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Abstract 

Fluorimetry in the very near infrared region ca. 600-1000nm is a new 

approach to photochemical analysis. The advantages include greatly reduced 

background fluorescence signals from important sample matrices (such as blood 

serum), reduced scattering, and reduced probability of sample decomposition. Also, 

the availability of low cost, efficient, stable and robust optical components (e.g. 

laser diodes and light emitting diodes), solid state detectors (e.g. single silicon 

photodiodes and diode arrays) and fibre optics, allows the construction of an 

inexpensive fluorimeter. In the near infrared region, there are some very bright 

fluorophor!!s that can be adapted for use as fluorescent probes, labels for 

immunoassay, and as ion-pair agents. 

The advantageous performance of most types of fluorimetric analysis now 

undertaken In the ultraviolet and visible region of the spectrum may therefore be 

extended into the longer wavelength region. Excellent limits of detection are 

attainable, and some near infrared fluorophores show invaluable fluorescence probe 

properties, such as Nile Red. 

The most useful of the dye groups investigated were the phenoxazines and 

thiazines. Reactive derivatives of these dyes show great potential as fluorescent 

labels for Immunoassay. These dyes have also been used as probes due to their 

solvatochromism and sensitivity to pH. 
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Aims of the Project 

The aim of the project was to investigate the scope for fluorimetry in the 

near infrared region ca. 600-1000 nm. Work in fluorescence has traditionally been 

limited to 200-600 nm region due mainly to instrumental limitations. This should 

be overcome by the introduction of low cost, efficient, stable and robust optical 

components (Le. laser diodes and light emitting diodes), solid state detectors (Le. 

single silicon photodiodes and diode arrays) and fibre optics, that could allow the 

construction of a simple fluorimeter. The following questions laid the basis of the 

thesis:-

1. Could the excellent sensitivity and selectivity of fluorimetric analysis in the 

ultraviolet and visible region be extended and improved by working in the 

near infrared region? 

2. Could near infrared fluorimeters be con~tructed? If so, could laser diodes 

and silicon photodiodes compete for sensitivity with conventional 

fluorescence instruments with xenon arc lamp light sources and 

photomultipller detectors? 

3. How useful are the theoretical advantages of greatly reduced background 

fluorescence, reduced scattering, and reduced probability of sample 

decomposition? 

4. What dyes and dye groups are fluorescent in the near infrared region and 

what are their chemical, physical ·and photostability. 

5. Do dyes in this region have the properties required to be probes and be 

used as ion pair reagents? 

6. Are there any commercially available near infrared fluorophores with reactive 

groups that can be used for biochemical analysiS? 

7. If there are not, could a near infrared fluorophore be derivatised with a 

reactive group? and hence be used as a fluorescent label for immunoassay. 
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The above questions are addressed in the chapters of the thesis' as follows:-

Chapter 1 

The theory of fluorescence and the potential advantages of near infrared 

fluorescence are described. 

Chapter 2 

Materials and methods used in the project. 

Chapter 3 

Investigation of the chemical, physical, and photochemical properties of near 

infrared fluorescent dyes and dye groups. Evaluation of the dyes and dye groups 

are worth further investigation. 

Chapter 4 

Initial investigations prior to the project suggested that there were not any 

near infrared reactive dyes <labels) that would be able to link to proteins. This 

chapter investigates the modification of dyes evaluated in chapter 3 for 

biochemical analysis 

Chapter 5 

The probe properties of near Infrared dyes were Investigated to prove that 

dyes In this region could be used. Reactive dyes described in Chapter 4 were 

- used in a typical immunoassay protocol to assess the potential of near infrared 

dyes with reactive groups as labels for Immunoassay. 

Chapter 6 

This chapter gives an overview of the components that could be used to 

construct a' fluorimeter for the near Infrared region. Initial results using some 

components, such as a laser diode, a tungsten halogen lamp, a silicon photodiode 

array instrument and a silicon avalanche photodlode are shown. From this work, 

various suggested designs for fluorescence instruments are elucidated. 

Chapter 7 

This chapter reviews the initial exploration, scope and problems associated 

with near infrared fl~orescence. 

-xvix-



Chapter 1 

1.0 Luminescence 

Luminescence may be defined as emitted light from a substance other than 

black body radiation. Absorption of energy must take place before emission of a 

photon from the excited state of the molecule or atom. The form of excitation 

energy defines the type of luminescence. 

Photoluminescence occurs as a result of a molecule being excited by a photon of 

electromagnetic radiation. Fluorescence is the almost immediate release of a photon 

from the singlet excited state. Phosphorescence is a delayed release of energy 

from the triplet state. Whereas, delayed fluorescence is the emission of a photon 

from the singlet excited state resulting from two intersystem crossings, first from 

the singlet to the triplet state, then from the triplet to the singlet. 

The excitation energy of chemiluminescence is from the chemical energy of a 

reaction. Electrochemiluminescence is a type of chemiluminescence in solution when 

the excited state is produced by high energy electron transfer reactions caused by 

a high voltage. In bioluminescence, the excitation energy is supplied by enzyme 

catalysed reaction. 

Triboluminescence (tribo is Greek to rub) is produced as a release of energy when 

certain crystals, such as sugar, are broken. 

Cathodoluminescence results from the release of energy produced by exposure of a 

sUbstance to cathode rays. Anodoluminescence arises from the Irradiation by alpha 

particles. 

Electroluminescence the luminescence from electrical discharges. 

Thermoluminescence occurs when a material existing in high vibrational energy levels 

emits at a temperature below red heat, after being exposed to small amounts of 

thermal energy. 
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1.1 Fluorescence Principles 

Fluorescence is the most commOn choice for quantitative trace analysis. The 

range of samples that can be studied by fluorescence is very large; organic. 

inorganic. synthetic and naturally occurring. small and large molecules. Samples may 

be dilute and concentrated solutions. gases. suspensions. or solid surfaces. The 

application may be either analytical. involve the study of molecular structure and 

interactions. or the location of a species. Fluorescence has also often been 

combined with separation techniques. for example high pressure chromatography 

[hplcl (Rhys Williams. 1984). thin layer chromatography [TLCl (Rhys Williams. 1984). 

and electrophoresis (Cheng et al.. 1990). 

1.1.1 Excitation 

When light of wavelength between 200 and 1000 nm is used to irradiate a 

sample. a number of phenomena may occur: M9st of the the photons pass straight 

through the sample and some are absorbed. Some of the photons are scattered by 

their collisions with other bodies. 

The two scattering phenomena are: 

Raman scattering involves a constant vibrational energy being added or subtracted 

from the incident photon and hence a subsequent shift In wavelength <Table 1.1>. 

Raman scattering is sometimes confused with fluorescence. The intensity of Raman 

scattering is usually feeble compared with Rayleigh scattering. All solvents 

containing hydrogen atoms linked to either carbon or oxygen show a Raman band 

shifted approximately 3000cm- 1 from the excitation radiation. 

Table 1.1: Raman scattering in various solvents at 313. 366. 405 and 436 nm. 

Solvents Excitation Wavelength (nm) 
313 366 405 436 

water 350 418 469 511 
acetonitrile 340 406 457 504 
cyciohexane 344 409 458 499 
chloroform 346 411 461 502 
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Rayleigh- Tyndal/ scattering occurs at the same wavelength as excitation and is due 

to elastic collisions. Rayleigh scattering is caused by solvent molecules and Tyndall 

scattering is caused by small suspended particles in solution. 

Absorption occurs when a photon impinges on the molecule and is absorbed. an 

electronic transition takes place to a higher electronic state in 10-15 s (Figure 

1.1). In a singlet state (S). each orbital electron is paired with another electron 

with spin opposite. When the molecule absorbs radiation the electron is raised to 

an upper excited state. 

1.1.2 Energy loss pathways 

Excited states loose energy by one or more of a number of pathways (Figure 

1.1). 

Vibrational relaxation and Internal conversion occurs within about a picosecond and 

brings the molecule to the lowest vibrational level (v 1 = 0) in the first excited 

singlet electronic level. S 1. 

Fluorescence is the radlative transition from the lowest vibrational level of the 

singlet excited state (S 1) to to the ground state (So) in about a nanosecond. The 

emitted photon has lower energy than !J:latllncident radiation and so has a longer 

wavelength. 

A molecule in S 1 may undergo intersystem crossing (ISO to the lowest triplet 

state (T 1). The subsequent radiative transition from T 1 to So (ground state) is 

phosphorescence. This is quantum mechanically forbidden. consequently the transition 

time is 100 microseconds to 100 seconds. This phenomenon is generally observed 

at 77 Kelvin. At room temperature, it will only normally be observed on a solid 

surface, or when the molecule is protected from collisional quenching by being 

enclosed in a micelle or by cyclodextrins. 

Other mechanisms by which a molecule may lose its excitation energy include 

photochemical decomposition (the destruction of the sample by incident radiation) 

and by quenching (Section 1.4). 
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1.2 Characteristics of Fluorescence 

Fluorescence is more sensitive than absorption methods because the signal is 

measured directly against a very small background and is proportional to the 

intensity of the incident radiation for dilute solutions. In solution, picogram per 

millilitre levels can often be determined. This is two to three order of magnitude 

better than absorption methods, where the sensitivity is limited by the necessity of 

detecting a very small fractional decrease in the light transmitted by the solution. 

Fluorescence methods possess greater selectivity than spectrophotometric 

methods, because there is a choice of wavelength not only for the radiation emitted 

but also for the light which it excites it. This allows the possibility of determining 

simultaneously two constituents that emit at the same wavelength but have 

respective excitation wavelengths separated sufficiently. Also fluorescence lifetime 

and fluorescence depolarisation can be used to differentiate between analytes in a 

sample. Furthermore, not all compounds that absorb light fluoresce so there is less 

interference and this makes sample preparation less stringent than that required for 

absorption measurements. The careful selection of parameters means that physical 

separation of complicated mixtures can be eliminated. The most commonly used is a 

change in pH. Closely related substances in the same solution without separation 

can be determined by shifting the pH as well as the excitation and emission 

wavelengths. This is used in cytochemistry (Haugmann, 1992), and homogeneous 

immunoassay (Hemmilia, 1985). 

The factors affecting fluorescence can be determined assuming a number of 

assumptions. Equation 1.1 defines the fluorescence and concentration relationship. 

F = <1>, 10 (1 - e-obc ) (1.1) 

Where F is the fluorescence intensity, <1>, is the fluorescence quantum efficiency 

(Section 1.2.4), 10 is incident power radiation, b is the path length of cuvette in 

centimetres, c is the analyte concentration in mol dm- 3 and E is molar absorptivity 

in mol- 1 cm- 1 dm'. This indicates that an increase in either quantum efficiency, 

incident radiation, path length or molar absorptivity increases fluorescence. 

Equation 1.2 may be reduced to an equation comparable to Beer's law if the 

absorptivity is below 0.05. 

F = (<1>, x 10 x Ebc) x modular factors (1.2) 
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The modular factors are constant for a particular instrument and these include the 

responsivity of the detector, the efficiency of the monochromator and so on. 

Equation 1.3 can be reduced to: 

F = K x c (1.3) 

K Is a constant that includes all the other terms. This .is only valid at low analyte 

concentrations. At higher concentrations the inner filter effect causes the deviation 

from linearity. 

1.2.1 Luminescent lifetime 

Luminescent lifetime (t) is the mean lifetime of the excited state and varies 

from 1-20 nanoseconds for fluorescence (Tt) and 0.001-10 seconds for 

phosphorescence (t.). The fluorescent lifetime is defined by the following . 
.. -.-

F = (1.4) 

Where t is the time after removing the excitation source and F. is the maximum 

fluorescent intensity during excitation. 

1.2.2 Spectra 

The excitation spectrum is independent of fluorescence wavelength and should 

be identical to that of the absorption spectrum. This is seldom the case due to 

instrument artifacts. 

The emission or fluorescence spectrum results from the re-emission of 

radiation absorbed by the molecule. The quantum efficiency and the shape of the 

emission spectrum are independent of excitation. If the exciting radiation is at a 

wavelength different from the absorption maxima, less radiant energy will be 

absorbed. and hence less will be emitted. Each absorption band to the first 

electronic state will have corresponding emission spectra that are approximately 

mirror images of each other. 

1.2.3 Stokes shift 

This is the wavelength difference between the excitation and emission maxima. 

It indicates the energy dissipated by non-radiative processes during the excited 

state lifetime before its return to the ground state. 
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1.2.4 Fluorescence quantum efficiency 

The fluorescence quantum efficiency ($t) is the ratio ·of the total energy 

emitted per quantum of energy absorbed. 

$t = number of quanta emitted ( 1.5) 
number of quanta absorbed 

1.2.5 Fluorescence polarisation 

Fluorophores preferentially absorb photons whose electric vectors are aligned 

parallel to the transition moment of the fluorophore. The transition moment has a 

defined orientation in the fluorophore. In solution, fluorophore molecules are 

randomly orientated. Upon excitation with polarised light, the molecules whose 

absorption transition dipole is parallel to the electric vector of the excitation are 

selectively excited resulting in polarised fluorescence emission. The transition 

moments for absorption and emission within each fluorophore and the relative angle 

between these moments determines the maximum measured anisotropy. The 

fluorescence anisotropy (r) and polarisation (P) are defined by: 

r = III - h (1.6) 
In + 2h 

P = In - h (1.7) 
In + h 

where In and h are the fluorescence intensitles of the vertically (n) and 

horizontally (1) polarised emission, when the sample is excited with vertically 

polarised light. Anlsotropy and polarisation are both expressions for the same 

phenomenon. 
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1.3 Conventional Fluorescence Instrumentation 

A fluorimeter (Figure 1.2) consists of a light source (usually a Xenon arc 

lamp) excitation dispersing element. sample area containing either a cuvette or flow 

cell. an emission dispersing element. a photodetector (usually a photomultiplier 

[PMTD and a data read-out device. The fluorescence from the sample is collected 

at right angles to the excitation light. 

1.3.1 Filter fluorimeter 

Filter instruments are inexpensive. very sensitive and simple in design. The 

dispersing elements are both filters. The primary (excitation) filter has a narrow 

bandpass with peak transmittance at the absorption maxima of the sample. The 

secondary (emission) filter is normally a "cut-off" filters whose short wavelength 

transmission does not significantly overlap the long wavelength transmission of the 

primary filter in order to prevent scattered radiation reaching the photodetector. 

Filters are more efficient than grating monochromator. 

1.3.2 Spectrofluorimeter 

Both dispersing elements of spectrofluorimeters are grating monochromators. 

The excitation grating is normally blazed at 250 to 300 nanometres and the 

emission grating at 350 to 500 nanometres. The bandpass and light intensity 

striking the sample or detector is determined by the slit width. Grating 

spectrofluorimeters are far more versatile than filter instruments due to their ability 

to scan spectra and select discrete wavelengths. 

The effectiveness with which the scattered exciting radiation Is excluded from 

the luminescent radiation by an instrument largely determines the signal to noise 

ratio and hence limit of detection. Thus. holographic ruled gratings with filters 

between the emission monochromator and photodetector reduce drastically scatter 

and second order spectra. Modulation of light source and a lock-in amplifier 

provided in many instruments. such as the Perkin Elmer (Beaconsfield. 

Buckinghamshire. UK) LS-50 Spectrofluorimeter. will extend the limit of detection. 

1.3.3 Combination spectrofluorimeter 

These have an excitation filter and an emission monochromator. for example 

the Perkin Elmer (Beaconsfield. Buckinghamshire. UK) LS-2B Spectrofluorimeter. 
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1.4 Fluorescence Quenching 

Fluorescence quenching refers to any process which decreases the 

fluorescence intensity of a given substance. Quenching may be either by a 

photophysical or photochemical pathway. Photochemical reaction causes 

photodegradation or photobleaching producing degradat ion products (see Chapter 

3.7). Photophysical quenching produces new ground state products and can be 

divided into concentration quenching (the quenching species is itself "M"), and 

impurity quenching (another chemical species "Q"). Figure 1.3 summarises the 

various quenching processes. 

1.4.1 Concentration quenching 

Inner filter effect is the re-adsorption of light emitted from the fluorophore and is 

the major cause for the departure from the linear relationship of fluorescence 

intensity and concentration. 

Excimer (EXCited state diMER): Many aromatic organic dyes form dimers and higher 

aggregates in water. and these have normally have a strong absorption band at 

shorter wavelength and a emission band at longer wavelength caused by the 

association of the ground state and excited state of the same species. the excimer 

'(MM)-. 

hv M 
M ~ 1 M. ..<:======"~ - M+M+hv' (1.8) 

The dlmerisation of Rhodamine B and Rhodamine 6G is severe enough to prevent 

fluorescence. Dimerlsation increases with increasing dye concentration and 

decreasing temperature. Dimers form due to the hydrophobicity of the dye 

molecules. Dimerlsation of rhodamines increase with the number and size of alkyl 

substituents <Drexhage, 1973b). Aggregation does not usually occur in organic 

solvents even at very high concentration. 
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1.4.2 Impurity quenching 

This involves another chemical species (0) as the quencher. 

An exciplex (EXCited state comPLEX), '(MO)', is formed by the association of one 

excited (' M-) and one ground state sp~cies (0). This occurs in solutions of mixed 

solutes, for example, the addition of diethylaniline to a solution of anthracene in 

toluene quenches the anthracene fluorescence and replaces it by emission at longer 

wavelength (Weller, 1967>. 

hv 
M -- o 

1M·~ (1.9) 

Electron transfer occurs between the quenched species (M) and the polar solvent 

(the quencher: 0) that form the exciplex, 1 (Mo)-. For example, the fluorescence of 

amine substituted aromatics in highly polar solvents (such as acetonitrile) is 

bathochromically shifted and quenched. The complete quenching of the exciplex is 

caused by the complete dissociation of the exclplex into solvated radical ions, M·.

and O· .+, by complete electron transfer. 

M·.- + (1.10) 

In non-polar solvents electron transfer is incomplete so the exciplex relaxes by 

fluorescence or radiatlonless return to regenerate monomer and quencher in their 

ground state. 

Charge transfer takes place between the excited state species and the counter-ion. 

The tendency of charge transfer quenching of anions decreases as follows. 

1- > SCN- > Br- > CI- > CI04-

The effect of the anion on fluorescence depends upon the concentration and 

polarity of the solvent. For example Rhodamine 6G iodide and perchlorate In 

ethanol have identical fluorescence <Drexhage, 1973a,b), but the fluorescence of 

Rhodamine 6G iodide is completely quenched in non-polar solvents (such as diethyl 

ether). In polar solvents (e.g. ethanol), the quenching anions are completely 

dissociated so the anion does not have sufficient time to reach the excited species 

during the fluorescent lifetime. Whereas in non-polar solvents (e.g. chloroform and 

hexane), they are not dissociated, so the anions are readily available for charge 

- 12 -



transfer. 

Energy transfer-. The excited donor molecule M- collapses to the ground state (M) 

with the simultaneous energy transfer to the acceptor molecule (0), which is 

promoted to an excited state (0-). 

M + (1.11> 

The acceptor may also be in an excited state: 

a. Radiative energy transfer is the capture by the acceptor (00) of photons 

emitted by the donor (M-). The acceptor Is promoted to the excited state 

(0-) and the donor falls to the ground state (OM). 

hv 
M- -

+ 0 --

hv (1.12) 
(1.13) 

The rate of radiative energy transfer depends on the number of acceptor 

molecules In the path of the emitted photon, the quantum efficiency of the 

donor, the ability of the acceptor to absorb light, the amount of spectral 

overlap between the emission spectrum of the donor and the absorption 

spectrum of the acceptor and the shape and size of the vessel. 

b. Non-radiative energy transfer 

Collislonal energy transfer Increases with increasing temperature caused 

by the Increased collisions of the molecule in the excited state with vessel 

walls and other molecules. 

Electron exchange Interaction (as shown In Equation 1.14): The excited 

state molecule (M-) and the quencher (10) forms the exclplex, (M--(;l)-, 

which then dissociates. Electron exchange from the molecule to the quencher 

(30-) and the fluorophore falls to the ground state (OM). 

M- + '0 __ (M--O)- -- oM + (1.14) 

Quenching by oxygen and paramagnetic species: The quenching of the excited states 

of many molecules by oxygen is diffusion-controlled. 

+ (1.15) 
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Molecular oxygen dissolved in the dye solutions exhibits two competing processes. 

The first, increases the number of singlet / triplet transitions and so reduces 

fluorescence quantum yield. The rate constant for the intersystem crossing (ks T) 

can be written as: 

kST = k'ST + (1.16) 

The quenching of the excited singlet state rate constant (kQ) is about 2 x 10' 0 

sec-1. [021 is the oxygen concentration In mol dm-3 , and k'ST is the rate of 

Intersystem crossing in the absence of oxygen. For example, 1,1',3,3,3'3'

hexamethylindotrlcarbo-cyanine (HITC: Figure 3.8 [XXIV]) has a 10% greater 

Intersystem crossing constant in methanol than in dimethylsulphoxide (DMSo>, both 

being air equilibrated (Hirth et al., 1973). 

Dissolved oxygen may also enhance non-radlatlve triplet to ground state 

transitions. The rate constant for triplet state quenching is smaller than that for 

the singlet state. ·The process that dominates establishes whether oxygen increases 

or decreases fluorescence. Fluorescence quantum efficiency of polymethines are 

reduced as the concentration of dissolved oxygen Increases (Hlrth et. al., 1973). 

Fluorescence Intensities can be increased by addition of specific triplet quenchers 

to de-gassed solutions, in order to reduce the triplet lifetime. Hlrth et al. (1973) 

stated that cyclooctatetraene (COT>, a triplet quencher, added to a solution of 

3,3'-dimethyloxatrlcarbocyanine Iodide <DMOTC> In methanol increased the 

fluorescence Intensity by a factor of twelve. 

External heavy atom quenching. Fluorescence Is quenched by solvent molecules 

containing heavy atom substituents, e.g. lodomethane or iodobenzene. These enhance 

the rate of intersystem crossing. 

a - (1.17> 
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1.5 Environmental influence on fluorescence 

Environmental factors can severely influence the fluorescence character of 

molecules. A change in pH can ionise the fluorophore, commonly only one of the 

ionic forms is fluorescent, and so the control of pH is very important. Protonation 

has a higher rate constant than fluorescence so it is possible to observe the 

absorption spectrum of the neutral molecule and the fluorescence spectrum of the 

ionised molecule (e.g. ~-naphthol at pH 3). 

An increase in temperature usually reduces the fluorescence intensity because 

of the increased collisional quenching. In some cases the temperature dependence of 

fluorescence is severe, as much as 5% per ·C. The thermostatic control of the 

sample cell should be a routine precaution. An increase in viscosity of the solvent 

increases the fluorescence, since collisional interactions are reduced. 

1.5.1 Solvatochromism 

The modification in shape, position or intensity of both the absorption and 

fluorescence bands by varying the solvent is called solvatochromism. The Franck

Condon principle states that an electronic transition takes place so rapidly that a 

vibrating molecule does not change its internuclear distance appreciably during the 

transition (Banwell, 1985). In other words, adsorption happens in about 10-18 

seconds before the molecule and the solvent molecules arranged around it (the 

solvation sphere) rearrange in about a picosecond from the Franck-Condon excited 

state to their new lower energy equilibrium excited state positions. Emission from 

this new equilibrium excited state then occurs In 10 nanoseconds. A bathochromic 

shift or red shift to longer wavelength is observed, if the Franck-Condon excited 

state has a higher dipole than the ground state. A hypsochromic shift to shorter 

wavelength (also known as a blue shift) is observed, if the Franck-Condon excited 

state has a decreased dipole relative to the ground state. Figure 1.4 shows 

pictorially the Influence of these shifts on the absorbance spectra. 

Reichardt (1965) described solvent polarity as the sum total of the coulombic, 

directional, inductive, dispersion, charge transfer and hydrogen. bonding 

intermolecular interactions between the solvent and the solute. This does not include 

chemical changes of the solute stemming from protonation, oxidation, complex 

formation and so on. The most comprehensive empirical polarity scale is the 

Dimroth-Reichardt ET(30) scale and is derived from the n-+n- transition energy of 

Pyridium-N-phenoxide <Dye number 30 in the original paper hence the E T(30) scale). 
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Presently, there are over 204 solvents and mixed solvent systems determined by 

this scale <Reichardt 1965, 1990) and 37 solvents are given in Table 1.2. ET(30) 

has kilocalories per mole as units (non-SI units) and consequently should be 

abandoned in the framework of SI units. Reichardt and Harbusch-Gornett (1983) 

recommended the ET N scale as specified by equation 3.2 to be used instead of the 

ET(30) polarity scale, The ETN values are calculated as follows using water and 

tetramethylsilane <TMS) as the extreme reference solvents. 

= 

E T(solvent) - E T(TMS) 
ET(water) - ET<TMS) 

ET(solvent> - 30.7 
32.4 

(1.18) 

(1.19) 

The ETN scale <Table 1.2) ranges from 0.000 for tetramethylsilane (the least polar 

solvent>, to 1.000 for water (the most polar solvent>. An ETN value of 0.500 for 

cyclohexanol Indicates that the solvent displays half of the polarity of water. 

Solvents can be crudely divided into three groups according to their ET N values 

being based on their specific solvent/solute interactions: (j) protlc hydrogen-bonding 

solvents (ETN 0.5 ... 1.0); (iD dipolar non hydrogen-bonding solvents (ETN 0.3 ... 0.5) 

and (iiD a-polar non hydrogen-bonding solvents (ETN 0.0 ... 0.3). 

Characterising solvent polarity by a single parameter Is an over simplification. 

A series of multicomponent equations in which solute-solvent interactions are 

separated have been proposed and were reviewed by Reichardt (1965, 1990) and 

Suppan (1990) However, the interdependency of the parameters means that there is 

little more information imparted by these quantitative measures than by empirical 

scales. 
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Table 1.2: Solvent polarity scales at 25 'C arranged in order of decreasing 

polarity: Dimroth-Reichardt Er(30). and ErN (Reichardt. 1990). 

Solvent ET(30) ErN 
(kcal mol-I) 

water 63.1 1.000 
phenol 61.4 0.94B 
glycerol 57.0 0.812 
ethylene glycol 56.3 0.790 
methanol 55.4 0.762 
formic acid 54.3 0.72B 
N.N-dimethylformamide 54.1 0.722 
ethanol/water (BO:20) 53.7 0.710 
ethanol 51.9 0.654 
acetic acid 51.7 0.64B 
propan-1-ol 50.7 0.617 
benzyl alcohol 50.4 0.60B 
butan-1-ol 50.2 0.602 
isobutyl alcohol 4B.6 0.552 
propan-2-ol 4B.4 0.546 
octan-1-ol 4B.3 0.543 
butan-2-ol 47.1 0.506 
acetonitrile 45.6 0.460 
dimethylsulphoxide CDMSQ) 45.1 0.444 
t-butyl alcohol 43.3 0.3B9 
acetone 42.2 0.355 
1.2-dichloroethane 41.3 0.327 
nitrobenzene 41.2 0.324 
dichloromethane 40.7 0.309 
pyridine 40.5 0.302 
1.1-dichloroethane 39.4 0.269 
chloroform 39.1 0.259 
ethyl acetate 3B.1 0.22B 
tetrahydrofuran CTHF) 37.4 0.207 
1.4-dioxane 36.0 0.164 
diethyl ether 34.5 0.117 
benzene 34.3 0.111 
toluene 33.9 0.099 
carbon tetrachloride 32.4 0.052 
n-hexane 31.0 0.009 
cyclohexane 30.9 0.006 
tetramethylsi lane CTMS) 30.7 0.000 
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1.6 Near infrared fluorescence 

Fluorescence and in particular fluorogenic labelling is used to increase the 

sensitivity of other methods, for example chromatography, immunoassay and so on. 

The fluorophores currently used emit are in the visible region (300 to 600 

nanometre). The most commonly used fluorophore is Fluorescein (Figure 3.2: [IV)). 

The absorption and emission bands lie in the spectral region where interference is 

I ikely from intrinsic fluorophores. The interferences are less than those at shorter 

wavelength but are still a severe limiting factor. The practical applicability of of 

any fluorogenic labelling method depends on its intrinsic sensitivity (primarily 

determined by the molar absorptivity and fluorescence quantum yield) and on the 

presence of Interfering fluorophores. 

There are very few fluorophores absorb and emit in near infrared region 

(600 to 1000 nanometres) so there are less likelihood of background fluorescence. 

Most biological compounds are fluorescent between 300 and 400 nanometre. 

The intensity of Rayleigh-Tyndali scattering at right angles to the direction 

Incident light beam is inversely proportional to the forth power of the wavelength. 

Thus scattering of blue light (450 nm), as' compared with red light (700 nm), is 

approximately six times greater. Also Raman Scattering can be easily resolved at 

longer wavelength because the separation between the excitation wavelength and 

Raman becomes greater at longer wavelength so there is less chance of mistaking a 

Raman peak as fluorescence as shown in Table 1.3. 

Table 1.3: Raman scattering for the water band at 3450 cm- 1 at various excitation 

wavelengths. 

Excitation 
Wavelength 

(nm) 

200 
280 
300 
350 
480 
650 
700 
750 
800 
850 
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Scattering 
Wavelength 

(nm) 

215 
310 
335 
398 
575 
838 
923 

1012 
1105 
1203 



The fluorescence spectra at excitation wavelengths 350, 450, 650 and 750 

nm (Figures 1.5 and 1.6) of a 1% human blood sera shows that background 

scattering and fluorescence is reduced by at least 100 in the near infrared region 

as compared to the visible region. There is also lower photodecomposition of the 

sample at longer wavelengths because lower energy radiation is Insufficient to 

excite the analyte, usually a protein. These features make the near infrared region 

make it ideal for fluorogenic labelling. 

Long wavelength absorption and fluorescence requires extensive conjugation in 

the molecule. There are three major families of dyes that are known to have 

fluorescence maxima in the near infrared: the polymethlnes, azines and 

phthalocyanines. Phycobiliproteins, large polyaromatic aromatic hydrocarbons (Rauhut 

et aI., 1975), anthraquinones, Indigonoid and higher conjugated formes of the 

xanthenes can exhibit fluorescence in the near infrared. 

The limit to fluorescence in the near infrared region is about 1000 nm. A 

molecule that absorbs in the near infrared has a low lying excited singlet state 

(51) and even lower excited triplet <T 1) state. Thermal excitation to the triplet 

state with its blradical unpaired electrons cause it to become highly reactive 

towards any solvent molecules, dissolved oxygen, impurities or other dye molecules 

to yield decomposition products. The decomposition is pseudo first order. 

kl = A x exp(-EA/RT) ( 1.20) 

h = (1.21) 

Where A is the Arrhenius constant (10-10 to 10-14 seconds), EA Is the activation 

energy, R Is the gas constant (8.314 J K-l mol-I) and T is the absolute 

temperature (K). The minimum practical stability of a dye In a solution is one day 

the above relationship yields an activation energy of 100 kJ mol- 1 corresponding to 

1000 nm. 

Unfortunately, until recently the near infrared region has been almost 

inaccessible to Inexpensive Instrumentation. The sensitivity of the most widely used 

detector, the photomultiplier tube (PMT), is significantly reduced In this region. This 

has changed rapidly with the introduction of solid state detectors based primarily 

on silicon semiconductors, such as photodiodes, diode arrays and avalanche 

photodiodes. Diode arrays have been in the near infrared region to measure 

fluorescence (5ummerfield and Miller, 1993). 
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Robust semiconductor light sources. such as light emitting diodes (LEDs) and 

laser diodes are inexpensive and very stable. The limitation of using laser diodes 

as sources for fluorescence is their wavelength. The laser diodes presently 

available show great promise especially with the introduction of a 635 nm diode 

laser by Philips and shorter wavelength laser diodes are expected in the near 

future. Laser diodes between 660 and 780 nanometres have been used by various 

workers in fluorimetry. such as Imasaka et al. (1985. 1989) and Johnson et al. 

(1989). Pulsing of laser diodes allow their use In in fluorescence lifetime 

determination or phosphorimetry. The Imasaka group from Japan [Okazaki et al. 

(1988). Imasaka et al. (1984. 1985. 1988b. 1989)] have used laser diodes in 

various areas of molecular fluorimetry. Imasaka (1982. 1988a) has reviewed this 

area in some detail. 

Light emitting diodes (LEDs) with peak wavelength of 630-635 nanometres 

have been used to excite fluorescence (Smith, Jones and Wlnefordner, 1988). 
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Chapter 2 

Materials and Methods 

2.1 Instrumentation 

2.1.1 Absorbance Measurements 

Absorbances at fixed wavelengths were routinely measured on a Pye Unicam 

(Unicam, Cambridge, UK) PU8600 ultraviolet-visible spectrophotometer fitted with 

tungsten and deuterium lamps. Spectra were recorded on a Kontron UVIKON 810 

Spectrophotometer. Measurements were carried out using either one or four 

centimetre path length silica cuvettes (Hellma, Essex, UK). The reference cell 

contained pure solvent of the solution under investigation. 

2.1.2 Fluorescence Measurements 

Fluorescence measurements were carried out on either a Perkin Elmer MPF-

448 (Beaconsfleld, Buckinghamshire, UK) or a Perkin Elmer LS50 Spectrofluorimeter, 

both were fitted with a Hamamatsu R928 PMT. The former had a temperature 

controlled cuvette holder. Periodically the emission monochromator was checked 

using a series one centimetre acrylic blocks containing a range of fluorophores 

(Starna, Essex, UK). The excitation monochromator was checked by scanning through 

the Rayleigh scatter peak with narrow slits. 

Most of the measurements were carried out using one centimetre or four 

millimetre path length silica cuvettes (Hellma, Essex, UK). Other cuvettes made of 

acrylic (Sarstedt, Leicester, UK), polystyrene (Sarstedt, Leicester, UK) and glass 

(Hellma, Essex, UK) of one centimetre were also used. The region of 80~ 

transmission for various materials used for making cuvettes. 

Table 2.1: Usable wavelength ranges for materials used to make cuvettes. 

Special Optical Glass 
Silica 
Far ultraviolet grade silica 
Polystyrene 
Acrylic 
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Wavelength (nm) 
320 - 2400 
220 - 2400 
185 2400 
400 - 1100 
390 - 1100 



The reflective coated silica cuvette comprised of two adjacent sides coated 

with a very thin aluminium layer (approximately ten micrometers thick) and this was 

lacquer coated for protection. Great care was taken taken not to allow this cuvette 

come into contact with acid which would react with the aluminium. Gold splutter 

coated acrylic cuvettes consisted of two adjacent sides splutter coated with gold 

and this was in turn coated with insulating tape. 

Limits of detection (LOO) were determined on the Perk in Elmer (Beacons field, 

Buckinghamshire, UK) MPF-44B Spectrofluorimeter at 25 -c in hplc methanol (BDH, 

Poole). The fluorescence intensity of at least five solutions were measured. The 

LOO was defined as the intercept of the line with three standard deviations of the 

background (Miller and Miller, 1988). 

2.1.3 Instrumental Dye Identification 

Elemental microanalysis by CHN analysis was carried out by MEDAC Ltd., 

Brunei University, UK. Electron impact mass spectrometry was carried out by Mr 

Greenfield, Chemistry Department, Loughborough University of Technology. 

Infrared spectra were recorded using Pye Unicam SP3-100 infrared 

spectrophotometer (Unicam, Cambridge, UK). Fourier Transform Infrared (FT -IR) 

spectra were recorded on either the Perkin Elmer (Beaconsfield, Buckinghamshire, 

UK) 1600 Series FT -IR Spectrometer or the Niconex 20DXC FT -IR Spectrometer 

(Nicolet, US). 

Proton NMR were recorded on a 250 MHz Bruker AC250F NMR Spectrometer. 

The compounds were analysed In deuterated solvents with tetramethylsilane (TMS) 

as the internal standard. 

Melting point measurements were made on an Electrothermal Digital Melting 

Point Apparatus (Fisons, Loughborough, UK) and were uncorrected. 

2.1.4 pH Measurements 

The pH values of solutions used were measurements using a glass electrode 

on the Ciba-Corning Delta 120 pH meter (Fisons, Loughborough), calibrated before 

use using aqueous standard buffers. Unless ·otherwise stated ail pH and pK. values 

are in aqueous medium. 

2. 1.4. 1 pH- scale 

Solvent molecules are involved in acid-base equilibria as acceptors or donors, 

50 that the acidic or basic strength of a substance varies with the nature of the 
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solvent. The lower alcohols resemble water, in that they can form the ROHz. and 

RO-, but their dissociation is less than water (pKm.thonol = 16.7. pK.thonol = 
19.1 as compared to pKw = 14.0). Consequently, substances dissolved in alcohols 

are weaker acids and bases than in water. Other factors influencing acidic and 

basic strengths in solution, include dielectric constant and solute-solvent interactions 

which in mixed solvents, can lead to the further complications selective ordering of 

solvent molecules around ionic species. 

The pH- scale are different for each medium because of the difference in 

solvent acidity, basicity and dielectric constants, and differences in ion activities 

and mobilities. From their method of measurement and definition, pH- values are 

consistent with the thermodynamic acid-base equilibria in the solvent system to 

which they apply. 

pH- pKo - + log (basic form) (2.1) 
(acidic form) 

However, pH- values for different solvents cannot be compared with one another 

or with pH values for aqueous solutions. Consequently, solutions of different 

solvent composition may give the same pH meter reading yet behave in quite 

different ways in acid-base reactions. 

A conventional pH meter was used to measure acidity in the partially aqueous 

solvent mixture of 50% (v/v) methanol/water. The glass electrode responds in a 

reproducible way to hydrogen ions in media which contains at leas a few per cent 

of water and also in some anhydrous solvents (Perrin and Dempsey, 1979). The 

approximate method of measuring pH- was used as proposed by Bates et al. 

(1963). The pH meter was standardised using aqueous buffers, the meter readings, 

pH(R), obtained in the partially aqueous medium differs by an amount /; from the 

reading of pH- attained when the pH meter was standardised using appropriate pH

buffers. That is:-

pH- pH(R) (2.2) 

The quantity /; is constant for a given solvent concentration, temperature and solute 

concentration. The value for 50% (v/v) methanol/water is 0.11 CDouheret, 1967). 

A comparison with pH readings (pH(R)) for the same concentrations these 

buffers in partially aqueous buffers was investigated in partially aqueous solutions 
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in 50% (v/v) methanol/water. The differences between pH and pH- was found to be 

small, between 0.19 and 0.63, are tabulated below. 

Table 2.2: The difference between aqueous buffer pH and 50% methanol/buffer 

pH-. 

QH QH{R) QH- (QHo-QH) 
2.00 2.30 2.19 0.19 
4.00 4.68 4.57 0.57 
6.14 6.88 6.77 0.63 
7.17 7.93 7.82 0.65 
7.51 8.20 8.09 0.59 
8.50 9.10 8.99 0.49 

10.28 10.58 10.47 0.19 

Aqueous solutions containing appreciable quantities of surfactants can be 

considered as special cases of partially aqueous systems. According to Perrin and 

Dempsey (1979) the pH of phthalate, phosphate or borate buffers as measured by a 

glass electrode did not significantly change by adding 3% (w/v) in cetomacrogol (a 

non-ionic detergent>, 3% (w/v) sodium dodecyl sulphate (an anionic surfactant> or 

3% (wlv) cetyl pyridinium bromide (a cationic surfactant). The maximum effect. a 

decrease of 0.14 pH unit, was found for cetyl pyridinium bromide with the 

phthalate buffer. All the surfactants were above their critical micelle concentration. 
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2.2 Solvents and Reagents 

All solvents were high pressure liquid chromatographic (hplc) or analytical 

reagent (AR) grade <British Drug Houses Ltd. <BDH), Poole, Dorset, UK) except 

where otherwise stated. Polished water was obtained from the LiquiPure 

(Northampton, UK) Modulab Water Purification System in which pre-filtered, passed 

through a carbon filter, two mixed bed deionisers and organic scavenger. 

2.2.1 Oerivatising agents 
cyanuric chloride 

3-bromopropyl-1-ene (allyl bromide) 

phosphorus oxychloride 

sulphonyl chloride 

2.2.2 Organic Compounds 
acetic acid 

2-amino-2--(hydroxymethy I )propane-1, 3-di 01 
hydrochloric acid ITrisl 

2-amino-2--(hydroxymethyl )propane-1, 3--di 01 
hydrochloric acid [Trlsl 

citric acid monohydrate 

formic acid 

urea 

2.2.3 Inorganic Compounds 
ammonium hydroxide 

boric acid 

hydrochloric acid 

20 volume hydrogen peroxide 

magnesium sulphate 

nitric acid 

potassium chloride 

potassium dihydrogen orthophosphate 
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AR Aldrich 

AR Sigma 

AR Aldrich 

AR Sigma 

SLR BDH 

AR Sigma 

SLR Fisons 

AR Fisons 

Analar BDH 

SLR Fisons 

SLR Fisons 

AR Fisons 

SLR Fisons 

AR Fisons 

GPR BDH 

SLR Fisons 

Analar SOH 

Analar BOH 



sodium azide 

sodium chloride 

sodium dithionite 

sodium dithionite 

sodium carbonate 

sodium dihydrogen orthophosphate 

sodium hydrogen carbonate (anhydrous) 

disodium hydrogen orthophosphate (anhydrous) 

disodium hydrogen orthophosphate decahydrate 

sodium hydroxide pellets 

sulphuric acid 

2.2.4 Dyes 
OXBzines 
Cresyl Violet (Oxazine 9) 

Nile Blue A chloride (Cl Basic Blue 12) 

Nile Blue A chloride (Cl Basic Blue 12) 

Nile Blue A perchlorate 

Nile Red (Nile Blue Oxazone) 

Nile Red (Nile Blue Oxazone) 

Oxazine 4 (LD690) 

Oxazine 720 (Oxazlne 170) 

Oxazine 725 (Oxazine 1. Cl Basic Blue 3) 

Oxazine 750 

Polymethines 
3.3'-diethyloxadicarbocyanine iodide [DODC] 

3.3·-diethyloxatricarbocyanine iodide [DOTC] 

3.3'-diethylthiatrcarbocyanine perchlorate [DTTC] 

1.1'.3.3.3'3'-hexamethylindotricarbocyanine 
perchlorate [HI TCl 
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SLR Fisons 

SLR Fisons 

GPR BDH 

SLR Fisons 

SLR Fisons 

AR Fisons 

SLR Fisons 

SLR Fisons 

AR Fisons 

SLR Fisons 

SLR Fisons 

99.9% KODAK 

80% Sigma 

90X Aldrlch 

99% KODAK 

99.9% KODAK 

95% Sigma 

99.9% KODAK 

99.9% KODAK 

99% Lambda Physik 

99% Exclton 

99.9% KODAK 

99.9X KODAK 

99.9% KODAK 

99.9% KODAK 



IR125 [indocyanine green] 

Merocyanine 540 

Styryl 7 

Styryl 11 

Thiazines 
Azur A 

Azur B (Methylene Azur) 

Methylene Blue BP (Cl Basic Blue 9) 

Methylene Green (Cl Basic Blue 5) 

Bernsthen Methylene Violet 

Toluidine Blue (Tolonium Blue Q) 

Xanthenes 
Fluorescein isothiocyanate [FITC] 

Fluorescein sodium (Uranin) 

Pyronine B 

Rhodamine B (Cl Basic Violet 10) 

Rhodamine 6G (Cl Basic Red 1) 

Rhodamine 800 perchlorate (LD800) 

Rose Bengal (Cl Solvent Red 141) 

Sulphorhodamine 101 (Sulphorhodamine 640) 

Texas Red 

2.2.5 Proteins 
a ,-acid glycoprotein 

bovine serum albumin ,essentially fatty acid 
and globulin free 

human IgA <lyophilised) 

human IgG (lyophilised, essentially salt free) 

bovine insulin 
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99.9% 

95% 

99.9% 

99% 

84% 

95% 

70% 

90% 

KODAK 

Sigma 

KODAK 

Exciton 

Aldrich 

Sigma 

Boots 

BDH 

BDH 

Fluka 

Sigma 

Slgma 

Boots 

BDH 

BDH 

Lambda Physik 

KODAK 

KODAK 

Molecular 
Probes 

Sigma 

98% Sigma 

Grade A Calbiochem-
Bahring 

Slgma 

Sigma 



~-Iactoglobulin from bovine milk 

transferin, apo-, human (siderophilin):low endotoxins, 
< 10 ng of iron per mg of protein, 

transfer in human (siderophilin): substantially 
iron free 

anti-human transfer in antibody, developed in Goat, 
fractionated antiserum 

2.2.6 Detergents (surfactants) 
Non-ionic surfactants 
Brij 35 (polyoxyethylene lauryl ether) 

Tween 20 (Polysorbate 20: polyoxyethylenesorbitan 
mono laurate) 

Tween 80 (Polysorbate 80: polyoxyethylene sorbitan 
mono oleate) 

Triton X-100 (polyoxyethylene tert-octylphenol) 

Cationic surfactants 
CT AS (cetyltrimethyl ammonium bromide) 

TOAS <tetradodecylammonium bromide) 

Anionic surfactants 
505 (sodium dodecyl sulphate: sodium lauryl sulphate) 
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5igma 

98% 5igma 

5igma 

5igma 

ICI 

5igma 

5igma 

Aldrich 

SOH 

SOH 

5igma 



2.3 Procedures 

2.3.1 Preparation of Glassware 

Glassware was initially acid cleansed with concentrated nitric acid, then 

rinsed with water, and washed with 0.5% v/v Ouadralene 3000 (Fisons, 

Loughborough, UK). It should be note that Ouadralene showed no significant 

fluorescence in the region of interest (300 to 900 nm). This was very carefully 

rinsed with polished water and acetone. Before use, the glassware was rinsed with 

solvent or water whichever was appropriate. 

Routinely cuvetles were emptied after use, rinsed repeatedly in the solvent, 

then with acetone or ethanol and dried in a warm current of air. The outside 

optical surfaces were polished with clean lens tissue. To removed stubborn stains 

the cuvettes were cleaned with with 0.5% v/v Ouadralene 3000 detergent and/or 5% 

v/v nitric acid, the latter especially after the use of proteins. They were then very 

carefully rinsed with water, rinsed with acetone or ethanol and dried. The cuvettes 

were never allowed to soak in the cleaning solution for more than a half hour. 

2.3.2 Buffer Reagents 

These were prepared by diluting constituents in deionised water at room 

temperature, adjusting to the required pH and making up to volume. A few crystals 

of sodium azide were added as a preservative. The reCipes were from Dawson et 

al. (1989) with originating paper referenced in brackets. The buffers are arranged 

In increasing pH. Tables 2.3 to 2.8 give the buffers used in the experiments for 

the characterisation of dyes as described in Chapter 3. 

Table 2.3: Clark and Lubs buffer (pH 1.0 to 2.2): 25 ml of 0.2 molar potassium 

chloride (14.919 g/l) and x ml of 0.2 molar hydrochloric acid diluted to 100 ml 

with polished water (Bates and Bower, '1955). 

pH at 25·C 
1.00 
1.50 
2.00 

x (ml) 

67.0 
20.7 

6.5 
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Table 2.4: Citric acid-disodium hydrogen phosphate (Mcllvaine) buffer (pH 2.6 to 

7.6) 

citric acid monohydrate: Mol. Wt. (C6Hs07"H2Q) = 210.14 

anhydrous disodium hydrogen phosphate Mol. Wt. (Na2HP04) = 141.98 

x ml of 0.1 molar citric acid (21.01 gill and y ml of 0.2 molar anhydrous 

disodium hydrogen phosphate (28.4 gill mixed. (Mcllvaine, 1921) 

pH at 25'C x (mll y (ml) 
3.0 89.10 10.90 
4.0 61.45 38.55 
5.0 48.50 51.50 
6.0 36.85 63.15 
6.6 27.25 72.75 
7.0 17.65 82.35 
7.4 9.15 90.85 

Table 2.5: Clark and Lubs Buffer (pH 8.0-10.2): 50 ml of a mixture 0.1 molar 

with respect to both potassium chloride <7.455 g KCI per litre) and boric acid 

(6.184g H3B03 per litre) and x ml of 0.1 molar sodium hydroxide. This was then 

diluted to 100 ml with water (Bates and Bower, 1955) 

pH at 25'C 
8.00 
9.00 

10.00 

x (mll 
3.9 

20.8 
43.7 

Table 2.6: Sodium carbonate-sodium bicarbonate buffer (pH 9.2-10.8J: 

sodium carbonate hexahydrate Mol. Wt. (Na2C03.10H20) = 286.2 

sodium hydrogen carbonate Mol. Wt. (NaHC03l = 84.0 

x ml of .0.1 molar (28.62 gill sodium carbonate solution and y ml of 0.1 molar 

(8.4 gill of sodium hydrogen carbonate solution mixed together <Delory and King, 

1945). 

pH at 20'C pH at 37"C x (ml) y (mll 
9.2 8.8 10 90 
9.9 9.7 50 50 

10.3 10.1 70 30 
10.8 10.6 90 10 
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Table 2.7: 0.05 molar Phosphate buffer solutions (pH 11.0 to 11.9>' 

anhydrous disodium hydrogen phosphate Mol.Wt. (Na2HP04) = 141.98 

50 ml of 50 millimolar disodium hydrogen phosphate <7.10 9/1> and x ml of 0.1 

molar sodium hydroxide and then diluted to 100 ml with water (Bates and Bower, 

1956). 

pH at 25'C 
11.00 
11.50 

x (ml> 
4.1 

11.1 

Table 2.8: Hydroxide-chloride buffer (12.0 to 13.0): 25 ml of 0.2 molar potassium 

chloride (14.91 g/I> and x ml of 0.2 molar sodium hydroxide and then diluted to 

100 ml with water (Bates and Bower, 1956). 

pH at 25'C 
12.00 
13.00 

x (ml> 
6.0 

66.0 

The following buffers were used in the work with proteins: 

50 mM Phosphate Buffer Saline (PBS) (pH 1.2) 

2.9 9 of disodium hydrogen phosphate (Na2HPO •• 12H20), 0.2 9 potassium 

dlhydrogen phosphate (KH2P04), 8.0 9 sodium chloride and 0.2 9 potassium chloride 

were dissolved in 100 ml of polished water. 

0.1 M Phosphate buffer saline (PBS) (pH 1.8) 

2.9 9 of hydrated disodlum hydrogen phosphate (Na2HPO •• 12H20>, 0.2 9 

anhydrous potassium dihydrogen phosphate (KH2P04), 8.0 9 sodium chloride and 0.2 

9 potassium chloride were dissolved in 100 ml of polished water. 

O. 1 M Potassium phosphate buffer (pH 8.8) 

pH 8.8 potassium phosphate buffer was prepared from 6.2 ml of one molar 

anhydrous di-potassium hydrogen phosphate (K2HP04) and 93.8 ml of one molar 

anhydrous potassium dihydrogen phosphate (KH2PO.) stock solution diluted to 1000 

ml with polished water. 
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50 mM Tris Buffer Saline (pH B.B) 

3.94 g of 2-amino-2-(hydroxymethyl)propane-1.3-diol hydrochloric acid lTrisl 

and 14.63 g of sodium chloride were dissolved in 500 ml of polished water. 

O. 1 M Sodium carbonate-sodium bicarbonate saline (pH 9.2) 

1.60 g of anhydrous sodium hydrogen carbonate. 7.56 g of anhydrous sodium 

hydrogen carbonate and 5.84 g of sodium chloride was dissolved in 100 ml of 

polished water. 

2.3.3 Thin Layer Chromatography <TLC> 

The separations were carried out in TLC tanks lined with filter paper 

(Whatman No. 1) thoroughly soaked in developing solvent. The tanks were left to 

equilibrate for about an hour. The plates used were either Merck fluorescent silica 

gel 60 F254 or silica gel 60 aluminium backed TLC plates. The plates were pre-run 

to remove contamination. The standards and samples were dissolved in either water 

or methanol. The sample was applied using five microlitre spotters about two 

centimetres from the bottom of the plate. The solvent front was allowed to run up 

to two centimetres from the top of the TLC plate. The plates were viewed under a 

ultraviolet viewer at 254 and 366 nm. All spots were marked and Rf values 

recorded. 

2.3.4 Oxygen Flask 

A 10 mg sample was weighed accurately onto a three square centimetres 

piece of Whatman No.540 ashless filter paper with a narrow three centimetres fuse. 

The paper was folded to enclose the sample and placed into the silica cradle with 

the fuse at the top. The flask was washed out three or four times with polished 

water. Ten millilitres of polished water and three drops of 20 volume hydrogen 

peroxide were added to the flask as the absorbent solution. The flask was flushed 

with oxygen. The flask was put Into the fume cupboard behind the protective 

screen before the fuse was ignited and the stopper securely inserted. Combustion 

was complete after about fifteen seconds. and then the flask was shaken 

periodically over the next ten minutes. 

The absorbent solution was quantitatively transferred to a Ehrlenmeyer flask 

and boiled for a few minutes to destroy the hydrogen peroxide. Three drops of 

Methyl Red <0.25 g per 100 ml of 90% ethanol) and three drops of Methylene Blue 

<0.166 g per 100 ml of 90% ethanol) were added to the cooled solution and 
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titrated with five millimolar sodium hydroxide. Then 10 ml of mercuric oxycyanide 

was added and titrated with the liberated alkali with five millimolar sulphuric acid. 

Ion chromatography was also carried out on the combustion products, which 

confirmed the presence of chlorine This was carried out on the Dionex Series 4000i 

Ion Chromatograph fitted with a Conductivity Detector. 

2.3.5 Dye Purification 

Solvent extraction of dyes to remove impurities was carried out. The dye 

was recrystalised from the solvent by heating the beaker on the hotplate and 

letting it cool gradually. The precipitated dye was filtered using a Buchner Funnel. 

The reactive dye was salted out from the reaction mixture by adding 

sufficient sodium chloride to make it 10% wlv saline solution. The dye was less 

soluble than sodium chloride and was precipitated leaving also the more soluble 

impurities. 

The dye upon filtration was washed with ether or hexane to remove further 

impurities. 

2.3.6 Protein Solution Preparation 

Proteins were dissolved in the appropriate buffer and the concentration was 

determined by measuring the absorbance at 280 nm in conjunction with literature 

molar absorptivity, E <Table 2.5). Protein solutions were never heated above room 

temperature and were always freshly prepared. 

