

by equation 3, where n is the number of redox equivalents per

mole of a given charge carrier, F is the Faraday,
i = nFADC/S {3)

A is the electrode area, D is the diffusion coefficient of a
given charge carrier, C ié the concentration of given chagre
carrier in bulk solution under photostationary conditions and &
is the thickness of the diffusion layer. The crucial figure of
merit in evaluating the efficiency of solar energy conve?sion is
sun light engineering efficiencies (S.E.E) as defined in equation

4, for conversion to electrical power or energy

Electrical power or energy delivered to load

S.E.E.= x 1080 (4)

Incident Sun light power or energy

The totally illuminated thin layer (TI-TL) PGB cell was first



described by Clark and Eckert (12) and a number of stydies of the
behaviour of the iron—-thionine (11, 13-18) photoredox systemt in
such cells have been reported. In TI-TL cells, atleast one
electrode is selective; ideally, a selective electrode completely
blocks one redox couple while it is completely reversible to the
other. Greatest efficiency would be achieved with TI-TL cell in
which each electrode was perfectly selective for a different
couple . Unfqrtunately, in homogeneous solution, thermal back
reaction of electron transfer also takes place. This dissipation
of free energy constitutes a considerable problem in the use of
iron—-thionine cell for practical purpoées. However, the following
reaction scheme adegquately summerizes the whole process,

including the relevant recombination reaction :

-Solution :

Thionine (A) + Fe(II) (Z)< Leucothionine (B) + Fe(III) (Y)

Photochemistry :

ho)

Thionine (A) —> Semithionine (A%®)

Semithionine (A%*) + Fe(Il) (Z) —> Leucothionine (B) + Fe(III) (Y)



Electrochemistry :

At the illuminated electrode :

Leucothionine (B) — e —>» Thionine (A)

At the dark electrode :

Fe(III) (Y) + e —> Fe(lIl) (2)

For an efficient cell it is obvious that one must avoid the thermal
back reaction of B and Y. Hence one of the problems with this type
of device 1is that the honhogeneous kinetics may destroy the
energetic species B and Y. A crucial requirement for the PG cell is
that the illuminated electrode should be selective. If the
_iliuminateq‘electrode is not selective between B-and Y then we will

have

and

B+Y —> A+ 1Z

The beastly electrode is merely an efficient catalyst for the

back reaction.



The Electrode Kinetics @

At the illuminated électrnde, we need the A,B couple to be
reversible so that B is easily converted to A, but we also
require that, as far as possible, the conversion of Y to Z is
blocked. The electrode will then be close to the ‘standard

electrode potential of the #A;B couple, Very 1little B

EA,B'
reaches the dark electrndé because the illuminated electrode is
close to the region where B is generated as opposed to the dark
electrode being far away. This means that the dark electrode has
merely to convert the photo—generated Y back to Z at a potential
close to the standard electrode potential of the Y,Z couple,

E In fact if there is little concentration polarization , and

Y,Z"
if the Y,Z copple is reversible, the dark electrode potential
will shift very little when the cell is illuminated. The change
in voltage on illumination occurs at the illuminated electrode
from the many fold increase in the concentration of B.

The problem with thionine as a constituent of a photogavanic
Céll»is that:élthough its kinetics of reaction has a satisfactory

‘"value, its solubility is far too low to achieve an optimum result.
Thus it is impossible , using thionine, to achieve the necessary
optimum conditions. Attempts have been made to overcome these
problems using non—aqueocus organic solvents. Even so, the

solubility is not sufficient. Various substitution in the thionine

molecule may increase the solubility to a great extent. Moreover,



there is another problem that thionine forms dimers and higher
aggregates at concentration above IB_S M. These dimers are inactive
from the point of view of the photoredox system, the enerqy is lost

by internal quenching in the dimer.
Self Quenching :

A problem with increasing concentration of the dye is that
there may be self guenching of thionine* by thionine . Moreover,
dimer and higher aggregates of the dye are shown to undergo
efficient internal quenching. As a result, absorption of 1light by
ground state thionine dimer resulted in little, if® any,
transduction to electricity in a tatally illuminated thin layer
acidic iron— thionine cell with water as solvent and with a
1.2x19—3M stoichiometric concentration of thionine (19). Thus, the
most effective materials for use as solar harvesters will be those
that absorb strongly in the visible and near UV region of the
spectrum. Even if all the other characteristics of photogalvani;
cells employing thionine were perfectly efficient, such cells would
be limited by the fraction of the solar output absorbed by the
solution. It is, therefore, necessary to improve the absorption
characteristics of the medium as well. Molecular modification of
thionine to methylene blue results in a substantial shift of A

max
4

from 595 nm to 6682 nm ¢ = 6.16x18 ,

7.2x18"M 'cn ™l ) (chapter

Ethionine Emethyleneblue



In most cases, the intense visible absofption bands and
those further ta the blue. are separated by region of
significantly lower absnrbaﬁce. In order to utilize +those solar
photons, sensitizers can be employed to absorb light and transfer
energy from the excited state of the sensitizer to the
photochemically active species. The requirement is for the energy
of the excited state of the donor to be higher than the energy

required to reach the paopulated excited state of the acceptor.

Electrode Selectivity :

wé now turn from the processes occuring in the bulk of the
solution to the kinetics of the eletrode reactions. Regardless of
the type of the ptotogalvanic cell, efficient electron transfer
must occur between photochemically generated separate charge
carriers and appropriate elctrades.

If practical photogalvanic cells are ever achived, it
appearé likely that electrodes selective to particular redox
couples will be employed. Selectivity is not, however, the only
requirement. In addition, the electrode musf not catalize back
reaction of charge carriers on its surface. Such back reaction is
equivalent to shorting a circuit in parallel with 1load. It is
vital that the illuminated electrode should discriminate between

the photogenerated products, B and Y (page.6) in general, or in
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particular leucothionine and Fe (I1I). Thus, in the PG cells the

selective electrodes separate both B and Y and prevent their
recombination. That is why, it is a vital part of the cell. For
example, the SnD2 electrode is more selective to the thionine /
leucothionine couple rather than the Fe+3/Fe+2couple, as shown by
Clark and Eckert (12). Investigations, with different carbon
materials as liéht electrodes have also shown that although the
leucothionine oxidation is fast on all types of carbon materials
{reticulated vitreous carbon, carbon paste, glassy carbon,
pyrolytic graphite and carbon cloth ), the Fe+3/ FE+2 electron
transfer is slow (20). Electrode modification is another
approach. Albery and coworkers (21) have found that Pt and SnD2
electrodes modified with coatings of thionine of upto 20
monol ayers could discriminate between photogenerated
leucothionine and Fe+3 .and hence are suitable for an
iron—thionine PG cell. Murthy and Reddy (22) have shown that poly

-
3, Fet?

pyrrole modified elctrodes are more selective to Fe'
- rather than to thionine/leucothionine couple. Moreover, molecular
modification of thionine must also affect thev thermal back
reaction to a great extent. Thé rate constants for the methylene
blue system are always larger than those for the thionine system
and the PG outputs for the Fe+2—methy1ene blue system are less
than those from the Fe+2—thinnine system. The additon of Triton

X—-100 micelles also suppressed the back reactions increasing the

power of the cell by a factor of five (2Q).
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Dye Incorporated Modified Electrode :

Not satisfied with electrode surfaces that passively accept
or provide flectrbns or content with elctrode surfaces that
actively accelerate or hinder certain elctron transfer reactions
chemists in the last 28 years have turned to designing chemical
structures on electrode surfaces that redefine the chemical and
physical microenvironment in which heterogeneous electron
transfer reactions occur (23). Inherent in many tnorganic
materials {(e.g. clay, zeolite etc. ) are pores, channels, or
layer spacings of molecular dimensions. These molecular gateways
impart a selective screen, so that differentiation results on the
basis of molecular size or shapes of solﬁtes. Further
‘discrimination arises if fixed charged sites are part of the
iporganic lattice, producing an ion?c filter as well. In these
senses, the inorganic layer can "act" as a passive discriminator,
allowing, e.g., preconcentration of an analyte or reactant (24).

Kamat 325) successfully incorporated thionine in the clay

films casti on’ SnD2 and Pt electrodes. Though the sunlight

engneering . efficiency of the PG cell employing thionine

incorporated clay modified electrode in the present case was ver
b4

|
42), such a modified electrode possesses several
i b
attractive #eatures :
|
|
(i) a high concentration of the photoactive dye species can be
|

poor (18~

achieved at the electrode surface.
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(ii) because of the small thickness of the film, the incident
photons are efficiently absorbed by the dye molecules present near
the electrode surface.

If the electrochemical experiment is ;arried out at a
modified electrode, the area of the conductive channel can .play
an important role in defining the type of diffusion behaviour
observed. For example, all the parameters accessible to the
electrochemist depend upon the competitive exchange reaction as

shown for a trivalent/monovalent exchange reaction.
: ’ +
A" + Z NaX = A X3 + 3 Na (3)

; +3 . . s . - :
Where A+ is an exchanging trivalent species, NaX 1is a single

' +
clay {( smectite ) site containing a Na counter ion, and A3

+
X, is
3
the clay exchanged with trivalent species. The selectivity

coefficient for the exchange is,

+.3 3+ 3+ '
Koo =[N 1 [ A" x,1 /708”77 Nax 17 (&)
11X _ 3
The magnitude of the diffusion coefficient D is directly

-

dependent on the distance (d) between equilibrium sites, and
exponentially dependent on -E/RT, where E 1is the activation
energy necessary to leave the equilibrium site (26). E is related
to KIII’ or analogously, to KII’for a divalent species. As the

enerqgy of interaction between a site and an intercalated mclecule
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increases, the diffusion coefficient diminishes. Also, as the
number of sites increases the distance between the sites
decreases, so that the distance travelled in any one "hop” is

small and the observed diffusion coefficient decreases. The

magnitude of concentration C, in modified 1layer, and formal

potential EB, for any bathing solution are also determined by the
value of the selectivity coefficient. Finally, cobining
expreésions for divalent and trivalent exchange with the Nerst
equation yield an expression for the shift (AE) in the observed

. . o . :
formal potential in the film (Eapp) with respect to the solution

@

formal potential (Esolufion ) of th? couple

AE = Em - Em -
app solution

{ RT/nF) 1n (KII/KIII) [NaCl]) + ( RT/nF) lnCNa
where, [NaCll is the number of exchange sites occupied by the Na+
and CNa is thg analytical concentration of Na+, which
approximates the equilibrium concentration of Na+ if the bulk
solution volume is large with respect to the volume of the film
on the surface of the electrode. If the clay modified electrode
is exposed to a solution containing only the Na+ electrolyte and
a trivalent exchanging complex, the potential shifts positive as
a function of the analytical concentration of the trivalent

complex, and the total number of exchange sites, i+ CNa is

7)
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constant. The shift in potential is a function of the ﬁagnitude
of the trivalent / Na+ exchange constant.

The preliminary study of the clay modified electrode has
indicated the feasibility of dye incorporated clay +films in the
photogalvanic conversion of light enrgy 1into electricity. Recent
reviews on the material science aspects of zeolites and the use of
clays and zeolites toc coat electrodes have included the discussions
on the use of and interest in zeolite layers on eiectrades too.
However , better understanding of the interaction between the dye
and both clay and zeclite 1s necessary in order to impréve their

performances viz, PG transducers (25)

1168651
23 Jun 1997
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CHAPTER 2

SCOPE AND OBJUECT

During the last few years, there has been an increasing
awareness of the importance of photochemical and“ electrochemical
effects of dyes due to their interesting role in solar eﬁergy
conversion and for providing convenient means of prosing'electrndic-
processes. It is commnnl; believed that the primary pééceésés which
lead to photovoltage generation in a photogalvanic (PG) cell do not
occur at the electrode electrolyte interface, but are ;results of
photochemical reactions in the bulk of the solution, which are
followed by the diffusion of eleétrodically active photoproducts to
the electrode surface where electron transfer ﬂakes place.
kKnowledge of the association properties of the .pﬁotogalvanic
solution is thus important because the aggregates produce greater
reabsorption and quenching, decreasing quantum yield and residence
time of the first singlet excited state of the dye. The
electrochemical rate constant, mass transfer etc. of PG cell are
important because they precisely determine whether the species are
likely to react on the electrode or lﬁst by diffusing away or
reacting in the bulk of the solution. Since thionine is known to be
photoreduced reversibly by Fe(II) ions in acidic aqueous solution,
many workers have been trying to explore the possibilities of

utilizing the system in the construction of PG cell for solar
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The efficiency of such a cell is, however, severely influenced
by the degree of solubilities of the dye. Various alkyl
substitutions in thionine seem to influence not only the
solubilities but also certain physicochemical properties which in
turn must influence the phenomena occuring in the cell. Since above
system is most successful to date for solar energy conversion,
almost all the préviuus workers emphasized that aggregation
properties, mass transfer processes, and electrode kinetics must be
studied separately in order to understand the factors that 1limit
the pérfDrmance of the cell. Keeping these in view the object of
the present stddy has been chosen.

Frogressively alkylated thiazine dyes, viz.j thionine, azure C
(monomethyl thionine), azure A (dimethyl thionine), azure B
(trimethyl thionine) and methylene blue (tetramethyl thionine) have
been selected for the present study. S5elf aggregation of these dyes
have been investigated in agueous and agqueous—ethanolic solution of
various compositions. The systematic study of the aggregation
characteristics of dyes from spectroscopic data is also useful for
other important aspects too e.g., its stsible- application in
understanding phenomena such as energy transfer in biological
systems, metachromasia, hypochromism, conformation of polypeptides
and staining properties of dyes for biclogical specimens.
Structural aspects of progressively alkylatéd thiazine dye
aggregates are alsoc studied. The interpretation of the absoption

spectra by means of exciton theory allows the determination of the
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geometrical disposition of the monomers in all the aggregates. From
the changes produced by the dimerization process on some
thermodynamic functions, the nature of bonding in the aggregates
has also been investigated.

Another aspect covering the present investigation 1is the
electrochemical study which includes redox behaviour of the
thiazine dyes at stationary electrode surface in cyclic
vol tammetry, mechanism of electrode processes and heterogeneous
rate constant of electron transfer at the elctrodes. Dissipation of
free>energy due to thermal back reaction of electron transfer in a
PG cell constitutes a major problem in the use of Fe(llI)/ thionine
‘system for any practical purposes. In view D% these an
electrochemical technique has been adopted to study thermal back
reaction of progressively alkylated thiaiine leucodyes with Fe(III)
ions. Effect of hydrophobic interaction, if any, in such a reaction
will also be examined.

Moreover, electrode surface modified with clay minerals
possesses several attractive features: a high concentration of
the photoactive dye species can be achieved ét the elctrode
surface and due to the small thickness of the film, the incident
light is efficiently absorbed by the dye molecule, present near
the electrode. Pores, channels and interlayer spacing of
molecular dimensions in clay minerals and zeolites can form
molécular gateways which impart a selective screen so that

differentiation results on the basis of molecular sizes and
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shapes of the solutes. Differential electrode kinetics at two
electrodes is another way of differenfiatimn among various
species in PGB cell. Such discrimination 1is crucial because
otherwise reverse electron transfer often takes place causing
dissipation of energy as already mentioned. A preliminary work
has been undertaken on the electrochemical characteristics of the
five thiazine dyes at the émectite (montmoril{onite)'and zeolite
{ZSM-35) modified elctrode using cyclic voltammetric technique.

If the electrochemical eXperiment is carried out at a modified
layer, the same relationships as those of a clean bare elctrode
hold, except that the area of the conductive channel can now play
an important role in defining the type of diffusion behaviour
observed. Experiment in the situation can be considered to be a normal
electrochemical experiment with a new medium. All parameters
accessible to the electrochemist would depend pre;isely upcn the .
competitive exchange reaction of dye and counter ion. Selectivity
coefficients of various ions toward clayxminerals explain the above
phenomena quantitatively and also influence tha extent of dye
loading process from an equilibrium solutiOﬁ. Thergfore, a chapter
of the present thesis contains the study of physicochemical aspects
of ion exchange equilibria of the five thiazine dyes onto the
"montmorillonite and zeolite exchanger in fundamental detail not
only because of their involvement in theqelectrochemistry of clay
and zeolite modified electrode but alsoc with a view of deriving

some insight into the factors that govern and influence the ion
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exchange process, in general. Moreover, adsoption of dyes by clay
. minerals often results in significant spectral changes, specially
in the electronic spectrum. Little is known, however, about the
adsorption interactions which cause thése alterations. There is
much caontroversy about the origin of this metachromasy as to
whether this is due to thé aggregation of the dye in layered space
or due to A electron interaction between the oxygen planes of
montmorillonite and the aromatic ring of the dye. To understand the
nature of interaction of the dye molecules with montmorillonite and
zeolite (ZISM-5) in further detail the present study has been
extended to the investigation of metachromasy of the five thiazine
dyes by clay minerals. It may be mentioned that being structurally
similar with like charge delocalization and chemical properties,
present dyes differ from each other only in molecular weight and
alkyl substitution. This fact provides an excellent opportunity for
studying the effect of molecular size on the adsorption of the dye

and metachromasy phenomena.



CHAPTER 3

STUDIES ON AGGREGATION OF DYES IN ARUEOUS AND ARUEDUS-ETHANOLIC

MEDIA
3.1.1. INTRODUCTION AND REVIEW OF THE PREVIOUS WORK :

Spectral changes on increasing concentration of an aqueous'
solution of many dyes which have large planar hydrophobic
skeleton with hydrophilic substituents have been known for a long
time (27). It is now well accepted that these spectral changes
are mainly due to the aggregation of such molecules. Aggregation
can bring about drastic changes in physical and . chemical
properties of the dyes specially their photophysics. The
photophysics and photochemistry of dyes in general are of
considerable interest in the appreciation of various phenomena
such as fluorescence, phosphorescence, long range and short range
excitation energy transfer and electron transfer and other modes
of quenching, as probes fér liguid structure in mixed solvents
and various relaxation process 1in solution (28). Certain
concentration effect is also observed during the study of
photochemical and photoelectrochemical properties of the thiazine
dyes, which leads one to enquire into the molecular étates of
these dyes in sclution (29).

The strenqth of dye aggregation is strongly dependent on the
structure of the dye molecules, nature of the solvent and-
temperature. A number of physical descriptions qf this phenomenon

have been proposed to account for the changes in the dye specrtum
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but none is found to be superior than others. In this chapter
attempts have been made to understand the nature of dye—dye
aggregation, the effect of pragﬁFssive alkyiation of dye molecule
and the solvent polarity on aggregation, the type of 1interaction
iﬁ terms of exciton theory, the probable structure of the dye
aggregates and the thermodynamics of dye aggregation in aqueous

and aquecus—ethancolic media.

Formation Constant and Thermodynamics of Aggregation of Dyes :

Most of the basic dyes in solution show deviations from the
Beer’s law at higher concentrations. This behaviour has been
attributed to the formation of dimers and higher aggregates of
the dyes (33,32,33). In general, the dimerization constants are
in the range of 100-1000A, corresponding to free energies
8-22KJ mol—l. These are of the order of the magnitude of
formation of hydrogen bonds (34), as well as, of other types of
interactions such as hydrophobic (35,36), vander waals or n-n
interactions dispersion forces (31,36), all of which are presumed
to be present when dyes undergé self aggregation in solution.
Remarkable changes 1in the spectral characteristics with
increasing concentrations, and the effect of temperature on this
have been studied to unravel the nature of the forces involved in
dye aggregation. Aggregates of the above type, are also formed at

lower concentration in the presence of some natural or synthetic
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polymers (37,38) or polyelectrolytes (379,4@). In these cases the
Equilibriu@ constants are, atleast, a factor 1@ higher, so that
aggregation can be observed at concentration which are--ﬁell
behaved in the absence of the additives (41). Bergman and
0 'Konski (42) described a spectroscopic study of methylene blue
sorbed on Na-bentonite. Spectral changes were found to follow
changes in the amount of methylene blue sorbed on the clay
surface. Due to the fact that these changes are similar to the
specrtal shifts accompanying dimerization and polymerization of
MB in agueous solution,-these shift also attributed to dye—dye
interaction on the surface of the montmorillonite and the
caorresponding dimer dissociation constant was determined as
1.7x18" % mo1 1it” ! at 25°C. West and Pearce (43) examined the
dimeric state of cyanine dyes and showed that the stability of
the dimers, as measured by the free energy of dimerization,
increase steadily with chain length. Authors showed that if a
solution in wh%ch 9% of the dye is present as monomer is
regarded as tolerable approximation to a solution of the pure
monomer, the concentration at which this conditions prevailed

was found to vary from 2.Bx1B_5 (for K = 18 ) to E.BXIB_BM (for

K = 10" %
Baranova and levshin reported that rhodamine 66 forms

-
2

aggregates upto dimerization stage at concentration below 2x1@
M, but higher aggregates are formed at higher concentration (44).

The change in the spectrum of an aqueous solution of 3,6 diamino
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acridine dye with the increase in concentration was not very
large; feiiable resu}ts could not be obtained by Mataga (435).
Huwe?ef;_the degree D# aggregation and log Kn were determined by
méan; of Zanker’s method (46). Hida and sanuki opined that the
maxiﬁum slope method fbr evaluating dimerization parameters was
, more-réliable‘over sohe oéher methods (47) viz. Zanker’s method.
These éﬁ;hérs also found the dependence of dimerization constants
aof a number of dyes in neutral salt concentrations. In 1972,
Selwyn and Steinfeld persented a very convincing and detailed
accouhf nf the absoption spectra of laser active d*es rhodamine
B, rhodamine 66 and acridine red in aqueous, ethanolic and EPAR (2
parts ethanol: S parts isopentane: S5 parts ethylether by volume)
solutions as a. function of toncentration and temperature (48).
fhe observed absorbance of the équeous éblutions of rhodamine B
and rhodamine 6G was analysed in terms of a monomer—aimer

equilibrium. The dissociation constants, K = C2 ) /C

N were
monomer’ dimer

6.8xiﬂ_4 and 5.9 x10—4 mol/lit. at ZZBC for aqueous rhodamine B
and rhodamine 66 solutions respectively. The absorption spectra

of pure monomer and dimer were obtained for these two systems.

Acridine red in HZU was shown to be monomeric upto 3.38 xlﬂ—s M.

Rhodamine B in ethanol formed dimers for which the equilibrium

conStanf ?Dr dissociation was 1.1):1(2!—4 mol/lit. at 6230 and

4.9x1B—5 mol/lit at 22mC. Calculation of the thermodynamic

funcfion for the process.gives AH = 16.8 KI/mol and AS315ﬂ
. ‘. m

eu. At -78.3 C higher aggregates are formed in ethanolic

Ik

-6
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rhodamine B solutions but rhodamine 6G solutions (2):1&!—4 M) - show
no evidenée for the formation of aggregates in ethanol, even at
—7B.5mC. Small amount of dimer were noted in acridine red-ethanol
solution under the same conditions. Sclutions of rhodamine B  in
EPA are totally dimeric at —19630. At 22BC the equilibrium
constant was 6.2x1ﬂ_5 mol/lit.; at —78.5BC it was
3.1x1ﬁ—5m01/1it. The low wvalue of AH (3.36 KJd/mol) in this
sclvent gives a strong support to the hypothesis that hydrogen
bonding is important in dimer formation. Rhodamine 6G-EPA failed
to aggregate even when cooled to —1963C. Acridine red-EPA is
predaominantly monomeric at ZZBC; at —78.5BC an equilibrium
constant for the dissociation of dimer of 4.4)«1@_4 mol/lit. was
calculated. James and Robinson studied the self—aggregation of
N(IB)Aalkyl'derivative of acridine orange and their interactions
with cationic and anionic surfactants (47). The dimerization of
the dyes in aqueous solution was enhanched relative to acridine
orange when the alkyl substituent has more than six carbon atoms.
A temperature jump study of the dimerization equilibrium of the
octyl and dodecyl derivatives shows the greater stability of the
dimer which is reflected in lower raté constant for dissociation.
This study further shows a variation of dimerization constant of
acridine orange derivatives from 1.m5x104 ta (79152)x1ﬂ4 lit/mol
for variation of the number of carbon atoms in the alkyl group
from B to 16. Kamat and Litchin examined the electron transfer in

the quenching of protonated triplet methylene blue by ground
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state molecule of the dye (19). They determined the extent of

dimerization of methylene blue (sm) spectrophotometrically and

found to be negligible in solvents containing 5S@Z (vol/vol) or
more organic compaonent. Association was found to be significant

in neat water and they had taken the value of dimerization

3

constants at 25mC with g < B.8BAIM, as 2.5x10 iit/mol, from the

work of Zadoroznnaya et al.( 35@). From these data, monomer
present in a solution with [MB'1 , .
stoich

~ 83%4 . Arbeloa found changes in the shapes of visible absorption

= 208 uM was calculated as

spectra Df'thE fluorescein dianion when the concentration was
increased, due ta the furmatibn of aggregates (31). The
absorption spectra of dilute dye solutions did not change
remarkably with temperature. The variation. produced in the
spectra of the concentrated solutions with an increase in
temperature were due to the dissociation of aggreqates. The

author applied an iterative method in computing the faormation

-

constants of aggregation of the dyes. In the concentration range

between leﬂ—b and ca. lﬂ—lﬁ, the dimerization constant (Kd) does

not change appreciably. At the higher Eancentrat§ons~thE”Kd value
increases due to the non—negligible existence of other
aggregates. The average dimerization constant at ZGGC far

concentration upto lﬂ-l M was 5.8+ @8.2 (Standard concentration 1

1

mol 1it ) The dimer formation enthalpy (AH ), entropy change

d
(ASd), and Gibbs potential (AG ), were determined to be — 28+1 KJ

d
mol ' ,- 82+5 J mol 'K ! and - 3.940.1 KJ mol”! respectively. At
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higher concentrations, possibility of trimer formation was
considered and examined in considerable detail. Recently, Arbeloa
and Rohatgi-Mukher jee determined the formation constants and
absorption spectra of the dimer and trimer of phenosafranine in
aqueous solutions (52). Using two different itérative methnds
(43,51), the two average dimerization constants at room
temperature (ZBBC) with solutions of concentration smallgr than
4x10 "M were calculated as 42+2 and 44+2.1it mol_l_ respéct.iv_ely.
Thermodynamic functions for the dimerization proéesé have aisu
been determined. The enthalpy of dimerization,(AHm), was - found té
be —17+1 KJ le—l. The standard free energy change and. entropy
variations of the dimer formation were -2.4+08.1 K‘Jmol—1 and -
2545 J mc;l_ll-<_.1 respectively, at ZBGC. The calculated enthalpy
change was smaller than the usual values found for hydrogen bond
i.e.‘about -280 KJ mol_l. It has been proposed that besides the
possible participation of hydrogen bondy contribution of Vander
waals and London forces, which are temperature dependent to some
extent, were also important in the dimer formation. The formation
constant and absoption spectrum of the trimer were determined

assuming that the trimer hypochromism H is equal to H2 The

t d-

average trimerization constant at 2BBC, thus calculated was 65+10

lit/mol, which is greater than the dimerization constant. AGB .
AHQ and ASB values were of -9.4+@0.1, -17+1 and =-234+5 KJ/mol,

respectively for trimerization process suggest that thé forces

responsible for aggregation are changing from an enthalpy
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directed one to an entropy directed one. The contribution of
hydrogen bonding in the association process is decreased and that
of the Vander waals force is increased. The increased hydrophobic
interactions justify the éustantial increase in the entropic
contribution in higher aggregates presumably due to the breaking
of water structure. Neumann et al. examined the formation of
mixed dimers in solutions of basic dyes (53). Mixed dimer
equilibrium constants for various dyes were estimated to be
between 1.4x1ﬂ2 and 4.9x1@4 lit/mol. However, the mixed dimer
forhation equilibrium constant are in general, larger than thaose
for cself dimers. These are ascribed to a charge transfer
contribution to the interaction as a result of the difference in

the electraon densities of the different dyes.

3.1.2 THE MOLECULAR EXCITON MODEL :

The molecular exciton model offers a theoreticalimethnd for
treating the resonance interaction of excited states of weakly
coupled composite systems (54). The types of problems which have
been dealt with on the basis of molecular exciton model among
other include spectra of dimers and polymers consisting of
molecules held together by weak intermolecular forces (hydrogen
bond, Vander waals forces etc.) and the electronic transitions of

composite molecules ( polyenes, - parapolyphenyles and others )
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of

considered as resulting from the interaction of excited unit
chrnmophﬁres. In the weakly coupled composite systems for which
the molecular exciton model offers a satisfactory approximation
for the treatment of excited states, intermolecular (or
interchromophore) eletron overlap and electron exchange are
negligible. In such systems the optical electrons associated with
individual component molecules (or chromophoric unitsj are
considered localized, and the molecular units (or chromophoric
units) preserve their individual characteristics in the composite
{aggregate) system, with relatively slight perturbation. The
mathematical formalism then takes the form of a state interaction
theory, with the omission of details of atomic orbital
composition usual in molecular electronic theories. The
elecﬁronic states of the aggregate are then expressed in terms of
the electronic states of the component light absorbing units.
Thus, the spectral properties of a molecular aggregate are
related to the spectral properties of the component molecules by
theoretical expressiaons invalving agbservable experimental
parameters: intermolecular distance, mutual intermolecul ar
orientation and geometry, and intensity ( oscillator strengh ) of
light absorption by component molecules. Although the spectral
effects of aggregation are small enough to satisfy the use of a
quantum mechanical perturbation method, nevertheless these
effects are extremely characteristics and may be understood on

the basis of the gquantum mechanical resonance of excited states.
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Thus, blue shifts, red shifts, or spectral splittings may be
observéd, depending on the geometry of the aggregate, accompanied
by characteristics changes in polarization properties. Spectral
absorption intensity changes may also be abserved for the
aggregate, and luminescence properties may be affected profoundly
compared with those for the component molecules. ‘

The exciton concept was introduced by Frenkel in 1931 in
connection with the theory of transformation of . electromagnetic
radiation into heat in argon érystal. In 1948, Davydov applied
the molecular exciton model to the problem of electronic states
of naphthalene crystals. Since then, a host . of researches have
appeared Explnriné all aspects of the model. Davydov’s "Theory of
Molecular Excitons" (55) summerizes his results, and contains
bibliugraphies of the research literature in this field. Simpson
explores underlying elements of the model uﬁder the title
Independent Systems Approach“ in his "Theories of Electrons in
Molcules” (S5&). McClure’s review (57) on the 'interpretation of
the spectra of molecular crystals on the basis of exciton theory
is a standard reference. Kasha, on the other'haﬁd, emphasized in
applications of the molecular exciton model to non crystalline
molecul ar aggregate systems. In a first paper, the distinction
between atomic excitons and molecular excitons was stressed,
Eogether with the:nnn caonductive nature of exciton bands (38). Iﬁ
a second péper, diverse spectral effects for various coupling

strengths were described, the quasi-classical electrostatic
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vector model was developed as an aid in understanding exciton
band fofmatinn, and various mechanisms of excitation migration

were elaborated on (5?).