Table 2.9: Molecular weight and molar absorptivity at 280 nanometres in water of 

some proteins. 

Protein Mol. wt. E x 104 Reference 
(daltons) Imol-lan- 1 

albumin, human 68000 3.6 Phelps & Putman, 1960 
albumin, bovine 69000 3.96 Weber, 1961 
albumin, egg 43500 Fasman, 1989 
ell-acid glycoprotein 44100 3.9 Smith et al .. 1950 
B-Iactoglobulin, bovine 35000 3.66 Gordon et aI., 1961 
IgA, human 160000 Fasman, .1989 
IgD, human 184000 Fasman, 1989 
IgG, human 156000 Schultze & Heremans, 1966 
IgM, human 970000 Sober, 1970 
insulin, bovine 5733 0.57 Glazer et aI., 1961 
ovomucoid 28800 1.19 Chatterbee et aI., 1962 
transferin, human 80000 9.23 Luk, 1971 
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2.3.7 Protein Con~gation 

10 ml of 1-2 mg per ml of protein in buffer was incubated with a known 

amount of reactive dye for at least four hours and protected from light. The 

reactive dye was either added as a solid or in solution. usually in 30% v/v 

methanol/water. The dye solutions were always freshly prepared. The total amount 

of methanol never exceeded 1% v/v. 

The molar ratio of dye to protein was estimated by solving the following 

simultaneous equations. 

(1;280 x C';rol~ln) + (1;280 x Cdy~) = A280 
(£640 X Cproteln) + (£640 x Cdye) = A640 

2.3 
2.4 

Where I; is the molar absorptivity. c in the concentration in moles per litre and A 

is the absorptivity. In Equation 2.3. A280 is the sum of the absorbance from the 

protein and the dye at 280 nm. the latter is assumed to be very small. In Equation 

2.4. AS40 is the sum of the absorbance from the protein (at this wavelength zero) 

and the dye at 640 nm. The 640 nm may be any wavelength that corresponds to 

the absorbance maximum for the dye in question. These equations assume that the 

dye does not change its spectroscopic characteristics upon binding to the protein. 

The molar absorptivities for the dyes came from Table 2.9. 

2.3.8 Protein ConjJgate Purification Methods 

Gel chromatography was performed using a PD10 column packed with 

Sephadex G-25 (Pharmacia, UK). The exclusion limit for Sephadex G-25 (Pharmacia, 

UK) is a molecular weight of 5000. 

Dialysis was undertaken using a thirty centimetre length of dialysis tUbing 

(Medical International, London, UK). The tubing was boiled in polished water for 

about half hour to soften and remove the plasticisers. Dialysis was carried out 

with stirring stirred for over two days with the periodic changing of the buffer. 

Protein concentration was carried out using a Centricon 30 microconcentrator 

(Amicon Ltd, Gloucestershire). Concentration is achieved by ultrafiltration of the 

sample through a membrane with a 30,000 daltons cutoff. Two millilitres of 

conjugation mixture was added to the sample reservoir. The device was centrifuged 

in a Wifug Studie (Germany) centrifuge at 4400 rpm for half hour. Centrifugation 

was repeated until the required volume of conjugate was obtained. Two millilitres 

of pH 7.0 potassium phosphate buffer was subsequently added to the sample 

reservoir to wash the concentrate followed by centrifugation for a further half hour 
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at 4400 rpm. This was repeated at least twice to ensure removal of the 

contaminating microsolute. The centrifugal force drive the solvent and the low 

molecular weight solutes through the membrane and the macrosolutes are retained 

on the membrane. The device was inverted and centrifuged at 1800 rpm for two 

minutes to transfer the concentrate into the retentate cup. The concentrate volume 

obtained was approximately fifty microlitres. 
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Chapter 3 

3.1 Near Infrared Dyes 

A dye may be defined as an organic coloured mono-molecular substance. 

Dyes have traditionally been used as colouring materials for both natural and 

synthetic polymers in the textiles and plastics industry. In recent years, the focus 

in research on dye chemistry has been towards functional dyes for electro-optical 

applications. Griffiths (1986) described the exploitable properties of a dye as light 

absorption (colour), light emission (fluorescence and phosphorescence), light induced 

polarization, photoelectric properties (redox and photo-induced activity), chemical 

reactivity (colour change) and photochemical reactivity (photochromism and 

photosensitisation). Most of these attributes are related to the ability of the dye 

to interact strongly with visible electromagnetic radiation leading to colour. 

fluorescence, and various photochemical and photoelectrical processes. Infrared 

absorbing dyes have been applied to laser optical recording systems (Nakazumi, 

1988), laser printing systems, laser thermal writing displays, infrared photography 

(Jones, 1989; Matsuoka, 1989), and medical or biological application (van der 

Bergh, 1986). 

Several groups of compounds have been shown to exhibit emission in the 

600-1000 nm range. In the following chapter, spectroscopic and physical 

properties of the azine, xanthene and polymethine dyes have been investigated to 

determine the best fluorophores In near Infrared for further investigation as labels 

and probes. Fluorescein was used as the reference compound. The appendix gives 

a compilation of data from the literature of over five hundred dyes from the 

azine, polymethine, phthalocyanine and xanthene dye groups, 

Most organic dyes have well defined structures, unfortunately, the 

purification of dyes is sometimes rather difficult. The literature on the purification 

and identification of dyes is not comprehensive. In this century, only three books 

have been published devoted completely to this subject. Both Green (1920) on the 

analysis of dyes and Brunner (1929) on the analysis of azo dyes are outdated. 

Venkataraman (1977) is the only recent book on the analytical chemistry of 

synthetic dyes. Current information on the chemical analysis of dyes can be found 

in the chapter by Sharples and Westwell in Ullmann's Encyclopedia of Industrial 

Chemistry (1987>. The lack of literature is due to the complexity of the subject 

and the unwillingness of dye manufacturing companies to publish such information. 
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The selection of a particular dye to satisfy a specific spectroscopic or 

physical property is a problem because there is at present no directory that gives 

this information combined with the current supplier (Griffiths. 1988>' Dyes with the 

same name may have a different structure or consist of a mixture of dyes. 

intermediates. by-products and other contaminants. In the textile industry. all that 

is required of a dye is that it has the correct hue rather than purity. Most 

commercial dyes are less than 40% pure with the major impurity being sodium 

chloride (Zollinger. 1987). The lineage of a dye can be best determined from the 

Colour Index Number (Cl No.) or the Chemical Abstracts Service Number (CAS #) 

but even this is fraught with danger. For example. Horobin and Murgatroyd (1969) 

showed that of the four commercial Pyronine B (Figure 3.5 IXIV]) samples that 

were analysed. three were Rhodamine B (Figure 3.4 !IX]) and one was Rhodamine 

6G (Figure 3.4 [VIII]). 

3.1.1 Toxicology of dyes 

It is important to have knowledge whether dyes are carcinogenic or have 

any serious toxic effect upon the user. There is very little information on the 

toxicology of dyes due to the expense of the methods of testing and that the 

exposure levels to dyes is normally low in normal laboratory use. Kues and Lutty 

(1985) screened 150 laser dyes and found that 28 were extremely toxic. The 

cyanines and carbocyanines were the most toxic. Dimethyl sulphoxide CDMSO) is 

the usual solvent used in laser spectroscopy and this facilitates the transport of 

toxic dyes through the skin. The hazards associated with the use of a toxic dye 

dissolved in a membrane-transferring solvent should not be underestimated. 

The Ecological and Toxicological Association of the Dyestuff Manufacturing 

Industry (ETADl was founded in 1974. in order to minimise the possible damage 

to man and environment from the production and application of dyes. ET AD has 

identified and assess risks of dyes and their intermediates according to their 

potential acute toxicity and their chronic effects on human health. A survey of 

acute oral toxicity. as measured by the LDso (the lethal dose of the compound 

that would kill 50% of test animals. usually rats or mice. expressed in milligrams 

of compound per kilogram of animal) showed that out of 4461 colorants tested. 

only 44 had a LDso less than 250 ~grams per kilograms and 3669 exhibited 

practically no toxicity (Le. LDso greater than 5 milligrams per kilograms). The 

most toxic colorants were found to be among the disazo and cationic dyes. For 

example. Oxazine 725 (Figure 3.17 ILl] also known as Cl Basic Blue 3: Cl 51004: 
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Oxazine 1). a cationic phenoxazine dye. has a LDso of 100 milligrams per 

kilograms in rat and is toxic if swallowed (Anliker et aI., 1988). Pigments and vat 

dyes have a very low acute toxicity due to their low solubility in water and in 

lipids. 

ET AD regularly publishes papers on the toxicity of colorants and on the 

risks in the use and handling of colorants in the Journal of Dyers and Colourists. 

For example. Anliker and Steinle (1988) describe risk assessment in exposure and 

hazard posed by a given product. 

The LDso is outdated because of the large number of animals necessary to 

carry out such tests (see Zbinden. 1981). The European community (Anonymous, 

1990) issued a statement on its intention to replace the LDso test by the Fixed

Dose Procedure. Fairhurst in 1989 gave a good outline of the classification and 

interpretation toxicological data with special application to the dye industry. 
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3.2 Methods 

The following experiments were carried out on the xanthenes (fluoresceins, 

rhodamines and pyronines), polymethines (cyanines and merocyanines) and azines 

(phenoxazines, phenoxazones and thiazines) and the results are discussed in section 

3.3, 3.4 and 3.5 respectively. 

3.2.1 Solubility (Tables 3.1, 3.9 & 3.17) 

The solubiliti of dyes was tested in various solvents in order to determine 

the best solvents to use for further investigation of their chemical and physical 

properties. Approximately 5 m9 of dye was added to about 0.5 ml of solvent and 

was sonicated for 10 minutes. Certain aqueous dye solutions, principally the 

azines, were passed through a 0.8 micrometer Acrodix syringe filter (Gelman 

Science) In order to determine that they were true solutions rather than colloidal 

suspensions. Being that a dye is a coloured compound, the solubility was 

subjectively defined as follows. 

insoluble: no colour imparted to the solvent. 

vss very slightly soluble: some colour imparted to the solution. 

ss slightly soluble (under 1%): not all of the dye dissolved. 

s soluble (around 1 %) 

vs very soluble (over 10%): Dye dissolved without sonication. 

Literature values from Lillee (1969) and Green (1990) were used where 

appropriate. The solubility of xanthenes, polymethines and azines are shown in 

Tables 3.1, 3.9 and 3.17 respectively. 

3.2.2 Influence of pH on fluorescence (Figures 3.5, 3.6, 3.12, 3.18) 

pH exerts more influence on the. fluorescence than absorbance because the 

protolytlc dissociation reaction is faster than the time taken for fluorescence 

decay to occur in about ten nanoseconds. If a substance undergoes a sudden 

change of fluorescence at a specific pH, it may be used as a fluorescent 

indicator (Kolthoff and Stenger, 1957; Ross et aI., 1989). 

The fluorescence of approximately 50 nanomolar dye solutions was measured 

in 50% methanol/buffer solution (pH 1 to 13) because of the problems with the 

low solubility of many of the dyes in water and fluorescence intensities were 

severely quenched in water. The pH(R) was measured using a pH meter and was 

then corrected to pH- as defined in Section 2.1.4.1. It should be noted that this 
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is not a direct measure of pH as this is only correct in aqueous medium <Bates, 

1964) but it gives an indication of the influence of hydrogen ion concentration on 

the fluorescence of the dyes. pKa values for the xanthenes, cyanines and azines 

are shown in Tables 3.2, 3.10 and 3.18 respectively. Note that most of these pKa 

values are pKa- values determined in partially aqueous solvents due to their low 

solubility in water. 

The fluorescence was measured on a Perkin Elmer (Beaconsfield, 

Buckinghamshire, UK) MPF-44B Spectrofluorimeter at 25 ·C. The fluorescence 

intensity was plotted against the pH- of the 50% methanol/buffer system for the 

fluoresceins, xanthenes, cyanines and azines can be seen in Figures 3.5, 3.6, 3.12 

and 3.18 respectively. 

3.2.3 Chemical Stability and Properties <Tables 3.3, 3.11-3.13, 3.19-3.21) 

The chemical properties of dyes were tested to determine their suitability 

for derivatisation where extremes of pH could be used to isolate the derivatives. 

A known quantity from the stock solution was pipetted into sample tubes 

containing 2 ml of concentrated sulphuric acid, concentrated hydrochloric acid, five 

molar hydrochloric acid, aqueous pH 4.0 buffer, distilled water (about pH 6), 

aqueous pH 10 buffer, aqueous pH 11.5 sodium carbonate buffer and one molar 

sodium hydroxide respectively. The colour was noted and the absorption spectrum 

was taken for each of the sample tubes. Tables 3.3. 3.11-3.13, and 3.19-3.21 

give the results for the xanthenes, cyanlnes and azines respectively. Concentrated 

nitric acid decomposed all the dyes giving a pale yellow or colourless solution. 

Dyes may encounter a reducing environment and the knowledge of what 

happens to the dye when it is reduced and subsequently oxidised is important. An 

aqueous dye solution was reduced by either neutral sodium dithionite or alkaline 

sodium dithionite (5% wlv sodium hydroxide). The resulting solutions were re

oxidised by exposure to air or by the addition 2% w/v potassium persulphate in 

2% wlv sulphuric acid. Absorbance spectra was taken prior to reduction, after the 

dye was reduced and when the dye was re-oxidised. 

3.2.4 Spectroscopy (Tables 3.4/3.5, 3.14/3.15, 3.22/3.23) 

Tables 3.4, 3.14 and 3.22 show the absorption and the fluorescence 

emission maxima of xanthenes, polymethines and azines respectively in water. 

Tables 3.5. 3.15 and 3.23 give the absorption and fluorescence maxima for these 

dye groups in methanol. Wherever possible the absorption maximum was used to 
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excite the fluorescence. In some cases where the Stoke's shift was small (less 

than twenty nanometres) the excitation wavelength used had to be reduced by ten 

to twenty nanometres, in order to resolve the fluorescence band from the Rayleigh 

scatter peak. The molar absorptivity (E), fluorescence quantum efficiency (4)f) and 

fluorescence lifetime (Tt) are literature values from Birge and Bohwon (1986), 

Brackmann (1986), and Haugmann (1989, 1992). The limit of detection was 

determined in methanol on a Perkin Elmer (Beaconsfield, Buckinghamshire, UK) 

MPF-44B Spectrofluorimeter and was calculated in the usual manner. 

3.2.5 Solvatochromism (Tables 3.6, 3.16, 3.24: Figures 3.13, 3.20) 

A change of solvent may cause a shift in absorbance and fluorescence by 

changing the electronic energy levels as described in Section 1.5.1. 

Absorbance spectra of dyes in both low polar and high polar solvents were 

recorded and the wavelengths recorded as shown in Tables 3.6, 3.16 and 3.24. 

The excitation and emission maxima. and fluorescence intensity of 50 nanomolar 

dye solutions were plotted against the ETN value (Table 1.2) as shown in Figures 

3.13 and 3.20. 

3.2.6 Temperature Effect 

A decrease in temperature produces an increase in fluorescence intensity 

(Udenfriend. 1962). A 50 nanomolar aqueous solution of dye was cooled from 45 

·C to 15 ·C using a temperature regulating cuvette holder in a Perk in Elmer 

(Beaconsfield. Buckinghamshire. UK) MPF-44B Spectrofluorimeter over a period of 

several hours. Emission spectra were taken at regular temperature intervals. 
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3.3 Xanthenes 

The xanthenes (Figure 3.1) include the fluoresceins [I), rhodamines [11) and 

pyronines [I I Il, and have a dibenzo-1,4-pyran structure with either amino or 

hydroxyl groups meta position to the oxygen bridge. These dyes are widely used 

as colorants for textiles, paper, cosmetics, and food (Green, 1990), In 

photochemistry the xanthenes are used as laser dyes (Birge and Bohwon, 1986; 

Schafer, 1973; Steppel, 1982; Maeda, 1984; Brackmann, 1986; Raue, 1990a; 

Schwander and Hendrix, 1988), as photosensitising dyes (Grossweiner, 1970; 

Lamberts and Neckers, 1984; Bellin and Ronayne, 1966) and as a source of 

singlet oxygen (Gollnick and Schenck, 1964; Gandin et aI., 1983). In biotechnology, 

they are widely used as probes, stains and immunoassay labels (Haugmann, 1989 

and 1992). 

Fluoresceins (Figure 3.1 [ID have both 2- and 7 -positions in the xanthene ring 

substituted by hydroxyl groups. Fluoresceins absorb at shorter wavelength than 

rhodamines and pyronines. Fluorescein (Figure 3.2 [IV)) and its derivatives (e.g. 

Fluorescein isothiocyanate (FITCl [VID form the foundation for the molecular probe 

industry so important to medical diagnostics, which encompass immunoassay and 

biological staining. Uranin (the sodium salt of Fluorescein [IV) is the most common 

fluorescent marker in hydrology (Viriot and Andre, 1989) and was used during the 

second world war as a marker for sea rescue of pilots (Gurr, 1971). The 

fluoresceins have also been used as both fluorescent and colorimetric indicators 

<Bishop, 1972). The halo-fluoresceins (e.g. Rose Bengal Figure 3.2 [VII)) have low 

fluorescent quantum yields due to intersystem crossing and so can show 

phosphorescence even at room temperature (Neckers, 1987). The longest 

wavelength fluorescein is Naphthofluorescein (Figure 3.2 [V)), which at absorbs at 

600 nm in methanol (Haugmann, 1992). 
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Figure 3.2: Ruoresceins: eccitation and etrission wavelengths in methanol. 

IV Ruorescein 
V Naphthofluorescein 
VI Ruorescein isothiocyanate (RTq 
VII Rose Bengal 
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Rhodamines (Figure 3.1 [11]) have the 2- and 7- positions in the xanthene ring 

substituted by either amine, alkyl amine or di-alkyl amines groups and usually a 

carboxy phenyl group in the 9-position that is not part of the chromophore. 

Esterification of this carboxylic acid group yields a more strongly basic dye with 

virtually identical absorption and fluorescence wavelengths. Texas Red (Figure 3.3 

[XIII] is an example of the rhodamine reactive dyes developed for labelling 'amine 

groups on proteins for flow cytometry and immunoassay. The rhodamines have 

been used as laser dyes, photon counters (e.g. Rhodamines 6G (Figure 3.3 [VIII]) 

and Rhodamine B [IX]; Demas and Crosby, 1971) and photosensitisers (e.g. 

Rhodamine B (Figure 3.3 [IX]); Kramer and Mante, 1972). The highest absorbing 

,member being Rhodamine 800 [XI] which absorbs at 685 nm in water. 

Pyronines (Figure 3.1 [IIID have primary, secondary or tertiary amines substituted 

in the 2- and 7 -position in the xanthene ring and hydrogen in the 9-position. 

These have similar absorbance maxima to rhodamines because the latter's 

carboxyphenyl substituent is not part of the chromophore. For example Pyronine 

20 (Figure 3.4 [XV]) absorbs at 527 nm, compared to the corresponding 

rhodamine, Rhodamine B (Figure 3.3 [IX]) at 524 nm (Drexhage, 1973b). 
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Rgure 3.3: Rhodarrines: excitation and emission wavelength in methanol 
Ex (nm) Em (nm) 

VIII Rhodarrine 6G (Rhodamine 590) 524 550 
IX Rhodanine B (Rhodanine 610) 552 550 
X Rhodanine 110 496 512 
XI Rhodanine 800 660 700 
XII Sulphohodamine 101 578 605 
XIII Texas Red 580 606 

+ 

EIHN 

Me 

XIV 

Rgure 3.4: Pyronines: excilation and emission wavelngths in methanol 

XIV Pyronine B 
><Y I"{ronine 20 
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3.3.1 Results 

Table 3.1: The solubility of the xanthenes in distilled water <pH-6), 96% ethanol, 

diethyl ether, xylene, and dimethyl sulphoxide <DMSO). vs = very soluble () 10% 

w/v), 5 = soluble (-1% wlv), ss = slightly soluble and i = insoluble. 

Solubility 
water ethanol ether xylene DMSO 

Fluoresceins 
Fluorescein IIV] 0.03%' 2.21%' 5 5 

Fluorescein sodium [IVJ2 50.03%' 7.2%2 ss 10.0% ' 
FITC [VI] <0.01% ' 2.0%' 5 5 

Rose Bengal [VII] 36.3%' 7.5%' i 

Rhodamines 
Rhodamine 6G [VIII] 5.4%' 5.0%' 
Rhodamine B 11 X] 1.2%3 1.5%' ss ss 
Rhodamine 800 [XI] ss 5 I 
Sulphorhodamine 101 [XII] 2.0%' 3.0%' 

Pyronines 
Pyronine B [XIV] 2,0%' 0.7%' ss ss , Green (1990>. 
2 The sodium salt of fluorescein, also known as Uranin. 
, Lillee (1969). 

Table 3,2: pKa for the xanthenes, 

pKal pKa2 pKa3 
Fluoresceins 
Fluorescein 11 V] 2.2' 4.4' 6.7' 
Naphthofluorescein [V] 7.99 2 

Rose Senga I IV III 3.5' 

Rhodamines 
Rhodamine B [IX] 4.64(3.1') 
Rhodamine 800 [XI] 11.0' 

Pyronines 
Pyronine B 7.14 
, pKa value: Lee et al. (1989), Bishop (1972) and Haugmann (1989, 1992) 
2 pKa value: Lee et al. (1989) 
3 pKa. value: buffered 50% methanol (Summerfield, unpublished). 
4 pKa. value: buffered 50% ethanol (Woislawski, 1953) 
• pKa value: Andre and Molinari (1976) 
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Table 3.3: The chemical stability of fluoresce ins (Fluorescein [IV] and Rose Bengal 

[VIID and rhodamines (Rhodamine B [IX] and Rhodamine 800 [IX]) to acids and alkalis. 

Fluoresceln 

Abs./rn colour 

cone. H2S04 yellow 

51! HCI 

lM HCI 220 

pH4 435 

We:t@r 490 

pH 10 490 

pH 11.5 

lM NoGi 

Aba.lrn 

Cone. HZS04 

colourless on dJI. pink then yellow 

pink with green fluorescence 

yellowl!ih r~ with green fluorescence 

yellowish red with green fluorescence 

dark yellow solut Ion with dark green 

fluorescence 

Rhodamine B 

colour 

yell~brown with green fluorescence 

Abs./ra 

220 

220 

550 

550 

550 

550 

Abs./ra 

526 

51! HCI 462/495/526 

pH4 558 deep pink 605/668 

Water 555 deep pink 605/668 

pH 10 555 deep pink 605/668 

pHl1.5 605/668 

lM NoGi rose red precipitate 395 

Rose Bengal 

colour 

b""", 

colour less, on dJlut ion deep pink 

colourless, on dilution de@p pink 

deep pink 

deep pink 

deep pink 

deep pink 

crimson red precIpitate 

Rhoc:hIII ne 800 

colour 

mauve, on dll. orange then blue 

onnge 

turquoise 

turquoise 

turquoise 

turquoise 

pale yellow 

Table 3.4: Spectroscopic properties of the xanthenes in distilled water (pH -6). 

The molar absorptivity (E), fluorescence quantum efficiency (cIlf) and fluorescence 

lifetime (tt) are all literature values from Birge and Bohwon (1986), Brackmann 

(1986) and Haugmann (1989, 1992). 

Abs. E X 104 Em. cIlf Tf 
(nm) 1M- 1cm-l (nm) (ns) 

FJuoresceins 
Fluorescein [IV] 491 6.6 521 4.5 
Fluorescein sodium [IVJ1 488 8.6 514 0.81 4.5 
Rose Bengal [VII] 549 7.76 590 

Rhodamines 
Rhodamine 6G [VIIIl 524 .19.9 550 0.23 
Rhodamine B !I X] 552 1.00 576 0.70 3.0 
Rhodamine 800 [XI] 685 700 0.90 
Sulphorhodamine 101 [XIIl 595 8.5 615 0.30 

Pyronines 
Pyronine B [XIV] 550 560 
1 The sodium salt of fluorescein is also known as Uranin. 
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Table. 3.5: The spectroscopic properties of xanthenes in methanol. The molar 

absorptivity (E), fluorescence quantum efficiency (<I>f) and fluorescence lifetime (tt) 

are literature values from Birge and Bohwon (1986), Brackmann (1986) and 

Haugmann (1989, 1992). The limit of detection (LOD) was calculated in the usual 

manner. 

Abs. E X 104 Em. <l>f LOO 
(nm) IM- 1cm- 1 (nm) (gll> 

Fluoresceins 
Fluorescein [IV] 491 530 
Fluorescein sodium [IV]' 498 6.39 518 0.90- 2.39x10-10 
Rose Bengal [VII] 554 581 

Rhodamines 
Rhodamine 6G [VIII! 528 10.4 553 0.95-
Rhodamine 800 [XI! 674 8.95- 708 8.11x10-10 
Rhodamine 8 [IX] 545 10.2 565 0.60 
Sulphorhodamlne 101 [XII] 578 13.9 605 0.90· 

Pyronines 
Pyronine B [XIV] 552 562 
1 The sodium salt of fluorescein, also known as Uranin 
e ethanol 

Table 3.6: The influence of a nonpolar solvent, (diethyl ether or chloroform) and 

a polar solvent (distilled water or methanol>, on the absorbance wavelength of 

various xanthenes. A positive .o.Aabo represents a bathochromic shift in polar 

solvents and a negative .o.Aabo represents a hypsochromic shift. 

Aab./nm Aab./nm .o.A .. b./rm 
(nonpolar (polar 
solvent> solvent) 

Fluoresceins 
Rose Bengal [VII! 565 550 15 

(ether) (water) 

Rhodamines 
Rhodamine 6G [VIII] 550 524 26 

(CHCI3) (water) 
Rhodamine 8 [IX] 562 552 10 

(CHCI3) (water) 
hodamine 110 [X] 506' 498' 8 

(CHCI3) (MeOH) 
Rhodamine 800 [XI] 672 685 -13 

(ether) (water) 
Sulphorhodamine 101 [XII] 589 587 2 

(ether) (water) 
1 Zollinger, 1990. 
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3.3.2 Discussion 

The solubility of the xanthenes was found to be regulated by their ionic 

form. Xanthenes with a non esterified carboxylic acid (e.g. Fluorescein sodium, 

Rose Bengal (Figure 3.2 [VIID, Rhodamine B (Figure 3.3 [IX])) were very soluble in 

water as the sodium salt but only slightly soluble as the free acid. 

Fluorescein (Figure 3.2 [IVD and Rhodamine B [IX], xanthenes with free 

carboxylic groups, were protonated at the 2'-position and lactonisation occurred at 

the 9-position at low pH. For example, Fluorescein [IV] was in the lactone 

(cationic) form below pH 2.2 (colourless and not fluorescent); between 2.2 and 4.4 

(neutral with the carboxylic acid protonated); between pH 4.4 and 6.7, Fluorescein 

was mono-anionic (pink with green fluorescence) and above pH 6.7 Fluorescein was 

di-anionic (yellowish red with green fluorescence). The fluorescence intensity for 

Fluorescein [IV] was zero below pH- 6 as shown in Figure 3.5. The fluorescence 

of Rhodamine 800 (Figure 3.3 [XID was drastically reduced above pH- 10, as 

shown in 3.6, by the formation of the neutral salt which was characterised also by 

a large hypsochromic shift of absorbance. 

The xanthenes were decomposed by concentrated nitric acid. The reaction in 

other concentrated mineral acids was slow (Table 3.3). Xanthene dyes were more 

chemically stable than the polymethines (see section 3.4). 

Xanthenes were only partially de-coloured by neutral sodium dithionite but 

were colourless In alkaline sodium dithlonite. The colour returned on the exposure 

to air or by the addition of mild oxidising agent (for example, 2% potassium 

persulphate and 2% sulphuric acid). 

An increase in temperature reduced the fluorescence of Fluorescein [IV] and 

Rhodamine B [IX) by 1.2% per 'C and 2.5% per 'C respectively. Drexhage (1973a,b) 

reported the fluorescence quantum efficiency of Rhodamine B in ethanol as 40% at 

room temperature which was Increased to almost 100% by reducing the temperature 

and only a couple of percent at the boiling point of ethanol. 

Pyronine B had the characteristic small Stokes' shift of 10 nm of the 

pyronines. The fluoresceins and rhodamines had Stokes' shift of between 20 and 30 

nanometres <Table 3.5 and 3.6). The absorbance and fluorescence wavelengths of 

the xanthenes were bathochromically shifted according to the substitution of 

substituents in the 2, 7-position in the xanthene ring as shown in Table 3.7. This 

substituent also influenced the fluorescence quantum yield as indicated by Reynolds 

and Drexhage (1975), who reported that the coupling of two alkyl groups to the 

aromatic ring as in Rhodamine 101 and Sulphorhodamine 101 [XIII reduced the 
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mobility of the amino groups so the fluorescence quantum efficiency reached almost 

100% at room temperature. 

Table 3.7: The influence of substituents in the 2.7-position in the xanthene ring on 

the absorbance and fluorescence wavelengths in methanol for a homologous series 

of xanthenes. 

Substituent Dye Abs. (nm) FI. (run) 
hydroxyl OH Fluorescein [IVl 491 521 
1" amine NH2 Rhodamine 110 [Xl 496 512 
2' amine NH-alkyl Rhodamine 6G [Vllll 524 553 
3' amine NCalkyD2 Rhodamine B [IXl 545 565 
cyclised 3' amine Sulphorhodamine 101 [Xlll 578 605 

A further bathochromic shift was caused by changing the group in the 9-

position <Table 3.8>. 

Table 3.8: The influence of substituents in the 9-position in the xanthene ring on 

the absorbance and fluorescence wavelengths In ethanol for a homologous series of 

xanthenes. 

Substituent Dye Abs. (nm) FI. (nrn) 
carboxyphenyl Rhodamine 101 568' 583' 
sulphoxyphenyl Sulphorhodamine 101 [XlIl 578 605 
trifluoromethyl -CF3 Rhodamine 700 643' 666' 
cyano -CN Rhodamine 800 [XI! 674 708 

, Absorbance and fluorescence values from Brackmann (1986). 

The absorbance of the xanthenes displayed a small solvatochromic shifts in 

wavelength with increasing solvent polarity <Table 3.6). The tertiary amines of 

Rhodamine B (Figure 3.3 [IX». Rhodamine 800 [XI! and Sulphorhodamine 101 [XII! 

showed more solvent dependence than Rhodamine 110 [Xl with primary amines and 

Rhodamine 6G [VIII! with secondary amines. The zwitterionic Rhodamine B [I Xl was 

bathochromically shifted by about 10 nm from that of the acid form. Polar 

solvents. high concentrations and low temperature displaced the equilibrium towards 
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the zwitterion and hence. the Rhodamine B (IX] in polar solvents is bathochromically 

shifted. In non-polar solvents the zwitterionic form was unstable and the colourless 

lactone was formed. which photochemically reverted to the coloured species. 
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3.4 Polymethines 

Polymethines absorb between 340 to 1400 nanometres and were first 

discovered in 1856 by Greville Williams, they are important in the photographic 

industry because of their ability to sensitise silver halide to longer wavelength 

radiation. Polymethines have also been used as dyes for xerography (Jones, 1989), 

lasers <Sirge and Bohwon, 1986; Schiifer, 1973; Maeda, 1984; Brackmann, 1986; 

Steppe I 1982), for potential-sensitive measurements (Haugmann, 1989, 1992), as 

photo-, thermo-, and piezochromic dyes (Matsuoka, 1990), in liquid crystal displays, 

as infrared absorbing dyes for optical storage (Nakazumi, 1988; Emmelius et aI., 

1989), as cosmetic ingredients and as quasi-drugs (Matsuoka, 1990). The chemistry 

of the polymethines has been reviewed by Venkataraman (1952), Hamer (1964), 

Ficken (1971), Sturmer (1977, 1979a,b) and Raue (1990b). 

Systematic nomenclature of the polymethines is somewhat confusing due to the 

number of classification systems in use. The names carbo-, dicarbo-, tricarbo

(etc.lcyanines refer to the number of ethylene units, n = 1, 2, and 3 respectively. 

The length of the ethylene unit in the conjugation bridge strongly influences the 

position of the absorbance band, and near-infrared absorption generally can be 

obtained with more than three ethylene units. 

Cationic po/ymethines (Figure 3.7) are called cyanines [XVI], styryls (hemicyanines) 

[XVII] or streptocyanines [XVIIIl respectively according to whether both, one or 

none of the nitrogens are components of the ring. The cyanines where n is zero, 

are non-fluorescent with the exception of 3,3'-diethyloxacyanine. Hofer et al. 

(1950) explained this was due a steric effect of the end-groups of the molecule. 

The structure of the terminal group influences the the position of the absorbance 

band and the fluorescence quantum yield, benzoxazole (Figure 3.11 [XXXIII]) and 

benzothiazole (Figure 3.11 [XXXV]) have the highest. The carbocyanines such as 

DTTC (Figure 3.8 [XXI]) and HITC [XXII] have been determined in picomolar 

amounts using a pulsed semiconductor laser fluorimeter, <lmasaka et aI., 1985). 

Ernst et al. (1989) used cyanines and merocyanines as fluorescent labels for the 

thiol groups of proteins. Mujumbar et al. (1989) used isothiocyanate derivatives of 

cyanines as covalent labelling reagent for proteins. Indocyanine Green (IR125) 

(Figure 3.8 [XXIII]) has achieved some importance in the measurement of cardiac 

output (Heseltine, Broocker & Eastman Kodak USP 2,895,955). 
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Figure 3.7: Geneml structures for the polymethines. 
n is the number of ethylene groups; 
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Merocyanines [X/X) (Figure 3.7) are neutral polymethines and were firs! developed 

as photographic sensitizers (Hamer. 1982; Broocker et al. 1965). Merocyanine 540 

(Figure 3.10 [XVI)) has been used for recording the intra-cellular potential 

<Dragston and Webb. 1978; Ross et al.. 1974; Waggoner. 1976 and 1979) and for 

binding to leukaemia cells (Easton et al.. 1978; Schleger. 1980). Merocyanines have 

also been examined for anti-tumour activity but their activity in this respect was 

rather low (Peterson. 1964). 

Oxono/s [XX) (Figure 3.7) are anionic polymethines and are the most unstable of 

the polymethines. The stability decreases rapidly as the number of ethylene groups 

increases. These are not widely used due to their lack of stability and were not 

investigated. 
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3.4.1 Extending the wavelength of the polymethines 

,. The absorption and the corresponding fluorescence bands are bathochromically 

shifted by about 100nm for symmetrical polymethines by lengthening the conjugation 

bridge by one ethylene group (Figure 3.11). A smaller bathochromic shift is 

observed for the asymmetric polymethines <Broocker et aI., 1951). The extinction 

coefficients initially increase with increasing chain length until n=4 when the molar 

absorptivity decreases sharply and is accompanied by a flattening of the absorption 

curve. The stability is reduced with increasing chain length caused by the oxidative 

attack of the long chain. 

2. Rigidisation of the bridge by adding a cyclic group (such as the squaryliums, 

Figure 3.10 [XXIX] and the croconiums, Figure 3.10 [XXX]), to the conjugation 

bridge bathochromically shifts the wavelength and increases the photo-stability of 

the dye. The introduction of the croconic moiety into the methine chains of 

cyanines produces a 120-126 nm bathochromic shift: introduction of the squaric 

moiety produces only a 12 to 18 nm bathochromic shift (Matsuoka, 1990). 

3. Increasing the basicity of the heteroatom causes a bathochromic shift. This is 

shown in figure 3.11 with the end-groups arranged with increasing basicity. 

a. heterocyclic termini (e.g. benzothiazole, Figure 3.11 [XXXV]) give a 

greater bathochromic shifts than acyclic termini. 

b. unsaturated terminal groups (e.g. benzoxazole, Figure 3.11 [XXXIIJ, 

benzothiazole [XXXIIIJ and indole [XXXIV] are more bathochromic than the 

corresponding dyes with saturated terminal groups (e.g. thiazole [XXXIIJ and 

N-diethyl [XXXIJ). 

c additional conjugation at the terminal groups can also cause a further 

bathochromic shift (cf. indole (Figure 3.11 [XXXIV]) and benzoindole [XXXVII]). 
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3.4.2 Results 

Table 3.9: The solubility of the polymethines in distilled water (pH-6), methanol, 

diethyl ether, and dimethyl sulphoxide. (vs = very soluble (> 10% w/v), 5 = soluble 

(-1% w/v), ss = slightly soluble and i = insoluble). 

Solubility 
water methanol ether DMSO 

symmetrical carbocyanines 
DODC [XXI] 5 vs 5 

DOTC [XXII] 5 vs 5 

DTTC [XXIII] ss 5 5 

HITC [XXIV] s 5 5 

IR125 [XXV] 5 5 vs 

asymmetrical carbocyanines 
Styryl 7 [XXVI] 5 5 5 

Styryl 11 [XXVIIl 5 5 S 

merocyanines 
Merocyanine 540 [XXVIIIl s vs vs 

Table 3.10: Approximate pKa· values for the carbocyanines in 50% methanol. 

Carbocyanines 
DODC 
DOTC 
DTTC 
IR125 

2.0 
1.5 
1.8 
3.1 

10.1 
9.2 

Table 3.11: The chemical stability of symmetrical dicarbocyanine DODC [XXI] to 
alkalis and acids. 

Abs. 

Cone. H2S04 

511 He. 

1M HC. 

pH 4 

Water 

pH 10 

pH 11. 5 

1,. NaOH 

(n,O> 

220 

360/460 

345/460 

576 

577 

577 

580 

435 

colour 

Instantly discoloured exothermlcally, not as violently a5 

DOTC 

Instantly discoloured & a golden yel low solution developed 

Instantly discoloured 

deep pink 

deep pink 

deep pink 

violet 

pink solution quickly turned to orange and then finally to 

a yel low solution. 
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Table 3.12: The chemical stability of asymmetrical dicarbocyanine Styryl 7 (XXVIJ 

to alkalis and acids. 

Cone. H2S04 
5M He! 
lM Hel 

pH 4 

Wet@f 

pH 10 
pH 11.5 

111 NeOH 

Abs. <no) 

220 

350/450 

345/460/560 

560 

560 

560 

575 

420 

colour 

Instantly discoloured with some heat evolved 

Instantly discoloured & a golden yellow solution developed 

slowly discoloured 

deep pink 

deep pink 

deep pInk 

violet 

pink solution turned Quickly orange and then finally to a 

pale yel low 501ut10n. 

Table 3.13: The chemical stability of symmetrical tricarbocyanines DOTC (XXIII, 
DTTC (XXIIIJ and IR125 (XXVI to alkalis and acids. 

Cone. H2504 
5M Hel 

111 Hel 

pH 4 

Water 

pH 10 
pH 11.5 

111 NoOH 

Cone .. H2504 

5M HCI 

111 Hel 
pH 4 

Water 
pH 10 

pH 11.5 

111 NeOH 

Cone. H2504 

5M Hel 

lM HCI 

pH 4 

Water 
pH 10 

pH 12 

111 NeOH 

DOTC 

Abs. < ... ) 

360 

374 

678 

678 
678 

620/678 

295/452 

DTTC 

Abs. < ... ) 

384 

390 

6051745 

6501750 

605 

6151140 

IA125 

Abs. (nm) 

460 

460 

705/788 

788 

7051788 

700 

400/715 

colour 

immedIate decomposed to leave a pale yellow solution 

colourless then a pale pink colour develops (decomposed) 

pale yel low on dilution blue colour returns. 

blue 

blue 

blue 

dark blue 

yel low (decomposed) 

colour 

violent reaction, decomposed to pale yellow solution 

decomposed to a yel low solution 

pale yellow green then yel low (decomposed slowly) 

deep green blue 

turquoise 

turquoise 

greenish blue 

slowly turned purple from turquoise (decomposed) 

colour 

decomposed violently to a bright golden yel low solution 

yellow that Is slowly de-coloured 

yellow 

black green 

dark green 

blue green 

turquoise 

qrass green, then slowly becomes more yellOW 
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Table 3.14: Absorpt i on and emission wavelengths of polymethines in distilled water 
(pH-6). 

Abs. Em. 
(nm) (nm) 

Symmetrical Carbocyanines 
DODC [XXII 577 597 
DOTC [XXIII 678 698 
DTTC [XXIIII 750 770 
HITC [XXIV] 732 753 
IR125 [XXV] 788 810 

Asymmetrical Carbocyanines 
Styryl 7 [XXVI] 560 690 
Styryl 11 [XXVII] 555 685 

Merocyanines 
Merocyanlne [XXVIII] 533 572 

Table 3.15: Spectroscopic properties of polymethines in methanol. The molar 

absorptivity (E), fluorescence quantum efficiency (ell,) and fluorescence lifetime (If) 

are literature values from Birge and Bohwon (1986) and Brackmann (1986). The 

limit of detection (LOD) was determined in methanol and calculated in the usual 

manner. 

Abs. E X 10. Em ell, lf LOO 
(nm) IM-1cm- 1 (nm) (ns) (glO 

Symmetrical Carbocyanines 
DODC (XXII 579 24.0 603 0.44- 0.42-
DOTC (XX III 695 25.1- 705 0.49- 1.15· 1.40x10- 1o 
DTTC (XXIIIl 755 20.9· 788 5.10x10- 1o 
HITC (XXIVl 739 24.2 775 0.50a 1.2a 2.56x10-10 
IR125 (XXV] 780 830 5.83x10- 1o 

Asymmetrical Carbocyanines 
Styryl 7 (XXVI] 565 6.15 704 
Styryl 11 (XXVII] 558 4.77- 638 

Merocyanines 
Merocyanine 540 540 560 
_ = ethanol: a _ acetone. 
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Table 3.16: The influence of a nonpolar solvent (chloroform or dichloromethane) 

and a polar solvent (distilled water or methanol) on the absorbance wavelength of 

various tricarbocyanines. 

Aabs/rvn Aabs/nm 
(nonpolar (polar 
solvent) solvent) 

Tricarbocyanines 
DOTC [XXIIl 705 695 10 

(CH2CI2) (MeOH) 
DTTC [XXIII] 785 758 27 

(CHCI3) (water) 
HITC [XXIV] 757 740 17 

(CHCI3) (MeOH) 
IR125 [XXV] 800 780 20 

(CHCI3) (water) 
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3.4.3 Discussion 

All the polymethines tested <Table 3.9) were soluble in water and other 

hydrophilic organic solvents (Le. acetonitrile, ethanol, methanol etc.) but had low 

solubility in hydrophobic solvents (such as diethyl ether and n-hexane). The 

indolenines, HITC (Figure 3.8 [XXIV]) and IR125 [XXV]) and benzoxazoles (DOTC 

[XXIl and DOTC [XXII]) were more soluble than the benzothiazole (DTTC [XXIII]). 

Their solubility in organic solvents was strongly influenced by the combination of 

the nature of the N-alkyl substituent, the heteroatom in the aromatic ring, and the 

counter anion (e.g. iodide, chloride, perchlorate etc.). Matsuoka (1990) stated that 

the perchlorates were more soluble in non-polar solvents, such as methylene 

chloride, than the iodides, which were more soluble in polar solvents, such as 

methanol and water. 

The polymethines were more chemically unstable than any of the dye groups 

tested. All polymethines were completely decomposed by concentrated nitric, 

sulphuric acid, 5 molar hydrochloric acid, and one molar sodium hydroxide (Tables 

3.11 to 3.13). The stability of the polymethines was significantly reduced with 

increasing chain length. This was also caused by the keener susceptibility to 

oxidative attack of the longer conjugation bridge. This was shown by the less 

violent reaction of dicarbocyanines (DODC (Figure 3.B [XX ID and Styryl 7 (Figure 

3.9 [XXVI])) to concentrated sulphuric acid than that of the tricarbocyanines (DOTC 

[XXIIl, DTTC [XXIIIl and IR125 (XXV]). 

Polymethines were not de-coloured by neutral sodium dlthionite but were de

coloured by either alkaline sodium dithionite or boiling with glacial acetic acid and 

zinc dust. Upon oxidation by the air, the colour was returned. The mild oxidizing 

agent, potassium persulphate and 2% sulphuric acid destroyed the chromophore. 

Cyanines were reversibly protonated in acid solution with the loss of the 

visible absorption band and subsequent reduction in fluorescence Intensity as shown 

in Figure 3.12. Various authors have used this property to measure the basicity of 

cyanines (Broocker et al .. 1965; Ficken, 1971>. 

The molar absorptivity and fluorescence quantum efficiency was a function of 

the counter-ion. Molar absorptivlties and fluorescence quantum efficiency were best 

in the following order; perchlorate, chloride and iodide as the anion. Styryl 11 

[XXVIIl and DTTC [XXIIIl showed very poor fluorescence in water. The structural 

relationship of the polymethines has already been discussed in Section 3.4.1. 

An increase in temperature caused the fluorescence of DTTC [XXIIIl in 

methanol to be reduced by less than 0.4% per 'C and was comparable to that 
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observed in the ultraviolet-visible region. for example. the fluorescence of 

Fluorescein (Figure 3.2 IIV]) was reduced by 1.2% per ·C. 

There was an 11% and 8% increase in fluorescence intensity on the addition 

of anhydrous sodium sulphite to a dilute solution of DOTC [XXIIJ and DTTC [XXIIIJ 

in methanol respectively. This showed that the fluorescence intensity depended on 

the concentration of dissolved oxygen in the solvent. Cyclooctatetraene (COT). a 

triplet quencher, increased both the fluorescence intensity and lifetime of DOTC 

(Hirth et aI., 1973). 

The cyanines (e.g. DTTC [XXI Ill, DOTC [XXlll and HITC [XXIV]) exhibited a 

hypsochromic shift in polar solvents (Table 3.16 and Figure 3.13). This was caused 

by decrease in the dipole moment of the ground state in the more solvating polar 

solvent. The usefulness of this phenomena is probably limited because the 

hypsochromic shift is only 10nm as compared to Nile Red's (Figure 3.16 [LlIID 95 

nm. The small Stoke's shift means that a lower excitation wavelength than 

absorption maxima is required to avoid problems with Rayleigh Scatter. Strongly 

polar Merocyanine 540 (Figure 3.10 [XXVIIID shifted its wavelength to shorter 

wavelength with an increase in solvent polarity. This solvatochromic change was 

much larger than for the carbocyanines (apart from those caused by aggregation). 
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3.5 Azines 

The azines are formed by the replacement of the -CH= group in xanthene by 

nitrogen, oxygen or sulphur leading to the phenazines, the phenoxazines, and the 

thiazines respectively (Figure 3.14). According to Kuhn's (1959) gas model of 

methine dyes, replacing the central methine group with one of greater electron 

affinity produces a marked bathochromic shift (figure 3.15). The azine dyes include 

cationic, anionic, and neutral dyes, depending on the class of substituent groups. 

These are normally amino, arylamino, dialkylamino or hydroxyl groups located in the 

3- and 7- positions. The azines show excellent chemical and photo-stability. The 

chemistry of the azines has been outlined by Venkataraman (1952), McKee (1963), 

Nursten (1963), Coffey (1978), Conger (1978) and Raue (1985). 

Phenazines have the 1,3 diazine as the chromophore, e.g. structure XLV. These are 

predominately red dyes absorbing between 530 and 590 nanometres and so were 

not Investigated because their absorbance wavelengths were too low to be of 

interest. 

Phenoxazines (Figure 3.16) have a heterocyclic ring with both a nitrogen and an 

oxygen bridge in the 1,3 position and amine groups at the 3- and/or 7- positions. 

The phenoxazines are widely used for the dying of acid modified synthetic fibres 

(Colour Index, 1971; Venkataraman, 1952, 1971), laser dyes, biological stains 

(Haugmann, 1989, 1992), as photosensitisers for the destruction of carcinoma cells 

after irradiation (Clnotta et al.. 1987) and as inhibitors to tumour growth in 

chemotherapy. The reduced phenoxazines (the leuco-phenoxazines) are colourless and 

have been used as dyes for pressure-sensitised copying paper, as highly sensitive 

oxygen detectors and for the analytical determination of ascorbic acid using the 

ease with which the leuco-phenoxazine is oxidised to the intensely coloured 

phenoxazine by exposure to the air. Oxazine 725 ILl] was suggested as a near 

infrared quantum counter by Demas et al. (1985), and Kopf and Heinze (1984) 
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Phenoxazones are related to the phenoxazines but have in the 3-position a hydroxyl 

group instead of a amine group and occur in nature as orcein dyes in lichens 

(Schiifer, 1964). These dyes have been used for the dying of textiles made from 

polypropylene. Nile Red £Figure 3.16; LIIIl has been used as a polarity probe <Deye 

and Berger, 1990), protein probe (Sacket and Wolff, 1987), as an intra-cellular 

lipid stain (Greenspan et aI., 1985a,b), as a laser dye and as a stain for whole 

tissues (Fowler and Jamieson, 1985; Fowler and Greenspan, 1985). 

Thiazines (Figure 3.17) have a heterocyclic ring with both a nitrogen and a sulphur 

bridge. The introduction of sulphur into the ring causes a bathochromic shift larger 

than for either the phenazines or the phenoxazines (Figure 3.15). The thiazines are 

only of minor importance in the textile industry (Zollinger, 1990). They have been 

used in photochemical applications as sensitizers in photo-polymerisation, in dyeing 

of paper and as a biological stain (Gurr, 1972). The most important member of 

this group is Methylene Blue [XLVIII. Toluidine Blue [XXXVI is a RNA stain 

(Haugmann, 1990). Thiazines have served as the basis of drugs for over a half of 

a century (Gupta, 1988). From 1911-30 Methylene Blue [XLVIII and its derivatives 

were researched as antimalarial drugs, but their potential was prevented by their 

dye character. However, Its antimalarial potential lead scientists to the design of 

analogous heterocyclic systems and served as the basis for the discovery of 

Plasmoquine as a potential antimalarial. However, it was not until Chloroprimazine 

was discovered in the 1950's that the real medical potential of the thiazines was 

realised. This has been shown to have analgesic, anti-shock, anti-convulsive, anti

inflammatory, antipyretic and adrenolylic qualities. Over four thousand thlazines 

have been prepared and many have been tested for biological activity. In addition, 

some of them posses significant insecticidal and pesticidal properties. 

Thiazones are produced as the oxidation products of the thiazines <Dean et aI., 

1976). Methylene Violet (Figure 3.25) [LVI III is a degradation product of Methylene 

Blue [XLVIII. 
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3.5.1 Results 

Table 3.17: The solubility of phenoxazines. phenoxazones and thiazines in distilled 

water (pH-6), 96" ethanol, diethyl ether, xylene, and dimethyl sulphoxide. (vs = 

very soluble (>10" w/v), 5 = soluble (-1" w/v), ss = slightly soluble and i = 
insoluble.! 

water 
Phenoxazines 
Cresyl Violet (XLVIIII 0.38'" 
Nile Blue A (XLI XI 0.2" • 
Oxazine 4 (Ll s 
Oxazine 725 (LlI s 
Oxazine 750 (LlII s 

Phenoxazones 
Nile Red (LlIII 0.02'" 

Thiazines 
Azur A (LlVI 4.0'" 
Azur B (LVI 4.15" ' 
Methylene Blue (XLVIII 2.5'" 
Methylene Green (LVII 1.5" ' 
Methylene Violet (L VI III 0.06'" 
Toluidine Blue (LVIII 3.82" ' , Lillee, 1969 
2 Green, 1990. 

Table 3.18: pKa values for the azlnes. 

phenoxazines 
Brilliant Cresyl Blue (XLVI 
Nile Blue A (XLI XI 

phenoxazones 
Nile Red (LIIII 

thiazines 
Methylene Blue (XLVIII 
Methylene Green (LVII 
Thionine (L V??I 

Solubility 
ethanol 

0.25" ' 
0.2" • 

5 

s 
5 

0.1"2 

1.0'" 
0.68'" 
2.5'" 
0.12% ' 
0.4'" 
0.57" ' 

9.9' 
1.6' 

1.0' 

3.8' 
9.7' 

11.2' 
Toluidine Blue (LVIII 10.8' 

, buffered 50% ethanol (Woislawski, 1953) 
, Oeye and Berger, 1990 
2 unbuffered 50" ethanol (Woislawski, 1953) 
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Table 3.19: Chemical stability of four phenoxazines (Nile Blue A [XLIX]. Cresyl Violet 

[XLVIII]. Oxazine 750 [LlIl and Oxazine 4 [L]) to acids and alkalis. (ND is not 

determined. ) 

Nile Blue A Cresyl Violet -. (ra) colour Abs. (nil) colour 

Cone. H2s:l4 430/519 orange 4321508 orange 

511 HC! 430 green 332/415/470 golden yellow 

pH4 638 blue 588 violet with red fluorescence 

Weter 638 blue 588 violet with red fluorescence 

pH 10 505 purple-red 480/588 deep cr I mson 

pH 11.5 505 pYrpl~red. brownish red ppt. 470 er lneon 

lM NaC>I brownish-red ppt 470 golden orange 

Oxa:z I ne 750 Oxazlne 4 -. (no> colour -. (no> colour 

Cone. H2s:l4 522 pInk 432/5101580 olive green 

511 HC! 518 pink 3951490/615/684 red orange 

pH4 674 turquoise ~ ~ 

Water 674 turquoIse 615 blue with red fluorescence 

pH 10 ~ turquoise 615 blue wl th red fluoreacence 

pH 11.5 540/670 pink 615 blue with red fluorescence 

IN NaC>I 510 pink 460 deep pink 

Table 3.20: Chemical stability of Nile Red [LIIIl (a phenoxazone) to acids and alkalis. 

Nile Red -. (OD) colour 

Cone. H29l4 491 golden yellow 

Cone. HC! ~ yellow 

511 HC! . 595/637 blue green 

pH4 580 red 

Water 580 red 

pH 10 580 red 

pH 11.5 585 purple 

IN NaC>I 590 purple-red 
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Table 3.21: Chemical stability of four thiazines (Azur A [LlV], Azur B [LV], Toluidine 

Blue [LVIII] and Methylene Blue [XLVII ID to acids and alkalis. 

Azure It. Azure B 

Abs. ,rm> colour Abs. 'mo) colour 

Cone. H2S04 4371705 green 655 yellow green 

5M HCI 712 blue 6571728 blue green 

pH 4 6Z5 blue 648 blue 

Water 6Z5 blue 648 blue 

pH 10 625 blue 648 blue 

pH 11.5 632 blue 648 blue 

lM NaOH 530/665 purple solution with dull pink pet 545 pink solution with violet ppt 

Toluldl~ Blue Methylene BIUI! 