Molecular Exciton Wave Functions :

The starting point of the molecular exciton model treatment
will be singlet electronic energy states and their corresponding
electronic state wave functions for a component molecule aof thé
aggregate. It is assumed that the electronic singlet state
energies E@’ E

®

1 o esen- and wave Vfunctlons WG yq} wz....are

known, satisfying the individual molecule Schrddinger equation:

H v =E_ w (8)

In general, each problem will involve only a pair of states and
wave functions, so these may be designated as 6 and E for ground
and excited singlet state enengyr_andeu and,w: for corresponding
state wave functinns for molecule u. It is a very great
abstraction to represent an entire molecule in an electronic

state by v, or W:' But these are the starting states for the

model .
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Molecular dimers :

The ground state wave function for a molecular dimer

consisting of two identical molecules will be (Fig.1)

Where, wu and wv are wave functions associated with molecule u
and v respectively. This is the unique ground state wave function
of the dimer; it is totally symmetric with respect to all

symmetry operations of the dimer.

/;—>x

W

Fig. 1 Structure and co-ordinate of parallel or card—-pack

dimer.

The first excited state of the dimer can be described equally

well by two possible wave functions,

¢y = ¥, W: and ¢, = W: o
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These are degeherate and do not describe stationary states of the

system. The correct zeroth order wave functions are,

_ _ +t .t
¥, = 17V 2 ¢+ b)) = 1/J§\( wov, L v, )
(%)

o _ _ B Tt
By = V2 Chm by = INZ Gy ug - vy v )

interchange of molecular levels u,v indicatés that the first
fuﬁction is tutélly symmetric and the second is antisymmetric. In
both of the stationary exciton states WI, WII the excitation is
on both molecules, u and v, i.e., the.excitatiun is collective or
delocalized. The node corresponding to minus sign in the exciton
wave function'is an excitatinn node not an electron orbital node.
At an excitation node the phase relation between transition

moments on the respective molecular centres changes sign.

The Intermolecular Pertqrbation Potential :

The energy states and wave functions of molecular aggregate
are determind by adding to the total Hamiltonian for the

collection of unperturbed molecules a term‘z 1 k<1Vk1-where Vkl ig
L4

the intermolecular interaction operator acting between molecules

k and 1, and the summation is carried over’ all pairs of
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molecules. This is essentially an intermolecular coulmbic
potential term, giving the interactions between charged particles
(electron and nuclei) on the two molecules. However, the use of
an exact coulmbic potential, vcoul’ would involve 1/rkl as an
operator ¢ rk} is the kl intermoclecular distance ), which would
make simp;ification ‘of the interaction integrals impossible.

Accordingly, a point-multipole expansion can be used :

=V + V + V

Veoul mono—-mono mono—di di~gi ¥ meerieere-e- 1B

For neutral total charge distribution the monopole interactions
are zero. .For allowed electric—dipole transitinns, the
dipole—-dipole potential term becomes the leading one and hjgher
multipoles are neglected. Thus, for strong absorption bands,

corresponding to allowed electric dipole transitions

2
e - . e e e
- _ i _§ _ i i i i
Veoul = Vdipole—dipole - §j(22k Z] T ¥ X7 Y vy)  an
- k1

where in the classical dipole-dipole botential is the

k1
distance between the point dipoles in moleculgs k and 1, and x;
is the x coordinate of the ith electron on molecule k, x; is the

®x coardinate of the jth electron on molecule 1, and so forth, the

coordinate system being chosen with the z axis parallel to the
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line of molecular centres, and the summation is over all
electrons in each molecule. Thus, an approximation may be
introduced, which allows the physical interpretation éhat the
excited state resonance splitting comes about from the
electrostatic interaction of traﬁsition electric dipoles on
neighbouring or nearly neighbouring molecules ¢ thé interaction
falling off as the inverse cube of the intermolecule distance ).
Moreover, in most cases electron displacement along only one
cooprdinate is effected by light wave causing the excitation at a
particular frequency, so that in general only one term in the
dipole—-dipole interaction may remain, e.g., for the upper state
of an x-polarized transition in a dimer consisting of two
molecules u and v, whose transition moments are both parallel to

the x—axis, the perturbation potential reduces to

J
X, ) (12)

Exciton Splitting in a simple Dimer :

The application of the quantum mechanical molecular exciton
farmalism to the prablem of spetral properties of Vander Waals
dye aggregates was made by Simpson et al. for the case of
pyridocyanine parallel or card-pack dimers (6@). The application

to dimers of diverse geometries, especially for hydrogen bonded
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molecular pairs (61,62) was made by El-Bayoumi and Kasha. The
application to benzoic acid dimers was ﬁade by Nagakura and
co—workers (63) Considering the paréllel card-pack dimer of Fig,l
to understand the spectral properties of such a molecular dimer,
we must evaluate the excited state interaction energy to measure
- the exciton splitting, and the transition mqment in order to

determine the selection rules.

The Exciton Band Width :

In evalﬁating the éxcited state_interaction energy we shall
examine merely the exciton Spiitting for simplicity. The energy
of interaction will be given by the éxpectation value of the
interaction poten£ial with respect toc the degenerate excited

states of the dimer.
_ + +
43 = S v, Y vuv v, Yy dru dTv {(13)

Where vuv is the intekmolecular interaction operator acting
between molecules u and v. Inserting the form of vuv appropriate
to an X-polarized electric—-dipole transition in molecules u and v

‘(cf. Fig. 1)

2
e N
= + i3 +
é = —; JS wu wv (izjxu xv ) wu ¥, dTu d'rv . (14)
r
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Where xi is the x co-ordinate of the ith electron on maolecule u

J

and xv is the % co—ardinate of the jth electron on the molecule

v. Because of the form of Vuv' this equation may be factored to

vield.

3
r
uv

1 . .
& - [.I‘wu(}_:ex:)w:d'ru][fw:(};exj)wvdrv] (15)
i 3 .

Where F v is the distance between the point dipoles in molecul es
u and v. We recognize immediately that each of the integrals is
now precisely the transition moment integral for the excitation

of the individual {monomer) molecules u and v,

_ i +
Mu =J L ( };" ex ) Y, d’ru (16)
At this point an arbitrary feature regarding the phase factor of
the transition moment enters the picture. We must choose a phase
relationship such that a lowering of energy or stabilization of
the dimer excited state occurs for the exciton stationary state

wave function WI chosen to lie lowest {(cf. Fig.2)
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_ r_ .t
’ . : i1 < 142 ( ¥, ¥, v, WD
v, ¥, Ya¥y S |

— t : 4
\ lﬁ ¥ = 12y ud el )
v, ¥ =
u v QB wu wv
Fig.2 schematic energy level diagram showing exciton

splitting in molecular dimers ( Displacement term omited )

Thus, in order toc make the exciton stationary state wave function

WI correspond to a lowering of energyé s We can choose the phase

factors so that

M =-M (17)

This phase factor is an entirely arbitrafy one. If we chcoose +to

define Mu= + Mv s then the stationary state exciton function WII

of Fig. 2 would lie lowest for the parallel dimers of Fig. 1. The

expression for the energy lowering or interaction energy for the

parallel dimer of Fig.I becomes

/

f; _ M . | (18)
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The exciton band width will be twice this value or 21&.

Thus, we see that the energy lowering for the simple dimer
case at hand ( Fig. 1 ) is given by the monomer transition moment
squared i.e., is proportional to the probability or intensity of
the electric dipole allowed transition in the monomer, divided by
the infer molecular distance cubed. Thus, the stronger the
absoption band, the greéter will be the exciton band splitting.
DOne 6bserves, alsoc that the r—dependence makes this a
comparatively long range interaction.

For a dimer with arbitrary mutual orientations of molecular
axes ﬁith respéct to an x4 yy Z co-ordinate frame ( Fig.1 ) the

energy of interaction is given by

u

é = - {2 cos6” cos8” - cos® cos&” - cose’ cose’ ) (19
3 u v u v u v
uv

Where again Mu represents the transition moment in a free
molecule, and‘coseﬁ-,cosez . cosez represent the cosines of the

angles which the transition moment Mu for molecule u makes with

the x, y, z axes.

Selection Rules :

Although in the molecular dimer two exciton states
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theoretically ?esult from the exciton splitting, both of these
may not necessarily be observed as allowed spectral transitions.
In fact, which exciton stationary ‘states may be reached by
electric dipole transitions from the ground state is a strictly
geometry—determined problem.

Let us examine the spectral selecfiun rules by evluating the
martix elements of the electric dipole operator between the
ground state and the stationary exciton states of the dimer.
Thus, the transition moment vector of the dimer is given by

Ml =ypr ¥ (qu+ va) ¥, dr dr

{2@)

11 _ '
M = £ ¥ (J{U+J1(v) ¥ drodT

WherEJﬁfu,}{v are the electric dipole operators corresponding to
the molecular electronic co—ordinates of molecules u and v.
Evaluating these, and because of orthogonality and normalization
properties of the intramolecular state wave functions following
values of trasition moments are ocbtained
MI=1//§<MV+MU)
and (21)

MII=1//§<MV—MU)

For the card-pack dimer we had defined as required phase
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relations for the wave functions WI and @II' Mu = —Mv. Therefore,
for the parallel or card—-pack dimer of Fig. 1, the transition
moments corresponding to the stationary exciton states of Fig.2

are:

I = —_ =
Ml=142¢ M -M ) =0
and (22)

MII=1/J§(MV+MV)=2MV/J§

Thus; the transition moments for the dimer are given as super
positions of the transition moments for the individual
molecules. According to the above equation the oscillator
strength (f) for electric dipole transitions between singlet
states of the dimer ¥_ and @I is zero. For the transiton to

6

singlet state WII since

£ o (M II)Z 2

I
N
= 4
o]
|
wh

|

11,dimer 2 fronomer

an allowed transition with no change of intensity per monomer is

predicted.

,15.1.3. SPECTRAL PROPERTIES OF DIMERS IN TERMS OF EXCITON THEORY :

-Three characteristics of Vander Waals dye molecule parallel
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dimgrs have been fecugnized in the literature. These are (a) The
abgoption spectrum charactefistically blue shifts by 2000-4200
t:m—-1 in these dimers, (b) the prominent fluorescence of the
monomer is invariably quenched, and {c) the relatively
inefficient phosphorescence of the monomer  becomes the
predominant luminescence in the dimer. Simpson et al. (68) and
McRae and Kasha (29) have interpreted these pruperties in dye
molecule dimers and polymers on the basis of the molecular
exciton splitting and selection rules in the dimer. In the
monomer , absorption 'to the 1lowest singlet excited state is
strongly allowed, and the very rapid fluorescence emission
cbmpetes with excitation of the lowest molecular triplet state.
In the dimer, the allowed exciton state is at significantly
higher Enérgy than the singlet excited state of the monomer: a
blue shift is thus accounted for in case of the card-pack, or
parallel ' dimer. However, collisions rabidly deactivate the
excited dimer to its lower singlet exciton stationary state. But
thi; state is a metastable singlet state with an improgable
fluorescence capacity. Further deactivation of the dimer to the
tripiet state becomes the most probable path for the excitation.
Thus the fluorescence is quenced, and a very strong triplet state
to ground singlet state emission is obse?ved. Reference 29,
;ontains a éeneral bibliography of the varicus experimental
observations on spectral consequences of dye dimerization. The

parallel or card-pack structure probably +fits quite well to
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vandgr waals dimers caonsisting of large planar dye molecules.
Haowever, numerous other dimer structures are possible, and the
exciton model permits a qualitative and semi—quantitative
discussion of such dimers as well. These have been described in
references (592,61-63). in particular, for head—-to-tail
orientation of transition moments in .the dimer, a strong red
shift is predicted, with the upper exciton component forbidden in
the dimer; whereas, in the oblique dimer, with mutual angle
between molecular transition moments between @ and n, both
exciton components are observed with a spectral splitting as the
characteristice result. These general dimer results may be
gleaned from the linear polymer exciton model treated by McRae
and Kasha (29). Rohatgi and Mukhopadhyay (64) studied the dimer
épectra of fluorescein and some of its halogen derivatives in
aqueous solution. From the splitting observed in the spectra, the
inclination of the component molecules in a dimer has been
obtained on application of the theory of exciton interaction. The
distance R between the two component molecules in the dimer was
also calculated for various geametries. In a more recent series
of publication Arbeloa (51,65) studied molecular structures of
the dimeric and trimeric states of fluorescein dianion. The.
absoption spectfa of the dimer and trimer of the dye molecule in
:;queous solution were evaluated. fhe geometric structures of b&th
aggregates were determined using the exciton theory. The nature

of the  association forces was also studied.  Evidence was
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presented for the formation of eosin Y dimer as the highest
aggregates of complexes between eosin Y and poly—L—lysin; poly
{1-xylyl viologen ) or cetyl—pyridium (66). The absaorption
spetra of these complexes have been obtained free from
contamination by eosin Y monomer spectrum and was fitted with
‘Baussian band model, using a non linear least square fitting
computer program. Using such models, extiton theory had been
employed to calculate parameters such as orientation and
molecular separatiop of the components of the eosin Y dimer.
Where appropriate, these parameters have been compared with the
dimensions of the repeating unit and the possible conformations
of the polymer (66). Basu et al.(67) studied concentration
effects on the absorption and emission properties of Ni(II) and
In(Il) tetra(p-venyl phenyl ) pnrphyriné in benzene soclutions.
Where as exciton splitting of the soret band was observed for the
Ni(II) complexe, only a hypochromic effect is ocbserved for the
In(I1) complex. The exciton parameters were calculated for Ni
complexes. Recently, Arbeloa et al. also studied the excitonic
interaction and the nature of bonding in the aggregation of
pheno-safranine from concentration dependent spectral changes
(32).

By  applying simple exciton theory in zero order an attempt
hés also been made to study the geometric structﬁre of the
trimer, as has been accomplished for xanthene aggregates (51-52).

Molecular model showed that the angle € between the chromophore
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groups of the monomers is due to the steric effect between the
phenyl groups. Neuman et al. in a recent publication puf forward
evidences of the formation of mixed dimers of basic dyes; which
shows spectroscopic properties in accordance with exciton' theory
(53). The bands of these dimers can be found at wave lenghs
shorter and longer than those of the forming ,dyeé, with higher
and lower excited states, respecfivel*..These bands correspond to
the transitions of both the in—-phase (high energy) and
out—of-phase (low energy) transition moment geometries, none of

which are prohibited.

3.1.4. VIBRONIC EXCITON MODEL =

In the previous section, the molecular exciton model
describes the resonance interaction of excited states of
molecul ar aggreggte systems with weak intermolecular binding. It
should be stated at the outset that vibrationai structure in
spectra, and vibronic interactions have been neglected’throughaut
the tfeatment. As suchy the discussion apply perforce to
aggregates of molecules which have intense or strongiy allowed
singlet-singlet transitions, with Strong a-a vibronic bands.

The shapes of the monomer and the dimer spectra of dyes,
howerer, often suggest that the degenerate exciton interaction in

the dimer may correspond to the vibronic  coupling case. Fulton
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and Gouterman (68) described a model for more generally
applicable vibronic coﬁpling phenomenon. The thénry refers to
exciton coupling of degenerate levels and, accordingly, changes
in total integrated intensities due to non—degenerate
interactions were not considered. The changes in the shapes of
the electronic absorption spectra of dimeric species related to
those of the correspnndiﬁg monomers thgs have been attributed to
exciton interactions between vibronic levels. Theories of exciton
interaction in dimers, based on the adiabatic approximation (&9)
and developed from general discussions (78) , through
perturbational (71,72) and variational {73,74) calculations,
culminated in the symmetry operator formulation of Fulton and
Goutermann (68,75). Exciton interactions between a pair of
identical chromophores were first considered (76) and formulated
{77) in connection with studies of the concentration dependent
properties of aqueous dye solutions. Excgton coﬁpling in a dimer
produces splitting of the excited states and if the strengh of
this coupling is of the order of molecular .vibrational quanta
readily observable effects on steady state absorption spectra.
will ensue. Méreover, since exciton coupling occurs between
transition moments of the interacting chromophores, it should be
possible, in priciple, to infer the spatial conformation of the
‘dimeric species from a knowledgé of the relative intensities of
the two transitions of the split exciton states (77).

Therefore, molecular spectra in the visible-UV region are
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result of v;bronic transitons and, accordingly, exciton
interactions will produce the splitting of the monomeric bands
into two series of vibronic exciton band (78) so that the overall
intensities of minus and plus series (I_,I+) must correspond to
the total intensities of all the bands in .the two exciton
transition se}ies. The two major dimer bands normally . observed,
does not belong to two separate exciton series and there is much
"intensity borrowing” as a result of the exciton perturbation
between bands belonging to the same exciton series that produces
very significant redistribution of the Felative band intensities,
particularly in the "plus" series, which may 1lead to very
significant_changes in the shapes of dimer spectra compared with
the monomeric analogue . It follows that one may employ physical
models of vibronic exciton interactions in order’to be able to
ascertain the relative contributions of the two exciton series to
the intensity of the observed dimer spectra. Such model have been
proposed (735,77) and applied to analyse the dimer spectra of dyes
viz, Rhodamin B (8@) and some pyronines (81). However, at first
sight it might be concluded that vibronic theories of exciton
coupling face prnhibitiveldifficulties owing to the fact that .
molecules of many atoms pﬁssess a mumber of vibrational modes and
their electronic transitién may be accaompanied by simultaneocus
éﬁanges in the vibrational gquanta of the various fundamentals.
Fortunately, it has been observed that vibronic transitions of

molecules containing two or more condensed benzene ring at low
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resolution in sblﬁtinn may be described in terms of single
progressions in a dominant totally symmetric mode (82,83). For
this reason vibronic exciton models involving just a single
molecul ar Qibrational mode may be appliéd to a great many
experimental dimer spectra.

The effect of molecular vibration on ex¢itnn spectra is
thus most-appreéiated in the non—stationary picture (84). Exciton
coupling 1is equivalent to the delocalization of excitation
energy, but the change in .nuclear conformation on excitation
produces a potential energy well which _tends'Atq localize the
molecular excitation. Thus vibronic exciton coqpling corresponds
to competition between delocalization of the g#citation through
exciton interactions and the localizing tendenc& of the nuclear
displacement. Numerical solution to this exciton problem for
aimers has been presented (73), applied to absorption and
fluorescence spectra (73) and circular dichroism (83) and
extended to include, in addition to nuclgar displacement the
effect of nuclear maomenta (8%9) on exciton transfer .

Kurucsev and cowarkers (81,86-8%9) applied the similar as
well as a modified model of Fulton and Gouterman (68,75) ta the
dimer species of a nuhber of dyes. The procedure followed in
fitting the derived spectrum by a theoretical dimer spectrum
iﬁ@olved Ehree major steps. Firét, the monomer spectrum hés been
analysed in terms of its vibronic bands. Next, by the use of some

of the monomer parameters derived from this analysis shape of the
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dimer spectrum has been fitted. Finally, the position of the
calculated curves was shifted to bring.it into coincidence with
the spectrum. Some detail of this procedure relevent to the
system studied in the present work are as follows :

The spectrum of the monomer has been analysed in terms of
its vibronic bands by adopting the following assumptions : (i)
only one fundamental vibrational mode need to be considered (ii)
the difference in the force constants of the ground state and
excited state oscillators may be disregarded (iii) the harmonic
appfoximatinn. appliesw (iv) the vibronic transition may be
described satisfactorily by a Gaussion band shape. The.
assumptions lead to simple formulae for analysing the absorption
spectrum Dfi the monomer. The simplest physical model as
described, to apply in dealing a vibronic progression is that of
a displaced harmonic oscillator with Gaussion bands of constant
band width requiring just five adjustable parameters in

accordance with the formulae,

- x™ mv 41n2 - - o
Iw) = I__ > e ( 1+ - ) exp { - —— (v — v o mV >}
m oo bg

(23)
where I,, is the intensity, »,, is the position of the (8,@8) band,
bg is the Gaussian band width,; X the ratio of (1,@8) to (8,8) band
intensities and V the separation between the bands.

In general, intensity distribution within an electronic band.
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is represented well by Gaussian model. It is described
accordingly, each vibronic band, (m,0) by formula

I () A 4 exp {- AL

w - a )2} (24)
m R

3 2

where Im(v) is the band intensity at.wave number v, Aml is the

peak height, Am is the position of the band centre, and

2

A = 1n 2/ b2
m3 g

with 2bg as the width of the band at half maximal intensity. The
band width may be taken to be constant within a progression, so
that one writes Am3 = A3

It is also assumed that the grnund and excited states are
adequately described as "displaced" harmonic oscillators with the
same force constant which has the following consequences :

(i) The band centres are separated by a constant distance V, so
that Am2 = ABZ + mV |

{(ii) The intensities of the. bands obey a modified poisson
distribution.

In particular, in the case of Gaussian bands the integrated
intensities are proportional to the peak height Aml’ and these
‘are related to one another through a parameter X which, in turn,
is a measure of the displacement of the normal coordinate of

vibration (s)
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x™ A -
Apt = =T for T : (23

The complete progression may thus.bé defined in terms of five

molecular parameters X, v, Aﬂl’ A@Z and A3 as follows‘:

- X mvV o - 2
I(v) = z - ADl ( 1+ E ) exp {— A3 v —Aoz ~mV1 }‘ (26)

Replacing the symbols of the above parameters by more common
symbols and after minor rearrangement the equation takes the fqrm
of equation 23 as already described.

The monomer spectrum be then fitted to the above equation by
the help of weighted least square program. A series of dimer
spectra are calculated and compared with the shape'of the derived
spectruﬁ.

The application of the theory involves diagonalising
tridigonal Hermitian matrices which incorporate five parameters
9viz., the exciton coupling streﬁgh (), the angle between the
interacting transition moments (), the energy of the dimer

D

transition in the hypothetical state £ =8 (v,, ), the vibronic

spacing (V) and the nuclear displaceﬁént parameter (X).
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3.2. EXPERIMENTAL :

Five pragressively alkylated thiazine dyes wviz. | Thionine,
"Azure C(monomethyl thionine), Azure A(dimethyl thionine), Azure
B(tFimethyl thionine) and Methylene ‘Blue(tetramethyl thionine),
have been chosen for the present study. The dyes were supplied by
Aldrich chemical cnmpany,' U.K. All other chemicals were of
énalytical grade from Aidrich or B.D.H. and used as received. The

structure of the dyes are represented below :

Ry R4
Thionine ' : R1= R2— R3= R4= H
Azure C : R1= R2= R3= H, R4= CH3
Azure A : R1= R2= H, = R4= CH3
Azure B :.R1= H, R2= R3= R4= CH3
Methylene Blue: R,= R,= R_= R |
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Purification of the dyes :

All the five dyes were found to contain coloured impurities.
They were purified over a chromatographic column of silica gel
using chloroform—methancl mixture as eluent. AzC was extracted
efficiently with 8:2 Fhloroform—methaﬁol mixture whefeas, AzA was
extracted with 7:3 solvent mixture. All other dyes were eluted by
less polar soclvent mixtures than that used for AzA. Finally they
were recrystallised and dried at 58°C under vacuum. Purity of the
dye samples were checked by TLC using 8:2 water—acetic acid
mixture as the mobhile phase and purity of all dyes except AzC
were found to be excellent. The commercial sample of AzC
contained high percentage of insoluble materials in addition to
other coloured impurities. Even after repeated chromatographic
treatment it gave faint additional spot on the TLC plate
indicating the presence of a small amount of impurity. However,
although the purification of this dye was not uptoc the level of
other four dyes, various analyses (spectral and analytical)

showed that final purity of the dye was satisfactory.

Preparation of the stock solution of the dyes :

Stock solutions were prepared by accurately weighing vacuum
dried samples of the dyes and dissoclving them in double distilled

water upto a definite volume. The concentration of these
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solutions, stored in polypropylene bottle, was of the order of
IB—SM. #inal concentration was estimated by reductimetric
titration with Fe(Il) inons as follows: (9@)

S ml. of the dye solution (leﬁ—4M) was treated with sodium
acetate (18 ml,1M), hydrochloric acid(8 ml,iM), sodium oxalate(135
ml ,@8.2M) and total volume diluted to 5@ ml (PH D F3) in_a 150 ml
beaker fitted with a three-holed stopper. The reaction mixture
was then titrated by iron(lIl) soclution (2.5x1B_3M) in nitrogen

atmosphere (to prevent the aerial oxidation of the leuco—-dye).

The colour change was sharp and reversible for all the dyes.

Spectroscopic Measurements :

The absorption spectra of the dye solutions in aqueous and
aqueous—ethanolic (5%, 10Z, 15Z, and 28%) media in the presence
of 0.81M KC1 solution were recorded by using Shimadzu (Japan)
double beam LIV-VIS Spectrophotometer (model UV-248) coupled with
thermnstati; arrangement (model TB-83). The spectra were taken at

dye concentrations ranging from 5x12_6M to Bxlﬂ_4M in the

temperature range from ZDD to SBBC, at IBQC intervals. The

,/spectra of the concentrated solutions (conc.> BxlB—SM) are
recorded with a cell having i1mm. optical path 1length and for

dilute solutions a cell aof 1cm. path length is used. From the
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variation of optical density produced by known changes of optical
path, the absorptivity in the visible region of the spectrum are

determined (51).

3.3 RESULTS AND DISCUSSION :

3.3.1. Studies on monomer-dimer equilibria of the dyes :

The nature of some representative visible absogption spectra
of the dyes at different temperatures, ’cogéentfations and
solvents are shown in figs. 3—-23. As expected the :spectra show
considerabie_changes with the variation of concehtratinns in
various solvents due to the formation of aggregatesrk 64,91-93).

It is assumed that the absorption spectra of the dyes at
concentration leﬂ—bﬂ is the monomer spectrum (Figs. 24—28)
because of the negligible presence of dimers and higher
aggregates. The absorption spectrum of these dilute-dye solutions
does not change with temperature. The variation produced in the
spectrum of concentrated solutions by an increase in temperature
are due to dissociation of aggregétes (S51).

For monomer—dimer equilibrium :

M+ MSD

 the equilibrium constant for dimerization Kd’ at any temperature
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is expressed as

1—x
Kd = -__E_ (27)
2Cx
where the monomer and dimer concentrations are [M] = Cx and [D1 =

C(1—x)/2; x is the monomer molar fraction at a concentration € .

The absorptivity of this concentration at frequancy v is
m d ’

e = & ..% + e (1-x) : (28)
¥ b3

where eg'is the absorptivity of the monomer in the dimer. When x

= 1, for dilute solution, the spectrum is purely monomer

spectrum, Ev = evm. The above equation can be resolved inteo the
following forms :

~ d

< = & X + € (1—x)

vm m vm

(29)

e =é&" .x + ed {1—x)

LN vy vy
where v and vy are the frequencies corresponding to maximum

absorption in pure monomer and dimer spectra respectively and,

e , the average absorptivity at L

~¥m

€, . the average absorptivity at v
d

E: s+ the absorptivity at um in pure monomer spectrum.
m

qd-
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e , the absorptivity at vm in pure dimer spectrum.

m

ITa

€ 4, the absorptivity at v, in pufe monomer spectrum.

d d

Q<

e , the absorptivity at v

in pure dimer spectrum.
l)d d

To know the monomer fraction (x), by which dimer spectrum Es can
Be calculated from equation 28, the following method (51) is
employed. The knowledge of absorptivity in the visible region, at
high dye concentrations allows the use of the following iterative

method. The parameter (R) is defined by the relation,

m d
- + A
Avd Evd % E”d {(1—)
R = = (30
m d
A”m evm .y + E”m (1—x)
For dilute solution x = 1, the equation 30 becomes
m
El
¥gq
R, &= —m— (31)
m
=
vm
The spectral differences between concentrated and dilute
solutions show that eg < eg - We assume as-a iirst approximatinn
m d
d m d. m
that eum<< 1= . and Eb&= s and therefore,
(1) . . .
X = R,/ R {first iterative value ). o

K(1) d(1) eq(;)

Then at every concentration, values of d ' Su and
d



using equations 27 - 29, are found out.

From these average values of the absorptivities and using
equation 38, a second value of the monomer fraction x(2) is
>determined..This value 1is again introduced in the iteration
process [ calculations are made on a PC-AT (486 DX2) computer by
means of a proéram written in RASIC language i. It .is observed
that three iterations are enocugh toc make the difference betuween
two consecutive monomer fraction values less than 0.081. Using
the computed x value K, is determined.

Values of Amax and € in the spectra of very dilute aqueocus
solution (leﬂ‘bﬂ) as well as variaous aqueaus—ethanoclic
' solutions are shown in éable 1. From the taple it is seen that
the absorbances near Kmax in these monamer spectra increase
slightly as the percentage of ethanol increases.

The dimer absorption spectra, calculated by‘ means' of the
equation 28, of all the five dyes are shown in Figs. 24-28. All
the dimer spectra are composed of two bands of monomer with their
maxima at greater and smaller energy than the monoﬁer © maximum
'respectively (31). Some ofthe characteristics of dimer spectra
are listed in table 2. The dimerization constants (Kg) and the
carresponding monomer fraction (x) of all the dyes at différent
temperatures and solvents are given in table 3-7. The
dimerizafiun constant decreases with the increase in tehperature
and percéntage of ethanol in the medium. This clearly indicates

that the dissociation of agaregates is favoured with the rise of
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Some of the characteristics of monomer spectra of

a8

Table-1

agqueous and aqueocus—ethanolic solvents

the

dyes 1in

Th AzC AzA AzB MB

Water

)N (nm) 5926 620 630 645 661
max -4

e x10 b.16 4,96 S5.18 b6.90 7.28
S EtOH

A {nm) 296 620 638 645 664
max

e xllb_4 6.48 4.88 5.46 7.84 734
107 EtOH

A {nm) 997 622 631 &47 bbb
max —4

e %10 6.92 4.98 2.958 7.22 7.48
157 EtOH

A {(nm) 600 624 633 648 668
max -4

e x10 6.60 5.28 9.74 7.62 7.508
207 EtOH ‘

A (nm) 602 624 &34 649 668
max -4

e %10 b.76 59.22 5.76 7.66 7 .64

Table-2

Some of the characteristics of dimer spectra of the dyes

in aqueous medium

Dye A (nm) A (nm) elxlm_4 eleﬂ—4

Th 555 630 5.62 1.11
AzC 571 651 5.75 @.96
‘AzA 575 687 B.17 1.16
AzB 589 682 1@.11 1.50
MB 600 691 9.27 1.83
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Table 3

Values of Dimerization Constant (K,) and Monomer Fraction (X)

Thionine in Water at different temperatures and concentrations

of

Cons.x1@M X Temp. Kq x10™> Average K, %18 >
(lit/mol) (lit/mol)
1.0 . 7011 3.040
2.0 .6121 2.587
4.0 .51008 20°c 2.353 2.439
5.0 . 4845 2,194
6.0 .4511 2.247
8.0 . 4085 2.215
1.@ 7794 1.815
2.0 .6518 2.848
4.1 .5739 30°C 1.617 1.761
5.0 .5212 1.761
6.0 . 4995 1.671
8.0 4540 1.655
1.0 . 7970 1.597
2.0 L6912 1.615
4.0 .6123 40°c 1.292 1.380
5.0 L5715 1.311
6.0 . 5457 1.271
8.0 .5@72 1.197
1.0 .8464 1.872
2.0 . 7401 1.186
4.0 . 6597 s8°c @.977 1.053
5.0 . 6232 2.970
6.0 . 5730 1.283
8.@ .9318 contd.

1.034
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Table-3

Values of Dimerization Constant (K;) and Monomer Fraction (X) of

Thionine 1in 9% Ethanocl at different temperatures and
concentrations
Cons.x1@ ™™ X Temp. Kq x18™>  Average Kq x10™>
(1it/mol) (lit/mol)
1.0 . 7272 2.578
2.0 . 6480 2.095
4.0 .5522 2e°c 1.834 1.893
5.0 . 5289 1.683
6.0 - .5827 1.639
8.0 . 4664 1.532
1.0 .7618 2.@51
2.0 . 6923 1.604
4.0 . 60879 30°C 1.325 - 1.447
5.0 .5774 1.267
6.8 . 5497 ' 1.241
8.8 .5876 1.194
1.0 . 7838 1.759
2.0 .7274 1.287
4.0 L6517 40°c 1.024 1.135
5.0 . 6425 @.865
6.8 .5925 @.966
8.0 .5540 2.908
1.0 .7889 1.695
2.0 . 7562 1.065
4.0 .6828  s@°c @.854 1.@29
5.8 . 6558 0.800
6.0 .6114 @.865
8.0 5557 @.898 contd.
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Table-3

Values of Dimerization Constant (K,) and Monomer Fraction (X) of

Thionine in 1@%Z Ethanol at different temperatures and
concentrations
Cone.x1@ ™ X Temp. K4 x18™>  Average Kq4 x1@™>
(lit/mol)  (lit/mol)
1.0 .7709 ‘ 1.927
2.0 .6734 1.800
4.0 5772 2e°c 1.585 1.631
5.0 .5328 1.645
6.8 . 5232 1.451
B.@ . 4837 1.378
1.0 . 7934 1.648
2.0 . 7260 1.299
4.0 . 6323 30°C 1.149 1.220
5.0 . 6097 1.049
6.0 .S733 1.281
B.0 .5215 1.0899
1.0 . B1@7 1.439
2.0 L7578 1.859
4.0 . 6796 42°c 8.867 1.003
5.0 L6513 @8.821
6.0 . 6202 8.822
8.0 .5358 ' 1.010
1.0 . 8196 1.341
2.0 .7828 @.885
4.0 .7258 s50°C 2. 650 8.817
5.0 . 6957 . @.628
6.8 ' . 6647 0. 632

8.8 -.3828 A.767 contd.
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Table-3
Values of Dimerization Constant (Kg) and Monomer Fraction (X) of
Thionine in 15% Ethanol at different temperatures and
concentrations |
Cons.x18M X Temp. Kq x10~°  Average Kq x1@7>
. (1it/mol) (lit/mol)
1.0 . 778@ 1.832
2.8 . 6959 ‘ 1.569
4.0 .5747 2a°c 1.686 1.8@5
5.0 - 9223 1.750
6.8 | - 4792 1.88%
' B.0O L4163 2.104
1.0 -8153 1.388
2.0 - 7845 @.874
4.0 . 7004 s0°C @.763 @.895
5.0 . 6652 0.736
6.0 - 6395 QA.734
8.0 - 3638 a.857
i.@ - 8404 1.129
2.0 -B175 @.4682
4.0 .7498 4°C 0.556 8. 696
S.0 - 7343 @3.492
6.8 - 6729 2. 601
8.8 - 3951 ) 0.714
1.0 -8321 ‘ 1.141
2.0 .8319 @. 607
4.0 .7747 sa”c @. 469 @. 625
5.0 « 7655 @.400
6.0 -7103 @.478

8.0 - 6090 _ 8.4658 contd.



Table-3

Values of Dimerization Constant (K;) and Monomer Fraction (X) of

Thionine in 20%Z Ethanol at different temperatures and
concentrations V

q -3 -3
Cons.x10 M X Temp. Kq x10 Average Ky x10

(lit/mol) (lit/mol)

1.0 . 8672 : 2.882
2.0 .7689 _ @.977
4.0 . 6811 20°Cc 2. 859 8.825
5.0 . 6660 @.753
6.0 . 6366 @.747
8.@ . 5984 , 2.734
1.0 ~ .88e7 2.720
2.0 .8161 2. 690
4.0 . 7422 38°C 2.585 8. 4630
5.0 .7054 @.592
6.0 . 6945 8.527
8.2 . 6077 . 663
1.0 . B760 2.807
2.0 .862@ @.464
4.0 .8117 4@°c @.357 @.507
5.0 L7759 8.372
6.0 .7221 @.443
B.0 . 6241 2. 603
1.0 .9217 @.460
2.0 .8721 @.420
4.0 .8290 50°¢C 2.310 2.413
5.0 .8011 @.3a9
6.0 .7344 2.41@

8.0 . .6337 0.569
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Table—4
Values of Dimerization Constant (Ky) and Monomer Fraction (X) of
Azure € in Water at different temperatures and concentrations
Cone.x1@'M X Temp. Kq %10 3 average Kq x 10>
{lit/mol) (lit/mol)

1.8 6634 3.821

2.0 - 3757 3.200

4.0 .4748 28°c 2.911 2.953

5.8 -4493 2.726

6.0 - 4240 2. 669

8.0 .3971 2.389

1.8 . 7871 2.928

2.8 . 6239 2.415

.0 .5126 30°c 2.318 2.358

5.0 -48102 2.242

6.8 - 4557 2.183

8.0 -4231 2.012

1.0 . 7173 2.743

2.0 - 6853 1.674

4.0 .5788 40°c 1.57@ 1.746

5.0 .5458 1.524

6.0 .5163 1.512

8.0 -4749 1.454

1.8 . 7442 2.369

2.0 - 7332 1.224

4.0 . 6447 sa°c 1.068 1.298

5.0 - 6823 1.852

6.0 - 3767 1.0460

8.0 3323 1.831

contd.



63

Table—4

Values of Dimerization Constant (K ;) and Monomer Fraction (X) of

Azure C in oSZ Ethanocl at different temperatures and
concentrations

a, -3 o3
Cons.x10 M . X Temp. Kq x10 Average K4 %10

(lit/mol) (lit/mol)

1.2 7219 2. 667

2.0 .5934 ' 2.886

5.2 . .4904 28°cC 2. 647 2.615

5.8 L4661 2.456

6.2 .4317 2.539

8.0 3987 2.493

1.0 - .7799 i.808

2.8 . .6538 1.976

4.0 5477 30°¢C 1.884 . 1.86@
5.0 .5110 1.872

6.8 . 4859 1.814

8.0 ' . 4402 1.804

1.0 .7880 1.706

2.8 .7122 1.418

4.0 .5983 ae°c 1.402 1.479
5.0 5626 - 1.381

6.@ .5215 1.465

8.8 . 4698 1.501

1.0 .7994 - 1.569

2.0 . 7486 1.121

4.0 . 6747 sa°c 2.892 1.@45
5.9 . 6862 @.847

6.0 ~.6014 2.217
8.a .55@9 - Q.24 contd.
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Table—4

Values of.Dimerization Constant (K ) and Monomer Fraction (X) of

Azure C in 10%Z Ethanol at different temperatures and
concentrations
Cons.x18 M X Temp. K4 x1@8™> _ ‘Average K4 x1@7>
(lit/mol) (lit/mol)
1.8 . 7208 2.4686
2.8 6133 2.569
4.0 - 3845 ZBOC 2.433 2.176
5.0 . . 9223 1.75@
6.0 4792 "1.889
8.0 -447@ 1.729
1.@ - 7803 1.843 .
2.0 . 7892 1.444
4@ . 5895 30°C 1.476 1.560@
5.0 .5522 1.468
6.0 -o144 1.528
8.0 - 4553 1.641
1.2 - 8283 1.251
2.0 . 7670 , @.989
4.0 - 6658 4ﬂoC @.942 1.@212
5.0 - 6338 a.215
6.8 . 5891 a.986
8.2 - 3391 Qa.77a
1.8 . 8398 1.135
2.0 .78é@ a.853
4.2 . . 7233 sa°C 0. 668 2.757
5.0 . 70@8 Q2. 6808
6.8 - 6636 B. 636

8.0 -6113 A.649 contd.
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Table—-4
Values of Dimerization Constant (K;) and Monomer -Fraction (X) of
Azure C 1n 13% Ethanol at di fferent te_-mperatures and
concentrations '
Cane.x1@'M X Temp. Kq x 10™°  Average Kq x 167>
(lit/mol) (lit/mol)

1.0 . 7654 2. 082

2.0 .7070 1.465

4.9 . 6079 28°c 1.326 1.286

5.0 .6141 1.023

6.0 . 5825 1.@25

8.0 L5603 2.875

1.@ . 8591 8.953

2.0 L7763 ' B.927

4.0 . 6779 3e°c 9.876 0.924

5.0 . 6352 0.903

6.0 . 5988 2.931

8.0 . 5459 0.952

1.0 .8748 8.817

2.0 .8247 0. 643

4.0 .7399 a8°c 2.593 0. 666

5.0_ . 6965 @.625

6.0 . 6666 2.624

8.0 . 6086 2. 5691

1.8 . 8786 0.786

2.0 .8461 8.537

4.0 .7833 sa°c 2.441 @.525

5.0 . 7529 0.435

6.0 L7157 0. 462

8.0 . 6595 @. 489 ' contd.
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Table-4
Values of Dimerization Constant (K,) and Monomer Fraction (X) of
Azure C in 20%Z Ethanol at different temperatures and
concentrations |
Cone.x1@7M X Temp. Ky x18">  aAverage Kq x 107>
(1it/mol) (1lit/mol)

1.0 .8@47 1.5@7

2.0 T L7631 1.8146

4.0 - 6239 2e°c a.7%94 B.926

5.2 - 6624 Aa.769

6.0 . 6450 2.711

8.2 .S5846 8.759

1.a -8401 1.131

2.0 -.BAs? B.741

4.0 -7479 3e°c 2.563 8. 667

5.0 .7193 0.542

6.0 - 7004 @.5e8

8.0 . 6585 f.515

1.0 -8437 1.297

2.0 .8319 2. 607

4.0 -.7813 40°C @.447 8.552

5.0 - 7631 : | a.4as6

6.0 - 7500 B.378

8.0 . 6990 @.384

1.0 . 88a2 @.773

2.0 -8428 2.553

4.0 .8146 s58°C ?.349 0.489

5.0 .8015 2.309

6.0 -.7728 Q.317

8.0 - 7269 ' 8.323
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Table=5
Values of Dimerization Constant (Ky) and Monomer Fraction (X)

of Azure A in Water at different temperatures and concentrations

Cans.x187M X Temp. Ky x10™> Average K, X107

(1it/mol) (1it/mol)

1.0 . 5962 5. 680

2.0 .5123  4.645

5.0 .4195 20°C 4.123 4.495

5.0 .3759 4.416

6.0 - 3541 4.291

B.0 .3310. 3.816

1.@ . 6493 4.158

2.0 . 5655 3.395

4.0 . 4506 3e°c 3.381 3.381

5.0 L4167 3.359

6.0 . 3926 3.283

8.0 .3783 2.713

1.0 . 6956 . 3.145

2.8 . 6262 2.382

4.0 . 5064 42°c 2.485 2.433

5.0 . 4793 2.265

6.0 L4432 2.361

8.0 .4211 2.040

1.0 . 7433 | 2.322

2.0 .6811 1.718

4.@ .S5747 50°C 1.689 1.728

5.0 L5379 1.597

6.0 .4911 1.758

8.0

. 4854 1.364 contd.



70

Table—-5

Values of Dimerization Constant (K,;) and Monomer Fraction (X) of

Azure A in S% Ethanol at different temperatures and
concentrations
Cons.x187M X Temp. Ky x10™> Average K, x1@7>
(lit/mol) (lit/mol)
1.0 . 6698 . 3.696
2.0 .5668 3.370
4.0 . 4705 2e°c 2.988 2.834
5.0 . 4499 2.887
6.0 . 4404 2.264
8.0 . 4402 1.802
1.0 . 7620 2.048
2.0 .6371 2.234
4.0 .5179 32°Cc 2.246 2.135
5.0 . 4900 ' 2.124
6.0 . 4581 2.1508
8.0 .4235 ' 2.008
1.8 . 8366 1.166
2.0 .7148 ' 1.395
4.0 ' .5957 4p°c  1.423 1.401
5.0 5292 1.680
6.0 .5264 : 1.423
8.0 . 4907 S 1.321
1.0 . 9@22 2. 600
2.0 .7895 , 0.844
a.@ .6714 se°c 2.911 @.859
5.0 . 6200 0.988
6.0 . 5965 @2.944

8.0 -.0618 8.867 contd.
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Table-5
Values of Dimerization Constant (Ky) and Monomer Fraction (X) of
Azure A 1in 1A% Ethanol at different temperatures and
concentrations '
Cons.x 1@ M X Temp. Kq x1@™> Average K, x1@7>
(lit/mol) (lit/mol)

1.0 . 7594 2.085

2.0 . 60853 2.692

4.0 . 5289 20°c 2.104 2.121

5.9 .5041 1.951

6.0 . 4655 | 2.054

8.0 _ . 4369 1.843

1.2 .8198 1.340

2.0 .7180 1.367 _

4.0 . 6026 ze°c 1.367 1.359

5.0 .5585 ( 1.415

6.8 .5223 1.459

a.8 . 5059 1.206

1.2 . 8736 0.827

2.0 .7862 0.864

4.0 . 6770 40°c 2.880 2.892

5.0 .6332 0.914

6.0 .S5927 @.965

8.9 .5554 D.900

1.0 . 9160 2.500

2.0 .8511 8.513

4.0 L7473 sa°c @. 565 " @.5&7

5.8 . 6875 B. 660

6.8 . 6823 @.548

8.0 . 6267 @.593 ' contd.
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Table-5
Values of Dimerization Constant (Ky) and Monomer Fraction (X) of
Azure A in 137 Ethanol at different . temperatures and
concentrations
Cons.x10 M X Temp. Ky x1@™ > Average K4 x187>
(1it/mol) (1it/mol)
1.0 .7482 ' 2.248
2.0 . 6855 1.673
4.0 . 6596 20°C 8.978 1.356
5.8 . 6004 1.108
6.@ .5477 1.256
8.0 .5607 @.873
1.0 . 8849 8.734
2.0 . 8000 2.780
4.0 . 6682 38°C 2.928 @.873
5.8 . 6246 0.962
6.0 . 5931 8.963
8.@ . 5609 2.872
1.0 . 9564 @.237
2.0 . 8565 : @.488
4.0 .7373 42°c 2. 603 9.553
5.0 .7816 . : 2. 605
6.0 . 6434 @.717
8.0 . 6073 0. 665
1.0 . 9660 : @.181
2.0 . 8890 2.350
4.0 .8144 se°c 2.349 @.350
5.8 .7860 0.346
6.0 . 7435 2.386

8.0 - 6608 @.485 contd.
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Table-5
Values of Dimerization Constant (Kjy) and Monomer Fraction (X) of
Azure ‘A in 207 Ethanol at different temperatures and
concentrations
Cons.x187M X Temp. K4 x1@™> Average K4 x107>
(1it/mol) (1it/mol)

1.@ . 8344 1.168

2.9 . 7844 @.875

4.0 . 6604 2B°C @.973 a.99a

5.0 -6188 8.995 '

6.0 . o826 1.024

8.4 . 3540 Q. a8

1.0 . 8786 . 8.786

2.8 .8441 8.546

5.0 7317 =a°c 8. 626 8. 430

S.2 6913 .3.645

6.4 - 6602 8. 649

8.8 - 6469 a.527

1.2 .2118 a.53a

2.0 .8941 @.33@

4.0 .7969 4p°c 2.399 2. 420

5.0 - 7978 B 423

6.8 . 73@8 @.42@8

8.a «~ 6859 @.417

1.2 . 9229 2.452

2.8 . 2238 a.222

4.0 .8429 s5@°C @.276 @.309

5.0 - 8054 a.299

~-6.@ - 7880 Qa.284

8.0 . 7279 @.320
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Table-6

‘Values of Dimerization Constant (K, and Monomer Fraction (X)

of

Azure B in water at different temperatures and concentrations

Cons.x10M X Temp. Ky x10™> Average K, x10°>
(lit/mol) (lit/mol)
1.0 . 4994 1@8. 021
2.0 .395@ 9.690
4.0 . 3291 20°c 9.033 8.981
5.0 . 2847 8.824
6.0 . 2635 8.838
8.0 . 2503 7.477
1.@ . 57@9 6.579
2.0 .4534 6.646
a.@ . 3690 se°c 5.792 6.258
5.0 . 3203 b.622
6.0 .2984 6.561
8.8 . 2883 5.351
};a . 6437 4.299
2.2 .5171 4,513
4.@ .4811 40°c 4.652 4.471
5.0 . 3681 4,662
6.0 . 3425 4,669
8.0 .3238 4,029
1.@ . 6879 3.297
2.0 L5915 2.918
4.0 . 4660 s5@°c 3.872 3.033
5.0 .4283 3.115
6.0 .3952 3.226
8.0 . 3862 2.571 contd.
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Table-6
Values of Dimerization Constant (K,) and Monomer Fraction (X) of

Azure B in 3% Ethanol at different temperatures and concentrations

Cons.x1@8™M X Temp. Ky x18">  Average Ky x10
(lit/mol)  (lit/mol)

1.0 . 5790 . 6.275

2.0 : .4585 6.435

4.0 .3575 2e°c 6.282 6.322
5.0 .3193 6.674

6.0 . 3033 6.308

8.0 . 2756 5.959

1.0 . 6475 4.203

2.2 .5261 4,279

4.0 .3997 za°c 4,694 4.579
5.0 .3674 4.683

6.0 .3420 4,687

8.a . 2982 4,930

1.0 .7112 2.854

2.0 .5891 2.958

4.0 .4612 30°c 3. 164 3.147
5.0 . 4247 3.189

6.0 .3939 3.254

8.@ . 3439 3. 465

1.0 . 7689 1.954

2.0 .. 6615 1.933

4.0 .5338 58°c 2.044 2.084
5.0 .4984 2.018

6.0 . 4534 2.082

8.0 3720 2.472 contd.
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Table-6
Values of Dimerization Constant (K;) and Monomer Fraction (X) of
Azure B in 10% Ethanol at different temperatures  and
concentrations '
Cnns.xlﬂ4M X Temp. K4 x10™ > Average K,4 xlD{S
(lit/mol) (1it/mol)

1.2 . 6331 . 4.574

2.0 ' .5201 . 4.433

4.8 . 3866 20°c 5.128 4.778

5.0 . 3599 4.941

6.0 .3396 4.771

8.0 . .3010 4.818

1.8 . 7181 2.733

2.0 . 5808 3.106

4.0 . 4498 38°C 3.397: 3. 263

5.0 . 4035 3. 663

6.0 .3764 3. 667

8.0 . 3634 A  3.811

1.0 L7763 1.855

2.0 . 6735 1.799

4.0 .5317 42°c 2.07@ 2.096

5.8 .4730 2.355 '

6.0 .4431 2.362

8.0 .4142 2.133

1.0 . 8194 1.343

2.0 L7271 1.290

4.0 L6165 sa°c 1.261 1.483

5.0 . 5645 1.366

6.0 .5128 1.543

8.8 -4576 1.618 contd.
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Table-6
Values of Dimerization Constant (K ) and Monomer Fraction (X) of
Azure B in 13% Ethanol at different temperatures aqd
concentrations
Cons.x1@87M X Temp. Kq x1@™> Average Ky x1@™>
(lit/mol) (lit/mol)
1.0 . 6752 3.561
.0 . 5930 2.892
4.0 - . 4397 20°c 3.621 2.985
.0 .4612 2.532
6.0 . 4080 2.962
8.0 . .4001 2.342
1.0 . 7889 1.881
2.0 . 6635 1.909
4.0 .5340 38°C 2.042 1.965
5.0 . 4982 2.121
6.0 . 4536 2.212
8.0 . 4491 1.7@6
1.0 . 8332 1.201
2.0 .7431 1.163
4.0 . .6246 an°c 1.2@2 1.231
5.0 .S5796 . 1.251
6.8 . 5337 1.363
8.0 . 5055 1.208
1.0 . 8578 2. 965
2.0 . 8086 @.731
4.0 .7819 se°c 8.756 2.832
5.0 . 6539 @.809
6.8 . 6029 2.910

8.0 : 5713 . @.820 contd.
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Table—-6
Values of Dimerization Constant (Kjy) and Monomer Fraction (X) of
Azure B in 20% Ethanol at different temperatures and
concentrations
Cons.x 1@ ™ X Temp. Kq x1@”> Average K, x107>
(l1it/mol) (lit/mol)

1.@ .7788° 1.832

2.0 . 6959 ' 1.569

4.0 . 5666 20°C 1.686 1.8@5

5.0 . 5223 1.750

6.0 4792 1.889

8.0 .4163 2.104

1.@ .8312 1.221

2.0 .74@3 1.184

4.0 L6133 30°C 1.284 1.341

5.0 . 5674 1.342

5.0 .5174 1.5@01

8.0 .4683 1.515

1.0 . Boao @3.910

2.@ .7887 @.848

a8 . 6956 ap°c 8.786 @.982

5.0 . 6391 @.883

6.0 . 5786 1.048

8.8 . 4789 1.419

1.0 . 8851 a.732

2.0 . 8206 B. 666

4.0 . 7439 sa°c @.578 9.803

5.0 . 6888 Q. 655

6.0 . 6099 0.873

8.0 <4916 1.314
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Table-7
Values of Dimerization Constant (K ) and Monomer Fraction (X) of
Methylene Blue 1in Water at different temperatures and
concentrations
Cone.x 10 M X Temp. Kq x18™>  aAverage Kq x1@7>
(1it/mol) (lit/mol@

1.0 . 5799 6.244

2.0 - 4737 5.789

4.0 .3936 20°c 4.889 S.813

5.0 . 36533 4,733

6.0 - 3464 4._.536

g.a - 3291 3.868

1.8 . 6447 4,272

2.0 .5342 4.079

4.0 . 4322 3a°C 3.798 3.685

5.0 - 4802 3.743

6.0 -.3817 3.5336

8.0 - 3801 2.680

1.@ . 7883 2.90@6

2.8 6816 2.75@

4.2 -4933 4BOC 2.601 2.363

5.0 - 4563 2.610

&£.8 - 4346 2.494

8.0 - 4230 2.015

1.0 . 7771 1.884

2.0 6712 1.824

4.0 .5532 sa8°C 1.824 1.793

5.0 -.0176 1.800

6.0 ) - 4833 ' 1.843

8.0 4571 1.623 contd.
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Table-7
Values of Dimerization Constant (K;) and Monomer Fraction (X) of

Methylene Blue in 3S% Ethanol at different temperatures and

concentrations
Cons.x1@7M X Temp. K4 x10">  Average Kq x10 >

‘ (lit/mol) (lit/mol)

1.0 . 6686 3.887

2.0 .5378 3.992 _

4.0 .4377 20°c 3. 667 3.543

S.0 . 4097 3.514

6.9 . 3903 3.333

8.0 . 3705 2.865

1.0 . 7216 2.671

2.0 . 6065 2.4673

4.0 . 5008 38°C 2.488 2.461

5.0 . 4628 2.506

6.0 .4461 2.318

8.0 . 4159 2.109

1.0 . 7841 1.755

2.0 . 6638 1.906

4.0 . 5545 48°c 1.810 1.831

5.0 .5@86 1.899

6.0 .4791 1.89@

8.0 . 4475 1.723

1.0 . 8582 1.835

2.0 . 7580 1.052

4.0 .6344 50°C 1.134 1.124

5.0 .5919 1.164

6.0 . 5560 , . 1.198

8.0 -9123 . 1.160 : contd.
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_ Table-7
Values of Dimerization Constant (K;) and Monomer Fraction (X) of

Methylene Blue in 1@7 Ethanol at different temperatures and

concentrations
Cane.x18™M X Temp. Ky x10™°  Average K, x18°
(1it/mol) (lit/mol)
1.0 . 7135 2.813
2.0 .6035 2.720
4.0 . 4997 20°c 2.504 2.531
5.0 . 4580 2.583
6.0 . 4356 2.477
a.e L4173 ' 2.098
1.0 . 7842 1.754
2.0 . 6748 1.785
4.0 .5484 30°Cc 1.876 1.844
5.0 .5076 | 1.91@
6.8 .4711 1.985
8.0 . 4448 1.752
1.0 . 8471 1.065
.0 .7497 . 1.113
4.0 . 6180 48°c 1.250 1.203
5.0 .5756 1.280
6.0 .5398 1.315
8.0 .5068 1.199
1.0 . eas7 @.743
2.0 . .8006 8.777
4.0 .7817 sa°c @.756 @.801
5.@ . 6535 @.811
6.0 .6014 8.918

8.0 5759 2.799 contd.
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Table-7
Values of Dimerization Constant (K4) and Monomer Fraction (X) of

Methylene Blue in 157 Ethanol at different temperatures and

concentrations
Cuns.xlB4M X Temp. Kq )(1(3_3 Average K,4 xlﬂ_3
‘ (lit/mol) (lit/mol)
1.0 - .7817 1.786
2.0 L7226 : 1.328
4.0 . 5399 20°c 1.972 1.628
5.0 .5150 1.823
6.8 .4839 1.831
8.@ . 4789 _ 1.420
1.0 . 8848 8.735
2.0 L7717 0.957
4.@ . 6233 30°c 1.211" ' © 1.153
5.0 5773 ' 1.267
6.@ .5274 1.415
8.0 , . 4893 1.332
1.8 . 9178 @.487
2.0 .8420 - 8.556
4.0 .7227 4@°c 0. 663 8.779
5.0 .5862 1.233
6.@ .6278 @.787
8.0 .5466 @.948
1.0 . 9231 2.450
2.8 .9248 a.290
4.0 .8436 50°C @.274 8.417
5.0 .7887 @.339
6.0 .7108 ' @.476

8.0 - 6050 QA.s674 contd.
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Table-7
Values of Dimerization Constant (K ) and Monomer Fraction (X) of

Methylene Blue in 207 Ethanol at different temperatures and

‘concentrations
Cone.x18'M X Temp. Kq x19">  Average Ky x1@7>

(lit/mol) {lit/mol)

1.0 . 8457 1.@78

2.0 L7551 1.873

4.8 . 6349 20°c 1.132 1.@55

5.0 .5842 1.218

6.0 .5617 1.157

8.0 . 6879 : 0. 663

1.8 . 8624 2.924

2.0 .7861 @.864

4.@ . 6759 38°C 2.886 8.89@

5.0 . 6288 2.938

6.0 . 5952 2.951

8.0 .5891 @.774

1.0 .9119 8.529

2.0 .8752 @. 407

4.8 .7926 4@°c 2.412 8.536

5.0 . 7299 ' . B.586

6.0 . 6803 2.575

8.0 .5781 @.788

1.0 .9714 2. 151

2.8 .9211 @.232

4.9 .8844 s0°C B.377 2. 428

5.0 . 7520 @.438

6.0 . 6957 . 8.523

8.0 .5923 @.726
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temperature and percentage of ethanol. At a particular
temperature and in aqueocus vmedium the dimerization constant
increases with increése in methyl éﬁbstitution upto azure B which
is a trimethyl derivative of thionine but the value of the

) .
constant (K,) decreases in case of methylene blue. At 20 C in

aqueocus medium, the K; values are 2.44%1@3, 2.95x103, 4.5@x1@3,
B.‘?Bxl@3 and 5.B1x103 lit/mol for Th, Rzé, AzA, AzB and MB
respectively. This indicates that the increased hydrophobicity in
dye molecule upon methylaﬁion increases dimerization tendency due
to increased hydrophobie interaction, which in turn minimize the
contact area of the dyes with water. However, 1in case of
methylene blue, steric hindrance is prabably very high and the
dimerization constant is decreased to some extent. It is evident
that the strength of aggregation largely depends on the structure
of the dye molecules, nature of the solvent and the temperature.
In order to know the nature of bonding between the monomers
in the dimer some . important thermodynamic functions of
dimerization have been determined. Using Van’t Hoff equation the
enthalpy of dimerization AH® is calculated (Figs. 33-37). The
changes in the standard free energy and entropy due to
dimerization are also evaluated from the following equations,
- aAB° = — RT 1In K, and AS® = ( AH® - AG® ) /T respectively.
The calculated values of the functions at 3@°C are given in table

8. In the calculations it is assumed that AG wvalues are linear

between 28°C and s@°C temperature range. AG and AH values for the



as
Table—8

' : a. .
Values of thermodynamic functions of the dyes at 3@ C in

aqueous and aqueous—ethanolic media.