Abs. 'no) colour Abs. (rn) colour 

Cone. H2504 dark green on on dilution blue yellow green 

5M HCI blue 

pH 4 blue 663 blue 

Water. 632 blue with red fluorescence 663 blue 

pH 10 632 blue wIth red fluorescence 

pH 11.5 632 blue with red fluorescence violet 

lM NaOH '" pink solution with dull violet ppt dull pink ppt 

Table 3.22: Spectroscopic properties of the phenoxazines, Nile Red and thiazines in 

water. The molar absorptivity (E) and fluorescence lifetime (If) are literatUre values 

from Birge and Bohwon (1986) and Brackmann (1986). 

Abs. E X 10· Em It 
(run) IM- 1cm-l (mn) (00) 

Phenoxazines 
Cresyl Violet [XLVIII] 590 628 2.32 
Nile Blue A [XLIX] 635 3.98 670 0.38 
Oxazine 4 [Ll 612 635 
Oxazine 725 [LIl 649 667 
Oxazine 750 [LlIl 674 692 

Phenoxazones 
Nile Red [LlII] 580 665 

Thiazines 
Azure A [LI V] 625 645 
Azure B [LV] 637 670 
Methylene Blue [XLVIIl 663 5.01 682 
Methylene Green [LVIl 655 678 
Methylene Violet [LVIII] 590 620 
Toluidine Blue [LVII] 632 674 
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Table 3.23: Spectroscopic properties of the phenoxazines. Nile Red and thiazines in 

water. The molar absorptivity (E). fluorescence quantum efficiency (<I>f) and 

fluorescence lifetime (If) are literature values from Birge and Bohwon (1986) and 

Brackmann (1986). LOD in methanol was calculated in the usual manner. 

Abs. e ,. to" Em ,~ LOO 

nm l~tcm-1 nm n .. 9 /1 

Phenoxazines 
Cresyl Violet 593 8.30 615 0.70 3.23 ' 
Nile Blue A 627 7.75 660 0.47 1.19 ' 7.0x10-11 
Oxazine 4 615 10.3 633 1.13' 4.0x10-1 1 

Oxazine 725 643 12.3 658 0.15- 1.02-
Oxazine 750 662 8.25- 680 

Phenoxazones 
Nile Red 565 4.00 638 2.79 ' 3.0x10-11 

Thiazines 
Azure A 628 653 
Azure B 638 665 
Methylene Blue 653 680 
Methylene Green 650 675 
Methylene Violet 580 610 
Toluidine Blue 629 658 8.2x10-11 
- in ethanol: 1 Dutt et al. (1990) 

Table 3.24: The influence of nonpolar solvent (n-hexane or diethyl ether) and polar 

solvent (water) on the absorbance wavelength of various phenoxazines. 

Aabs/nrn Asb./nrn 
(nonpolar (polar 
solvent) solvent) 

Phenoxazines 
Cresyl Violet [XLVIII] 581 690 9 

ether water 
Ni le Blue [XLI X] 626 635 9 

CHCI3 water 
Oxazine 4 [Ll 610 615 5 

ether water 
Oxazine 725 [LI] 642 649 6 

ether water 
Oxazine 750 [LlIl 630 665 35 

ether water 

Phenoxazones 
Nile Red [LIIIl 485 580 95 

n-hexane water 
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3.5.2 Discussion 

Nile Blue A (Figure 3.15 [XLIX]) formed solutions in water of colloidal naiure 

above 0.1 micromolar and exhibited dichroism. The fluorescence of Nile Blue A 

[XLIX] in water was stable over time unlike Nile Red [LlIIl. 

Nile Red [LlII] was soluble in most organic solvents. Nile Red showed 

halochromic shifts in strong mineral acids. Nile Red formed a stable blue green salt 

with hydrochloric acid containing one equivalent of the acid that dissociated by 

adding water. Nile Red was precipitated from glacial acetic acid when the volume 

of water exceeded 20% of the total. Nile Red was precipitated when an equal 

volume of water was added to solution of twenty micromolar Nile Red in 

acetonitrile. 

The azines were decomposed in concentrated nitric acid and this was 

therefore used to clean glassware that had come into contact with the dyes. The 

azines underwent very slow hydrolysis in the other mineral acids. Nile Red [LIIIl 

was stable in strong acids and strong alkalis. Nile Red. which was discovered as 

an impurity of Nile Blue A [XLIX]. could be extracted from acidified aqueous 

solution of Nile Blue A [XLIX] and extracted with xylene or diethyl ether. Thorpe 

(1907) prepared Nile Red [LlIIl by boiling Nile Blue A [XLIX] in dilute sulphuric 

acid overlaid with toluene. The hydrolysis product was extracted into the toluene 

layer. The phenoxazines and thiazines were destroyed by strong oxidising agents 

such as chlorates. 

The phenoxazines formed Insoluble anhydro bases in alkaline solution (Table 

3.19). For example. Nile Blue A (Figure 3.21 [XLIX]) formed the insoluble brownish

red anhydro-base [LX] on addition of aqueous sodium hydroxide. Nile Blue did not 

undergo alkaline hydrolysis. The absorbance band of Nile Blue A [XLIX] was 

halochromically shifted to 470 nanometres in 5 molar hydrochloric acid (Figure 

3.19) by the protonation of both amino groups (Figure 3.21 lUX]). This was the 

reason for the reduction in fluorescence shown in Figure 3.18. Above pH 10 the 

anhydro base [LX] was formed this was not fluorescent. Nile Red [LlIIl was 

protonated in acidic conditions giving a blue product (Figure 3.22 [LXID and this 

caused the shift in absorbance band (Figure 3.19) and reduction of fluorescence as 

shown in Figure 3.18. 

All azines were reduced by both neutral and alkaline sodium dithionite to the 

pale yellow or colourless leuco form. for example Nile Blue A [XLIX) was reduced 

to the colourless leuco-compound (Figure 3.23 [LXII]). The colour returned when the 

solution was oxidised on exposure to the air and on addition of mild oxidizing 
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agents (such as 2% potassium persulphate and 2% sulphuric acid). The rate of 

oxidation by air was speeded up upon shaking vigorously the flask, which forced 

more oxygen to dissolve in the solution. The rate of oxidation was influenced by 

pH, temperature and by the amount irradiation. At low pH, the re-oxidation of the 

leuco-form did not occur or was very slow. At high pH (in the presence of sodium 

hydroxide), the rate of re-oxidation was increased. The absence of light slowed 

down the oxidation. When a solution of Methylene Blue [XL VIII and ferrous sulphate 

was irradiated, the leuco form of the dye was formed; the reaction was reversible 

and in the dark the ferric salt regenerated Methylene Blue [XLVIII. 

The phenoxazines and thiazines showed an approximately 30 nm Stokes' shift. 

The azines were bathochromically shifted according to the substituents in the 3,7-

position in the azine ring as shown by the following homologous series of thiazines 

with their absorbances In methanol:-

Table 3.25: The influence of substituents in the 3,7-position in the azine ring on 

the absorbance and fluorescence wavelengths in methanol for a homologous series 

of xanthenes. 

Substituent Dlle Abs. (nm) FI. (nm 

hydroxyl [OH) Methylene Violet [L Villi 580 610 
l' amine [NH2) Azur A [UV) 628 653 
2' amine [NH-alkylJ Azur B [LV) 638 665 
3' amine [N(alkyD2) Methylene Blue [XLVIII 653 680 

The azines can be bathochromically shifted by exchanging the heteroatom para to 

the nitrogen in the azine ring from N-alkyl from oxygen to sulphur as shown in 

Figure 3.16. The broader absorbance bands of Cresyl Violet [XLVI I 11, Nile Blue A 

[XLIX) and Oxazine 750 [UII were caused by the greater steric interference 

between the amino group and the hydrogen adjacent to it on the benzene ring in 

the 1,2-position. 

The phenoxazines <Table 3.24) all exhibited bathochromic shifts with the 

increased polarity of the solvent. This was caused by the Franck-Condon excited 

state having a higher dipole moment than the ground state. A widening of the 

Stokes' shift at the longer wavelengths (higher polarity) was also observed. Nile 

Red [UIII (Figure 3.20) showed both the greatest solvatochromic shift and Stoke's 
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shift of the dyes tested. Nile Red [LlII] has been used as a polarity probe in 

super-critical fluid chromatography <Deye and Berger, 1988). The addition of water 

to solutions of Nile Red dissolved in water miscible solvents (i.e. acetone, 

methanol, ethanol and DMSO) caused a bathochromic in absorption. 

Methylene Blue underwent sequential alkaline hydrolytic demethylation in 

aqueous solution (figure 3.24) to produce what is termed Polychrome Methylene 

Blue, a commonly used biological stain <Dean et aI., 1976). The products included 

Azur A [XXX], Azur B [XXXI], Azur C [XXXII], Bernsthen Methylene Violet [XXXIIIJ 

etc. This process was accelerated by the addition hydrogen peroxide, potassium 

dichromate, silver oxide or some other oxidising agent. Methylene Violet Bernsthen 

is produced commercially in up to 40% yield by treating a dilute ammoniacal 

solution of Methylene Blue with potassium dichromate. After the ammonia is driven 

off by heating with an alkali carbonate, the resulting product is recrystalised from 

1,2-dichloroethane. Methylene Blue was decomposed at temperatures above 85 ·C. 

Toluidine Blue was in the form of the lake with tungsten (11) chloride. The 

free dye was isolated by precipitating a solution with barium chloride or 5% sodium 

hydroxide saturated with salt. The dye remaining in solution was isolated and 

recrystalised from methanol. 
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3.6 other near infrared fluorophores 

3.6.1 Indigoid 

Indigo (Figure 3.25 [LXVIII)) is one of the oldest known natural dyes. Mummy. 

cloths, 5000 years old. have been found dyed with indigo [LXVIII]. The 

chromophore is a simple crosswise arrangement of two electron donors and two 

electron acceptors at an ethylene double bond. In all technically important each 

donor and acceptor (C=O) pair is bonded to benzene or naphthalene rings. The 

substituents in the benzene ring have no affect on the absorbance maximum. Indigo 

and its derivatives cover a narrow absorbance range of 570-645nm. 

In addition to NH (indigo [LXVIII)), N-alkyl [LXIX]. sulphur (thioindigo [LXX]). 

selenium (seleno-indigo [LXXI)) and oxygen (oxHndigo [LXXII)) can act as electron 

donors. The unusually high melting point (300-390 ·0 and the poor solubility of 

indigo can be explained in terms of its crystalline structure; the X-ray diagram 

(von Eller. 1955) show that in the solid state indigo forms a hydrogen-bonded 

polymer in which each indigo molecule is linked to four surrounding molecules. 

3.6.2 Natural compounds 

Chlorophylls and plant proteins (Figure 3.26) are porphyrlns related to 

porphine [LXXXI] and they fluoresce in the 700 nanometre region in water. These 

have been suggested as labels for immunoassay by Kronick and Grossman. 1983. 

The best known porphyrin are the biologically important Chlorophyll a [LXXIII] and 

Chlorophyll b [LXXIV) (the green pigment required by plants for photosynthesis). and 

haemin (the red colouring matter essential for oxygen transport in the blood). 

3.6.3 Ouinonoid 

The extended quinonoids (Figure 3.27) are naturally occurring compounds and 

have been synthesised for for use as dyes (Bien et al.. 1985). Amino- and 

hydroxyl groups and their substituted forms. NHR. NR2, NHCOR. OR are frequently 

present and act as auxochromes. The solubility of these dyes even in organic 

solvents is low and they are insoluble in water except for the sulphonic acid 

derivatives. 

Violanthrone (e.g. LXXV and LXXVI) and isoviolanthrone dyes are derived 

from symmetrical or asymmetrical condensations of two molecules of benzanthrone. 

Viol anthrone and its derivatives are fluorescent in the near infrared (Rauhut et al.. 

1975). The indanthrones (e.g. LXXVII and LXXVIII) are the most important of the 
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extended quinonoid dyes with blue colour in the un-substituted form which is 

shifted to the green on substitution. 

3.6.4 Very large aromatic hydrocarbons 

Rauhut et al. (1975) showed that some very large hydrocarbons such as 

LXXXIX and LXXX in Figure 3.28 that occur in soot and heavy oils fluoresce in 

the 700 to 820 nanometre region. 

3.6.5 Phthalocyanines 

Phthalocyanine (Figure 3.29) has the same chromophoric system as porphine 

[LXXXI] which is a planar, cyclic 16-centre ring system consisting of four bridged 

pyrrole rings. Metal free phthalocyanine [LXXXII] was first prepared in 1907 by 

von Braun and Tscherniak, while iron phthalocyanine [LXXXIV] was first prepared in 

1927 by accident during the preparation of phthalimide from phthalic anhydride and 

ammonia in an iron reaction vessel. The iron phthalocyanine [LXXXVI] was isolated 

and identified by linstead in 1934. Since then, phthalocyanines have become 

important dyes and pigments. The complexes formed between the transition metals, 

especially copper, and phthalocyanines are chemically very stable to light and heat. 

The chemistry of the phthalocyanines was reviewed by Maser and Thomas in 1963 

and 1983, Lesnoff and Lever in 1989. The colour chemistry of phthalocyanines 

were reviewed by Booth In 1971 and Gordon and Gregory In 1983. The 

phosphorescence and fluorescence of the phthalocyanines was described by Vincent 

et al. (1971). 

The copper phthalocyanines [e.g. LXXXIV] are by far the most important. 

Metal-free phthalocyanines absorb at 686 nm in chloronaphthalene and 772 nm in 

the solid state. Metal-complex generally absorb at much shorter wavelengths (Figure 

3.29 LXXXIII to LXXXVIII), but some, such as Lead Phthalocyanine [LXXXVII], 

absorb at longer wavelengths than metal-free phthalocyanine [LXXXII]. The addition 

of a phenyl ring to the phthalocyanines to give the naphthacyanines (Figure 3.29 

LXXXVIII to Xc) produces a bathochromic shift of 67 nm. 

Most phthalocyanines dissolve in strongly coordinating solvents, for example 

pyridine, in concentrated sulphuric acid, and in highly aromatic solvents, such as a

chloronaphthalene and dichlorobenzene. Also most phthalocyanines are soluble in 

dimethylamine <DMA), dimethyl sulphoxide <DMSOl, dimethyl formamide (DMF) and 

toluene. Solubility varies greatly with coordinating central metal ion. Ruthenium, 

lithium and Magnesium Phthalocyanine [LXXXVI] are readily soluble in acetone, 
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Figure 3.29: Porphine, phlhalocyanines and naphthacyanines with absofbance wavelengths in 
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acetonitrile and methylene chloride, solvents that most other phthalocyanines do not 

dissolve in at all. The solubility in organic solvents may be improved by the 

introduction of branched chain long-alkyl groups which prevent the aggregation by 

the steric interactions between the bulky and long-chain alkyl substituents. Wheeler 

et al. (1984) synthesised Silicon Naphthacyanine whose solubility can be controlled 

by the alkylsilyl substituents. Iron (Ill), aluminium (Ill) and cobalt phthalocyanine 

also have ligands outside the phthalocyanine n-coniugated plane so these cannot be 

aggregated to each other because of the steric hindrance and thus become soluble 

in high concentrations in organic solvents. The introduction of sulphonic acid groups 

increase their solubility in water. 

Phthalocyanines are widely used in electrophotography (xerography), in 

photochemical hole burning laser disk memory, in laser printer systems and as 

catalysts (Matsuoka, 1990). Metal phthalocyanines and naphthacyanines have been 

investigated by Chan et al. (1987a,b) and Bresseur et al. (1987) as photosensitisers 

in photo-destructive therapy of tumours. 
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3.7 Dye aggregation 

The formation of an aggregate by dye molecules implies the direct operation 

of molecular binding forces and the development of a series of equilibria in 

solution. 

2 D1 
D1 + D2 
D1 + D3 

or 2 D2 (3.1) 

Where D 1, D2, D3 and D4 are the monomer, dimer, trimer and tetramer 

respectively. 

The formation of dye aggregates <02, D3, D4 etc.) is shown by the 

appearance of another absorbance band either lower or higher than that of the 

monomer (D 1). The fluorescence of the monomer is quenched and the fluorescence, 

if there is any, from the excimer (see Section 1.4.1> appears either at higher or 

lower wavelength. 

Aggregation can be modified by the presence of other solutes which lessen 

the dipolar and hydrophobic interactions leading to molecular associations. This 

includes surfactants (SURFace ACTive AgeNTS) or polar solvents (such as methanol, 

ethanol and acetonitrile). Surfactants can be subdivided into three groups according 

to whether they are anionic, cationic or non-ionic. 

Dyes have been used extensively for the ion-pairing of surfactants and have 

been reviewed by Uenado et ai. (1981, 1983) and more recently by Waiters and 

King (1991). The quantification of surfactants by ion pairing then to dyes was first 

demonstrated by Longweil and Manence (1955), the Methylene Blue-anionic 

surfactant complex was separated into chloroform for the subsequent measurement 

of absorbance. This was modified by Abbot in 1962 to determine the concentration 

of anionic surfactants in drinking water. Flow injection analysis of anionic 

surfactants using Methylene Blue [XLVii] has been carried out by Motomizu et ai. 

(1988), de Valle et ai. (1988) and Kawase and Yamanaka (1979) to name but a 

few. Other cationic dyes that have been used include two other thiazines; Azur A 

[UV] (van Steveninck et ai., 1966), Toluidine Blue [LVii] (McGuire et ai., 1962) and 

triphenylmethanes; Rosaniline (Cropton and Joy, 1963), MethylYeilow (Fabre and 

Kamenka, 1976.) Anionic dyes have been used to determine the concentration of 

cationic surfactant, for example, the anionic monoazo dye Orange iI (Kawase and 

Yamanaka, 1979; Kanesato et aI., 1987). 
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Cyanines have been used to determine ionic surfactants, such as surfactants 

(Imasaka et aI., 1984; Robertson et aI., 1990). The use of near infrared 

fluorescence can reduce sample preparation time because of less interference in 

this spectral region as shown by the use Rhodamine 800 (XI] by Hindocha et al. 

(1993). The labelling of an anionic drug by a cationic dye by ionic bonding allows 

the drug to be extracted from the aqueous phase to an organic phase and hence 

reduce the interferances. 
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3.7. 1 Method 

The following two experiments were used to demonstrate the formation of 

aggregates. In the first experiment, a drop of Nile Red [LIIIl dissolved in methanol 

from a pasteur pipette was added to 20 ml of water. This solution was 

immediately passed through a 0.8 micrometer Acrodix syringe filter (Gelman). Every 

two minutes the precipitant was passed through a 0.8 micrometer syringe filter. 

Each time approximately 1 ml was retained each time for comparison. The colour 

of the solution was recorded and the amount of dye left on the filter was noted. 

The second experiment monitored the formation of aggregates of Nile Red 

[LIII] using fluorescence. A drop from a pasteur pipette of a stock solution of Nile 

Red [LlII] in methanol was added to distilled water and the fluorescence spectra 

was scanned automatically every minute for twenty minutes on the Shimadzu RF-

5001PC Spectrofluorimeter. Excitation was at 550 nm and the slits were set at 10 

nm. Figure 3.31 shows the fluorescence spectra collected at two minute interval up 

to ten minutes. 

A third experiment showed the influence of surf act ants on dyes. An aqueous 

solution of dye was monitored by fluorimetry and spectrophotometry. Added to this 

was increasing amounts of surfactants. The surfactants used were the non-ionic 

surfactants, Brij 35 (polyoxyethylene lauryl ether), Tween 20 (Polysorbate 20: 

polyoxyethylene sorbitan mono laurate), Tween 80 (Polysorbate 80: polyoxyethylene 

sorbitan mono oleate) and Triton X-100 (polyoxyethylene tert-octylphenol); the 

anionic surfactant, sodium lauryl sulphate (sodium dodecyl sulphate: SOS) and the 

cationic surfactants, tetradodecylammonium bromide 

bromide (CTAB). The concentration of the dye was 

because the amount of surfactant added was less than 

and 

kept 

1% 

cetyltrimethylammonium 

approximately constant 

of the total volume of 

solven!. Either a' fluorescence spectrum on a Perk in Elmer MPF-44B 

Spectrofluorimeter or absorption spectrum on a Kontron UVIKON 810 

Spectrophotometer was scanned after each addition of surfactant. Figures 3.30, and 

3.31 to 3.33 are examples of the absorbance spectra produced. 

A fourth experiment showed the influence of polar solvents on aqueous 

solutions of dyes. To an aqueous solutions of dye was added varied amounts of 

polar solvent (either acetonitrile or methanol). The concentration of the dye was 

kept constant. Absorption spectra were taken after each addition, such as those 

shown in Figures 3.35. 
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3.7.2 Results 

Table 3.26: The absorption and emission wavelengths of monomer and dimer of 

xanthenes (fluoresce ins and rhodamines), cyanines and azines (phenoxazines, 

phenoxazones and thiazines) in water. The emission of the dimer of the thiazines 

and some of the other dyes were not determined. (ND = not determined) 

Fluoresceins 
Fluorescein [IV] 
Rose Bengal [VII] 

Rhodamines 
Rhodamine 6G [VIIIl 
Rhodamine B [IX] 
Rhodamine 800 [XIl 

Cyanines 
DTTC [XXIIIl 
IR125 [XXV] 

Phenoxazines 
Cresyl Violet [XLVIIIl 
Ni le Blue A [XLI X] 
Oxazine 4 [Ll 
Oxazine 750 [LlIl 

Phenoxazones 
Nile Red [LIIIl 

Thiazines 
Azur B [LV] 
Methylene Blue [XLVII] 
Methylene Green [L VIl 
Toluidine Blue [LVII] 

monomer 
Abs. (nm) Em (nm) 

492 
549 

524 
552 
685 

750 
788 

590 
638 
612 
674 

575 

644 
663 
655 
632 

521 
590 

550 
572 
700 

770 
810 

628 
667 
635 
692 

6651 

670 
682 
678 
674 

dimer 
Abs. (nm) Em (nm) 

420 
510/545 

500 
510 
605 

650 
690 

570 
590 
565 
610 

520 

600 
570 
618 
595 

ND 
none 

none 
none 

ND 

none 
825 

ND 
685 
ND 
705 

6051 

ND 
ND 
ND 
ND 

1 value from the determination of Nile Red [LIIIl in 100% aqueous solvent on the 

Perkin Elmer MPF-44B Spectrofluorimeter. In less than 5% methanol the wavelength 

on the Shimadzu RF-5001PC Spectrofluorimeter was 637 nm and was similar to Nile 

Red in 100% methanol. 
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3.7.2 Discussion 

All the dyes tested formed aggregates in water to varying degrees. Most of 

the dyes showed the usual lower wavelength absorption band of the aggregate. This 

form of aggregation is termed J aggregates. The fluorescence at the monomer 

wavelength was always attenuated and some cases completely quenched. 

Xanthenes formed aggregates in water. The absorbance maxima of the dimers 

of the xanthenes (Table 3.24) were always at lower wavelength than that of the 

monomer. Dimerisation of Rose Bengal IVIIl. Rhodamine 6G IVIIIl and Rhodamine B 

!IX] prevented fluorescence. Aggregation of some xanthenes. in particular the 

fluoresceins. was reviewed by Valdes-Aguilera and Neckers in 1989. 

Cyanines formed reversible aggregates. The dimers of DTTC IXXIII] and 

IR125 IXXV] showed absorption at lower wavelength. In order for the IR125 to 

form aggegates. higher concentrations of IR125 IXXV] were used and this was 

probably due to its longer alkyl chain on the N-alkyl substituent that inhibits 

aggregation. 

Nile Red ILlIIl was insoluble In water. In experiment one. the precipitant 

colour was reduced from the intense red at time zero to colourless after ten 

minutes. It was Impossible to record absorption spectra due to severe light 

scattering caused by the aggregation of Nile Red. The colourless solution stili 

contained enough Nile Red ILIIIl to give intense fluorescence. The absorption 

spectrum. as shown in Figure 3.30. was measured using a 4 centimetre path length 

cuvette because of the necessity to use a low concentration of Nile Red ILIII] in 

order to eliminate scattering. Figure 3.31 shows the dynamic decay in fluorescence 

of Nile Red ILlII] in water by the formation of aggregates. The severe reduction In 

fluorescence of the Nile Red III 11] dissolved in methanol added to water was 

caused by the sequential replacement of the methanol solvent shell around the dye 

molecule by water molecules. The dye molecules have greater affinity to each other 

than the water molecules and so form dimers. This explains the fluorescence decay 

of Nile Red ILlIIl in water. The decay in fluorescence was accelerated by using 

increasing concentrations of Nile Red III I 1]. There was no reduction in absorbance 

or fluorescence when more than 20% methanol or surfactants were added to the 

aqueous solution. which indicated the aggregation of Nile Red was inhibited by 

these additives. 

The degree of aggregation between two or more dye molecules depended on 

the structure of the dye. the solvent. and the temperature. The more hydrophobic 

the dye. the greater the tendency of the dye to form aggregates. Therefore. dyes 
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that had sulphonic or carboxylic acid groups were less likely to form aggregates 

due to their' increased solubility. Dyes aggregated more strongly in water than in 

any organic solvents and there was no evidence of the dyes tested aggregating in 

polar solvents (Le. methanol. ethanol. acetonitrile etc.). Branch chain long-alkyl 

groups were used in the phthalocyanines (see Section 3.6.5) to prevent the 

aggregation by the steric interactions between the bulky and long-chain alkyl 

substituents. A rise in temperature caused the equilibrium to shift from the dimer 

to the monomer. The rate of dissolution and solubility were very dependent upon 

the crystalline size and form. Recrystalised Nile Blue A chloride [XLIX] (99.9% 

pure) with needle like crystals was more soluble than the un-recrystalised dye (less 

than 95% pure). The counter ion and the purity of the dye also influenced the 

solubility and hence the degree of aggregation. e.g. the perchlorates of the 

carbocyanines were more soluble than the iodides in water. 

Primarily cationic dyes had a tendency of depositing a mono-layer of dye on 

solid surfaces. especially glass. This layer once formed does not increase with 

further exposure. This phenomenon. known as plating. can be very troublesome 

when using these dyes. The leuco-form of azines. Nile Blue [XLIX] and Nile Red 

[L111] were the worst offenders. The interaction with glass seems to be related to 

the negative charge of the silanol groups of glass and the positive charge of the 

dye coupled with the degree of aromaticity of these dyes. This was discovered to 

be a serious problem after measuring the absorbance of an aqueous solution of 

Nile Red [L1I1] and the silica cuvette was rinsed out with water. To this seemingly 

clean cuvette was added methanol which was consequently coloured red. 

characteristic of Nile Red. Since this discovery the acid washing and then detergent 

washing of glassware became routine as described in Section 2.3.1. 

There were three techniques used to overcome the problem of plating: 

glassware was cleaned very carefully after each analysis. a solvent system or an 

additive was used to eliminate plating (e.g. surfactants. polar solvents). or the 

glassware was pre-plated. Pre-plating of the glassware was not employed because 

leaching of the dye from the glass surface could not be guaranteed. The pH. Ionic 

strength and the solvent greatly influenced the amount of dye adsorbed. The plating 

of Nile Blue A [XLIX] on glass was almost eliminated by the addition of 

surfactants such as Triton X100 (a non-ionic surfactant) as this inhibited 

aggregation and hence its dissolution. Insoluble cationic dyes caused the greatest 

problem of plating. 

Surfactants were shown to both disaggregate and inhibit the formation of dye 
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aggregates (Figures 3.32 to 3.34). The non-ionic surfactants (e.g. Triton X-100) 

and anionic surfactants (sodium lauryl sulphate) were more efficient in dissociating 

the aggregates than the cationic surfactants (e.g. cetyltrimethylammonium bromide). 

This was due to the dyes being predominately cationic and the low solubility of the 

cationic surfactants in water. 

" The addition of the surfactant (Le. Triton X-100) produced an increase in the 

absorption and fluorescence intensity of the azines because the aggregates formed 

In water were dissociated to the mono-molecular form. This equilibrium was 

dependent on the ratio of dye to surfactant as shown in Figure 3.34, the 

monomer/aggregate equilibrium was shifted to the left with the increasing 

concentrations of Triton X-100. On dilution the aggregates in solution dissociated. 

The variable ratios of the longer to shorter absorbance band were indicative of the 

. presence of the formation of aggregates. 

The ability of dyes to form complexes varied widely. Dyes form adducts 

(complexes) with the surfactant that were more soluble in water than the dye 

monomer and so did not aggregate. The equilibrium present in solution with the dye 

and surfactant Is shown below. 

surfactant molecules surfactant micelles 

surfactant molecules + dye dye-surfactant complex (1.2) 

Datyner and Delaney (1971) showed chain branching in the alkyl chain in the 

surfactant inhibited the dye surfactant complex, Whilst lengthening the ethylene 

oxide chain of the surfactant increased it. An increase In temperature reduced the 

complex formation (Craven and Datyner, 1967>. 

Micelles are conglomerates of surfactants in solution. Micelles usually form in 

water and the individual surfactant molecules or Ions aggregate to minimise 

interfacial energy. The hydrophilic "heads" of the surfactant face the aqueous 

solution, while the hydrophobic "tails project Inwards. The micelle formation starts 

at a narrow and characteristic surfactant concentration, termed the critical micelle 

concentration (CMC) and the number of monomers that aggregate is given by the 

aggregation number, as shown in Table 3.27. 

The optimum concentration of surfactant molecules (critical micelle 

concentration) Increases with the length of the polyethanoxy side chain so that the 

first equilibrium is forced to the left and the second to the right, that is increasing 

the surfactant-dye complex concentration. Figure 3.34 shows graphically the there is 
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linearity between the concentration of surfactant when the dye concentration was 

kept constant. This relationship as already stated has been used in the 

quantification of surfactants. 

Table 3.27: The molecular weight (MoI.WU. critical micelle concentrations (CMc) 

and the aggregation number of surfactants (Dawson et al.. 1989; von Wandruszka. 

1992; Fasman. 1985). 

Surfactants 

Non-ionic surfactants 
Brij 35 
Tween 20 
Tween 80 
Trlton X-100 

Cationic surfactants 
CTAS 

Anionic surfactants 
SOS 

MoI.Wt. 

625 

364.5 

288.4 

CM<: 
(g!1) 

0.058 
0.14 
0.13 
0.16 

0.33 

2.3 

CM<: 
(mM) 

0.06 

0.25 

0.92 

8.2 

Aggregation 
Number 

40 

140 

60 

62 

It is generally accepted that micelles enhance the fluorescence of dyes 

associated with them. However, the results of such measurements could easily be 

misinterpreted because surfactants also increased, as already stated, the solubility 

of hydrophobic fluorophores. The resulting increase in concentration (for instance, 

drawing material previously absorbed onto glass surfaces) could be mistaken for a 

more fundamental effect. When this increased dissolution is factored out, the main 

cause for the enhancement could be attributed to disaggregating dimers and 50 

increasing the monomer concentration, and the micelle forming a protective shell 

around this monomer excluding quenchers. 

Polar solutes such as acetonitrile and methanol were shown to greatly assist 

dissolution and disaggregation of dyes. The dye industry has used 

dlmethylformamide (OMF), pyridine and ethanol (Venkataraman, 1977). Figure 3.35 

shows the characteristic narrowing of the absorbance band with the subsequent 

hyperchromic shift with increasing concentrations of methanol. The monomer 

absorbance maximum remained unchanged even when the solvent content increased 
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to 30% methanol. According to Rattee and Breuer (1974), urea was used to assist 

dye dissolution and was shown to be more effective to mix the dry dye powder 

with urea and then paste with water before dilution than to add urea to an 

unsatisfactory dye solution. The interaction with urea was very complex. 
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3.8 Photostability 

The photostability of dyes in aerated solvents illuminated by a broad band 

light source (Le. daylight. tungsten lamp and a xenon arc lamp) is an important 

limit on the usefulness of dyes. A dye that is destroyed within a week would not 

be of any use as a fluorophore for further investigation as a label or a probe. 

Few papers have been published on dye photostability to broad band light. The 

first problem is what is a proper measurement of dye stability? Dye stability 

depends on dye concentration. temperature. composition of the environment. 

excitation source power and wavelength distribution. The destruction of the 

chromophore is caused by the absorption of light and the subsequent reactions 

when it is in the excited state. It should be stated that the definition of an 

organic dye is based on the neurological process of colour. Le. compounds 

absorbing light in the spectral region between 400 and 750 nanometres. From the 

chemical point of view. dyes have all the properties of related colourless 

compounds. 

Absorption of visible light and the subsequent radiative transitions to the 

ground state (fluorescence) and after intersystem crossing to a triplet state 

(phosphorescence) have been discussed in Section 1.1. Dyes in excited electronic 

states have occupied and unoccupied molecular orbitals which are different from 

those in the ground state. Therefore. the chemical reactivity of the two states 

differ. The energy level of the excited singlet state is always higher than that of 

the corresponding triplet state and so has a higher reactivity. However. the triplet 

state is longer lived and so has a better chance to react. For bimolecular 

reactions. the· availability of the reagent to the excited state is the rate determining 

step. 

The form of photochemical reaction depends on the dye structure. solvent. 

reagents. additives and wavelength of irradiation. The mechanisms for reaction 

which start from interactions between an excited dye molecule (or ion) and the 

ground state <0-0), or between an excited state and an oxidizing or reducing agent 

(Norish Type 1; 0-0 and Norish Type 2; D-R, respectively). Figure 3.30 (Koizumi 

et al.. 1978) summarises primary processes in the photo-redox reactions of 

photosensitizer dyes. For simplification. only the reactions of the triplet ('Sens*) 

are included. The chemical reactions of singlets are less important because as 

already stated the singlet excited state is so short lived the number of reactions is 

a small proportion of the whole. In addition to thermal deactivation (kd) and. 

-108-



phosphorescence, the triplet state may react with the ground state dye to produce 

a half oxidized dye radical and a half reduced dye radical (O-D). The reaction 

mechanism depends on whether the solution is aerated or de-aerated. Type I 

reactions produce primarily dye radicals and type II do not produce dye radicals. 

The latter is important in producing singlet oxygen. The light fading of dyes in air 

is usually an oxidation process. For many dyes the rate of fading is highest in 

oxygen, lower in nitric oxide and carbon dioxide, and practically zero in nitrogen 

or hydrogen, although changes due to reduction sometimes occur in hydrogen. Also 

peroxides may be formed on the exposure to light. 

Fluorescence of the parent molecule is reduced either temporally by energy 

transfer to solvent molecules and intramolecular relaxation states or permanently by 

the destruction of parent molecule. The photoproducts may themselves be 

fluorescent and may have higher fluorescence quantum yields even at the same 

wavelength as the parent molecule. 

The photostability of dyes is empirical as one dye that in unstable in one 

environment may be very stable in another. An example of this is Astra Cyanine B 

(a cyanine dye) that is very unstable on cotton in the presence of moist oxygen 

and very stable on polyacrylonitrile (Orlon) in the presence of nitrogen (Schwen and 

Schmidt. 1959). 
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3.8.1 Method 

1. Exposure on bench - A dilute solution of the dye (about 10-5 molar) made 

either in methanol, water or acetonitrile was prepared. Ten millilitres was left 

exposed on the bench to daylight, another ten millilitres was kept in the dark at 

rOOm temperature. The final ten millilitres was kept in the refrigerator (about 4 

·C). The change in colour and the absorbance spectra was recorded at various time 

intervals for a couple of weeks. The fluorescence was measured when the original 

solution was diluted by one hundred fold. 

2. Illumination by a daylight simulation bulb (100 W tungsten light bulb with a 

blue filter) with spectral characteristics similar to daylight (figure 3.2) was used to 

illuminate dilute dye solutions in methanol at about ten centimetres. The 

concentration was such that the initial concentration had an absorptivity of about 

two. The absorbance was periodically taken. 

3. Illumination by xenon arc lamp - A dilute solution in methanol (approximately 

0.1 micromolar) of the dye was Illuminated by zero order light with a glass slide 

to eliminate ultra-violet light below 340 nm and the fluorescence intensity over time 

at constant temperature was measured. 
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3.8.2 Results 

Table 3.27: Photodegradation of some xanthenes (fluoresceins and rhodamines), 

polymethines (cyanines and merocyanines), and azines (phenoxazines, phenoxazones 

and thiazines) when illuminated by a 100 wait Daylight Simulation Bulb or a 150 

watt xenon arc. lamp. The solvent used was methanol and the absorbance maxima. 

The photochemical absorption decay constant «x) was compared with that of 

Fluorescein «x'). The half life (h) in hours was estimated by equation . 

Abs. Daylight Simulation Bulb Xenon Arc Lamp 
in MeOH aO/a h po/P h 

nm hr.:min. hr.:min. 
Fluoresceins 
Fluorescein [IV) 491 1.0 417: 1.0 9: 

Rhodamines 
Rhodamine B [IX) 545 3.4 1500: ND ND 
Rhodamine BOO [XIl 674 2.3 950: ND ND 

Carbocyanines 
DODC [XXIl 579 0.41 167: ND ND 
DOTC [XXII) 695 0.01 4:20 0.46 4:15 
DTTC [XXIII) 755 0,007 2:55 1.2 11:30 
HITC [XXIV) 739 0.41 167:30 ND ND 
IR125 [XXV) 770 0.26 109: 3.7 85:00 

Merocyanines 
Merocyanine 540 

[XXVIIIl 540 0.61 256:30 ND ND 

Phenoxazines 
Nile Blue A [XLIX) 627 12.5 5290: ND ND 
Oxazine 750 [L11l 662 7.7 3330: 1.4 132: 

Phenoxazones 
Nile Red [LIII) 550 20.0 9000: ND ND 

Thiazines 
Toluidine Blue 

[LVIIl 629 4.B 2000 ND ND 
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3.8.3 Discussion 

The absorption spectrum before irradiation showed the 50-5, absorption band 

in the red and the overlapping weaker ab!>orption band to 52 and the higher excited 

states in the blue and ultraviolet. After irradiation, the 50-5, band became 

narrower (reduced parent dye concentration) and a new absorption band of a 

photoproduct on the blue side of the 50-5, band was formed. The decay in 

absorption and fluorescence in all the dyes measured approximated first order. The 

assumption was that none of the photoproducts produced absorbed or fluoresced at 

the same wavelength as the parent dye. 

The photochemical absorbance decay of dyes in methanol was determined as 

follows: 

A = Ao.e- at (3.3) 

In A = In AD at (3.4) 

The photodecomposition decay constant (absorption) lal was compared with that of 

Fluorescein (a') to derive the photostability ratio (absorbance) la'/al. The half life 

(t.) in hours was estimated by the following equation. 

t~ = . (3.5) 

The photodecomposition fluorescence decay. of dyes in methanol was 
determined as follows: 

F = F D.e-at (3.6) 

In F = In FD ~t (3,7) 

The photodecomposition decay constant (fluorescence) I~l was compared with that of 

Fluorescein (~') to derive the photostability ratio (fluorescence) 1~'/~l. The half life 

of the dye was estimated by the following equation, 

= (3.8) 

The photostability of Fluorescein IIVl was about three times less than that 

for the two Rhodamines tested as can be seen from the table. This was also 

shown by Viriot and Andre (1989) when they used a xenon arc lamp as the light 

source. Rhodamine B !lXl showed a reduction in the absorbance (destruction of the 
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chromophore), and a hypsochromic shift of the absorbance maxima as caused by N

dealkylation of the dye solution. This was also observed by Evans, 1973. 

The polymethines were chemically unstable and far less photochemically stable 

than any of the other dye groups tested. Solutions of these dyes were repeatedly 

discoloured after a few days. In the case of DTTC [XXI], it changed from blue to 

grey-green and then colourless within five hours when exposed on the bench. This 

photobleaching was observed for all polymethines and after a week of illumination 

on the bench top by natural light, all the polymethines were brown to colourless 

solutions with the corresponding severe reduction in absorbance and fluorescence. 

The preponderance of polymethines showed lower wavelength absorbance bands of 

photo-by-products. Photodecomposition of the polymethines was greater in methanol 

and water than acetonitrile. Miyazoe and Maeda (1970) showed that acetone was a 

better solvent for storing polymethines than ethylene glycol, dimethyl sulphoxide and 

methanol. The destruction of the polymethines was halted or slowed when stored 

kept in the dark and practically halted if stored in refrigerator (approximately 4 ·C). 

Miyazoe and Maeda (1970) showed that polymethines in solution could be preserved 

for about a month in a refrigerator and much less than a week in the dark. They 

also stated that polymethines as a powder can be preserved for a few years. 

The polymethines with shorter conjugation bridge were more photo-stable than 

those with longer conjugation bridge. This would be improved by rigidising the 

conjugation bridge. The end-groups also influence the photostabi lity. The 

indotricarbocyanines (HITC [XXIV] and IR125 [XXV]) were more stable than 

oxatricarbocyanine <DOTC [XXII]) and thiatricarbocyanine <DTTC [XXIII]). This 

relationship was commented upon by Matsuoka in 1990. 

The photostability of the azines tested was excellent and this was supported 

by Basting et al.'s statement in 1976 that Nile Red [LlII] was more photochemically 

stable than Rhodamine 6G [VIIIl. At high concentrations (one micromolar or more) 

the reduction in absorbance, in some cases, could be attributed to plating. In dilute 

solution they showed no significant degradation. The Colour Index (1971) reported 

that Methylene Green [LVI] was the most fast basic green dye known. Methylene 

Blue [XL VIIl, which was not tested, would be far less photo-stable as it has been 

used to produce singlet oxygen for photochemical reactions. 

-114-



3.9 Discussion 

The most promising of the dye groups investigated are the phenoxazines and 

thiazines due to their longer wavelength absorbance/fluorescence than the xanthenes 

combined with superior photostability over the xanthenes and polymethines. The main 

problem with the phenoxazines and thiazines was their tendency to plate solid 

surfaces. This could be alleviated by a combination of the use of disaggregating 

agents (such as surfactants or polar solvents) and the addition water solubilising 

groups to the dye (such as sulphonic acid groups.) 

The only xanthene tested that had a long enough wavelength to show any 

promise was Rhodamine 800. It was considered that it was not possible to 

derivatise this dye without destroying the conjugation. The reason for the long 

wavelength absorption is the cyano group. 

The tricarbocyanines had the longest 

the worst chemical and photochemical 

wavelength absorbance/fluorescence but 

stability. This suggested that the 

tricarbocyanines as a fluorophore for a covalent label was difficult to produce by 

derivatisation. This was indeed the case, see chapter 4. The Stokes' shift of the 

polymethines were smaller than the xanthenes and azines with the exception of the 

asymmetrical carbocyanines, Le. Styryl 7 and Styryl 11. 

The phthalocyanines have according to the literature the best chemical and 

photostability of all dyes but were not investigated. These are very promising as 

fluorophores for covalently labelling but suffer from their very low stability in 

water and very small Stokes' shift of only 5 to 10 nm. 

3.9.1 Design of a Near Infrared Dye 

The colour-structure relationship is the most important factor for the design 

of infrared absorbing dyes. Chromogenic theory was first rationalised in 1876. 

Most of the commercial dye chromoph()res were developed from the resonance 

theory developed by Bury in 1935. This gives only a qualitative evaluation of the 

chromophore. The great advance was the Pariser-Parr-Pople molecular orbital (PPP 

MO) in 1953 (Pariser and Parr, 1953; Pople, 1953), which gave a method of 

predicting the absorbance maximum of a dye chromophore. The early applications of 

the PPP MO method for dye chromophore have been summarised by Griffiths 

(1976>-

A dye may be considered as being composed of an electron donor group 

connected by a conjugation bridge to an electron acceptor group. The absorbance 
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maximum of dyes may generally be extended by: 

1. Lengthening of the conjugation bridge. For example, the absorbance of 

the carbocyanines is extended by approximately 100 nm for each extra 

methine group added (see figure 3.1). 

2. Increasing the strength of the electron donors and/or acceptors. The 

strength of the electron donors increase of going down 'figure 3.11. 

3. Substitution of the conjugation bridge by a heteroatom. The changing of 

a carbon to a nitrogen produces short chain near infrared dyes. 

4. Anionic dyes which contain hydroxyl substituents absorb at shorter 

wavelength than cationic dyes with amino groups (See Table 3.7 and 3.25). 

5. Substitution para to the het er oat om causes a bathochromic shift. The 

homologous series of azines in Figure 3.15 are examples of this. The 

bathochromicity increases on passing from phenazines (nitrogen) to 

phenoxazines (oxygen) to thiazines (sulphur). 

All these features can be identified in the dye groups that were investigated. The 

other properties that are desirable, such as solubility in water, reduced or no 

plating of solid surfaces and stability should be taken into consideration when 

looking for a suitable fluorophore. Water solubility can be achieved by adding 

sulphonic or carboxylic groups. These solubilising groups should be added before 

the final formation of the dye. Neutral or anionic dyes have much reduced or no 

plating characteristics. 
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Chapter 4 

4.1 Covalent Labels 

Covalent fluorescent labels have two components, a fluorophore <D in Figure 

4.1) and a method of linking to a substrate (0), which may be a protein, peptide, 

amino acid or other biochemically important compound. There are two strategies 

that have been followed, either using the technology of the textile reactive dyes or 

biological cross linking agents as reviewed by Davidson and Hilderbach in 1990. 

The former was pursued because this was the more flexible and less expensive 

alternative. 

Reactive dyes were first developed for the textile industry to provide wash 

fast dyes for cloth and were introduced in 1956 (Venkataraman, 1972). Covalent 

bonds are formed with the hydroxyl groups of cellulose fibres, with amino, 

hydroxyl and thiol groups of protein fibres and the amino groups of polyamides. 

There are various problems with reactive dyes. Hydrolysis of the electrophilic 

group (X in Figure 4.1) of the reactive group (RG) is in competition with the 

formation of the covalent bond between the dye and the substrate. The hydrolysed 

dye cannot react with the substrate. The high resistance to hydrolysis of the 

reactive dye means that a higher proportion of the reactive dye can covalently 

bond with the substrate. The covalent link (0 in Figure 4.1) from the dye to the 

substrate should be resistant to alkaline or acid hydrolysis. Hence, for a useful 

reactive dye, the rate of hydrolysis of the dye--substrate bond must be very small 

to allow a reasonable shelf-life for the conjugate. 

The labelling or conjugation reaction should be in aqueous media, fast and 

quantitative so that denaturing of the protein is unlikely to occur. The conjugation 

reaction should be specific for the functional groups in the protein so non-specific 

binding is reduced or eliminated. The excess reagent should be easily separated 

from the conjugate by gel chromatography or dialysis. The reactive dye should have 

a high molar absorptivity at the wavelength of the excitation and a high 

fluorescence quantum efficiency when bound to the protein. The reactive dye should 

have a large Stokes' shift so there is as small as possible overlap between the 

excitation and emission bands. The reactive dye and the subsequent conjugate 

should be stable to heat and light. The conjugate's covalent bond to the protein 

should be stable to hydrolysis. 
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W D Q RG X 

FIgure 4.1: O1aracteristic features 01 a reactive dye shown schematically. 

Water-5Olubilising groups (W) am very important for reactive dyes used to covalently bind 
to ceOuIose and proteins. One to four sulphonic acil groups am usually necessaJY. The 
pH 01 the aqueous dyeing solution is important forthe wet fastness. The maximum stabiflly 
forRemazol Reactive Dyes (-S02.Q\2.Q\2..QS03H)to hydrolysis is a! pH=5 ~red 
'with pH=6 to 7 for aB other dyes. On the acil and alkaline side of this maximum the rate 
of dye-fibre bond hydrolysis increases by a factor of 10 per pH un~ lZoIIinger 1987]. 

The chromogenic part of the dye (D) for the VNIR may be any of those discussed in 
chapter 3. 

The Bridge link (Q) between the chromophom (D) and the reactive group influences: 
1. The reactivity 01 the reactive S¥SIem. The dissociation of the inino brilge may reduce 
the reactivity 01 the reactive groups by several ordeIs of magn~ude. 
2. The selectivity or degree of fo<ation. 
3. The stability of the reactive dyeing. It is possible to split not only the dye-fibre bond but 
also the link between the dye and the reactive group. 

Electrophilic reactive groups (RG). 

Nucleophilic leaving group (X) shouk! form a _bIe ion or l1DIecule after dissociation. for 
~. the halogens (F-. Q.' and Br- ions). and the sulphuric acil ester of 
B-hydro><yethylsulphones that forms a sulphate ion. 
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Also it is very important that the fluorophore is not carcinogenic or has 

serious toxic effect upon the user of the label as already stated in Section 3.1.1. 

Covalent labels are by definition mutagenic. in that they have the potential to react 

with DNA. 

Table 4.1: Requirements of a fluorescent label. 

High rlative fluorescence 

Spectral or tempera I resolution 

Hydrophilic 

Negative net charge 
Photostability 

Simple coupling 

Small size 

[molar absorptivity x fluorescent quantum 
efficiency is greater than 10000 
long Stokes' shift and/or long fluorescent 
lifetime 
good solubility in reagents. especially 
water. Low affinity to serum proteins or 
solid-phase surfaces. 
low non-specific binding to surfaces 
long-term stability of reagents and the 
avoiding of bleaching of the fluorophore. 
retained immunoreactivity of labeled 
antibodies 
no steric hinderance. 

Fluorescence in the near infrared region requires extensive conjugation in the 

molecule. which in turn creates some disadvantages and so they may not fully 

satisfy the requirement for fluorescent labels as given in Table 4.1. The labels are 

necessarily large. often with molecular weights of more than a thousand in the case 

of the phthalocyanlnes (Section 3.6.5). hence hydrophobic molecules. The use of 

water solubilising groups is important (W in Figure 4.1). The large molecular size is 

not disadvantageous if large bio-molecules (i.e. proteins) are labelled but labelling 

smaller molecules become more difficult from the problem of steric hindrance. The 

extensive conjugation in the label molecule increases instability. which can result in 

photobleaching or shorten the shelf life of the label. 
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4.2 Indocyanine Green sulphonyl chloride 

IR125 (Figure 4.2: XXV) is a symmetrical carbocyanine dye with a sulphonic 

acid group at the end of the butyl aliphatic chains attached to the indole rings. 

IR125 [XXV] absorbs at 750 nm and fluoresces at 770 nm in methanol. The 

sulphonic acid groups could be derivatised to sulphonyl chloride groups to produce 

a covalent label for amine groups. The methods investigated needed by necessity to 

be very mild because of the high probability of destroying the chromophore. The 

first method tried was using oxalyl chloride. This method was abandoned after 

three attempts because of the problems of extracting the product from the reaction 

mixture. The method finally used was phosphorous oxychloride. Because this is 

inorganic which makes the separation much simpler of this from the product. 

4.2.1 Method 

IR125 [XXV] (0.5 g) was treated with 2 ml phosphorous oxychloride in a 50 

ml round bottom flask. After standing for approximately twelve hours, the darkened 

solution was poured onto ice to remove the excess phosphorus oxychloride and the 

other water soluble contaminants, such as sodium chloride. After about fifteen 

minutes the product was extracted into 150 ml. of chloroform, washed four times 

with 50 ml of water, and then dried over anhydrous sodium sulphate. The 

chloroform soluble-solution material was dried by evaporation, re-dissolved in a 

100 ml of chloroform, and precipitated with an excess of n-hexane. The product 

was filtered, vacuum dried, and stored in ampoules in the freezer. 

IR125 [XXV] and the product [XCIl were characterised by FT -IR (Figure 4.3 

and 4.4), absorbance, fluorescence <Table 4.3: Figure 4.5 and 4.6), TLC and mass 

spectrometry .. Proton NMR of the product was not possible because of the very low 

solubility of the product in the usual deuterated NMR solvents. The proton NMR 

only showed up the solvent impurities of the product. Absorbance and fluorescence 

spectra of both IR125 [XXV] (Figure 4.5) and Indocyanine Green sulphonyl chloride 

[XCIl (Figure 4.6) were measured in anhydrous acetonitrile to reduce the hydrolysis 

of the sulphonyl chloride groups. 

The thin layer chromatography TLC of Indocyanine Green sulphonyl chloride 

[XCI] and IR125 [XXV] was performed on silica gel sheets developed in chloroform 

methanol : acetic acid (14 : 5 : 1) 

The results of Oxygen Flask Combustion and CHN analysis carried out on 

both the starting material and the product by MEDAC are shown in Table 4.2. 
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4.2.1.1 Protein Conjugation 

Indocyanine green sulphonyl chloride [XCIl formed a covalent linkage with 

amino groups on proteins when they were mixed. The conjugation was carried out 

at about 4 T, in order to slow down the rapid hydrolysis of sulphonyl chloride 

groups. Indocyanine Green sulphonyl chloride [XCIl was dissolved in anhydrous 

acetonitrile and an aliquot of the solution added to the protein solution. 

0.5 mg of Indocyanine Green sulphonyl chloride [XCIl was conjugated with 1 

mg/ml bovine IgG in pH S.S Tris saline buffer for at least 4 hours below 4 'C 

and in the dark light. 

10 ml of 1 mg/ml human transferine in pH S.S phosphate buffer saline was 

incubated with 1 mg of Indocyanine Green sulphonyl chloride for at least 12 hours 

at 4 'C and protected from light. 

The desalting and the removal of unbound Indocyanine Green sulphonyl 

chloride [XCI] from the protein was carried out by gel filtration on Sephadex G-25 

(PD-10 columns, Pharmacial. Concentration and solvent exchange was then carried 

out using a Centricon 30 microconcentrator. 
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4.2.2 Results 

Table 4.2: Percentage composition sulphur. nitrogen and chlorine by oxygen flask 

and ion chromatography of IR125 [XXVI and Indocyanine Green sulphonyl chloride 

[XCII. The theoretical values were calculated. 

Theoretical Experimental 
H C N 0 Na s Cl S N Cl 

IR 125' [XXVI 
C4 3H4 7N2Na06S2 6.1 66.6 3.6 12.4 3.0 B.3 9.2 5.0 

Indocyanine Green sulphonyl chloride2 [XCII 
C43H46N2Na05S2CI 5.B 65.1 3.5 10.1 2.9 B.1 4.5 9.1 4.6 5.0 
, MEDAC found by CHN analysis C=58.83%: H=6.29%: N=3.16%. 