Solvent . —AH (K3/mol) -AG (Kd/mol) ~-AS (J/mol /K)
Thionine
Water 21.61 18.82 9.20
5% EtOH 19.78 18.33 - 4.78
18% EtOH 18.54 17.91 2.@7
157 EtOH 18.29 . 17.@2 4.19
.2@%. EtOH 17.46 16.02 4.75
Azure C
Water 22.86 19.55 18.92
5% EtOH 23. 469 18.96 15.62
107 EtOH 26. 6@ 18.52 26. 68
157 EtOH 23.69 17.20 21.43
2@% EtOH 19.95 16.38 : 11.79
Azure A
Water 26. 68 20.48 20. 46
5% EtOH ' 34.58 ' 19.32 - 5@.36
10%Z EtOH 33.25 18.16 49.80
157 EtOH 32.92 17.85 32.86

2% EtOH 32.59 16.24 53.926
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Table-8

a. .
Values of thermodynamic functions of the dyes at 3@ C in

aqueous and aqueocus-ethanolic media

Solvent —-AH (KJd/mol) —-AG (KJ/mol) - —-AS (J/mol /K)
Azure B
Water 28.26 22.01 20. 62
g% EtOH 29.29 21.23 25.97
187 EtOH 31.75 Z2a.37 37.93
157 EtOH 33.25 19.89 465.73
2074 EtOH 23.27 18.13 16.96

Methylene Blue

Water 26.85 20. 68 20. 36

S% EtOH 29.76 19.46 33.39
1@% EtOH 32.84 18.91 45.97
157 EtOH 28.43 17.76 35.21

207 EtOH 24.94 17.10 25.87

five thiazine dyes are negative and do not differ very much upon
progressive methyl substitution, there is, however, a general
trend of increasing effect of methylation in agqueous medium. On
the other hand, AS values, which are aléa nagative, increases to
much larger extent due to methyl substitution. The 1latter
observation supports the view that the aggregated dyes are more

ordered than free monomer dyes and such order is mare pronounced
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as more and more bulky methyl groups are substituted in the dye
molecule. In general, the high wvalues of AH and AS can be
attributed to the role of hydrogen bonding in aggregate formation

apart from hydrophobic and n-n interactions.

3.3.2 Analysis of dimer spectra in terms of Molecular Exciton

Model

The dimer spectra can be interpreted by using Exciton theory
which predicts a splitting of the electronic transitions 1in the
dimer. The decomposition of the dimer spectrum into two bands
shows that the monomer visible spectrum corresponds to an
electronic transition with two vibronic bands and not two
electronic transitions (Figs. 24-28). The point dipole—point
dipole approximation of the pﬁint multipole expression of the
theory of molecular exciton coupling has been extended and
applied to all thiazine dimers in concentrated solutions.
Briefly, using the values of the oscillators strength of the low
(fl) and high (42) frequency electronic components ( the J-band
and H-band respectively ) of the dimer spectra, the angle 6,
between the main oscillators of the two molecules can be
’determined by the expression,

£ /f = tan2 6/2 (32)
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The distance (R’) between the centres of the two molecules can be
calculated frém the respnance ineteraction enerqy, U (a term
which is equal to half the separétion between the electronic band
maxima of the splitted dimer spectrum and equivalent to-f;of page
37) (6b).

The relationship between the interaction energy, strength- of
transition dipole and the geometry of the dimer is given by the

general equation :

Ll ]
U= coomms ( cos8 + 3 cos ¢ ) (33)

RS
where |M|2 is the square of the transition moment of the monomer,
6 is the angle between polarization axes for the monomer and ¢ is
the angle between the polarization direction and the line joining
the centres of the tQD component molecules (51). The following
equation can be used directly to determine oscillator strength of
a_derivafive spectrum :

£ = 4.32x18 7 & e()dy (34)

However, it is more convenient to modify the equation to make it
éasier to analyse spectra measured as a function of wavelength
instead of frequency. If the dispersion relationship C=\» is used

to substitute for » in the above equation, the alternative
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reletionship
f = ( B.ﬂ432/k02 ) S e(\N)dhezz (35)

may be derived. In this expression €(A) has units of lit./mol-cm.
and X is in nm. A, is the wavelength at the peak of a smoothed
envalope containing the spectrum (94).

The oscillator strength (f) of the dimer is calculated from
the relationship

F=(0.04320,2 ) L £ edr (36)

where, L = e— 0w ___ = Loerntz factor ;

n, is the refractive index of the solvent (42). L is introduced
to correct for the solvent effect and the value for water is

taken as 8.848.

Twist angle (8) calculated for the dimers are presented in
table 9 ( For the calculation of fi and f2 values for each dimer
spectrum, measurement of the area under the J and H bands of the

spectra was done by caunting small divisions of graph paper.).

The transition moment M is calculated using the relationship,

f o= 4.704 %1027 » M2 (37)
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where, ¥ is in c:m—1 of the dimer at maximum < in the dimer
spectrum. The values of the oscillator strength and the
transition moment of the dyes are shawn in table 18.

The distance (R’) between monomers in a dimer is model
dependent, i.e, it depends on the geometric diépdsition. To
explain dimer band splitting, two models allowing the two
transitions are possible (51,93). In model I, the monomers are in
parallel planes with a twist angle 8 while in model 1I, they are

in the same plane forming an angle 6. The interaction energy  in

thése models are as follows :

Mode} 1 ( 6=68 and ¢ = 9@D;_Sandwitch dimer with a twist angle e)

|M12 coss

.3
RI

Model II ( €=@ and ¢=€ ; Coplanar inclined angle dimer )

2 2
IM] F
U= - { cos@ + 3c052¢ ) = -

.3 .3 <
Riz Rit (39)

{ cos6 + 3sin26/2 )

phere Ri and RiI are the distances between the monomers in the

dimers in model I and 11 respectively.
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Model I refers to the case of non—planar transition dipoles where
the moleculeé are arranged in a sandwitch dimer (cardi pack}
orientation with angle 6, the angle of skew between the
pularizatioﬁ direction of the absorption oscillators of each dye
molecule. Rohatgi and Mokhopadyay (64) and Arbeloa (S1)
considered this to be the likely arrangement for self associated
fluorescein dimer in concentrated solution. Model II refers to
the "coplanar inclined angle dimer" of the ‘obligque’ arrangement
where 6 is the angle between the planes of fhe xanthene ring.
Twist angles 8°s and distances R’ ‘s between monomer units in
dimer have been calculated for all the alkylated thiazine dyes in
aqueous solution adopting above models of dimers. The dimeric
structures of thionine and its derivatives are shown in fig. 43.

Substituting the values of |M|2, U and 6 the distance RI and RII

for all the dyes are calculated (Table 9 and 10).
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Table—9

Excitonic parameters of the dimers of thiazine dyes

Dye Twist angle v (cm_l) Intermolecular
o
{ 8, deg.) distance (A)
Ry Rir
Thionine 34.8 1872.5 6.81 6.61
Azure C 28.4 1876.5 6.38 &.80
Azure A 28.5 +1417.5 3.95 6.75
Azure B Fa.2 1172.0 6.86 6.65
Methylene Blue 31.7 1@97.35 6.76 7.38
Table—1@

Values of transition moments and oscillator strength of dimers

of thiazine dyes :

Dye Square of the transition Oscillator
moments |M|2xiﬂ36 esu strength "f"
Thionine 56.23 . B.4766
Azure C 63.20 8.5207
Azure A 67.23 a.5500
Azure H 592.96 ; B.4797

Methylene Blue 78.81 B.6179




The twist angle for the thionine is found to be the largest
among all the dyes (34.8%°) and AzC shows the smallest twist
angle of 28.40. While the twist angles displayed by all the five
dyes are close'to'each other, no systematic variation is observed
on progressive alkylafion of the dye molecule. It seems apparent
that apart from the steric_ effect due to the additon of
successive methyl groups in the dye molecule, hydrophobic as well
as electron donating nature of methyl groups are also involved.
Apparently the increased hydrophobic interaction due to methyl
substitution as well as for their electron donating nature, a
stronger field is created such that the dipoles tend towards
parallel alingment resulting in the decrease in e upoan
introduction of two methyl groups successively in the thionine
molecule. In other words, a better -1 interaction between two
monomer molecules as a result of successive additon of two methyl
groups may cause the observed alignment. Further substitution of
methyl groups probably increase steric hindrance resulting in the
increase of the angle 6 between the dipoles.

It should be mentidned in this context that the angle
between the transition moments of two monomers of methylene blue
as reported by Bergmann and 0O 'Konski (42) was énly 13°. The twist
angle calculated for the present study are much higher than that
reported by above authors. However, the present observation is

consistent with the more recent study for a number of dye systems

28).
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On the other hand, intermolecular distance between two
monomer molecules in a dimer as calculated according to model I
varies from S.59 to 6.762 $ while the same varies from 6.61 to
7.30: when calculated according to model I1.

As mentioned earlier, previous researches (51-52,64) on
monomer— dimer studies of some fluorescein and others dyes reveal
that model 1 is the more reasonable one as the distance between
the monomers according to model 1 is close to that in the
crystalline state. The distances between the transition dipoles
in the dimers as revealed in the present systems are somewhat
higher than observed previously for fluorescein or rhodamine
dyes. But the values calculated according to model I are somewhat
less. In view of this and the observation Df'thE previous workers
on a number of dyes it may be arqued that model I may be
appropriate for the present systems also. However, these m&dels
represent only the ideal cases and the real structure may only
approximate to one of them. It is noteworthy that although the
exciton fheory as applied in the present systems is over
simplification for the problem of dye aggregation, the

interdipole distances R’ computed therefrom appears to be

reasonable if proper geometry of the aggregate is taken into

consideration.



3.3.3 Analysis of dimer spectré in terms of Vibronic Exciton

Model

In view of some successes achieved by molecular vibronic
exciton maodel in iﬁterpreting spectra of dye aggregates, the
monomer and dimer spectra of the five thiazine dyes are further
analysed by vibronic exciton band model as described in section
3.1.4. Although some authors claim that the resonance
intera;tions of excited state of molecular aggregates with weak
intermolecular binding as just described for moleculér exciton
model is comparatively simple_technique and presents reasonable
interpretation of molecular aggregates, a short account of
analysis by vibronic éxciton model is presented as follows, which
includes more recent developments in exciton theory. The
additianal advantage of the model is -that it allows one to
analyse the dimer in further detail with respect to the strength
of exciton coupling, the frequency and intensity of band origin,
band width etc.

Figs.28-32 reproduce the experimental monbmer _épectra and
the fitted monomer spectra of the dyeé. The monomer vibronic
spectra were fitted assuming that the spectra are due largely to
a single harmonic vibronic progression in accordance with Gal and
_coworkers {88). The spectra were fitted to a S—parameter Gaussion

equation 23 which has already been described (section 3I.1.4.).
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Fig.29 Absorption spectra of Azure C (5x1076M) in the presence of
0.0.1 M KCI at 300C using 1cm. cell.



molar absorptivity

8E4 >
© monomer
— fitted
B6E4
4E4
2E4 -
‘ oooooOC’°°°°°°o
O 1 T T T I I
400 450 500 - 550 600 650 700

wavelength in nm.

Fig.30. Absorption spectra of Azure A (5x1O—6M) in the presence of
0.0 1M KCI at 309C using Tem. cell.

750



molar absorptivity

1ES

° monomer
8E4 - — fitted
6E4 -
4E4 -
2E4 -
0 ?oooo : | | | : e
400 450, . 500 550 600 650 700

Wavelength in nm.

Flg 31. Absorption spectra of Azure B (5x10™ 6M) in the presence of
0.0.1M KC! at 300¢C using 1cm. cell.

750



molar absorptivity

8E4

o monomer
— fitted
B6E4
4E4 4
2E4 -
00000°°°
0 ?000 T T T T T
400 450 500 550 600 650 700 750

Fig.32Absorption spectra of Methylene Blue (5x10~ 6M) in the presence of

wavelength in nm.

0.0.1M KC! at 30°C using 1cm. cell

800



Inkqsson.

8.50

O Water
® 5% EtOH
8.004 A 10% FtoH
A 15% EtOH
00 20% EtOH
7.50 A
7.00 - A
AY A
6.50 - A
6.00
5.50 : - . -
3.00 3.10 3.20 3.30 3.40

-1
Temp. (Tx1O3 )‘/°K
Fig.33 Plot of Ink vs 1/T for Thionine in different solvents

3.50



Inkqsson.

8.50

- o Water

® 5% FtOH
8.00 1 A 10% EtoH

A 15% EtOH

[ 20% EtOH
7.50
7.00 -
6.50
6.00
5.50 , - N |

3.00 3.10 0 3.20 3.30 3.40 3.50

-1
Temp. ( Tx1O‘_5 )/’K |
Fig.34 Plot of Ink vs 1/T for Azure C in different solvents



INkgsson.

9.00 -
8.50 A
8.00 -
7.50 -
7.00
6.50 o
6.00 A

5.50 -

O Water

® 5% EtOH
A 10% EtOH
A 15% EtOH
0 20% EtOH

5.00
3.00

3.10 3.120 3.'30 3.40
-1
Ternp. ( Tx10~ ) /%K
Fig.35 Plot of Ink vs 1/T for Azure A in different solvents

3.50



Inkqsson.

O Water
8.50 4 @ 5% EtOH . e}
A 10% EtOH
A 15% EtOH )
[0 20% EtOH
7.50 A
6.50 -
550 T T T ) T ]
3.00 - 3.10 3.20 3.30 3.40 3.50

1
Temp. ( TXTO3 )/°K
Fig.36 Plot of Ink vs 1/T for Methylene Blue in different solvents



Ink (Asson. )

9.50

-1
Temp. ( Tx10° ) /°k
Fig.37 Plot of Ink vs 1/T for Azure B in different solvents

O Water
® 5% EtOH
A 10% EtOH
A 15% EtOH
0O 20% EtOH

8.50 S

7.50 A

- 6.50 T T T T
3.00 3.10 3.20 3.30 3.40 - 3.50



96

[monomer spectral data are fitted to the five parameter Gaussion
equa&ion 23 on a PC-AT (486 DX2) computer by means of a generdl
non linear weighted least square program (95) properly adopted in
the present circumstancesl. Satisfactory results were obtained by
2

trancating the summation after six bands. This +fitting is done
because some of the monomer fitting parameters are needed to fit
subsequently the dimer spectra.

Among the five parameters ;oa and I,, are the position and
fhe intensity respectively of the.(B,B) band nrigjn; the band
origions are assumed to be separated by the constant wave number
V. The Gaussian band half intensity width of each hand 1is given
by bé. Finally, X is the ratio of the (1,8) to (8,8) band
intensities : it is related  to the equilibrium nuclear
conformation in the two electronic states. Values of all the five
parameters for each of five dyes are listed in table 11. Fairly
well fittings of the monomer spectra of most of the dyes indicate
that the persent physical model describing a vibronic progression
aof a displaced harmonic oscillator with Gaussian bands of
constant band width requiring five adjustable parameter (equatoin
23) may be adopted to the present dye systems. However, although
the fitting of the monomer spectra of AzC, AzA and AzB with the S
parameter BGaussian equation is fairly well, considerable
deviation is observed near the shoulders -of monomer spectra of Th

and MB. The parameter X is related to the displacement of the

normal coordinate of vibration, R°°, through the formula,
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X = (2n2ch) R"2

where ¢ is the reduced mass of the oscillator, c is thé velocity
of light and other symbols have their usual meaning (fig. 44). It
is possibie to give R°° a relatively simple interpretation in
terms of changes in the bond lengths between the atoms of the
aromatic ring system (Fig 44). It may also be of interest that
there appears to be some evidence and justification in favour of
an assertion that the parameters Iéd‘and X ére corelated (96)
Figs. 38-42 show the experimentally derived as well .as
calculated dimer spectra of thiazine dyes, viz.,Th, AzC, AzA, AzB
and MB. In calculating theoretical spectra, values for some
parameters (V and X) are taken +from the corresponding monomer
spectra. The dimer spectra were fitted to the adiabatic model
described by Gianneschi et al. {(81,87). As mentioned in section
3.1.4. of the present chapter, the theory involves diagonalising
tridiagonal Hermitian matrices which incorporate five parameters:-
the exciton coupling strength (£), the angle between the
interacting transition moments, the energy of the dimer
transition (;oo)- the vibronic spacing (V) and the nuclear
displacement parameter (X). The numerical results consist'of the
energies and relative intensities of the exciton bands from which
" the dimer spectrum is generated by assnciating aHBaussian band of
“width bg with each calculated vibronic line and summing over all

the Gaussian bands. Again to a good approximation, bg, is taken
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to equal the corresponding monomeric value. Ccalculations and
fittings of dimer spectra were done partly in this department on
a PC—-AT (486 DX2) computer and partly in the department of
Chemistry, University of South Australia, by means of a weighted‘
least square program (81,89)1. All the calculated dimer spectra
in Figs. 3B-42, refer to zero angle between the transition
moments i.e., the minimum series is zero in each case. Howevér,
fittings are not always very well, specially at the lower and
higher energy regions of the dimer spectra. Tﬁe fitting may  be
somewhat improved by replacing the fitted monomer constants V and
X by corresponding parameters fit in analysing the dimer spectra.
But, such a procedure has been avoided because in that case the
significance of V and X would become obscure. The dimer fitting
parameters for all the five thiazine dyes are shown in table 12.
We note that ;oo, which is the position of the (@8,0) band of each
of the two monomers in the dimer, undergoes a hypsochromic shift
relative to that of the free monomer (table 11,12); such a
- hypsochromic shift is attributed to the differences in Vander
Waals ( solvent—solute and solute-solute ) interactions between
the two systems. Theoretically thé minus series affects
pfedominantly the low energy region of the spect%um whereas the
plus series affects the high energy region (81). But no amount of
discrepency from the minus series can explain the discrepancy
between the model proposed by Fulton (75) and the experimental

spectra for the dye system. However, minus series is included in
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Fig.44: Schematic potential energy diagram in absorption.
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Table 11

Monomer Parameters far the five Thiazine dyes Spectra with

standard deviations:

Th AzC AzA - Az R MB
I, 633801575 SO3IOO1992 4670011520 711801091 73260+1470
voo(cm—l) 16778450 161031441 157231643 155521290 151971300
Vv (cm~1) 1217*76 118279 1131131 1155+48 128455
X B.56X2.036 B.52*9 2.61X8.867 B.54r0.023 B.36%0.827
bg(cm_l) 1116+33 1185+3@ 14@2*47 1078x20 1052+24
Table 12
Dimer Parameters for the five Thiazine dyes:
Th AzC AzA AzB MR
£ a.7@ 1.08 1.15 1.@85 1.10
voo(cm—l) 16393 15873 15385 15267 14925
\% (cm_l) 1220 1182 1138 1155 1204
X a.56 a.52 .61 2.54 a.56
b (cm_l) 1104 1400 1400 1260 1290a
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many dye systems previously to produce the longer laow energy
"shoulder"”" which is not observed in the spectra of the present
thionine and alkyl substituted dyes (81). Table 12 shows that the
»value of exciton interaction parameter (£) varies from 8.98 to
1.15 for five thiazine dyes with the lowest value for Th and the
hightest far AzA. These relatively small values of interaction
parameters provide some support for the model. However, further

study in this area is in progress in our laboratory.



CHAPTER 4

ELECTROCHEMI CAL. STUDIES OF THE DYES ON CLEAN AND
MCDI FIED ELECTRCDES

4.1. INTRODUCTION AND REVIEW OF THE PREVIOUS WORKS :

Cyclic voltammetry is perhaps the most power ful
electroanalytical technique for the study of electroactive
species. Various electrochemical aspects of photogalvanic

solution during the photochemical reactoin have been studied
successfully by many Qorkers with the aid of this technique. The
ease of the measurement has also resulted in extensive use of the
technique.

Electrochemical properties of rhodamine =} by cyclic
voltammetry at_fixed and rotating disk electrode were studied by
Austin et -al.{(?27). During electrode modification, the surface
Coatiﬁg was deposited by voltage cycling and formed only when the
anodic potential exceeded 1.24 V¥V, at which stage rhodamine B was
deethylatedv and converted to rhodamine 11@. This was then
reversibly oxidized to form the surface modifying species. The
prominent oxidation and reduction peaks were observed at 1.18 and
1.1@8 Vv respecfively in the cyclic voltammogram of rhodamine B at
an unmodified SnO2 glass electir-ode, which were suppressed by the
surface madification. Rotating disk measurement gives a value of

6 4

- b — -—
T.240.2%10 cmsec 1 for the diffusion co-efficient of 2.6x10 ™

‘rhodamine B 1in agueocus @.05M H,S0 Cyclic voltammetric

4"

-2 -1
measurement gives a value of 1x18 cm sec for the rate constant
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of quasi-reversible oxidation of rhodamine B which occurs around
1.18V at an SnD2 glass electrode. Bauldrey and Archer (98} have
reviewed the literature on the electrochemical and non
electrochemical modificaton of the electrode surfaces and have
proposed a mechanism for the electrochemical deposition of layers
of thionine and related dyes using the information gained from
cyclic voltammetric studies of these systems. (uickenden and
bassett (99) have studied the anodic deposition aof the dye +from
aquecus rhodamine H soclution to gold electrodes and found that
substantial deethylation occured during the deposition process
and that the electrodes thus coated possessed enhanced
photosensitivity. Bowen (1@08) has examined rhodamine B solution
by cyclic voltammetry using Pt electrode and also determined the
electron transfer rate constant +far the Fez*./Fe2+ couple at
rhodamine B coated Pt electrode by rotating disk method. However,
the author did not determine the electrodic rate constants 'fDr
electron transfer to and from rhodamine B at such electrodes.

The cyclic voltammetric behaviour of chloropromazine (CFZ)
at a éarbcn paste electraode in aqueocus @.1M HCl1 showed two anodic
waves with peak potentials of +8.46 and +B.99y Vs. SCE,
corresponding to the oxidation of CPZ to its cgtion radical
(CPZ+) and subseqgently to its dication (CP22+) {181,1@2). Upon
the scan reversal only the cation radical is found to be
sufficiently stable to yield a cathodic wave. The dication reacts

very rapidly in this mediumy so that the reduction of dication is



not observable even at scan rates upto 58 V/s.

In genaral, chemical or electrochemical oxidation of
N—substituted phenocthiazine in aqueous solution has been shown to
vield the corresponding: sulphoxides through the formation of
mono—cations which are prone to facile hydfolyéis in neutral and
less acidic medium as compared to that in more acidic media
(183). On the other hana, a linear dependence of voltammetric
peak current on the square root of the scan rates suggests that
the cyclic voltammetric behaviour of thionine, which is
attributed tao two electron reduction = of thionine to
leucothionine, is of the diffusion type .(124). Buickenden and
Harrison (185%5) studiéd electrochemical properties of thionine by
cyclic vol tammetry at uncoated and thionine coated
photoelectrodes. Examining the cyclic voltammograms obtained

during the deposition of thionine on Au and Sn0, electrodes, they

2
observed that the height of_the characteristic thionine oxidation
and reduction peaks increased with the number of cyéles to
asymptotic limits after about 7@ cycles in the case of a 6u
electrode and after S00 cycles in the case 6f ‘Snﬂz. The areas
within the voltammograms similarly reach plateu values. Because
the areas, (SIdt), I being the current and t the time, are - also
independent of cycle speedy, it can be concluded . that complete
axidatian énd reduction of the electroactive species occur during

each cycle, thus validating the use of areas under peaks for

determining layer thickness.
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During the cyclic deposition process on Au, the thionine
réduqtion.and leucothionine oxidation peaks which are originally
-at @2.43 and B0.49V respectively, shift in turn to 0.49 and 0.54V,
and a small shoulder appears at about @8.43V. However, during the
deposition on Sn02, the thionine reduction peak at 0.4359 does
not shift. But the oxidation peak moves from @.535 to 8.55@v, and
the shoulder on the reduction peak appears only temporarily
during the midqle stage of the deposition. Albery et al.(l@b)
observed that the reduction of thionine on clean Pt-electrode was
reversible whereas on the coated electrode it was nearly
reversible. From the measurement of the kinetic parameters for
different electrodes, they concluded that the electrochemical
rate constant was decreased for electrodes coated at higher
voltages and for longer times. In particulér, there was a
significant reduction in rate constant for electrodes coated at
1.4V or above for periods longer than one hour.

The reduction of methylene blue was studied by Wopschall and
Shain (187) to test the theory of cyclic voltammetry for the case
in which the product of the electrode reaction was strongly
adsorbed. A brief investigation of the mechanism of two electron
electrode reductiony, using both aqueous ethanol and' aprotic
solvent systems, indicated that the reduction probably proceeded
through successive one electron charge transfef, with a rapid
‘reversible profonation interposed between the charge transfers.

The intermediate appeared to be more easily reduced than
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methylene blue.

In a recent study on electrochemical aspects of reaction
between leucodye and Fe+3 in dye based photogalvanic systems,
Murthy et al. (1@08) examined the electrochemical reduction of
thionine and methylene blue in‘the presence of Fe+3 in terms of
catalytic regeneration mechanism. The catalytic current due to
the homogenecus chemical reaction between leucothionine and
leucomethylene blue dyes and Fe+3 have been used to estimate rate
constants.

Chemical modification of electrodes is a major area of
current interest in electroanalytical chemistry and
photoelectrochemistry. Technigques such as covalent attachment or
casting of polymer films on electrodes are widely employed as a
means of modification. In electrochemical and
photoelectrochemical studies pof dye incorporated clay modified
electrode, Kamat (253) o©cbserved that clay modified electrode
exhibits a quasi-reversible oxidation wave (Epa= @e.28av, E =
@.12@Y vs SCE ) which is comparable to the reversible wave of
thionine in aquecus solution (Epa= B.265V, Epc= 0.205V vs. SCE ).
This shows that the electru;hemical identity of the dye has heen
retained in the clay film. Such an electrochemical behaviour was
similar to one observed with Albery’s (186) thionine coated
electrade. Presence of palyvinyl alcohol and colloidal Pt in the
clay film was found to be critical in attaining better

electrochemical activity of ~the clay modified electraode. In
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agreement with the work repofted earlier (109) only a fraction of
the incorporated dye was found toc be electroactive in the clay
film.

The dependence of the peak current on the square root of the
scan rates was linear, thereby suggesting the observed cyclic
voltammogram of Sn02/clay—thionine as diffusion type. Normally,
one would have expected a surface wave for these modified
electraodes. The diffusion type cyclic voltammetric behaviour
observed in the present case suggests that the charge transport
within the film is limited either by the diffusion af the
electroactive dye to the electrode surface or by an electron
hopping process within the ciay film (25).

In a review on clay modified electrode, Fitch (11@)
mentioned that one of the attractive features of clays for use in
electrade modification is the high reactivity of the clay surface
with organics. This feature can be exploited to localize an
organic substrate in close proximity to the electrode to enhance
an electrochemical process. Inoue and Yoneyma (111) capitalized
on this feature in the study of electropolymerization of aniline
in the clay support. Following the same rationale, Rusling et al.
{(112) attempted to combine the adsorption of organics with the
CEC of clays to enhance the electroreduction of the aryl halogen,
dibromobenzene. The clay modified electrode has been_ used to
support Ru02 near the electrode surface (113) - In this

application, catalytic current far the reduction of



107

Ru(bpy)ztbpy(CDz)zl was observed in which Ru(bpy)z[bpy(CD)zl
shuttled charge to a substrate, thought to be RuDz. The authors
suggested that RuD2

utilization of clayé lies in its potential to impart chiral

was involved in the oxidation of HZD' Further

selectivity to the reaction. Yamagishi and Aramata (114) +ound
) +
that a clay modified electrode exposed to D—Ru(phen)§ showed no

increase in currents on exposure to additional solutions of

+

D—Ru(phen)§ s, but showed an increase in current on exposure to
2+
3

L-Ru(phen) . Their conclusion was that the primed L

D—Ru(phen)§+] clay accommodated the L form of the complex via

stereoselective packing. In a similar fashion, Fitch et al. (115)

observed larger reduction currents from recemic vs. enantiomeric
+

solution of Cr(bpy)g = They concluded that the recemic solution

allowed for more efficient packing of the complex on the clay

surface. Electraochemical behaviour of Fe(CN)z—/4_ ions at H—,Na—
and Ca—montmorillonite modified Pt—electrodes incorporating

methylene blue and neutral red cationic dyes was investigated
recently by cyclic voltammetry (116). The rate of the redox
process was found to be mainly determined by the structure of the
film of clay mineral particles.

In addition to the clay minerals .another potential
inorganic modifier is zeolite. Recent reviewé on the material
science aspects of the zeolites and the use of zeolites to coat
electrodes (24,117) have included discussions on the use of and

interest in zeolite layers on electrodes.
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an understanding on the mechanism of the charge transport,
control of the pore dimensions to enhance transport properties,
and complete elucidation of the role of the electrolyte in 1ion
exchange reaction and charge conduction are absolutely required.

As mentioned in chapter 1, the most successful PG cell for
solar energy conversion is the ferrous/thionine cell vyet, this
too is far from baving ideal coversion effeciency (118,119). In
this PG cell the photoreduction of thionine (Th) by Fe(lI) ions
produces semithionine (S) and Fe(III) ions. Semithionine rapidly
disproportionates to Th and 1leucothionine(L). Structures of
thionine, leucothionine and semithionine are shown in chapter 1
{page 3I). The adventage of the above system 1lies in achieving
partial selectivity af charge carriers for appropriate
electrodes. However, greatest efficiency would be obtained with a
PG cell in which each electrode is perfectly selective for a
different couple. Unfortunately, in homogeneous solution, thermal
back reaction of electron transfer also takes place; This
dissipation of free energy creates a considerable problem in the
use of ferrous/thionine PG cell for any practical purposes (120).
The following reaction scheme adequately summerizes the wholé

praocess, including the relevant recombination reactions (PH 3}

hy
Th + Fe(II) + H' —— 3 S + Fe(IID

26 + HY — % Th + L
~—
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Back reaction :
S + Fe(IIl) ——) Th + Fe(ID) + H'

L + Fe(ITI) ———3 S + Fe(ID) + 24"

-However, the homogeneous reaction schéme is very complicated
and must be properly characterized. .Solubility as well as
aggregation characteristics of dyes are important criteria which
control PG output. As already mentioned (chapter 1), alkyl
substitution in dyes affect both these characteristics and , this
promted to undertake the present series of pragressively
alkylated thiazine dyes +for a detail study on homogeneous
reactions with Fe(l1I1) ions. Electrode reaction coupled with
chemical reaction js an interesting subject of investigation for
electrochemists (122). The electrochemical reaction of
progressively alkylated thiazine dyes to corresponding leucodyes
at the stationary electrode in the presence of FE(III) ions may
be described by what is called "catalytic regeneration
mechanism” , according to which an inifial electroactive species
is regenerated by the homogeneous chemical reaction . This

mechanism can be described by the following scheme (122),

0 + N ——————> R

i (42)
R+Z ——————3) 0 +FP
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If applied judiciously, this technique may yield kinetic
parameters of the chemical reaction from a simlpe electrocheﬁical
experiment. Although thermal back reactions have been studied by
flash phofolysis technique in considerable detail (121 ,123-125)
the former technique has been applied only recently for the
homogeneous reactinn- relevant to Ferrous/Thionine PG cell.
Kinetic parameters we;e also determined using an indium doped
SnCl2 electrode assuming a pseudo first order reaction condition
to prevail even though the experimental result did not always
conform with the theory (108). In view of the pivotal importance
of the nature of the electrodeﬂsurface‘iﬁ such a stud? and alsoc
to examine the role of the hydrophobic interactioﬁ, if any, on
the reaction kinetics, an electrochemical study on the reaction
between the alkyl derivatives of thiazine leucodyes with Fe(IIl)
on a glassy carbon electrade (GCE) which has been found to be
well behaved in the present set of system is also undertaken in
the present investigation.

In the next part of the chapter electrochemical p}operties
of progressively alkylated five thiazine dyes and the electrade
phgnomena involved therein have been studied by cyclic
voltammetry in different media at stationary clean electrode as
we;l as at modified electrode. Thionine and methylene blue are
also reinvestigated in the same experimental conditions in order
to compare the results and for the sake of gsystemetic study of
the se;ected series of the dyes. The electrochemical processes af

3
-the electraodes involving dyes in the presence of Fe+ as an
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oxidant have also been examined in terms of catalytic

regeneration mechanism.

4.2 EXPERIMENTAL :

Cyclic voltammetric experiments with the selected cationic
dyes viz. Thionine, Azure C, Azure A, Azure B ; and Methylene
Blue arecarried out in water, water—ethanol mixture and triton
X-188, a nonionic amphiphile, at 25i1QC to understand their
electrochemical behaviour on glassy carbon electrode (GCE). In
the present study these dyes are also incorporated in the clay
and zeolite films cast on the GCE to study electrochemical
behaviour of the dye molecules at the modified electrode.

Varigus characteristics of the dyes, their structure and
method of purificétion, are persented in chapter 3. Preparation
of pure Na-montmorillonite, used és clay in the study, and its
CEC have been described in chapter 5. The zeolite, ZSM-5 (S5i/AQA1=
38, surface area= 400 mzlg), is used as received. All other

chemicals used are of analytical grade.
Colloidal Pt is prepared by refluxing 8.168 g/lit. (H2PtC16)
in a water : . ethanol (1:1) mixture containing 3% polyvinyl

alcohol (126). Colloidal suspensions are prepared from

Na—montmorillonite and ZSM-5 using the method employed by Kamat
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(25), i.e. by dispersing 1@ g of Na-montmorillonite and 2Z5M-5
separately in 10@ ml of water and are centrifuged at 600@ rpm for
1 hour . The clay and zeolite content of the supernatant
colloidal suspensions are found to be 8 and 7 g/lit.
respectively.

The casting of the clay and zeolite films on the GCE
(diameter 3.2 mm, BAS, USA Part No.MF 2812) 1s done in the
following way (189). One part of the clay or zeolite suspension
is mixed with two parts of colloidal Pt suspension and 8.1 ml of
the mixed suspension‘is placed over the previously cleaned GCE.
After drying for several hours in air the electrode ié dipped
into the concentrated (™ lxlﬂ_sﬂ) dye solution for 15 wminutes.
The electrodes, referred to as modified, are then washed
throughly with water.

Cyclic voltammetric experiments are carried out employing
BAS cyclic voltammograph (USA, model CV-27 ) fitted with a three
undivided electrode cell and a Hbustnn X=Y recorder (Model-100).
The experiments are performed taking 25 ml dvye “solution in the
presence of Q.1M H2804 or 8.1M KC1 as a supporting electrolyte
with one wdrking GCE (MF-20812), one Pt auxiliary electrode and a

B

saturated calomel reference electraode at 25%1 C. All solutions

are purged with pure nitrogen before the experiment.



Cyclic Yoltammetry at Clean GCE :

Cyclic voltammograms of the dye solutions (SxIB_SM) are

recorded in water, water—ethanol (1:1) mixture and triton X-100
(3.081M) at various scan rates up to 300 mv's._1 using @.1M H2504
as the supporting electrolyte. Cyclic _voltammograms of the
concentrated (= 1x10—4M) dye solutions are. also recorded at

different scan rates using 0.1M KCl1 as supporting electrolyte at

various PH.

Cyclic Voltammetry at Modified Electrode g

Washed GCE/clay—dye and GCE/zeolite-dye are used as the
working electrode and cyclic voltammograms are recorded dipping
the electrode just only in @.1M H2504 at various scan rates upto

326 mvs_l.

4. 3. RESULTS AND DISCUSSION :

4.3.1. Electrochemical studies on Clean Electraode :

In solution the dyes form dimers and higher aggregates at

high concentrations {(above 1@'5M). The dimerization constant

values of the dyes in water and water—ethanolimixtures (57%Z, 10%,
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157 and 2@%) at different temperatures are given in table 3-7 in
chapter 3. In aqueous medium at SGEC the wvalues are 1.76x183,
2.35x103, 3.38x103, 6.25x1@3, and 3.68):103 for Th, AzC, AzA, AzB
and MB respectively. Aggregation property of the dyes is an
important factor for the interpretation of the cyclic
voltammetric data.

All the dyes are reduced to the colourless 1leuco-dyes on
forward scan and oxidized back to the corresponding coloured dyes -
on the reverse scan (Figs. 45-54) (184). The system undergoes
reversible electrode reaction on the GCE in 2.1M HZSD4,
(supporting electrolyte), upto scan rate 100 mv«_-';_1 in water,
water—ethanol and triton X—-10@8 media. Others criteria, namely
separation of the peak potentials and the half peak potential
values are also in conformity with reversibility of the system
upto the above scan rate. The values are given in table 13-17.
The values Df anodic peak current (I a) and cathodic peak current
(Ipc) should be identical for a simple reversible (fast) couple.

That is,

I /1 =1

pa " pc
But this ratio (shown in table 13-17) deviates from unity even at
the slow scan rates. However, the deviation becomes less if the

calculation is done using the following equation,
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as Suggésted by Nicholson (127) and Gary (128). The wvalues for
.Ipa/Ipc <1, which decrease futher with‘ increasing scan rates
suggest that the electrogenerated leucodyes are involved 1in
reactions which prevent their reoxidation upon scan reversal.
Cyclic voltametric measurements of leB_SM dye solution in
the prese#ce of A.1M H2504 are consistent with two electron
reversible redox couples of dye / leucodye pairs upto scan rate
12@ mvsfl. Thé formal potential values for the two electron
dye/leuvucodye couples are found to be .25, 0.175, @.207, 8.281
and @.124V (average values for scan rate between 5-128 mvs—l)
for Th, AzC, AzA, AzR and MHE respectively in agueous medium. EBEut
the value of B.A5S8/AE is rather low for all dyes. Wopschall and
shain (107) also found a low value (1.66) of this parameter.
contrary to the coulometric value of 2 for methylene blue, and
interpreted it as due to the ‘result of two successive one
electron reversible charge transfer, with fast protonation of the
intermediate to form a species which is more easily reduced than
methylene blue. Separation between the peak potentials (AEp)
increases slowly with the increase 1in scan rate in all the
solvents because the dye/leucodye couple deviate more and more

from the reversibility. fQuasi-—reversibility of the electrode

processes in the present system 1s also apparent from the



Table—13
Electrochemical data for Cyclic Voltammetry of 5x1m”5M Thionine

in different media in the presence of @.1M H,50,

1./2

S.R. Epa Epe BE, ipo/ipe Epera—Epe ipeVv .BSB/AE,
Water

5 .225  .195 .@3@ .87 . 025 3.93 1.93
1@ .223  .193 .83 .89 . @26 5.50 1.93
2 .220  .19@ .@3@ .90 .027 5.32 1.93
49 .228  .190 .@3@ .98 . @38 6.25 1.93
6@ .215  .185 .032 .93 . 032 6.15 1.93
100 .215  .185 .@3@ .95 @32 6.65 1.93
150 .213  .183 .@3@ .90 B33 7.49 1.93

200 .213  .182 .@31 .97 . @33 7.72 1.93
=00 .218  .180 .@31 .98 @35 8.59 1.93
EtOH-Water (S@QL v/v)

5 .198 .168  .@38 .87 . 827 3.93 1.93
19 .198 .140 .030 .90 .827 %.88 1.93
20 _19@  .158  .@32 .91 .o28 4.@7 1.81
40 .192  .155  .@37 .91 @32 4.32 1.57
60 .192 155 .@37 .81 . 836 4.61 1.57
100 .193  .152 .@41 .80 . @38 4.75 1.41
150 .i93  .15@  .@43 .79 . 242 4.90 1.35

208 .194 .1s@ .@44 .74 . @42 5.15 1.32
=00 .195  .148  .@47 .72 . 845 5.57 1.23
.0B1M TX-100

5 .235 .205 .@3@ .94 . 930 3.82 1.93
1@ .235  .2@4 .@31 .80 . 030 3.10 1.87
20 .236  .203 .@33 .89  .@32 3.19 1.75
42 .237 .202 .@35 .85 . @33 3.25 1.65
60 .238 .200 .@38 .82 . B35 3.38 1.53

10@ .248  .198 .@42 .75 . @36 3.48 1.38
150 .242  .197  .B4S .79 . 04D 3.61 1.29
200 .243  .197 .B4& .78 . 245 3.60 1.26
=20 .245  _.196 .B49 .79 . 248 3.47 1.18
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Table—14
: -5
Electrochemical data for Cyclic Voltammetry of 5Sx18 M Azure C

in different media in the presence of 0.1M H,50,

1/2

S.R. Epa Epe AE, i,4/ipe Epe,27Epec  ipeV - 058/ AE
Water

5 .198 165 .@33 .80 . 035 5. 00 1.75
10 .198 .163 .@35 .88 .@35 5.25 1.65
28  .196 .16@8 .0%6 .8@ .@37 4.96 1.61
42 -.195 .188 .@37 .76 .03 5.50 1.56
6@ . 191 L1580 .@41 .84 .040 5.64 1.41

100 .185 .145 .@4@ .83 .42 6.33 1.45

150 .182 148 .@42 .79 .42 6.46 1.38

200 .182 .135 .@47 .77 .243 6.04 1.23

00 .188 .13@ .@5@ .77 . 045 7.31 1.16
EtOH-Water (S@%L v/v)

5 .162 .118 .044 .89 . 040 3.21 1.32
1@ .158 .116 .@42 .83 .041 3.25 1.38
20 .156 .113  .@43 .87 L8433 3.28 1.35
4@ 153 .11@  .@43 .83 .044 3.50 1.35
&0 -.152  .1@88 .@44 .72 .45 3.99 1.32

100 .151 187 .e44 .69 .045 4,11 1.32

150 158 185 .@45 .65 .@47 4.39 1.29

200 150 183 .@47 .61 .249 4.70 1.23

o0 .15@  .18@¢ .@5@ .57 . 250 5.12 1.16
.081M TX-100

5 195 .16@8 .@35 .60 .B35 2.85 1.66
1@ .196 .158 .@38 .80 .@37 2.50 1.55
20 .197 .157 .@48 .80 .@38 2.84 1.45
40 .198 156 .@az .72 . @39 3.13 1.38
&0 .199  .1S5 .@44 .81 040 3.28 1.32

100 .200  .154 .@46 .74 .041 3.32 1.26
158 L2082 L1533 .@49 .49 .041 3.36 1.18
200 .283 .152 .@51 .69 .043 3.58 1.14

oA . 204 158 .@54 .63 -@845. 3.47 . 1.87
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Table—-135
Electrochemical data for Cyclic Voltammetry of leﬂﬂﬁlnzure A in

different media in the presence of @.1M H,S50,

-1./2

S.R. Epa  Epe  BE, ipa/ipe Epe,zEpa  ipeV .@58/4E,
Water

5 .229  .198 .@31 .89 _@28 6. 43 1.87
10 .226 .195 .@31 .88 _@a28 6.25 1.87
20 .224  .192 _.@32 .83 . @38 6.38 1.81
4@ .222 .191  .@31 .79 . @32 6.75 1.87
6@ .22@0  .188 .@32 .73 .@35 6.97 1.81

120 .218  .186 .@32 .69 .838 8.22 1.87

158 .216 .182 .@34 .65 .240 8.01 1.7@

208 .214  .18@ .@34 .61 D43 8.05 1.7@

300 .212  .178 .@34 .59 _B4s 8. 40 1.70
EtOH~-Water (S@L v/v)

5 .205 .175 .88 .90 . 030 3.92 1.93
10 .206 .172 .@34 .84 .03 4.15 1.70
2@ .207  .17@  .@37 .77 .a32 4.60 1.57
40 .208  .168 .B40 .66 . @35 5.12 1.45
60 L2108 .167  .B43 .62 .a38 5.32 1.35

180 .212  .165 .@47 .58 . @38 6.01 1.23

150 .213  .168 .@53 .51 .48 6.59 1.@9

200 .214  .155 .859 .48 .@42 6.93 @.98

=00 .215  .15@8 .@65 .44 . 243 7.49 @.89
.@01M TX-100

5 .2080 .17 .@3@ .80 . @32 3.57 1.93
1@ .202 .168 .B34 .86 .@32 3.50 1.7@
2@ .204 .166 .B38 .00 . @34 3.54 1.53
4@ .206 .164 .paZ .71 . @35 3.50 1.38
60 208 162  .D46 .74 . 837 3.89 1.26

100 .21@0 .168 .250 .&2 . 240 4.11 1.16
15@ .212 .158  .@54 .65 243 4.39 1.@7
200 .214 . .156 .B58 .63 . 046 4.25 1.08
o .215  .155 .068 .61 . 850 4.70 .96
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Table-16
~ -5
Electrochemical data for Cyclic Voltammetry of Sx18 ™M Azure B

in different media in the presence of @.1M H,50,

' . . . -1./2 ;
5.R. Epa Epc AEp 1pal1pc Epc,z—Epc i,V .BSBIAEPA

Water

5 .30@ .27@0 .@30 .87 .@28 5.54 1.93
15 .300 .268 .@32 .85 . @29 6.00 1.81
25 .298 .265 .@33 .84 . 038 6.17 1.76
s@ .297 .262 .B835 .84 . @35 6.93 1.66

100 .295  .26@0 .@35 .77 . .@38 7.59 1.66

150 .294 268 .@34 .73 . 040 8.81 1.78

200 .293  .258 .@35 .66  .042 8.05 1.66.

=00 .293 .257 .@36 .58 . 045 8.04 1.61
EtDH-Water (5@7% v/v)

5 .165 135 .30 .80 . 070 3.57 1.93
10 L1685 .132 .e33 .82 .B32 4.25 1.76
2@ L1655 138 .@835 .81 .034 4.78 1.66
4@ -16@8  .127 .@33 .78 .834 5.50 1.76
&0 168 125 .@35 .76 . @38 &6.@4 1.66

100 .15@0 .120 .03@ .61 .842 6.96 1.93

150 .148  .11s .B32 .59 . 043 7.24 1.81

200 .146  .112  .@34 .53 .044 7.49 1.70

00 .145 118 .@35 .52 . 845 7.31 1.866
.001M TX-100

S - 205 .175  .@3e .85 . @32 2.5@ 1.93
10 .283 .173 .@3@ .81 .@32 2.75 1.93
20 .21 .17@ .@31 .60 . @35 2. 66 1.87
4@ .200 .168 .@32 .78 .036 © 2.88 1.81
60 .198 .163 .@35 .68 . 038 2.97 1.66

108 196 .159 .@37 .66 .042 3.28 1.57
150 196 159  .@B37 .65 . 044 3.36 1.57
200 .194 .154 .paB .86 .847 3.36 1.45

triies -194 «152 .42 .61 . 048 3.29 1.38




Table—-17
Electrochemical data for Cyclic Voltammetry of 5x1@4%1 Methylene

Blue in different media in the presence of @.1M H,50,

S.R. Epq Epe AE, ipa/ips EpeszEpc ipeV ¢ .@S8/AE,
Water

5 .215  .183 .@32 .84 .028 6.78 1.81
10 .215  .182 .@33 .81 . 230 6.75 1.76
2 .214  .181 .@33 .75 .@32 7.27 1.76
40 .212  .180 .032 .61 .032 7.75 1.81
60 .218 .1890 .@30 .41 . 035 8.20 1.93

100 L2085  .175  .03B .43 . B36 9.81 1.93

150 200 .17@  .B3@ .65 . @37 9.56 1.93

208 L197  .165 .B32 .66 . 238 10.86 1.81

=00 L1955 L1688 .835 .65 . 040 10.97 1.66
EtOH-UWater (5Q%7 v/v)

5 .215  .18@ .B835 .87 . @27 5.71 1.66
1@ .212  .178 .@34 .72 .028 5. 5@ 1.7@
20 .218  .174 .@36 .40 . 030 5.85 1.61
40 205  .170  .@35 .53 . @32 6.75 1.66
6@ .200  .168 .248 .52 .82 6.55 1.45

100 L1955 .155 .@44 .52  .@34 7.59 1.45

150 .180 .148 .04@ .44 . B35 8.27 1.45

200 .178 .135  .@43 .43 . 836 8.95 1.35

=00 L175 .13@ .D45 .41 . @238 9.32 1.29
.001M TX-100

5 .218 .180 .@3I@ .75 . 825 4.29 1.93
10 .212  .180 .@32 .75 . @28 3.00 1.81
20 .214  .178 .@36 .73 . @29 4.07 1.61
4@ .215  .178  .@37 .72 . 030 4.13 1.57
&0 .216 .176 .B4B .71 . @31 4.61 1.45

100 .216  .175  .@41 .68 . @33 4.90 1.41
150 .218  .174 .@Ba4 .55 . @35 5.17 1.32
200 .218 .173  .@45 .52 .038 5.15 1.29
00 .220  .172  .84B .51 . 249 5. 30 1.2
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difference betweén the peak potentials ( AEp ) and the half peak
pgtential 4 Epc—Epc/2 ), where in an ideal réverSibié reaction
these values should be 3@ mv (129). However, appreciable
deviation of AEp from ideél reversible value‘is apparené only at
very high scan rates, which suggests that electrodic processes
involved are very fast.

The plots of ipc as a function of vll2 (ipC measured for
forward scan of the first cycle ) indicate that the variation of
the current is linear with v1/2 upon scan rate of ,, 10@ m,v'_=;“1 and
the line drawn through the experimental points at slow scan rates
passes through the origin (figs. 55-5%). At higher scan rates,
the points deviate from the straight line in all the solvents
studied. The sinpe of the plots vary from solvent to solvent due.
to the variation of diffusion coefficients. The foregoing
observation also indicates that the electrode process is
diffusion controlled at slow scan rates.

The effective diffusion coefficient values of the dyes in
water, water—ethanol (50X v/v)} and triton X-18@ are summerized in
table 18. The values have been calculated, using the Randles
Seveik equation (122),vfr0m the slope of the curves plotting I

pcC
Ly ] -
vll‘ (Figs.55-59) upto the scan rate (v) 20 aVs 1. The values

1)

vs.
for methylene blue and thionine are 5.70x10°° ca’s land 3.@5x10°

2 -1 . | -6 2 -1
cm s respectively on GCE. A value of 7.6x1@ cm s for MB and -
& 2 -1

2.28x180 ° cm“s for thionine were reported by previous workers

measutr-ed at-Pt—wire type HMDE and indium doped San electrode
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Table-18

Values of Diffusion Coefficient of the dyes in different medium

D.C.x 1@6 (cmzs—l)

Dye Water EtOH TX-100

Thionine 3.085 1.80 1.10

Azure C 2.66 1.16 2.87

Azure A . 4.40 2.29 1.36

Azure B 413 ' 2.47 B.76

Methylene Blue 5.70 3.70 1.80
(188,107). AzC has the lowest value (2.66x1@ C cms ! in water)

in the present study. And there is no systemetic chénge in the
diffusion coefficient values with the progressive alkylétion. But
the effect of solvent is very prominent. With the variation of
polarity and viscosity of the medium, the values of the diffusion

coefficient change significantly.
Previous workers deposited dye layers on metal electrode by

maintaining the electrode at some emperically selected potential

while it was immersed in a solution of the dye (99,138—-133)

Duickenden and Harrison (195 on the other hand, developed a

method of deposition of dye layers by repetative cycling of the



potential scan. From the comparison of the CV’'s obtained when the

thionine coated electrodes are immersed in background “and
thionine containing electrolyte that the thionine and
leucothionine peaks observed with the coated electrodes

originates almost entirely from the qye coating, rather than for
any thionine in solution.

In figs. 68,61 results of repetative cycle of voltage sﬁan
on a GCE for the present dyes ate shown. The behaviouwr of
thiconine and four-othe? dyes at 6.5x1ﬂ—5M (in @.1M HESU4) on GCE,
is substantially different from the previous study of thionine on
Au—electrode (98,185). Instéad of a progressive increase of
anodic and cathodic currents on cycling, the peak currents in the
present systems decrease. The peak current attains a constant
value in each case after 18-280 cycles. This behaviour is to some
extent similar to that of rhodamine B on SnD2 glass electrode (97
). Of course, in the latter case currents were found to decrease
cnntihuously on every repetative cycle and ultimately merged with
the background currents. Present results suggest that under the
experimental conditions, although previucsly assumed tendency of
the thionine dye adsorption on a GCE surface is rather weak in
the presenée of A.1M H2504, partial electrode poisoning towards
the process of oxidation and redgction of the adsorbed dyes may
be responsible for such observation. However, it is also reported
by the previous workers that the cyclic voltammogram does not

change with repeated cycling unless a certain potential is
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exceeded during sweep (97). It has been shown that for
concentration below about B.2x12—3M the methylene blue system
fits the simple theory of cyclic voltammetry in which the
adsorption of the reactant is ignored (187). It waé argued that

above 0.2x1@ "M concentrations, the adsorption of methylene blue

must be considered. In Figs. 62-66 representative cyclic
voltammograms of the dyes ( 1x1m_4— 2x1B_4M )y in the presence of
@.1M KC1 at wvarious PH'S are shown. It is evident from the

figures that the presence of @.1M KC1 and at comparatively higher
PH'S’ bqth anodic and cathodic peak potentials are shifted toward
more negative potentials than those observed in the presence of
@?. 1M HESD4. Moreover, the voltammograms display cathodic and
anodic post/pre peaks which are the characteristics of strong
adsarption of reactant and/or products. Observed nature of the
vol tammograms vis—a—vis.the adsorption characteristics of various
dyes are summerized in table 19. At a cocncentration of lxIB—4M,
thionine gives vqltammograms with small cathodic prepeaks as well
as anodic postpeaks at PH J3.6—4.2 indicating that the products
are strongly adsorbed. At PH 5.3 and above, céthodic postpeaks
and anodic prepeaks are observed which indicate strong adsorption
of the reactant dye. Similarly AzC exhibits cathaodic prepeak and
anodic postpeak at PH 4.1 indicating that the products are
strongly adsorbed. At PH 5.1 cathodic postpeak anodic prepeak

appears which indicates that the reactant dye 1is also adsorbed.

strongly. However, at PH 6.8 and above cyclic voltammograms are
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Table—19

Effect of PH on the Cyclic Voltammograms of the dye solutions :

Dye PH Changes/observations Adsorption
Th 3.6 Pre cathodic and post Product strongly adsorbed
(1x1@_4M) anodic peaks
in @.1M KC1 4.2 — Do - - Do -
5.3 Post cathodic and pre Reactant strongly
‘anodic peaks adsorbed
5.8 — Do - - Do -
AzC 4.1 Pre cathodic and post Product strongly adsorbed
(2xlﬂ_4M) anodic peaks
in @2.1M KC1 S.1 Past cathodic and pre Reactant strongly édsorbed
anodic peaks
6.0 Post anodic peak Product strongly adsorbed
7.0 FPre cathodic and pre Product strongly adsorbed
and post anodic peaks
AzA 9.2 Pre cathodic and post FProduct strongly adsorbed
(2x1@ M) anodic peaks
in 8.1M KC1 5.4 - Do - — Do -
3.7 - DD'— — Do -
6.2 Anodic peak current is Product weakly adsorbed

greater than cathodic
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Table-19

Effect of PH on the Cyclic Voltammograms of the dye solutions :

Dye 'PH Changes/observations Adsorption
AzH 4.8 Post cathodic and pre Reactant strongly adsorbed
(1x1@ M) anodic peaks
in @.1M KC1 S.S - Do - - Do -
S.7 Post anodic peak Product strongly adsorbed
6.2 Anodic peak currents Product weakly adsorped
high
MB 4.6 FPost cathodic and pre Reactant strongly adsorbed
(1x18_4M) anodic peaks
in @.1M KC1 4.8 ~*po - - Do -
6.8 Anodic peak currents Froduct weakly adsorbed

increase sharply

8.4 Slight cathodic post Both reactant and product
peak and anodic peak adsorbed
cuwrrents increase

sharply

suggestive of strong adsroption of products only. While
voltammograms of AzA show evidence of strong product adsorption

within the PH range of S.2 and 6.2 4, AzR exhibits evidence of
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reactant adsorption at low _H and product adsorption at high H

P P

values. MB, on the other hand, gives cathodic postpeak and anodic
prepeak upto PH of 4.8 indicating strong reactant adsorption,
while at high PH both reactant and the product are adsorbed.
Sackett and coworkers (182) have also observed the PH
dependence of the initial oxidation of promethazine whereas
similar processes for chloropromazine were complétely independent
‘Df PH above the value of zero. Apparently, the proximity of the
highly charged ring system in the oxidized form lowers the Pka of

the side chain amine to cause the deprotonation. The PH
dependence of the oxidation potential of promethazine has been
noted even before and was attributed to electronic interaction
between the ring system and the amine (134). Results indicated
that oxidation of the ring lowers the Pka of the side chain amine
by at least S units, resulting in deprotonation of the amine 1in
the oxidised ftorm. Similarly in the case of thiazine dyes it can
be argued that although amino nitrogen are very weakly basic, the
same groups which could be protonated along the bridging nitrogen
at low PH in leucodyes, atre deprotonated at high PH' While the
effect of PH on the voltammograms of the present dyeé are
similar, enhanced irreversibility of the redox processes is alse

accompanied by certain changes in the shapes of the voltammogram

at high PH values.
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It has been shown that, for gquasi-reversible electrode
processes, the separation between the corresponding oxidation and
reduction peaks in the cyclic voltammograms is a function of the
corresponding electrodic rate constants. Nicolson (135) provided
a table of the computed relationship between the peak separation
and a kinetic factor w*.The latter is related to the rate
constant k for a guasi-reversible oxidation by

a/2

w = (D /Dr ) k { D@ﬂv (nf/RT)

-1/2
a t

(41)

Where the subscripts.m and r designate axidation and reduction
processes respectively, and a is the electron transter
coefficient. It is assumed that the diffusion coefficient of the
dyes and leucodyes are not very different, the quantity ( DB/Dr
)QIE is very near to unity regardless of a and the rate constant
for the electrodic oxidation of the dyes at a GCE can be
obtained. Fig. 67 shows the working curve of the variation of
peak potential separation with yw, drawn for the relevant region
of peak potential separation of the present study. Computed
values of this figure are taken from the table given by ﬁicolson

(1353). Table 2@ gives the values of y at various scan rates for

the electrodic processes of the present cationic dyes. Kinetic

factors

This w is different from the wave function of chapter 3
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at the various scan rates are measured from the curve.

are sufficiently large,

the electron transfer is assumed to be

hand, for the sufficiently

electron transfer is unimportant and the processes for

and reduction can be treated

irreversible case.

the results become identical to one where

small

At lower scan rates,

When w’'s.

Nerstian. On the other

y, the back reaction for

oxidation

separately as the

all the thiazine

displayed reversible electrode reactions. Quasi-reversibilities|
are prominent above 300 mVs scan rates. As such, kinetic;
measurement are made within the range 320-10086 mVs_1 scan rates.i
The heterogenecus rate constants of the electron transfer of the
five dyes are given in table 2@. The table shows that the order
af the kinetic parameter is same for all the dyes. However, the
values of the parameter increase slightly with alkylation in dye
molecule from thionine to AzR, while MB gives a 1little lower
value than AzB. )
Table-20
Dye Scan rate AEpxN Y kxlm_é

(Volt s D) (Volt) (em.s )

1.0 @.14a 6.2 6.55

@.8 f.130 .29 7.88
Th a.6 @.120 8.3 7.61

B.5 f.110 RA.456 g8.88

a.4 0.1 .58 1a.a2

.3 @.80 1.14 17.05

contd.
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Table—-20
Dye Scan rate Aprn Y

(Volt s H) (Volt) (cm.s )

1.0 2.130 a.29

@.8 @.120 0.35

AzC 2.6 2. 100 8.58

8.5 @.900 ?.78

2.4 2. 800 1.14

0.3 @.700 —

1.0 8.12@ 2.36

@.8 @.110 @.46

Az A 2.6 8. 100 @.5a

8.5 0.700 0.78

@.4 2. 008 1.14

0.3 -_— —_—

1.0 @.130 a.29

0.8 0.128 B.36

AzE 2.6 2. 108 2.58

8.5 @.900 2.78

2.4 2.9000 1.14

2.3 —_— _—

. B.14@ 2.24

. ?.120 ?.36

MB . @.11@ 2.46

1.9

2.8

@.6

B.5 0.180 #8.58
@a.4 a.20a a.78
a.3




4. 3. 2. Electrochemical studies on Modified Electrode :

Thiazine dye cations are among the substances most strdngly
adsorbed by clay minerals. The planar structure of these dyes
exhibits a particularly strong interaction with expanded lattice
clays such as montmorillonite and zeolite (ZSM—3) {(detail in
chapter 5); byes'impregnated in either montmorillonite or zeolite
layers are found.to be-electrnactivé under cyclic voltammetric
experiments.