2 MEDAC found by CHN analysis C=45.06%: H=4.97%: N=2.37%. 

Table 4.3: Emission and excitation maxima of IR125 [XXV] and Indocyanine Green 

sulphonyl chloride [XCIl in anhydrous acetonitrile and the conjugated indocyanine 

green with various proteins in varying buffers. 

IR125 [XXV] 
Indocyanine Green sulphonyl chloride [XCI] 

Indocyanine Green-lgG in pH 8.8 buffer 
Indocyanine Green-lgG in pH 7.0 buffer' 
Indocyanine Green-transferine in pH 7.0 buffer 
, Anhydrous acetonitrile: 
2 pH 8.8 Tris saline buffer 

Ex 
(rvn) 

783' 
778' 

794 2 

none 
790' 

• pH 7.0 phosphate buffer after concentration using the microconcentrator. 
• pH 7.0 phosphate buffer 
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Em 
(rvn) 

815' 
808' 

808 2 

none 
810' 



Figure 4.2: Reaction scheme for the synthesis of Indocyanine Green sulphonyl chloride (CVI) 
by the noaction of phosphOlOus axyclhoride with IR125 (XXV) OIler 12 houlS. 

l 
I , 

Figure 4.3: Drill FT-IR absofbance spectra of IR125 (>O<V) on the NicoIet OX Peaks at the 
folbNing wavenurroers: 3086 (m). 2976 (m). 2921 (m), 2866 (m). 2811 (w). 1522 (vs). 1495 (vs), 

1459 (vs), 1405 (vs), 1352 (vs). 1298 (5), 1197 (vs). 1010 (vs), 941 (vs). 900 (vs). 835 (S). 798 (S), 
760 (5). 733 (5), 695 (m) and 664 (vs). 

! • 
I • 

I • 

Figure 4.4: Drill FT -IR absofbance spectla of Indocyanine Green sulphonyl chloride (XC) on 
the NicoIet OX Peaks at the following wavenumbets: 3086 (w). 3003 (w). 2950 (W). 2880 (W). 

2370 (w). 2315 (w) 1625 (5). 1400 (vs). 1357 (s). 12n (m). 1123 (vs), 1085 (vs). 1070 (vs). 
1000 (5), 920 (s), 8n (s). 830 (m). 803 (m). 787 (W). 752 (W). 717 (W). 680 (w) and 664 (m). 
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Figure 4.5: EXcitation and amleelon epectra at a 0.1 mlcomolar 

eolutlon at IR125 [XXV) anhydroue acetonitrile. 
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Figure 4.6: Excitation and emleelon epectr. at a 0.1 mica molar eolutlon of 

Indocyanine Graen eulphonyl chloride [XCI] In anhydroue acetonitrile. (Ex 

.178 nm, Em 808 nm). 
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4.2.3 Discussion 

TLC of a freshly prepared solution of product gave a small light green spot 

at Rf 0.35 (IR125 [XXV)) and a dark green spot at Rf 0.90 (Indocyanine Green 

sulphonyl chloride [XC Ill. The product formed IR125 [XXVI upon standing in solution 

for about an hour as shown by the increased intensity of the spot at Rf 0.35. 

Drift FT -IR (Figure 4.3 and 4.4) showed the absence of the characteristic O

H stretches at 3500 cm- 1 in IR125 [XXVI and the appearance of aromatic C-CI 

stretches at 800-600 cm-I. The strong absorbances at 1410-1375 cm- 1 and 1170-

1205 cm- 1 indicated the presence of sulphonyl chloride group. 

Electron impact mass spectrometry gave no molecular ion. Indocyanine Green 

sulphonyl chloride [XCII lost chloride and the conjugation bridge groups quickly 

when heated to 100 ·Co At 200 ·C loss of sulphur dioxide from the aliphatic 

carbon chain. At 300·C there ..... as the characteristic breakdown pattern of the loss 

of methyl radicals. There was a good correlation between the mass spectra of 

IR125 [XXVI and the product [XCII, which showed that the fluorophore was intact. 

Anhydrous Indocyanine Green sulphonyl chloride [XCII was stored in a 

dessicator in the dark. The sulphonyl chloride group was only activated in 

anhydrous solvent for only a couple of hours. Indocyanine Green sulphonyl chloride 

[XCII was photdecomposed comletely after a day, 

The excitation and emission maximum of Indocyanine Green sulphonyl chloride 

[XCII was hypsochromic shifted <Table 4.3 and compare Figure 4.5 with 4.6). The 

fluorescence intensity was much reduced. 

The fluorescence intensity of the IgG conjugate in the pH 8.8 Tris saline 

buffer was very small. Solvent exchange with pH 7.0 potassium phosphate increased 

the fluorescence intensity. The concentration of the conjugate by microconcentrators 

was unsuccessful because the conjugate stuck to the membrane. No fluorescence 

was therefore observed. The molar ratio of dye to protein was not determined 

because of the large absorbance band at 280 nm of the fluorophore (IR125). 

4.2.4 Conclusion 

Indocyanine Green sulphonyl chloride [XCII as a reactive dye for proteins was 

not pursued further due the very low light stability of the product. Storage of the 

dye in solvents caused loss of activity and on exposure to light destruction of the 

chromophore. 
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4.3 Nile Blue allyl 

The second dye chosen for derivatisation after the problems found was Nile 

Blue A (Figure 4.7: XLIX). Nile Blue A [XLIX] is both chemically (see Section 3.4 

and 3.5) and photochemically (see Section 3.8) more stable, and has a longer 

Stokes' shift than IR125 [XXV]. Also, it is thirty times less expensive. The 

reactivity of the primary amine on Nile Blue A [XLIX] was investigated by the 

reaction with allyl bromide. 

4.3.1 Method 

0.5 g of Nile Blue A chloride, 4 g of anhydrous sodium carbonate, 1 ml of 

allyl bromide and 50 ml of toluene were refluxed for 6 hours. When cooled, 

solvent extraction with 50 ml of 10% (w/v) sodium hydroxide was performed and 

the aqueous layer was discarded. The organic layer was washed a couple of times 

with water. The organic layer was rotary evaporated to yield the Nile Blue A allyl 

(Figure 4.3 [XCII]). 

The Nile Blue A [XLIX] and Nile Blue allyl [XCIIl were characterised by FT -IR 

(Figure 4.8 and 4.9), Oxygen Flask Combustion <Table 4.4), absorbance <Table 4.5), 

fluorescence (Table 4.5, Figures 4.11 and 4.12), and TLC (Table 4.7>. Proton-NMR 

of Nile Blue A [XLIX] and Nile Blue allyl [XCII] was not possible because of their 

very low solubility in the various NMR solvents tried and severe plating of the 

NMR tubes. TLC was carried out using two solvent systems 9:1 acetonitrile:water, 

and 6:8: 1 chloroform:2-butanone:formic acid and the results are show in Table 4.7. 
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4.3.2 Results 

Table 4.4: Percentage composition sulphur. nitrogen and chlorine by oxygen flask 

and ion chromatography of Nile Blue A (XLIX] and Nile Blue allyl (XCIIl with the 

values corrected for 95% purity of the starting material. The theoretical values 

were calculated. 

Theoretical Experimental Mol. Wt. 
H C N 0 Cl N Cl 

Nile Blue A chloride 
C2oH2oN30CI 5.7 67.9 11.9 4.5 10.0 12.1 9.8 . 353.85 

Nile Blue allyl 
C23H24N30CI 6.1 70.1 10.7 4.1 9.0 11.0 9.1 393.92 

Table 4.5: The absorbance and fluorescence maxima of Nile Blue A chloride (XLIX] 

and Nile Blue allyl (XCII]. 

Abs. Em. Solvent 
(nm) (nm) 

Nile Blue A chloride (XLIX] 622 658 methanol 
619 650 chloroform 

Nile Blue allyl (XCII] 627 662 methanol 
625 658 chloroform 
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Figure 4.7: The synthesis of Nile Blue allyl \XCII) by the refluxing Nile Blue A (XLIXI wilh 
allyt brorrOde for sO< hoUls in the presence of sodium carbonate. 

78. 
~ 

1500 

Figure 4.8: FT·IR transrmsion spectrum of Nile Blue allyl \XCII) on the Pelltin Ekner 1600 Series. 
Peaks at the following wavenumbets: 3131 (S). 2968 (s). 1640 (w). 1585 (vs). 1549 (m). 1499 (w). 
1411 (s). 1350 (m). 1332 (s). 1279 (s). 1257 (m). 1192 (W). 1170 (m). 1145 (m). 1116 (m). 1074 (W). 

1061 (W). 1011 (W). 943 (W). 816 (w). 789 (W). 751 (w). and 706 (W). 
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Rgu ... 4.9: FT -IR tJansmission spectra of Nile Blue A P<LJXI on the PetIIin EImer 1600 Series. 
Peaks at the following wavenurri>ers: 2949 (vs). 2361 (m). 2343 (m). 1676 tNl. 1641 (m). 1586 
(vs), 1550 (S). 1500 (m), 1483 (m). 1424 (5), 1374 (m), 1351 (5),1333 (vs), 1280 (5). 1258 (5), 
1192 (m). 1171 (S). 1145 (5), 1128 (m), 1116 (S). 1074 (m). 1061 (m). 1011 (m). 943 (W). 858 

77." .... 

(m), 817 (m). 790 (m). 751 (w). 740 (w). and 706 (m). 

I~·L-~r--r--~-.--'---~-r----r----~ 
,5oa 1000 ct'f"'I soo 

Rgu... 4.10: FT -IR transrrission spectra of Nile Red [UII) on the Perkin Elrnlir 1600 Series. 
Peaks at the foOowing wavenurri>ers: 3057 (W), 2965 (W). 2925 (W). 1622 (vs), 1584 (vs). 1558 

(5), 1514 (m). 1493 (5). 1460 (m). 1445 (m). 1406 (5), 1378 (m). 1349 (5), 1310 (5). 1290 (m). 
1276 (m), 1255 (5),1201 (W), 1182 (m), 1182 (m), 1129 (W), 1112 (5), 1078 (m), 1015 (m), 1000 

(W). 880 (W), 850 (m). n6 (m), 746 (W). and 708 (W). 
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Figure 4.11: Excitation and eml •• lon .pectra of a 50 nanomolar 

aolutlon 0' Nile Blue A chloride [XLIX) In methanol. 
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Figure 4.12: Excltallon and emlaalon apectra 0' .. 50 nanomolar 

aolullon 0' Nile Blue allyl [eXII] In methanol. 

(Ex. 627 nm, Em. 662 nm) 
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4.3.3 Discussion 

The product [XCIIl was identified by FT -IR by additional absorption at 943 

and 1011 cm-l caused by C-H deformations and 3131 cm- 1 C-H stretching of the 

ethylene group. TLC of the product [XCII] showed the absence of contamination 

from Nile Blue A [XLIX], the starting material and only a small contamination from 

Nile Red [LlIIl. The latter was identified by its Rf, red colour and FT-IR (Figure 

4.10). 

Nile Blue allyl [XCII] Showed a slight bathochromic shift as would be expected 

by transforming the primary amine of Nile Blue A [XLIX] into a secondary amine 

and this is consistent with the trend shown in Table 3.25 of Section 3.5.2. 

Nile Blue allyl (XCI] was successfully synthesised, so the primary amine of 

Nile Blue A [XLIX] could be used to add a reactive group in order to produce a 

label as described in the next section. 
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4.4 Nile Blue SS 

After the successful synthesis of Nile Blue allyl [XCII], the reactive group of 

dichloro-s-triazine (Figure 4.15 [CIV]) was selected. Dichloro-s-triazines [CIV] 

belong to the most widely used reactive group of the dye industry. 

Monochloro-s-triazine (Figure 4.14 [XCVII]) and dichloro-s-triazine (Figure 

4.15 [CIV]) reactive dyes were the first reactive dyes for cellulose fibres. They 

were commercially introduced in 1957 and 1956 respectively by the inventor 

companies (Imperial Chemical Industries (ICI) and CIBM. After the patent rights 

expired, numerous other dyestuff manufacturers started to produce these dyes. This 

reactive group can be subdivided into mono-functional and bi-functional sub-groups. 

Procion Supra (Figure 4.15 [CIX]) has two mono-functional reactive groups and so 

may be classed as either mono- or bi-functional. 

The principle synthesis of these reactive dyes is first to prepare the 

chromophore which has at least one primary or secondary amine group. Then this is 

reacted with, for example, in the case of dichloro-s-triazine reactive dyes [CIV] 

cyanuric chloride (2,4,6-trichloro-s-triazine [CX]). The monochloro-s-triazine dyes 

[XCVII to CIIl are prepared from the dichloro-s-triazine dyes [CIV] by reacting 

them with a primary, secondary aliphatic or aromatic amine (or other nucleophilic 

agents). Dyes with other N-hetercyclic reactive groups can be similarly prepared. 

The reactivity of N-heterocyclic reactive groups (Figure 4.13 [XCIII]) is 

increased by higher temperature. The addition reaction (k 1 in Figure 4.13) is the 

rate determining step. The rate of reaction is increased by making the electrophlllc 

carbon-atom more positive. 

-138-



k 

+ y 1 .. .. 
k -1 

k 1: the base cataljlsed add~ion of the substrate's 
nucleophilic functional group to the reactive 
group's electrophilic cartJOn. 
k3: the elinination of the nucleophilic leaving 
group. a this intermediate accumulates rapidly. 
this reactions can be base catalysed. 

k 
3 

-x 

XCIII 

~ 

Rgure 4.13: Reactive pathway for reactive groups that react by the nucleopilic bimolecular 
(heteroaromatic) subst.ution mechanism W is the water-oolubilz:ing group, F is the fluorophore, 

X is the nucleophic leacing group and Y is the group on the substrate (Le. protein). 

XCllII to 01 

x 

rronohalogeno-Striazine X Z 
XCIIII Cibacron and PIocion H a NHR. NHAr, NR'R", NRAr 
><CVIII Cibacron F F NR'R", NRAr 
>«:IX Cibacron Pront a OR 
c PIocion SP a S03H 
0 SurrifDc Supra a NH-Al-m-S02-B-0S03H 
01 Cibacron C F NH-alken~-O-I=o-\2 

monC>{m'-carbc<ypyrinjdiniurn)-s-triazines 
all Kayacebn 

Figure 4.14: Mono-lunctional reactive groups with one halogen which may react with one 
. sie on the substrate. 
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Table 4.6: Reactivity of N-heterocyclic reactive groups decrease on going down the 

table. 

Reactive group 
dichloro-s-triazine 
2.3-dichloroquinoxaline 
monofluoro-s-triazine 
monochloro-s-triazine 
monochloro-s-triazine 
2.4.5-trichloropyrimidine 

Commercial Name 
Procion MX 
Levafix E 
Cibacron F 
Cibacron Pront 
Cibacron & Procion H 
Drimarene X & Z 

Structure 
CIV 
CV 
XCIX 
C 
XCVII 
CVII 

Table 4.6 shows that the reactivity of reactive groups decreases on going down 

the table. Dichloro-s-triazines [CIVl are more reactive than 2.4.5-

trichloropyrimidines [CVII] because the former has more electron-attracting cyclic 

nitrogen atoms than the latter. Dichloro-s-triazines [CIVl are more. reactive than 

monochloro-s-triazines [XCVII to Cl I] because the former has the one more 

electron-attracting substituent. chlorine. The rate of hydrolysis of the reactive dye 

is also increased by both of these factors as well as a reduction in the strength 

of the covalent between the dye-substrate with increasing reactivity of the dye. 
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Figure 4.15: Bt-Iunclionaf reaclille groups with two halogens are present which may react with 
two reaclille sites 01 the subslmte. 
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Strongly electron-attracting leaving groups, such as quaternary ammonium 

groups of pyridine, increase the reactivity of the dichloro-s-triazine [CIVl Or 

monochloro-s-triazine [XCVII to CIIl reactive dyes because pyridine is a better 

nucleophilic leaving group. The quarternisation of the nitrogen atom increases the 

electrophilic character of the carbon atom and hence its susceptibility to 

nucleophilic attack <Banks, 1944: Banks and Control is, 1946) and pyridine also 

regulates the pH of the reaction mixture by neutralising the chloride ions. In the 

latter case this inverse relationship between reactivity and stability can be avoided 

because the activating effect of the leaving group is lost during the fixation 

reaction. In this way, highly-reactive dyes produce very stable reactive bonds. 

Dyeing with dichloro-s-triazine (Figure 4.17 [CXIJ) dyes produces a mixture of 

CXII, CXIV and CXV. Under the mild conditions of sodium hydrogen carbonate 

almost entirely the mono-substituted product [CXIIl is formed. CXII has a larger 

electron deficiency at 4-position caused by the chlorine substituent than the 2-

position bonded to the substrate, so that the main alkaline hydrolysis reaction is to 

CXV. The di-substituted product [CXIVl is formed by the further reaction of the 

mono-substituted [CXIIl. The hydrolysed product [CXVl, formed by the hydrolysis of 

CXII and CXIII, exists almost exclusively in the keto form except at very high pH 

values. The deactivation of the keto form is caused by the destruction of the 

conjugation of the heterocyclic ring. This means that the dichloro-s-triazine dye

substrate bonds are more stable than those formed by the monochloro-s-triazine 

dyes [XCVII to Cl 11, which cannot deactivate in this manner without bond cleavage 

with the substrate or the substituent in the 2-position. Under severe conditions, 

significant attack occurs at the 4-position causing dye-substrate rupture at the 

same time as hydrolysis. The mono-substituted [CXIIl and di-substituted [CXIVl are 

permanently activated through the heterocyclic ring, the reactivity being influenced 

by the inductive effects of the substituents. CXIV is more stable than CXII to 

alkaline hydrolysis since two dye-substrate bonds need to be broken simultaneously. 

Acid catalysed hydrolysis proceeds through the protonation of the nitrogen or 

oxygen bridging group between the reactive system and the substrate followed by 

nucleophilic attack by water. Only the nucleophilic substitution of amine groups has 

been discussed but other nucleophiles can be used, including sulphide ions and 

hydroxyl ions of cellulose. 
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0< 

Figure 4.16: C¥anuric chloride (oq. also known as 2.4.6-trichloro-l.3.~riazineand 
trichlofo.s.triazine. is soluble in most OIganic soI\Ienls and is insoluble in cold _er. In 

water above 10C, ~ undelgoes rapid hyd~ (SmoIin and Rapoport. 1967) 

Add .. 

OM 

Figure 4.17: POssible reactions of a dichloro-<;.triazine dye (OV) in alkaline me<f .. m with 
RNH2 being a protein or amino acid. The mono-substluted product (0<11) is the main 
product under mid cond~ions with the hyd~ form (Q(V)produced slowly I the 

conjugate is stored in aqueous media. 
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4.4.1 Method 

Nile Blue A anhydro base [LX] was prepared from Nile Blue A chloride 

[XLIX]. Nile Blue A chloride (1 g) was dissolved in 10 ml of acetonitrile and 75 ml 

of 2 molar sodium hydroxide was added. This was stirred for 10 minutes and then 

ultrasonicated for a further 10 minutes. The red brown product was filter and 

dried. The yield was 82%. 

320 mg of Nile Blue A anhydro base was dissolved in 80 ml of 50% (vlv) 

acetonitrile/water and added drop wise over 30 minutes to 360 mg cyanuric 

chloride [CX] dispersed in 50 g of ice and 25 ml of water with 0.5 ml of 5 molar 

hydrochloric acid. The mixture was stirred over two hours. Then 0.5 g of sodium 

carbonate was added to neutralise the excess acid and stirring continued for a 

further 20 minutes maintaining the temperature below 4 ·C. Sufficient sodium 

chloride was added to give a concentration of 200 g/I and the mixture was stirred 

for a further 30 minutes with the temperature between 0-4 ·C. The product was 

filtered and washed with water and then hexane to remove Nile Red. The product 

was dried in an oven at 100 ·C. The yield was 96%. 

The starting material and the product was characterised by FT -IR (Figures 

4.9, 4.10, 4.19 to 4.21), Oxygen Flask Combustion <Table 4.7), CHN analysis 

(Table 4.7). absorbance. fluorescence (Table 4.10: Figures 4.11 and 4.22), TLC 

<Table 4.8) and mass spectrometry. As previously stated proton-NMR of these dyes 

was not possible because of their very low solubility in the various NMR solvents 

tried and severe plating of the NMR tubes. 

4.4.1.1 Protein Conjugation 

An aliquot from the 10 miilimolar Nile Blue SS ICXViIl in 25% (v/v) methanol 

/ water stock solution was added to 2.5 ml of protein dissolved in buffer to give 

to the initial molar dye / protein ratio <Table 4.6). The concentration of the 

protein was between 1 and 2 mg/ml. The conjugation was carried out at room 

temperature for over 12 hours with constant stirring. The percentage content of the 

conjugation mixture was less than 1% v/v methanol. The conjugations carried out 

are summarised in Table 4.10. 

Desalting and the removal of unbound Nile Blue SS ICXVII] was carried out 

by gel filtration on Sephadex G-25 (PD-10 columns, Pharmacia) and followed by 

exhaustive dialysis with pH 7.2 PBS. 

Two conjugations were carried out with Nile Blue A [XLIX] (the starting 

material) and Nile Red [LlII] (the major contaminant of Nile Blue A) respectively. 
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These form non-covalent interactions with proteins. A ten fold molar excess of dye 

to human apo-transferin in pH 9.2 sodium carbonate-sodium bicarbonate buffer 

saline were prepared and the mixtures were stirred for 12 hours. The reaction 

mixtures were then passed down a PD-10 column and dialysised with pH 7.2 PBS. 

After each stage the fluorescence was measured. 

Covalent bonding of Nile Blue SS [XCVII) was tested by dialysing 2 ml of 

the 10: 1 Nile Blue SS-human apo-transferin conjugate with 8 molar urea in pH 7.2 

PBS for three days. 
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4.4.2 Results 

Table 4.7: Percentage composition sulphur, nitrogen and chlorine by oxygen flask of 

Nile Blue A [XLI Xl, Nile Blue anhydro base [LXl, Nile Red [LllIl, and Nile Blue SS. 

Theoretical Experimental Mol. Wt. 
H C N 0 Cl N Cl 

Nile Blue A chloride [XLI Xl 
C2oH2oN30CI 5.7 67.9 11.9 4.5 10.0 12.1 9.8 353.85 

Nile Blue A anhydro base [LXl 
C20H'9N30 6.0 75.7 13.2 5.0 12.5 317.39 

Nile Blue SS' [CXVlIl 
C23H,sN60C13 3.8 55.1 16.8 3.2 21.2 17.0 22.0 501.80 

Cyanuric chloride [CXl 
C3N3CI3 19.5 22.8 57.7 21.2 58.1 184.85 
1 MEDAC found by CHN analysis C=51.38%: H=5.20%: N=15.6%: CI=13.73%. MEDAC 
stated that sample lost weight before analysis sO the loss of one of the chlorine 
atoms from the dichloro-s-triazine group occurred upon their drying procedure. 

Table 4.8: Rf values of Nile Blue A [XLI Xl, Nile Red [LIIIl, Nile Blue allyl [XCIIl 

and Nile Blue SS. 

9:1 MeCN:water 6:8:1 a-tC13:2-butanone:HCOOH 
Rf, Rh Rh Rf" Rf1 Rh Rh Rf" 

Nile Blue 0.51 0.91' 0.52 0.95' 

Nile Red 0.91 0.95 

Nile Blue allyl 0.56 0.91' 0.60 0.95' 

Nile Blue SS 0.20 0.91' 0.31 0.53 0.95' 

, Nile Red was formed by the heating of Nile Blue A [XLI Xl and was a minor 

contaminant of all Nile Blue A derivatives. 

2 Nile Blue A showed as very small contaminant of Nile Blue A. 
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Table 4.9: Summary of proteins conjugated with Nile Blue SS at room temperature 

for 12 hours. The initial molar ratio was the amount of Nile Blue SS added to 

protein at conjugation. Nile Blue SS:protein molar ratio in pH 7.2 PBS carried out 

by spectrophotometry after desalting and dialysis. 

Initial protein ConjJgation protein dye/protein 
molar buffer cone. molar ratio 
ratio (I1l!IIml> (pH 7.2 PBS) 

apo-transferin pH 9.2' 2.0 NO 
1:1 apo-transferin pH 9.2 saline 2 2.0 1.1:1 
2:1 apo-transferin pH 9.2 saline 2 2.0 1.5:1 
3:1 apo-transferin pH 9.2 saline2 2.0 2.9:1 
5:1 apo-transferin pH 9.2 saline 2 2.0 3.5:1 
10:1 apo-transferin pH 9.2 saline 2 2.0 NO 

1:1 human IgG pH 10.3' 1.0 NO 
3:1 human IgG pH 10.3' 1.0 NO 
10:1 human IgG pH 10.3' 1.0 NO 
15:1 human IgG pH 10.3' 1.0 NO 

2:1 human IgA pH 9.2 saline 2 1.0 NO 

2:1 bovine insulin J:1H 9.2 saline 2 1.0 1.6:1 , pH 9.2 sodium carbonate-sodium bicarbonate buffer. 
2 pH 9.2 sodium carbonate-sodium bicarbonate buffer saline. 
, pH 10.3 sodium carbonate-sodium bicarbonate buffer. 

Table 4.10: The excitation and emission maxima of Nile Blue A, Nile Blue SS and 

Nile Blue SS protein conjugates after gel chromatography and exhaustive dyalysis in 

various solvents. (NO means not determined). 

Nile Blue A chloride [XCI Xl 

Nile Blue SS [CXVIIl 

Nile Blue SS-human apo-transferin 

Nile Blue SS-lgG 
Nile Blue SS-lgA 

Nile Red-human apo-transferin 
Nile Blue A-human apo-transferin 
1 After dialysis for 3 days in 8 molar 

Ex. 
(nm) 

622 
625 
630 
633 

640 
642 
634 
646 
640 
645 

none 
none 

urea 
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Em. Solvent 
(nm) 

658 methanol 
660 10 methanol/water 
662 methanol 
668 10% methanol/water 

665 pH 7.4 PBS 
672 10% MeOHlpH 7.2 PBS 
NO 50 % methanol 
671 8 molar urea 1 

670 10% MeOHlpH 7.2 PBS 
662 pH 7.4 PBS 

none pH 7.2 PBS 
none J:1H 7.2 PBS 

in pH 7.2 PBS. 



.:fX:x2. , , 
xux 

Figure 4.te: Nile Blue SS (CXVII) (the dichlolo-s-triazine deriIIat.,e 01 Nile Blue A IXLlXJ) was 
synthesised by the dopwise addition 01 Nile Blue A p<UX) jj, 5O%aceton~riIe to cyanuric 

chloride dispersed 011 ice with continuous stirring OIler two houlS. A few millilitres of 
hydrochloric acil_ added to stop the .eaction. The product was isolated by sahing out 

and washed with hexane dried. 

10. co 

~~~----~------t------------f~----------~-----------r---- """ ' .... 
Figure 4.19: FT" -IR tranSlrission spectrum 01 cyanuric chloride (0<1 on the Parkin EImer 1600. 

Peaks at the following wavekengths: 2361 (m). 1708 (W). 1497 (vs). 1318 (m). 1270 (vs). 
880 (m). 850 (vs). and 792 (s). 
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Rgure 0}20: FT -lR transmission spectrum cl Nile Blue A anhydlO base (LXI en the Perkin 
E1mer 1600. Peaks at the folkMring wavenurri>ets: 3226 (m~ 2967 (m). 1636 (m). 1592 (vs~ 
1566 (m~ 1551 (m~ 1514 (s~ 1493 (m). 1466 (m). 1406 (s~ 1374 (m). 1352 (m~ 1291 M 

1267 (s~ 1234 (s~ 1187 M 1148 (w). 1124 (m). 1105 (m). 1078 (w). 1017 (w). 996 (W). 915 
(W). 879 (w). 858 (W). 817 (m). 801 (W). 780 (w). 768 (W). and 699 (W). 

75. I! 
ST 

Za.71-'--.-----,----,.---.-~,_--..J....,r__---r__--__._ 
4000 .too 1000 .t5OO 2000 ,. .. , ... 

Rgure4-21: FT-lR transmission spectrum cl Nile Blue SS (o<'vlq en the Perkin E1mer 1600. 
Peaks at the follawW1g wavenurri>ets: 3443 (w). 2967 (5). 2776 (m). 2359 ~ 1771 (W). 1716 
(S). 1681 (w). 1640 (m). 1587 (vs). 1550 (5).1485 (m). 1426 (5). 1407 (5). 1374 (m~ 1351 (m). 

1333 (vs~ 1280 (S). 1257 (5). 1192 (m). 1171 (5).1145 (rn). 1116 (rn). 1074 (m). 1062 (m). lOll 
(m). 943 (w~ 881 (w). 858 (m~ 816 (ml. 789 (m). 770 (rn). 750 (rn). 740 (m). and 706 (m). 
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Figure 4.23: Excitation and eml •• lon .peetr. of a 0.1 mlcromolar 

aolutlon of Nile Blue SS [eXVII) In 10% methanol:water. 
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4.4.3 Discussion 

Nile Blue SS (CXVIIl was identified by the presence of strong absorbance at 

2967 cm-I. 1761 cm- 1 (see Figures 4.9 and 4.21). 

TLC of the product (CXVlll showed the presence of Nile Red (LlIll as a 

minor contaminant, which was identified by FT -IR (Figure 4.8). All the starting 

material had reacted. 

Nile Blue SS (CXVIIl showed a slight bathochromic shift as would be expected 

by transforming the primary amine of Nile Blue A (XLI Xl into a secondary amine 

and this is consistent with the trend shown in Table 3.25 of Section 3.5.2. 

Nile Blue SS was successfully synthesised on three occasions. Each batch 

showed the same characteristics. 

The molar dye-protein ratio (Table 4.8) was not determined for the Nile Blue 

SS-human IgG conjugates because of the low absorbance values. Also. human IgG 

precipitated out of the buffer in the absence of salt, so subsequent conjugations 

were with 0.1 molar sodium chloride added. The low conjugation of Nile Blue SS to 

human IgG was due to the use of too high a pH conjugation buffer that promoted 

hydrolysis of the dlchloro-s-triazine group rather than covalent reaction. The 

conjugation with bovine insulin showed that conjugation of Nile Blue SS (CXVIIl with 

small proteins occurred. 

Nile Red (LlII] and Nile Blue A (XLI Xl were approximately 90X removed by 

gel chromatography and completely removed by the subsequent dialysis. Therefore, 

the fluorescence shown by the Nile Blue SS conjugates was from the covalently 

bonded dye and not from non-covalent interactions. 

Nile Blue SS-human apo-transferin conjugate dialysed with B molar urea still 

showed significant fluorescence, which was equivalent to the fluorescence from 

before dialysis if the concentration effect was taken into account. This is the 

strongest evidence that Nile Blue SS (CXVIIl formed covalent bonds with proteins 

because any unbound dye would have been dialysed away. 

4.4.4 Conclusion 

Nile Blue SS-human apo-transferin conjugates were then used as discussed in 

Section 5.3 to develop an immunoassay. 
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Chapter 5 

5.1 Fluorescent probes and immunoassay 

, 
Proteins are composed of amino acids covalently linked by amide bonds 

between the a-carboxylic group of one amino acid and the a-amino group. Some 

proteins are made up of two or more chains which are linked by disulphide bonds. 

There are twenty naturally occurring amino acids. Amino acids can be divided into 

the classes as listed in Table 5.1. Various non-covalent forces such as 

electrostatic. hydrogen bonding. and Van der Waals forces influence the shape of 

the protein. Most proteins have a molecular weight between 10000 and 100000 

daltons. although smaller and larger proteins also occur. Po/ypeptides are classed 

as having molecular weight under 5000 daltons. 

Table 5.1: Naturally occurring amino acids. 

Group 
Allphatic side-chains 

Aliphatic side-chains with 
secondary amine. 

Hydroxyl side-chains 

Aromatic side-chains 

Positively charged (basic) 
side-chains (at neutral pH) 

Negatively charged (acid) 
side-chains (at neutral pH) 

Sulphur containing 

Special amino acids 

Amino acid 
glycine (Gly). alanine (Ala). valine (Val>. 
leucine (Leu) and Isoleucine (lie) 

pro I in (Pro) 

serine (Ser) and threonine (Thr) 

phenylalanine (Phe). tyrosine <Tyr) and 
tryptophan (Try) 

lysine (Lys). arginine (Arg) and histidine (His) 

glutamic acid (Glu) and aspartic acid (Asp) 

methionine (Met> and cystein (Cys) 

hydroxyproline (Hypro). carboxyglutamate. 
phosphoserine 
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The architecture of proteins may be described in terms of five levels. 

Primary structure is the sequence of amino acids. 

Secondary structure refers to the steric relationship of amino acids that are next 

to each other in a linear sequence and the regular hydrogen bonding required to 

form the a-helix structure. 

Tertiary structure refers to the steric relationship of amino acids that are far 

apart in the chain. 

Quaternary structure refers to the spatial interaction of different polypeptide chains 

in a protein molecule. 

The conformation refers to the overall three dimensional structure of a protein and 

is specified by the amino acid sequence that enables a given optimal occurrences 

of covalent (disulphide bonds) and non-covalent bonding between the participating 

amino acids. 

The electric charge on a protein and the way In which this is produced by 

its amino acid residues is of primary importance for the dye-protein Interaction. 

When a protein is considered as a globular particle. the overall charge on a protein 

depends on the sum of the charges on the amino acid residues and the pH of the 

surrounding medium. A protein's isoelectric point <lEP) is the pH where there is no 

net charge on the protein. A pH below this Isoelectric point. the protein molecule 

carries a net positive charge. and a pH above the isoelectric point. it will have a 

net negative charge. The notions of negatively charged ("acidic") and positively 

charged ("basic") proteins are relative. Increasing pH results in acidic proteins 

behaving like basic proteins and decreasing pH results in basic proteins behaving 

like acidic proteins. Proteins are thus said to be amphoteric (Greek "ampho", 

meaning both) in character in this respect. 

Almost all proteins occurring in animal and plant tissues are amphoteric. 

although some are at such extremes of the scale that they are virtually always 

basic or acidic. Under conditions of neutral pH. the majority of proteins have a net 

positive charge so they bind negatively charged (acid) dyes. e.g. Eosin. Rose 

Bengal [VII], Fluorescein [IV] etc. On the other hand. the nucleic acids in, for 
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example. the cell nucleus carry a negative charge at neutral pH. so that these acid 

macromolecules will bind basic (positively charged) dye molecules. 

The occurrence of differing electrical charges on a protein molecule are 

brought about by ionization phenomena which are in fact properties of the amino 

acid residues of the protein concerned. It is necessary therefore to briefly to some 

properties of these basic structural units. leaving again the detailed description of 

these compounds to specialised textbooks on biochemistry. 

The classic subdivision of proteins is into simple proteins which yield only 

amino acids in hydrolysis (Table 5.1) and conj.Jgated proteins <Table 5.2) in which 

the protein moiety is united covalently to one or more molecules of another nature 

(carbohydrate. lipid). 

Table 5.2: Simple proteins. 

IEP class notes 
11-12 
10-11 
5-7 

protamines 
histones 
globulins 

high proportion of arginine and lysine residues. 
complexed with DNA 
e.g. serum globulins. Sparingly soluble In water but 
easily soluble in dilute salt solutions. 

4-6.5 scleroproteins e.g. collagen. elasten and keratin. Found in animal 
tissues, insoluble in water at neutral pH 

4-5 albumins e.g. egg albumin and serum albumin. Soluble in 
water. 

Table 5.3: Complex proteins. 

class 
glycoproteins 

lipoproteins 

nucleoproteins 
chromoproteins 

ph05phoproteins 

notes 
e.g. membrane glycoprotelns have one or more sugar residues 
attached to the serine. threonine. or asparagine side-chain of 
the protein. 
protein complex with fatty acids that occurs in many animal 
cells. 
nucleic acids are non-covalently bonded to proteins. 
e.g. haemoglobin. haemocyanin, flavoproteins and the pigments 
of the sensory cells of the retina. These pigmented proteins 
absorb in the visible region and are readily soluble In water or 
dilute saline. 
orthophosphoric acid linked to serine and threonine by ester 
linkage occur in milk and egg yolk. 
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5.2 Fluorescent probes 

Proteins form complexes predominately with anionic or neutral small 

molecules. The fluorescence character of the small molecules and that of the 

protein may be altered upon formation of the complex. If neither the small molecule 

nor the protein has suitable fluorescence characteristics, the interactions between 

the small molecule and the macromolecular can still be investigated by binding 

non-covalently to the macromolecule a fluorescent label. These non-covalently bound 

fluorescent labels have also been used to study dye-binding to macromolecules and 

as probes for some feature of macromolecular structure (Weber, 1992). The 

intermolecular forces responsible for these interactions can be ionic, van der 

Waals, hydrophobic or charge transfer. 

There are only a .few examples of the applications of non-covalently bound 

near infrared fluorogenic labels: Competitive binding of IR 125 [XXV! to human and 

bovine serum albumin was studied by Kamisaka and co-workers in 1974. The 

earliest analytical applications of this were by Sauda et al. in 1986, who reported 

picomolar detection limits for the laser diode fluorimetry of proteins from human 

serum labelled' with IR125 [XXV!, after gel chromatography (Sauda et ai., 1986; 

Imasaka et aI., 1989). More recently, four different carbocyanines (DTDC, DTTC 

[XXIII!, DODC [XXI! and DOTC [XXII]) have been evaluated to determine their 

binding to serum proteins (Wilberforce and Patonay, 1990). 

In 1984, Taylor and co-workers traced in vivo viable cells by the 

fluorescence of carbocyanine dyes and hence calculated cellular life spans. In vivo 

cellular tracking of labelled blood cells could be utilized for diagnosing tumours and 

other diseases. The application of visible fluorogenic labels is severely limited for 

blomolecular determinations because of strong spectral interferences. 

Carbocyanines have been used as molecular probes in membranes (Smith, 

1990). Low interference of long wavelength labels is important when the technique 

is coupled with microscopy (Oseroff et aI., 1986). Menzel et al. (1986) used 

carbocyanines and merocyanines to study electrical damage in insulators by 

attaching fluorogenic labels to damaged surfaces. 
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5.2.1 Method 

The near infrared dyes, Nile Red [LIIIl and DTTC [XXIIIl, were investigated 

as probes in conjunction with two proteins; bovine serum albumin (BSA) and bovine 

ex ,-acid glycoprotein. 

An aliquot of dye from a methanol stock solution was added to aqueous pH 

7.2 PBS buffer solution containing 1.0 micromolar of bovine ex ,-acid glycoprotein 

or about 2.0 micromolar of bovine serum albumin. The fluorescence spectrum was 

recorded immediately on the addition of the dye and then at regular time intervals. 

The concentration of dye in the final solution was 0.3 micromolar. The protein was 

never exposed to more than 1% v/v methanol. 

5.2.2 Results 

Table 5.4: A summary of the results of dye-protein binding studies of two near 

infrared dyes (Nile Red [LIIIl and DTTC [XXIIIl,) with the proteins bovine serum 

albumin (BSA) and ex1-acid glycoprotein. 

Label Protein Ex. Em Enhancement of fluorescence 
(nm) (nm) 

Nile Red unbound 580 663 decays exponentially with time 
bovine serum albumin 550 614 large enhancement 
ex ,-acid glycoprotein 550 655 small enhancement 

DTTC unbound 700 780 constant over time 
bovine serum albumin 700 780 moderate enhancement 
ex ,-acid glycoprotein 700 780 very sma 11 enhancement 
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5.2.3 Discussion 

The Nile Red-bovine serum albumin complex was very stable. The 0.2% per 

minute reduction in fluorescence intensity as shown in Figure 5.1 was attributed to 

photobleaching because in that experiment gating of the excitation beam was not 

used. The hypsochromic shift of Nile Red's emission wavelength from 663 nm in 

buffer to 615 nm when Nile Red is bound to BSA is explained by a change in 

environment from a hydrophilic to a hydrophobic one (Sacket and Wolff, 1987>. 

This conclusion is supported Nile Red's [LlII] solvatochromic properties (see Figure 

3.20) and was used by Deye and Berger (1990) as polarity probe for super critical 

fluid chromatography (SFC>. Nile Red [LlII] shows good probe characteristics with 

bovine serum albumin because the intensity of the Nile Red bound to albumin 

changes slowly and the unbound dye decays quickly. The quenching of Nile Red 

[LIII] in aqueous buffer was due to dimerlsation causing the dye to become 

insoluble and hence precipitate out of solution as already described In Section 3.7. 

DTTC [XXIII] is a cationic dye and hence showed poor binding to BSA at pH 

7.2 because at this pH the protein has a net positive charge. Albumins bind anionic 

and neutral dyes better under these conditions. If the pH of the buffer used was 

reduced below the IEP of BSA, the binding of cationic dyes would have been 

increased. Figure 5.2 shows that DTTC [XXIIIl bound very rapidly to BSA with an 

initial enhancement of fluorescence of about four fold. There was no observed 

shift in either the excitation and emission wavelength. The fluorescence Intensity 

then fell by about 1.7% per minute. 

Nile Red [LIIIl bound to a1-ac1d glycoprotein showed an 8 nm hypsochromic 

shift in emission but no appreciable gain in fluorescence. This seems to suggest 

that there has definitely been a change In the environment but only a small amount 

of Nile Red bound to the protein. In another experiment the excitation wavelength 

was shown not to shift with or without the a1-acid glycoprotein. 

DTTC [XXIII] and a1-acld glycoprotein gave intensities that were not 

significantly above those observed for the aqueous buffer alone. This indicates that 

there was either no binding of DTTC to a1-acid glycoprotein. 

From the initial results, it can be seen that the binding of the near infrared 

dyes (Nile Red [LlII] and DTTC [XXIIID to proteins (such as bovine serum albumin) 

enhanced the fluorescence of the dye. If a substance could be found to dislodge 

the dye, this could be used as an assay method for example drugs. 
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5.3 Immunoassay 

Trace analysis of organic compounds in complex matrices. such as body 

fluids. tissue samples. foodstuffs. and environmental samples. is one of the hardest 

problems encountered by analytical scientists (Sherry. 1992). The presence of 

similar target molecules demands a highly selective analysis. The labile nature of 

biological molecules and molecular interactions such as protein binding of small 

molecules present further problems. The high demand for such analysis. especially 

in medicine. environmental and food science. means that the techniques must be 

simple. robust. Iow cost and capable of automation and/or performance by 

relatively inexpert personnel (Miller 1979). Immunoassay is a selective and sensitive 

technique that exploits the immune system's ability to produce antibodies (Ab) in 

response to virtually any organic molecule. Immunoassay technology originated in 

the 1950's and is a blend of analytical and clinical chemistry. 

Antibodies belong to the globular fraction of serum proteins and consist of 

five main types of glycoproteins: IgG. IgM. IgE. IgA and IgD. The principle human 

antibody is immunoglobulin G (lgG), which consists of two identical pairs of heavy 

and light polypeptide chains (molecular weight of 50000 and 25000 respectively) 

linked together by disulphide bridges. The IgG structure can be divided into three 

fractions: two immunologically active antigen binding sites (Fab-fragments). and into 

one constant non-binding (Fc) fragment. The antibody binding site of Fab consists 

two variable region generated by variation of the amino acid sequence. this 

generates perhaps 100 million chemically distinct binding speciflcitles while the 

overall structure of all IgG molecules remains unchanged. The ability of the Fc part 

of the antibody to bind to the bacterial products Protein A and Protein G is of 

value in antibody purification and has been used in certain immunoassays developed 

by Palmer et al. (1992). 

Polyclonal antibodies are produced by repeated injection into an experimental 

animal of antigen. or In the case of a small molecule (called a hapten) a conjugate 

with a polymeric carrier. The antibody molecules are recovered from the animal's 

blood serum. Normally. the antibodies are separated from the sera. However. due 

to the specificity of antigen-antibody interactions. it is often possible to use a 

simple dilution of this antiserum directly as an analytical reagent. 

In 1975. Kohler and Milstein made the first monoclonal antibodies by the 

fusion of a spleen cell producing specific antibodies with a myeloma (cancer) cell 

capable of continuous growth in cell culture. Monoclonal antibodies are rapidly 
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gaining a dominant position in immunoassays, especially from the commercial point 

of view, because of their unlimited supply, molecular homogeneity, and defined, 

unchanged properties. 

In a typical competitive binding immunoassay (Figure 5.4) a labelled antigen 

(Ag.) is incubated together with antibodies (Ab) to the target analyte. The label 

could be a radioisotope, an enzyme or a fluorophore. In some immunoassay 

formats, the antibody rather than the antigen is labelled. A portion of the sample, 

or buffer that contains a known amount of analyte, is then added to the assay 

tube. The labelled (Ag.) and unlabelled analyte (Ag) compete for the highly specific 

binding sites on the antibody (Ab). After a sufficient incubation period, the bound 

and the unbound antigen are separated. The amount of analyte that was bound to 

the antibody is quantified. For samples, the amount of bound label (AbAg.) is 

compared with that of a set of calibration standards. The quantity of analyte in 

the sample can be Interpolated from a calibration curve. 

Immunoassays may be divided into two distinct types: heterogeneous assays, 

where a separation step Is necessary to separate antibody bound and unbound 

materials, and homogeneous assays, in which no separation step is required. 

Although assays involving radio-labels remain in common use, there is a very 

substantial and growing trend to replace such labels with non-isotopic markers 

(Miller, 1990). Non-isotopic immunoassays are normally less sensitive than 

radlolmmunoassays, but have the important advantages: they are less hazardous, the 

expense of disposal of radioactive material is eliminated, the ability to detect two 

or more analytes simultaneously Is possible and there Is the potential to develop a 

simple, robust and portable "immunosensor." The non-Isotopic labels that have had 

widespread acceptance are enzymes, chemilumlnescent groups or fluorescent groups. 

Table 5.5 summarises the detection limits achieved by various non-radioisotopic 

labelling methods. 

Enzyme immunoassays have been reviewed by Kricka, 1985; Voller and 

Bidwell, 1985 and are favoured by clinical chemists. Many enzyme immunoassays 

use the enzyme linked immunosorbent assay (Ell SA) approach (Engvall and 

Perlmann, 1971), in which the antibody (sometimes antigen) molecules are 

immobilized on a solid surface. The antibody-bound mOlecules are separated from 

the unbound species by decanting. The second commonly used enzyme immunoassay 

is the homogeneous enzyme multiplied immunoassay technique (EMIT), this was the 

first commercially available non-Isotopic immunoassay method (Rubenstein et aI., 

1972). 
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Table 5.5: Summary of the detection limits achieved by various non-radiOisotopic 

labelling methods <Diamandis and Christopoulos. 1990) . 

Method 
Fluorophore labels 
Luminol and isoluminol chemiluminescence 
Enzyme labels 
Acrldinium ester chemiluminescence 
Europium chelate time resolved fluorescence 
Enzyme label with fluorogenic or chemiluminescent 

5.3.1 Heterogeneous Immunoassays 

10-9 
10-9 
10-10 
10-11 
10-12 
10-12 

molll 
to 10-10 
to 10-10 

to 10- 11 
to 10-12 
to 10-13 
to 10-13 

Heterogeneous assays rely on a separation step based either on size, charge, 

solubility or some specific binding to Protein A etc. to distinguish antibody bound 

from unbound antigen. Such separations are in principle tedious, and may complicate 

the automation of assays, but new methods such as the use of magnetic particles 

to immobilise antibody molecules minimise the practical problems. The major 

advantage is that the separation step automatically removes sample components that 

would interfere with the immunoassay, hence the limit of detection is improved. The 

majority of immunoassays in everyday use are heterogeneous. The numerous 

approaches to the separation step may be split up into three major categories:-

Adsorption methods, in which one or other component of the assay is removed 

after Incubation by adsorption on a solid or gelatinous adsorbent: 

Precipitation methods, in which the antibody-containing fraction Is precipitated after 

Incubation by a non-specific chemical (such as ammonium sulphate, sodium sulphate, 

organic solvents and polyethylene glycol) or specific biochemical reagents (i.e. a 

second antibody). The double antibody precipitation utilises as the precipitant 

antibodies from another species (e.g. sheep, goat) reacting with the first (e.g. 

rabbit, guinea-pig) antibody. 

Solid phase reagents, in which one component of the reaction (antigen or antibody) 

is bound covalently or non-covalently to a solid matrix from the. start of the 

assay, the separation step then merely being a washing process. This is also called 

Immunometric immunoassay and has been extensively investigated by Miller, 1992. 
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5.3.2 Homogeneous irnmunoassays 

In homogeneous immunoassay, the extent of the antigen-antibody reaction can 

be determined by changes in signal of the labelled molecules without physical 

separation of the bound and unbound forms. The sensitivity of an immunoassay 

procedure Is dependant upon the choice of label and its limit of detection in the 

matrix of interest. This is especially important in homogeneous immunoassays which 

rely on the use of a label whose characteristics change when antibody-antigen 

combination occurs. This change in properties allows the antibody-antigen to be 

monitored directly, but the disadvantage is that all the other sample components are 

still present. Considerable "background" effects can arise. Passing serum samples 

through small pre-columns containing one or more affinity matrices provides only a 

partly satisfactory approach to the reduction of background and cannot be used if 

the analyte is itself a protein, or is a small analyte bound to a protein, 

The practical limit of detection of homogeneous fluorescence immunoassays is 

in the nanomolar region. This Is much poorer than would be expected from studies 

of fluorophores in pure solution, where background Signals are very low. The 

absorption and emission bands of the commonly used fluorescent labels (Fluoresceln 

[IV) derivatives, Fluorescamine, Rhodamines B [IX) derivatives) lie in the spectral 

region where interference is likely from intrinsic fluorophores such as proteins, 

haemin, NADH, bilirubin and albumin bound bilirubin, drugs, etc. The practical 

applicability of any fluorogenic labelling method depends on its molar absorptivity 

and fluorescence quantum yield and on the presence of interfering fluorophores, 

The background scattering and fluorescence of a 1% blood sera sample (see Figures 

1.4 and 1.5) was reduced by at least 100 in the near infrared region as compared 

to the visible region. There are very few fluorophores that absorb and emit in near 

infrared region (600 to 1000 nanometres) so there are less likelihood of 

background fluorescence. 

Fluorescent labels with small Stokes shift, such as Fluorescein, make them 

vulnerable to Rayleigh scattered light from protein containing samples. As already 

noted in Section 1.6, the Intensity of Rayleigh scatter at right angles to the 

direction incident light beam is inversely proportional to the forth power of the 

wavelength. So Rayleigh scatter Is six times as intense at 450 nm than at 700 nm. 

Raman scattering is simply resolved at longer wavelength because the separation 

between the excitation wavelength and Raman becomes greater at longer wavelength 

(see Table 1.3). 
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Fluorescence is environment dependent (see Sections 1.4 and 1.5). The 

binding of a fluorescent labelled molecule to an antibody frequently leads to a 

change in the observed fluorescence signal. Such a change means that a separation 

step may not be required to distinguish antibody-bound from unlabelled molecules. 

so a competitive binding assay can be performed homogeneously. Fluorescence 

polarisation assay is where the labelled species is excited using vertically polarised 

light. with the emission signal measured alternatively between vertically and 

horizontally orientated polarisers. Small molecules rotate polarised light rapidly and 

lose their orientation within about 5 nanoseconds. which Is less than the fluorescent 

lifetime of the fluorophore so the emitted fluorescence is unpolarized. The 

relaxation times of a small molecule bound to an antibody is greatly increased and 

so the emitted fluorescence is polarised. This method is limited to small molecules. 

In singlet-singlet energy transfer (Ullman et al.. 1976) homogeneous 

immunoassay. an analogue of the analyte is labelled with one fluorophore (the 

donor)and the antibodies are labelled with another fluorophore (the acceptor). The 

energy transfer quenches the fluorescence of the donor fluorophore and 

subsequently enhance the fluorescence of the acceptor fluorophore occurs when the 

labelled antigen and antibody are specifically bound. The donor fluorophore should 

have a emission spectrum that overlaps with the the absorption (excitation) 

spectrum of the acceptor fluorophore. Also the acceptor shoUld not absorb or 

fluoresce at the .same wavelength as the donor fluorophore and there is negligible 

fluorescence at the acceptor emission wavelength by the donor. 
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5.3.3 Method 

The suitability of Nile Blue SS-human apo-transferin conjugate (see Section 

4.4) for use as a labelled antigen was investigated by determining the immuno

reactivity in a typical antibody immunoassay protocol as outlined in Figure 5.5. 

400 microlitres of Nile Blue SS-human apo-transferin conjugate (Figure 5.5: 

Ago) and 100 microlitres of a one in five dilution of anti-transferin antibody 

raised in goat (Figure 5.5: Ab) were incubated together for 2 hours with stirring in 

pH 7.2 PBS buffer. Excess second antibody (anti-goat antibody) (50 microlitres) 

was then added to precipitate any complex formed between the anti-transferin and 

Nile Blue SS labelled human apo-transferin. This was then centrifuged for 10 

minutes at 5000 rpm. The supernatant was decanted into micro-cuvette and the 

fluorescence was determined using a Perkin Elmer (Beacons field. Buckinghamshire. 

UK) LS-50 Spectrofluorimeter. This procedure was carried out on 3: 1 and 5: 1 Nile 

Blue SS-human apo-transferin conjugates (see Section 4.4). 

In order to check the cross reactivity between anti-goat antisera and the Nile 

Blue SS-human apo-transferin conjugate. the same procedure . as described above 

was followed. 100 microlitres of pH 7.2 PBS buffer replaced anti-transfer in 

antibody. 

5.3.4 Results and Discussion 

On the addition of the anti-goat antibody visible precipitation occurred 

immediately. After centrifugation. the supernatant had about one fifth of the 

fluorescence recorded for the Nile Blue SS-human apo-transferin before the addition 

of the anti-goat antibody. This suggested that the human apo-transferin was still 

immuno-reactive after labelling with Nile Blue SS. 

There was no precipitation upon the addition of excess of anti-goat 

antibodies to Nile Blue SS-human apo-transferin conjugate. This showed that there 

was no cross reactivity between them. There was a about 5% reduction in the 

fluorescence of the supernatant. These results suggest that Nile Blue SS-human 

apo-transferin conjugate would be a suitable labelled antigen for an immunoassay. 
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5.4 Conclusion 

Nile Red [LlII] shows very good probe properties especially with bovine serum 

albumin, this should be developed more fully. Other dyes that are further into the 

near infrared require investigation. 

Nile Blue SS showed promise as a covalent label for immunoassay. However 

the problems of near infrared fluorophores has not as yet been fully investigated. 

Near infrared fluorophores that have long wavelength fluorescence have extensive 

conjugation and normally have larger molecular weight than those that fluorescence 

in the ultraviolet-visible region. This adds complications to their use as labels 

because non-specific binding to surfaces and hydrophobicity is increased with 

Increased conjugation (Section 3.7.3) and this is especially so if the fluorophore is 

cationic. This is not really a problem if large molecules are labelled, however it is 

a problem If small molecules are labelled as was found by Palmer and Webster 

(1992) when Nile Blue A [XLIX] was used to label a sulphonamide. However, Palmer 

and Miller (1993) have shown that the small drug Theophyline can be labelled with 

Nile Blue A [XLIX]. This suggests that Nile Blue SS should be used to label large 

molecules such as proteins and another labelling technique should be employed for 

small molecules. 
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Chapter 6 

6.1 Instrumentation 

The design considerations for a fluorimeter can be surmised from the 

following equation: 

F = 10(X) E b c <l>f f .. (8,X) fdet(8,X) (6.1) 

10 Is the Incident radiation at wavelength X, E is the molar absorptivity (dm3 mol- 1 

cm- 3) of the solute with a molar concentration c (mol dm- 3) and with cuvette path 

length b (cm). <1>, is the fluorescence quantum efficiency of solute. f .. (8,X) is the 

throughput of excitation monochromator/filter at wavelength X and solid angle 8. 

f det(8,X) is the detector responsivlty at the specified wavelength X and solid angle 

B. 
Fluorlmeters built for the ultraviolet-visible region (240-600 nm) are 

unsatisfactory for the near infrared because of the low efficiency of both the 

optics and photomultlpliers in this region. The exchanging of the photomultiplier 

tube (PMT> to a red sensitive type (for example R928 PMT> improves the sensitivity 

but Is only a compromise. 

A fluorimeter consists of a light source (usually a xenon arc lamp), excitation 

dispersing element, a sample area, an emission dispersing element, a photodetector 

and a data read-out device (see Section 1.3 and Figure 1.2). 
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6.2 Light Sources 

Fluorimetry requires an intense and stable light source. A filter fluorimeter 

may use line sources (such as atomic lines or lasers) or filtered continuum light 

sources (see Section 1.3.1). A spectrofluorimeter requires a continuum source over 

a large spectral range (see Section 1.3.2). 

6.2.1 Conventional Light Sources 

Incandescent sources emit continuous radiation by thermal excitation of the 

source atoms or molecules. The spectral distribution and total radiant power Is 

dependent on the temperature, area and emissivity of the surface. The tungsten 

filament lamp provides an Inexpensive, reliable and stable light source. The life of 

the source Is limited by the tungsten filament evaporation that causes the darkening 

of the glass envelope and gives large variations in output long before the lamp 

fails. Operational range is 330nm to the near infrared (Figure 6.1). 

The tungsten halogen lamp has a small quartz envelope filled with a very small 

amount of halogen gas, normally iodine. Tungsten halide Is formed from the 

evaporated tungsten and the halide. This decomposes on contact with the hot 

filament and deposits the tungsten back on the filament. A 50W tungsten halogen 

lamp was shown to have almost the same radiance in the near infrared as a 275W 

xenon arc lamp (Summerfield and Miller, 1993). 

Low pressure discharge sources consist of an electric current passes through a 

gas, the gas 15 ionised and some of the absorbed energy 15 released as optical 

radiation. At low current density and low pressures, the electrons bound to the gas 

atoms become excited to higher energy levels and radiation is emitted as the 

electrons fall back to the ground state, which gives several narrow atomic spectral 

lines. Low pressure mercury vapour lamps are frequently used in filter fluorimeters. 

Individual mercury lines appear at 253.7nm, 313nm, 365nm, 404.7nm, 407.Snm, 

435.Snm, 546.1nm. 577.0nm and 579.1nm. The lamp may be coated with a 

phosphor that gives a nearly continuous spectrum. 

Short arc lamps. a high current discharge through a noble gas at 70 atmospheres 

and 3000·C gives the brightest conventional sources of optical radiation. The gap 
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Figure 6.1: Percentage output power of a tungsten filament lamp. 
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between the anode and the cathode is so small that it acts as a point source. The 

small pointed cathode, made of tungsten doped with materials such as thoria, 

allows the high temperature required for efficient electron emission. The larger 

tungsten anode withstands the electron bombardment and dissipates the heat 

produced. The quartz or silica envelope is filled with either a rare gas or a little 

noble gas and a measured amount of mercury. An expensive power supply is 

required to start and operate them. Ignition occurs when a fast high voltage pulse 

is applied between the electrodes causing a spark. The gas is ionised. A high 

direct current (DC) must be used to ensure the arc is maintained. Arc flicker 

determines the short-term stability. Life of the lamp is limited by the slow 

evaporation of tungsten causing electrode wear that deposits on the envelope 

interior and especially reduces the ultraviolet radiation. 

Xenon. arc lamps are filled with purified xenon and have the anode at the 

top. The continuous spectrum produced is from 190 to 750nm (Figure 6.2a) with 

negligible line structure. From 800 to 2500nm the continuum declines severely and 

has a few intense lines at specific wavelengths especially between 800 to 1000nm. 

Mercury arc lamps contain an exactly measured amount of mercury and either 

argon or xenon as the starter gas. The anode is at the bottom to ensure the 

proper vaporisation of the mercury. The spectrum (Figure 6.2b) Is dominated by the 

strong mercury lines through the visible and ultraviolet with a weak continuum to 

2500nm. 

6.2.2 Lasers and solid state light sources 

Lasers ("Light Amplification by Stimulated Emission of Radiation") produce 

spectrally pure light. Piepmeier (1986) gives a detailed discussion of the use of 

lasers In luminescence. A laser consists of an active medium In which population 

inversions are caused by optical pumping (continuous wave operations) or pulsed 

electrical excitation. The Intensity, spectral purity and both temporal and spatial 

coherency of laser light Is much greater than an ordinary incandescent lamp. 

Greater coherence In ordinary light sources is done at the expense of reduced 

throughput. Table 6.1 shows the lasing wavelengths of commonly used lasers. 

Solid state lasers have an active medium consisting of a rod (usually fifteen by 

one centimetres) of host material doped with a laser active substance and is placed 

in the pumping cavity where it is illuminated by the pumping lamp. 
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A gas laser operates by passing a low pressure electrical discharge through the 

gaseous active medium and so producing a very high lasing output. 

Organic dye lasers allow lasers to be tuned over a limited range using an 

appropriate dye solution. The laser dye, optically pumped by either a gas laser, 

solid state laser or flash lamp, lases at a higher wavelength. The wavelength may 

be tuned by changing the solvent or dye. 

Table 6.1: Lasing wavelengths of lasers, light emitting diodes and laser diodes. 

Type 

Solid State Lasers 
Nd-YAG frequency doubled 
Ruby (aluminium oxide doped with chromium) 
Nd-glass (glass doped with neodymium) 
Nd-Y AG (yttrium aluminium garnet doped 
with neodymium) 

Gas Lasers 
Neon (ion) - pulsed operation only 
Nitrogen (N2) 
Helium-cadmium (He-Cd) 
Argon (ion) laser 

Krypton (ion) laser 

Argon-krypton (Ar-Kr) laser 
Helium-neon (He-Ne) 
Carbon dioxide (C02) laser 

Light emitting diodes 
Blue 
Green 
Yellow 
Red 
Near Infrared 
Infrared 

Laser Diodes 
GalnAsP/GalnP diode 
GaAIAs/GaAs 
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Wavelength 
(nm) 

532.4 
694.3 

1064.8 

1064.8 

235.8, 332.4 
337.1 

325.0, 441.6 
457.9, 465.8, 472.7, 488.0 

496.5. 501.7, 520.8 
468.0. 476.2, 482.5, 514.5 

568.2. 647.1. 676.4 
457.9 to 676.4 

632.8. 1153 
10600 

455 to 470 
560 to 570 
580 to 590 
635 to 695 
780 to 820 
930 to 950 

635 to 690 
700 to 900 



Light emitting diodes (LEDs) and their close relative the laser diode are 

semiconductor p-n junction devices. The major difference is that regardless of the 

degree of forward bias. LEDs will only emit incoherent light (see Figure 6.3). LEDs 

are low cost and have very stable outputs with deviations of about 0.001% of 

intensity in favourable cases. The possibility of pulsing allows simple discrimination 

between the fluorophore emission stray light but increases the complexity of the 

electronics. LEDs are currently available in wavelengths that span from the visible 

into the near region (See Table 6.1). 

Laser diodes (LDl provide intense. polarised. coherent and monochromatic light that 

can be operated using conventional dry cells. Laser diodes operate mainly in the 

near-infrared and have only recently been manufactured to operate in the visible as 

low as 635 nm. When a voltage is applied to the junct ion between p-type and 

n-type semiconductors. the Fermi level on each side of the junction shifts and 

current flows through the junction (see Figure 6.4). The system then relaxes back 

through spontaneous emission. Each relaxing electron causes the emission of a 

single photon the same energy as the band gap. A population inversion of electrons 

occurs if the current is high enough. Lasing is produced if the junction is enclosed 

in an optical cavity that is aligned along the junction and not through it. At low 

operating currents. laser diodes will behave like LEDs (see Figure 6.3). 

Laser diodes are usually controlled by driving current (as opposed to 

voltage). A laser diode will operate with just a fixed current providing the current 

is above the laslng threshold. The output beam emitted from a laser diode is both 

highly divergent and elliptical in cross section (see Figure 6.4). The stigmatised 

beam of gain guided laser. diodes appears to diverge from a point located 10 to 

50 micrometers inside the laser diode chip. Index guided lasers exhibit little or no 

astigmatism due to the beam being constrained in both directions by internal 

reflections. Laser diodes are sealed on the output end with a plane glass window 

<0.1-0.3 mm thick). The thicker this window the greater the aberrations. The output 

of low powered. single cavity laser diodes are polarised with plane of polarisation 

parallel to the laser diode junction. 
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6.3 Dispersive Elements 

The dispersive elements, which convert the polychromatic light into 

monochromatic light, are the heart of a fluorimeter and the deficiencies in their 

performance cannot be made up by higher quality parts elsewhere in the optical 

system. The light intensity measured at a particular wavelength is the average 

intensity for the sample over the wavelength range (bandwidth). A narrow bandwidth 

gives measured values near to the true value (Le. wavelength selective) but allows 

less light to reach the photodetector, hence low sensitivity. A broader bandwidth 

gives a smoother spectral bands and allows more light to the photodetector so has 

higher sensitivity but lower selectivity. 

6.3.1 Prisms 

Prisms disperse polychromatic light non-linearly: the separation of ultraviolet 

wavelengths Is much better than longer wavelengths so prisms are of very little use 

in the near infrared. The wavelength separation is very temperature dependent. The 

efficiency of prism monochromators is much better than grating monochromators. 

6.3.2 Grating monoctromators 

Gratlngs have far superior wavelength separation, lower stray light and 

temperature sensitivity than prisms. A diffraction grating consists of a glass or 

silica substrate with as many as 1200 fine parallel grooves per millimetre. These 

may either be a replica grating produced from an original ruled by a ruling machine 

or holographic grating formed from the laser interference patterns recorded on the 

photoresist layer and finished with a reflective layer of aluminium. The groove 

profile is a shallow triangle, with the wide faces of each groove tilted at a known 

blaze angle. The groove acts as a very narrow mirror when it is illuminated. The 

radiation is propagated only If the groove separation in the direction of the 

radiation Is whole number of wavelengths. otherwise the light waves cancel each 

other and so no radiation is propagated. 

The resolving power is improved by increasing the number of grooves. The 

blaze of a grating is the wavelength at which the grating has the maximum 

efficiency and the blaze efficiency decreases rapidly the further away from it. 

Grating spectrofluorlmeters, like the Perkin Elmer LS50 and the Perk in Elmer MPF-

448, modified ultraviolet-visible spectrofluorimeters have their excitation and 

emission monochromators blazed at 300nm (optimal between 200-600nm) and 
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emission grating blazed at 500nm (optimal between 335 to 1000nm). Therefore, the 

grating efficiency in the near infrared is low. Blazing at higher wavelengths would 

mean higher light throughputs. 

Slits regulate the wavelengths that excite the sample and ultimately pass onto the 

detector. The slit width is the most important factor in determining the resolution 

of the instrument. In a grating monochromator the bandpass for a given slit is 

constant throughOut the spectrum and depends on the ruling of the grating. There 

are three types of slits: 

Quantum counters are a solution of a dye in a viscous solvent, such as Rhodamine 

101 In ethylene glycol and are used to correct the spectral anomalies caused by 

the monochromator and light source. The quantum counter Rhodamine 101 above 

600 nm loses its ability to compensate for variation of output from the source. 

Various dyes have been proposed as replacement for the near infrared, such as 

benzopyrylium by Brechte (1986) and Oxazine 725 by Demas et al. (1985). 

6.3.3 Filters 

The throughput of filters Is greater than a grating monochromat or, whose 

throughput is dependent on slit size, the grating efficiency, input optics and so on. 

A filter is optically homogeneous and obeys the Bouger-Lambert Law that requires 

that the spectral transmittance of two of more optical filters used simultaneously 

must be equal to the product of the spectral transmittance of each filter. 

An Absorption filter Is a piece of tinted glass or gelatin containing organic dyes 

usually sandwiched between glass plates and may be used between 400-1000 nm. 

These may be in the form of a bandpass filters (about 25nm spectral bandwidth), a 

cut-off filter that absorbs light below a certain cut-off wavelength, a cut-on filter 

that absorbs light below a certain cut-on wavelength or a neutral density filter thr.! 

has constant transmission over a wide wavelength range and decreases the light 

intensity of strongly fluorescing compounds. 

An Interference filter consists of g!ass or silica coated with different thicknesses 

of materials of vl!;'ying refractive indices. The wavelengths not required are either 

reflected or absorbed in the filter by destructive interference of the light waves. 
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Interference bandpass filters have a bandwidth of 10 to 17 nm. Very little 

light is absorbed so an interference filter is well suited to use with intense 

spectral sources. 

Wedge filters give a continuous range of wavelengths and are produced by 

depositing increasing thicknesses of the material on a glass base. The sliding or 

rotating of a filter brings different thicknesses into the beam and allows radiation 

of a new wavelength to reach the sample. This type of dispersion element is not 

widely used because Its wavelength range is limited. 

Holographic laser bandpass filters have recently been introduced in this country by 

Glen Spectra Limited (Stanmore, Middlesex, UK) in the wavelength range of 400 to 

1064 nm. These filters have a 2 nm bandpass and greater than 90l( throughput. 
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6.4 Sample Area 

Fluorimeters generally have standard rectangular cuvette holders of one 

centimetre pathlength. The sample holder allows reproducible cuvette location with 

the optical faces of cuvettes perpendicular to the I ight beam. Cuvettes are 

fabricated from four highly polished pieces of glass or silica with a path of 1 cm 

and 2-3 ml working volume. The transmission ranges of cuvettes is shown In Table 

6.2. Cuvettes normally transmit over 80X of incident radiation over their range. 

Moulded polystyrene or acrylic cuvettes are a cheap and disposable alternative but 

offer lower accuracy than the fused cuvettes due to the lower tolerances in 

construction. 

Table 6.2: The transmission range of cuvettes made of various materials. 

glass 
silica 
ultraviolet grade silica 
polystyrene 
acrylic 

Wavelength <nm) 

340 - 2400 
220 - 2400 
185 - 2400 
400 - 1100 
390 - 1100 

Reflective coated cuvettes have the window opposite the incident light and that 

perpendicular to It coated with a reflective coating either of gold or aluminium (see 

Figure 6.5). The incident and emitted light is reflected from the coated windows. 

The effect is to increase the fluorescence and background scatter. Scatter is 

reduced at higher wavelength so lower limits of detection are likely in the near 

infrared. 

Test tubes are cheap and could be used for routine measurement because only a 

small area of the cuvette is viewed by the detector. The variation in cuvette wall 

thickness and native fluorescence of the material produces large blank values that 

are much reduced in the near infrared. 
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Flow cells are devices that allow semi-automatic filling and emptying. Unless a 

flow cell is designed to empty efficiently. droplets may remain in the cell and 

associated tubing may influence the measurement of the next sample. cross 

contamination or carry over. 

The temperature-controlled sa,mple holder can control temperature in the range in 

the range 0-40'C Generally fluorescence intensity increases as the temperature of 

the sample is reduced. 

6.4.1 Method 

The limit of detection (LOD) for silica, acrylic and reflective coated cuvet!es 

were determined on the Perkin Elmer MPF-44B Spectrofluorimeter at 25 'C in HPLC 