The cyclic voltammograms of GCE/clay-dye and GCE/zeolite-dye
systems in @.1M HZSD4 a;e shuwﬁ in figs. 68-77. The
electrochemical identity of the dye has been retained in both the
clay and =zeolite films. Cwrent observed -in the modi fied
electrodes depends on both the porosity of the cléy films and on
the nature and number of sites responsible for the partitioning
of the ﬁomplex into the film. The ﬁnrusity can be affected by the
initial preparation of the film and the bathing sclution. Ghosh
and Bard (19?2) obtained swollen (porous) films by drying clay in
the presence of polyvinyl alcohol (FVA). The presence of PVA was
thought to force clay into a swollen configeration suitable for
charge transport through the film. In the study of
SCE/montmorillonite-dye and GCE/zeolite-dye electrodes, the
preseﬁce of polyvinyl alcohol and Pt in the films was found to be
critical in attaiming better electrochemical activity of the
modified electrodes. Electrode processes in the absence of any

colloidal Pt in the films vyield CV's having no well defined
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Fig. 68 : Cyclic Voltammograms of Thionine at montmorillonite modified
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100 mvs~! in the presence of 0.1 M H,S0,.
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Fig. 69 : Cyclic Voltammograms of. Thionine at ZSM-5 modified electrode
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and (b) repeatitive cycling with scan rate IOO'mVs-1 in the presence of

0.1 M H2804.
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Fig. 70 : Cyclic Voltammograms of Azure C at montmorillonite modified electrode with scan

rates (a) [1-5] 5, 10, 20, 40, 60, "(b) [6-11] 100, 150, 200, 250, 300,.400.mVs-1 and (c)

repeatitive cycling with scan rate 100 mVs"1 in the presence of 0.1 M H2504'
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Fig. 71 : Cyclic Voltammograms of Azure C at ZSM-5 modified eletrode with scan rates (a)

-+

[1-9] 10,20,40,60, 100, 150, 200, 300 and 400 mvs 1 and (b) repeatitive cycling with scan
rate 100 mVs™ ! in the presence of 0.1M H,S0,.
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Fig. 72 : Cyclic Voltammograms of Azure A at montmorillonite modified electrode with scan
rates (a) [1-6] 5, 10, 20, 40, 60, 100 (b) [7-12] 150, 200, 250, 300, 400, 500 mVs_1 and

(c) repeatitive cycling with scan rate 100 mVs™! in the presence of 0.1 M H,S0,.
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Fig. 73 : Cycllc Voltammograms of Azure A at ZSM- 5 mod1f1ed electrode with scan rates (a)
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Fig. 74 : Cyclic Voltammograms of Azure B at montmorillonite modified electrode with scan

rates (a) [1-5] 5, 10,20, 40, 60

(b) [7-9] 100, 150, 200 mvs~!

ing with scan rate 100 mvs ™1 in the presence of 0.1 M HZSO4.

and (c) repeatitive cycl:
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Fig. 75 : Cyclic Voltammograms of Azure B at 7SM-5 modified electrode with scan rates (a)
[1-8] 10, 20, 40, 60, 100, 150, 200, 300 and 400 mVs L and (b) repeatitive cycling with

scan rate 100 mVs™T in the presence of 0.1M H,SO,.

.
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Fig. 76 : Cyclic Voltammograms of Methylene Blue at montmorillonite modified electrode

with scan rates (a) [1-6] 5, 10, 20, 40, 60, 100 (b)'[7-12] 150, 200, 250, 300, 400, 500

mVs™~ and (c) repeatitive cycling with scan rate 100 mVs~ in the presence of 0.1 M H,SO,.
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Fig. 77 : Cyclic Voltammograms of Methylene Blue at ZSM-5 modified electrode with scan
rates (a) [1-9] 10,20, 40, 60, 100, 150, 200, 300 and 400 mVs ™1 and (b) repeatitive cycl-

ing with scan rate 100 mVs'1 in the presence of 0.1 M H2804.



anodic or cathodic peaks, which restricts the analysis of the
results. However, the montmorilionite mﬁdi{ied and zeolite
(ZSM—-3) modified electrodes, when made canducting iﬁ the presence
of colloidal Pt, exhibit quasi-reversible redox wave of the dyes
(although the shapes of the CV'SV at the zeolite modified
‘electrodes is more close té. reversib;g wave) 4 which are
comparable to the reversible waves of dyes in aqueous solution at
slow scan rates. Data pe}faining to the position of peak

potentials and current ratios (i /i), as a function of scan

pa pcC

rate, are given in table 21-22, For scan rates above 1@ m'\)&',_1
b J .

ipC is a linear function of v1/‘ (fig.78-82). At slower scan
3

rates the points af ipc vS. vll‘ plots deviate significantly.

Moreover, except thionine, the current output for all the dyes
are substantially less in clay deified electrodes than that in
zeplite modified electrode. This suggests that the observed
cyclic voltammograms at the modified electrodes are of diffusion
type only at high scan rates. Normally, one would have expected a
surface wave for these modified electrodes. The diffusion type
cyclic voltammetric behaviour observed in the present case shows
that the charge transport within the film is limited either by
fhe diffusion of the electroactive dye to the electrode surface
or by an electron hopping process witﬁin the clay film.
Randles—Seveik equation (122) shows that the apparent
diffusion coefficient, D y of thionine in clay modi fied

app

electrode film (from current measurements in voltammograms) is of
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Table—-21

Electrochemical data for Cyclic Voltammetry of Dyes at modified

(montmorillonite) GCE in the presence of @.1M H,50,

—~41/2

S.R.(mvs ) E W) AE,(V) i

pa(\‘)) Epe pa’lpe 1p.v
Thionine
5 .1902 L132 . 858 .68 27.14
10 .195 132 L D63 .74 . 23.00
20 .198 .131 .B67 .91 16.31
40 .201 130 .@71 .89 14._00
60 . 206 .128 .a78 .90 12.7@
100 .210 .125 .@85 .87 12.65
150 . 215 .122 .93 .84 11.88
200 .22 .120 .10@ .78 11.63
zon .228 .115 113 .80 10.96
Azure C

5 175 .125 .050 .4@ 19.28
10 .178 - -123 . 055 .41 14.28
20 .18@ .122 . .oS8 .74 1@.99
4@ .182 122 . 060 .79 8.50
60 . 184 -121 .63 .85 8.19
100 .185 .120 .065 .88 8.06
150 .19@ .118 .a72 .89 7.49
200 . 195 116 @79 .93 7.15
I00 . 205 112 . 093 .94 6.94

contd.
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Table-21

Electrochemical data for Cyclic Voltammetry of Dyes at modified

(montmorillonite) GCE in the presence of @.1M H,50,

S.R.(mVs 1) Eg (V) Ep (V) AE, (W) ia/ipe ipev 72
Azure A
5 . 085 .32 . 053 .35 32.14
10 . 098 .228 . 062 .47 17.020
20 . 095 . 028 . 067 .51 13.12
40 . 108 .026 .074 .56 1@.75
60 .105 .025 . 080 .57 9.63
120 .110 .020 . 890 .53 9.33
150 L1172 .18 . @94 .53 8.78
200 .118 . .@1S . 183 .53 8.5@
a0 .125 .010 .124 .55 7.68
Azure B
5 .110 .B55 . 055 .42 15.00
1@ .115 .@52 . D63 .48 11.5@
2 .118 . 850 . 068 .44 9.57
40 .123 .048 . 075 .53 7.50
6@ 125 .04z .83 .53 6.96
100 .130 -840 .90 .50 6.96
150 . 140 . 035 . 105 .52 6.20
200 . 145 .030 115 .54 5.81
300 . 150 .027 .123 .55 5. 66

contd.
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Table—-21

Electrochemical data for Cyclic Voltammetry of Dyes at modified

(montmorillonite) GCE in the presence of @.1M H,80,

-1 . . . ~-1/2
S.R. (mVs ") Ej, (V) Epe (V) AE, (V) ipa/ipe ipeV

Methylene Blue

5 .155 .110 .045 .50 3.57
10 .160 . 128 .052 .58 3.00
20 .165 .106 . @59 .S58 2.48
49 .172 .104 .64 .69 2.00
60 .175 .1@2 .@73 .72 1.84

100 . 180 . 100 . 080 .75 1.89

150 .185 .@98 . @87 .61 3.36

200 . 198 .096 .2894 .64 3.13

00 . 200 L .@92 .1@8 .70 3.10




Table—-22

Electrochemical data for Cyclic Voltammetry of Dyes at modified

(ZSM-5) GCE in the presence of @.1M H,50,

S.R. (mvs 1) EL (V) Ep (V) AE, (W) ipa’ipe ipev 172
_ Thionine
10 .215 L173 .042 2.93 16.@
20 .218 172 .0356 1.85 12.7
4@ . 220 .170 . 050 1.04 11.5
6@ .222 .170 .@52 1.83 11.0
108 . 225 .168 .057 2.94 11.0
150 . 225 .168 .057 @.95 10.3
200 . 229 .165 .@64 @.93 10.0
300 . 235 .168 .075 . @.85 10.2
Azure C
10 .070 . . 030 .48 °  1.00 45.0
20 .B75 .@29 @46 - 1.1t 35.4
40 . .@75 .029 .046 1.21 28.7
6@ .878 .@28 . 050 1.14 28.5
100 .@se .az8 .052 | 1.@5 28.4
150 . 082 .826 . 056 1.@2 27.7
200 . 084 . @25 .059 @.98 27.9
300 . @85 .a24 . 861 @.93 27.3
Azure A
10 . @58 .014 .044 @.91 23.0
20 . 060 .815 . 045 "1.00 17.7
42 . 862 .816 .846 1.83 16.0
Iy . @65 .016 @49 @.97 15.5
100 .66 .012 . 054 8.92 15.8
15@ . 068 .010 . @58 @.90 15.7
200 .270 . 208 . B62 2.87 15.8

contd.
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Table-22

Electrochemical data for Cyclic Voltammetry of Dyes at modified

{Z8M-35) GCE in the presence of @.1M H,50,

1 -1/2

5.R. (mVs ) Epa (V) Epc (V) AEP(J) ipa/ipe ipeVv
Azure B
18 - 860 .30 -030 a.57 32.5
20 - 863 . 038 233 B.74 49.7
4@ - D68 -.030 . 038 a.88 32.5
60 -.270 .B31 - A39 ?.89 29.5
188 072 -.832 . 040 @.86 29.2
15@ -876 - .B38 =346 B.86 28.4
200 .078 . 029 - 049 @.85 27.3
I2e - @82 . @826 - @36 2.81 27.3

Methylene Blue

18 - 274 . 260 .@34 a.72 55.0
20 . B95 .60 - B35 a.21 42.35
40 - -A%6 - 860 -836 1.00 33.7
68 - @298 -058 - 040 B.76 31.6
1@8 -100 - @55 -845 2.95 30.8
150 .12 . @854 .48 8.91 29.6
200 .1@85 - 250 -@B55 a.7a 29.6

308 - 1@8 -.348 . 260 a.87 28.2
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the order of 10 14 cm‘s 1. The concentration of the dye within

the film is taken as B.17M. This concentration was estimated from
the optimum dye intake capacity of montmorillonite as is shown in
chapter S5 and measuring the amount of clay in the film (by
gravimetric estimation). A rough estimate of thickness of the
film was made (by density measurement and gravimetry) and found
to be nearly 16 micron. No attempt was made to correct the errors
introduced by film swelling due to hydration. In fact Dapp for
the dye is the sum of contributions +from the actual physical

diffusion of the dye and from electron exchange (hopping) between

adjacent sites, as shown by the following equation,

-2
= - = 3
Dopp = D + (7/4) (k_d°C) (42)

D corresponds to physical diffusion and the secand term
corresponds to "diffusion” via electron hopping, where kex is the
second order electron transfer rate constant and d is the
distance between the electroactive centres of concentration C.
The low value of Dapp for the dye in clay suggests that diffusion
cccurs mainly via electron hopping. Physical diffusion séems
unlikely at least for the fraction corresponding to  the CEC,
since the molecules can not be displaced from the clay binding
sites to diffuse. Continuous potential cycling at 106 m‘«'s_1 for
several times shows a gradual decrease in the peak heights (Figs.

68-77) However, as the number of cycles increase, peak current

A
differences between successive cycles become less and less
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prominent. The di%ferences in peak currents between the -first and
the second cycle is most prominent. Probably a high concentration
of dye layer is formed at the vicinity of the modified electrode
surfaces through ion éxchange of comparatively loosely bound dye
molecules by the background electrolyte. This layer 1is diffused
away rapidly within the first cycle time. The process becomes
less and less significant in subsequent cycles. This phenomenone
is less significant in zeoclite modified electrode. The values of
lpa/ipc <1, whiFh is prominent in electrode processes of AzC,
AzA, and AzB on montmorillonite modified electrode may stem from
a coupled chemical reaction involving the Fe(III) ions in the
lattice position of clay sample. This Fe(I1II) ions are shown to
be active in various redox reactions on clay surface (136) and
may compete with electraode reaction in D%idizing leucodyes to the
corresponding thiazine dyes resulting in the decrease of anadic

peak current.

4.3.3. Studies on the homogeneous reactions- of the leucodyes

With FeCIII) ions : Catalytic Regeneration Mechanism.

A cyclic voltammogram of azure C (’5.mx1m_5n in @.1 M H2504

) is shown in fig. 83. Voltammograms of all other dyes are
similar and consistent with reversible two electron transfer

systems within the range of potential scan(v) of 5-1008 mv.'s,_1
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(Discussed in section 4.3.1). Data pertaining to the position of

for the five

1/2
v

peak potentials and current  ratios, lpallpc’

thiazine dyes are shown in table 13-17 . Current vs. plots
deviate from linearity above scan rates of 108 mVs—l(table 13~-17
sfigs. 55-59) The peak potentials (Epa and Epc) are not sensitive
to scan rates and AEP's do not vary appreciably up to a scan rate
of J0e mVs_1 except for AzC. This shows that the electrade
processes are very fast and the quasi-reversibility 1is apparent
only above scan rate of 300 mVs_l. Previous reports available for
Th and MR were, however, éonsistent with the present observation
(78,185,1@86,116). On the other hand, the Fe(ll)/Fe(lll) system
exhibits slow electron transfer at the GC . electrode in the
potential range between B.3 — 8.6V ( fig 84). But the couple is
no longer electrochemically active in the presence of thiazine
dyes which of course have much higher heterogeneocus kinetics
(Table 20 ; k_(Th)= Sx1@ “em.s T, kS(Fe)=3.1x10—5cm.s—1 on gold
foil electrode (121)). On the other hand, voltammograms of
thionine and its derivatives in the presence of varying amount of
?e(III) ions (S.Qxlﬁ—s - l.BxIB_SM) show striking changes from
those obtained in the absence of Fe(III) ions. The observed
catalytic current results from the regengration of dyes from the
reduced leucodyes by reaction with Fe(IIl) ions (122,137)
Representative voltammograms of AzC are shown in +fig. B83.

Alongwith the catalytic regeneration of thiazine dyes in the

presence of Fe(IIl) ions, which of course is believed to be the
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major process occurring 1in the system, some amount of
semithiazines may also be present via a dismutation equilibrium
(138). These semithiazines have been oxidized at the GC electrode
to give the small anodic peak current at higher positive
potential on the reversed scan ( fig. 83b). Al though
Fe(Il)/Fe(lII) couple is electrochemically inactive at &C
electrode in the presence of thiazine dyes, its adverse effect on
the voltammograms of the 1latter by increasing the background
current can not be ignored. To coenfirm that the experimental
results conform to the theory of gatalytically coupled reactions
(EC") of the type shown in equation 48 as a major process, it is
necessary to draw diagnostic plot of the current function against
the potential scan rates.

This correlation can be seen by simply plotting inclvll2 as
a function of log v (139). Representative diagnostic plot for AzRA
and AzR are shown in fig. 85,86. In the absence of any Fe(lIll)
ions,; the plots for all the dyes are linear and parallel to the
potential scan rate axis up to 10@ mU.s—l. This is expected for a
diffusion controlled reversible electrode process. However, at
higher scan rates the abserved upward shift of the plot (not
shown in figure, see table 13-17) is indeed the manifestation of

positive deviation from linear relationship of i with v1/2

pcC
(fig. 55-59) for almost all the dyes. On the other hand, 1in the

S . 1.8x10 °M), the diagnostic

presence of Fe(IIl) ions (5.0x18
plots are similar for all dyes and are indicative of EC’ type of

coupled catalytic chemical reaction. The catalytic regeneration
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of dyes as a major process is particularly apparent at lower scan
rates as the reaction gets sufficient time for generation of dyes
from the reduced 1leucoforms by reaction with Fe(III) ions,
consistent with the theoretical model (14@,141). However, when
the scan rate increases, the ratio of kinetic current in the
presence of Fe(Ill) to the cathaodic peak current in the absence
of Fe(IlI), id/ipc’ should tend towards unity. But this situation
was nat attained in the present study even at a sweep rate aof 300
m'\)s,_1 ({ Fig. 85S-84). S8imilar results were also observed by

previous workers for the intermolecular electron transfer of

Cytochrome C in the presence of pseudomonas Cytochrome C551 (139)

and for the homogeneous reaction of leucothionine with Fe(III)
{188). Whereas we failed to identify any other mechanisms of
coupled chemical reactions than EC° to be operative 1in the
present systems, exact reason of the above is not certain.
Despite the simplified approach in view of the above and the
complicated back reaction in the present systems, attempts have
been made to derive kinetic information from the observed data.
Using a waorking curve (Fig.14 of ref.148) of ik/id
parameter, (k{/a)llz, we have plotted the data of k. /a2 ( where a

£

= nF/RT) against 1/V, which should be linear under +first order

VS. kinetic

conditions (figs. 87). The result shows marked deviation from
the predicted 1linearity, at slower scan rates, which is
consistent with loss of first order conditions. The reactant dye

is not in sufficiently large excess and so is consumed ta a
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considerable extent in the diffusion layer during the time period

of a slower scan rate. Second order kinetics is probably followed

and the situation is identical to one which occurred in
intermolecular electron transfer of Cytrochrome C (139) .
Moreover, the initial slope of each curve ( fig. 87) at infinite

scan rates is proportional to the true pseudo—first order rate

constant k{o’

kf = (nF/RT)( initial slope ) .

Drawing tangents to the above curves at 1/v-3 B8 vield values of

kfo for each experiment. An alternative method of finding kfo

to calculate effective pseudo—first order rate constant kf', from

is

each kf/a value at a given scan rate where,

kf' = (F/RT).V.(kf/a) { Ref. 139)

Plotting kf' as a function of 1/v and extrapolating to 1/v — B

8]
_f vy

infinite scan rate. This 1latter method seems tao be more

one can evaluate the pseudo—-first order rate constant, k at
convenient and data for the five thiazine dyes are plotted in
fig. 88-92. The nature of the plots are again similar for all
the five dyes and also similar to those observed by Hill and
Walton for intermolecular electron transfer in cytochrome C

A{139). Finally, kfo values at infinite scan rates and for varying
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concentrations of Fe(llIl), are plotted against the concentrations
of Fe(llIl) ions in order to examine the second order rate

constants, k,_,’'s for the homogeneous reaction of Fe(Ill) with

,
<

2

ras

various leucodyes.

Table—-23 -
’ -4 . -1 -1
LLeucodyes . klem /lit.mol s
Th @.25
AzC . 1.60
Az A a.7a
AzR 1.008
ME 1.40

These plots are 1linear indicating that the homogeneous
reaction is first order with respect to Fe(IIl) ions and indeed
the over all reaction is of second order ( inset of fig. 88-92).
However, a striking feature is that wunlike Th, slopes of the
plots for all other dyes decrease dra§£ically at low Fe(IID

concentrations ( at C 2.8 % IB_4M for AzC, AzA and

<
Fe(III) "
-4
< ¢ i i iati
DFE(III)' 4.8 x 1@ ™M for AzB, MER ), resulting in the deviation

~of the plots from linearity. This result suggests that at 1low

Fe(II1) concentrations the actual scheme of reaction should be



more complex than one shown in equation 4@ and supports the
hypothesis that the return of leucodyes to the correspanding
thiazine dyes by Fe(lIIl) ions occurs by two step process via the
formation of semithiazine as an intermediate species. Conversion
of semithiazines to the corresponding thiazine dyes may occur
either by Fe(Ill) or through the dismutation equilibrium ( as
mentioned before ) forming leuco dyes and the original dyes. The
latter process is, however, more significant at low Fe(IIID)
concentrations {(138). Nevertheless, observgd gradients of the
straight lines are significant and the second order rate
constants, k2'5 derived from these data are depicted in Table 23.
The table shows that k2 value for thionine is @.25x1ﬂ4
1it.m01_15—1, which is the lowest among all the dyes used. Upon
progressive alkylation of the dyes this value increases regularly
with only exception for AzC which gives “the highest value of
1.6x1@4 lit.mol_ls_l. Regular increase of k2 with progressive
alkylation of the dye molecule would indeed be expected from the
electron donating nature of a methyl group. However, in the
present systems, while the first methyl group brings about a six
fold increase of the rate, the <csecond one causes a two fold
decrease and adding the third and the fowth has only a small
effect (1.4 fold increase with each  methyl). In fact, the
leucodye with four methyl groups is oxidized more slowly than the
dye with only one methyl group. It seems apparent that factors'

K

other than the electron donating effect of the methyl group are



1446

involved. Substitution of hydrogens on the nitrogen of a dye
molecule by methyl groups introduces hydrophobicity in the
molecule as well. It has alsoc been shown that hydrophobic
environment in the presence of certain micelles delay back
electron transfer in soclution (137,142) while substitution with
ionic or polar groups, for example disulfonated thionine, shoﬁs
faster back electron transfer in PG cells (143,144). Thus,
increased hydrophobicity due to alkylation of the present dyes
may in turn slow down electron transfer reaction with Fe(lII)
ions in aqueous solution tao some extent. These two mutually
ocpposite effects of methyl group may thus be responsible for the
observed variation of rates. It is also important to note 1in

this context that the formal potential wvalues (¢ g%

) for
progressively methylated dyes are 0.205, 6.1?5, a.207, 0.281 and
B.196 V (section 4.3.1.) respectively and the ohserved lowest
value of E7° for AzC is consistent with the above results.
However , one can infer from the foregoing result that, with the
exception of AzC, the PG output will decrease continuously with
alkyl substitution in the dye molecule. All  previous reports
showed that PG output for Fe(IlI)-ME cell is always less than that
for Fe(lII)-thionine cell. An earlier report of second order rate
constants ( measured by flash phmtolysis ) ranged from B.47x1@3
tit.mol 157! to 1.ox18° 1it.mol !s"! for various modified
thiazine dyes (128).Ferreira and Harriman report a value of

9.@x1@4 li'l:.m(:ﬂ—l-_:.—1 for Fe(lIll)-thionine system by a similar
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flash photolysis technique (138). On the other hand, with the
help of an electrochemical method similar to one applied in the
present study, Murthy and Srivastava estimated the value as
ll».iZ!xliZ!Slit.mc:ol_ls_1 for the reaction between Fe(lIII) ions and
leucothionine (188). - While a close comparison between data
reported by different methods and under different:  conditions is
not always valid, the general trend of the preseht result is
satisfactory and specially the observed variation of k2 due to
progressive alkylation of dye molecule demonstrates the

usefulness of a comparatively simpler electrochemical technique

adopted here in the present investigation.



CHAPTER 5

INTERACTION COF DYES WI TH MONTMORILLONI TE AND ZEQLITE ¢ Z8M-5 )
SORPTION AND METACHROMASY

5.1 INTRODUCTION AND REVIEW OF THE PREVIOUS WORKS :

Interaction between organic matter and the clay minerals are
important in many areas of geocchemistry, agriculture and
industry. Interests in the interaction of the dyes with clay
minerals and zeolite are also stimulated in the present context
due to the important role of such interactions 1in clay. and
zeolite modified electrodes as described in chapter 4. Nhile
sorption / 1on exchaﬁge characteristics of these inorganic
materials have direct implications on the physico-chemical nature
of the electraodes, spectral changes observed in the above
phenomena viz., metachromasy; gives some insight to the nature of
bonding of dyes with the exchangers.

On the basis of crystal chemical approach, the correlation
between the structures and the exchange properties of the clay_
minerals has been established from the important researches of
Pauling (143), FEragg (1446), Grauner (147), PBrinddiey (148),
Hofmann {14%), Marshal (150), Hendrics (151)' and others
(152-158). From these studies, clay minefals are recognised to
consist essentially of two stuctural units. One is composed af
two sheets of closely packed -oxygens or hydroxyls in  which
aluminium or magnesium atoms are arranged in octahedral

co—ordination so that they are equidistant from six oxygens or. .
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hydroxyls, with aluminium in the octahedral position, only
two-third of the possible positions are filled to balance the
structure. The second unit is the tetrahedrally co—-ordinated
silica. A silicon atom being placed at the centre of a regular
tetrahedron is equidistant from four oxygens or bydroxyls. The
silica tetrahedra are joined together through oxygen to form a
hexagonal network which is repeated indefinitely for forming a

sheet composition 5i ,0, (QH)

4%, 4" The tips of all the tetrahedra are

in the same direction and toward the centre of the . unit. Tﬁe
structure of montmorillonite which is a member of the smecfite
class of minerals is shown in fig. 23. Montmorillonite is a 2:21
type or trimorphic layerd phyllosilicate in which the central
octahedral aluminium sheet 1is surrounded by two tetrahedral
silica sheets. Substitution by Fe+2, Fe+3 or Mg+2 normally occurs
in the octahedral position of aluminium (159).

The ion—exchange sorption of inorganic as well as organic
ions are known to occur in clay minerals (168-164). The origin of
the charge of the clay lattice are believed to be due to 1lattice
imperfections, broken bonds at the edges o©of the particles and
exposed structural hydroxyls in additon to the i somorphous
substitution. The negative charge on the clay minerals is
compensated by adsorption of cations. The counter—-ions are held
on the external surfaces of the aggregates and between the unit
layers in clays whicﬁ swell in aquecus suspension, whereas the

sorption of counter—ions takes place onto the external surfaces
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in non-swelling clays. In aqueous suspensions, some of these
catioﬁs remain in a closet held stern layers, other diffuse away
from the surface and thus form a diffused double layer. Provided
that they are not fixed by engaging in strong, specific bonding
with the clay or by being trapped between uUnit layers that have
collapsed together irreversively (lattice collépse) ~ the
counter—ion can undergo ion exchange with other cations present
in the system. The magnitude of the CEC of a clay depends largely
on the type of the clay and toc a lgsser extent on the source of a
particular sample. Systematic studies of cation exchange in pure
clay minerals were carvried out by Page and Raver (1635), BRar and
Tenderloo (164), Hendricks and Alexander (167), Schachtschabel
{168) , Mukherjee (16%9) and others. Most of ‘the investigations
were based on exchange reaction involving clay minerals with
organic compounds have also been established by di fferent
scientists.

Adsorption studies of the dyes and large organic ions on
different adsorbents, particularly on clays , have been made by
many wo?kers. Most of the studies were intended to measure the
surface areas and CEE of the sorbents. As early as 1218 Mare
(178) observed that dyes could be adsorbed by crystals up to a
saturation value. Ramachandran and coworkers (171) measured the
surface area by low temperature nitrogen adsorption of methylene
blue, methyl violet and malacite green on the cléy fraction of

montmorillonite , kaolinite and illite. From the. difference, the
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actual extent of the area of contact was evaluated. This was
found to be relatively small showing that while the surface 1is
available for nitrogen adsorption, it is not accessible to dye
molecules. The cation exchange capacity, found from methylene
blue and methyl violet sorption on kaolinite and montmorillonite,
was in close agreement with those found by standard methaods.
Brooks (172) adsorbed methylene blue on Na+ forms (Nazzand Na23)
of montmorillonite, kaolinite and silica sand flour and found the
amount of dye adsorbed to be equivalent to the sodiﬁm displaced.
The author believed that thé dyes were adsorbed on the clay
mineral surface through ion—exchange process. Plesch and
Robertson (173) also proposed two distinct mechanisms to operate
in sorption of dyes on surfaces of clay minerals; namely, the
partly irreversible ion exchange and the fully reversible
physical adsorption. Bergmann and O0‘Konski (42) reported that the
adsorption of methylene blue on montmorillonite took place first
through irreversible ion exchange mechanism and then by physical
adsorption and vefified the equation of Plesch and Robertson with
their experimental results.

Ewingand Liu (174) estimated the cross—sectional areas of
crystal violet and orange II assuming that the dye molecules were
adsorbed flat on the surface of thé clay minerals and they
estimated the cross sectional area of crystal violet to be 160 22.
and 17122 depending on whether the dye 1is adsorbed . in the

‘dehydrated or hydrated condition.
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The surface area measured through dye adsorption, however,
did not agree with those obtained by nitrogen adsorption in all
ctases. Kipling and Wilson (175) found discrepencies in specific
surface areas of porous and non—porous active charcoal measured
by methylene blue and nitrogen adsorption. Hofmann (176), on the
basis of methylene blue and orange 11 adsorption on a wide
variety of clays, showed that the surface area calculated was
only 790% of the total surface area. Orr (177,178) found that the
surface areas of twp halloysite samples calculated by sorption of
four dyes viz. malacite green axalate, malacite green
hyﬁrocloride, aﬁaranth and tetrazine, were apparently equal to
174 of the total surface. Similar disqrepencies were also
reported by Daran (179), Vander Grinter (18@) and Bancelin (181)
in their respective adsorption studies. Bancroff et al. (182) from
adsorption of methylene blue on lead sulphate, Subrhamaya et
al. (183) from crystal violet adsorption on glass and Doss and
Singh (194) from th&mol blue adsorption on active carbon, arrived
at the similar unsatisfactory results.

Giles and coworkers (185) observed that the adsorption of
basic dyes by silica from agueous soclution exceeded its monolayer
cdverage requirement. Association of the dye molecules in the
adsorbed state has also been detected- by electron micrography
- (186) that most of the dye molecules are associated in solution
as micelles from 18 to 108 molecules units was reported by. Lenhar

and -Smith (187;188), Vickerstaff and Lemin (18%9), Bergmanh and
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0 'Konski (42), Mukherjee and Ghosh (35,198,121, _Hertz et al.
(192) and Hertz (193) also observed that dye molecules, of which
the monovalent organocation are a sub—group, tend to aggregate
into dimeric and polymeric species in agqueous solution.
Kongonoviski (194) also observed the adsorption of dyes to take
place through monolayer sorption of associated micelles. Brooks
{172) advocated that the surface area and cation exchange
capacity of the substrates, with methylene blue adsorption, could
still be measured. To calculate CEC and surface areas he
suggested addition of dye solution to & mineral suspension in
small increaments till the equilibrium concentration was lxlﬂ—b M
indicated by a slight blue colour of the supernatant.