grade methanol (SOH, Poole). The fluorescence intensity was measured for at least 

five different concentrations of dye. The LOO was defined as the intercept of the 

regression line with 3 standard deviations of the background (Miller and Miller, 

1988). 
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6.4.3 Results 

Table 6.3: Limit of detection of dyes in methanol using silica cuvettes. reflective 

coated cells and acrylic cuvettes. The hex was the excitation wavelength used and 

for some of the dyes was lower than the absorption wavelength maximum because 

of very narrow stokes shift. hE m is the emission wavelength maximum. 

Xanthenes 
Fluorescein 

Phenoxazones 
Nile red 

Phenoxazines 
Oxazine 4 
Nile blue A 

Carbocyanines 
DOTC iodide 
HITe iodide 
DTTC Iodide 
IR125 

hEx 
(nm) 

480"',\ 

565 

hE .. 
(nm) 

530", 

Silica 
cuvette 
(g/ml> 

2.39x10-t 0 

3.00x10-tt 

4.00x10-tt 
7.00x10-tt 

665' :.\ 705' 1.40x10-t 0 
',< 

72C',· , 780:,' 2.56x10-tO 
730 . 788'.- 5.10x10-t 0 

Reflective 
coated cell 

(g/ml) 

4.92x10-t 0 

Acrylic 
cuvette 
(g/ml> 

3.48x10-t 0 3.64x10-t 0 

2.81x10-tO 

770' ,'", 830='- 5.83x10-t 0 3.86x10-t 0 
----~=---~~~~~--~~~~--------------
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6.4.4 Discussion 

The reflective coating on the cuvettes increased the amount of light getting to 

the detector. Rayleigh scatter reduced by the inverse forth power of the 

wavelength. So there is less scatter in the near infrared region than the 

ultraviolet-visible region, so it was assumed that reflectively coated cuvettes would 

give lower limits of detection. The LOO of the reflectively coated cuvette was 

slightly lower than the non-reflectively coated silica cuvettes. The reflective coating 

significantly increased both the background scatter and dye fluorescence intensity 

by about three fold. The excitation wavelength for both HITC [XXIV) and DTTC 

[XXIII) in the reflective coated cuvettes was backed off by 10 to 15 nm in order 

to have comparable scattering as uncoated cuvettes. This could be useful if a light 

source such as a laser diode is used for increasing the signal from a fluorophore 

that does not exactly coincide with the excitation wavelength. 

There was no significant difference between the acrylic cuvette and the silica 

cuvette limits of detection. The signal was noticeably attenuated by about 20% and 

slightly noisier baseline was obtained for the acrylic cuvette. The result seems to 

suggest that the routine use of acrylic cuvettes at longer wavelength of aqueous 

solutions is possible. This overcomes the severe problems of proteins and dyes 

adhering to solid surfaces which are difficult to remove, because the acrylic 

cuvettes are disposable. 

The differences in the limit of detection between the fluorophores can also 

be attributed not only to the quantum efficiency of the dye but also to instrument 

artifacts. The xenon arc lamp continuum is considerably reduced in the near 

Infrared region and has sharp atomic emission lines of xenon superimposed on the 

continuum at 820-900nm. The MPF-44B spectrofluorimeter has the excitation 

monochromator grating blazed at 300nm and the emission blazed at 350nm. So 

below and above the blazing wavelength the efficiency falls of severely. Beyond 

650 nm this is significant. The red sensitive photomultipller R928 has a sensitivity 

from 185 to 900 nm, with maximum sensitivity at 400nm, which decreases beyond 

700nm. Obviously a different instrument would yield a change in the limit of 

detection. 
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6.5 Detectors 

The purpose of a detector is to convert the radiant energy into an electrical 

signal that is then processed and displayed so that the operator can interpret it. 

Some forms of noise increase with detector area, so the active area should be no 

larger than is needed to capture all the light. Low light level measurements are 

limited by noise so the use of concentrating optics and a small detector may give 

better results than a large detector. The detection limit is usually determined by 

the output impedance, dark current, noise and the output signal level. Detectors 

without internal amplification are often limited by the noise of an external amplifier 

rather than the detector's intrinsic capabilities. Amplification carried out at the 

detector boosts the signal so the noise picked up between detector and read-out 

device is less significant. Several types of detectors are available in the near 

infrared. 

6.5.1 Photomultiplier Tubes (PMT) 

Photomultipliers are several orders of magnitude more sensitive in the 

ultraviolet-visible region than any other detection system. This is due to the noise 

free amplification of the photocurrent by the multiplier stages in the tube. Light 

passing through the silica envelope strikes a photocathode and emits electrons. 

These are attracted to a second electrode (the first dynode D1 in Figure 6.6), 

which Is maintained at a higher voltage than the cathode. Each electron reaching 

the first dynode causes two or more electrons to be emitted. These electrons fly 

off to hit the second dynode (02) that is at a higher potential. Thus, an avalanche 

effect is set up. There are two types of PMTs. In Side Window PMTs where the 

electrons follow a complicated path between dynodes before arriving at the anode 

and is limited to nine dynode stages: End-on PMTs permits more dynode stages, so 

this is more photosensitive and more expensive. 

Photomultipliers are prone to failure if daylight Is allowed to fall directly on 

them. Red sensitive PMT, such as the R92B PMT, are sensitive up to 900 nm. 

PMTs are very delicate and reqUire a special power supply to keep the dynodes at 

the high potential required. 

The S number specifies the spectral responsivity distribution of both the 

photocathode and the envelope (see Figure 6.7). This defines the spectral 

responsivity of the photoemissive detector. S-l devices have a Ag-O-Cs 
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photocathode and a lime glass envelope and have a 400-1200nm responsivity range 

as compared to 200 to 950nm for the other types of photoemissive detectors (5-2 

to 5-24). The R928 PMT is of the latter type. 

6.5.2 Microchamel Plate Photomultipliers 

Microchannel plate photomultipliers resemble, in their basic functions, normal 

photomultipliers except that the amplification is achieved in the microchannel plate 

rather than in a system of separate dynodes. The basic principle of secondary 

emission amplification (see Figure 6.8). The inner surface of a glass tube is coated 

with a material having high resistance and good secondary emission. Electrodes are 

attached to both ends for the application of a high voltage in the order of 600-

1000 volts. A small current flows through the material on the inner surface of the 

tube generating a potential gradient. A primary electron entering from the left 

strikes the wall, exciting secondary electrons, which are accelerated toward the 

wall in the direction of the positive electrode. This secondary emission process 

continues until a high number of electrons per primary electron leave the tube. 

6.5.3 Photodiodes 

Silicon photodiodes are cheap and robust, and can be run off batteries. Their 

peak sensitivity is between 750-900 nm (see Figure 6.9). The characteristics of 

semiconductor detectors is outlined by Grayson (1984). A single photodiode can be 

used for single wavelength detection or producing a spectrum by sweeping the 

spectrum across it using a monochromator. 

Unbiased (photovoltaic) detectors are designed for low noise frequency applications 

(below one kilohertz). No external bias (voltage) is applied and the semiconductor 

generates an emf during the period of illumination. 

The biased (photoconductive) detector is designed to detect light pulses or 

continuous light beam high frequency modulations. An external bias is applied In the 

reverse direction at the p-n junction and current flows under illumination. The 

current generated is composed of both photo induced and reverse leakage (dark) 

current. The dark current is constant at certain bias and temperature. The reverse 

voltage accelerates the electron/hole transit times by increasing the junction field 

strength. 
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Photodiode arrays (PDAs), plasma coupled devices (PCDs) and charge coupled 

devices (CC D) consist of array of silicon detectors constructed as an integrated 

circuit. light causes a charge to accumulate in the series of diodes that are 

sequentially read and reset. The voltage is amplified and converted by an analog

digital (AID> converter into a series of digitized readings for computerised 

processing. The time to scan these diodes is determined by clock pulses of an 

external controller and is typically five to one hundred milliseconds. A spectrum 

can be read quickly by spreading the light over the array using a grating or prism 

and monitoring the appropriate diode. Once the diode array is triggered, each 

element collects both the dark current and photo-induced charge. So without 

illumination, the array becomes saturated if the integration time is too long. This 

limits the maximum integration time. The dark current can be reduced by cooling. 

6.5.4 Avalanche Photodiodes (APO) 

An APD is a reverse-biased junction photodiode that is biased just below its 

breakdown voltage, which causes an avalanche effect of electrons similar to PMTs. 

These have greatly improved sensitivity over normal photodiodes and under certain 

circumstances even approach the sensitivity of PMTs (Mclntyre, 1970). In the 

wavelength region 800-1100 nm the quantum efficiency of photomultiplier tubes is 

considerably lower than that of APDs, and therefore APDs have the better 

detectivity in this region (Budde, 1983). 

Structurally, APDs are similar to non-avalanche junction detectors except a 

region of very low concentration doping material where }he avalanche multiplication 

occurs. APDs are characterised by very fast response times and avalanche gain 

amounting to values of several hundreds. Consequently, APDs have been used for 

the detection of weak but fast pulses in laser ranging, optical communication and 

high speed switching. 

Spectral responsivity function of APDs are very similar to non-avalanche 

junction detectors. Total responsivity; which includes gain (multiplication M), of an 

APD depends on the bias voltage Vb. The breakdown voltage Vb. is dependent on 

temperature. The higher the temperature the lower the breakdown voltage. 

The dark current of APDs comprises of surface leakage and bulk leakage, the 

latter being several orders of magnitude smaller. The total noise is rather small 

and noise is mostly from the input· noise of the amplifier. Lowering of the 

temperature reduces the noise and the dark current. 
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6.5.4 Comparison of the detectors 

The wavelength range encompasses a group of detectors that can cover the 

range rather than a single detector. Photomultipliers have the largest sensitive areas 

at 12000 mm 2 • Silicon and germanium photodiodes are the smallest and fastest 

detectors with areas of approximately 0.008 mm 2 and rise times of 30 

picoseconds. The linear range, response time, and capacitance decrease with size 

for most detectors. 

The responsivity is a measure of the sensitivity of a detector and is given in 

amperes per watt and applies to the wavelength of maximum responsivity. The 

responsivity of biased detectors depend on the bias voltage. At low voltages and 

constant irradiation the response increases with voltage, but at high bias close to 

saturation the responsivity becomes independent of voltage. The responsivity for 

photomultipllers and mlcrochannel plates is the anode responsivity assuming a gain 

specified for the suggested operating voltage. 

Table 6.4: Wavelength range, size, responsivity, normalised detectivity, temperature 

range, bias voltage and response time. The data was compiled from Budde (1983) 

and manufacturers' catalogues. 

Wavelength SI%e Spectral Te.perature Bias Response 

range reaponalvlt'l range voltage time 
nm .... A W-' ·C V n. 

Photoem/sslve detectors: 

Photomultlpller tube 

S-l 400-1200 80-280 470-2000 -196-20 10 1 -5000 3.5-15 

5-2 to 24 180-950 14-12000 10 1 -3)(10 6 -20-50 750-6000 .5-15 

Mlerochannel plate 300-900 120-500 100-104 eOO-l0il .3 

Junction semiconductor detectors: 

SIlicon photodlodes 
unbiased 250-1100 .85-800 .45-0.62 -50-100 :zero 9-1500 

biased 250-1100 .01-800 .45-0.6 -50-100 1-200 .030-200 

APO 250-1100 .007-7 2-85 -40-125 30-550 .08-2 

Germanium photodlodea 
biased 400-1900 .01-80 .6-2.5 -200-55 0-20 .5-200 

APO 400-1900 .007-7 2-85 -200-70 30-550 .08-2 

The temperature range Is either the safe operating temperature or the suggested 

operating temperature for a detector. S-4 photomultipliers may be operated at lower 
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temperature, but cooling below -20 'C reduces responsivity. 5-1 photomultipliers may 

be operated at room temperature; however at this temperature the anode dark current 

is quite high and often close to the maximum current for linear and fatigue-free 

operation. 

The smaller detectors of a given type have faster response times. An increased 

bias voltage reduces the response time, i.e. biased silicon photodiodes are faster than 

unbiased photodiodes. 

A bias voltage of zero volts indicates unbiased operation. For semiconductor 

junction detectors, the maximum reverse bias is occasionally given by the breakdown 

voltage which is strongly dependant on temperature. 
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6.6 Multi-Channel Detection 

Near infrared fluorescence of three dyes in conjunction with various light 

sources and a fibre optic light collection system was performed. It is shown that 

nanogram per millilitre detection limits can be obtained, that laser diode excitation 

is particularly efficient when the lasing wavelength coincides closely with the 

absorption wavelength of the dye, and that the detection system can be used 

advantageously where there are temporal changes in fluorescence. 

6.6.1 Experimental 

The Otsuka Electronics IMUC-7000 intensified multi-channel photo-detector 

(Hakuto International Ltd., Waltham Cross, UK), Figure 6.10, used a F/4.5 Czerny

Turner grating monochromator blazed at 500 nm which disperses the light over a 

proximity focused image intensifier coupled to a Peltier-cooled 512 element silicon 

photo-diode array (PDA). Spectrally dispersed light was converted to photoelectrons 

by the photocathode· and the high voltage microchannel plate performs exponential 

amplification as the electrons were directed towards the exit. The amplified 

photoelectrons were reconverted to . light by the phosphor and by means of an 

optical fibre coupler, an image was formed on the photodiode array. The 

wavelength range per scan was 280 nanometres with a 1.2 nanometre resolution. 

The detector was further cooled with nitrogen gas and cooling water to reduce the 

build-up of dark current within the diode array elements to a minimum. The 

fluorescence Intensity recorded by the diode array detector system varied linearly 

up to at least 30 s: an integration time of a thousand milliseconds (one second) 

was used In all fluorescence intensity comparison studies and an integration time of 

five hundred milliseconds was adopted for limit of detection (LOO) determination. 

The IMUC-7000 was interfaced to an IBM-AT compatible personal computer. The 

shortest repeat time for this instrument was twenty one milliseconds, which 

comprised five milliseconds integration time, and sixteen milliseconds for the 512 

element diode array to be interrogated and its output transmitted the via the IEEE 

488 board to the personal computer. 

Light from the source was transmitted to the side of the sample compartment 

via a two metre industrial stainless steel encased fibre optic (1.05 millimetre 

internal diameter bundle of twelve quartz fibres). The sample compartment (figure 

6.11) containing a one centimetre silica cuvette had three ports for the fibre 

optics. The two ports at right-angles to each other were used for fluorescence. A 
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similar fibre optic, one and a half metre long, brought the light from the top of 

the sample compartment to the detector. 

The three light sources used were a 50 watt tungsten-halogen lamp (Otsuka), 

an ozone free 275 watt xenon arc lamp (Applied Photophysics, London) and a two 

milliwatt LDM135 670 nm laser diode module <lmatronic Ltd., NewburyL The laser 

diode's peak wavelength measured by the I MUC-7000 was 677 nm. Some 

experiments using the other two light sources used excitation interference filters 

with bandwidths of five to ten nanometres. For comparison, some experiments were 

performed on a conventional Perkin-Elmer (Beacons field, UK) MPF-44B fluorescence 

spectrometer fitted with a 150 watt xenon arc lamp and a red sensitive Hamamatsu 

(Enfield, UK) R928 photomultiplier. 
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3.6.2 Results 

Table 6.5: Relative fluorescence intensities for Nile Red [UIII, DOTC [XXIII and 

DTTC [XXIIII in methanol obtained by diode array detection. The figures in brackets 

are the peak wavelengths of the excitation filter, where used. 

Nile Red DOTC DTTC 
(546 nm) (660 nm) <730 rm) 

275 W xenon arc lamp: 
with filter 0.5 5.6 <0.01 
without fi Iter 10.0 28.3 1.7 

50 W tungsten halogen lamp: 
with filter 
without fi Iter 0.1 5.1 0.1 

2 mW 670 nm laser diode 
without filters ·100.0' 

Table 6.6: Limit of detection (ng/mD comparison between diode array detection and 

a conventional fluorimeter. The figure In brackets are the peak wavelengths of the 

excitation filter, where used. 

Diode array spectrometer 
(without filters) 
275 W xenon arc lamp: 

50 W tungsten halogen lamp: 

2 mW 670 nm laser diode 

MPF-448 Spectrofluorimeter 
150 W xenon arc lamp 

Nile Red 
(546 nm) 

2.0 

4.0 

0.1 
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6.6.3 Discussion 

Comparison of the relative fluorescent intensities measured at 638 nm for 

Nile Red [LlIII in methanol (Table 6.5) shows that the 275 watt xenon arc lamp 

was at least 2-3 times more effective as an excitation source than the 50 watt 

tungsten-halogen lamp. The fluorescent intensities of the higher absorbing DOTC 

[XXII] and DTTC [XXIIII are comparable since the xenon arc radiance falls off very 

sharply above 600 nm. So a tungsten-halogen lamp would seem to be a useful 

source for near infrared fluorescence. 

The limit of detection for Nile Red [LlIII using no excitation filters were 

comparable for the two continuum light sources (Table 6.6). The conventional 

fluorescence spectrometer offered lower background signal and a far more sensitive 

detector in this region, resulting in the LOO being significantly better at 0.1 

nanogram per millilitre. 

DOTC [XXIII was most efficiently excited using the 670 nm laser diode, 

whose lasing output closely corresponds to the excitation wavelength of this dye. 

This combination of the light source and dye gave the highest fluorescence signal 

recorded in this work, and it is noteworthy that the very narrow emission 

bandwidth of the laser diode minimised scattered light Interference despite the 

relatively smail (30 nm) Stokes' shift (Figure 6.12). The LOO achieved was very 

similar to that determined using a conventional fluorescence spectrometer, and 

significantly better than when the diode array detector was used with broad-band 

light sources. 

The relatively low emission of DTTC [XXIIIl detected by the diode array 

system resulted In the LOO being twenty times poorer than on the conventional 

spectrofluorlmeter. This was due to the poor performance of the image intensifier 

at the emission wavelength <788 nm) of DTTC [XXIIIl. 

DTTC [XXIIII bound very rapidly. to bovine serum albumin (BSA) with an 

Initial enhancement of fluorescence of about four fold (Figure 5.2). The 

fluorescence intensity then fell by about 1.7% per minute: In a ten minute period 

more than forty complete emission spectra of the protein-fluorophore complex were 

determined with no significant change In the fluorescence emission wavelength. The 

fluorescence intensity of the Nile Red-BSA complex (Figure 5.1) fell by about 0.2% 

per minute. The blue shift of emission wavelength of Nile Red [LIIII from 663 nm 

(buffer) to 615 nm (Nile Red-BSA complex) may be attributed to a change from a 

hydrophilic to a hydrophobic environment (Sacket and Wolff, 1987>. Nile Red [LIIII 

has also been used as a polarity probe in super critical fluid chromatography (Deye 
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and Berger, 1990). 

These studies show that near infrared fluorescence spectrometry has excellent 

potential as a trace analysis technique, with LOOs comparable to those achieved in 

conventional ultraviolet-visible fluorimetry, and obtainable using simple robust light 

sources. The very high irradiance and very narrow bandwidth of laser diodes make 

them particularly suitable light sources when their outputs match the fluorophore 

excitation wavelengths. The use of higher power laser diodes, and more efficient 

light collection systems than were used in this preliminary work, would further 

improve LOOs. It has further been shown that the benefits of diode array detection 

can be used in the near infrared fluorimetry, with particular advantages In 

monitoring signals that rapidly change with time. 
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6.7 Avalanche Photodiode 

The following experiments tested the potential usefulness and speed of 

response of an avalanche photodiode (EMI 70506) to light pulses from a 670 nm 

diode laser. Circuit diagrams of the modulated laser diode and the avalanche 

photodiode module from EMI (Cambridge. UK) are shown in Figure 6.13 and 6.14 

respectively. 

6.7.1 Method 

The Imatronic (Newbury. UK) LDM135 2 milliwatt laser diode module was 

modulated using at various frequencies and the light was detected by the EMI 

70506 (Cambridge. UK) avalanche photodiode module. The signal was displayed on 

an oscilloscope. 

In the first experiment. light from the modulated laser diode was focused 

directly onto the active surface. The laser diode was modulated between 80 and 

500 Herz. The limit to the pulse frequency was that of the pulsing unit. Laser 

diodes are routinely pulsed in excess of a Gigaherz (one million Herv. Figure 6.15 

shows the response to modulating the laser diode at 100. 120 and 200 Herz. 

In the second experiment. directly In front of the APD was placed a silica 

fluorescence cuvette containing various concentrations of dye dissolved in methanol. 

The dyes used were DOTC and Rhodamine 800 that have strong absorbances at 

670 nm. The wavelength of the laser diode. 

In the final experiment. the laser diode was placed at right angles to the 

laser diode. The fluorescence cuvette was fi lied with DOTC or Rhodamine 800 in 

methanol. 
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6.7.2 Results and Discussion 

The APD allows the detection of fast changing levels of light. The real 

disadvantage of the APD was that its active area was only 0.25 mm 2 • The setup 

could have been improved by using better optics and enclosing the electronics in a 

box to exclude light. Cooling of the APD by Peltier cooling would have reduced the 

dark current and hence increased the sensitivity of the APD. This was not possible 

without a great deal of modification of the APD module. 

The signal output is a pulse rather than the usual continuous output. The 

conversion from a pulsed signal to a continuous output could be done using a Box 

Car Integrator or by gating. 

The simple absorption spectrometer was assembled with the pulsed laser diode 

focused on the active area of the APD. Various concentrations of DOTC [XXII] and 

Rhodamine 800 [XI] were illuminated and attenuation of the signal followed when 

they were placed into the beam. 

A simple fluorimeter was assembled with the pulsed laser diode as the light 

source and the APD as the detector at right angles to this. DOTC [XXII] was 

dissolved in methanol. Due to the scattering of the laser light and alignment 

problems intermittent signals were displayed. A few lenses were used to focus the 

beam of light on the very small active area but this was not very successful and 

a more intricate optical system was required. 
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6.8 Fluorimeter design 

Light must be absorbed before fluorescence can occur and thus raises 

various problems in fluorimetry. The distance light travels is also very important. 

The Inverse Square Law states that the amount of power incident upon a surface 

is inversely proportional to the square of the distance from the source. For 

example. a 1W (watt) light source illuminates an object at 1m has a power of 1 

Wm-'. but at 2m the same power is lO Wm-'. 

The direction at which the incident beam is observed is also important. The 

Cosine Law states that the incident power upon a given area is the function of the 

cosine of the angle between the normal and the direction of incident flux. 

For example. 1.0 x 1 W = 1 W at 0' 

0.707 x 1 W = 0.707 W at 45' 

0.5 x 1 W = 0.5 W at 60' 

There are four methods of Illuminating and viewing the sample that have 

various advantages over each other. Only the first method is used very widely. 

The right angle method (Figure 6.16a) is very efficient because none of the cuvette 

surfaces that are viewed by the emission monochromator are directly illuminated by 

the excitation beam. Therefore. no inherent cuvette fluorescence from the trace 

uranium content of glass or silica. or scattered radiation enters the emission 

monochromator. 

Frontal method (Figure 6.16b) is used for semi-opaque materials or solids. or for 

solutions that are highly absorbing. The reflected radiation and residual 

fluorescence from the cuvettes is minimised by using the 37 degree angle. 

Straight through (transmission) method is seldom used but has been used for the 

determination of uranium with lithium fluoride-sodium carbonate. 

The rotating cell method (Figure 6.16c) was developed by Adamson and co-workers 

in 1982 as a method of correcting the fluorescent power for incident beam 

absorption and secondary emission beam absorption. The instrument incorporated an 

off-centre cuvette rotated so that different thickness of sample solution through 

which the excitation and emission beams penetrate. Knowledge of the transmittance 

as a function of pathlength along both the excitation and emission axes permits 
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determination of the fluorescence signal attenuation caused by sample absorption. 

The difference in power between position 1 and 2 (Figure 6.16c) gave a measure 

of the absorption of fluorescence radiation by the sample. The difference between 

positions 1 and 3 (Figure 6.16c) gave a measure of the absorption of exciting 

radiation by the sample. The corrections obtained by this method gave 

fluorescence-concentration graphs linear to an absorbance of 2.7. 

6.8.1 Conventional Lasers 

The three outstanding features that distinguish lasers from conventional light 

sources are their spatial coherence, high degree of monochromaticity, and nllrrow 

temporal pulse width, if pulsed. The use of lasers as excitation sources in 

fluorescence analysis has led to significant Improvements in the detection limits of 

many compounds. Kessler and Wolfbeis in 1989 used the 632.8 nm helium-neon 

laser to excite fluorescence. An argon ion laser was used by Richardson and 

George in 1978 to obtain 0.5 pg/ml detection limits for Rhodamine B. 

Another approach may be to use a small nitrogen-laser-pumped dye laser but 

the output power is unstable, and the pulse-to-pulse variation can be as high as 

50%. Despite this sensitivities down to 1 pg/ml of Fluoranthene (Richardson and 

Ando, 1977) and 0.02 pg/ml (Ishibashi et al., 1979) or 1 picomolar (Bradley and 

Zare, 1976) of Fluorescein have been achieved. 

However, the use of lasers in commercial spectrometers, other than Raman 

spectrometers, has not been widespread because of the problems of the reliability 

of lasers as compared with conventional light source, and lasers require additional 

maintenance (e.g. replacing the plasma tube). For example, a helium-cadmium (He

Cd) laser requires the replacing of the plasma tube every 4000 hours of use, at a 

cost of more than half the price of the original equipment. 

6.8.2 Laser diodes 

The near infrared laser diode, developed for telecommunications and data 

processing, has the advantage over conventional lasers of being cheaper, smaller 

and has a long life (approximately 10' hours). Unfortunately, a diode laser has the 

disadvantage of being restricted to the near infrared. Even though as far back as 

1986 CW laser diode operation near 620 nm at O·C (Kawata et aI., 1986) and in 

the yellow spectral range (585 nm) at liquid nitrogen temperature (Hino et aI., 
. . 

1986) was demonstrated. As yet no commercial laser diodes in these regions are 

available and only in 1992 did Phi lips first market the 635 nm laser diode. 
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A method of producing shorter wavelength light from a near-infrared laser 

diode is to produce second harmonic radiation in lithium niobiate (UNb03) non

linear crystals grown and formed as waveguides. This frequency doubles the input 

radiation and hence halves the output wavelength (i.e. a 830 nm laser diode after 

frequency doubling emits at 415 nm). Higashijima et al. (1992) used a 50 microwatt 

415 nm diode laser, which consisted of an 830 nm laser diode, a UNd03 

waveguide and collimating optics, as the light source for capillary zone 

electrophoresis by fluorimetric detection by a photomultiplier tube. The 40 mW 

power level of blue radiation has already been surpassed (Kozlovsky et aI., 1990). 

The conversion efficiency of frequency doubling is low so to produce high output 

power pulsing of the laser diode is usually carried out. 

A laser diode provides excellent sensitivity, when it is applied to 

fluorescence spectrometry <lmasaka and Ishibashi, 1990). In 1984, Imasaka and co

workers detected some polymethines down to a concentration of 5 picomolar. When 

an optical fibre and a capillary cell were used for light transmission and sample 

detection, the detection limit was reduced to 12 femtograms (Kawabata et aI., 

1986). 

The introduction of the deep red laser diodes (635-680 nm) has extended the 

application to other dye groups that are more stable than the polymethines. These 

dye groups have already been discussed in Chapters 3. In 1989, Imasaka et al. 

used the water soluble bifunctional reagent carbodiimide to covalently bond 

phenoxazines and thiazines to albumin. 

Figure 6.17 shows two possible optical arrangements for using a laser diode 

as an excitation source. Laser diodes do not require an excitation filter because of 

their monochromaticity. If the laser diode Is mounted as close as possible to the 

cuvette then collimating optics may be dispensed with. The emission filter before 

the detector may either be a cut-off filter or a bandpass filter. The latter only 

allows approximately 40% throughput but is advisable if there are' any overlapping 

fluorescent bands present. The photodiode at 180' to the laser diode detects light 

absorption at the lasing wavelength and so could allow the instrument to be used 

as an absorbance spectrometer as well. A laser diode with output of less than 1 

mW is classed as a Class 11 laser, so the stringent precautions of using lasers of 

higher power could be dispensed with. Section 6.6 showed that a 2 mW laser diode 

had a higher output at 670 nm than either a 275 W xenon arc lamp or a 50 W 

tungsten halogen lamp. Laser diodes that have a lasing wavelength greater than 750 
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nm are invisible so are an extra hazard and also this causes alignment problems. 

These are other good reasons for using 635-680 nm laser diodes. 

Pulsing a laser diode has the advantage of allowing easy discrimination of 

the fluorescent light from ambient light and pulsing is also required for operation 

of a avalanche photodiode, a very fast detector that was originally developed for 

fast data communications. The disadvantage of this is mainly one of cost and 

increasing the complexity of the instrument. With more elaborate electronics time

resolved fluorescence as demonstrated by Imasaka et al. in 1985 would be 

possible. The active area of an avalanche photodiode (APD) is very small, only 

0.25 mm 2 in the case of the EMI 70506 APD, so good focusing optics are required 

which was the reason as already stated that the APD as a fluorescent detector 

was not developed further at the time. 

Laser diodes emit polarised light so an instrument for polarisation 

fluorescence could be constructed by placing a polarising filter in front of the 

detector. 

6.8.3 Light emitting diodes (LEDs) 

Light emitting diodes are exceptionally stable light sources. LEDs are 

available in a wide variety of wavelengths ranging from 440 to 950 nm, with 

spectral bandwidth from 20 to 100 nm. The combination of extremely high stability, 

reasonably high intensity, small size, low cost (less than £1 per unit>, and very 

long life (generally in excess of 10· hours) makes the LED an attractive source for 

spectroscopic measurements. Due to the wider spectral bandwidth of an LEDs than 

a laser diode, excitation bandpass or a cut-on filter may be required. If the LED 

is not collimated, the LED should be placed as close to the sample area as 

possible because the light from a LED is more divergent than that of a laser diode 

(see Figure 6.18). Collimation of the light from the LED would seem to be 

essential. As yet there does not seem to be any collimated visible LEDs 

commercially available. 

A blue LED has been used as a source for a fibre optic based fluorimetric 

end-point detector for acid-base titrations (Wolfbeis et aI., 1986). Imasaka and co

workers in 1983 determined phosphate using a LED-based absorption measurements. 

Smith et al. in 1988, who constructed a simple battery powered fluorimeter of a 

similar design to Figure 6.18a but without the photodiode at 180' to the LED, 

obtained a detection limit for Oxazine 720 of 20 ng/l as compared to 12 ng/l for 

a conventional fluorimeter. Wickliff and Wickliff (1991) measured in vivo 
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Chlorophyll fluorescence with a red LED excitation using the frontal optical 

arrangement and photodiode detection. 

Brown et al. (1993) used an "ultra-bright" green LED (maximum emission at 

565 nm) to determine Nile Red !LlIIl down to less than 1 micromolar using a 

photodiode as a detector. 

6.8.4 Tungsten halogen 13fI1>S 

For a 50 W tungsten halogen lamp, it has been shown that the photon flux at 

wavelengths longer than 600 nm is greater than that of a 275 W xenon arc lamp. 

Tungsten halogen lamps are small, cheap. robust, and can be operated using 

batteries unlike the conventional xenon arc lamp used in fluorimetry. The use of an 

excitation filter (see Figure 6.19) such as a laser line filter which gives a very 

narrow bandwidth (about 2 nm) and high efficiency (80-90:0 compared to 

conventional interference filters (about 10-20nm and 40:( efficiency) means that the 

tungsten halogen has similar advantages to lasers. The additional advantages being 

that lower excitation wavelengths are available. The main problem of using a 

tungsten halogen lamp Is that a considerable amount of heat emitted from the lamp, 

which would seriously influence the other components and the fluctuation of 

Intensity with a change In the current. 

6.8.5 Photodiodes 

Silicon photodlode with large active areas have the advantage over ones with 

smaller active areas In that there Is a larger surface area to collect the emitted 

light. The disadvantage Is that they have slower response times and suffer from 

higher dark currents. Large active area photodiodes are used If there are no 

colleting optics to focus the light on the detector. 

Avalanche photodlodes can cope with fast changes in light levels and so lend 

themselves to time-resolved fluorescence measurements and as detectors for high 

pressure chromatography (HPLC>. 

Photodiode arrays allow spectra to be obtained without the use of mechanical 

components and fast acquisition time. Photodiode arrays such as that In the IMUC-

7000 allow almost simultaneous acquisition of light (Summerfleld and Miller, 1993). 

Simply by dispersing the light using a monochromator grating over the photodiode 

array. 
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6.8.6 Calibration of near infrared fluorimeters 

Calibration of the monochromators is a problem especially in the near 

infrared region that has not been addressed fully. The problem of calibration of 

the monochromators was noticed when the emission wavelengths of three 

spectrofluorimeters were compared. A greater divergence of values was noted at at 

longer emission wavelengths when the same cuvette containing dye in methanol was 

measured on the three spectrofluorimeters (see Table 6.6). 

Table 6.7: Emission wavelengths for various acrylic block standards (Starna, Essex, 

UK) and dyes made up in methanol (unless otherwise stated) using a Perkin Elmer 

LS-50, Perkin Elmer MPF-44B and a Shimadzu RF-5001PC spectrofluorimeter. The 

excitation and emission slits were either 2.5 or 5 nm. 

Perkin Elmer Shimadzu 
Ex. LS-50 MPF-44B RF-5001PC 
(nm) (nm) (om) (nrn) 

Acrylic blocks 
Block 1: Anthracene and 290 322/336 323/334 317/332 

Naphthalene 340 380/4011424 378/400/426 NO 
Block 2: Ovalene 350 462/482/503 463/468/501 459/478/500 
Block 3: Perylene 1 396 NO NO NO 
Block 4: 7,8 Benzo-

quinolinium 290 348/365/384 347/364/383 NO 
Block 5: Coronene 340 427/438/445/ 426/437/445/ 

454/474/484 453/474/507 NO 
Block 6: Rhodamine B 490 573 568 563 
Block 7: Triphenylene 290 354/362/371 354/3611370 NO 
Block 8: Tetraphenyl-

butadiene 360 420 422 NO 

Dyes in methanol 
Cresyl Violet [XLVI III 580 620 615 611 
Nile Red [LlII] 550 628· 610- 609. 
Styryl 11 [XXVII] 560 626 NO 610 
Nile Blue A [XLI X] 620 670 660 NO 
OTTC (XXIIIl 730 785 780 NO 
IR125 (XXV] 750 830 817 NO 
1 this fluorescent block showed no fluorescence as and hence the perylene was 
assumed to have decomposed. 
• ethanol 

The wavelengths longer than 650 nm could not be tested on the Shimadzu 

RF-5001PC because the spectrofluorimeter did not posses a red sensitive 

-212-



photomultiplier tube unlike the two Perkin Elmer instruments. All measurements were 

carried out at either 2.5 or 5 nm excitation and emission slits. Larger slits were 

required at longer wavelengths due to the reduction in performance of the optics 

and photomultiplier tube. 

No acrylic block standards of dyes beyond the longest wavelength acrylic 

block standard contains Rhodamine B (Ex. 490; Em. 568). These standards were 

produced by 5tarna (Essex, UK). Various dyes have been submitted to this company 

to produce standards but at the time of writing these have not been evaluated. 

6.8.7 Automation 

Automation is a major trend in instrument and technological development. The 

reasons for automation arise from the improved precision, saving in time and 

labour, saving in reagents and hence cost. The disadvantages. of such automation 

relate to the high price of complicated instruments and reagents delivered as unit

dose packages. This produces a "black box" which requires little if any expertise. 

The ultimate dream is probably rather dangerous. 

To optimise the operation of a flow infection or high pressure chromatography 

system, a different design of the sample area Is required. Most fluorimeters used 

for flow injection analysis are modified conventional fluorimeters using a modified 

1 cm cuvette configuration. This is rather inefficient and can cause the problems 

of dispersion. A simple straight silica tube set In an acrylic block as illustrated in 

Figure 6.20 would be better. The light from a laser diode is launched down a 

silica tube and the fluorescence Is collected at right angles. The problems from 

light scattering is much reduced by having the detector placed further away from 

the light source. Light scattering Is of little if any problem because the laser diode 

is collimated. 
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6.8.8 Optical fibres 

Optical fibres were developed mainly for telecommunication purposes, but they 

also provide a convenient means to conduct light in a fluorimeter (Seitz, 1988). By 

using fibres for excitation and transmitting emission, even a normal 

spectrofluorimeter, such as the Perkin Elmer LS-50, can be converted to detect 

fluorescence from well plates, TLC or gel plates. 

The use of fibre optics in conjunction with fluorimetry is growing in fields as 

diverse as biophysics, remote sensing, immunodiagnostics, and chemical process 

monitoring (Thompson et aI., 1990). The intrinsic wavelength difference between 

excitation and emission makes fluorescence well suited for use with fibre optics. 

The fundamental idea of fluorescence-based sensors is to detect an analyte by a 

change in the fluorescence of a susceptible molecule. Several instrumental 

configurations for performing fluorimetric measurements through fibre optics have 

been described in the literature (Angel, 1987; Chudyk et aI., 1985; Milanovitch et 

aI., 1986; Bright and Litwiler, 1989). 

A typical system (Figure 6.21) couples a high intensity light source, such as 

a laser, laser diode or a xenon arc lamp, into a single large core quartz fibre. 

Light travels along the length of the fibre as a result of total internal reflections 

with little light 1055. Upon exiting the fibre, the light impinges upon the sample that 

gives off fluorescence and is transmitted by either the same or another fibre back 

to the photodetector. Remote measurement is especially useful in a continuous 

industrial application where the fluorimeter would be too fragile. 

The combination of optical fibres and solid state components (Le. laser 

diodes, LEDs, photodlodes etc.) is advantageous in allowing great flexibility of the 

use of these components.. These could be used in various ways. 

1. Light from a laser diode or a LED could be launched down a fibre; 

2. Light from a tungsten halogen lamp launched down a fibre would isolate the 

heat of the lamp from the sample area and especially the detector; 

3. Collection of the fluorescent light and then illuminating the detector; 

4. Bifurcated fibre optics combines 2 and 3; 

5. Remote sensing In hostile environments. 

These have the advantage of being able to isolate the components from each other 

and hence reducing thermal and electrical interferences. 
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6.8.9 Read-out Systems 

The final link is the conversion of the signal from the detector into a form 

that the analyst can use. 

Moving coil meters are the lowest cost of the read-out system and usually 

incorporate a mirrored surface behind the pointer so that its position relating to 

the printed scale could be read without errors due to parallax. Greater accuracy in 

reading is achieved by increasing the length of the scale. Meters suffer from 

limited linearity and mechanical instability. 

Digital displays are not subject to misreading errors and have greater linearity. 

These advantages usually outweigh the problems of a flickering display that is 

difficult to read. The display is usually a 7 bar red LED. It is robust, reliable and 

has low power supply consumption. 

Chart recorders produce a permanent record of the analog signal but have rather 

long response time of the recorder pen <0.1-0.5 sec) that limits the speed at which 

an accurate spectrum can be swept. There are two types of chart recorders: The 

x-t or strip chart recorder displays fluorescent intensity on the x-axis and 

wavelength on the t (time) axis. The t axis Is traversed at a constant rate and 

may be slaved to the monochromator drive motor. In x-y chart recorders, the 

x-axis displays the fluorescent intensity and the y-axis is continuously synchronized 

with the scanning speed of the monochromators. Thus the slowing of the 

monochromators scanning rate in the area of spectroscopic interest, or speeded up 

in a less interesting area. The spectrum may also be retraced by back scanning. 

Computers are the most recent breakthrough in the man-machine interface to control 

the fluorimeter and display of instrument status and results. The setting up of such 

an instrument is usually just a matter of choosing modes from the display menu 

and inputting information or carrying out action in the sequence prompted by the 

instrument. Although computer programs vary slightly from one instrument to 

another, the commands fall into the following categories. 

Instrument controls help the communication between instrument and the computer. 

These include setting the starting and ending wavelengths, data interval, slit width, 

scan speed and response time. During data collection, the information can be 

monitored on the monitor. 
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Library - Spectra can be stored on either a hard disk or diskette for future use 

and manipulation. 

Graphics - The spectrum is displayed on the graphics monitor, normally either EGA, 

VGA, SVGA or XGA monitor. The xy scaling allows the expansion or compression 

of the spectrum displayed on the graphic monitor. A hard copy of the pertinent 

experimental information can then be made. 

Data-extractive commands - These provide information from the spectrum, such as 

peak area, peak tables and intensity values. The wavelength and intensity can be 

found by using the movable cursor. 

Data Manipulative -. These are spectral subtraction, spectrum overlay routines that 

allows the analyst to compare two or more spectra and a smoothing function that 

fits a moving point polynomial to the data and averages the rapid transients that 

characterise noise. 
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Chapter 7 

7.1 The Prospects of Near Infrared Fluorescence 

Near infrared fluorescence is still in its infancy but the prospects are very 

encouraging from the work that has been presented. The potential has also been 

demonstrated by the research groups lead by Imasaka (Imasaka et al. 1984 to 

1990: Kawabata et al. 1989: Okazaki et al. 1988), Miller (Miller, 1990; 1993: 

Summerfield and Miller,· 1993: Brown et aI., 1993: Palmer and Miller 1993), 

Patonay (Patonay and Antione, 1991), Vo-Dinh (Cheng et al. 1990; Tromberg et al. 

1987), Winfordner (Smith et al. 1988) and Wolfbeis (Kessler and Wolfbels, 1989; 

Wolfbeis et aI., 1986). The obstacles to be overcome are reasonably straight 

forward and require the application of expertise from various areas of science and 

technology, especially electronics and classical organic synthesis. 

Conclusions relating to the areas addressed in the aims of the project are 

addressed below. 

7.1.1 Near Infrared Fluorescence 

The main advantages of near infrared fluorescence that have been 

demonstrated by experiment in this thesis are as follows. 

Very few naturally occurring fluorophores in biological and environmental 

samples absorb and emit In near infrared region (600-1000 nm) so there are less 

likelihood of background fluorescence. Most biological compounds are fluorescent 

between 300 and 400 nm. The intensity of Rayleigh scattering at right angles to 

the direction of the incident light beam Is inversely proportional to the forth power 

of the wavelength. This is demonstrated by the 100 fold reduction of background 

scattering and fluorescence from 1% human blood serum in the near infrared region 

as compared to the visible region (Figure 1.5 and 1.6). There are no stable 

fluorophores in the near infrared region beyond 1000 nm, this is due to thermal 

excitation to the triplet state (see Section 1.6). 

The study of the comparative photostability of near infrared dyes (Section 

3.8) showed that the phenoxazines (Le. Nile Blue A [XLI XI, Nile Red [LIIII, and 

Oxazine 750 [LlIJ) were about an order of magnitude more stable than Fluorescein 

[lVI, the most commonly used fluorescent label. This is mainly due to the longer 

absorption wavelengths, and hence lower energy of excitation for the phenoxazines 

compared with Fluorescein. There is also lower photodecomposition of the sample at 
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longer wavelengths because the lower incident radiation energy is not sufficient to \ 

excite the analyte, usually a protein. . 

7.1.2 Dyes 

The dye groups that show fluorescence in the near infrared region are the 

phycobiliproteins (Section 3.6.2), the polyaromatic aromatic hydrocarbons (Section 

3.6.4), the quinonoids (Section 3.6.3), the indigoids (Section 3.6.1), the higher 

conjugated forms of the xanthenes (Section 3.3), the polymethines (Section 3.4), the 

azines (Section 3.5) and the phthalocyanines (Section 3.6.5). The latter three dye 

groups were shown to have the most promising capabilities as labels and probes. 

The most promising of those investigated were the phenoxazines (e.g. Nile 

Blue A [XLI Xl, Nile Red [LI I 11, Oxazine 750 [LlIl etc.) and thiazines (e.g. Azur A 

[LlVl, Azur B [LVl, Methylene Blue [XLVIIl etc.). This is due to their longer 

absorption/fluorescence wavelengths than the xanthenes and superior photostability 

over the xanthenes and polymethines. Their main disadvantage is their tendency to 

plate solid surfaces and to form aggregates especially in water (Section 3.7). These 

phenomena could be reduced by the use of disaggregating agents (e.g. surfactants 

or polar solvents) and the addition water solubilising groups to the dye (such as 

sulphonic acid groups.) 

The tricarbocyanines (e.g. DOTC [XXlIl, DTTC [XXIIIl and IR125 [XXV]) have 

the longest wavelength absorbance/fluorescence but the worst chemical and 

photochemical stability. Tricarbocyanlnes are difficult to derivatlse because of the 

danger of altering or destroying the conjugation bridge If too severe conditions are 

used (see Section 4.2) and so if pursued, should be synthesised from scratch to 

produce a reactive dye. The rigidised carbocyanines (e.g. thiazollum squarylium 

[XXIXl and thiazollum crocC!nium [XXX]), are the most promising for the synthesis of 

new near infrared fluorophores due to their superior chemical and photochemical 

stability compared to other polymethines. No reactive dyes of this type have 

appeared in the literature as far as the author is aware. 

The phthalocyanines (Section 3.6.5) have outstanding chemical and 

photochemical stability. These promising fluorophores are being investigated by our 

laboratory for covalently labelling of proteins for biochemical analysis, specifically 

immunoassay. These dyes have a very small Stokes' shift of only 5 to 10 nm, and 

low stability in water. The latter can be overcome by the addition of sulphonic 

acid groups. Almost all the reactive dyes available in near Infrared region are 

phthalocyanines. 
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7.1.3 Fluorescent probes 

The initial studies of dye protein binding proved that some near infrared dyes 

bound to proteins (see Section 5.2). For example, the emission wavelength of Nile 

Red shifts from 663 to 615 nm on binding to bovine serum albumin. Nile Red [LIIIl 

shows good probe characteristics with bovine serum albumin because the 

fluorescence of Nile Red [LlIIl bound to BSA Is stable and the unbound dye decays 

quickly. The fluorescence of unbound Nile Red [LIIIl in aqueous buffer after 15 

minutes falls off considerably due to dimerisation causing the dye to become 

insoluble and hence precipitate out of solution (see Section 3.7). This property lead 

to the suggestion that if a substance could be found to dislodge the dye, this 

could be used as an assay method for drugs. This has been followed up by other 

members of the research group who have investigated the number and type of 

binding sites, and the drugs that dislodge the bound dye. 

From the work on the aggregation of near Infrared dyes (Section 3.7), further 

work has been performed by the research group in enhancing their assays to 

reduce non specific binding. Ion pairing that occurs with compounds with opposite 

charges (such as Methylene Blue [XLVII] and sodium dodecyl sulphate, an anionic 

surfactant) has been used as an assay method for anionic drugs. 

7.1.4 Reactive Dyes (Labels) 

There are very few commercially available reactive dyes <labels) and these 

are confined to the phthalocyanines. These are very large dye molecules with 

molecular weights in excess of 1000 and suffer from the problems of lack of 

SOlUbility, sterlc hindrance and an Inclination to dimerise. A dye may be considered 

as being composed of an electron donor group connected by a con)jgation bridge 

to an electron acceptor group. The absorbance maximum of dyes may generally be 

extended by: 

a. Lengthening the conjugation bridge (I.e. the absorbance of the symmetrical 

cyanines is extended by approximately 100 nm for each ethylene group added, see 

Figure 3.11). 

b. Increasing the strength of the electron donors and/or acceptors (I.e. the 

strength of the electron donors increase of going down Figure 3.11). 

c. Substitution in the conjugation bridge of a carbon atom by a heteroatom (i.e. 

nitrogen). 

d. cationic dyes with amino groups absorb at longer wavelength than the anionic 

dyes with hydroxyl subslltuents (see Table 3.7 and 3.25). For example, Nile Blue A 
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at 627 nm and its hydroxyl analog Nile Red [UII] absorbs 565 nm. 

e. Substitution para to the heteroatom causes a bathochromic shift. For example, 

the homologous series of azines in Figure 3.15. The bathochromicity increases on 

passing from phenazines (nitrogen) to phenoxazines (oxygen) to thiazines (sulphur). 

All these features are identifiable in the dye groups investigated (Chapter 3). 

It is also desirable that the dye is water soluble, has reduced or no plating of 

solid surfaces, and be both chemically and photochemically stable. Water solubility 

can be achieved by adding sulphonic or carboxylic acid groups. These solubilising 

groups should be added before the final formation of the dye and should not be 

directly added to the conjugation bridge (e.g. to the aromatic rings) because 

sulphonic and carboxylic groups tend to destroy the conjugation or the planarity of 

molecules, hence destroy its fluorescence properties. Anionic dyes have almost no 

plating tendencies. 

The synthesis of reactive near infrared dyes (labels) should be from scratch 

because of the scarcity of fluorophores that have groups that lend themselves to 

modification (i.e. hydroxyl, amine, carboxylic or sulphonic acid groups) and the 

difficulty of adding solubilising groups to an existing fluorophore. The properties 

required of a label can therefore be designed into the molecule. The most 

prom is ing fluorophores in the near infrared region that could be modified are the 

phenoxazines, thiazines, rigidised polymethines and the phthalocyanines. The 

properties of can be found in Chapter 3 and in the Appendix. These are being 

further pursued with commercial collaboration at Loughborough University. 

7.1.5 Biochemical Applications 

There is virtually no background fluorescence, light scattering due is greatly 

reduced and photodecomposition of the analyte is much reduced In the near infrared 

region as compared with ultraviolet-visible fluorescence. These give near infrared 

labels (reactive dyes) great advantages over the usual ultraviolet-visible labels. 

Near infrared fluorophores could be used in conjunction with visible 

fluorophores as labels in a dual assay where a number of analytes are customarily 

measured together in the same sample. Typical analyte pairs include the thyroid 

. hormones, T 3 and T 4 <Denning et ai., 1979), T 4 and TSH (Bluett et ai., 1977>, and 

in the screening of Hepatitis B antigens and HIV antibodies from blood collected 

for transfusion. The first pair of fluorophores used for simultaneous determination 

of two parameters was Fluorescein isothiocyanate (FITC [VIJ) and Tetramethyl

rhodamine isothiocyanate <TRITO, in detecting IgD and IgM on Iymphocyte surfaces 
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(Loken et al.. 1977) and for the identification of bacteria with a fluorescence 

microscope CGillis and Thompson. 1978). Sidki et al. (1985) produced a double label 

simultaneous fluorescence immunoassay for primidone and phenobarbital. using FITC 

[VI] labelled phenobarbital and Rhodamine X isothiocyanate (XRITC> labelled 

primidone and is one of a few examples of this type of assays. 

Another method of using near infrared labels is in singlet-singlet energy 

transfer homogeneous immunoassay (see Section 5.3.2). A potential pair of labels 

could be Texas Red [XliII (Ex. 595 nml Em. 620 nm) and Nile Blue SS [CXVlIl 

(Ex. 640 nml Em. 670 nm). These fit the criteria of the donor emission spectrum 

overlapping the excitation spectrum of the acceptor and that the acceptor does not 

absorb or fluoresce at same wavelength as the donor fluorophore and there Is 

negligible fluorescence at the acceptor emission wavelength by the donor. This 

would be very useful method of producing an assay for a small molecular weight 

analyte. which would be labelled by the lower wavelength fluorophore and the long 

wavelength fluorophore would label the antibody. 

As already noted near infrared labels are by nature large molecules and flow 

injection analysis could be a problem caused by their tendency to adhere to solid 

surfaces. 

Fluorescent labelling could also be combined with other powerful tools to 

study several important parameters (e.g. surface organisation. physical state. 

dynamics. and cell function) of cell surfaces (Edidln. 1989). Most fluorescent labels 

that can react with proteins are suitable for such work. Relatively little If any 

work has been done on the application of near infrared labels. 

7.1.6 Electronics 

Only until recently fluorescence has been almost inaccessible to inexpensive 

instrumentation. This has changed rapidly with the introduction of solid state 

detectors based primarily on silicon semiconductors. such as photodlodes. diode 

arrays and avalanche photodiodes which operate predominately In the near infrared 

region rather than at lower wavelength. The design of fluorimeters was described in 

Section 6.8 and encompass simple. inexpensive portable fluorlmeters to expensive 

research Instruments with diode array detection (such as that discussed in Section 

6.6). Only when specifically designed fluorimeters are available will the potential of 

near infrared fluorescence be realised. 

The light source that has revolutionised near infrared fluorescence is the 

laser diode (Section 6.2.2). The three outstanding features that distinguish lasers 
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and laser diodes from conventional light sources are their spatial coherence, high 

degree of monochromaticity (1 to 2 nm bandwidths), and narrow temporal pulse 

width, if pulsed. The introduction of the deep red laser diodes (635-690 nm) has 

extended the application to other dye groups that are more stable than the 

polymethines. Pulsing a laser diode allows the simple discrimination of the 

fluorescent light from ambient light and is required for operation of a avalanche 

photodiode. Laser diodes emit polarised light so an instrument for polarisation 

fluorescence could be constructed by placing a polarising filter in front of the 

detector. 

Light emitting diodes, the cousin of the laser diode, are available in a wider 

range of wavelengths (440-950 nm), with spectral bandwidth from 20 to 100 nm. 

The combination of extremely high stability, reasonably high Intensity, small size, 

low cost and very long life (In excess of 10000 hours) makes the LED an 

attractive source for spectroscoplc measurements. It has been proved In our 

laboratory that very simple unfocused and unoptimised instruments can be used. 

The combination of optical fibres with a light source and a detector allows 

great flexibility of the use of the subsequent Instrument. These could be used to 

transmit the light from a laser diode or a LED to the sample; isolating the large 

heat output from a tungsten halogen lamp that would seriously Influence the other 

components; collecting the fluorescent light and then illuminating the detector; and 

the use of bifurcated fibre optics that both transmits the incident light to the 

sample and the subsequent fluorescence. All these allows remote sensing In hostile 

environments. 

Dispersive elements (Section 6.3) for the near infrared region take the form 

of grating monochromators which should be blazed beyond 500 nm or Interference 

filters. This latter for fixed wavelength instruments. 

Detectors in the near infrared region (Section 6.5) are either photomultipliers 

(e.g. the R928 PMT is sensitive to 900 nm) or silicon photodiodes (peak sensitivity 

between 750-900 nm). The former are' very delicate, prone to failure if daylight is 

allowed to fall directly on them and require an special power supply to keep the 

dynodes at the high potential required that Is expensive. This makes instruments 

using a photomultiplier tube as the detector bulky, not very portable and expensive 

(in excess of £20000). On the other hand, silicon photodiodes are cheap, robust, 

and require low operating voltages so may be run off batteries, so can be used to 

construct a portable instrument. A single photodiode can be used for single 

wavelength detection or producing a spectrum by sweeping the spectrum across it 
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using a monochromat or. 

Avalanche photodiodes can cope with fast changes in light levels and so lend 

themselves to time-resolved fluorescence measurements and as detectors for 

transient signals from high pressure chromatography (HPLCl or flow injection 

analysis (FIA). 

Photodiode arrays allow spectra to be obtained without the use of mechanical 

components and fast acquisition time by dispersing the light using a monochromator 

grating over the photodiode array (e.g. Otsuka I MUC-7000l. 
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Appendix 

Physical and Spectroscopic Data of Dyes 

Bibliography 
Glossary 

Xanthenes 
Fluorescein (e.g. Fluorescein, Uranin, Rose Bengal) 
Napthofluoresceins 
Benzo[clfluoresceins 
Rhodamine (e.g. Rhodamine B, Sulphorhodamine B) 
Rhodamine 101 derivatives (e.g. Rhodamine 101) 
Rhodamine 700 and 800 
Pyronine (e.g. Pyronine Y, Acridine Red 38) 
Other Xanthenes 

Symmetrical cyanines 
Oxacyanlne (e.g. DODC, DOTC> 
Selenacyanine 
Benzimidacyanine 
Thiacyanine (e.g. DOTC, OTTC) 
Indocyanine (e.g. IR125, HITC, HIDC> 
2,2'-quinocyanine (e.g. Pinacryl iodide) 
4,4'-quinocyanine (e.g. Cryptocyanine) 
Rigidised symmetrical cyanines (e.g. IR132, IR140) 

Asynunetrical cyanines 
2,2'-asymmetrical cyanines 
4-quinolium cyanines 
Styryls (hemicyanlnes) 
Styryl-4-quinoliniums 
Pyridinium cyanines 

Merocyanines 
Merocyanines 
Rhodanines 
4-quinoline rhodanines 
Merocyanines 
Merocyanines 
Merocyanines 
Merocyanines 

Azines 
Phenoxazine (e.g. Oxazine 4 and Oxazine 725) 
Benzo[alphenoxazine (e.g. Nile Blue, Oxazine 750) 
Phenoxaz-3-one (e.g. Resorufin, Gallocyanine, Prune) 
5H-benzo[alphenoxazin-5-one (e.g. Nile Red) 
9H-benzo[alphenoxazin-9-one 
1 OH-benzo[alphenoxazin-1 O-one 
Thiazine (e.g. Methylene Blue, Azur B, Toluidine Blue) 
Thiazin-3-one (e.g. Methylene Violet> 
Benzo[alphenothiazin-5-one 

Phthalocyanines 
Phthalocyanines Trade Names and Manufacturers 
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Glossary 

Abs. 

Ac 

absorbanc/! 

ac/!ton/! 

alk. alkalln/! 

anhyd. anhydrous 

aq. aqu/!ous 

bp boiling point 

Bu butyl 
BuAc butyl ac/!tate 

CAS # Chemical Abstracts Number 

(xxxxx-xx-x) 

Chi chloroform 

Cl Colour Index Generic Name 

Cl No. Colour Index Number (CI-xxxxx) 

col. colourless 

cone. concentrated 

(dec) 

dll. 

OMF 

OMSO 

Docsan 

Dodec 

E 

decomposes (-C) 

dIlute 

dlmethylformamlde 

dimethylsulphoxIde 

docosanyl 

dodecyl 

dlethyl ether 
ethylene glycol EG 

EGME 2-methoxyethanol: methyl celusolve 
Em fluorescence (emission) maximum 

Et ethyl 

EtAc ethyl acetate 

EtOH ethanol 

GI glycerol 

Hept heptyl 

Hex hexy I 

Hexdec hex.decyl 

H2O water 

hr. hour 

H2S04 concentrated sulphuric acid 

hyd. hydrated 

LOO 

max. 

Me 

MeOH 

min. 

Insoluble 

lImit of detection 

maxImum 

methyl 

methanol 

minimum 
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mp melting point (-C) 

mol wt molecular weight 

Neo neopentylene 

NaOH aqueous sodium hydroxide 
NCS Isothlocyanate 

NO nol determined 

Octdec octadecyl 

Pent pentyl 

Ph phenyl 0' phosphorescence 
ppt. precipitate 
pptd. precipitated 
P,o propyl 

Py pyrldlne 

• soluble <around lX) 

satd. saturated 

soln. solution 

•• slight Iy soluble <under "" 
THF tetrahydrofuran 

TMS tetramethylsl lane 

v. 
vu 

who 

Xyl 

yel. 

• 

very soluble (over lOX) 

very slightly soluble (only Just 

partially soluble) 

whl te 

xylene 

yellow 

molar absorptivity <I mol-1 cm- 1 ) 

wavelength 

fluorescence lifetime (ns) 

phosphorescence lifetime <ms) 

fluorescence quantum yield 

phosphorescence quantum yield 
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FLUORESCEINS 
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A1:Ruon>SCeins 
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RHODAMINES 
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OH 
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A2.: Nap/lthalalluocesceins 

OH 
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AS: Rhodamine 101 

demal;"es 

A6: Rhodamine 800 derivat;"es 

OTHER XANTHENES 
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A7: Pyronines 
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w ... ~.,..." "C 

• In IIuAoc • t:t ..... 

5<e'_'IIo>I)'-4' ,'· ... II.t..,.l- crao • '(O·'...(XXJ4 OM ••• ... .,. 1.0 • In .lkllI 111 .. 1. pH)5 

'luo •• _ln ·,,....2 

.·'· .... cll.tt.xvce.IIowy'I ..... c.ln crao .',0'-«:111 .,. 1." '" _'M 
,.. .... 2,' ... lchlor.fl .... _ln crao 2.'~12 ." , .. , '" .t",1 S." JIlt 4.0 ntlll .. _ fluor_' 

'1 ... _ln" ... 0." '" -,- • •• ,... ••• ( ..... fll __ 

,'uo._ln e4a .,. 11.0 "" .t ... " .... ... '" -,-
~'~_I~t .. I.ln crao 2,'-0t2 '" '" .t.t lodIr_ INII.t .. 
2, '~Itqodray' I uor_l" 

G<.)-oatIlooxr-.2' ,7· ... lchlo.~ crao 1.'-<12 ... ••• ... ... •. , o In olbl! ..1_10 pt05 

fluor_In .'(5·).(XOI 

...", Cl Iol_t Or .... " crao 1.7.-11 '" '" • • I" SI lk2aJiS Yoll .. I" Hz9Q4 ... till ...... "" 

'.H<> .'Ft ,,1'* In 101 ~ 

'" ...". ""_I .... """ '.H<2 Br_I .. t ••• '''''_'''o,I ... _ln 
W ",1'-<12 wlttllrZ. _, ... chlorot. , I!tCM. 
0 ..,.. 17312-47_1 ERln Y, Cl Acl41W1 81 """ 2 ...... ' .... ... 10.1 ... ot ... , , .. ... .. I,,,)tr'. I!. 0, ,... (nat ft." pIG (I.luh".ed ......... T.It __ f'uor_'n ... 12.' ... -,- • tul.., "ut ... ".'n&l with ,..11 .. , ......... ft.' 

t:o.ln Y.II .. ' .... <YS) .,. 1." .... pH 1,' ,od ,od • 'n"', GI, y.lI_ In HZ!04. Oft dll orlllOl ..,t 

H'" .,.0." .' ... 11 .... ~.1' _t ••• 
.,.0.811 I!tot. ,t-I) .... ftat. 

~, ..,.0.(101 _t .. 

" .. with It ...... ft. In _t .. 
11 .. In In ttzO ...... I_lr eclJldted 

to pH7 .... ".. of •• , 

453110.2 1!!Oe1!1-!W-. Cl ,,'-.t IWI 43 (, ... lleld) crao 2 .... '.' .... on '" _t.r 0._ '" • 'n x.ol. I'y. ..... t:.ln Y (Cl Noo.4IDlIO) 
EOIln Aald 52' '" olbll .. 'n OOld m .... AI ___ , ... "_ 'n t:'01 • .,.1_ ... , .... 'nO'Aa Acl ....... Ird,.t ... 

.. In 0\1 

EHIn-&-llIthlocy.-ll """ 2 ••••• ' ..... ... 10.1 ... _,, __ I .... • I'n_ I .. thl~t .... I _bb'l 'n .' .... _t_ 
..... .... ,-.. _thyl hi'" """ 2,",S,'''''' ... '" _t- o IS IS In BlIIt: Y ... _ In Hz9Q4 .. 411. w~I'" 

Cllolwnt ....... I""t ,", "'" .. wt. Car", 'ed .. In. wltll 
chi",. .,... ft. I" NIII:Jl. 
,od a.r". ,ed In .. t _t ... 

... with wa.!)' ",11_ It. 'n EtOi 



A 1: FkJoreacelns (contlrlJed> 

Cl" "". ... - ... 1t1_ ou- ~ •• ,0- fI_ .. ,- ... 10 .. 61111,. ou-
"- ... ,tI_ - 1.,..,.-1 - "'" "01 ..... 1"'-"1_ 

~ ~ Iolwnt. ..... ......... !!thyl ENln """ 2,.,0.1"". ... 12,0 ... "" ..... 1.1:51 .. In X,I, 0, V.II_ In H2'lI an dll. Ilr--.I.., 
Cl 101_' "-d ., '" 10 .t-.I In oold .od .. 011. ,..11_ ,.t. Owrr, rid with f.ln' 

• In .... , • In le. GI, ..,. ... 1.., ,..11_ fI. 'n .... ' _tl, 
cher,.., ,Id v.'nm fIId ... IM'-.y ,..11_ fl. In riOt 

+t-O." _I., 

..... 00,_ IIrllll.m "-d N> """ 2, •• 0.' ..... 
.·4I.O·~ 

..... Or .. f.r U,.lIdI """ 2,'-ODZ)2 10 10 Nit." '11IM_ln with _. 

Hz!04 .. ID nitric -=Id .1 O"C 

"'" Cl 501_t Or.,. " """ •• ~U02'2 10 10 

.... ........ EN'n' """ 2,1-ODZ'% ... ••• .., 
"" .. .7" I In Xyl. pH 2.0 <rIDt fl __ H 

Enl .. I IIlIleh .,5-er2 ." 10 .. t.r .. 'n O. 001 pH •• 0 (11 __ ..... fluor_' 

Cl leld fIId " wlnle.m ",dI'I~1 ~.OI_t., 

." 
............ Eoaln 8 .... 1,It .1 .. ' • """ 2. '-C!r02)2 _lMo'n I O.OIS .... ...... u ..... 

..5-er2 

..... "" ... 1", """ 2 ••• 0.' ..... 10 10 ".11 ' . ..,. er_I.., ,.11_ 'n IfZS)4 _11.,1d 
....... 1 .. -" .., .... lIne. an IIIIl1utlan IM'--.I.., 
E,ytt.al .. 11 .od ,..11_ wt. 81111.., rid In JtQI. 

IV Cl Acid I'IIId III a.",. rid with .. ...,. ,..11_ 
W 

fluer_ In .. t.,. ~ 

.""0 18472-87-2 rhl ... l .. III Cl leld fIId t:Z """ 2 •• ,0.' ..... ... 7.7 ... .., '.7 , .. .. , 'n ( .. Xrl pH 2.0 CN fI.1o pH4 <llh,I'" r. 
C)-anlr •• !oaln n8 '· ... ·,0·,.·..(1 • ... 10 ,tlWlDl YM InO.OoI with folm .... IIJI'_ fI. 

ED.'n' ext,. 1l11I!'" .. InN:. V.II .. In 1fZS)4, en cll I. ,..11_1 .... 
• In ..,.. Cil red .. t. tfoO.18 .t.,. 
w 'n m IS .'n. In H2O " .... 1_1' 

.luated t. pH '.0 taa. pH af '.0 

",,0,' 2,,..,,$.1 rhloxl .. I (fr .. -=Id) """ Z.",5,,-er. .. !'hlo.l .. e 
Cl 101_1 fIId ... S' •• ·.0· ,0'..(1. 

... " ~I .. <_Srlt SD' ... I., """ 2, •• 5,1-11r2 .. .. 0111'. r. with, ,add,.., ,..11_ 
S' ,0'..(1% fI. In 't-'I. y.ll_ In HzS:I4. 

an dlllltl_ ,adcll.ta Il,_ ,. •• 

I'IIIM_ dl......,. In lel .. 

c,.-IN' ""'" 2 ••• 5.'''''' .. .. - \!Ilul.ta 'ed with. ,addl.ta ,..11_ 
S' ,.' .0' •• ·..(1. fl. 'n .t ...... l. y,II_II" IM'--. In 

Hz!04. IOn 1111. IM'--.I.ta ,ad .. I. 

•• G-dII_flllM_ln ""'" •• ~12 ... ••• 10 .... w 1 In X)'I Br_'. ,.11_ In Hz!04. an dll. 
Cl Acid "-cl ., "" 10 _I,..' che,r,. rod • la 110. Q IIrc.ll.ta ,..11_ ,.t. 
("throo'" Extra V.II_I.ta _ In I'yrldl .. 101061. ,ed .. t In..al 
E'yt ..... I .. y _I~O .. O .. o.rr,. fad without fI. In .t.r 



A1: Fluoreacelnl (contlnJed) 

c, .. CAS , ... - ..... Itlon lOO- --- •• IQ< fI_· .. ,- ... SO,,611It, ..0-

2'· ..... ltI ... - I ... tar
' - .., ,,01 01.., Inrw-tl ... 

M M Sol_" 
~,ISI~IO"I 4.,....lledao'luor._ln "'" 4.5-12 ID ID 0.01: .. , In .1 .... 11 & .. 240"C (dK) 

Cl 51>1_1 "" " 1WIf. 20X a. --. ..... , ......... Er,ltlro-lfIII • ""'" 2.4.0.1-14 ... ... "" 
I., 11.1" I •• '" I In Xyl I..DeO for r.' (Ot.U ltoO "'II'k, ........ Cl Ac'4 f\MI51. Cl foocl f\MI 14 ... • •• ... "" cMrr, .... In ,." EO I..DeO for .Ice (or,I' _I -0111 • 

'" '" .." ,od .lnAc&GI SOl_I. nd wt In..at 

'" ID .I"-nol _ InD 
V.II_I ........ -' ppt In 411. tlCl 

YM In 011 Br_I .... ,.11_ In HZ!04 ... 
411wtl .... ~I .... ,..II_ .. '. 
Oarr, red .ltt..t fl. In ... t., 
,1" _In In H:lO ........ 1_1' 1Id11l,tlld 
t. pH7 .... pH .f 1.' 
~.010. 4rp"O.003. ~. 
~ ... t.r. IItrcll 11..az42 

~Xh21~ Cl 101-' iliad 140 (f, .. eaI4). .. Irytt.oll'lll • 0."" 0.211 • a.. GI & EO .......... , _14 fotlO 
1.lr.I_f1uor_ln .. In I .. 103"'(C_) 

EryltlrMIr.-5-I_lhloo,--l. """ 2.4.8.7·14 ... 10.t ... .,-.1 .... ,lnCM' ......... '_ • III9Ono ...... .,.0.11 M, .",.0.35_ 

,,", ... 10 ""'" 2 .... 8,7·14 ID 10 • er_I .... ,..11_ In H2!04. on 

Aoee"" cn'O " .1·-C12 cMrr), 4"utlon ... _1 .... rlld .. , 

!\) Cl 10014"" " ,od IDI .. ,. a-I_ red .. ' In..at 

W CMrry r'" .UhoNt fI. In _t.r 
!\) ...... ,' Cl IDI-' Red 41 "'" 2,4,0.7·'4 ID ID .""' ..... 10 

S· ,I'-C12 - "" ..... --' ""'" 2.4,0.1·'4 ... 7." OIl .,. ..... 7." I In I, H, Xyl IJ)eo '.r __ (.,.1) •• "'Ice 
Cl 100'4 RMI M ,. ,4' ,0' ,1'..(14 ... ... .'-.1 111111 .... _lnD'OII 

IIf08 to hwa _. fI __ ... '" _,,,-I 'od • 11'101 'Ac er- '1'1 HZ!04, Oft lI"wtlon .1 .... ... ... ""'" .... In,., & m flMh .,.1 .... , ... rcllll..az42 

8111' .... red without fI • In _'.r. 
.,.0.05 CEteII) 

-,' "'" ... 1 (fr .. _'4) "'" 2,4,0.7.14 ........... 1 ....... ..,...1 

Cl 5I>1...-rd fIIad 141 S' .4' ,11' ,"..(14 

..... 2'03-04-2 4.&-dlhydro,IIIOI'_ln "'" ., ...... ... ID ••• S.2 , • I In •• Xyl pH I •• .... _1 .. ,.11_ 

0.11.11'1. o.lIoc".,"M 11.1 n ,. rldell" , 01' pH ••• r_ rid, pH 11 violet 

,.". ... 11 .... 1 .. 1.11'1 ... .. - ,11'1 D L.- _,., ., eryetoll_lI .. 

Cl .... t Violet ~ _ri" 
_ In I 

.. 10 ac, 111 __ ...... thl. '" 

'od • 11'1 ~, 
.... , ...... , _It _ ...... SOO"C 

• 1 ... 11 ,...,1 .... ,..11_ In ~ ..... 411. 
"_I" rldel' .... ,..11_ ppl. 
Ih. In MlOt. IDI"le ........ JOtI!I. 
"'clrll~. 
••• llodIr_ INUml", 



A1: Fluoreacelns (contlrued) 

Cl .. CAS' ... - .. IUon ot_ --- •• 10'1 ,,- .. ,- ... SDh.lllty otW 

"- ra.IUon - 1.-1..-1 - "'" "'" ..... IIIf_Uon 

!!! ~ !!!Iwnt. ..... Otr_"-da Cl ...... M> M> 
2,7-<0:002 

.. ". Ov __ "-cl Vlol.t 1~ Cl .,5-MI, e'..cl 10 10 • 'n (El !WIt 
2.7-UXOU2 

..... Cl Sol_t Or .... 17 """ 2.7..aD! M> M> • In (El MI2OO3 
•• Mr2, .'-er 

... " Cl 501 __ ' 01'_ .. COCJI 1.4.e,""'. 10 M> _In(El~ 

2,7..aD!. ,'-er 

Nltr.fl __ ln 
COCJI IQ - 0." 10 

._, 
........... 8(tI)...c.rboq1'l __ 'n 

COCJI o4'(,')..aDI ... 7.' . ,. ... • •• • In 0.1. MIOt ~,I7.t.r 

f· .... t~I __ ln - ",·(e·)..(X)CIt ... ... _I_ 
.,.0,78 .tor 

e:ztI2-21-1 1'141.e'I"-T.ttechlor~ 0XIt I' ,4' ,e' ,"-<:'4 M> 10 IX IS :!IIln e:. Iftterwedl.t. fot ",I_I,.. B 
fI~r._ln • In .Ibll 

'" 
4' ,"~I_I'-YoeT1Iox)'- """ 4',e'..aD! M> M> .,.0.0004 _tor 

'" 
fl __ I~ 

'" ~17-7 
'1 __ 81- 2,74tZ M> M> 0." 0." O.G III 8IIE Sol_I. In tIIIt .t., 01' hat [104 

~1..z.,,7-trlhyd,ox:r+ • In EtAo, M ., )300'"( 
,1 __ . 

.Iall, 

12t-to-l • reuroc:tw_ 220 """ 2,7..arz ... M> _1- .. IS 21 In IIICIt "" et • 0 •• _In. I •••• 
.,"r.III ....... _'M YHlnM,OII ~" dllut. _Ivtlon (1.2000)'" ... ." ,..1I_ .... _tl __ 

IIIIOlX,1 .rell 11-5757 
Ye In EO 

Sulf_fluor_ln .,.. ... 7 .• . " ... .. . ... ~.t:2 ...... e 

.r.t.ln eodl. ..... 2,7-12 M> 10 ,..... _In •• 11 .... 11' fl __ t 

.rodlceln ....... 
""'00II 1101 ,.., .,.. '.- M> M> I, •• e. 0.11 0." O.:!II III 8IIE .t.llodI,_ IndIcator 

""roll..,I~"'I.III t •• , 12 

.,.....,... ... 11.1 "-d .,.. '.- M> M> 0.11. C.C .t.lloctw_ Indicator 

2.7-8r2 t.l' , 

11.%7 



1>.2: Napthofluoreocelns 

c, ... CIoS. ... - .... .. 1_ 00_ - •• lOO , . .,.- .. ,- .... SDI_lilt)' 00,,", 

2'- PoIIltlon - U.-1ar1 - H2O "'" 00'" I~tlan 

m m Sol.....nh 
..." MNlthofluor.-ln CXDI ON '.1 '" "''' 

:\ 7.41 I In Ilkall "~.1" pHt.S -
5(e)_r~thofluo'_ln CXDI "-<>XIi ... ••• ... "". 7 .• • • In ,Ibll -l.l0-0lbr~thofluor._ln """ 1,10-8r2 .,. '.2 ... ...... 7." • ~.05pH9.' -
V,t.8h.- .".. "" '.1 ... ...... 7." • "-0,1' ,HI.5 . .,-0.05 pM5.4 ... , .. "'" ....., .... 

'" AS: _cJfluoreocelns 
W ... c, ... .... ... - "'Itlon at ... 

_ ... 
• JI 10' ,,- ..,- .... SDI_lilt, 00_ 

"- ... ltI_ - '''''--' - H2O .tot 01 .. , Inforatlon 
m m 50'-.1, 

c.rboxy SW'l.-1 CXDI "'. (5')..(XQI 471,_ 2.' ... pH 1-7 , .. • In CII90 .., ••• ... '" '. .... 
c.rlMncy !IMfL-2 """ 0.<:' 

.,. , .. M pH 1-7 7.' • 
""(e'~ .. , ••• ... '" , . .... 

!MVl. eel. In, ~I_ .It CXO"1ft4+ "'.~~ .,. '.7 ... pH 1-7 7.2 • • In tIllS) .t,' ocnpl_lno _OMt 

<_t_t')2)2 ... .... ... ,,". .... 



A4: RhodamIne 

e, .. CAS • ... - , , "' ... _ .. .11 ,0- ,,- .. ,- ... IDlublllt,. "' ... 
"-ltI. - 11r' __ ' - .., 

'"" .. ... I""_tlan 
M 1D1 ...... t. 

""" &-nzorhadlallN. ~I"', -- ... t.t ... _''''1 • I ... aao ... IIlvl .. nd with .... 11h' ~"_I" r.cl 
... 1, .. 1 ..... T."_ItIYI'o_I .... """ fI __ , ..... t.r.-.cl .' ..... 1 • 

er.,. ~I' .. I ... ~. _ dll. ,.cl 
BI .... , ond 1_ fI __ t I ... NIOI. ,- SulphD,., ... .. " NEt2 Z'-s:!3H .. .. Blulllll rod with ~II .. I" ,.cl 
fluor_ , ..... t., ond .t ..... l. 

V.II..,I" rod ,,,~ .... dilution 

IIolul .. ,.cl. 

... ," .-.... "'!f""""I,,, a. Kltan fIIod '1120, "" !€t2 Z'-s:!3H ... 11., ... .t ..... 1 " .... I , ... Xyl ., • O,etI (.t ..... ,) 

..,....,., Xyl_ 1Iod •• Cl AcId Rod e:z, ,.- ... "'" .'M w. I" 0 alul" rod with ~II ... ft __ 

Acid ......... 1'" a. "'1 .. 1 .... ~I .... .. I" 011 In .. t.r ond .t"'l • 

Kit ............ 1,.. a • I" 01'" M. er.,. ~II_ I" 1'tZ!ICM, • dll. . .. 
w I,,'m alul" rod In NIOI. 

SUlforto.-l .... a oulphanrl "' .. NEIZ 2'-s:!3H .., I .• ... _' ..... 1 • In _ ... MIOI., • 0.04, 1f • 1 .. < .. I.,) 
etalo,I., ll_l .. RhodIoaII,.. B200 . .'-!l);zC1 ... I .• ... • •• 
LI_I,.. ,.,..., .. Il200, 

.",....... SuItOf'to.-l,.. B oulphanrl .... "' .. Z· ..... ... I .• ... _' ..... 1 

'" fllIOrl. ,.--
W 

'" ... , .. RhocIMI,.. 53 tIE. .... 2'..(1 .. .. • Oitl .... ~II .. I" tI2304, ... dllutl ... 

2,1~ or.,. rod to ~I,* PP'. 
~ ... In. with ,..11 .. or_ 
fl __ ....... t I" 1C1.,q. 

ftod with ,..11 .. FI. 'n _t., , t:tOl .. , .. Cl !!a'C! Rod e .... Ht Z'.o::at ... ... • ,,..1 .... 1. ~II_ I" HZ'l4 .... dllvtl ... 

rid .1. ooln, '1'."_ In ICI". 
llecldl .. vl.l.t with rod ft __ 

I" Iooth .. I., ond .t ..... l. 

4~11IO ........ """-1,.. «1. Cl ea.lc Rod 1 ... .... 2·....aa:' ... •. , ... .' ..... 1 " .. VN I" x,ol V.II_ ,,, tI2304 •• dllutl_ rod. 

13UIl-2a-, ~I .. SO 2,7~ ... 10 •• ... _' .... 1 _I.t • ,,,01, 001. _ ~t I" NIIOH . .....,." c., ..... 1) 

~1 ... 7 .... .. '"'" • od · " . Crl_,ed In .. t.r ond _I.t rod .... Tt.1 ... "" .. I ... Ac, .lth ...... flllOr_ I" .t .... l. 

,. 00'''_ In .1 ... lood H2O ~ovl_11' 

od'_ted to pK7 '- a pH .f I.' 

.......... f'II'IodIMIl,.. 11 H. .... Z·-<XDt ... lZ.0 ea .t ... ,1tC1 .,.' ...... ofpH 
2,1 __ ." .... 11) et ..... 11NIOI ".11 ... to ........ 1,. III ... 11) ..., 

, .. " 1hId1,.. 2Q .... !H' I'-CIX.I(I ... ... at ... 11.11 ... ~..,tI_ t ....... 1,. III 



A4: Rhodamtnee (contlraJed) 

c, ... wo. o,.- • y 010- --- ..... ,,- .,- ... tal_lilt, 01_ 

.... IU_ - ,.-'.-' - ... "ao 01"" I"'-U., 
~ ~ Sct,-.t. 

'~'I!III ....... ' .. 38 ....... ' .. «1 .. " ... 2·..a:oEt '" .... N> .t .... 1 • Or_I .. ,..1 low ,,, IU3'l4 011 .. ". , ... ... 11.7 N> .t .... 'nel , .. _I.t • "'_ 'N rI. V.II. 'n "11. He!. 

'" N> """ 
• 5170 81-8&-• ...... I .. e ....... ' .. 11'0. .. " .12 2·....QXIi ... , ... 00 IOC' O.m 1.~ .. In Xyl. 01'. I.D!IO (Iv. ,« .• t.) a.~., 

Cl a.lo VI. I., 10, Pilot m, ... 10.2 ... .t .... 1 Hel, MoCH. D .. • les·C, •• e" "-4181 
....... , .. 0, ",,_, .. e. ... '.00 ". -,. , I" M • G' V.llow'''' w ... with .t,ong ... _ 
Ir"" .. t ........ ... 12.11 ... • t .... '/tIC1 .m fluo,_ In H:ZS)4 ....... 111111 .... ... 10.7 ... ,U.nol _,., thin &lllIlth'N.nd .,. .... ... ".S .. , "" ..... 'N ,., ,,,..at .... '-I I". • ... N> 00 ... Ia (tell IUIII" 'N wlttl ,t,ang .. _ 

fI\IOt_ In .'u a. .ttw.l • 
.,.0.4 (EtOVltCI) .. 0.11 (",Ie EtOU 

..." .... , ...... ,,.. I .. ttll~t • .. " 1«'2 2·....QXIi ... ... _U_I ., • 0.70. U.:an. (.'v) 

(MiTt) 4'('·)..tCS ... 10.1 ... -,. 
",........ G<tI).(:at-IlaKrr .... ,,. 8 .. " 1«12 2'-aot ... .., ... .1 .... ' ., • 0.21 < ... t.,) 

...... 1 .. .,. .·(II·)....QXIi ... ... ... t., 

'" 
• 51711 ....... ,,. . .. " N!tz Z·...QXlf;t N> 00 • v"t.t ,. wlttl ,,~ , ... I" H2O 

W Cl a.la Vlal.t 11 ftM .. "''''lllen '1110'_ I" EtCH 
a> Or-., ,..11_ In 1U3'l4, .... 411 ...... 

...". ...... 1,. 20. Cl a.!cl ftM I ... - ... ... ... -, . Crl_ ,. wit" ltt--. f' __ 

2'..a:oEt In .tar. b,l,t r. with 111'_ 

, .. I" .t ... ,. Scarl.t ,. ",t 'n 
l0l0I0I. V.II. ,,,~, en dll •••. 

...... ...... 1,. 3CJ) ... .. " ..... 00 ID • 11.11", t ....... , .. 3G < ..... , 
Cl lul. ftM • 2·...QXlf;t 

...... SIIIt~I .. O. Cl M14,.... !!Cl .. " trl!t, 2,7~ ... ... ..t" .. .... 0.4 EOIE 1'111'" red with ,..lIow'1. I" _t.r 
2' •• '-s::ty .tt.no,. Or ..... ,..,,_ In H;ZS:I4. ~ 

411. , .... 8111'''' , ... ,,, NIICH. 
51.11 ... t. "',,no, ..... , .. 11. 

T.lt_thyl' ..... I .. --".0:00 MO 10.0 00 .t .... , , In t*5O, !WIt 

T.t'_thyl, ..... I.....e<tI).o - MId 2'-«04 MO 00 ,ttwlol 1f .2N ( ... t.,' 

I_thl~t. muTt) '·(I5·)..tCS .. , I.' an .t __ 1 ... • •• ... _t., 

ntlTt 0_, QI -MId 2·..QX'tt ." 10.7 "" _ttwlol ...... ... 10.7 '" -... 
nuTt 0_, ,u --,'.0:00 .. 10.S ... .t __ 1 ...... ... 10.S ". -,-



1041 ...,..,,_ (cantlnu.t) 

e, ... "". ...- • y .. ... ~ •• ,0- ,,- .. ,- ... SDI_lilt,. ..-,..'11_ - ,.-tar' - "'" .,," et ... Inf..tl_ - M SoIWllh 

r.tr_U".lrhocllah ... _tt".1 _t.r --Z'-<XDIoo ... to.1 m _tt_al • I" tB). MIQt 

r.t'_thylrhodml ..... thyl .. hr --"-<XXIft ... 10.0 .,. _thMol • I" CM9O, .at 

~(1I)4rllox)'t.tr_thylrhodllll .... -..., ,'...QX1t ... ." .t~1 

4'(~')~ 

1~1·1 ~I .... 110. AhodIaI,.. ~ .... .... ,.""'" .ID 8.71 '" ett.D11IC1 ~,e5 <-t'-') ... , ... .thlnol/NlOt "'I~t of pH . ,. .... ... .t .... , .... '" dllorofo,. ... • •• ... .tt..al .,. '" 
..., 

..-.,,'" 1IhIIdooa1,.. 118 - -Z·""", ... &.71 '" .tNI'D1 

...... ",.. ...,.." .... 123 "" "" Z·""", .... I .• ... .thonol • 01"11111' 

'" 
0.-_ B,llllant Red a. "' .. lE" ..... , ... '" _t., • • I '" X)'I .... 0,21 ( ... t.,) 

W 
2·.S·....(X)(M • .. lnDlle Not pH _Itlw, 

..... ..... I",., 
.'nO .. lm 

RhodIIaII .... I -"""--ltCXDt ... ... .ttwal 



A5: Rhodamine 101 derlvattves 

c,'" " .. o,.- ra.ltI_ - •• lOO - I .. lar' 
m ...... , ... ....... 1,..'01 ".aDO ... ••• 1'IhodIn1,.. 640 "" ... 10.1 

"" ... 
....... 1 .... 101 _thyl •• t., "-<XXIIo .,. 
5<I)-Ca'bcDcy-X-r .... ',.. , ........ .,. ••• 

... (S')-c:a:tt ... • •• 
~'IIO X I .. thl~t. ,."""" m ••• OIUTt) "'(S·)..fO .,. ••• 

, .. ,... SuI~IIIOIOI 2' .... ...s:aH .., 10.' 
1Zl33J-7&-I SUlforhlodooll .... 140 .,. IS.' ... 
...... ,0<1 ,-- ,.- m ••• 

'" SUIt ..... I,.. 10, .. lphDtlyl chlorl_ 4'-!OJCI ... • •• to ... • •• (X) 

Aa: Rhodamine 800 derlvattves 

c,'" <>s. o,.- X -.. ." 10" - I .. lar' 
m 

...... 1 .... 700 .... 'chlo'.t. a • ... . ... ..,.. 

........ 1,.. aoo .... 'chl.'.t. 01 ... .... ..... .,. ... ... 
OM ... . ... 

,,- "',- ... -,.. 
N) ., ...... 
OM .U .. _11tC1 

50S .' ..... 1 
10 .t ..... 11tC1 
10 .... 
... .t ...... 

... .. . ... ., ..... , 

... .. . ... -,. 

... ...... , ... ...... , 
". _t. 
... .t ..... 1 

". ... 
'" -,. 

"1_- ""- ... -,.. ... .t ..... 1 

7110 .t ..... 1 _11 ,.. .t ..... 1 

'" • tt!r"l_ ,1,..1 ... 
_,_ 

"" ea:c _t ...... 1 ,.. _t., 

.'_11 It, .. -
lOO ,lOO ..... Inf..-tl_ 

SoIVMt. 

• In I:M' 10 OMS) ".1.00 (oh .. ,ol) 

"'I~.fpfl 

InDW 10 tIII!lI - .. ... 

- .'n_" ....::s .r. _tobl. In _t.,. .... 
OS .. • In 011' ...0.10 tol ..... ., 

0 •• In EIJIE 

- • • In _ .. ..ot ... d.,., <-tor) 

SDI_lilt,. 

MzO tto! 01 ..... 

.. IlntloXyI 
.lnClSl .. _ 

, 'n t .. Xyl 

• In tMSO 

.. -
I"'-tt ... 

pH )11 nit fI., __ • 7f11 ID 

.,.0.10 (,.IM)< Oh .. , Mo •• eoemo 

.",.... (D) In ttz904. on dll •• r .. 
tt.n Itl •• er.,. (4GV4W02e) In 

SI Hel. 1'010 ye"_ (",,)In NICJj 

TW'ctUOl .. (CI05I.) In .tor 



A7, Pyronlnea 

c, ... a.., .,.- x y .. - --- ..... ,,- So,_ ... SoIl_lilt,. .. -.... ,tI_ - '''''ar l - "'" "'" .... , I"'-t'-
m m 501_b ..... 1oc,ldl,.. fled 3J -- '" ... • t .... , '1'011_ wUh 0'''' fl. 'n~. on 

,od ,od dll. Of'WIOI ''* nd, fled PJlt '1'1 
MIOI. lied .1 In oreenv ~.II_ f I. 

" .t., IiIId .t,.., 
..... 9:2-32-0 I'y,anl,.. Y. "',0111,.. G .., - ... ••• '" "" " 0." I '1'1 r: .. X,I fled .lth )1111 low '1. '1'1 _t.r, IIr I gM 

,od ,od .. In 011 or ... In 1111. tel. "-dd'1II'I rell_ 
o '1'1 Ate .. 1')'. '1'1 HZ3l4. on dlh.tlon , •• 

w In 01 .rc. 11~171 t1' • O.SO ... t •• 

.01110 " ........ "",onl,.. D lE" lE" ... 11.2 '" eos .t ...... , ft • .. '1'1 x,ol ,..,. .rell 11.«l1a. "" 17&-1'71 ·C ... ... _t.r ,od 'od • '1'1 M, 011 "-ddl" )11111_ '1'1 H2Sl4. on 1111. 

'" ... .1'-'01 .. rM. Brl"" or .. In dllulo tlCl 

VII In GI 

...,,, tIIodItr:.l,. b,lat Q - .... 2,7 __ ea NI .. _. • Llctrt ,_ ,.1I1111f In 1f2SIl4. on 

or .. or ...... dll. or ...... o.c:.olo.l_ to f.lnt 
,od ,od .'" In fIICIt. Or ... nd wIth .trGn8 

'" ,..11_ er_ '1. '1'1 _t.r .. ,ttwwl 
W 
It:> 

l'yron'M ZO Ht Ht 2.7 __ fID ... .. -, N fled .lth '"'_ ,.11_'1. '1'1 _ter 
,od ,od .. ,t-.I, 11_ .,Io'.t In cane. Hel. 

1f_'1II'I rell- btrGnl or- '1.) 
In 1f:Z3Ooi. on dilution ,_ ,..t, 

Sl_', ..,.1.,1_ '1'1..- *Ot, 



AB, Other Xanthonoo 

e, .. .... ...- .... ..... R --- ..... PI_- ..,- ... ..... 1111)' ..... .. .... - , ... tcrl - "'" .,," .... , I"'.-tlen 

~ !!! 501-"_ . "'" Cl .., .... t AMI T7 - ... aa • OD OD Qlury red with •• t, .... )'1111_ n • 

'- ,n .t .... ~ ,.11_ "lth ... _ 
'1. 1ft ttz!IOol. -" dll .... ..,.. ,. 

t~ " .... Mo rI. ", ICI~ 

... " ...... ,,. 12011 - ....... aa. OD OD '1'011 .. ,.." ,toil 'n _t ..... tt_1 

I'IhcIdlnl 1201 VolI_ In ttzS)oI. en dll. ,.11....,. red 

LI.,..' red ", 'n..al. 

... " ~I .... ID -....... ""'" OD OD "'011_'" nod 'n ... t., ... t~1 
fIhodIIIilnl 131 ut,. YolI_ 'n~, on elll. ,.1IGW)',ed 

LI __ red ,., In NIOt, 

253''''75-7 1lI1.'I __ '" '" .. '" "'" 
""->0.0 2,1-41c:hloro" __ ,,, dl_to', 

""" o.CXDOo "'" .I!'IN; ... %10·C 

2.1-CI, 

........ 3.G-<dId\lor.' ..... _ e, 0-<, "'" 
'" 

....... dl_I",I __ I" 

""'" """ "'" - ... ... -c ... fluor_In dl_to'. 
0 

s..d1.tt,.,I_lno-e--tt."I_1~1 ...... .. .. .... "'" 
.., .... OD ..tIc _I. .... _ ....... ' ... ..---IU"" dyu 

rh.".,.. ,-<, 
1-d1othyl.I-o-thy'_I,... .... ,- "'" - '.D '" ..t'o_hl 

h ___ ..:11 ' ... ..--Itlw .... 

tiuor .... 

Wl.thyl.'..............,'.',.. .... , ..... "'" on ,." OD _tlo _Id Pr..-....... ,,. __ IU,,. ... 

'11IOfM 

5-cI,othyl .. I,...7-0f·_thy'+ frEtz 7~ CIXIt "" , ... OD _tic _Id 
.... _ ... _ , ... __ Itl"" dyu 

,..,.,.,).1..0'1 __ 

s-cf1"hrl_lno-e--tt."I-7~1) .... .... "'" ... ,." '" ..t'o_hl Pr_l_ wd V.-..---lll ... d1 •• 

.. I",,'!uo • .n , ..... 
s-clllt1'l)'1_lno-'~I .. lno- .. " , ... "'" ... I." OD _tl, _Id PT..." ... ..-.:I thl.--.1t ' .... 1dy.1 

fl_.n .... , - ... "'" ... •. , ... -,- ••• ..,.0.20 pHI.1S 



Appendix B 

POl YMETHINES 

B1:Cl><acaJbocyanine ; (X°}--(CH=CH).-CH= <o~ 6: 
~ •• "~s 

I I 
R R 

7 e 9 (D .. l) 7' 

6 (XS\ 10 11 ('-2_~--/X) 6 
~(CH=(,H)D-CH~ 

5 N+ N ~ 5 
,I . I . 

R R' 

B3: Selenocarbocyanine • CXS}--(CH=CH)'-CH~·~ 6 
5 N+ 1iI~ 5 

I I 
R • 

• R 

BS: IndocaJbocyanine sOc:t' ... Ko .. ~s 
(CH=CR)D-CH_~_.~ ~ 

N+ R r 
I I 
y y 

B6: 2 .. 2'.Quinocarbocyanine 

R • 

67: 4.4'.Quinocarbocyanine 

.' . 

~S6 2J ~o 8 5 5 8 

R~'L (CH=CH).-CH __ '-R 
2 3 SO 2° 

- 241 -



81: Oxacyanlne 

c." .... - .... - • .... at ... --- •• to' ,,- .. ,- ,. .... llll, ..... 
1.11- S,I' .... - UI .. I __ I - "'" .toO ..... 1"*-"1_ 

~ ~ ,.I .. ...t, 

31.31·"<lII.thyl~l .... lodl. • " on - .. .... fI_--" 
". - .t,-, 

'" - _.'-, 
31.31' -dl.lhy 1-4. S' -d Iphw'ryl-..nl .... • " S,5'--",: ., - _1'-1 ..t. fl_.-.m 
lodl_ 

31.31'-clI_lhyl_rtooc)'Ml .... lodl. • "" 
.., .1'-1 ... 284°C (4K) 

........ ooc 31.!·-cII.t.".,_r~l .... locIl. " '" ... .1'-1 • I .. D8) ... r1O-'l7l"C (4K) 

010C2(31) ... 14.7 '" _1'-1 .,-0.04. .f<O.:ss.... ...-0.01 '''''''' ... ... ..I., .,-0.$8 ([111'), Tf":.z", <tlrutoi) 

"" 
.., .. .,-0.75 •• f002.9no (tohU .. " 

Phoo62Or. ~IN'C <ue.n 
1'1.-41 ...... "'IN'C (E""" 

~1,..n-. S,3'-d1,...0f')"1_Moyanlno lodl. ". ... "'" .t .... 1 • I .. CK!IO ... ZS3"C <pd 

".hnU.1 .... IU .... 

IV 
0IOC5(3) 3.3'-dlpent'l_rilocyWll .... lodl. .... ... 14.7 ... _t'-I • , .. r»m MWIlI,1 ..... 1\, .... 

+> 
IV DI0Ce(3) 3.3·-dIl-rI_locpnlno lodl. ... ... 15.4 ... _t,-I ' I .. CIfB) ..... WIlI.1 _Ill .... ____ 11. 

........ ... 21P-221"C (4K) 

OI(Q(]) S.3·-dltwpl,l_iIoe)wIIN lodl. ..... ... 15.4 ... _It-I , I" CIOl C-I .. lc ....... _,....... 

OIOCtl(S) S.S·-clI~I_IIocrWIIN ,.,chlo,ol. ...... ... 12.7 ,,, _1-.1 • I .. EM' COllonl ......... , ...... 

ea71, .. 7'" 010:'8(1) S.S·-dloc=l.s.crl_kc)wIl .... ,.rchlor.t. , - ... 11.0 .., _1,-1 .1 .. -
COU .. "c ....... _ ........ 

......... t. .. 11,14.,".., ............ 

3,S·-clI.lhrl-G,5·-dI,..".I_rkc)wll .... " S.S'..f'h2 ... 'n _1'-'01 I .,.,0. It • TfoO.45no • .".,.01 0I0Ctl) 

lod'. 

-";It hI! oocr- S, I'-dlo'hrl-G, 5' -cI'"",",I- " 5.5'4'h;Z .., ... .' ..... 1 Of'IC).U, .f-3n,o, ...,.o.O! ("-Oi) 

_ .. kqronl .... lod'. '" ... "IoU" "-:Z.Sno (tololln) 

1.'· .... "I_lhrl-4.5·-dI,......,I_ .... • ..... ... ,n _t,..1 .,-0.11, ..,..0.01 otoOI) 

cyonl .... Todl. 5,S'-f'h2 

"'ftltlonoocr- S,I' .... tr lolhrl-4.5'-cllptwnrl- " .... '" '" _' ..... 1 .,00.77, ..,..o.O! o..cH) . 

_rbGqoMlN locIl. 5,S'..f'h2 

S,3·-dI.lh)'I~.S,4· .5·-cI'~r"" " 4,5.4'.5'.,. , .. ID -, ..... , ........... 
GyWII .... lodl. ,,-



81: OXacyanlne contlrued 

<>s, -- .... - • -. Ott .. 
_ .. 

• x 10- ,,- .. , .... SooI_lllt" ""-
'.Uon S,S' -. - 1.-' __ ' - "'" Et'" OU ... J"'-tlon - - So'v.nt 

3. 3' -od I.thy l-e. 8, 4' • S' -od I Mnzo_rbo- Et S,8.S· .e·· .,. 10 _tt.nol .... -sso... 
cy",'ne Iodide d' ...... 
3.3' -d1.thyl-8. 7 .~' .7' -odl tomzox.c.rbo- Et e.7.e·.7·· 51. 10 _thInGl 

cyan/ne Iodide d' ...... 
,-.0.. DCIlC 3.3' -od I.thy I ox.dlcerbocy.nl ne lodl. 2 Et ... ".0 810 .t ..... • In [»G) .. 232'C Cd..e) , s..... .. -62Orw 

DICQes) .,. 22.4 "" _thInGl H.;),+4 • 11.1.2 .... .,,<0,01 ([tC»1) ... 1120 • t.r ... 0 .. ., 
S.S·-odI.thyl-e.S·-cllphenyIOlCadlcar. 2 Et e.s·...f'h2 ... 10 _t"-'a' 

cyanlne lodl. 

S.S'-clI.thyl ...... 5.4·S·-clINruoxIdlce'bo- 2 Et 4.S.4·S'· ... 10 _thInG' 

e".,,'ne lodl. d'_ 
S.!·-dI.thyl .... 5.4·e'-dI~Ic:arbo- 2 Et 8;7.11'.7'_ ... 10 _tt.no' 

cyMlne lod,. d' ..... 
,,,...~ OIOIC' S.!'-clI.thyl_t,lca,boc)'WI'. Iodide S • ... ";8 " . .t,..., .. '75'C (fieh s.....-7S5rn 

I\) 
• thyl~' ... 10 .tt.wl 

~ 
W 

151&5-43-0 !>OR: S.S·~'.thyl_t'lcarboc:r-nl"" lod'de S " .., 20.' 725 ...... , .. '&S-UI6'C CdK), H .0.93 EG 

!>OR:' 
.,. 70S _tt.wl .,.0.49 uall 

Il£OTC ... ta.13 71' """ 
fl __ m (7'08rw) (!OH 1-10 ... ,.. a.t'-' MD, f'~K"'t. pH <S end (!OH )10 

002 "2 

_t_ 
......... 771_ (EG) ,.,. ". DOl .., " . _tenlt,lI. ... ". ., .., " . "01*1-1-1 ... ... ,Iyce,ol ... '40 _t., 

S.S·-clI.thyl-e.S· .a.e··t.t,_thyl_t,l· S Et 5.S·.II.II'· 70S 71' ., .,.;).4' (EG), t.....x-787,... (EG) 

ce,boeyan'r. lodl. ... 



82: Selenacyanlne 

as, -- ... - • .... ..... --- o .... ,1-- .. 1-.. s.1 .. , I It, ..... 
I"'''' S,S' .... - 1.,..~1 - .... '000 ..... ' .... -tl ... - - ,.I .... n\ 

3.3· ... U.tt."I .. I..-.cywoI ... loeU" " ... - .1,,-1 

104f-.3&-3 S,3'-clI.'hyl .. I_.lIocy ... l ... lodl .. " .,. .. .. _, ...-21'O-Vl'C (cl..,) 

"" .. _t"-I +f"'O,<&O 1KtI\.MM 

3.3' -cl1.lhyl",*-thy'_I-..coorllocyan I ... " .... ... .. _1,,-1 ,.-26:2'( (d..,) 

lodl .. 

3.S· .... I.lhyl .. I..-cflc.rllocywll ... lodl .. " .., .. _t"-I ....-2SS·C ("'"') 

3.'·-c!I.lhy'MI_IrICllrboc)twll ... lod'" " '" ". ., ....225·C (ucl, ~ 

"" .. _tt •• 1 +f"'O,-40 (IQ), ,,-><-7t5r-. ([G) 

"" .. .. _, 

'" 
83, Benzlmklamloeyonlne ... as, -- ... -... " .... ..... --- ..... ,1-- ... -.. 5.'''IIIl, ..... 

I.Uon 3," .... - IIit'"1arl - .... '000 ..... I"'.-tl_ 

E!! - !Io1 .... nt 
1.1' .S,I'·t.t,.thyllMnzl.I __ IOC'f*I'\I ... 0 " lOO .. .1,,-1 
lodl .. ... .. ..tICl_ld 

1, , •• 3.S··I.tr.tt"IIMnzI.I __ I_rllo- " .. .. MllwIOl 
cyanl .... lodl. .,. .. -,ICI_ld 

1,1' ,I.I·-'ot ... t..",-o. 5·"."·-t.t,echloro- " 5.5'."."'_ ... .. MtlwlOl .. m'e hied ......,'.'_1_ • .....,..,,1 ... Iodi_ C" 

'. , •• 3.3·-clI_thyllMnzl.I __ lo- • ... _1 .. Urll. 
dlc.r~l ... lodl .. '" """" 
1,1' ,S.J· .... '.t""IIMnzI.I __ lo- • • , .. .. .1 .... 1 
trlcarbocywol ... lodl .. ... .. """" 
1," ,J,S'-cllot",IIMnzI.ldQel ... • " 74' .. ... _, • In tWIt 1- O.SX In tWIt. )ICIII: In ot2Ct2 
trl_~I"" lodl. ". In CI2ft2 CI04"" SXI· 'n"-Cl1, ICl In 0I2C12 



84, Thlacyonlnes 

"" , -- ... - " -. Ot,- - •• 10- ,,- 10'- 5.'_IIIt.,. "'-
lidt .. S •• ' -. - ,.-1 __ 1_ ... ,..., "'- .""-tl .. 

!I! !I! Sol_PIt 

21V-ol-o :!I.3··.f1.t...,.lt .... ~I .... 'od'et. • " Cl e., .- _ ..... , .,I'oC(..,' ... - _to!!! 

'" - ., ....... , ... - .. 
!I.I'~I carboxyethyl thllle)'Wll ... ",.1. • 'I(XlOH '" - ., ..... , .. :21WII"C (01 ... ) -, 1 •• ·-4I_thylthr.'tlcarboqw!l .... locI'd. .. ... I •.• ... .t ..... , • h. CIM!IO 1'.'-nU" _IU .... 

DISC,,,, ... 10.1 ... ., .... , 
10\5-17-5 """ 1.1···.U.thrlthl_'IIocyanI ... lodl. " '" 14.' ." .t ..... , ... 26rC (MC> 

OI9C2t,) ... 1S.5 ... .,,-», hh .. U.1 ..... I\h •• 

", ... _t ... ... .. nlt,_I .... ... ... _tw ... ... .. .. ... 1')'Wr.' 
..... M 0"" .,."ldlMd" 1,'·-4I.thylthl_r~l ... " ." .. , ., ..... , 

lodld. ... ... .. 'oU .. 

5333G-12-2 OI0C'7(S' '.'·-.II~opylthl_Ney.nI .... lod'. ". '" '4.e .. .00_' ... 2M-c (deC> 

OI0C7(3) 3,S'-dIt.pt)'lthl_'bocJwolne lod'" ..,t ... on .t .... , • 'n DI'I' to 0.,....11 ......... 
rv .... 
'" '" OISC::I8<" 1.'·--4h.ctldKylt""_'MC,. .. 'II .. 00 .... ... 12.7 ... ., ... , • I .. CIf' 

CeU .. lc ...... _ ........ 

,.,chlo,.t. """ 
'."-4I_'~thylthl_'~I"" """'" ... .. .t-.II ... lazOC (ac' 
Innu _It 1" .. ",,1_1111 

",'-41 (,.., l_ttIJI~I~opyllth' ... • "- ... lS.2 "" .t'-I '.1 ... t,..n,. 
c-,boc)WIlne t,/IIeaI. 

!.S·-dlothrl~UII_,boc)WIlne .. e.oo '" .. hlt,_t,-

lod'_ 

S.S· .... '.thrl-6-ft .... ' ... thl_McvwIlne .. w .., ., ",t,_I'-
lodl_ 

S.S· .... '.th)'l~thl_loocyMlne .. 0.<>0 01. .. "lif_I'-
lodl_ 

S.S· .... I.th)'l ___ thI'IUII_r~lne .. ... OIO.6tt .. _t"""l lIP %7'oC Cud 
lod._ ... .. "It,_t,-

..... ,... 0tE1t S.S·-dI_th)'l ..... th)'lthl .. 'carboc)Wl',. .. .... ... 10.1 .. .t,-I ... 2POoC Cde1:) 

lod'_ ... .., .t'-I 



94: Thlacyan1nes (continJed) 

CM> , -- ... - • -. ..... - ..... ,,- ..- 5.'_"It.,. '"'-
lat'an I,S' -. - 1.-, ... 1_ "'" ", . .... , ,,",-1.1_ 

M M .. ,-
J.J· ..... trl.thyltl'l'_rlloqwllne 'ed'ca " H. '" to ....... , .. 2:SS-236"C ("" 

J.J·~'.thy' ..... fl_ ... tl'll_~'ne It .... '" to n!tr_t ..... 

'od'. 
,." ~1.th7I ............... 1 thl_rlloc7Mlne " ...... ... to .t .... , .. 261·C <du) 
br_l_ ... to nllt_t .. 

'."~lwr"""'U.,.I""'.5·.""trl.th7l- "''''" 5.5' ..... ... to _tt .... " .. m"c (.cl 
thl_r~lne. I",..r _It .. trl.thyl_lne 

S.S·~lhydrOXpthyl""'.5·~I.thyltl'll ... "at H. .,. 
'" .t .... 1 

41wrtooc)wllne br_I. 1I.5·~ 

........ 0BTt J.J·-dl.thyl ..... thy'~ ... • .1I.1I·~Ibenn- .. H • ... '" _U_I 0.11 0." 0.5% ECM: pH 2." (eel_I'M' 

thl_Mc)wIlre 1>,.'. ..5 ... ·.5·· pH J .• <,...,.,.1> 
St.lne ,11 (bralll.) d,_ 

~, S.J'-dl.thyl~ ... • .5.5·~IMnIotl'll ... It .,11 ... ·.11'. tII7 It.I ... .t __ ' .. 236"<: (4K) 

Clr.,....lne loe". d'_ 
....... , ',J' , .. tr l.thyl~,5· .",O·-dl __ thl ... " ... .,. to .t .... , Dlff.....tI.1 .bln .f 

rv cartooer-'llne ",,_,. ".1' ••• 5'· ,...........11,1 .... ,1""'Problne on 

". IEthy' ,t,l", ,11 d'_ .... 1 •• "_ .. cU_ 

'" '.'·-dI.t .... '...e .•. S· .'·-dI"""'ll'II ... .. . .. , •..•.. .,. 
'" ........ 

cartooer-'l'''' 'od'ca dl_ 
,.,·-d,.thyl", 7 .", 7'-dIIleraoU,I ... .. ..7 •• ·.7··0!!II).,.. '" ....... , .. 27"·C <Mc) 
oarboo)wll'" .ed,ca dl_ ... '" ...... , 
S,J·.cl1.t .... llhIMloarMqrwlI'" chl ... lca .. ... 20.' '" ...... , 

OS) '" _t ..... , 

',J· ... lrl.thyllhl ... lcarl>ocrwll,.. I..,'. , .. .... OS) 17.' '" .t ..... 1 

" .... 73-11 01DC J."-<dI.thrlthIMlcer~I'" lod'. • " ... 20.' '" ...... , 
• '" tteO 

.. Zd1"<: (4KI 

OT'CI OUl'II_l,.. lodlca ... 01.7 .. ., .... , "'rck 11-3376 

OI!lC2(S) ... 01.0 '" ,.., ~ • 0.66 EG ....... nar- (EG) ... lOO --... '" .. 
"" '" _'M 
'" ". ",...,.1 

J. J' -<dl.lhr' ""', "-cl l_th0>c7tl'll"'I_~ , El 1.5·....0 ... '" .. ~ • 0.» EG. t..-.-756- <ECO) 

CJWI'ne 'odl. 

,.J·-<d,.t ..... ' .. ,'·~I.t'-7thIMlcer ...... El • ••• ..-.0 .. to -,,..., ~ • 0.56 Ero, ...... 756- (U) 

qwol,.. 'od'. 



84: Thlacyanines (eontlnJed> 

CAS , -- ... - • .... 00- --- ..... ,,- ..,- SooI_IIIt,. 000-

latlan S,S' .... - l~lcrl_ "'" '101 .. 0.. l"'-tl_ - - SOOI ...... t 
S,S· .... I.thyl~lthl_rbocywol ... , 

" .... ... ".1 ID 
_t __ 1 

locIl_ 

S. S' .... I.thy l_ll).O' .... thl_rbocywol ... , 
" ,.- ... ID 

_t __ , 

ledl. ... on .. 
S. S' .... 1.thyl_10-d!IM.tl'llllCU'lIocyanl ... " ,0-<' '" '" SI 

lodl_ 

S. S • .... I.thy 1_10..1 IUM.tl'll_rllocyanl ... 2 " , ..... ... ID "It'_tl ..... 
lodl_ 

S.S·-4I.ttlyl·1o.-thrltl'lI_,IIocyanI ... 2 " , .... ... ID 
_1 __ 1 

lodl_ 

I.S·-4I.thrl·1G-phenyltl'll_rllocyanl ... , 
" , ...... .. , ID _1 __ ' 

led'_ 

S.S· .... '.thrl-4 •• • .S,S· .... IMnzat"' ... , 
" •• S •• • ,S·· ., ID .t __ 1 

dlcarlloc:yMl ... ledl_ ..-
I\) 

'" 
S, S '0.41 ..... ' .... 1.8· .1·o.4l __ thl ... , • 8,1.8' ,1'· '" ID _t __ ' 

..... dlcarbocyW1lne lod'_ .. -
S.S· ...... thyl.10-d!1....-.4.5 ... • .5· .... 1 __ " ".5.'" .5'· ... ID 

.t __ 1 

tl'lledlcarllocyWll ... locIl_ .. -,0-<, 

S.S· .... 'ethyl·lo-ctalor..e.I.5· .I· .... 'Nnzo.- , 
" 5,I.S· .1'· .. ID .tt .... , 

t"'edlcarMcywiI ... lod'_ d'_ ,0-<, 
S.S· .... '.thyltl'l'.t'lculloc)wll .. lodl_ • • ,., .... ID _tl ... _1 .. m·c (lII.d 

!tI111_70-3 onc '.3·~I.thylt1.I.t,ICIIt~I ... lodl. • " "" .... ... .t __ 1 
I .. JIIIioCII .... 211·C (d.ch H .0.61 " ........... 0110' .... 'ctll.'.t • "" 

,., _t ....... 1 ot2CI2 • ,HQ .... '1, pI03 '1 .• 784na ,SO,...... """ locIl_ m 1 •. 1 .. , CID') (CIa.-) "'" 1- O.IZX I .. 1'to01, O.lIl1 I" ot2CI2 
m 11.5 ... te) (I.) I I"! CIC14 O.03X I .. t'IoQi, O.SI!: I .. 0I:ZC12 ,.. ... -- Vlelentl,. "---'I toy H29C4. 

"" 
,.. eox .t __ 1 

T .. ~_I .. U .... ,.......,1. In IMCH • ,. "' ..., ...... ,~I ~(£G) 

'" "" ..tanlt,lI. 

'" ... _0 • 

"" ... chi .... ,.,. 

'" 110 DOl ,.. ... SI 

MD ... "yaI,.1 



84: Thlacyantnee <contln.Jed> 

CA .. "",",- ... - n .... co_ --- .. .,. ,. .... - .. ,- SoI .. UIt.,. ....... 
Itltl_ S,S' .... - 1",' __ 1_ H2O El'" "ho. 1"*-'1_ .. .. SOI ... ..,\ 

IIUUJ S.S·-dI,...",lthl.trlc-rbocywilne lodldl , ... to to 

S. S' -dl.thy l-e. O· -el1 .. tI~x,.th1.tr lcer. , Et 5.0'· ,., .,. ID ... 0.19 lEG, L.. .. -a14n1 (EG) 

C)'U'lne locIltt. """" 
S. S' -el1.thy I.e. 8'-d I_tt~xythl.tr 'eer. , Et '.". m ." '" ... 0.66 EG, t..-..-e69mo (EG) 

CJ'WIlne lodldl """" 
S,S·-elI.thyl-e,II.II· .1I··t.t,_ItlClxythlat,l· Et 0.8.0· •• •• ... BC '" ... O.SS EG, L..x-a5PNo (EG) 

carbocyanlM lodltt.. T-.oTTC (..e» .. ,., to _thanDt 