Thi and Brindley €(195) asserted that methylene blue ;an be
used for the measurement of both suface areas and CEC of clay
minerals such as montmorillonite. They attributed the cause of
failure in measuring surface areas and exchange capacities by
Faruki et al. (196) and Bodenheimer and Heller (197) to the
insufficient replacement of Ca+2 ions by methylene blue from
Ca—montmorillonite used in their studies. Using Na-clay instead
of the Ca-clay these authors calculated the surface areas from
the amount of methylene blue adsarbed when optimum flocculation
occured. Fully exchanged values of meth?lene blue was used to
galculate the CEC of montmorillonite. Methylene blue molecule was
considered to possess approximately a rectangular volume of

0. .
dimensions 17.0x7.6x3.25 A™. They believed that coating of  clay



particles occured first and visualised a flat face-on orientation
o

of methylene blue molecules ( i.e. lying on the 17.8x7.6é6 Az face)

for effective coverage of surfaces. Flat face-on orientation of

o
the dye (i.e. 17.8x3.25 A2) was assumed when full exchange takes

place.

West, Carrol and Whitcomb (198) investigated systematically
the adsarption cha;acteristics of more than thirty dyes on
photographic bromo—-iodides and chloro—-bromides suspensions in 70%Z
aqueous gelatine solution in an attempt to correlate the sorption
and optical sensitization. It was noticed in some cases that the
dye adsorbed was very 1little at first but the rate of dye
adsorption increased as more dye was adsorbed. They termed this
as "co—operative adsorption"} The intermole&ular forces between
the large dye molecules are so high that they polymerised when
molecules came closer in the adsorbed state, giving rise +to
increased adsorption.

De and cawarkers (199-285) made a series of studies on
sorrption of dyes onto clay minerals and their desorption from the
clay—-dye complexes by various inorganic and organic ions. They
found Langmuir type of adsorption isotherms to operate in all
cases. Surface area measurement, evaluation of CEC, determination
of distribution coefficients and selectivity coefficient are the
major part of their work. WNarine and Guy (206) interacted
thionine, methylene blue, new‘methylene blue, péraquat, diquat

with bentonite in dilute agueous systems. They noted that the dye
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cations form aggregates on the clay surface and aggreggtion
increéses with ionic strength, raising the adsorption capacity by
25%. They also aobserved that changes in adsorption due to changes
in temperature were small and the dyes were irreversibly bound by
the clay matrix.

Yamagashi (2@7) recently studied the effect of alkyl chain
length (-—CH3 to C12H29 ) Ffor the adsorption of N-alkylated
acridine orange cation on Na—montmorillonite. He aobserved that
the length of the aliphatic tail had no appreciable effect on the
binding constant and the rate of adsorption.

Zeplites 'are crystalline aluminosilicates with a great
capacity of water and the ability to be completely hydrated and
dehydrated without damage to the crystalline lattice. The
intracrystalline architectured diversity of the natural zeolite
minerals and their synthetic analouges and extensions results
from the three dimensional netwdrk formed from conjoining 5104
and AfD4 tetrahedral building blocks; the ensuing structure is an
inorganic craoss—linked and crystalline mmacromolecules. Fig. 94
illustrates the oxygen sharing, Al1-0-5i Liﬁkages in a two
dimensional representation of the aluminosilicate zeolite
structure (117).

The tetrahedral coordination of éi—D and Al-0 (generally
referred to as T-0) permits a variety of ringed structures to

form, like the six T atom rings shown in fig. 94. These rings

link to form the cage and the channel structures that give rise



to the molecular discriminatory nature of zeoclite. In addition to
showing the preliminary stages of the zeolite framework also
displays two chemical features Df- the aluminosilicate zeolites
that provide much of the chemical diversity of the system. For
every Al atom in the lattice, with its A10218102 stoichiometry, a
fixed nagative charge results. These anionic sites are counter
balanced by mobile cations typically aikali metal or alkaline

earth metal cations, that easily ion exchange for other metal

cations or organic cations of appropriately small dimensions.
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Fig. 94 : Structure of Zeolite



The second feature is the termination of bonding at the
crystal faces with hydroxyl groups. Hydroxyls are the form in
which protons are held in the zeolites and they are responsible
for the strong acid nature of the aluminosilicate zeolite and
their extensive use in acid catalysed reactions, not the least of
which the cracking of petroleum. The incorporation of aluminium
into the framework structure of the ZI5M-5 type =zeolite, which
results in the occurence of acid sites, provide a good example of
the prugressiQe change from a zeolite silica polymorph, silicate
1 to a high silica zeoiite, ISM-5. The intracrystalline catalytic
activity of zeolite Al-ZISM-5 is dominated by shape selective
reactions which occur within its channel structure through the
external surface, which is affected by the adsorption of bases.
It is argued that the adsorption of cationic dyes such as
methylkene blue by solid materials from aqueous solution is
associated with the presence of acid sites and should provide a
measure of their formation as a result of substitution on

aluminium into the framework of silica polymorph (208,209,211).

METACHROMASY :

Adsorption of dyes by clay .minerals often results in
significant spectral changes specially in the electronic

spectrum. The visible absorption spectrum is attributed to a



single electronic transition for each dye in the present
investigation (chapter 3). The transition may be described
interms of a single vibronic progression (chapter 3). Moreover it
has been shown that the excitonic interaction results in
splitting of dimer spectra into two band systems one at lower and
the other at higher wavelengths of the corresponding monomer
spectrum. However, the gradual replacement of the principal band
{the so called a band) by a band with a shorter wavelength (the 3
band) as a result of interacticn. between dye molecules (dimer
formation) or with due to the intercation of dye with inorganic
exchangers (metachromasy) has been described in the literature in
a qualitative manner in search of an insight knowledge regarding
the type of intercation and bonding. In the present chapter a
similar qualitative description of the metachromasy of the five
thiazine dyes with montmorillonite are presented briefly.
Vadeneva ocbserved metachromasy i.e. the appearance of a
hypsochromatically shifted band in clay minerals (210) by
studying adsarption of malacite green and brilliant green by
montmorillonite and kaolinite. She concluded that formation of
ionic bonds between clays and dye caused a bathochromic shift,
while the intensification of the dipole bond was hypsochromic. A
qualitative theory of metachromasy in solution was praoposed by
Schubert and Levine ( 37). They postulated that the metachromasy
is produced as a result of selective and reversible binding

within an anionic luster of a polymeric dye. - cation of highest



charge available.

Bergmann and D'Konski (42) described a spectroscopic study
of methylene blue sorbed on montmorillonite. Spectral changes
were found to follow changes in the amount of methylene blue
sorbed on the clay surface. Due to the fact that these changes
are similar to the spectral shifts accompanying dimerization and
polymerization of methylene blue in agueous sclution these shifts
were also attributed to dye—dye interaction on the surface of
montmorillonite . According to these authors the dimer is held
together by london dispersion forces and hydrophobic bonding.

Most researches on adsorption of organics by clays have
focussed on smectite' (212-215). Smectite clays have high
adsarption capacities and generally form stable collpoidal
suspensions that can  be investigated conveniently by wvarious
techniques suitable for suspensions. The high adsorption capacity
make these clay—organics suitable for various thermal analysis
investigations also.

The sorption of methylene blue by clay minerals was
extensively‘applied by clay scientists in the determination of
ion exchange capacity, surface area and for differentiation
between various clay minerals. Since the publication of the paper
by Bergmann and D'Kanski (42) new knéwledge has been gained,
mainly from IR spectroscopy, on the mechanism of sorption of
organic molecules by montmorollonite and on the nature of bonding

occuring in the interlayer space (216).
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The influence of soclvent and concentration of aqueous
solution on the spectrum of methylene blue was studied by
Michaelis and coworkers. They found thét Beer's law is obeyed in
alcoholic solution but molar absorption depends on the
concentration of the dye in agqueous solution. In “alcoholic
solution methylene blue shows a sharp and high peak with a
maximum at 658 nm, due to n—n* transition (o band) (216). A
shoulder at S98 nm is referred to as the (3 band. In very dilute
agqueous solution the a band is displaced to 668 nm . As the
cnncéntration of methylene blue increases the o band intensity
decreases and that of .the {3 band increases considerably.
Michealis states that the o band is the characteristics of
monomeric cation and correspond to an electric oscillation along
the X—axis of the molecule. The {3 band is the characteristics of
the dimer and corresponds toc an oscillator in the Y direction.
Bergmann and 0'Konski believe that (3 band is a transition moment
which lies also along the long axis of the molecule but is
perturbed due to an interaction between transition moments of the
monomer units.

Schubert and Levine (211) differentiated between three bands
a, 3 and y at 665, 618 and 3578 nm respectively. The » band
sometimes -referred to as the ;metachromatic band” is
characteristics of polymeric cation. It is sometimes diffused and
variable indicating that the cobserved peak 1is an gnvalope of

overlapping bands (217). According to Schubert and Levine (211)
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dimerization and polymerization 1lead to metachromasy due to
intéraction of some of the n electrons in level N/2, the most
loosely bound electrons being responsible for the o band, and
dwring polymerization a constraint is imposed.

Yariv and Lurie (216) studied the metachromasy of methylene
blue in montmorillonite in terms of the knowledge abﬁut colloidal
properties of clay suspensions and the mechanism of the
peptization, aggregation and flocculation. They concluded that
the metachromasy aof methylene blue in montmorillonite 1s not
connected with aggregation of the organic dye, but with the
interactions of the oxygen sheet of silicate layer with the
organic dye molecule (216). The intensity of the absorption bands
of the sorbed methylene blue depends on the colloidal properties
af the suspension. The effects are more the clay is peptized and
less after coagulation. Three different modes of sorption of
methylene blue were identified (a) hydrated form at the edges (b)
metachromatic form almaost to the oxygen sheet of the silicates
and (c) possibly protonated form . Forms (a) and (c) are the
first stages to occur during the sorpticon. The saorption takes
place by a cation exchange mechanism.

Yamagishi and Soma (218) studied the adsorption of
N—-alkylated Acridine Orange (AQ) by. Na—-montmorillonite. They
showed that adsorption of the cationic dyes which belong to the
A0 family also results in metachromasy. They considerd the clay

minerals as a poly electrolyte and believed that the interaction
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between the negatively charged mineral and the dyg cation 1is a
pure electrostatic attraction and that metachromasy resulted from
the electronic interaction between neighbouring adsorbed cations.

The idea of 7 interactions between the aluminosilicate layer
and the aromatic entity was later supported comparing the
-adsorption of dibenzotropone and dibenzosuberone by
montmorillonite (219). Only in the first molecule is aromacity
induced, and its adsorption by montmorillonite results in =
interactions between the organic molecule and the clay mineral.
In rhodamine 6G the phenyl ring is sterically constrained to be
roughly perpendicular to the planar xanthene group (220). Owing
to this steric effect, 7 interactions between thr organic dye
cation and the aluminosilicate layer can not occur. Thus no
metachromasy 1is observed when rhodamine 66 penetrates into
interlayer space of montmorillonite. It may therefore be
concluded that metachromasy of Cationiﬁ dyes ih montmorillonite
suspensions is expecfed only if there is no steric hindrance and
when 7 interactions may occur between the aromatic ring and the
oxygen plane of the aluminosilicate layer.

Grauer coworkers studied the adsorption of pyronine Y (PY)
on montmorillonite to show that in the absence of the- steric
hindrance, =#n interactions between the dye cation and the
aluminosilicate layer do occur (221). They showed that the
adsorption of PFY by montmorillonite results in. metachromasy,

namely a pronounced {3 band appears. In the presence ‘of small
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amount of clay (or a high degree of formal satduration ) soluble
PY contributes to the adsorption spectrum and the spectrum shows
a high intensity of band a at 543 nm. with increasing clay
concentrations (or decreasing formal degree of saturation ) no PY
remains in the aqueous phase and the /3 band increases. Adsorbed
PY shows a bathochromic shift of o to 558 nm. The intensity of
the shifted a band increases with the increase of clay
concentration. They also showed the effect of clay concentrations
in the suspension on the location of bands o and ﬁ. in the
absorption spectrum of the dye. From these spectroscopic studies
they deduced the conclusions that (1) metachromasy in
montmorillonite takes place even at very dilute solutions of the
dye, which are not shown 1in the absence  of the clay (ii)
metachromasy in montmorillonite is observed at a very low formal
degree of saturation, namely its occurance does not depend on the
surface concentration of the dye (221).

Metachromasy in montmorillonite is attributed " to the
interaction of the lone pair electrons of the surface oxygens
with the 7 electrons of the dye. This kind of interaction may
occur only with clays having a tetrahedral substitution of Si by
Al (222). Grauver and coworkers (221) compared the behaviour of
laponite to that of montmorillonite ana showed that the process
which gives rise to metachromasy in laponite‘systems differs from
that occuring in montmorillonite systems. In montmorillonite

suspensions metachromasy occurs even with very low degree of
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saturation, whereas in laponite suspensions metachromasy occur .
only when the degfee of saturation is about the same as the
cation exchange capacity of this mineral. They concluded that in
the laponite system metachromasy is associated with the
dimerization of the dye cation on the surface of this mineral.
Cenens (223,224) coworkers also agreed with the above explanation

of metachromasy in laponite.

5.2 EXPERIMENTAL :

The electroanalytical behaviour of the montmorillonite and
I8M-5 in the modified electrode makes it imperative for studying
their sorption characteristics as an adsorbent.

various characteristics of the dyes, their structure and
method of purification are presented in chapter 3. The
characteristics of montmorillonite and ZIS5M-5S used in the present

study are given below :

Sample Description CEC Source

Montmorillonite Light grey powder 8a Evans. medical
Ltd. Liverpool
Engl and.

Z25M-5 Nhite'powder 47 Dr.T.D.Smith

(ref.208) Monas University
Australia

* Determined by BaCl,—-Ba(0OH), method.
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The clay fractions of montmorillonite clay minerals having
size less than 2 my were isolated by the wusual method of
dispersion and sedimentation. The fraction thus collected were
freated several times with dilute HCl, and after removal of the
acid, warmed with 6% H 02 in water bath to remove trace of any

2

organic matter present. Excess H_0

> was decomposed by heating the
samples in water bath. The iron present in the clay minerals was
then removed by treating the clay samples with sodium
metabisulphite and dithionate in acetate buffer solution at 6QQC
followed by centrifugation, washing etc. as recommended by
Bromfield (225). Finally the clay residues were washed to
dispersion and dialysed. The clay suspension was then converted
into the Na—form by stirring an approximately 241 suspension of
the clay minerals with ion egchange resin (Dowex S@w x 8@) in
Na—form for about 4 howrs. Na—clay (PH=7) thus formed was used

for the study. ZI5M-5 sample, as received from the source, was

used for the preparation of suspension.

Preparation of the suspension for adsorption study :

é certain amount of montmorillonite (7.4 grs1it.) and
Z6M-5 (@.248 g/lit.) suspension were taken with the varying
amoﬁnt of dye solutions (SxIB—SM) and the final volume was made
20 ml by adding required amount of distilled water. ZSM-5

suspensions were found unstable above that concentration. The



166

suspensions (dye—mont. and dye—ZSM-5) were then shaken for 6
hours and kept at rest overnight for attaining the exchaﬂge
equilibrigm. The resﬁlting exchanged residues were then
cetrifugated (10,000 rpm) for 10 minutes and the supernatant
éolutions were analysed spectrophotometrically. - From the
differences between the initial conceﬁtration and the equilibriﬁm
concentration,; the amount adsorbed was determined. The entire

experiment was carried out at room temperature (ZStIQC)

Metachromasy :

A series of clay-dye suspeﬁsions with varying clay
cnncentrat;nn (B.leB_3 to l.SxIB_S.th) were prepared, keeping
the cnn&entratién of the dyes in each sample at a fixed value 6f
?xlm_bh. The spectra of the clay—-dye suspensions
(montmorillonite) were recorded within 2 hours of preparation at

rroom temperature CZStIQC) using Shimadzu UV-240 model, in the

range of 8@0-40@ nm. The optical path length of the cell used was

1.8 cm.
5. 3. RESULTS AND DISCUSSION :
5.3.1 Studies on Sorption :

The adsorption isotherm and the corresponding reciprocal
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Langmuir plots of the dyes on montmorillonite and Z5M-5 are shown
in the figs..95—lﬂﬂ. The adsorption isotherms are of H-type i.e.,
of high affinity class of Giles and coworkers (226) and is
indicative of species adsorbed flat on the surface. and Hffype
curve is a special case of the L-type, caused by a very strong
solute/substrate interaction.

The adsorptianidata are seen to fit the linear form of the
Langmuir adsorption equation. Accordingly the plot of C/x vs C,
where C is ﬁpe equilibrium concentration of the dye and x is the
amount adsorbed in mmol per 188 g of montmorillonite or ISM-5
vields a good straight line (figs. 95-18@). From the slope of the
line, the value af L (the amount required. ta form a éomplgﬁe
monolayer) is calculated in both the cases. The values are given

in the table 24.

Table—24
Dye Montmorillonite ISM-5
x (mmol/1080g) kx1@ = x  (mmol/100g) kx10
Th 3 4.6 44 3.1
AzC 94 5.0 ' - 42 3.7
AzA 95 5.3 42 3.9
AzB 100 6.5 43 4.4

MB . 96 5.9 4Q 4.1
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There is a marked difference in the maximum amount dye
adsorbed by montmoriilonite and ZSM-5. In case of montmorilionite
the value is high than that of ZSM-S. It is expected as the CEC
of montmorillonite (8@ mmol/1@@ g) is much higher than Z5M-5 (47
mmol /1@8@ g) (20@8). Moreover, some dye molecules may enter into
the interlayer space of .the montmorillonite when the . dye
concentration in the suspension is increased. The possibility of
entering the dye molecules into the interlayer space is evidént
from the metachromasy of the . dyes in 7 the presnce of
montmorillonite (see section 5.3.2). But in the case of ZSM-5 the
orientation of the dye molecules into the interlayer lattice is
not possible as the dimension of the channels are not sufficient
to accommodate fhe dve maolecules having approximately a
rectangular volume of 17.0x7.6x3.25 23. The maximum amount of dye
molecules adsorbed onto the montmorillonite exceeds the .CEC which
may be explained by assuming multilayer formation of the adsorbed
dye molecules due to dye-dye interaction and sorption of
aggregated cations (42). Intercalation of dye molecules may aléo
be taken into account for the sorption beyond CEC. A similar
observation was also made by De and coworkers (227) in their work
on methylene blue, crystal violet and malachite green. In the
case of ISM-5 the maximum amount of dyé molecules adsorbed for
the formation of cnmpleteAmonuléyer is very close to its,CEC' (47
mmol/18@ g). It indicates that multilayer formation and  the

. sorption of aggregated dye cations is little in the case of
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Z5M-5. Moreover, the strength of bonding of the dyes with 2Z5M-35
is probably weaker than that with montmorillonite. This is
consistent with the aobserved electrochemical behaviour of the
modified electrode where the cathodic current output was greater
than that of montmorillonite modified electrode (table 21-22). In
both the cases of montmorillonite and ZSM;S the maximum amount of
dye molecules adsorbed for the farmation of monolayer onto the
surfaces do not vary widely from dye to dye (table 24). The
slight differences observed may be attributed to the structure,
the mode of orientatioﬁ and the hbydrophobicity of the individual
dye molecules. It is believed that the adsorption in the case of
montmorillonite is mostly due to electrostatic and Vander waals
forces up to the cation exchange capécity and due solely to
Vander waals forces beyond it.

The values of the equilibrium constant (Laﬁgmuir bonding
constants) of the dyes are calculated from the linear plots
(Figs. 95-1@@) are given in table 24 .It should be pointed out
that when adsorption is in excess of CEC due to sorption of
aggregated dye species, the original meaning of the calculated
values of x, and the equilibrium constants is somewhat altered.
Nevertheless, the latter parameter still gives some idea about
the relative bonding strengths of adsorbents sorbed onto a
particular substrate. It is seen from the table 24 that the
variation of the values of équilibrium constants maintain a

similar order in both the cases i.e.,the value increases from Th
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to AzB and then decreases in MR and the values observed 1in
montmorillonite and Z5M-5 for an individual dye are very close to
each other. It is to be mentioned that the dimerization constants
of Th, AzC, AzA, AzB and MB in agueocus medium are determined as
1.76x18°, 2.35x1@8>, 3.38x18°, 6.25x1@°, and 3.68x18° 1it mol !
respectively at 3BBC (section 3.3.1). It is thus expected that
when the sorption takes place from their soclutions, AzB should be
sorbed with larger fraction of the aggregates than that of other
form of dyes. -But the amount of maximum adsorption does not
follow the order. It seems aﬁparent that steric hindrance,

hydrophabicity and the specific orientation of the dye molecules

on the surfaces are operative simultaneously.

5.3.2. Studies on Metachromasy :

The spectrum of the dilute aqueous solutions (without clay)
is shown 1in figs.> 1@1—1@3? The prominent band at higher
wavelength (a band) and the shoulder at lower wavelength (3 band)
of the dyes are recorded in table 25 .In case of AzC and AzA no

shoulder appears in the spectrum in this dilution.
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Table—25
Dye Kmax in nm.

{a) (43
Th 996 S64(s)
AzC 628 —_—
AzA &30 —
AzB ' 645 . 598 (s)
MR 661 612(5)

{(s)= Shoulder

The spectra of clay—dyé suspensions show that the édsorption
of the dye by montmorillonite results in metachromasy 1i.e., a
gradual replacement of the principal a band by 3 -band with a
shorter wave length. In an agueous dye solution the éhift of the
absarption peak in the visible region to shorter wave 1length
occurs as the dye concentration increases and has been ascribed
to the formation of dimers and.highér aggregates. The a band is
attributed toc monomeric forms of the dye while the 3 band is
attributed to dimeric forms. It is observed that when the
concentratiﬁn of the clay is very small (or a high formal degree
of saturation) the spectrum 1is very similar to that of the
corresponding aqueous spolution of all the dyes. It is due to the
fact that the adsorbed monomeric cations are in the environments
in which the polarity is similar to that of the bulk solution.
This environment is probably at the water clay interface, out

side the interlayer space. This kind of adsorption or interaction
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has been labelled as ‘“type A’ (fig. 184, ref.230). As the
concentration of the suspended clay increases -(or decreasing
formai degree of saturation) 3 band becomes more prominent. In
the case of AzC at 12.@ mmol dye per 10@ g clay, the o band
becomes practically undetectable. With the larger concentration
of clay the band o is shifted bathochromically (to longer -wave
length) followed by the hypsochromic shift (té shorter -wave
length) of the {3 bands. A bathochromic shift of o band due to
adsorption by montmorillonite was observed previously by many‘
workers (228,229). The shifting of the band maxima of the five
dyes as a function of formal degree of saturation are shown in
figs. 185-10%. The shi{tings from the lowest to the highest clay

content of the suspensions are summerized in table 26.

Tahle-26
Dye Bathochromic (A in nm.) Hypsochromic (A in nm.)
Th S526-630 S64-53@
AzC 620~ = 572-54@
AzA &30-678 5976550
‘AzB 645664 5998-560
ME 661-675 612-3468

* X band net detectable-
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TyPE A -z

TYPE B

Fig. 104 : Schematic presentation of Adsorption.

The bathochromic shift is often due to an increase in
environmental acidity. The interlayer water is also reported to
be much more acidic than bulk water (231). and thus “type B° (fig.
104, ref. 23@) adsorption can be attributed to monomeric dye
cations located inside the “interlayer space’ of the clay with
electrostatic interaction of the positively qharged dye ions with
the negatively charged clay (229-232) being the principal binding
force. An interlayer space is found between parallel layers which
form a tactoid. The formation of tactoid increases with increase
in clay concentration in the suspension and the type B adsorption
also increases

It is assumed that metachromasy in montmorillonite 1is the
consequence of 7 interaction between the oxygen plane of the
aluminosilicate layers and the aromatic dye, then the
hypsochromic shift is an indication of stronger =@ interactions.
such strengthening trend is expected iﬁ the system owing to the
increase in hydrophobic character of the interlayer space. This
occurs because of  the exchange of the inarganic hydrophilic

cation with the organic cationic dye (213).
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Since the dye concentration was fixed in all the clay—dye
suspensions in the present study, " it was expected that the
absorbance of band 3 would increase as o has decreased and vice
versa (221). In the present study it is observed that the
adsorption of the dye by montmorillonite resulted in considerable
decrease in the intensities of o band in all the cases but the
change in the intensitf of the 3 band does not follow the order
as expected. The changes in absorbance of the bands as a function
of the formal degree of clay saturation are shown in Figs.
105-109. It is reported that the flocculation of montmorillonite
affects the absorbance of bands a and 3 (23@8). Flocculation
results in a decrease of absorbance, whereas with peptization the
reverse process occurs. The absorbance intensity of the 3 band of
MBE follows the order of change as that of a band i.e.,decreases
with increase in clay concentration in the suspension. In -the
case of AzB, AzA, AzC.and Th the absorbance intensity of 3 band
becomes minimum arcund 18 mmol dye per 108 g clay and the
intensity increases further as the formal degree of saturation
decreases. From the observation it may be inferred that the
differences in the structures and hydrophobicities of the dye
molecules influence the processes of flocculation and peptization
of montmorillonite.

The Metachromatic behaviour of the thiazine dyes in the
presence of ZISM-5 could not be studied precisely because of the

excessive scattering of light by the zeolite particles.



CAPTER b6

SUMMARY AND CONCLUSIONS:

In chapter 1, a general introduction on photogalvanic effect
of thiazine. dye is presented. The improtance of electrode
kinetics, self quenching phenomenon of photogalvanic solution,
electrode selecti§ity, dye incorporated clay (montmorillonite)
and zeolite (ZIS5M-5) modi fied electrode and quantitative
ion—-exchange parameters involving such a modified electrode are
also mentioned briefly for these are brought to be pertinent with
the o@cbjectives of the present investigétion. ‘Progressively
aikylated thiazine dyes viz., thionine, azure C, azure A, azure B
and methylene blue are selected not onlyfor their differences 1in
solubilities and other physico—chemical characteristics
pertaining to photogalvanic effiﬁiencies but also because they
prrovide aﬁ excellent opportunity for studing the effects 6f
molecular size and shapes on various physico—-chemical parameters

incorporated in the thesis. (Page 1-14)

The scope and object of the present investigation has been

incorporated in chapter 2. (Page 15-19)

In chapter 3, results of the investigations on the nature of
dye—dye aggregation, the effect of increase of molecular size ,

temperature and solvent on aggregation, the probable structure of

dye aggregates and the thermodynamics of dye aggregation in
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aqueous and agueous—ethanolic media are presented. Self
aggregation of the dyes are important not only to understénd the-
sel fquenching phenomena occuring in photogalvanic cells, but also
for some other important aspects viz. its possible application in
understanding such phenomena as engergy transfer in biological
systems, éAtmata’c:-hl"csma\«sia, hypochromasia etc. and the binding
processes of dyes by élay minerals which have lbeen incorporated
in the present thesis. In section 3.1.1., a brief review of
previous studies on the general monomer— dimer equilibrium of
dyes in the 1light of classical model ' is presented. Section
3.1.2., depicts the theoretical aspects of molecular exciton
model. Section 3.1.3., contains a review on spectral properties
of dimer in tgrms Df'exciton theory. Section 3.1.4., describes
the vibronic exciton model +for the interpretation of dimer
epectra and includes some more recent development of molecular

exciton theory. (page 22-35@)

Various characteristics of this dyes, their structures and
method of purification are presented in section 3.2. The
experimental techniques for the study of dye aggregation is also

presented in this section. {page 51-54)

Dimerization constants for the dyes at various temperature
and solvents are determined applying an iterative technique by a
computer program written in BASIC ianguage and presented 1in

chapter 3.3.1. The dimerization constant decreases with the
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increase in temperature and percentage of ethanol in the medium.
At a particular temperature and solvent the value of dimerization
constant increases upon methylation from thionine to azure B and

Q. |
decreases slightly in the case of methylene blue . At 20°C 1in

3 3
agueous medium the values are 2.44xlﬂd, 2.95x1ﬂ3, 4,.30%x10 ,

BL?BxIBs and 5.@1x1@3 lit./mol. for Th, AzC, AzA, AzB and ™MB
respectively. Alkyl substitution effect is found to be
significant and it is also evident that hydrophobic and Vander
waals forces etc. in dimer formation are important and the steric

hindrance caused by bulky substituents also plays an important

role. - {page S4-84)

Some important thermodyﬁamic functions of dimerization
process are determined in order to know the nature of bonding
between-the monomers in dimer. AH, and AG values are negative for
the five thiazine dyes. AH and AG values do not differ very much
upon pragressive methylation. AS values, which are alsoc negative,
increase to.-much larger extent due to methylation. It suggests
that aggregatéd dyes are more ordered than free monomer dyes. In
general, the high values of AH and AS can be attributed to the
role of hydrogen bonding in aggregaﬁe formation apart from

hydrophobic 'and n—x7 interactions. (page 84-87)
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The dimer spectra have been interpreted by using Exciton
theory, which predicts a splitting of the electronic transition
in the dimer. The model offers a thearetical method for treating
the resonance intefaction of excited states of weakly coupled
composite systems. The vibrational structure in‘ spectra and
vibronic interactions are neglected in this treatment. -The
decomposition of a dimer spectrum into two bands (monomer) show-
thét the monomer visible spectrum corresponds to an electronic
transition with two vibronic bands. Transition moments,
ascillator strength ‘and resonance interaction energies are
determined from the dimer spectra. Using these values twist angle
8 and the distances Ri and Ril(for two different models) between
the monomer units in the dimer have been calculated for all the
dyes. In view of the results of the previocus as well as present
study model I seems to be more appropriate.

The interdipole distance (Ri) varies from 5.59 to 6.74 2.
The lowest value 5.59 : is for the RAzA. The twist angle @ varies
from 28.4B ta 34.8B. The highest value 1is associated .with
thionine. No systemetic variation of the above parameters is
observed on progressive methylation of the dye molecule. It seems
apparent that apart from the steric efféct hydrophobic as well as
the electron donating nature of methyl groups are also involved
in the process of dimerization. These are discussed in section

3.3.2. Although the exciton model as described in this section is

a oimplification of highly complecated problem; it offers
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reasaonable interpretation for the dimer spectra of present dye

systems. {page 87-94)

In section 3.3.3., the dimer spectra of the five dyes are
further analysed by vibronic exciton band model and the results
of the analysis are given. The additional advantage of the maodel
is that it allows-one to analyse the dimer in further detail with
" respect to the strength of exciton coupling, the frequency and
intensity of band origin, band width etc. The monmer spectra were
fitted to a five parameter Gaussion equation, assuming that the
spectra are due largly to a single harmonic vibronic progression,
because some of the monomer fitting parameters are required to
fit the dimer spectfa. The dimer spectra were calculated and
fitted to an adiabatic model Qsing some monomer parameters and
the spéctra which refer to zero angle between the transition
moments (i.e., the minimum series is zero in each spectrum) are
shown. Although the monomer spectra fittings are satisfactiry,

dimer spectra fittings are not always very well. The uoo’ which
is the position of the (8,8) band of each of the two monomers in
dimer, undergoes hypsochromic shift relative to that of the free

monomer. The exciton interaction parameters (&) are small (¢ =0.9

to 1.15), which provides some supports for the model.