I 
cone' s. S' -dl.thy I~. 0 ... • ,5' -elIMnzothlat, I· , Et .. ,0 ... ·,0·· ,.. , ... .,. .tt.lol 

ca'bocyanlM locI'tt. dI_ ... BC '" 
.. • O.SS EG 

t-..dlbaraocylf'll" 45 791 to _tt.lol 

17094-1lI-0 S,S·-elI.thyltJ\l.t.t,acarbocyanlne lod'. • Et 1151 ".0 10 _thanol ........... 
." to • tt.nal 

'" 
S,S'-elI.thyl-'Z ... tox.r-Z,Z'-thlatat, ... • Et ,2_tOl()' an 10 _thanD' 

~ c-r.,..,',. 
ro 

1~1a.7 S.S·-dl.thylth,..,t_rbocywilne lod'dI • Et OIl> 4 •• 10 ... .... , s.... .. 'oSOrn ... 10 at,..,.,1 



85: Indocyanine 

" .. .... - ... - • .... ..... --- •• '0" ro_ .. ,- "'''IIIt." ..... 
I.tl .. , .... - 1.-lar'_ ... 'wo ..... l""-tt .. 

~ ~ ,.t ........ 
1.1' .1.1.1' .I·~thyll-.:.,e..cy.nl" • .. ... - _Ut .. 14 • In CIfG) 
ch' •• , •• ... - ., 7011 .. 

' .... ' .. 1,. Y.". 

0IlC.(3) 1," .J.I.I' .3'..--ttorl'ndacIoraoc,.n,,. .. .. , W •• ... .t ..... , • In CM!IO • ..." ....... ,_'U ... 
, .. u. ... OD _t'o_'4 -'" lil. ,",,' r:0 Y."",,,, 'n 1t:2904. _ 41 ".t.l_ 

800' .... 12 CI~ ... ... SI ... In 00' Ioholoh .1 ... 8h •• oh .1 .. In NoCIt. .., OD -,- ... S- _1_ 'n 41' HC' • 41' NoOH 

0"(6(') ••• • ..... , ..... "'-3,'.3· ,S'-t.tr_t"""' ....... ...... ... .4.2 "" .t ..... , 

oorMcywo'" '00:II1. 

O"CI2(3) 1.1· ..... 'ckIodoc)ol-3.3.I· .I·-t.t'_t"""I ....... ..... ... OD .,. .t ..... , • h. CfI' 
CaU ... I ...... _ ......... 

oorloclcpn ,,. ..,ch,.,." 

OI'CIII(II I. 1·-cIIlt.x.o.crl-3,I.3· .3·-t.t'_ttorll ....... - .., 12.' ... .t ..... , • 'n CfI' 
Call_le ..... _ ......... 

CIOtllocyen,,. ,.,chlor.'. 

011Cll(31 1.I'-d'..t.doq"-3,S.I· .3·.t.'._,""'" ....... , ....... .., 11.7 .7t .''''1 • 'n a. 
CoU",'e ...... _ pro .... 

• ot Gatboc)wol,. ,.rchhtr.t • 

O"C:2:2(3) .,.'-dI~'-3.I.S·.S'-t.tr_'torll,... , ...... ... 11.0 '" 
... _, 

• In CfI' • 
Catl ... lc ..... _ ........ 

carloclcpn,,. ,.,ch'OI"" ""'" 
"OD' •• I' ,I .S.S' ." ...--t"", " ndodloo.boeyanl,. .. ... 22.' OD .t ... , • In CHI) r. ..... lI.1 _Itl ... ........... H'De' 'odl. ... 22.' ... .ttw.1 .. 264'C (cleC> 

'" 0IlC1(5) ~'''2 ... 22.' ... .... 
'" <D au'a "'" 12 ... ... ., ... OD -t, •• 14 ... ... -.. 

HO'" • ," .1.'," .S·...--t"""'ndaotrlc.'booyan',. :I .. ,., 1'.0 '" DB) (Clor) • In DPaO "\,,"U.'_IU ... , .......... HO"" ,.,ch' ... ,. '41 21.0 '" ...... , .. 198'C (doe) ,.-.... HITtI lod'. ,.. U •• ,.. .t ...... ~. 0.50 ([0), ~ 

DIIC1(7) 1fultc)oIn1,. 1 ,., .... 710 CII!IO CI-) ,. '" 
., ,., 

'" -,,,,,-". OD _tt. _'4 ,.. ... -.-
231111-47-8 .. ,'" •• ,. ,',',3·'· ___ ''''''' .... 4· ,~.O·-d' ___ • .. 4.5' .4'.5'. '" 11.4 ... .... • In tM!O 

2.2·-I .... ",~',. ,.,chl .... '. ,,- m ... dll .... f.,. 

'" 2S.' OD .. _, 
m ... ... _, 

-.. .. 'PlI" 'nditc)wlI,. Gr_. f_ 00_. Car41. Gr ... • ~,5·.4'.5' '" 11.1 ... .... I 'n r: 
,It .... ,... -"od fl __ • .. , ..... lOO ... dlt".,. ... .... 'n tM!O ..... dI 11 ... 86111 41 .......... 6PO .. 

'" ... «11., ..... , .".825 ... 
m OD 

_ .. 
'" ... ., .... , 



86: 2.2·-qJlnocyanm 

CAS , -- ... - • .... ..... - ..... rI_- .. ,- .1_111\7 ..... 
I.tl_ T .... - 1.-' __ 1_ lOO .... ",", Int-tl_ 

~ ~ Solv. .. t 
'77_l1li-4 1.1· .... I.I,.,I",z.Z·_lnDC)'WOl ... lodldl • " ... ••• - _11w'o1 .. m·C( ..... ' 

,"-*'MIC)'IIIII ... ... - .1 ... ' .., - ., 
t7m-IIG-, OX, 1.1· .... I.th)rI-2.Z·_I_'~I ... , ... ,dI " 

.,. 10 ""'-, .. '" .. "' ... .. ZP1*( ("cl, ""reil '1-8056 

".-,-1 1.,IId1. o..lNloIl .. Ilue, .,. 11.0 10 ot,,-I vl.t.t .. - Solutl .. _ .. I ....... 'c 

OIINlcll,.I ..... !.neTt.1 "-01 ....... 10 -,- ... .lk.lI ... (lth .. ), .cl" (_'_I •• ., 

'10 ... .. ......,...."., 

." .. , .1,.......1 
I. '· .... 1.',.,14 .... '· ... • .... II ..... ·-2.z· .. " s, .. ,,· ... • .. 51' 10 .t-..I 

.... 1_'\Ioc;yWoIN lodl. ...... 
I. 1·-4I.,,.,I..s.e.,· .e·-41 ___ 2.2·- .. 5.8." .e·- ... .. ot_' 
"",_.bocyMIN lodl. ...... 

'.'81-'1..(1 "" 1.1· .... I.thyl",z.Z·_lrDoIlc:-'IIocr-n" .. It 71' " .. , .. .1-..1 oH • 0.04 «(G), L..x-81tr- «(0) 

lodl. '10 , .. ., .. '" tl)'Oll'.' ,.. .. _1-..1 

rv 
1. ,· .... '.thyl-I'...:tII •• .-2.Z·_lrDoIl .. 11-C1 fIII7 .. ... -, .. 23P'"C ("d, V> 

0 c:-.a.c,..,I ....... 1. 

1.'· .... I.I,.,I-I1-tM'~.Z·_lnodl .. 11 .... .. 10 
.._, .. 2"·( (doc), L..x-8lh (GI) 

<::II'ItoorM'" ..... ,. ... .. _1-..1 

I. '· .. <U_I".,I-ll ... ,-Z.Z·_lnodl , • " ... ... .. _1-'" "-'r014Sno (61' 

<::II'IooqowI'" 1M'.'dI 

1.1· .... I.U.,.I-5.0.5· .0· .... 1 ___ 2.z· .. .. 5.'.S· ,S· .. '" .. ot_' 
.... lrDoIlc.'bcq<Wllno lodldl ...... 
1.'· .... I.t,.,I",z.Z·_'_.IooqowII,.. lod'e. It .,. 10 ""'-, ... 23$*( (oIec), ~ «(G) .. "" tl,..,.1 1- 0.011: ,,, MoOH, 0.1 ,,, ot2Clz 

." .., _l- a..- O.SX I .. MoOH, 0.:11 I" otzClz 
". 10 01-..1 (104- 0.0'" I .. M.CII, 0.7 ,,, Ot2Clz 

l.l· .... '.t,.,I-Is.-tOlC7"4.Z·_lnaot.t'. • It " ... ... 10 ... .. tas*( < .. ch w..-1l00.. CDIEO) 

cvllooqwolN 1t,.'dI 



B7, 4.4·-qu1nocyan1ne 

a.5' -- ... - • ..... 00"" 
_ .. 

•• 1~ 

PI __ 

Sol- 5ct,,,, I H.,. ...... 
l.tl_ , ..... - ''-'--'-- H2O .. '" ou... InI_tt_ 

~ - Sol ....... 

8CI2-S7-7 1, ,· ... cU.tt'yl~,4·~IIIOC)'WII,.. lodldt 0 .. ....... - _Uw'Ol "" ZIIO'C hl,c:> 
WIIII_' C)WIlne ... - '" 

""" 1.1' -dlpenty' .... ,4· ...... lnoc:yanlne Iodide 0 .. ....... - ,U_I s,. .. -SIIO-61Orn 
Cyw\1 .... Ill. 

1.1·-dI_thyl-4,.· .... Ir-=-rboqtMI,.. lodl. .. 711 720 '" ., • 0,068 (EG)' l.noo..-749rn (GI> ,.. 11) _tMnoI 

• m-<D-O DCI .. " 1 '-et '.thyl ...... • .... 1 noc:arboc}'WlI ne Iodide .. 710 .... 720 .tt.nD1 0.1 • 0 ... 0.9S In .. 2S7'C (d,e), ".0.10 (EG) 
CrytDC)'W'lne, ICryptocyMlM 717 21.8 ". - .... Gr-•• nlllh blue 'n .t~1 
AubrocyWllne ,.. 11) _t ... 1 • In EG s...,,-e2Orn1 L... ... '4' (EG) 

711 ,., _t_ 
'" "" '" 

','·-dlbutyl-4.4· .... I_rboc:)'W'lIN lod'de '" 712 TD '" H • 0.096 (EO) 

0De1" 1.'·-dI.ttlyl ..... • .... Inadlc.rbocywllne Iodide 2 Et ". Z ... "" ,thInGl H' 0.12 <EO}, ~ (EG) 
~ JodJch If( 11 ... '" 11) .1,.,.' ..-.. .... If 11f. 

N 11. ... Bl 
\Jl 

1, '·-dI.thyl-l1 ... '.,.... ... ••· .. lInodl- .. l1~r ". 11) _tt.lol .. m.a'C (cI.c), 4>f • 0.17 (Een 
.rbocywllne locH. ,., IZ4 BJ ~(MeCII) 

I, '·-dI.thyl-ll-chlor0-4,4· ...... lnodl- Z .. ll-CI m ... ., 
H • 0.14 (EO) 

arbocyenlr .. Iodide 

,..... ..... _'M Et Structure I Thr •• ""1 .... 11,.. erde.--. JollMOd 
by \I .. _J .... U ... b .. ld ... 

1.1·-clI.tl'lyl ..... 4· ... lnot,lcarbacyanlne , Et m 11) _tlwMtI s.....-900-1100",,, L...,,-1013ra (EG) 
lodl_1 x-yanl,... tz4 .., _t_ 

"" 11) .ttwnol 

1,I'-cllethy,-e,O'-dlchlot0-4.04' ... IIICIdI- , Et e,O'-CIZ ... .U...,.,I "" 216-210'C (doe) 
carbooYMl,... lod'" 



B8: Rigidised symmetrical cyanines 

B8a: croconiums 

B8b: squaryliums 

BSc: IR123 type ex: H C-CH x~·' 

: N>=CH-CHVCH=CH-(N~ .. 
• I NI' 

. R H C""" 'CH A-

'I I' 
H C .......... CH 

, 0 ' 

B8d: IR109 type 

881: IRl34 type 

B8h: dineopentylene : CX>=CH---f""rCH-CU=C~CH-{N'.· 
• I Y . Y I 

R -.ceMe Me Me R 
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88: Rlgldlr.ed eyrrmetrlcal cyon .... -- ... - • x • 0' R" 0"_ - .... fI __ .. , .... Sal_lilt,. "' .... 
I,tl .. -, - UI-lo;n-l - Int-U .... 

~ 

sa., cr_'_ 
3.3·-dI.U,)'I_,.ll-<:._I--.:II_ 2 ""'" .. ... ., _11In11,11 • 

Q,bocyuIl .. Iodide "" 
., _1"-1 

3,3·-dI.th)ll-•• II-<:r_I_Ihledl- 2, • .. no ., _t .. II,II • 

Q.boG)'Ml .. Iodide 

3.S·· •• II.'h)'I-•• ll-cr_I_lrdodl- 2 '""' .. ,.. ., -c.lanll,ll • 

c:a,boGY8l'l1 ... Iodide 

B!l>, ~ryll_ 

S.3'-dI"h)lI-•• 11-~,)'II-.:II- 2 ""'" .. n. ., _tonlt,ll • 

ca.bocyaIIl ... ICldlde ,.. ., _1"-1 

no ., chl.,.f ... 

3.'·-4I.Ih)'I .... ll ...... ')'II_ltlledl_ • .. '" 
., _lonlt,ll • 

Q.Iioc'rWII .. Iodide .,. ., efllorofo .. 

,.,,·· •• U.lhyl_ •• l, ...... 'yll_lndodl_ 2 '""' .. ... ., _1....,.1 

Qrllocyanlne ICldlde .., ., cI'Ilorofo" 

as.: IRID t".. 

nun '.'·-d1'1h)'1 ... ,11-(~1_) • • .. '" '" 
'" 

IlIIatrlQr~lne Iodide 

'" W tJId IIHOS ')'pO 
IAlot 3.:II'-4II.It!)'I-IO.t2 ... 1t!)'1_1I- • • .. '" '" ~7~0Im 

.,ptall",llIIa"lca,lIocywIl". 

lNI.chlo'at. 

... IRI:!12 ''''' 
UI1:!12 :5.:5'-411 <s-.cotolt)'pr...,1 1-n.-41".....,.1 • Ph Ph ,.e.'·,s·_ .., I'.' '" ""'" L...-tll .. [KlO 

_lno-lo-12_thyl--o.e.,· .e·-4I' (~rOCJ:Ih;)2 " ..... .. .. , Clhlorofo .. 
Hnrolh r .t, lcarlloeyanl ne ,.rdllor'" ,.. ... ,.t_1 

"" ........... 
IAIS7 '.:II·-clI.thyl-l0.12 .... thyl_l1(N- • • .. • Ph .. .. 

_thyI8l'lI'I",)tM.tr Ica,tooc;yM'ne 

11'1131 l1-c1I_th)'I_lno-:II.:II·-clI.lh)'I-10.12- • .. • • .,(1 •• ',(1'- .. .. ....-..""'" 
.thyl ...... ' •• • ,"-clIMnJothl_rllo- , ... -
cyanlne po,dllorat, 

'"140 (I. (I' -clldllot~ 11-c11 pMnrl_1 no-:II, • • .. Ph Ph '.,'-CI ... '.It '" ""'" ~""" 
"-clI,Ih)'I-IO,12_lhyl_tM_,bo ". ".0 ... .t .... , 

c:ywIlne Iodide, CJ.3I ~17-7 ... .. , ,.' ..... 1 



88, Algldlsed syrrmetrlcal cyanlne contlrued 

.... - .,.- , 
" .. .. ..... AMDI' ...... 104 ,.-- SoI_1 50'''11 It, ..... 

I.t .... .... U,-' __ ' Inf_ll ... 

~ ~ --.. ------
11'1'.' 5,5'-cllchl.,o-l.:I'-dI.thyl-IO,12- , El .. '" G,S'-C:' oo oo ........... """ 

.thy ......... 'O. 12 .... thyl_'1-(~thyl 

... lllnolthl_'bocran .... IDdI. 

IRI043 3,:S'-dlphtnyl_l,"-cI'.thyl_IO,12_ , El '" '" 4,5,4',5' oo M> .....-.- """ 
othy'_.S •• ' .S· .... 'benzothl.t' 1- " ..... 
cerbocyan'", ~.chIDr.t. 

.. r, IRIJ4 t",. 

111.1)4 II_("--tho~yarboltylpl"' Id'no)- , , El ... 5.4',"- M> M> ....-""" 
'.3· .. ~Il.thyl_l0. '2 .... thrleN-4. 5 ... • .5'- " ..... 
dlbooml.thl ••• 'CII,bocyan' ... pe,chIN'_ 

IR1+4 III'IhJ'dro-ll-( ..... UIO.ye.'ItIonyI-' .. , ClI.2 (',!D;;I)2 e,1.",1' .. "" 14.1 M> .u ... , ........... """ 
p.,..ulnyl )_10, 12 .... lhyl_3. 3,3' .:S' " ..... oo ... chlorofo,. 

-t.t._thy'-I, I ..... , (S-lIIIlphop.rDPyl) , .. 12.4 .,. .,.., 
...... 5 ... • • S' -cl I benzo .,..,., CII.boeyan'", ... "" .tt.nal 
hyod.e»r'., ,.,.thyl_' .. ,MIt 

IV 

'" 
CASI ~s-ct-, 

". 
8&0. _",_. 

"""'" '."-dI.thyl_I,II_t,l_thla- s El ... M> _'''-I 
dlcarbocyan'nII lodl. 

0Nn<' 3.3'-41011'1,1-1, 11~t,l_thla- • S " ,.. 22.' M> .1'-'01 

1,lca,loac)ranln. lodl. 

..... d/". • .,tfyf_ 

""'" '.'·...:II.lhyl-I.I1.1'.11...:11_ • S " ''''' '" 
.,.., '-x-1124m [e:l 

...".,1_ thl .... t_rllooc:)wol .. 

PII,chlor.t. 

""'" '.'·...:II.lhyl_I.11.1'.17...:11_ • S " ' ••• 0'.0' ''''' M> "'" "-o.-11nn. CIeO 

"""t.,l_ <'.0,0' •• ·_t.tr_thoxy) .... ,. 
thl ...... t .... 'tIocyonl,. PIIrc!'llo,.t. 

.... '" '.'·...:II.thyl_ •• 1'.1'.17...:11_ • S " ',7." .7' " .. M> .,.., "-o.-1100n1 OlD) 

"",,1.,1_ (1!I.7,'·7'-cI'lbenzoHhla- " ..... 
"""t_,tIocyonl .. ,.,dlIM.to 



Appendix C 

ASYMMETRICAL CYANINES 

C 1: 2,2'-assymelrical 
cyanines 

C2: 4-quinolium cyanines 

C3: Styryts 

C4: S\ylyt-4-quinioliniums 

C5: Pyridinium cyanines 

CXY~CH=CHIZ)-N-R' 
T+ . 
R 

(CH=CHIZ)-N-R' 

O-(CH=CHI~ 
N+ ~ 
I 
R 
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C1 2.2'-esynmetrlcal cyanlnes 

CAS' ... - • , I • .' - ..... ,,- .. ,- SaIWl'I't., .. -- , ... lcr
' - tnt-tl. 

I!! -1.1·-oI.t .... I~.:t·~I..,lthIKYMI .. 0 • 0I0OI " " ... 10 ... -., , .... ,. 
'," -o',U1)'I-2.2' _, ,.,.1 .. 1_ 0 .. 0I0OI " " ... 10 .tlwlol 
cpnl .. IOII'dt 

1.I'-o'otl1)'I-2,2'_I,.,II,..., __ '"" 0I0OI " " '" 10 .t .... , ,.,447'( (dec) 

GyMl .. ,.,ClhI" •• I. 

1.I'-oI_I...,.14,2'_,,..,llndIt- "'" ""'" • • .., 0.1 • IC .tlwwl _ . ....,..., ... , ... ,. 
'-1:' .... 1-1' ,!I'oodl_thrl-l'~I-2- '"" 0I0OI Ph " ... 10 ., ... , 
.,lnoyl-2'.,Na0c:8.MqowoI,. lodl6t 

1."-OI.thly-2,2·_I..,I_ ... 0 0I0OI " " ... IC ., .... , .-2G'C (ct.c:)~ ~ 

cpftl,. 10'''. ea 10 .tlwlol 

1.'·-01 ....... -1.2· .... '..,1 .. '_ .. 0I0OI " " ... .. .t .... , 
c:attocM:yMh,. IodI_ 

N 
I ,"-01,'.".'4, t' _,..,1 thl_1Io- • 0I0OI " " '" 10 ... -., ~7'C <dK" s..".eIOrw 

'" C'f8ft' .. ,II1II,. 
a> 

1 ,'·-oI.t .... '~lnoyl..,,-( .. ' ,S'"" , 0I0OI " " "" 10 .t .... , ..-241'C <\Std, s.--81(1r11 

__ thl_~I ... '''''011 .. ·.S·~ 
, ....... ,-3, ,-.n_tllYl-4-lnoIo4' c,· "" - .. • ,,"'" ... 10 .t .... , 

",.,.I~I_)~I .. 
,.,,,,,I.,.,'e 

I-IUI)'I-1.I_'n_U.,I+I......,·U·. .... 0 " " ... 10 ... -., ..,.ae:'C <dM::), ~ 

.th)'I_).ooIorMcr-nIM lod'6t 

l-1thrl-4.1-4'.t .. '..z..'.....,·(I·"" - • " " ... ID ...-., ..-2'Z'C <.s.o, 
.t""lthl,~"""'I .. , ... ,. 

l-Eth1I-1, ..... I_thyl-1~1- - • Ph " ... ID ... -., 
l,.t"l. _.,..1,. ledl. 

I ,1'oOl.tI'It'l-!i, 1-d'..t""I~' ,0'- - • " It ... ID ... -, 
'-IoIMllt"l •• rloqwll", lodl_ "",0'..--

l-1t""I-!i,I-4I.tl'lyl_l~I""",6'_ - Ph It OS! ID .t .... 1 

'-IoIMlltM. _~I" lodl. 4',5'..--



C1 2,2'-aoyrrmetrlcal cyanlneo cooIl,..ed 

CAS • .,..- • , z • .' - ..... 1'1_- ..,- SOh.lllt,. "'-- n,-1 __ 1 - Inf_tlOl'l 

~ ~ 

S,3'''()I.t~I-4,2·_I_rbo- 0 .. " " 517 N> .. ,,,.,., ~·C (dec), .... """'" 
cr-nIM 10cUcie 

S, "-0 r.th)o 1-2, 2' -oath I_rbocyan I_ 0 S " " 
.,. N> ,.tt-nol -"<I'C , ... , 

Iodide 

S.S·-ol.thyl~· .5'--.zoagthle 0 S " " ... N> _tt.nol 

aorboo,.nlr- loell. 4',"~ 

S,S'..()I.thyl-2,Z'_I_rbo- 0 .. " " ... N> .t...,." 
cyMh. locIlde 

S,S'..()I.thyI4.Z' .... I_thl_rbo .. S " Et "" N> .thMol ~·C (dec), s..x-«Dm 

C)/WIInt: Iodide 

!I.S·..()I.thyl ..... O-benzothl_'N S S .. .. 5T1 N> _tMnoI 

~I" IodIde 4 ........ 

I 
1,3' ..o1.thyl-2.2· -qIIlnoy '_1 __ 1- , 0I0OI .. " .. 070 N> .tlwlo' 

I\) 
c.rbocyMlne IodIde 

'" ...., 
1, "..0 'ethyl-Z ,Z· .... ' noyl thlodl- , 0I0OI S .. .. .,. N> .Uw_1 ...-234'C (d.ch s..x-71&w 

carboClywdne lodldl 

S,S' -01.thy 1-2,2' .... 1_tt'l Mlloarbo , .. S .. Et ... N> _1'--1 ~·C (dK) I s.-.-71&w. 

G)WIIM lod'et. 



C2: ",""",Inollum cyanlnes 

CAS' ... - • y R O' ..... -... ." 104 fI_ Solv-t Slth.""" 01'" 
,..Itlcn - ,.-far' - Inf_tlCIII 

~ ~ 

1.1' oOtethyl-2,.' -qulnocy.n'ne 0 ""'" Et Et ....... 11) _tt.nol ..-,eo·C <dMlh pKa 4.' 
Iodide. I!thyl D14II1noll,. "-et ... 11) .'hMa' pH .. co'ourl_ • pH 5.8 red 

t, 1·~I.thyl~,a·-dI.thoxy-%,4'- 0 ""'" Et Et e,8'· .,. 11) _thMal ..-192'C (d.c) 

qull'!Oe)lWllne locIlde (Oft)2 

~1-~ 8-(t hmry-2ls...tho)()'-, .... thy 1-2- 0 "'"'" Et .. •. a'· .,. 11) .thInDl ..-'I2'C (die) 

_tt,,, ' ........ ' no I "11 ..... )JprOp«tJ' I (0!t)2 

-1 .... thyl~thyl-qulnollnl .... fodldl. 2· ........ 
DIC}'WIlne A 

1.1·..()I.thyl-2 ... ·-quI_rboc)wll,. "'"'" .. Et M."" 11) _U .. _I ..-240'C (deG>. ~ 

lod'_ 
l..fthyl-4oquIIlll'fI-t' (1· ... thyI4' ,S' - Et Et - "' _tlwlol .,.z2e'C (dIG) 

I\) 
-dIMttl)'llncklk:wlJoc)'Wllne Iodide 

'" (D 

l-Cthyl .......... lrI01l-2·(1'~I-3·.3· - Et .. ... 11) _thMol 
-d1_thyllndD)--arbocywtrne Iodide 

' .... thylo.4-qulnoyl-2· (f· ... thyl-3' ,3' - .. .. .,., e.,7 11) .tt.nol 
-d1_tt.,.IIIdJ)-<wbocyw!lne lodl. 

" S·-OI.thyl .... , 2' -qu lno,. I DQCarbo- 0 Et Et ... 13.5 11) et,.,." ..,-2el'C (die) 

cyMl,.. 'odldel OQXI .... 11) _1'-'01 

I.S·..()I.thy' .... ,Z·-qulnoyl .. '_ So Et Et 1132 11) et.." i 

c:arlJoc)'Wllne locIleII ... 11) _tt.nol 

1 ,S '..()I.ttlY ' ..... 2· -qulnoyl thl_,~ • Et Et ... 11.3 ID _1"-'01 _l7G"C (dec) 

."...",.. 'od''-, DQI'C' ... 10 _tt_' 
',l'-O'.tI..,.I-2,4'-..lnodICllrbo- , 

"'"'" Et Et ,., 11) _tt_, ..-2040'( (deo', ~ 
cyanlM lodl. 

1.1'-OI.tfl)'l-4,2'-..IIIDy''''_ , So Et Et '" 11) .tNnoI 
dlCllrboc)W'll_ 'od'. 

1,1' -01.thy 1-4,2' -..11IDy I t"''''Cllrbo- , • Et Et ,.. 11) ...... , 
qoan'" ,od'. 



C3 styryl. <hemIcyan1nool 

CM , ... - • , • •• ..... - ..... rI __ .,-' ,.,.,I 1t1' ""-... ,U_ - 1~1 __ ' - Inf.-tl • 

~ ~ 

2-<,...01.1.".1_1_,,.,.,1).01' ... ,.,,,,- ~ .. .. ... ••• '" 
_ ... , 

.. In ft!O ,111.0 _1_1_. ptIZ,2 red 

2'_'noll .. 1_,., 
• '" ftclj 

__ I.' • H.25. 
Q"tnoldl,. ItM .. ," 11.-.s7 

J-C"""O •• U.,'.t_tyr"'..s-.thrl_ 0 .. .. "'" '" 
_ ... , 

",-tl .. led •• 

2-(......01_1...,. ,.,,..'yr, I )-3-ethyl- 0 .. • ... 7.' '" 
_ ... , 

'*-11 .. lod'. 

2-<..,.oI..t...,. 1.1_1,.,., I )-.3-etl.,I- • .. • ... 7 •• '" 
_ ... , 

~,~·C(_) 

...... thl_lI .. 'M'''' £M38T1 ... ..... '" .t,.., ....._ac6 . 
2-("""O'.'hyl.l_t"" ,-s-.thyl_ • .. .. ... 7 •• '" .,,.., 
........ tt'I_II .. lod'_ 

2-<......01.1...,. ,.I_lp,' )-$.et",,- .. .. .. .. , '" "It,..t ..... 
-.zo.1_11,.ledl_ ... .. -, 
2.<..,.oI.U.,.I_I_tyryl )-1 ,~ - .. .. ... '" .u_, 

~ 41.,..."1',.",,, .. IM'_ 
U> 
<D 

2-C..,.ot.thyl_1 .. tot"yl )4-<lthr 1- .. , .. .. . , . .. IIUr_' .... 

....-a1l.1 .... ' .... 100ft. 

...... -SI)",),' If UIS no - • • 51 • 7 •• .. -, ~7'8OnI (al) 

2-(4-(,..01_11.,1.1 """*'t I )-I,S- ... '" -, IIut .. U.,,1 )-1,1, S-t, I_U..,I ~ 

, ..... 11", .. ,.,ctll_I., 
Cl eulo Vlel.t 10, CI-4801S 

etOS-7,-1 Sty'" 7. IJ)S 7«1 • .. • 51 • •• 07 '" I,WICIU 
Z-(4-(+oOI_ttl,.I_I~I)-1 ,S- ... ... --IlutMI..,., ~hrl __ thl_ll_ ... ,.. --, 
~T.' __ I __ t. 

't,.,.,.1 ., lDS 701 • • • • "'" '.UI '" ..... , ~n...<-t'-I) 

2-C4-C ..... I..t""I_I,.,....".I)OO1.S- ... .... ,.. -, 
kt ... I .. I~'''''I ___ 'hI_ll_ ... lOO ., ... 1 

""eIIl .... '. 

Styryl ., lDS 12:0 • • • "'" 
,., --, ~ IIhOtoct-lml 

J-(~ ... If1_thyl_I.......,.I)-I.'.~ .. _lilt, tNn st,.,,1 • 
t-t'I..,.I~th)'l..,.thl_ll ... 

,.,.eIIl .... t. 

5t",1 ., LDS IlZt • • • '.- ... ~ .. .. .t ... 1 ~(.t'-I) 

J-(~(..-cII_thyl_I"....,,1 ~."'- "" "" .t ... 1 

,.m,I_ 1 .'. e-.-t, 1..,,1 l"""'thy 1-
Mnzothl_ll ...... 'dll .... t. 



C4 Styryl-4-<JJlnollnlumo 

.,... .... - • y • •• ..... -.. .. ,.. ,,- .. , .... 901w.1l1t,. ot ... 
,...ltl_ - 1~1arl - Inf-'Ian - -4-(4'-OI,..thyl_ll'IOatyry') QIIIrIllII .... .. <0, 00 _tl'wlol ~I .... ,C·C <-> 

........... !It,,),' 11. LDS 7811 Z "'"'" " .. .,. '.77 00 .t'-nol L.-x'"77'I)-64{nI <eo) 
1~ tit)' 1-t--(4-(p-d I_thyl_' noptwIy I ) ... ... _t., 
.1.s-IIut .. U .... ' )-qlnallnh .. ... ISO _1t.nD1 

pe,chlorah 

C5 PyrIdInIuon cyanlneo 

N 
CAS. .... - • stnoot_ - .x ,.. 'I--.I~ SO._IIIt,. -0> - ,,-'.-1 - 1~lan 

0 M -Ol~l'" 4-4lor-t""l~thfl""'(~ V • 72 .... III .thInDl ~(_tt.nol) 

dl_tt"I_I.-tyry' '........". ... n ... '.77 ftZ1 .-0 
DOl 

~II 2-C,oI",UI)'I .. lna.tY'yl)- V, ..,. '." III ,t"-' 
pyrlctrl.thyl lod'_ 

87004-02-2 !'VI IeU" ,. LDS as 2 V, ... .... 00 ,t ... , ~7!I')ra <,..tt.nal) 

' .... tPryI-4-C .... (p-d I_thy , .. Inophenyl )-1, ~ ". 00 _tlwlol 

butlldl.nyU...",'dllD ,..rchloral. 

89&0&-2,-1 I'yrlcfln 2. LDS 722 2 VII !lOO 4.22 III .n ... , ~1-7e&. <_,.....,., 
l .... thyl-f.o( ... ( .... cll_tt".I_1 ncphInJl )-, ,So. .... III -, .... , 
butlldl..,.,l~rldl .... ,.,.chlor.t. 



Appendix 0 

MEROCYANINES 

01: Merocyanines 

02: Rhodanines 

03: 4-quinolium rhodanines S o~i 
R-N (CH-CH)~_~ 

l Q 

04: Merocyanines 

05: Merocyanines 

06: Merocyanines 

07: Merocyanines 
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01: Merocyanlnes 

, .. ," ...... • y .... , • •• -, .. • IC 10" '1 .... '- .. , .... .. , .. .. .. , .... Irl ... -l - lilt, Info..-tl_ 
~ 

0 , .. '" '" '" 
"", .. '" 

.,. 
'" _thanol 

s .. '" 00 00 

02: Rhodanlne 

"'. ... - • y • • z • 
_ .. 

•• 104 '1 .... '- Sol..rl .., .. ..... 
Irr1cn-1 - IlIty Int-tl_ 

~ ~ 

3-( th, I ~(3-.lhy I_Z_lHInzothl uo- 0 , .... , " '" none ""ldl ... ,1!2O 
1,lIdone) ,hDdllnl ... . .. - _Ihanol 

." - c.-.::lotwx_ 

0 ""'" ..... • " 00 '" .. 1 ....... 1 

0 • ..... ""'" " ... '" .. thDnDl 

0 "'"'" 
, • .... .. '" '" .. ' ....... 1 

'" <J) 0 , , , ..... .. ... '" .. Ihangl 

'" Wlh, 1-s.IZ-(3-Dt hy I-Z-ben2olh I a- .... " '" ... .. thDnDl 
'01,1 ldo. ... ,.thyl IdDnelrhodlonl ... '" ... cycl .... -.., 

'" ""ldl ... ,H:20 

'" ... -.c.t_ 

""'" ..... • • EO ." '" .. thDnDl 

So ..... , 
" ... '" .. 1 ... 1 

0 .... • EO "0 00 _1'-1 

"", ... , , , 
" - '" _1"-'01 

3-!lhyl-5-I04-(3-4lhyl_Z-Nn¥othla- .... , , 
" ... ... .. 1t.nD1 

:rD1,lldII ... ,bulenylldo.nel,hodDnl ... '" ... cycl .... -

'" ... ""ldl".,H20 
00 ... -.~ 

3-f:thy 1-s.104-(3-4thyl-Z-MMolhlD- , , .... • • " '" 
,., .. 1 ....... 1 

zol, 11 dent )-Z-helCenyl r dentlrhDdan r ... ... , .. '" chlo,o'or. ,,. 
'" ",rldl".,H:20 

"" , .. cyclot._ .. n. -.~ 



03: 4-<:pJlnollne rhodanlnes 

(A" .,.- 0 • • 
_ .. .. ... "1_- "'I-.{ .. , .. ..... - Iw-lcor l lilt, Inf_tl_ 

M M 

~.th,'.~{I .... th,I-4C I '_11'101'11 .... )- , 
... " , " '" on .. 1'-1 

,hodanl ... . " .,. eyelohe ...... 

'" '" py,loIl ... ,tt2Q 

~.th,I·~( ' ..... hyl_H 1 ) .... 11'101'1101&-... ,- ... " , , 
" '" ... .... ''-1 

• th,I ..... ,hodanl ... ... ... eyelohe_ 

'" ... pyrloll ... ,H:!O 

3-.'hyl-~( '-.lh,I-4(' ,-",,11'101, IldI ... )· .. " S " '" .. .. 1 ..... ' 
...... ,II .... '~I ... ... .. cycl __ 

s-.'hyl-~( 1 .... lhyl ... (' ' .... 11'01,1101&-... '. ... , , " ... .. _t'-I 

huylldl ... rhoolanl .... "" '" cyclGhe_ 

04, Merocyanlnes 

('''' .,.- " 
, ..... , .. --- • 11 10-

PI __ "'1-' .. , .. ....... 
IV 

..... - , ..... Iarl - lilt,. Inf_ll., 

m M ~ 

w , 
" " ." .. • 1'-1 

" " ... .. _t,*-I 

" " ... .. _t...,.,.1 

, 
" " .. .. .. t'-I 

05, Merocyanlnee 

(A" .,.- " 
, ....... • ,. --- • 11 10" "1_- Sltl .... .., .. ..... .... - 1.-1 __ 1 - II!t,. 'nf __ ' • 

M M , I " " '" '" _I_I 

I " " ." .. ....... , 
, " " '"~ .. .tlwnal 

• " " ... .. _t ..... 1 



06, Merocyanlnes 
-_.-_. 
"". ... - • , • ft ft' , .. _ .. 

• • 10<" fl_- !lDlvent .. , .... .. ... - n'-I ..... I - lilt,. Int_ll ... 

m m 
00., .. " " . .. .. ".Id',.. .. , S " " " .. .. 

.... oey.n' .... ~ • S " " " ... ... .. U,.,.I 

I .:t-dl but rl-~[4-'3-(J.-... , ~'OPr I ) '" on _t .. 

_2_Mnlo ... t 1..,.1 Ide .... ,-2,4-b\1lyll .... l 

_2_lh'ot...aU"rlc acid aodh .... 11 

00., " " " '" .. .. ~ .. dl ... .. , " " " OD OD 

"", S " " " ... OD ,y,ldl ... 

, .. , • " " " .. OD 

'" CJ) ... 
07: Merocyanlnes 

w. .,.- • ft' ft' ft' ft' --- .. ... ,,-- .. ,- .., .... ..... - ..... 'ar' - IIlty Inf_Ilon 

m 

• " "', 01 " .. OD 

• " .. , 01 ~ OD OD 

• .. "" at '" OD OD 

• " "" at "" .. .. 
• .. "" at .. , .. OD 

" .. , 01 .. .. OD 

" .. , 01 -<>toCWh OD .. .. "" 01 51' OD OD 

" "" 01 .. , OD .. .. "" 01 .. , .. .. 



Appendix E 

AZINES 

PHENOXAZINES 

E1: Alenaxazines 

" + • 
E2: Benzo(a)phenaxazines 

"cx' ·~2 
7 O~O 

• 
E3: Alenaxazin-3-<>ne 

THIAZINES 

"~N:02 
7~S ~' 

• + • 
E7: Thiazines 

• • 
E8: Thiazin-3-<>ne 

, , I X2
~ , 

# N • 

':CXo 0 

" • 
E4: 5H-Benzo(a)phenaxazin-5-one 

_ 01' toN"v, . 
o~o ,:7 

" • 
E5: 9H-Benzo(a)phenaxazin-9-one 

.~nl· /1), 
2 

E6: 1 OH-Benzo(a)phenaxazin-1 ().one 

4' N I X2
~ , 

,o,((s 0 

" . 
E9: 5H_Benzo(a)phenothiazin-5-<>ne 

,-
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"1: Phenoxazlne 

Cl ... CAS> ... - .... ... ot_ ........ ..... ,,- Sol- ... SDI_lilt,. 01_ .. 7- .... - I.-Iarl - "'" "DO 01 ... , InI_tl_ 

M m Sol_t. 

• ,000 .t""l c.prl Bh .. ..... ..... ... ID _t.r • • Aeddlsh-Or--. In ~. on dll",t Ion 
c.prl BII .. (Jf ... ID • ttwo.ol bI~ bI~ pal.r bolt no colOllr d!an(Is ... ID 0.01. JWIt Aeddl.tl Ior_ In dll Hel 

,'00< ~ 0IcU1,. 725 "''' "''' ... 12.' ... _tr-I '" . O.S O.ex fOE ., • 0.15. ,.,. 1.02nII (EtOn 

-..w C)cU:1 .... 1 ... lS.0 ... .t ..... 1 bI • .......... Ethyl c:..tl Bh .. .. , on .U.I..-

Cl a.lc 111_ S ,1,...1 

51010 101Z7-¥-S Irllll.m er..,.1 11_ "" "''' ..... ... .., -- 10.74 '" IX In E .. B l' • S."- (EtOt) 

(r.qIBI_ IllS ... ... _ttwo.ol Ct." bI~ bI. • In M" AA Dichroic (grMfl b,. r.fl.ctecl Md 

8rllll_t 81 .... C ... 11.' ... .t ..... 1 vlol.t recl by tr .... lttsd light) '" Cr..,.1 81_ 2Rt ... ... ~1_1 H2'04.on clll bra.'!. lira.'! ppt In NIOt. ... ... ..,...Idl .... ~tr_ c:onQntrltlon .PSndent, 

110 ... nltr ......... • 40lI0;11 ~ ... 1;/1 ),-57 •• 

Aedllced (colour I ... ) b)' dlthlonlt •. 

ReoxlcllHcl I»' .Ir It pHn bolt ml 

below pHII.4, lIP 2S)..23IJ"C 

51015 c.tl Ill .... CD! "' .. ..... ..... ID ID • GrMfl In thin I''''r" red In thick 
I\) "rron .. bI. bI. I''''r. In H2S04. on dilution red. m 
m fled In clllut. Hel. 

41aJO...11-! O'C'ZI .... " H' H' ...... 110 10.1 ... _ttwo.ol • I In E" X"I OH!> !>Ink (4S)rn) In MIIOI 

.- ". 10.t ... • ttwo.o! bI. bI. • In DMSO Olive ,rlllft (432I510/5SOrn) '" ""'" 11. ... _t.r BII .. _Ith red fluor.KInCS In .hr. 

Oh.r • Ab, 555mt 

T ... ,.tur. Dependvoce ~.01" psr ·C. 

S.7-c1!_!~I" "" "" GB Z •• .. , .t .... I"-" • , In GI, Chi, , pH Indlcetor 

_'m ... 1.1 ... ,t,..! .. InD 

w 'n"" 

Zapon , .. t 111_ to "' .. "' .. .4. ... ID _'0< ftICI In MoOt. BI ... vlol.t with red 
fluo,._ In .thenDl. 

_'m • • ID • In_t 81 ... grlllft In .Icat.ollo ftrrlc 

orOl"lo dllo". "!loItlon. VI.I,t red 'n ~ 

"'Yen" lIP 1~·C 



.., --e, .. CUI ... - .... .... ..... - ..... ,,- .. ,- ... ., ... IIIt, "'-.. .. .... - ''-'crt - "'" "00 .... , Inf_tlGI'I 

~ ~ &IXI!lU 
'11~ 1OS1~" .'dII,.'.III .. • .... "" .. -,- ~ o.n' , I .. Xy'. 80'_ ,,_'..,1 ,.t '" NoOI 

(chlo.I.' *'" .,. ft 10'\1'81> .. ~ .. Iflle 1I11ICIt' .... ., ... I .. H:l!04 ... 411 bL ... 

C,a-'e Bt_. ",lol.t yp I .. 0 IS ",'n In MlonlMd _te, .,..,1_1, 
.... In 01 .. EO IodJ.,.t..t t. pH7 hu • pK .f •. 11 

'1180 ~1~2 NIl. Ill .. A ... .... OD 1.'" .., _0._, , .. o.~ 0." • I" 01. le ,,. I.a:.. !.tOb 11- 1.1" ....::H 

(Clo.-) Cl "'oIU .. 12 ... 1 .• m 01 __ 1 '.1 wo., ..~ ....... ,,. 0 ..... 1t2O • "_ 0.0. Ci 

"', ..... Nil. 111 .. _ ... ••• m -tu .. ~ , In D. at. T, ,,. 1.21 .. EG, '" • O.D (EtCH) 

(ehl.,.cM> ... .. d"_", ! .. N. M • 0.47 (~lo ... > !CO'C (.." 

lID .. _ ... , 
.. 1ft Ac. !')o • h' ... oted -'C. 2.' 11 10"'11 (ftCti) ... .,. _.- OIl, 1IIeOI. 0 .. ' ..... 1.' .n_1C11\ ,.t 11 .... 11 UI,II ;., 

"" "" ..,.,.11111.- • Xyl • ""* .. ,..11 .. fI __ In x, .. 

~ In 011,,.,. '0. Or.,. III M. 

Or ... ~, ... (430,11") '" HZ'Q4. on 
IIIlIutlon or'" <43(1' tlwl .. ,_ (G38) 

er_'.., rid ",I <sn, III NoOI, 1Nl 

I • .0''''. In other U"· ... I.tI D'MogOI 
.ltl'! 111' .... 1IUD'_), 

OI_'AN'~"I.'~ 
Ill ..... Jll'KI, AMI pIOl0 (no fl"",_ 

• 810,.. MM'wd) 

T .... '."". ~ ...o.I~ per 'C 

'" 
511&5 Nil. 81ue ZI - .... ... '" _'M 1.' O.ISIC 0.'" '1" 1.lleall ... ), 81 ... (..:Idle) 

'" .. ~ .. ~ IIrOMlh,h ,Id In ~, on dlllltlon ..., .. - ,.- 111'''' tt.! ~I ... BrOMlIIlo ,Id wt ,. 
NIOt, 10".', 11'1 .t ... , tcr_ V.It_ 

with 111'''' fI .... '.KenCa). 

51110 Bule 111_ 10 ........-. .... '" '" • Dirt, .... In ttzSl4. on dll. dirt, .. ~ .. ~ vle •• t t ....... 101_ . ar ... ""I In NioCfi 

Or_ 11'1 Hel .. 

51115 ,... 1111...,.'_ I'u. m - - '" '" • • Or.., ,...t I" NIOt. ftMId'''' ~, .... 
~I_ ....... I"'" In 11Z3l4. on dU. Ir_ t ...... bl_. .. ~ Or_ In Cone: Hel ............. 

ISlue or v,.,.t In ... t., .. "" ,... ,Ni: 11u. " " -NI...........,»: '" '" Or ... I", 101_ In 1tZ':lI. on dlllltlon 

~I" t. vlol.t or ...... 
Dark fl_lent PPt I" ~. 
"-ddIM 101_ M ...... 11'1 Hel ... 

. , ..... "_I". - "" .. .. . , . Ilul .... I'''' In 11Z3l4. on dlllltlon 

o.. ~I" to vlol.t wlh vlol.t ",t 
Y.lh .. l .... 11, ... 11'1...- NIOt. 



E,2, 8enzoIaJphenoxazlne conIlrued 

Cl .. CAS, ... - .... .... ..... _ ... 
•• '04 ,,- .. , .... ... Solubility 000-... .. .... - , ... lar1 - H2O El'" 00 ... , Infa,..tlon 

m m Solwnh 

~1210 fut Or"" • ........ ..... ... .. " ... .,"-,"-- . " • In M, cone Or .... , ... "'ue In _tic -.cId 

9-d1_ttlYl~II.lno .... 7.1a 11) ,t,.." hot HC' V,II_ ,,, ..... .alut Ion In cone Hel. 

bln:zo[.l~I" hydr.t. Dr~ vlol.t In H2S04. on dl t orane-

!lIP ~·C ......... , Oo<ul ... 170 
_ . _. ..... " . ... _.- • tf • 2.12n. H2O, ". 1.1Sn. G 

(Cto.~) C)cul ... 720 l12li •. so "" .t'-' bI~ tt • l.~ EtOh l' . l.l2M IIIe(If 

"" •. so .., ,t"-' " • 2.&4 EO ... '.12 ... ,t,.,., MDlecul" dl_n. l.9 NIL' I( 17.0 ~ ... ... ,,-rldlnll ... ... "It,-.-
"" ... ,,--, ... 1 

"'a3O-aO-2 Cr.-vl Ylol,t "" Nt2 ... ..so .,, .1 __ 1 .. "" ..... I In E .. Xrl ., • 0.59 <EtC..." +f • 0.70 (1Ioe(Ii) 

(Clo.·) C)cQ1,. • ... ..74 "" .thMol violet • 'n OMSIO 11 • l.23n8 EtCJh 11 • l.Z3r\8 r.IeOH 

CrIM)'I Ylol,t e90 tIIO "'" ••• U • 2.32rw H2O • tf • 2.eon. G .... ... _.- If • 2.T7na EQ, !lIP 140-143'C ... ... ".,.141ne Mu'ewl., 41 ..... 1011 3,9 le 9.4 I< 14.45.1. ... ... ~1~1 Vlol.t .lth rtd fluor._~ In .. t.r. ... ... nltroMnanlo Or.,. C432/~) In H2!iC14 
GoI .... Or.,. (47Qrn) ,. """ 

IV 
01., An • S70rn. 

Cl 
CD 1S3iI..(l9.O Dar,." AId "" """" 10 10 O.IX .... O.lIX ECIE ~ ... Ilecholle ..,llItl_ a,. red 

by tr_ltted It " -.ddy yelllJlll by 

,.fllleted It. "rKllrao, for e' .... yl 

Vlol,t. lllatachronlc cty. • 

Ifll. 81 ... !IX HE" .. " 11) 10 

~1 ... 75) 
_. 

t_l ... ... ,.. _thMIl In f , Xyl 5aturatad cone. I.S • 1~ (,t"'noll .., .... ... .thanol 
• In [:El 

Oh., Ab, • 810m .. f I .• ~ ... . ... ". ..« "'nk (~) In H2S)4 

Tu,quol .. (1I14rn) In _h, 

"'nlo: ("Om) In IoWJl 



1:3: Phenoxaz~3-one 

co .. ",. ... - .... ... ---- ..... ,,- .. ,- ... SoI .. IIII" .. -
4- 1- .... - 'rlerl - "'" "' .. ..~, 1 .. ,_11., 

~ ~ SOl ...... h 

''',. "," ... cl .. III .. " -, .. .. 111 ... 1 .. !tZ5Cl4, _ dll. _11 •• ..:1 

11._ I .. MIICH 

"'" 1~24-e ....... Ylol.t H a< ... .... -l.Z,1.~ .. ., ... 1 (beldl .... to ..... ~ 'oIIol.t ,od I .. NIo(H ....... •• 0 ••• 0 .. ...-, ~I ... hi. ~,_11Ih "Iold 1 .. !tZ5Cl4. _dll . " ••• .. _U._11HC1 dll .. tlon ,edclllIh 

" ... , ........ QaIIICYW\Ir. ao -.-- ... .. -,- 10.1 '.m • I .. AA pH(. ~1_".I.t.~ .1 .... pH)1I.od 

Allarl" ...... 111 .. AT " ,. .. - 0.%1 BM: Co,1I1I_, .. I ... I .. 1t;z9Or4 • ., dilution 

Cl "',dMt Ill.,. 10 ... vlol,t _01""0 .od. f\eddl .... vlolo' , .. NIOl 

51'" 1411' .... 01 .... ' .,- at 
_ ....... 

." .. _to' 3.1" ... " _oo .. to .od, pH4-a doe, ~I ... 

0..".111 ... n .... •• ddl.h blu, .., . pu"lo, pH>tO decaIlIpoHI 

Ylolet PDH vlole, 11'0-0 ppt I .. NIOl, • I ... , (vlol.1I 

Solochr_ ", ..... A 

Cl ..... dMt Ylolot 54 

~104~ , ........ GooII_I" 111 ... a< PoM.2 1...a:ottl 151 ID 
_ .. 

!lid .. dichroiC III 1t2SOt. ftedd)' vlolot 

Cl "',dMt 111 .. ,.e I .. NICIi, 01'1 dll. , ... ,Ioccu'on' "t, 

Or ..... , .... In .. t., 

'" " ... , ....... GolluUr. 111_ 8 at foEtZ 1-<XICJftZ 0SI5 .. .... 2S , ... 0.00$1; X"I Ill .. ' .... vlolot with vlolot .. , ,. "'" 0) 
ID Cl ""dint el_ •• ,oddi .... ... e.~ eG Co.1I1I_, .. I .. In 1t;z9Or4, DI't IIIIutiDl't 

0.11. Sky 81 .. 8 viol" 2.3X BJIE .""'1' .... ftoddl ... vl.lot , .... h •• 

Cor.I .. :zrt • I .. ",", M." 0 111_ III oU ... I •• 2%7 .... 230~ 

CeIl_U .. 111_ a,.. .... I .. 01 

"". Cl .,cIInt BI ... eo ao - '-aHt2 ID .. hi ... IIldltolc III ~ • .01 .. , tol .. 

Cl "',dint 81\11 3e -, ...... ........, ,*Idlnd. VIol., III Hel, fllllplllly 

..., .. Ylolot ollldlad to "Iu'''' vl.,.t ,. """ 
YI.I.t In _ tIC!. 

""" ... lfOOIIll_lr. ~ - ao '-aHt2 .. .. Bto-o'''' rod I ... t ••• 

CI_ ,GnU ..... Bt~'od , .. i1Z9l4, 011 dll. _1t .. 0II 

OMldlsod to 0'1)'1 .... tol_ PIIt I .. No£tt.q 

"'" a..1.,II VI.lot B,IIS,II ao *"'2 • .........". .. .. •• Ill'" I ..... tor ond .t ....... , .......... Or.~I.t. roll I .. ~, on dl J. cl.,.t 
.011 ""I. Btloh' .. Iuhh vlolot ,. "'" 

"". 0.1 .. 11 BI_ a< -,- .. .. Incllgo ~I_ I ..... ., 

0.1 .. 11 Indigo I' ,- 11.0-01'" vlol,t , .. 1fZ9)4, DI't dll ... 10f1 

~.o-o'''' ppt. IIlul'" vloot I .. HICHoQ 

"'" Cl "',..,t .,_ " ao ... '411' 11) ID It""- or ft, R·.otfl2 or 00t3 
<1_ fona) '- Lo.- fom, "'1, ,.'ul .... lI'-" Ill_tor 

hi' .oddl ... ",0-0 (vlot.t + 1ihl)21, on 

III t .. t 101'1 .. r ...... I .... 
OMldlHli biddy vlol,U ...,. HIICtI.Q 



£3: Phenoxazln-3-or'Ies cmttrued. 

". - .... ... ...... _ .. 
, 11 ,0-

fI __ .. ,-' ... !!oh .. l .. t}' ...... 
2- 7- .... - u ... ,~, - .... "'" ",", Inf_ll .... 

~ Sol_nil 

511'0 ". .... 'ICICYVIIr. '" - OD OD Vlol,t 101 ... In _tl •. 

... I,.......IG .chi ,- .... Ill ... Inlt;Z9:lo4, .. dll . • .0 'G vlol.t 

l\oIiI"t. In~ 

511:ZO CI .. r .... IIII_~ '" - OD OD 
Ill ... , ..... 'ol,t In _t •• ,- l\eddl'" .. IGI,t In 1t29l4, .... dll. 

cIIo'k 101 ... "t. "-<:Id'''' ppl 'n ~ 

51125 Cl ......... ' Ill ... CfiI GO - OD OD 
0... 101 ... In _le. '"I .. I,t In ft(JI ,- W'" red In HZ')f, on dll ..... -"'. 
Vlol,t In~ 

511", UIt'~I" I,R '" -... OD '" 
L_ ,_, ,..1I1i11O or_ or ,.10 10'..,. 

"-,- ,.........." 
In _to. Md othMol 

COlourl .. o or ,.10 10'..,. In HZ')f, .... 

dlI .. tI .. colou'I.,o o. hlnl reil .... 

COI_lo .. , 'IP141y .. ldlMCI tI "I ... 
., vlo'ot .. ..sd,,,,, of NIICtI 

511» ..,.,n burl,. GO -, ...... '" '" 
y,ll_ 'n _t •• 

241 
Or .... 'n HZ')f. on dll .. lI .. ,..11"". 

OI<ldl," <1.1..,.) t MIOi 

IV 

"" 51100 Cl .. ,dint 11_ ea QI ... , ,-<l>It1 '" '" 
L.Io,oeO f .... , ,.1 ....... In .. t .. 

0 0.-,_ .... h.1. vlol,t r.cl In~. <"'GI,t 101 ... 
t 1rDZ), on d'l. ,.1, y.'I ... I .... .0. 

OI<'cIIoII .. to 1 ..... ld "'ol.t .od In NIOi 

5'110 IIDt. COI .. tI,. 11 ... QI .. " ,-. OD \0 Roo<:tI_ onc! .. ' .... II'H ... '011., IG .... Co, .. " ... 8' ... 8 

'''''' "'0111_ I • '" ... ... '" 0<' " •• 'n f l1W _t ot'uet .. ,. I, 'n doooIbt 

fI_-'"I ... '" \0 ... ' In...cH, AA .,tM.<I (.!Id). pH e.<I tbL ... ) 

--Id .. . ... \0 _t-.I/lC1 ." "'" 
"'_Gin 11 ... .. ". . ... \0 _tl_11IIDt I In., I'f I. Oil 

OV_Ir. '" ... \0 \0 L In )Cri' Oot It ... In pH7 _t ... 011_ 'n ,cid .. In 

2-fHth<SlS) " .. InO'Ae Md .. Ioto' In otkol t ...... Itlon. 
.... In a, EO I. ..,. 

........ ,,-«utln H QI 07' ••• ... .. .... .. 0." • In CtI' I. Molte .. l .. dl ..... Z.<l1I 7.0 I! lZ.0 A 

.......... -,. '" • •• - .. dll NoCM Acid ("nk), .Ibll ... (bl..,.) -,. m . ... ... .. -, !iKJ.e <.r ...... ). pM e.5 (.,k .. lo'.U 

m '.M \0 .. _, ....... ufln I, •• ~ 'Gro 1IoI~.ln ... ... ~, .. I ... ... ".,141,. ... \0 .t. 



c: Phenoxaz~3-one (contlnJed> 

... - .... .... ..... .'.lIlt, """' .'."'t, """' .. ,. .... "'" .,," ..... ,nr-t,. "'" .... .... , Inr-tl • 

lel-". ""-.. 
Ae_IIf'n _t.,. ""'" ... ••• ID Mt,,-,IHC, • '1'1 lIB) & 0. .... .. " ID _1"-' 

AelCN'lIf'n _th1' .U ... • "" ... 2.2 ... _1"-' • '1'1 lIB) & .'cr_' _,ty,_ ......... t .. 
IIItho.cyr_'lIf'n ... 
AelO,lIfln .t"", •• hI. • 0 .. ... 2.1 ... MI"-' • IfI CII!O & .10'_1 _'kpl_ ....... ,.t. 
UIoowpT_,lIfln ... ••• ID .t"-' .. 
RI_vf'n Nl:lrl .t"" • ........,. ... 1.1 ... _t"-' • IfI CIMSO & .'0'_' _,",,_ ...... t,.t. ... 
..... 'lIflfl ,...t,1 .tt- • I><dIII ... I.' ... _1"-' • 11'1 lIB) & .'0'_' _,,,,1_ ...... ".1. ... 
"'--' .... 'U .. I _,..s.- • • .... '.07 ID M,-.I -.... ••• f.O ID ., ...... , 
I_.'I-:....,.~In-s-.. '" • .- ... .... ID .t'-' .... 1.7 • ID • ..... 'IHC' 

2-f'1yd'~'n-3-anI '" • ... .... ID .t,..., 

'" ... '.14 ID Mtlwlo'lHC' 

" 0- • ... '.211 ID .t"-IIID! 
~ ... '.211 ID .tt.nollKllt 

7....,.~1..s.- '" • "" 1.00 ID .. _. 
.10.1S74 .25.7.78 ID MthMalltioMe ... '.07 ID _t .... IItC' 

'_'~'"",'-:~r~ '" • ."""" ... 1.11 ID 
.. _. _ ........ ... .. " ID .t"-lltCl 

1.7 ...... 11., ... .., :!II' pi .- • 0\ 1 .... «.02 ... .. " ID .. -. 
"" 2.8, le> .t ....... , et,I.lw 

2.4--dI_U"'-7, ... ~III"'_. :!Ill .. '._1 ..... • '" ... '" .... ID .tlwlol ...... '"'" .... 1.74 ID .t __ ,ItC, 

7_11'11 ~I pi _In-3-anI • .... ... 7.14 ID .. _I 

7 ... t~ln-3-anI " ... ... '.00 ID .t __ , 

1.7~1..t~ln-3-anI • ... .""" ... 1.11 ID .t .... , 

7.~I_t~ln-3-anI • ... ..... ... .. " ID ,thMal 



£3: Phenoxazln-3-one (contlnJed) 

... - -. -. ..- SoI.1 1 It, ""- Soh.lllt, .. -... 1- .... H2O ,tc" .... , I..,-tl_ H2O ''''' .. .. , Inf-tl_ 
SOI....,t. 501 ... "h 

2 __ 1~lrt4-one "" • ... ,.'" 10 .t .. 1 
422 .... 1.11 10 .U .. nol ... ,.'" 10 .tr-I/Htl 

1_1~~1~ • "" .., .... 1.%3,1.01 10 .t"-' 

""."'" .... '" .t,,-, 
." .... 10 .U .. nol/Htl 

Z~I .. '~~In-S-- ,...." • ... 2.0, 10 c:hlwo1'Of1I 

Z-tlf'lenYI_I~7-1tha~l~ ,...." ~, <ea 5.51 10 ....... , 
l_thyl-7-dI.thyl .. lno-lIl pt __ In- • - , .... "'" .. ., 10 .t ..... 1 ....... 
Z...,lperldl~l~ N(otz>O • ... , ... 10 Ctttleretf_ 

,...,lperldl~l~ • N(otz}O ... 10.0 10 .t ..... 1 

'" Z-,phlI Ino-31-pMnox'n-s-- ."phollno • ... , ... '" dllor.twa 

"" '" 7 __ rphlll~l~ • .,.llno ... . ... 10 .t-.I 

Z-rphlll~7...f1ydr~ln-3- .,rphollno 01 m '.B2 10 .t-.I -
"""" • ..., , ... '" .t .... 1 

• """" 47' '.20 ... _ ..... , 



&4, 5H-ben>oIalpIlenoxazfn-5.<>no 

... - -. -ot ... ~b- •• 104 ,,- 10'- ... Iolublllt, 00_ 

&- .. -. - U~lcr' - H2O .. a< Otl., Inf.-t;l. 
M M Sol_t. 

5+-M1UO[.Jpfwlaxn.I~ 0 H ... .... .,. .tt ... ' 
<Z7 , ... 11) dI ..... .., .. 38 11) "'"' 

lo.-thyl~tIlJ~ICUI~ 0 H , ..... "" .... 11) .tt-nol ... '.40 11) dllorofortl 

"'. , ... 11) "'. 
,....lncKff..lMm:o[.J~I""'O"'- 0 "" ... 11) ... .tt.nol (eolld) 

~rOX)'-5I-MnIo[.J~I~ 0 a< .., 2.2. 11) _tMMI .. , 2.0 • 11) 1tt.no11tC1 

l00chlor~E«l~I~ 0 H ,00<, ... '.07 11) .. _, - 0." 11) "'. 
11_tyl~[«l~I~ 0 H 11_ ... '.21 11) 

.. _. 
.... 1.12 11) "' . 

• 
I\) 

..... U_tt"'IMI'. ttl"'IZII[~I~ 0 - ... Z.2I 02, et'-' 
..... 
'-" "","ltr~[~I~ 0 .." .... 1.10 11) _t ... , - 1.0, 11) "'. 

ttl-dINrua[ •• h'phenoxul~ 0 ............. .. , , ... 11) ettwol 
~ , ... 11) ....... .. , .... 1C> .... 

5kllbenza[ •• JJ~I~ 0 H 10,11_ .., , ... 1C> ett.ool .. - .. , .... 1C> .... 
11_thDxycarbanyl~[aJ~I"'" 0 H 11- .... , ... 1C> .thMol ....... ""'" "" .. 02 11) "'. 
a, 1O-d I eh I oro-4f-benlo[a:J~1 rt-5-one 0 H a,l~ .... 0." ID .t"'" 

C1Z ... '.02 11) He. 



... - .... ... ""- --- o. lOO ,,- .. ,- ... Sol_lilt)' 01 ..... 

". .. .... ... U,,"lar1 - H2O E"" ot~r Inf_Ilon 

m m Solvent. 

Nil, Red 0 lE" "" : ... ... .t~1 1.0 0.'"" 0.121: • In r: " Xyl I"\Irpl, red (~) 
" """ NII.81Io1eA~ ... 4.'" .. , .1,,-",,1 "d • In .It 0...,. (.91) In H2S04. on dilution 

VII. Blw ... ... ~I-01 organ/I; b/1Ie Clfnn (,",837) 

CAS'~-! "" '" "'- eolvent. 81_ 0'"" C,",I!I37) In Hel .., "'" pr~I_1 v. In '*SO pH(] Ith_ with"", tluonlleenc. 

'" ... chlMot_ (SS,m), ptO" red (S70) with ... .. , _om 
'11IOr ____ .t O!52m (!iOX ... thanoJ) ... "" p)'rIl11,.. DIM' Aa. !!2Omo " fl .• 6OOrn 

"" ... nlt~ .'ecular dl_'_ 3.0" 0." >c le, eA 

"" ... """ I' • !.7OM EtCth If. 2.8&1. IoIIICti 

4:1,- 1." 10 """" It .. 1.8irn8 0, l' • 2.048n:0 ECi ... ... .tlwr ",,~·c ... 040 _ton/trll. r..,.ntll,. Ootpendencl ..(j,08X ~r ·c 

"" ... «IX .U .... , - ... .... -.,. ... ",,-... ... -.~ 



6:5, 9H-benzolalphenoxazirr9-one 

",.- .... ... ot .... , 
_ ... 

.1II1~ ,,-- IDIWllt ... Soh.lllty ...... .. .. .... - Ut-'ar1 - .., 
"'" 01,,", InfwatlOll 

~ ~ 50lwnh 

!lH-b<ln1ig( ClJ~no".i I n-9-of>e H 0 .,. .... 10 .tt.nal .,. .. .. 10 dlo>c_ ... ..,. 10 """ .., .... HO .tt.nol 

a-. t I'll' 1_9tt-t>.n'ZOlg lpNnox.~ I n-9-Clne <><, 0 '''' ".11 .,., .ttlllnol ... B.12 "" .,. '.33 .,., 
'" 3.Z4 ... • tn.nol/~ 

'IQ 3 .• 7 "0 cation 

"".,.. 3.09,2.&0 '" dl<:t;tlon 

$-h)'dro"y_9H-bcnzolal~no><a.ZIn-9-0,.,. '" 0 ... 0." '" ,thanol 

". '.00 HO ethanol (anion) 

l0-.0rpht 11 no-9H-bcnzololp .... no".z 1 .... 9-0 .... H 0 .0-, ... 2.<0 '" chlorofor • 

~p"'ny 1 .... 1 no-9H-b<lnu( g)pNrIOxaz I n-9-onII - 0 ... .. " '" ,thanal .. , •• OS HO 

." 2.<3 10 M'_ 
"" .... '" c:at Ion 

'" IlOO .... '" dlc:.tlon 

" Ul 

E6, 10H-benzola}phenoxazin-1G-one 

.,.- -. ... ot"-r - ... a )( 104 '1_- 50'- ... SoIWlIlIt,. ...... .. • 1>- .... . - ...... 'ar' - .., 
"'" 01,,", Inr-tlon 

~ ~ SOI ...... h 
lOH-benzol c Jp"-noxu I n- 10-0 ... H 0 ... 0.89 '" .thanol ... 0.71 10 ,,~ 

." 0.78 10 CII50 

9-plper Idl no-IOH-bel'llotolphenoxnln- N(Qtz), 0 ... . ... '" chlorofor. 
-....... 



1r7, llIlazlne 

c, .. w • ... - .... ... .... ............ ,,- .. ,- ... - Ioh*1I1I1 000-.. 7- .... - ,.-1 .. 1 - .. "'" .. oo ..... III1_tl • 

I!! ~ &'-" .. 
"""" .. , ..... Thlonln <El'!,llch) ... ... .. e.o, 11. _t .. ...., 11.0 0· ... ..... I In f. K~I 1Ib1_1 ... 41_1. S.'_ 7.0. ".0 J. 

lMIth', Vlo'ot "" "" _tl ... , (11.2) 11I.I.t \/lol,t •• In Chi ,,-., .. red .. t In 1iIICH. 

"" .. ,. ID .t __ 1 .... in ,lnAc'O, V.II_I ........... In H;ZSl4. "" III1"tI_ 

lOO ... -- hot .le. 1>'''' t,*, vlol,t. 11 ... In dllut, tel. 
lOO ... nltr-.- 0'1_ ,,, _t_. MIIIrow In pt,.4' ... ... ID .1. Satoont_ -.c. 1.1. ~ C"MAoI) 

"" ... ~1"'1 .tKhr_I ..... 

11. ... "",hU .. 

m ID ...-..... (131--57-7 .... C ... - .. ID .1. .. .. ,. I In 0 "",.10'" In ",1..-01_. 
,,~ ,,~ _In"" 'X ... n 'I' ........... t •• " ... 1""011 

.. lnOoIl,#Itc _IUllt_ t. tM1 .... pH .f I.JIS 

.... .. , ..... Nw B, "- I - - ... "" .1. M I In O. l • X,I VI,'ot ... wltll .'" _In In ...at 
IIIthyl_ Azur ... ... -, .... , ,,~ ,,~ .. In 011 ~ ... I.~ .... dl 1111 lan 10'" 

'" 
.., ..... , • In ,.,. 81 ... In ,tt_I WIll .t.r • 

.... In GI 11 .. 11' 'I' ., ........ t.r " .... ,_Ir 
MlI ... '_ t. ptO' '- pH .t 7.0 
01 •• AM • GCIQnI •• tldlr_lc" ... 
.. Z05"C (_) 

'" "'to .. , ..... .... , ... - ... ... .1 • 4.1S1i ..... ..... h X1"I, Voll_ ''''''.a7) In fwol,. HzSl4 
.." ... ... .u ..... ,,~ ,,~ 01' "0 ar .... (oC04.437. 7O:J, In _ H:ZSl4 
0> 

I I" I 11.,. (712) I" owe tlCl 
Dull ~I" ,.t. ,I,. _In (ml In NICJi 

Gr_ I. H:ZSl4. 11.,. In itCH • _t .... 
Tur.,ol .. In et",l_ ,1..-1. 
IX IIOln In ... 10111...:1 _te, ,.. .... I_'~ 
edl ... ted te ptO hu • pH et 7.7 
lIP 280'"C (_, 

..,,, • '-73-01 .. Ihyl_ " ... - - ... 6.01 .. .1 • .. " .. " 0.021 011 ... lOO-toe C_'. 1>1_ AN • QOrtI 

Cl DMh' Ill .... ... .,. ._, ,,~ ,,~ I In I! , Xyl Dull ,._ ,.t, vle'et .. I" '" '"'" C, So''''''' 01 ... , .. .... ID .....I ... IN .. 1,,1>,011. Vell ___ I .. 1f:ZSlo4 .... "'11 ... I .... ... •• SI ID le' a in~. QI I'IedI-" b)' ZII _t, ... 11 tt;I::SQf, 01 ..... 

OIl .. 0.0111 MIOI , ". ,eot ... ed el.l)' ~ "I, OIIIa.tI ...... 
....In m __ Icall, ~ 11Ft. OIIloatlon 

,.te 11Ie" ...... tha hi"" t .... pH. 

OohSl_ ... naNIl", and ..... 1.,1' 
In _In te ,Ive ~",I"t_ , ..... 

....... ~ aUcb te ,1_, la 
,tule ..... , NZ aNI In tha ..... 
,.,.. __ I, _It .Uh 1II1II"811'10 .. Ih 

latur,ted owe. 0.\11 <et-..n 
bwll .. t .... t_t.lllt)'. 



1>7, ThJazines (contlrxJed> 

c, No CAS' 0,.- ..... .... .t_ ....... • ,. 104 "..-- Salv.rt I Sol_lilt,. ->- 1- ..... - 1~lorl ~ H2O .tOt 00"" ,"'--t, .. 
~ ~ Sol~t. 

.,." a722~IH .thyl_Gr~ - -....." ... ... .U ... I ,." .," I 'n X)' Violet bid ppt. vlo"t _In ,. """ 
Cl Basic Gr .... 5 ... 2.' N> .... _. In 0 V.II-.. .... HZ3)4. on dll bl .... then ... on .. t.,.· I In Ac,OIl,ry vlolot. Or .... ,_ 1>1 .... In _tu, ftal 

"." a90-14-:I Thlul,... Ill .... - lE .. on N> .t. ..... Vlolot with violet pelt 'n ""-Cfl 
Thlonln Ill .... (I) V.II_I .. ' .... hi H2S04. on dllutlon 
"'- "Ul)'lene l'IIue H .. ~ 
Cl ea.lc Blue ~ 

Bulc 81 .... Cl) 

"""" 1934-16-3 Nar ... ,1\)'1_ 81 .. N NEt .... t 2 ...... "'" N> .t. .... IX 0I0c01,1, 1H'c.n ppt In ~ .......... Cl Bulo 81 .... 24 y.II_I ........ ' .... 'n 1t2SQ4. an dll 1>1 .... 
Vlolot ., .... I" .Id _t ... , pelo bl .... 

In hot _tor. 

..... Thlocar.lne R .. t......" N> '" • H Gr ... " ..... In~, on dllut IWI 

IE'_ .. ~ IN'lent Ill .... 

""'" ........... Toluidine Bh. 0 .... - ..... ... ••• '" ,ttwlol ..... .m I 'n ! 
I.D5o Intr. ___ 

_Ice 27.~ -utkl' 

I n...Jl-1 Tolonl,- 0\1., Id. '" 
.,. . ..... , bl .... to. .. ~ _ In Chi rat. 28.13 -elko, r-"Olto 13.44 aoIkO 

Cl .. '011 .... 17 ... ... .. to, vlol.t .. Inx,ol. ", . Du. "' .... (411,8aO) In H29l4. on 
I\) 

"thyl_lh. T ••• dilution bl ...... (1190). DilII violet 

"" "" .. thy 1_ ISI .... T extr. I I"~. ",t I" w.at. pfOI2 (630) ",. • 

Ill: 10'" I" dtl.'Md _t.r ,rev'OIUIly 
IdJVlltld to pff7 hat I pH 0' 2.2S 

DI_rAh'~ 

. "'" ... 13.3:11: , .... 
Methyl_ 81 ... Nr« - - Z ...... 

...... tl'1)'l_ 81", If« 

" __ 2 I"htMthlul"" " N> '" 
"" INC, bp 57IC, .rc:k 11·7220 

" 



c, '" <IS, 

""'" 251~ 

Cl ~ CAS. 

.,... 28CIl...(12-7 

cs: Thlazln-3--«Ie 

... - .... ... .. -Abeor ...... 10' .Iuor- . ,-
4- 7_ .... - IIt"lar1 -m m 

I'henothlr)-one H H ... N> .tNnDI 

ThI_1 H ()I .,. N> _tr-I ... N> .tt_no l/Ht I 

H .,. .., e.S1 N> .ttwlolllCDl 

"'" N> _tt..rlgllNlOH 

Mlthyl_ Vlol.t H -, e,o 17,70 N> .tt_nol 

(o.,nl,,"n) ... N> .t.r 

l.eucogallothlanll'lll OH ()I "" 
,-<rA. N> 

eg, Benzolalphenothlazln-5-<lne 

... - .... ethaf'~"" •• 10' Pluor- SIII-' 

IrO;dv_ 5 

lrododw~ S 

IndochrOlllI,... T 

Allarln Brlll..,t eh .. G, 
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F: Phthalocyanlne& 
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F: Phthalocyanlneti (continued) 
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F, Phlhalocyanines (continued) 
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G Phthalocyanines Trade Names and Manufacturers 

Acid phthalocyanlne dyes 

Cl Acid Blue 185 

Cl Acid Blue 197 

Cl Acid Blue 242 

Cl Acid Blue 243 

Cl Acid Blue 254 

Cl Basic Blue 33 

Direct phthalocyalne dyes 
74180 Cl Direct Blue 86 

(Cu Pc dlsulphonate 
dlsodlum salt) 

74200 

Ingrain 

74240 

Cl Direct Blue 199 

(Slmlllar to 

Cl 74180 

Cl Direct Blue 87 

(Sodium salt of Cu Pc 

trlsulphonlc acid) 

Cl DIrect Blue 189 

Cl DIrect Blue 262 

phthalocyanlne dyes 

Cl Inoraln Blue 1 

Clbacrolan Blue 8G 

Pargacld Turquoise Blue RAL 

Erloa'" Fast Blue SO 
Coom8ssle Turquoise Blue 3G 

Oxenel Fast Turquoise Blue FGLL 

Acid Brl I I lant Blue OH 
AlumInium Turquoise PLW 

Aluminium Blue RL 

Methle Fast Paper Blue 6G 

Chlorantlne Fast Turquoise GLL. VLL 
PerOasol Turquoise Blue GAL 

Solophenyl Turquoise Blue GL. GTL, 

Durazol Blue 8G 

Cuproxl I Prlntlno Blue Green B 

Dermaflx Blue GLL 

Flnlsol Blue Green G 

Solar Turquoise Blue GLl 
Chlorantlne Fast Turquoise Blue BRlL 
So I opheny t 

Turquoise Blue FL 

Durazol Turquoise Blue FBS 
Nylomlne Acid Turquoise P-B 
Carte Turquoise GL 

Cuproxl I Blue Green FBL 

Cuproxll Turquoise Blue FBL 

Solar Turquoise Blue FBL 

Durazol Paper Blue lOG 

Solophenyl Turquoise Blue GAL 

Durazol Turquoise Blue GR 
Pyrazol Fast Turquoise FBLN 

Cart0501 Turquoise 8-GL 

Alelsn Blue 8GX 

(Cu Pc with 4 omlum groups) 

Cl Ingrain Blue 3 Alclan Blue 7GX 

Cl Ingrain Blue 4 

Cl Ingrain Blue 8 

Mordant phthalocyanlne dyes 

Mordant Blue 58 

Mordant Blue 77 

Mordant Green 54 

Alclan Blue 2GX 
Alelan Blue 5GX 

Panduran Blue Turquoise 

Panduran Blue B 
Panduran Green G 

-283-

Clba-Geloy AG 

Clba-Geloy AG 

Clba-Geloy AG 

ICI. Manchester 

ICI. Manchester 

Sandoz AG 

Sandoz AG 

Sandoz AG 

ICI. Manchester 

elba-Geloy <UK) 

Clba-Gelgy <UK) 

Clba-Gelgy AG 

ICI. Manchester 

Sandoz AG 

Sendoz AG 

Sandoz AG 

Sandoz AG 

Clba-Gelgy AG 

Clba-Gelgy AG 

ICI. Manchester 

ICI. Manchester 
Sandoz AG 

Sandoz AG 

Sandoz AG 

Sandoz AG 

Clba-Gelgy AG 

ICI, Manchester 

Sandoz AG 

Sandoz AG 

ICI, Manchester 

ICI, Manchester 

ICI, Manchester 

ICI, Manchester 

Sandoz AG 

Sandoz AG 

Sandoz AG 



Pigment 

74100 

74160 

phthalocyanlne dyes 

Cl Pigment Blue 16 
(Pc) 

Cl Pigment Blue 15 
(Cu Pc: unstable 
form) 

Irgal Ite Blue 3GT 

Irgaz'ne Blue 3GT 
Monastral Fast Blue G 
PolYl1lOn Blue G 
Vulcafor Fast Blue G 
Irgallte Blue BCX, BGL, BL, BLP, BNL 
Irgallte Blue BNS, BNX Paste,SPVl 
Irgal It Paper Blue BNL 
Tlnofl J Blue BL 
TJnollte Brilliant Blue MRL 
Oaltollt. Fast Blue B 

Monastral Fast Paper Blue B 

Monastral Fast Blue B, BNY. BV. BX, Fe 
Vulcafor Fast Blue BN 
Vulcatex Fast Blue SS 
Vynamon Fast Blue BLBA 

Cl Pigment Blue 15:1 Irgafln Blue 52 

(ex form, non- J rgaflner Blue E2 
crystallisIng) Irgallte Blue BCA, BC5, B3NF, RPB 

Sendorln Blue BNF 
Cl Pigment Blue 15:2 Graphtol Blue BLF 
(ex form, flocculatlon 
resistant> 

Clba-Gelgy AG 
Clba-Gelgy AG 
ICI. Manchester 
ICI. Manchester 
ICI. Manchester 
Clba-Gelgy AG 
Clba-Gelgy AG 
Clba-Gelgy AG 
Clba-Gelgy AG 
Clba-Gelgy AG 
ICI, Manchester 

ICI r Manchester 
I Cl, Manchester 
ICI, Manchester 
ICI, Manchester 

ICI, Manchester 
Clba-Gelgy AG 
Clba-Gelgy AG 
Clba-Gelgy AG 

Sandoz AG 
Sando% AG 

Cl Pigment Blue 1513 Irgafln Blue 51 Clba-Gelgy AG 
(8 forlll. solvent Irgeflner Blue El Clba-Gelgy AG 
stable, greener 'rgallte Blue CPV2. GfR, GLA. GLV, GLSM Clba-Gelgy AG 
than the ex form) Irgellte Blue G5T, LGLO, P055, PR7, PR3N Clba-Gelgy AG 

Monastrel Fest Blue BG. LB. LBC, LBX 
Grephtol Blue 2GL5 

ICI. Manchester 
San~o:z AG 

7418011 Cl Pigment Blue 1711 Monosol Fast Blue 2G, 2GP ICI, Manchester 

74260 

(Ba salt of Cu Pc 
dl/trlsulphonlc acids) 

Cl Pigment Green 7 

(Cu Pc with 15-16 
chlorIne atoms per 

molecule) 

Chromphthal Green Gf 
Irgafln Green 51 
Irgallte Green CPV4, GLN. GLNP 

Irgal Ite Paper G~een 3GL 
Tlnofl I Green GLN 

Tlnollte Green MB 
081tol Ite Fast Green GN 

Monastral Fast Green GO, GN, GTP, ~ 
Polymon Green G. 60. GM 
Vulcatex Fast Green GS 
Vynamon Green BE 

Graphtol Green 2GLS 
Sandorln Green GL5 

Cl Pigment Green 36 Monasiral Fast Green 3YA, 6Y 
(polybromo/chloro Pc Vynamon Green BY 

Yellower shades have 
higher no. of Br atoms) 

-284-

Clba-Gelgy AG 
Clba-Gelgy AG 
Clba-Gelgy AG 
Clba-Gelgy AG 

Clba-Gelgy AG 
Clba-Gelgy AG 
ICt. Manchester 
ICI, Manchester 
ICI, Manchester 
ICI. Manchester 
I Cl. Manchester 

Sandoz AG 
Sandoz AG 
ICI. Manchester 
ICI, Manchester 



Reactive phthalocyanlne dyes. 

74460 Cl Reactive Blue 7 elbacron Turquoise G-E 
<eu Pc tetra-. Proclon Turquoise H-G 
sUlphonic acId, with 
1 amide & 1 sulphonyl 
amide group) 

Cl Reactive Blue 14 
Cl Reactive Blue 15 

Cl Reactive Blue 18 

Cl Reactive Blue 25 
Cl Reactive Blue 41 

Cl Reactive Blue 83 
Cl Reactive Blue 71 
Cl Reactive Blue 12 
Cl ReactIve Blue 85 

Cl ReactIve Green ~ 

Cl Reactive Green 

Solvent phthalocyanlne dyes 
Cl Solvent Blue 48 

Cl Solvent Blue 52 

Cl Solvent Blue 81 

Clbracron Brilliant Blue FC4G-P 
Clbracron Turquoise FGF-P 
Proclon Turquoise H-GF 
Reactone Turquoise Blue FGL 
Drlmarne Turquoise X-G. X2G, Z-G 
Procton Brilliant Blue H-5G 
Clbacron TurquoIse 2~E 
Proclon Turquoise H-2G 
Proclon Supra Turquoise H-2GP 

Proclon TurquoIse H-A 
Clbacron Turquoise Blue GR-D 
Reectofll Turquoise Blue GL 

Clbecron Brilliant Green C4GA 
Pergasol Brilliant Green 3GAL 
Proclon Brl Ilant Green H-4G 

Drlmarene Brilliant Green X-3G. Z-3G 

Acetosol Blue GLS 
Telaaol Blue GLS 
Orasol Brilliant Blue G 
Orasol Brilliant Blue GN 

Clba-Gelgy AG. Baael, Swlt%erland. 

Clba-Gelgy (UK), Manchester, England. 
ICI Ltd, Manchester, England. 

Sando% AG, Base I , Swlt%erland. 
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Clba-Gelgy Ag 
ICI, Manchester 

Clba-Gelgy AG 
Clba-Gelgy AG 
ICI. Manchester 
Clba-Gelgy AG 

Sando% AG 
ICI, Manchester 
Clba-Gelgy AG 
ICI, Manchester 
ICI, Manchester 

ICI, Manchester 
Clba-Gelgy AG 
Clba-Gelgy AG 

Clba-Gelgy AG 
Clba-Gelgy AG 

ICI, Manchester 
Sando% AG 

Sandoz AG 
Sando% AG 
Sandoz AG 
Sando% AG 