(page 25-10@)
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The electrochemical behaviour of the dyes on clean and
modified (montmorillonite and I5M-5) glassy carbon electrodes as
well as the electrochemical processes involved therein in the
presence of Fe(IIl) ions as an oxidant have been discussed in
chapter 4. A brief review of the previous wark on tﬁe redox
properties of various dyes on clean and modified electrodes using
cyclic voltammetric technique is presented in section 4.1.

{page 1821-111)

The experimental procedure for eledtrochemical analysis
using cyclic voltammograph 1is presented in section 4.2. The
preparation of colloidal Pt, montmorillonite and Z85M—-5
suspensiuns and the modification of electrode surface are also

cited in this section (page 111-113)

The criteria related to the reversibility and the results
thereof on a clean glassy carbon electrode (GCE) in different
solvents are discussed in section 4.3.1. The formal potentiél
values (average) for the five dyes are 8.205, @.175, 8.207, @.281
and @.196V for Th, AzC, AzA, AzR and MB respectively in aqueous
medium. Voltammetric measurements are consiétent with two
electron reversible redox couples of dye/leucodye pairs. The
value of @.0858/AE is rather low (<{2) even at slow scan rates
possibly due to the result of two successive one electron

reversible charge transfer, with a fast protonation of the
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intermediate to form a species which is more easily reduced than
the dye molecule. The current ratio values, ipa/ipc<1, suggest.
that the eleétragenerated leucodyes are ;nVulved in reactions
which prevent their recxidation upon scan reversal. Assuming
reversibility of electrode reaction, the éffective diffusion
coefficients of the dyes in different >Sblvents' have  been
calculated at scan rate of ZQmVS_l. The.valdes for thionine are
3.85x18 °, 1.80 x10 2 and 1.10x18°° cmzsf1 ihtwéter, ethanol (S50%
v/v) and triton X-108 (B.2B81M) respectively. There is no
systemetic change in the diffusion coefficient: values with the
progressive alkylation of dye molecule. But the effect of sulvent’
is very prominent. The nature of the vcyclic vol tammograms
DbFained from concentrated dye solution (1—2x13;4h) in the
presence of 0.1M KC1 and the effect of PH's therein. have also
been discussed specially in view o©of reactant and/or prgduct
adsorption on thé electraoade surface. The heterogeneous rate
constant k for the guasi-reversible processes of the dyes is
determined. The kinetic measurements are carried out within the
range 3001000 mVE;_1 scan rates. All the values-are-found -to—be

of the order of 1@—3 cm.s—l. {page 113-130)

A preliminary study of electrochemistry of dye incorporated
montmorillonite and ZSM-5 modified electrode has been discussed
in section 4.3.2. The presence of polyvinyl alcohol and Pt in the

clay film is found to be critical in  attaining better
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electrochemical activity of the modified electrode. The modified
electrodes exhibit quasi-reversible redox wave of the dyes. At

; ' . 1/2
slow scan rates the curves obtained from plotting of I vs VvV

pC

deviate from linearity significantly which suggests that the
electrode processés are of diffusion type only at high scan
rates. Howe§er,' a rough estimation of apparent diffusion
coefficient in montmorillonite film shows that the transport of
the charge carriers - in montmorillonite modified electrode qccufs
principally via electron hopping process within the film. Except
thionine, the current output for all the dyes are substantially

less in clay modified electrode than that in zeolite modified

electrode. ) (page 131-139)

Although Fe(Il)/Thionine cell is the most successful PG cell
for soclar energy conversion, dissipation of free energy due to
thermal back reaction of leucodyes with Fe(III) ions constitutes
a vital problem. In section = 4.3.3., an electrochemical
iﬁvestigation of all the dyes in the presence of Fe(III) iops is
reported. The theory of catalytic regeneration méchanism
involving an electrode reaction followed by a coupled chemical
Afeaction is applied to derive kinetic parameters of hoﬁogeneous
reaction. The second order rate constants for the reaction of
thiazine leucodyes‘with Fe(Ill) ions is found to increase from
@.25%18" to 1.6x1@° lit/mol.s ' upon monomethylation of - thionine

and to vary from.B.7x1B4 for the dimethyl derivative to 1..4):19)4



lit/mcyl.s—1 for tetramethyl one. The electron donating nature as
well as hydrophobic characteristics of methyl group influence the

kinetics of the homogeneous reaction. (page 139-147)

Since the nature of bonding of dyes on montmorillonite and
ISM-5 (zeolite) and the ion exchange characteristics of these
substances have a vital role in the electrodic processes of
modified electrodes, an investigation on the interaction of
montmorillonite and ISM-5 with the thiazine dyes has been
discussed in terms-of adsorption and metachromasy in chapter B5.
The structure of montmorillonite and Z5M-5 is briefly discussed
in the introductory part. A review of the earlier works on
adsorption and metachromasy is included in section 5.1.

(page 148-164)

The method of preparation of pure Na-montmorillonite along
with the experimental techniques of the study of adsorption and

metachromasy are presented in section 5.2. . (page 164-166)

The adsarption isotherms aof the dyes on both the substances
(montmorillonite and ZSM-5) are of H-type i.e., of high affinity
class indicating a strong adsorbate—adsorbent interaction. From
the structures of the thiazine dyes, it is clear that all the
dyes can be involved into an ion exchange type of sorption

through ~-5- or ->N—- which become positive charge centres by
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resanance. These structural considerations assign to the dyes a
pfedominantly flat orientation onto the clay and zeolite
surfaces, although other possibilities are not entirely excluded.
The probability of distribution among the different orientations
is conditioned by various factors such as the basicity of the
nitrogen group, the number of resonating structures, the
molecul ar geometry of the dye cations, the nature of the exchange
sites, etc. It is, however,; to be noted that the flat pasition is
possibly attended with the minimum potential energy.

The adsorption data aof all the dyes are found ta €fit with
the Langmuir’'s equation. The equilibrium constant (Langmuir
bonding constant) values in the case of montmorillonite are
higher than that of ZISM-5. The variation of adsorption
equilibrium constant values due to prngreésive methylation is
found to be similar to that of the variation of dimerization
constant values of the dyes. But the maximum adsorption capacity
values of both {(montmorillonite and ZSM-95) do not vary
systematically on methylation of dye molecule. The results
suggest that steric hindrance, hydrophobicity, electron donating
nature of the methyl group and the specific orientation of the
dye molecules on the surfaces are operative simultanecusly. A1l

these are discussed in section 5.3.1. {page 166—17@)

In section 5.3.2., metachromasy af the dyes in

montmorillonite has been described. All the dyes show
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bathochromic shift of the a band followed by a hypsaochromic shift
of the 3 band as the clay content of suspensions increases. The
absarbance infensities of both the bands a and (3 alsa changes
with clay concentration. The a bands are attributed to monomeric
forms of the dye and 3 band is to dimeric forms. It 1is assumed
that metachromasy in montmorillonite is the consequence éf T
interaction between the oxygen plane of the aluminosili;ate

layers and. the aromatic dye. (page 17@-174)

The metachromasy of the dyes in the presence of ISM-5 could

not be studied precisely due to the excessive scattering of light

by the zeolite particles
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ABSTRACT

An electrochemical investigation on five progressively alkylated thiazine
dyes i1n the presence of Fe(IfI) ions is reported. The theary of catalytic
regeneration mechanism involving an electrode reaction followed by a
coupled chemical reaction is applied ¢to derive kinetic parameters of
homugeneous reaction. The second order rate constant for the reaction of
thiazine leucodyes with Fe(IIIl) 1ons was found to increase from B.25x104

:’)mc:)l-ls—1 upen manomethylation and to vary from 0.7x1@4 for

:_{ _— —
4 dm mol 15 1 for the tetramethyl one.

to 1.6x1@4 dm
the dimethyl derivative to 1.4x10
The electron donating nature as well as the hydrophobic characteristics

ot methyl group influence the kinetics of the homogeneous reaction.




Electrochemical Study Of The Reaction Between Praogressively Alkylated
Thiazine Leucodyes And Fe(III) On Glassy Carbon Electrode

S. Ahmed and 6. K. Saha*
Department of Chemistry
University of North Bengal
Dar jeeling 734438 , India

1. Introduction:

The most success#ul» photogalvanic (PB) cell for solar anergy
conversion is the ferrous/thionine cell yet, this too is far from having
ideal conversion efficiency (1,2). In this PG cell the photoreduction of
thionine (Th) by Fe(ll) ions produces semithionine (S) and Fe(III) ions.

Semithionine rapidly disproportionates to Th and leucothionine (L).

H
N
_ N "
M +
HaN S NHp HoN s NHp

(Th) ()

H
N
Noootl
HyN s NH 4

(L)

The advantage of the above system lies in achieving bpartial selectivity
of charge carfiers far éppropriate electrodes. However, greatest
efficiency would be obtained with a PG cell in which each electrode is
perfectly selective for a different‘coupla. Unfortunately, in homaogeneous
solution, thermal back reaction of electron trans#er also takes place.
This dissipation of free gnergy constitutes a considerable problem in the

use of ferrous/thionine PG cell for any practical purposes ( 3 ).



The following reaction scheme adequately summarizes the whole process,

including the relevant recombination reactions (pH 3) ( 4 )

+ hy

Th + Fetil) + nr* M o S + Fe(lll) (1)
25 + HY e—  Th + L 2)
jomnnmm——
‘Back Reaction :
+
5 + Fe(lID) ——% Th + Fe(ll) + H (31
L + Fe(IID —_——» S + Fe(Ild + 2H¥ (8)
A

However, the homogeneous reaction scheme is very complicated and
"must be properly characterized. Solubility as well as aggregation
characteristics of dyes are important criteria which control PG output.
Alkyl substitution in dyes affect both these characteristics and, this
prompted us to undertake some prugressively alkylated thiazine dyes for

a detail study on homogenecus reactions with Fe({II) 'ions. In wview of

this, an electrochemical technique has been adopted with the aid of dc

vultammetry. Electrode reaction coupled with chemcal reaction 1s an

interesting subject of investigation for electrochemists (5 ). The

electrochemical reduction of progressively alkylated thiazine dyes to
corresponding leucodyes at the stationary electrode in the presence of

Fe(IIl) ions may be described by what is called " catalytic regeneration

mechanism", according to which an initial electroactive species 1s

regenerated by the homogeneous chemical reaction. This mechanism can be

represented by the following scheme ( S5 ):

o + ne —_—= - (35)
4

R+ 2 —> o+p ~ = (6]




1f applied judiciously, this technique may yield kinetic parameters of
the chemical reaction from a simple electrochemical experiment. Although
thermal back reactions have been studied by flash photolysis technique
in considerable detail ( &4, 6-8 ), the former technique has been applied
only recently for the homogeneous reaction relevant to ferrous/thionine
PG cell. kKinetic parameters were also determined using an i1ndium doped
SnCl2 electrode ;ssumxngv a pseudo first order reaction condition to
prevail even though the experimental result did not always conform with
the theory ( 2 ). In view of the pivotal importance of the nature of the

electrode surface in such a study and alsc toc examine -the role of

hydrophobic interaction, if any,; on the reaction kinetics, the present

study has been undertaken. In thie paper, we summarize the results of

such an electrochemical study on the reaction between wvariocus alkyl

derivatives of thiazine leucodyes with Fe(III) on a glassy carbon

electrode which has been found to be well behaved in present set of

systems.

2. Experimental:

Five progressively alkylated thiazine dyes viz., thionine,

azure C, azure A, azure B and methylene blue which are used for the

present study were supplied by Aldrich Chemical Co., U.K. All other

chemicals were of analytical grade ( Aldrich/B.D.H. ) and used as

received. The structures of the dyes are given below:



N
RI\\N f/’Ra
R,” S N\n
2 4

Thionine(Th): R1=R2=R3=R4=H
Azure C(AzC): R‘=R2=R3=H| R4=CH3
Azure A(QZA); R1=R2=H; R3=R4=CH3
Azure B(Azﬁ): R1=H; R2=R3=R4=CH3

Methylene blue(MB): R1=R2=R3=R4=CH3

All the dyes were found to contain coloured impurities and were purified

over a chromatographic column of silica gel using chloroform—methanol
mixture as eluent. Azure C was extracted efficiently with 8:2
chloroform—methanol mixture whereas, azure A was extracted with 7:3

solvent mixture. All other dyes were eluted by less polar solvent

mixtures than that used for azure A. Finally, they were recrystallised

and dried at,SBOC under vacuum. Final purities of dye samples were

checked by TLC using B:2 water- acetic acid mixture as the mobile phase

and the purities of all the dyes except AzC were found to be excellent.

The commercial sample of AzC contained high percentage of insoluble

materials in addition to other coloured impurities. Even after repeated

chromatographic treatment, the sample gave a faint additional spot on the

TLC plate indicating the presence of s small amount of impurity.



Although this dye could not be purified up to the 1level of other four
dyes, various analyses (spectral and analytical) showed that final purity

of the dye was satisfactory.

For electrochemical experiments, the supporting electrolyte was
sulphuric acid. All solutions were purged with pure nitraogen before the
experiment. Cyclic voltammetric experiments were carried out employing a

BAS Cyclic voltammagraph (CV-27, U.S.A.). The working electrode was a

glassy carbon microelectrode (MF-2012, BAS, dia.3.2mm} with a platinum

wire as an auxiliary electrode. Paotentials were measured with respect to
saturated calomel electrode. All measurements were done at constant pH of

2.0 and at room temperature of ZStIDC.

3. Results and Discussion:

-y

A Cyclic voltammogram of azure C ( S.0x1@ “mal.dm © in ©.1 mol:dm_s

H2804 ) is shown in fig.la. Voltammograms of all other dyes are similar

and consistent with reversible two electron transfer systems within the

range of potential scan(v) of S5-100 mv.s_l. Data pertaining to the
position of peak potentials and current ratias, ipc/ipa‘ for the five
thiazine dyes are shown in table I. Current vs. (scan rate)ll2 plots

deviate from linearity above scan rates of 100 mv.5_1(p10t5 not shown,

see table I).



The peak potentials ( Epa and EpC ) are not sensitive to scan rates and

AEP's do not vary up to a scan rate of @@ mv«.:.—l except for AzC. This
shows that the electrode processes are very fast and the
quasi-reversibility is apparent only in AzC. Previous reports available
for Th and ME were, however, consistent with the present observation (

9-12 ). Piftusion coefficient(D,) »alues are determined from cyclic

*]

—& -6 -& ~6
voltammetry measurements as 3.05x10 ~, 2.66x10 ~, 4.40x10 , 4.90x10
and 5.7)(1‘21_"'.'cm2'5_1 for Th, AzC, AzA, AzB and MP respectively ( Determined
from the slopes of ipc vSs. vllz plots at slow scan rates, employing

Randles - Seveik equation ( S5 ) )..

Figs. 1 and 2 near here

Interestingly, the Dm value increases regularly upon progressive alkyla-

tion of dye molecule with the only exception of AzC. On the aother hand,
the Fe(Il)/Fe(I1l) system exhibits irreversible electron transfer at the '

GC electrode in the potential range between 0.3 ~ B.6v ( Fig.2 ). But the

couple is no longer electrochemically active i1n presence of thiazine dyes

which of course have much higher heterogeneous kinetics ( kS(Th)=

_3 -—_ - -
Sx1@ “cm.s 1. kS(Fe)=3.1x1@ “cm. s 1 on gold foil electrode ( 4 )).
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TABLE - I
D S E E AE i /1 (E -E_ ) i v*“2 Q. BS8/AE
ye can pa pt o] pa pc pc/2 “pc pc p
rat 1/2 1/2
(mvs ) (v) (v) (v) (v) (LA, my s )
5 a.225 2.195 2.232 9.870 @.025 5.93 1.93
10 2.223 2.195 ©.028 2.890 @.0826 5.50 2.@7
2 0.220 B.193 0.027 Qa.900 a.az7 S.32 2.14
Th 40 @.218 2.150 2.028 2.960 2.030 6.25 2.87
6@ @.215 8.185 2.9330 2.920 0.3z 6.15 1.93
100 2.214 2.185 ©.229 0. 958 B.0%2 6. 65 2.00
200 @.210 2.182 0.028 B.970 0.0332 7.72 2.7 °
300 2.210 8.182 ©.031 ?. w80 3.035 B.59 1.93
S 2.198 B.165 2.0833 2.800 0,035 5.00 1.75
12 @.198 B.163 2.035 ».B6a a.135 S.25 1.65
20 R.196 B.160 2.0236 D.800D 2.037 4.96 1.61
AzC 4Q 9.195 B.158 @.937 2.760 0.038 5.50 1.56
62 ¥.191 D.150 2.041 2.840 0. 240 S.64 1.41
100 8.185 2.145 0.040 0.830 2.042 6.33 1.45
200 R.182 0.135 B.047 Q.770 0.043 . &.048 1.23
300 D.180 2.132 2.0250 @.770 2.045 7.31 1.16
S Qa.229 8.198 2.231 @.890 ©.028 6.43 1.87
10 9.226 2.195 B.0831 2. 8eD 2.228 6.25 1.87
2@ @.224 B.192 2.032 2.830 2.030 6.38 1.81
40 B.222 B.191 2.031 B.798 2.032 - 6.75 1.87
AzA 68 ?.220 2.188 0.032 0.738 2.03s 6.97 1.81
102 2.218 2.186 2.032 @. 690 v.038 8.22 1.87
200 0.214 . 180 ®.034 B.610 Qa.043 8.05 1.70
300 D.212 ?.178 0.034 B.59D 2.045 B. 40 1.7@
5 2.300 n.278 2.030 2.870 0.028 5.54 1.93
10 2.300 @.268 @.032 0.850 0.@29 6.00 1.81
2e 2.298 D. 265 ®.033 2.840 0.0 6.17 1.76
AzE 49 2.297 D.262 B.U35 @.4840 8.035 6.93 1.66
62 9.295 2.260 0.03S .77 2.040 7.59 1.686
100 @.294 Q.260 0.034 Q.738 2.042 B8.01 1.7@
200 @.293 R.258 2.935 0.6608 @.0842 8.05 1.66
300 B.293 . 0.257 2.Q36 2.5808 0. 045 B.024 1.61
5 2.215 8. 183 2.0832 ?v.840 Q.28 6.78 1.81
10 3.215 B.182 2.033 n.610 ®.030 6.75 1.76
20 -9.214 2.18¢1 “0.033 B.75@ BTeI2 7.27 1.76
ME 40 L2142 ®.180 B.932 B.610 ?.032 7.75 1.81
60 ®.210 0.1600 ?.230 @.610 2.035 8.20 1.92
100 3.205 B.175 0.0%0 0.630 B.236 9.01 1.9%
200 @.197 ?.165 @.032 Q. 660 0.03 18.86 1.81
a3 @.19% QA.1608 B.035 Q. 650 Q.24 18.97 1.66




On the other hand, voltammograms of thionine and its derivatives 1in the
presence of varying amount of Fe(lIll) 1ons (S.lem—5 - l.mxlm_3moles
dm—s) show striking changes from those obtained i1n the absence of Fellll)
ions. The observed catalytic current results from the regeneration of
dyes from the reduced .leucodyes by reaction with Fe(III) ions.
Representative voltammograms of AzC are shown in.fig. ib,c. Along with
the catalytic regeneration of thiazine dyes 11n the presence of

Fe(IIl) 10ons, which of course is believed tao be the major process
occurring in the system, some amount of semithiazines may also be presaent
via a dismutation equilibrium (¢ 8 ). These semithiazines have bGEA
oxidised at the GC electrode to give the small anodic peak current at
higher positive potential on the reversed scan ( Fig. ib.). Although
Fe(II)/Fe(lll) couple is electrochemically inactive at GC électrode in
the presence of thiazine dyes, its adverse effect on the voltammograms of
the latter by increasing the background current can not be ignored. To
confirm that the experimental results conform ié the theory of
ctatalytically coupled reactions (EC°) of the éype shown in equation S

and & as a major process, it is necessary to draw diagnostic plot of

the current function against the potential scan rates.

Figs. 3 and 4 near here




This correlation can be seen by simply plotting 1':“:/111/2 as a function
of log v ( 13 ). Representative diagnostic plot for AzB is shawn in
fig.3. In the absence of any Fe(III) ions, the plots for all the dyes
are linear and parallel to. the potentiél scan rate axis up to 10@ mv.s.—l
( Fig.Za). This is- expec£ed for a diffusion controlled reversible
electrode process. However, af higher scan rates the observed upward

shift of the plot is indeed the manifestation of positive deviation from

-
linear relationship of ipc with vl/‘ (Table I) far almost all the dyes.

On the other hand, in the opresence of Fe(lIll) ions (S.0x10
l.Bxlm_stl.dm—3), the diagnostic plots are similar for all dyes and are

indicative of EC° ¢type of coupled catalytic chemical reaction. The

catalytic regeneration of dyes as a major process is particularly

apparent at lower scan rates as the reaction gets sufficient time for

generation of dyes from the reduced leucoforms by reaction with Fe(IIIl)

ions, consistent with the theoretical model ¢ 14,15 ). Hawever, when the

scan rate increases, the ratio of kinetirm current in the presence of

Fe(lll) to the cathadic peak current i1n the absence of Fe(lIll),

ldllpc'
should’ tend towards unity. But this situation was not attained in the
present study even at a sweep rate of 300 mvs_1 { Fig.3 ). Similar

results were also observed by previous workers for the intermolecular

electron transfer of Cytochrome C in presence of pseudomonas Cytochrome

CSS1 ( 13 Yand_for the homogeneous reaction of leucothionine with Fe(III)



Where as we failed to identify any other mechanisms of coupled chemical
reactions than EC’ to be operative in the present systemé. exact reason

of the above is not certain.

Despite the simplified approach in view of the above and the
complicated back reaction in present systems,.attempts have been made to

derive kinetic information from the observed data. Using a working curve

( Fig.14 of ref.14 ) of ik/id vs. kinetic parameter, (k /a)tlz, we have

f
. plotted the data of kf/a ( where a = nF/RT) against 1/v, which should be

linear under first order conditions ( Fig.4 ). The result showe marked

Fig. S near here

deviation from the predicted linearity, at slower scan rates, which is

’

consistent with loss of first order conditions. The reactant dye is not

in sufficiently large excess and so is consumed to a considerable extent

in the diffusion layer during the t:im2 perind of a slower scan rate.

Second order kinetics is probably followed and the situation is identical

to one which occurred in intermolecular electron transfer of

Cytrochrome

C ¢ 13 ). Moreover, the initial slope of sach curve ( Fig.4 ) at infinite

scan ratec is proportional to the true pseudo~-firet order

o
f b4

rate constant
k

kf = (nF/RT)( initial slope ) .



. o
Drawing tangents to the above curves at 1/v—) @ yield values of k{ for

gach experiment. An alternative method of finding k‘o is to calculate

effective pseudo-first order rate constant k", +rom- each k{/a value at a

given scan rate where,
k*' = (F/RT).v.(k4/a) ( Ref. 13 )

Plotting k{' as a function of 1/v and extrapolating to 1/v — @ one can

evaluate the pseudo—first order rate constant, kfo, at

rate. This latter method seems to be more convenient and data for

infinite scan

thionine is plotted in Fig.S. ( Similar plots for . all other dyes

-

are

submitted as supplementary material ). The nature of the plots are again

similar for all the five dyes and also similar to those observed by Hill

and Walton for intermolecular electron transfer in cytochrome C ( 13 ).

Finally, k‘o values at infinite scan rates and for varying concentrations

of Fe(IIl), are plotted against the concentrations ot Fel(lll) 1ons in

order to examine the second order rate constants, k.'s 4or the

2
homogeneous reaction of Fe(lll) with various leucodyes.

Table I1
Leucodyes k2x19_4/dm3m01—1s_1
Th Q.25
AzC 1..60-
AzA @a.7a
AzB 1.00

MB . 1.40




These plots are linear indicating that the homogeneous reaction i1s first
order with respect to Fe(lll) i10ns and indeed the over all reaction 1s of
second order ( inset of fig.S ). However, a strikaing <$eature 1s  that

unlike Th, slopes of the plots for all other dyes cecrease drastically

-

at low Fe(Ill) concentrations ( at C?e(III){ E.Q-X 1@“4mol.dm_“ for AzC,

“AzA and C_ r1q,¢ 8.0 x 10 %mol.dm ™™ for AzB, M3 ), resulting 1in the

deviation of the plots from linearity. This result suggests that at low

Fe(IlI) concentrations the actual scheme of reaction should be more

complex than one shown in equation 5 and 6 and supports the hypothesis

that the return aof leucadyes to the corresponding thiazine dyes by

Fe(III) jiorns occurs by two step process via the formation of semithiazine

as an intermediate species. Conversion of semithiazines to the

corresponding thiazine dyes may occur either by Fe(lll) or through the

dismutation equilibrium ( as mentioned before Y forming leuco dyes and

the original dyes. The latter process is, however, more significant at

low Fe(IIl) concentrations ( B ). Nevertheless, observed gradients of

the straight lines are significant and the secound order rate constants,

kz's derived from these datsa are depicted in Table II.

The table shows that k value +or thionine 4

2

dmémol—ls—l, which is the lowest among all the

is 2.25x10@

dyes used.



Upon progressive alkylation of the dyes this value increases regularly
with only exception for AzC which gives the highest value of 1.6x1ﬂ4
dm3mol—15‘1. Regular increase of k2 with progressive alkylation of the
dye molecule would indeed be expected from the electron donating nature
of a methyl group. However, in the present systems, while the first
methyl group brings about a six fald increase aof the rate, the second one
causes a two fold decrease and adding the third and the fourth has only a
small effect ( 1.4 fold increase with each methyl ). In fact, the
leucodye with four methyl groups is oxidized more slowly than the dye
with only one methy! group. It seems apparent that factours other than the
electron-donating effect of the methyl group are involved. Substitution
of hydrogens on the nitrogen of a dye molecule by methyl groups

introduces hydrophobicity in the molecule as well., It has also been

-

that hydrophobic environment in preserce of certain migelles delay back

shown

electron transfer in solution ( 4,16 ) while substitution with idionic or
polar groups, for example disulfonated thionine, shows faster back

electron transfer in PG cells ( 17,18 ). Thue, 1incr eased hydrophobacity

cdue to alkylatior of the present dyes may 1 turn <low down electron

transfer reaction with Fe(lIll) ions in aquecus solution to some extent.

These two wmutually opposite effects of methyl group may thus be

responsible for the observed variation of rates. It is also important ta

note in this context that the formal potential values ( Eo')

for

progrescsively



methylated dyes are ©.205, 8.1735, 0.207, 8.281 and 0.196 v ( average
values for v between 5-100 mVs_l,Table ) fespectiQely and the observed
lowest value of E® for AzC is consistent with the ahave results. However,
one can infer from the foregoing result that, with the exception of AzC,
the PG output will decrease continuously with alkyl substitution in the
dye molecule. All previous reports showed that PG output for Fe(II)-MB
cell is always less than that for Fe(ll)-thionine cell. An earlier report

of second order rate constants ( measured by flash photolysis )

fram G.47x1@3 dm3m01_15_1 to 1.@x103 dm"mt:;l_ls:_1 for various "modified

ranged

thiazine dyes ( 7 ). Ferreira and Harriman report a value of 9.0x104
3 1 -1

dm~mol s for Fe(ll1l)-thionine system by a similar flash photolysis

technique ( B ). On the other hand, with the help of an electrochemical

method similar to one applied in the present study, Hurthy and Srivastava

S 1 -1

estimated the value as 4.08x10 dmzmol— s far the reaction between

Fe(III) ions and leucothiocnine ( 2 ). While a close comparison between

data reported by different methods and urnder different conditions 1s  not

always valid, the general trend of the present result is satisfactory and

specially the observed variation of k2 due to progressive alkylation of

dye molecule demonstrates the usefulness of a comparatively simpler

electrochemical technique adopted here in the present investigation.
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Fig.1,

Fig.2.

Fig.3J.

Fig.4.

Fig.S.

Table I

Teble I1

Legends to figures

-5 .,
Cyclic voltammograms of AzC ( 5010 “mol .am " ) in presence  of

-

T4 -4 = -3
various concentrations of Fe  : (a) 0, (b) 6:10 () 1.5410

mol.dm -, Supporting electrolyte: 0.1 mol.dm © H,E

e
Cyclic vo.tammograme of FeC!l, ( .n presence of 0.1 mol.dm 7 HGSD4)
= _4 2
at GC electrode. Concentration of Fe(IIl): (1) 2x18 (2)
- — - -7 -1
4%x1@ q’ (3) 6x10 4, (4) 8%10 4 mo..dm ~. Scan.rate: S mV.e .

. /2 )
Diagnostic plots of current functions 2 /Ul vs. log v for AzB

-= -3 -z pc

(Sx10 “mol.dm ~ :n B.1 mol.dm ~ H,,SCI4 ) at various concentrations
z - - - -4

of Fe +: (a) B, (b) 2x1@ 4, (c) 4x10@ 4, (d) &x10@ 4, (e) Bx10 ,

() 1x1@ > mol.dm .

Plots of kinetic parameter , k,/a, against /v for AzB-Fe(IID)

£
system at various concentrations of Fe3+= (a) 2x10@ 4, (b) 4x10 4.
() 6x18 %, (d) Bx18™%, (&) 1x10  mol.dm ~( in presence of @.1

mnl.dm_3 H. S0, )
2774

Effective pseudo-first order rate constant, kf', as - a functiaon of

reciprocal scan rate extrapolated to 1/v =3 0, for experiment

4
k4
¢ in presence of @.1 mcl.dm =

H,,SG4 ) (Lower fig.). Pseudo-first order rate constant, k,B, as
had s

with Th-Fe(III) system: (1) 2x1@ 7, (2) 4x1@d *

. . (37 exi@
-_— - - 3
(4) 8x18 Y, () 1x10 “mol.dm > Feo'

T+ .
a function of the concentratiorns of Fe with the same system

(Upper fig.).

Headings of table

: Eiectrochemical data fraom cyclic voltammetry_of thiazine dyes

-

( 510 " mol.dm ~ in @.1 mol.dm = H,SO, )

: Second order rate constant of the homogenacue reacticn between

. . I+
thiazine dyes and Fe 10ns,
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